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ABSTRACT: Crystallization of butyl paraben from water−ethanol mixtures has been investigated. The liquid−liquid phase
separation and the solid−liquid solubility have been determined from 1 to 50 °C. Cooling crystallizations have been performed at
different starting compositions, and the processes have been recorded by in-situ infrared spectroscopy, focused beam reflectance
measurement, and particle video microscopy. In pure water the butyl paraben solubility is below 1 mg/g, while in pure ethanol
the solubility is more than 3 orders of magnitude higher. While the solution saturated with butyl paraben is homogeneous at 1
°C, at the higher temperatures butyl paraben induces a liquid−liquid phase separation of the ethanol−water mixture, and the
ternary phase diagram contains up to five different regions. The size of the liquid−liquid phase separation region increases with
increasing temperature. At 50 °C, even the binary butyl paraben water system separates into two different liquid phases. In the
cooling crystallizations, the resulting product crystals and the behavior of the process are quite different, depending on the
starting composition. The largest crystals and the least agglomeration were obtained in that experiment where liquid−liquid
phase separation was not occurring. In all of the other experiments the crystals were smaller and more agglomerated, and the
particle size distribution was wider or more irregular. The work illustrates how Process Analytical Technology (PAT) can be used
to increase the understanding of complex crystallizations.

■ INTRODUCTION
Crystallization from solution is a method central to the
production of a wide range of chemical products, e.g. organic
fine chemicals and pharmaceuticals. To understand and control
the crystallization process it is essential to establish the phase
diagram, in particular in more complex cases like solvent
mixtures, racemic mixtures, and cocrystals. While, binary solvent
mixtures are commonly used in industrial crystallizations, the
corresponding ternary phase diagrams are not well explored and
neither is the crystallization behavior in systems exhibiting
liquid−liquid phase separation. In one example though, spherical
crystallization is carried out in solvent mixtures and often near
the liquid−liquid phase separation boundary.1,2 Themorphology
of polymer blends is largely determined by the interplay between
liquid−liquid phase separation (LLPS) and crystallization.3,4

When liquid−liquid phase separation occurs within the
metastable zone during crystallization, it can have a great impact
on the crystallization process.5 The liquid−liquid phase
separation makes crystallization difficult in systems that include
protein.6 The liquid−liquid phase separation hinders both
primary and secondary nucleation in crystallization of droplets.7

During the past decade the application of process analytical
technology (PAT) has increased substantially and has been used
in researching liquid−liquid phase separation and crystallization
processes by methods such as focused beam reflectance
measurement (FBRM),8 in-situ infrared spectroscopy (IR),9

particle video microscopy (PVM),10 dielectric constant measure-
ment,11,12 bulk video imaging,8,13 in-situ Raman spectroscopy14

and statistical control chart-based methods.15,16

In the present study, we have investigated the system of butyl
paraben (BP)−ethanol−water. It turns out that in a certain

temperature range, butyl paraben enforces a liquid−liquid phase
separation in the ethanol−water mixture. Although the solubility
of butyl paraben in different solvents has been studied,17−19 to
the best of our knowledge, the conditions in water−ethanol
mixtures have not been investigated previously. In addition,
liquid−liquid phase separation has not been extensively
investigated18,19 in relation to industrial crystallization.20,21 The
aim of this work is to investigate the phase and crystallization
behavior of the ternary system butyl paraben + water + ethanol in
the temperature range 1−50 °C. We report the direct
observation of the liquid−liquid phase separation and the
determination of solid−liquid solubility of butyl paraben.
Solutions with different proportions of butyl paraben, water,
and ethanol have been crystallized under the monitoring of in-
situ FBRM, PVM, and FTIR.
Parabens are alkyl esters of p-hydroxybenzoic acid. They have

a relatively low toxicity, and the compounds or their salts are the
most common preservatives in use today and found in thousands
of cosmetics, toiletries, food, and pharmaceutical products.22−26

Antimicrobial activity and the octanol−water partitioning
coefficient increase with increasing molecular weight and,
hence, length of the alkyl side chain.27−29 Combinations of
parabens appear to have synergistic effects on bacteria;28,30

hence, as a preservative, methyl paraben is often used in
combination with one or more of ethyl-, propyl-, and butyl-
paraben.31 Perlovich32 has investigated the thermodynamics of
parabens, and Giordano33 and Feng34,35 have determined the
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crystal structures and studied the relationship to physical
properties.

■ MATERIALS AND METHODS
Materials. Butyl paraben (with melting point 67−70 °C cited

on the package) of purity >99.0% by mass was purchased from

Aldrich and was used without further purification. Ethanol
(99.7% by mass) was purchased from Solveco chemicals from
VWR, and distilled water was used.
Procedures. Solubility of Paraben. The solubility of butyl

paraben in the temperature range 1−50 °C was determined by
the gravimetric method in pure water and pure ethanol, and in
10%, 30%, 50%, 70%, and 90% by weight ethanol (on solute-free
basis) in ethanol−water mixtures. The temperature was
controlled by thermostat baths with uncertainty of ±0.01 °C.
The temperature measurements have been calibrated against a
mercury precision thermometer (Precision, Germany) with
uncertainty of ±0.01 °C).
Solutions were prepared in 200 mL bottles. To about 50 mL of

solvent in each bottle at 10 °C was added solid butyl paraben in
excess of the solubility. Saturation was reached by dissolution,
assuring there was solid phase in the solution at equilibrium. The
solutions were kept under agitation 400 rpm for more than 12 h

to ensure that equilibrium had been established. The agitation
was then turned off, and the solid material was allowed to settle
for half an hour. A 10 mL syringe in its unbroken plastic bag was
put into the water bath for several minutes in order to reach the
same temperature as the solution. Then the syringe with needle

Table 1. Proportions (weight percent) of butyl paraben,
water, and ethanol in 5 experiments

experiment
no.

proportion of butyl
paraben (%)

proportion of
water (%)

proportion of
ethanol (%)

1 64.6 0 35.4
2 53.3 17.4 29.3
3 44.3 19.3 36.4
4 29.9 45.6 24.5
5 11.7 58.2 30.1

Figure 1. Equipment for the cooling crystallization experiments in the ternary phase diagram (temperature control, FBRM, IR, and PVM).

Figure 2. Infrared spectra for the butyl paraben solution, pure ethanol,
and pure water, respectively. The spectra for butyl paraben is the
resulting spectra after subtraction of the pure ethanol spectra.

Table 2. Wavenumbers of five IR peaks of BP and one peak of
the ethanol and the related function groups36

peak no. wavenumber (cm−1) group

1 1690 −CO
2 1599 −COO−

3 1280 −CH, −C−O−
4 1166 −C−C−, −C−O−
5 852 −CCHaromat, −COC−
ethanol peak 1020 ethanol, −C−O−
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was used to sample (2−4 mL) the solution in the bottles. A filter
(PTFE 0.2 μm) was attached to the syringe through which the
solution was distributed into two small preweighed plastic bottles
(1−2 mL each). Each bottle was quickly covered to prevent
evaporation and weighed with its contents. The cover was then
removed, and the samples were dried in ventilated laboratory
hoods at room temperature (about 25 °C). The solid residue
mass was recorded repeatedly throughout the drying process to
complete dryness. Sometimes more than a month was required
since the solid phase tended to form a cake at the liquid surface,
thus slowing down the evaporation. (Every day the cake was
mechanically broken, to sustain the evaporation.) The weight of
the final dry sample was used for calculation of the solubility, of
course with appropriate correction for the weight of the cover.
The balance (Mettler AE 240) used during the experimental
work had a resolution of ±0.00001 g. The different steps were
repeated for every 10 °C interval up to 50 °C.
Liquid−Liquid Phase Separation. The ternary phase diagram

of butyl paraben, water, and ethanol was investigated at 1, 10 , 20,
30, 40, and 50 °C. A 300 mL glass bottle with plastic cover was
put in the thermostat bath, the temperature of which was
controlled with an uncertainty of±0.01 °C. The balance (Tamro
HF-300G, A&D Company) used during the experiment work
had a resolution of ±0.001 g.
The different regions were explored by addition of butyl

paraben, water, or ethanol step by step. First, at 20 °C a starting
point in the ternary phase diagram was selected, and a 100 mL
mixture of butyl paraben, water, and ethanol with desired
proportions was prepared in a 500 mL glass bottle. The solution
was stirred by a magnetic stirrer at 200 rpm. Then, one of the
components, butyl paraben, water, or ethanol, was added into
this solution step by step, allowing 30min of equilibration at each
step, until a different phase appeared (for example the clear
solution changed to cloudy or undissolved solid butyl paraben
began to form in the solution). Then, the other two components
were added in smaller steps to revert back to the previous phase
region. The phase boundary is defined as being between two
steps back and forth where the phase separation is established to
occur. The process of adding different materials was repeated to
clarify the location of the phase boundary more exactly.
Repeating this procedure from different starting points in the
ternary diagram established the properties of the full phase

diagram, which had been done for six different temperatures: 1,
10, 20, 30, 40, 50 °C, with an estimated uncertainty less than 1%.

Cooling Crystallization. Five different cooling crystallization
experiments are reported with different proportions of butyl
paraben, water, and ethanol (Table 1). From experiment 1 to 5,
the proportion of water increases and the proportion of butyl
paraben decreases. In the five experiments, the solutions were
heated to 45 °C and equilibrated for 30 min, after which the
solutions were cooled down to 5 °C at the rate of−0.1 °Cmin−1.
In experiment 4, a solution of composition equal to experiment 3
was heated to 45 °C, and then 200 g water was added at the rate
of 1 g min−1, resulting in the composition of experiment 4 given
in the table.
Cooling crystallizations were performed in a Mettler Toledo

Labmax, Figure 1. The solution was mixed in a 1 L jacketed,
unbaffled, cylindrical glass crystallizer and was agitated at 200
rpm. The temperature and agitation in the crystallizer were
controlled and observed by iControl Labmax version 4.0. The
crystallization was monitored using in-situ IR, FBRM, and PVM.
The IR probe (React IRTM diamond ATR composite) with a
measurement range from 2000 to 0 cm−1 was operated with
measurement duration 2 s and was controlled by icIR version 4.0.
The FBRM probe (D600L version), with a measurement range
of 0.25−2000 μm, was operated with a measurement duration 2 s
and was controlled by icFbrm version 4.0. Five population
ranges, 0−5 μm, 5−40 μm, 40−120 μm, 120−500 μm, and 0−
1000 μm, were used. The PVM probe (model 700) was operated
with an image update rate of 6 images per minute, obtaining in
situ photos of 600 μm × 800 μm.
Five peaks of butyl paraben and one peak of ethanol (Figure 2

and Table 2) were used to record changes of the composition.
The IR spectrum of ethanol has been subtracted from that of the
butyl paraben (Software icIR 4.0); however, the water spectrum
does contribute especially to peak 5 at 852 cm−1. The ethanol
peak has not been corrected for the overlap with the butyl
paraben peak at the same wavelength. Additional experiments
have been performed at essentially the same conditions in a
similar stand-alone, 1 L jacketed, glass crystallizer to determine
the product weight distribution by sieving (Fritsch GmbH BRD -
6580) using the sieves, 50 μm, 100 μm, and every 100 μm step up
to 1100 μm.

Figure 3. Solubility of butyl paraben in ethanol−water solutions at different temperatures.
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■ RESULTS AND DISCUSSION

Solubility and the Phase Diagram. The solubility of butyl
paraben in ethanol−water mixtures from 1 to 50 °C are shown in
Figure 3 and are given in Table 3. In pure water and even with 10
wt % ethanol (on solute-free basis) the solubility is below 0.01 g/
g. The mole fraction solubility of butyl paraben in pure water at
20 °C is 3.2 × 10−5, which is a higher than the value of found by
Grant37 (about 2.1 × 10−5 at 20 °C) and the value found by
Allexander38 (about 2.3 × 10−5 at 25 °C). The differences are
attributed to the solubility being very low. However, in previous
solubility research,39 the solubility of butyl paraben in ethanol is
consistent with literature values. At 30% ethanol the solubility is
about 5 times higher than in pure water, and the temperature
dependence is much stronger. However, already at 10 °C liquid−
liquid phase separation occurs. In pure ethanol and in mixtures
with a moderate concentration of water the paraben solubility is
very high. At 70% ethanol and above there is no liquid−liquid
phase separation in the temperature range investigated.
Diagrams a−f of Figure 4 show the ternary phase diagrams of

butyl paraben, water and ethanol at 1, 10, 20, 30, 40, and 50 °C,
respectively. Points denote experimental observations, and lines
are the best attempt to identify phase boundaries. From 10 to 40
°C, there are five regions in the diagram. Region 1 is an
undersaturated (with respect to paraben) homogeneous
solution. In region 2, two liquid phases are in equilibrium;
however, they are undersaturated with respect to butyl paraben.
In region 3, a water-rich homogeneous liquid is saturated with
butyl paraben. In region 4, solid paraben and two liquid phases
are in equilibrium. In region 5, solid butyl paraben is in
equilibrium with an ethanol-rich solution. The solution appears a
bit yellow, resulting from the high concentration of butyl
paraben.
Obviously the phase diagram shifts in a systematic way from 1

to 50 °C. At 1 °C, all regions but 1 and 3 are absent, and the
diagrams only present a simple solid−liquid solubility curve.
Already at 10 °C the diagram is muchmore complex, exposing all
five regions, and the solid−liquid solubility line cuts through the
liquid−liquid phase separation region (regions 2 and 4). At
increasing temperature the liquid−liquid phase separation region
expands gradually into the ethanol-lean part of the diagram, and
the solid−liquid solubility curve of butyl paraben moves along
with that. Region 1 (i.e. the region containing a homogeneus
solution that is unsaturated with respect to butyl paraben)
expands with increasing temperature. From 30 °C and upwards,
region 4 decreases until it reached 50 °C where regions 3 and 4
have essentially disappeared. Along with these changes region 5,
bound by the solubility curve of butyl paraben in an ethanol-rich
solution and the liquid−liquid phase separation boundary, also
gradually decreases in size with increasing temperature. One
reason is that the concentration of butyl paraben in the ethanol-
rich solution steadily increases with increasing temperature.
The regions 2, 4, and 5 that disappear are present at 10 °C but

absent at 1 °C. When the temperature is cooled from 10 to 1 °C,
the first region to disappear is region 2, and then region 4 after
that. Simultaneously, regions 3 and 5 merge into one region. At
50 °C, there are only four regionsregion 3 disappears above 40
°C. Region 4 is still present at 50 °C, however, only as a very thin
region close to the water−butyl paraben axis. A water solution,
with no ethanol, saturated by butyl paraben is homogeneous
from 1 to 40 °C, but at 50 °C the system turns into a system of
two liquid phases (an aqueous phase with a low concentration of
butyl paraben and a second liquid phase with a high butyl T
ab
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paraben concentration). The liquid−liquid phase separation in
the binary butyl paraben−water mixture above 40 °C has been
previously reported.37 In the case of no agitation, the butyl
paraben-rich phase is floating on top of the water-rich phase. As
opposed to many other systems where the liquid−liquid
miscibility increases with increasing temperature,40,41 in this
case the liquid−liquid phase separation increases with increasing

temperature. The results also reveal that at 1 °C, there is no
liquid−liquid phase separation regardless of ethanol concen-
tration, and the solubility of butyl paraben steadily increases with
increasing ethanol concentration. At increasing temperature
liquid−liquid phase separation gradually occurs at lower ethanol
concentration. Accordingly, in a sense themiscibility between the
water-rich phase and the ethanol-rich phase tends to decrease

Figure 4. Ternary phase diagram of butyl paraben, water, and ethanol. From upper left to lower right: at 1 °C, 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C.
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Figure 5. Composition points of five experiments in ternary phase diagram from 50 to 1 °C.

Figure 6. Temperature profile, FBRM curves, IR curves, and PVM photos of experiment 1.
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with increasing temperature. From 10 to 50 °C regardless of how
much BP is added, there is no liquid−liquid phase separation
when the ethanol concentration is above 70% weight (on solute-
free basis). Similarly, regardless of BP concentration, there is no
liquid−liquid phase separation at 10 °C when the ethanol
concentration is less than about 37%, at 20 °C when the ethanol
concentration is less than about 25%, at 30 °C when the ethanol
concentration is less than about 20%, and at 40 °C when the
ethanol is less than about 8%.
Cooling Crystallization. Figure 5 presents the starting point

of each of the five cooling crystallization experiments in the
ternary phase diagram and how they relate to the different
regions at different temperatures from 50 to 1 °C. Figure 5 clearly
shows how the cooling process changes the conditions for the
mixture from the starting temperature of 45 °C to the final
temperature of 5 °C. Experiment 1 started in the homogeneous
region and never experienced liquid−liquid phase separation
during the course of the process. Experiments 2 and 3 started as
homogeneous solutions and experienced liquid−liquid phase
separation before crystal nucleation occurred. Experiments 4 and
5 started as liquid−liquid-separated mixtures. During the
cooling, crystal nucleation occurred, and both experiments
ended as suspensions having a homogeneous liquid phase.
In the crystallization experiments, crystal nucleation can be

distinguished from liquid−liquid separation primarily by the fact

that crystallization is associated with a latent heat of phase
transformation which leads to a small but clear peak in the
temperature vs time profile. Furthermore, in the case of crystal
nucleation the FBRM response increases rapidly, whereas in the
case of liquid−liquid phase separation there is a slower increase.
When nucleation occurs in a liquid−liquid phase-separated
mixture, the number of crystals increases, while the number of
droplets tends to decrease. The reason for the latter is that the
liquid−liquid separation is actually due to the presence of the
butyl paraben, and a reduced butyl paraben concentration tends
to reduce the immiscibility. For experiments 2, 3, and 4, the
number of crystals generated exceeds the reduction of the
number of droplets, while for experiment 5, the opposite holds.
In addition, crystal nucleation is always associated with a decrease
in IR response, which is not necessarily true for liquid−liquid
phase separation, and of course PVM helps to distinguish
nucleation from liquid−liquid phase separation.

Experiment 1. The solution of experiment 1 started in region
1 of the ternary phase diagram, as an undersaturated paraben−
ethanol solution. The solution nucleated when the cooling
solution bypassed the solubility curve and “crossed over” to
region 5, where the crystals finally grew. The process was an
ordinary cooling crystallization in a homogeneous solvent, and
the product size distribution was as expected from this type of
process. The nucleation took place after about 5 h 20 min (PVM

Figure 7. Temperature profile, FBRM curves, and PVM photos of experiment 2.
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photos in Figure 6), when the temperature reached about 15 °C.
The nucleation was also accompanied by a temperature increase
because of the heat liberated as a result of the enthalpy of
crystallization. The temperature increase led to dissolution of
some of the crystals, in particular the smaller ones shown as a
sudden drop of the FBRM curves. During the cooling process
ahead of nucleation, all the FBRM curves were close to zero, and
the IR curves of butyl paraben increased slightly because of the
decreasing temperature. When the temperature reached about 15
°C, the butyl paraben IR peaks revealed rapid reduction in the
concentration of butyl paraben. However, the IR curve of ethanol
increased, showing relatively increasing concentration of ethanol
in the solution. After that the crystals grew in the supersaturated
solution, and it appeared as if there was a contribution of
secondary nucleation towards the end. At low temperature, some
butyl paraben crystals adhered and grew on the glass surface of
the PVM probe. During the whole process, the liquid remained
nonturbid, meaning there was no liquid−liquid phase separation.
Experiment 2. The solution of experiment 2 started close to

the liquid−liquid phase separation boundary between region 1

and region 2, in a mixture of water and ethanol having a paraben
concentration somewhat less than that in experiment 1. At
cooling, the solution passed into the LLPS region 2, and the
formation of droplets could be observed by the PVM. At
continued cooling, crystal nucleation occurred, the crystals grew
in the LLPS region 4, and the process ended in region 3. The size
distribution (Figure 11) is wide with a tendency of bimodality
but is still reasonably well formed. The FBRM results (Figure 7)
showed that the liquid−liquid phase separation occurred quite
early. The PVM revealed the droplets formed in region 2, and
visually the solution became quite turbid. Then with decreasing
temperature the white turbidity became more intense, similar to
that of milk. At about 18 °C, nucleation took place as was
observed in the FBRM signals and by the increase of the
temperature. After crystal nucleation the solution remained milk-
white. More crystals were formed as the temperature decreased,
and the process ended with a high concentration of crystals in
region 3, which had no liquid−liquid phase separation. The PVM
photos at the end reveal a homogeneous liquid phase with
faceted crystals.

Figure 8. Temperature profile, FBRM curves, IR curves, and PVM photos of experiment 3.
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Experiment 3. The solution of experiment 3 started more
clearly inside region 1 and with a somewhat lower butyl paraben
concentration than in experiment 2. Liquid−liquid phase
separation occurred when the solution entered into the LLPS
region 2 at about 35 °C, as was observed by both the PVM
response as the solution became milk-white and by the FBRM
data shown in Figure 8. In fact, this liquid−liquid phase
separation can also be recorded in the FTIR data (Figure 8) in
that the peaks of butyl paraben suddenly decreased. The liquid−
liquid phase separation led to a dispersed phase enriched in butyl
paraben and a continuous phase accordingly depleted in butyl
paraben. The continuous phase appeared to be somewhat higher
in ethanol concentration, since the ethanol peak remained
unchanged in spite of the decrease of the overlapping butyl
paraben peak. With decreasing temperature of the solution, the
IR curves of butyl paraben and ethanol increased slightly. When
the solution was further cooled into region 4, butyl paraben
nucleated at about 10 °C as shown by the rapid increase in the
FBRM curves and the exothermic temperature peak. The IR
curves of peaks 1, 2, 3, and 4 clearly decreased while that of peak 5
actually increased somewhat, likely to be an effect of the changing
concentration of water. Crystals formed, but the solution
remained milk-white, which also showed in the PVM photos at
various times, suggesting the formation of crystals in the LLPS
solution. The crystals grew into the final product crystal size
distribution in the liquid−liquid phase separation region, and
towards the end, the solution contained a lot of small crystals but
remained nontransparent because of the liquid−liquid phase
separation. Obviously, the poor crystal size distribution in Figure
11 is related to crystal formation that took place and ended in a
liquid−liquid phase-separated mixture.
Experiment 4. Experiment 4 was initially operated as an

antisolvent process at 45 °C. The experiment started with a

solution identical to that of experiment 3, to which was added
200 g of water that moved the composition into the liquid−liquid
phase-separated region 2, as shown in Figure 4. At the water
feeding point, the solution became milk-white, but this milky
solution disappeared quickly again when mixed with the bulk
solution. When more water was added, the rate of the
disappearance of the milky solution became slower and slower,
the region of milk-white solution became larger and larger, and
the color became gradually more intense. Finally, the entire
solution turned light-white then milk-white because of liquid−
liquid phase separation throughout the entire volume. This is also
revealed in Figure 9 by the increasing FBRM curves which show
that the number of droplets continued to increase during the
whole process of water addition. The addition of water not only
generated liquid−liquid phase separation but also led to an
overall reduction of the paraben concentration in the continuous
liquid phase because of dilution and liquid−liquid phase
separation.
After 200 min the addition of water terminated, and then the

solution was cooled down as in the other experiments. When the
temperature reached about 20 °C, the solution entered into
region 4, and the number of particles rapidly increased since
crystal nucleation was occurring. However, because of the
corresponding temperature increase of the solution, this was
followed by dissolution of some of the crystals, most clearly seen
in the small size range. Interestingly, the number of particles in
the range 5−40 μm show an immediate decrease at the crystal
nucleation. This was interpreted as a change in droplet size
distribution. After a short period, the number in the 5−40 μm
range increased again as a result of crystal growth. The PVM
photos at 8 h 10 min and 9 h 30 min show the crystal growth in
region 4 with LLPS solution and in region 3 where the solution
was homogeneous and the process was terminated, respectively.

Figure 9. Temperature profile, FBRM curves, and PVM photos of experiments 4′ and 4.
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The FBRM particle size distribution in Figure 11a is not very
smooth. The crystals are comparatively small which is likely due
to a stronger nucleation because of a lower solubility at the
ending point. The material is not strongly agglomerated.
Experiment 5. The experiment 5 solution started in the LLPS

region 2, having a butyl paraben concentration much less than in
other experiments and having the highest water concentration of
all. At cooling, the solution nucleated when passing into region 4,
and by further cooling ended up in region 3. The FBRM curves
(Figure 10) show that there was a liquid−liquid phase separation
from the start. Crystal nucleation occurred at about 15 °C,
surprisingly revealed by the number of recordings in the 0−5, 5−
40, 40−120 intervals all suddenly decreasing quickly while the
curve representing particles above 120 μm increased somewhat.
The explanation for this is assumed to be the fact that butyl
paraben is the component forcing a LLPS into a mixture of
ethanol and water. When butyl paraben crystallizes out, the
concentration of butyl paraben in the solution decreases, leading
to an increase in the miscibility of the liquid phases and a
redissolution of the droplets. Decreasing IR curves and FBRM
curves both reveal the moment of nucleation in experiment 5.
Peak 5 decreased less than the other peaks, probably because of
the influence of an increasing water concentration in the

continuous solution phase, similar to the situation in experiment
3. The PVM photo at 5 h 50 min reveals that at the end of the
experiment the liquid phase was homogeneous, showing that the
process had moved into region 3. The product crystal sieve size
distribution is essentially bimodal, while the FBRM particle
distribution is very irregular. The upper peak in the solid particle
sieve size distribution (Figure 11) is attributed to agglomeration.

Product Size Distributions, Crystal Shapes, and Yield.
In Figure 11, product size distributions and yields of each
experiment are shown. Figure 11a shows the particle size
distribution in each of the five experiments at the end of each
experiment as recorded by the FBRM. The particles of
experiment 1 show a well-formed log-normal or gamma-shaped
distribution. For all other experiments, however, the product size
distributions are more complex and irregular. The product
particle size distribution from experiment 2 is better shaped
compared to that of experiment 1, but the distribution is much
wider and has a tendency to bimodality at about 200 and 400 μm.
From experiment 3, the particles overall are fairly smallmainly
below 400 μmwith a tendency for the distribution to be bimodal.
Nearly all the product particles of experiment 4 are also below
400 μm, but compared to the amount of crystals in experiment 3
the amount of crystals is much higher, and there is not a strong

Figure 10. Temperature profile, FBRM curves, IR curves, and PVM photos of experiment 5.
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bimodality. The distribution of experiment 5 is very wide without
any particular symmetry. In Figure 11b is presented the
corresponding product particle size distribution as determined
by sieving after filtration and drying. Differences between the
Figure 11a,b distributions are because (i) the FBRM
distributions are number distributions, while the sieve distribu-
tions are mass distributions; and (ii) the FBRM instrument

measures the cord length distribution, while the sieving is
normally assumed to separate the particles according to the
second-largest dimension. However, in addition (iii) the FBRM
curves actually also record liquid droplets in the suspension.
Accordingly, if the process ends in a liquid−liquid phase-
separated region, the recorded size distribution will include also
the droplet size distribution. This explains the large difference in
the overall shape of the size distributions for experiment 3, an
experiment that terminates in the LLPS region 4. The particle
size distribution of experiment 3 from FBRM shows a substantial
number of particles below 100 μm, which are not found in the
product particle size distribution determined by sieving. For the
other four experiments the size distributions from the two
methods are fairly similar. Figure 11c shows the yield of the
crystallization experiments, calculated as the product dry solid
weight/total mass of solute. Obviously the yield is higher in
experiments 4 and 5, and the reason is the much lower solubility
at the end point, which in turn is due to the lower concentration
of ethanol. The yield of experiment 3 is very low as a result of the
high solubility in the ethanol-rich liquid phase of the LLPS
solution.
Product particles from the different experiments are shown in

Figure 12. From experiment 1, which is the only experiment not
experiencing liquid−liquid phase separation, we obtain the
largest individual crystals and the least agglomeration. The
material from experiment 5 contains very small crystals that are
agglomerated into the larger particles recorded by FBRM and by
the sieving analysis. The product of experiments 2 and 3 is
somewhat in between experiments 1 and 5 with respect to
agglomeration and crystal size. Comparing experiment 5 with
experiment 4, the starting points in the ternary diagrams are not
far from each other, but the agglomeration of crystals from
experiment 5 is much stronger than among crystals from
experiment 4, probably being the result of the low concentration
of butyl paraben and higher concentration of water in experiment
5. Admittedly, additional crystallization experiments should be
performed before the influence of liquid−liquid phase separation
can be distinguished from the effect of the difference in solvent
composition and supersaturation vs time profile, but from the
limited results at hand it is observed that the largest individual
crystals and the least agglomeration is obtained from that
experiment where liquid−liquid phase separation is not
occurring. In all four of the other experiments where liquid−
liquid phase separation occurs, the crystals are smaller and more
agglomerated, and the particle size distribution is wider or more
irregular. However, another common feature among these four
experiments, of course being a requirement for the phase
separation to occur, is that the solution contains waterthe
presence of which can contribute to aggregation of hydrophobic
faces of the butyl paraben crystals, and hence to the formation of
agglomerates.

■ CONCLUSIONS
In pure water the butyl paraben solid−liquid solubility is below 1
mg/g, whereas in pure ethanol the solubility is more than 3
orders of magnitude higher. At low temperatures, the solubility of
butyl paraben in homogeneous water−ethanol solutions
increases with increasing ethanol concentration. However, in
the temperature range of 20−30 °C, this dependency changes,
leading to the highest solubility in homogeneous mixtures at 30−
50 °C in a 70% by mass ethanol solution (on solute-free basis).
Butyl paraben induces a liquid−liquid phase separation in the
water−ethanol solution. This phase separation is clearly

Figure 11. Product properties of the crystallization experiments: (a)
FBRM curves, (b) weight of sieve fractions, (c) yield.
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temperature dependent and solvent-composition dependent
with an upper ethanol concentration slightly less than 70 wt % in
the solvent mixture on solute-free basis, and a lower temperature
limit between 10 and 1 °C.
Cooling crystallization experiments reveal that the product

crystal size distribution depends significantly on the composition
at the starting point. A liquid−liquid phase separation creates a
solution having a higher butyl paraben concentration and a
solution having a lower butyl paraben concentration. This leads
to altered conditions for nucleation and crystal growth. In the
results of the present study a process not traversing the liquid−
liquid separation region generates the largest crystals with the
least agglomeration and the best shaped size distribution. In all
experiments where the solution is a mixture of water and ethanol
and the process trajectory involves liquid−liquid phase
separation, the individual crystals are smaller and more
agglomerated, and the size distribution is less well shaped.
However, whether this is due to the influence of the liquid−liquid
phase separation or the presence of water in the solution or
differences in the supersaturation vs time profile, remains to be
clarified.
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