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Liquid-liquid phase separation is undesirable in crystallization as it leads to slow
crystal growth and uncontrollable crystal morphology. Therefore, it is necessary to
identify the conditions under which liquid—liquid phase split occurs, so as to avoid
crystallization process taking place at such conditions. In this study, an experimental
approach is developed to systematically construct the solid-liquid-liquid equilibrium
(SLLE) phase diagram. A four-component system is used to demonstrate the experi-
mental technique and the overall workflow in developing an SLLE phase diagram.
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Introduction

Crystallization is commonly used in chemical processes
for the production of solids, such as the manufacture of inor-
ganic salts, detergents, fertilizers, insecticides, herbicides,
and pharmaceuticals. When components of different polar-
ities are involved, undesirable liquid—liquid phase split may
occur during the course of crystallization." This so-called oil-
ing out phenomenon is often accompanied by the formation
of liquid droplets on the crystal surface, leading to slow crys-
tal growth, uncontrollable crystal morphology, and crystal
inhomogeneity. Another common symptom is the formation
of a dumpling-like substance consisting of agglomerated
solid particles within one of the immiscible liquid phases.
Oiling out during crystallization has been observed in a vari-
ety of systems, including lysozyme (in water),” bisphenol A
(in water),’ drug substance C;5H4;CI,N30, (in water/ethanol
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mixture),> and poly(ethylene-co-vinyl alcohol) (in glyc-
erol).® Processes involving oiling out are often deemed not
scalable because of the difficulty in controlling the crystal
quality.

To ensure a trouble-free process, liquid—liquid phase split
during crystallization must be avoided.” Therefore, it is im-
portant to identify the conditions, including feed composition
and crystallization temperature, under which liquid-liquid
phase split occurs. A solid-liquid-liquid equilibrium (SLLE)
phase diagram can be constructed to represent the phase
behavior of the system, showing the different regions where
single or multiple phases coexist. With the SLLE phase dia-
gram in place, the crystallizer operating condition can be
chosen to avoid getting into the liquid-liquid phase split
region. For this purpose, an efficient method to determine
SLLE phase diagrams is highly desirable.

Experimental techniques to obtain phase diagrams have
been reported in the literature. For example, visualization
method based on the disappearance of solid phase has been
suggested to determine solid—liquid equilibrium (SLE) phase
diagrams which do not involve liquid-liquid phase split.®
Investigation of liquid-liquid equilibrium (LLE) behavior
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Figure 1. Polythermal SLLE phase diagram of a binary
system: (a) with an LCST and no intersection
between LLE and SLE regions; (b) with a
UCST and intersecting LLE and SLE regions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

normally involves analytical methods to determine the tie
lines in the liquid—liquid phase split region.9 This method is
often tedious and time-consuming. For the purpose of pre-
venting oiling out, however, only the boundaries of the lig-
uid-liquid phase split region are of interest and it is not
essential to determine the tie lines. With this in mind, this ar-
ticle proposes a novel experimental strategy to quickly iden-
tify the liquid-liquid phase split region as well as the SLE
boundaries in an SLLE phase diagram.

Phase Behavior

Before proceeding to the details of the strategy, an over-
view of the key features of SLLE phase behavior of systems
involving two, three, and four components is given below.

Binary system

Figure 1 shows phase diagrams featuring two different
types of isobaric SLLE phase behavior of a binary system,
with various regions where multiple phases coexist in equi-
librium marked on the diagrams. Such diagrams are generally
referred to as polythermal diagrams, as they demonstrate the
phase behavior at multiple temperatures. A simple eutectic
behavior is assumed between components A and B.

In Figure la, the LLE region features a lower critical solu-
tion temperature (LCST) and does not intersect with any of
the SLE regions. At temperature T, a mixture with an over-
all composition represented by point 1 lies inside the LLE
region, thereby splitting into two phases. The equilibrium
compositions of the two separate liquid phases (shown as
points la and 1b) are governed by the tie-line. However,
cooling of this mixture below the LCST would lead to the
formation of a single liquid phase, which would separate into
solid B (point 2S) and a liquid phase (point 2L) when cooled
down further to temperature T,. Therefore, liquid-liquid
phase split and crystallization do not occur simultaneously,
and oiling out will never be observed. In this case, it is suffi-
cient to locate only the SLE region for designing the crystal-
lization process.
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Figure 1b depicts another type of SLLE phase behavior,
featuring an LLE region with an upper critical solution tem-
perature (UCST) intersecting with the SLE region. When a
mixture with composition shown as point 3 is cooled down
to temperature T, liquid-liquid phase split takes place,
resulting in a heterogeneous mixture of two liquid phases
with different compositions (points 4a and 4b). When the
temperature is further reduced to temperature Ts, solid B
would crystallize out to give a liquid of composition of point
SL. However, crystallization from point 4a occurs with a
lower degree of supersaturation compared to that from point
4b. Droplets or blobs of one phase would interfere with crys-
tallization in the continuous phase, forming dumpling-like
crystals of unacceptable quality.

Ternary system

The isobaric (polythermal) SLLE phase diagram for a ter-
nary system takes up the shape of a triangular prism, with a
binary system phase diagram on each of its three rectangular
faces. Figure 2a shows an example of such diagram involv-
ing components A, B, and S, in which A-B and B-S pairs ex-
hibit the SLLE behavior depicted in Figure 1b (featuring a
UCST and intersection between SLE and LLE regions).
There is no liquid-liquid phase split observed between A and
S. For easier examination of the various regions at different
temperatures, isothermal cuts such as those shown in Figures
2b—d can be taken. Isothermal cuts are particularly suitable
for displaying tie-lines showing the composition of phases
that are in equilibrium with each other, because those phases
must have the same temperature.
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Figure 2. SLLE phase diagram of a ternary system: (a)
polythermal phase diagram; (b) isothermal
cut at Ty; (c) isothermal cut at Ty; (d) isother-
mal cut at Ts.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3. SLLE phase diagram of a quaternary system:
(a) isothermal cut; (b) constant S;:S, ratio
cuts of the isothermal cut.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

At temperature T; above the melting point of B, the iso-
thermal cut (Figure 2b) features only one SLE region, inside
of which solid A would crystallize out. There is also an LLE
region extending from the A-B side, which is part of the
three-dimensional liquid-liquid phase-split region shown in
Figure 2a. Another cut taken at a lower temperature T,
(Figure 2c) shows that the LLE region interferes with
A(s)+L region, effectively dividing that region into two sep-
arate parts and creating a three-phase region inside of which
solid A is in equilibrium with two liquid phases. There is
also another LLE region emanating from the B-S edge,
which is actually a part of the same three-dimensional lig-
uid-liquid phase-split region of Figure 2a. Since T, is below
the melting point of B, an SLE region where B would crys-
tallize out also appears on the cut. As the temperature is
further lowered to T3 (Figure 2d), the two LLE regions
merge to form a dumbbell-shaped region.

Quaternary system

A common example of a quaternary system is one that has
two solutes and two solvents, for which the isobaric phase
diagram has a dimensionality of four. Because of the high
dimensionality, it is impossible to visualize the phase dia-
gram in its entirety. To analyze the phase behavior of such a
system, appropriate cuts and projections should be taken to
reduce the dimensionality.10 One option is to combine two
components as a single pseudo-component, which produces a
three-dimensional, polythermal constant-composition cut.
Such a cut would look similar to Figure 2a. Isothermal cuts
can then be taken to produce diagrams similar to Figures
2b—d. The major difference is that on these figures, most tie-
lines cannot be displayed because their two ends do not
actually lie on the same cut.

Figure 3 offers another perspective on the SLLE phase
diagram of a quaternary system. Instead of taking a constant-
composition cut, the original four-dimensional diagram can
be represented by a series of isothermal cuts, one of which is
shown in Figure 3a. The base of the tetrahedron (i) repre-
sents subsystem A-B-S;, which corresponds to the triangle
shown in Figure 2d. Three cuts at different S; to S, ratios
(i, iii, and iv) are shown in the figure. Expectedly, the cuts
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at different ratios feature different types and sizes of regions,
as drawn in Figure 3b. Compared to cut (i), the liquid-liquid
region in cut (ii) is smaller. This region shrinks further so
that it no longer touches the B-S;/S, edge in cut (iii), and
disappears altogether in cut (iv). Consequently, the three-
phase region A(s)+L;+L, also disappears in cut (iv). Such
behavior is possible when S, is miscible with S, so that the
liquid mixture tends to become homogeneous as more S, is
added to the system. Note that cuts (ii)—(iv) can also be
obtained from the constant composition cuts at corresponding
values of Sy to S, ratio by taking an isothermal cut. Visualizing
the phase behavior using a series of such isothermal cuts is often
easier compared to having to analyze the 3D diagram.

Experimental Determination

As previously mentioned, with the objective of preventing
oiling out during crystallization, only the boundaries of the
liquid-liquid phase split region have to be identified. Then,
the feed composition and crystallization temperature can be
judiciously selected to avoid the liquid-liquid phase split
region. To serve this purpose, an experimental strategy based
on visual observation is proposed.

Known amounts of the desired components are first
weighed into a jacketed glass vessel (Figure 4a). The mixture
inside the vessel can be heated up or cooled down in a con-
trolled manner by passing a heat transfer fluid through the
glass jacket. The temperature of the mixture is measured

(d)

Figure 4. Determination of SLLE phase behavior using
visual method: (a) experimental setup; (b)
Heterogeneous mixture formed within a
phase split region; (c) Homogeneous liquid
formed upon heating above the disappear-
ance temperature; (d) Heterogeneous mixture
formed again upon cooling below the reap-
pearance temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5. Experimental strategy for the determination
of phase boundaries.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

using a thermocouple. During the entire process, the mixture
is continuously mixed by using a magnetic stirrer. The start-
ing temperature is chosen such that the mixture is heteroge-
neous, as indicated by a turbid appearance (Figure 4b). The
mixture is then heated up slowly until it forms a clear homo-
geneous solution (Figure 4c). The temperature at which the
mixture becomes clear is recorded. Then, it is slowly cooled
until the mixture again becomes cloudy (Figure 4d), indicat-

ing the appearance of a second phase. The temperature at
which this new phase appears is also recorded. The experi-
ment is then repeated with different mixture compositions so
as to span the entire composition region of interest.

Although the disappearance and reappearance of a second
phase can be visually observed, it is impossible to tell
whether the second phase is liquid or solid, so that one can-
not readily differentiate between a solid—liquid boundary and
a liquid-liquid boundary. Fortunately, these can be distin-
guished by comparing the recorded disappearance and reap-
pearance temperatures. As the rate of formation of liquid
droplets is faster than that of crystal nuclei,'’ the formation
of a second liquid phase happens soon after the mixture
enters the LLE region, while nucleation occurs only after the
mixture is subcooled 5-10°C below the thermodynamic dis-
solution temperature. Therefore, an LLE boundary is charac-
terized by a small difference between the disappearance and
reappearance temperatures, whereas for an SLE boundary the
difference is much larger. This is illustrated in Figure 5.
When a mixture with a composition indicated by point 1 is
heated up, the solution becomes clear at the dissolution tem-
perature T,, and turns cloudy at temperature T;, when
cooled back down. The small difference between these two
temperatures indicates an LLE boundary. Meanwhile, heating
of a mixture with another composition (point 2) results in
complete dissolution at T,,, and upon subsequent cooling the
second phase reappears at T,,. The relatively large difference
between T,, and T,;, indicates an SLE boundary.

Since each heating/cooling experiment described above
only produces one point on either an SLE or LLE boundary,
it has to be repeated for different compositions to span the

Figure 6. Data collection strategy for a ternary system: (a) Polythermal phase diagram with cuts at constant S:B
ratios; (b) One of the cuts at a constant S:B ratio; (c) An isothermal cut at T, can be reconstructed from

constant S:B ratio cuts.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Experimental disappearance and reappearance temperatures for phenol/catechol/water systems: (a) phe-

nol:catechol = 100:0, (b) phenol:catechol = 0:100, (c) phenol:catechol = 95:5, (d) phenol:catechol = 90:10,
(e) phenol:catechol = 80:20, (f) phenol:catechol = 50:50, (g) phenol:catechol = 20:80.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

entire composition space of interest. Figure 6 illustrates our
strategy for data collection, using a ternary system as an
example. First, a series of vertical cuts are arbitrarily chosen
to form pseudobinary systems. For example, cuts at constant
ratio of S to B can be taken, as shown in Figure 6a. To
determine the phase boundaries at S:B = 0:100 (the back
face of the prism), mixtures of A and B at different composi-
tions (such as points 1 and 2) are prepared and their dissolu-
tion points (represented by points 1’ and 2/, respectively) are
measured. The phase boundaries for other cuts at different
values of S to B ratio (two of which are shown in Figure 6a)
can be similarly determined.

For crystallization process design purposes, isothermal cuts
are often more useful compared to constant ratio cuts gener-
ated using the above-mentioned method. By putting together
a number of constant ratio cuts, the isothermal cuts can be
readily obtained. Figure 6b shows one of the constant ratio
cuts of the ternary phase diagram in Figure 6a. A horizontal
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line at a temperature of interest T, intersects the SLE boun-
daries at points ¢ and d, which would appear at the isother-
mal cut at T,. Similarly, other intersection points such as a,
b, e, f, g, and h can be identified from cuts at other S to B
ratios. These points define the phase boundaries on the isother-
mal cut at T, (Figure 6¢). Isothermal cuts at other temperatures
can also be obtained in the same way, that is, by locating the
intersection points at the corresponding temperature.

Example

To demonstrate how the experimental technique and strat-
egy described above can be applied in the determination of
an SLLE phase diagram, a quaternary system containing cat-
echol, phenol, water, and acetone is used as an example. Cat-
echol is a dihydroxybenzene used as food, pharmaceutical, or
agrochemical ingredients, with a global comsumption of
about 20,000 tonnes per year in 1990.'% It is typically pro-

June 2007 Vol. 53, No. 6 AIChE Journal
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duced via catalytic hydroxylation of phenol, after which a
stream containing catechol, unreacted phenol, and some
impurities is produced. One process alternative to obtain pure
catechol consists of a series of distillation columns to frac-
tionate this reaction mixture.'> Another alternative is to use
distillation to remove high boiling impurities such as hydro-
quinone, followed by crystallization to obtain solid catechol
product with high purity. This alternative is more attractive
because of lower energy consumption.

Crystallization of catechol may be facilitated by the pres-
ence of an appropriate solvent. Water is a natural choice for
crystallization solvent since it is often used as the medium
for the hydroxylation reaction.'* However, pure water may
not be a desirable choice because of its relatively high latent
heat of vaporization, which will lead to a large energy
requirement for the solvent recovery system. The use of an
organic solvent such as acetone may lower the burden on
solvent recovery, but its high dissolving power may lead to a
lower per-pass yield in the crystallizer. Therefore, a mixture
of water and acetone seems to be a suitable solvent candi-
date. Because of the different polarity of the components in
the system, it is important to take into account the possibility
of liquid-liquid phase split. In fact, the presence of an LLE

AIChE Journal June 2007 Vol. 53, No. 6
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region has been reported in the literature for phenol/water bi-
nary system.'"!'> Therefore, an SLLE phase diagram is
needed to design the crystallization process.

Polythermal plots

First of all, the ternary system phenol/catechol/water is an-
alyzed. Figure 7 shows the experimental results (in weight
percent basis) plotted on the polythermal phase diagram for
this system. The results for phenol/water binary system are
plotted in Figure 7a along with literature data. It can be seen
that experimental data on the phenol-rich side (80 wt % phe-
nol and above) expose a difference of 5—10°C between the
disappearance and reappearance temperatures. This is a clear
indication of an SLE boundary, which is supported by the
fact that the measured dissolution temperatures are consistent
with literature data from Campbell and Campbell.15 On the
other hand, the rest of the experimental data (between 12 wt %
and 74 wt % phenol) show that within this composition
range, the disappearance and reappearance temperatures are
practically the same, indicating an LLE boundary. Again,
these results are consistent with the reported LLE data in the
literature.'""'> Such a general agreement with literature data

DOI 10.1002/aic 1613



Table 1. Summary of Experimental Results for Solvents Other Than Pure Water

Experimental Data

Solvent Composition Disappearance Reappearance
(Water: Acetone) Solute Ratio (Phenol:Catechol) Weight % Solute Temperature (°C) Temperature (°C) Indication™
75:25 100:0 (pure phenol) 100.0 40.6 32.5 SL
95.3 36.3 23.6 SL
92.8 23.6 15.7 SL
88.5 14.1 8.9 SL
85.6 6.8 3.5 SL
83.5 2.1 —1.5 SL
81.8 1.7 -5.6 SL
78 34 1.3 SL
75.1 26.7 25.8 LL
73.5 34.6 34.3 LL
70.4 47.1 46.4 LL
68 56.5 55.6 LL
63.7 66.5 66 LL
60.9 72.8 72.5 LL
58.2 77.6 77.6 LL
56.2 80.6 80.3 LL
53.9 81.3 81.3 LL
51.8 82.5 82.4 LL
49.6 83.5 83.5 LL
45.3 83.8 83.6 LL
41.2 87.5 87.5 LL
36.1 89.6 89.4 LL
31 90.4 90.2 LL
27.1 91.6 91.3 LL
24.6 91.6 91.6 LL
22.2 90.2 89.8 LL
20.0 90.5 90.1 LL
18 91 90.6 LL
16.5 89.2 88.8 LL
15 86.7 86.7 LL
13.6 83.3 83.3 LL
12.5 80.6 80.5 LL
11.2 76.5 76.5 LL
10.3 71.9 71.8 LL
9.7 69 69 LL
8.9 64 63.7 LL
8.1 59.8 59.3 LL
7.2 51.6 51.4 LL
6.6 46 459 LL
90:10 100.0 33.7 28.2 SL
94.5 19.4 17.1 SL
90.5 11 8.7 SL
85.3 2.8 0.6 SL
80.3 -5 —8.8 SL
78.5 —4 —6.4 SL
75.7 -2.1 -5 SL
70.0 —-1.7 -3.6 SL
64.2 30.3 28.9 SL
54.4 52.5 52.1 LL
49.6 65.3 64.7 LL
44.6 72.6 71.8 LL
39.9 76.5 76.4 LL
35.1 79.1 78.9 LL
29.9 81.4 80.0 LL
24.9 81.1 79.7 LL
20.0 78.3 77.1 LL
15.2 71.3 70.8 LL
10.3 55.8 54.9 LL
80:20 100.0 49.8 21.1 SL
91.4 26.8 —0.1 SL
717.3 6 —11.7 SL
65.6 1.3 —6.3 SL
57 30.3 28.8 SL
494 50.1 49.6 LL
42.9 53.9 53.9 LL
37.6 64.9 64.6 LL
32.2 66.3 65.6 LL
27.5 65.7 65.1 LL
23.9 63.6 63 LL
20.6 60.7 60.0 LL
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Table 1. (Continued)

Experimental Data

Solvent Composition Disappearance Reappearance

(Water:Acetone) Solute Ratio (Phenol:Catechol) Weight % Solute Temperature (°C) Temperature (°C) Indication*

18.9 57.2 57.1 LL

16.7 53.8 53.6 LL

14.8 48.8 47.8 LL

12.8 42.5 423 LL

50:50 100:0 (pure phenol) 100.0 40.9 345 SL

92.1 389 25.7 SL

86.8 13.9 6.8 SL

81.2 4.6 —10.1 SL

75.8 —6.2 —12.8 SL

68.1 1.1 —4.9 SL

61.8 27.5 27.3 LL

55.6 49 48 LL

49.3 57.2 56.5 LL

42.1 67.2 65.3 LL

35.9 67.7 66.7 LL

30.8 62.8 61.1 LL

26.1 54.2 53.8 LL

21.8 38 38.2 LL

18.8 18.7 18.2 LL

90:10 100.0 33.6 29.8 SL

94.9 21.8 21 SL

89.6 10.2 8.9 SL

83.9 —1.5 —2.8 SL

79.3 -9.9 —11.7 SL

74.1 —4.9 —5.7 SL

68.5 —1.8 -2.3 SL

63.6 19.5 19.4 LL

58.7 30.6 29.5 LL

53.7 40.5 39.8 LL

48.6 44.7 45.1 LL

43.6 51.9 522 LL

38.6 57.3 57 LL

338 57.5 57.5 LL

29 51.6 51.6 LL

24.2 38.2 38.1 LL

19.4 13 13 LL

14.5 —10.8 -12 SL

9.7 —13.2 —14.6 SL

80:20 99.9 44.8 24.6 SL

95.5 17.8 8.1 SL

90.4 12.3 2 SL

85 —4.3 —8.1 SL

71.7 —14.1 —19.5 SL

69.4 —10.1 —253 SL

61.1 —6.8 -7.7 LL

52.5 15.2 14.6 LL

44.6 31.9 30.8 LL

38.6 33 319 LL

33.1 253 253 LL

28 10.6 9.8 LL

50:50 100.0 69.3 60.5 SL

94.8 54.8 42.7 SL

87.1 38.2 21.5 SL

78.4 18.3 0 SL

62.1 33 —14 SL

54.8 -3 —-13.9 SL

41.7 -33 —13.1 SL

339 —6.4 —10.7 SL

28.9 —6.8 —13.7 SL

23.6 —8.6 —134 SL

0:100 (pure acetone) 100:0 (pure phenol) 100.0 40.2 36 SL

91.2 38.5 18 SL

81 253 53 SL

733 14.7 —0.2 SL

66.5 11.6 —8.4 SL

54.3 1.8 —15.2 SL

49.2 —6.8 —20.7 SL

90:10 100.0 34.3 29.6 SL

94.1 26.1 22.8 SL

88.7 15 12.5 SL
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Table 1. (Continued)

Experimental Data

Solvent Composition Disappearance Reappearance
(Water: Acetone) Solute Ratio (Phenol:Catechol) Weight % Solute Temperature (°C) Temperature (°C) Indication*
83.7 0.4 2.1 SL
79.1 15.8 —13.7 SL
73.6 13.1 —17.8 SL
68.6 10.5 —20.2 SL
64 6.8 —25.7 SL
59 2.8 —2.6 SL
54.2 1.8 —-7.8 SL
49.6 =175 —23.7 SL
44.6 —14.3 —17.2 SL
39.6 -21.2 -25 SL
34.9 —27.9 —56.7 SL
29.4 —34.8 —49.6 SL
24.7 —43.6 —58.3 SL
80:20 100.0 52 24.6 SL
95.4 352 16 SL
90.6 27.3 9.3 SL
86.2 229 2.7 SL
81.7 18.6 —5.4 SL
71.7 14.3 —13.3 SL
74.1 12.1 —13.7 SL
70.7 10.6 —14.5 SL
65.6 7 —18.6 SL
60.5 1.7 —253 SL
55.7 -3.7 —26.1 SL

*SL, solid-liquid boundary; LL, liquid-liquid boundary

confirms the validity of the suggested method for determin-
ing the SLLE phase diagram. Note that the overall trend also
agrees with a typical SLLE phase behavior consisting of a
liquid-liquid phase split region with a UCST (observed to be
about 66°C for this binary system) sitting on top of an SLE
region. The reversal of trend (the dissolution temperature
decreases with increasing phenol content below 75 wt % but
increases with increasing phenol content above 75 wt %)
confirms the different nature of the phase boundaries: LLE
on one side and SLE on the other. There is also a eutectic at
about 7 wt % phenol, marked by a similar trend reversal but
with SLE boundaries on both sides.

Figure 7b shows the experimental results for catechol/water
binary system. Over the entire range of composition studied
(16-90 wt % catechol), a relatively large difference between
disappearance and reappearance temperatures is evident, indi-
cating an SLE boundary without the presence of liquid—liquid
phase split. The overall trend is consistent with the physical
properties of catechol found in its Material Safety Data Sheet
(melting point = 105°C and solubility in water at 20°C = 43 g/
100 mL), which are plotted as open triangles in the figure. It is
reasonable to assume simple eutectic behavior of this binary
system, which implies that there is a eutectic below 16 wt %
catechol. Since the objective of this experiment is to locate the
liquid-liquid phase split region, no attempt was made to deter-
mine the exact location of that eutectic point.

Data for different cuts at constant phenol to catechol ratios,
which form the interior of the 3D diagram, are also taken. Fig-
ures 7c, d depict pseudo-binary systems with a phenol to cate-
chol ratio of 95:5 and 90:10 (by weight), respectively. A similar
trend to phenol/water binary system (Figure 7a) can be
observed, with the data on the catechol and phenol-rich side
(above 70 wt % catechol + phenol) indicating the presence of
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an SLE boundary, while an LLE boundary is evident in the cat-
echol + phenol concentration range of 10-60 wt %.

The trend is less clear for the pseudo-binary system with a
phenol to catechol ratio of 80:20 (by weight) (Figure 7e). LLE
boundary is evident in the catechol + phenol concentration range
of 10-45 wt %, while the rest of the data seems to indicate an
SLE boundary. Determination of solid identity was not attempted
in this experiment, but it can bez speculated that the SLE bound-
ary actually consists of two segments. Since the disappearance
temperature of the 100 wt % catechol + phenol mixture is above
the melting point of phenol of 40°C, the SLE boundary on this
side of the phase diagram must represent liquid compositions
that are in equilibrium with solid catechol. Meanwhile, as the
LLE region appears in the binary phase diagram of phenol/water
(Figure 7a) but not in that of catechol/water (Figure 7b), it is
likely that the SLE boundary near the LLE region represents lig-
uid compositions that are in equilibrium with solid phenol. This
implies the existence of a double saturation point at which phe-
nol and catechol are both saturated in water, possibly somewhere
around 70-80 wt % of (catechol + phenol).

Figures 7f, g show two other pseudo-binary systems with a
phenol to catechol ratio of 50:50 and 20:80 (by weight),
respectively. Only SLE boundaries are observed in both sys-
tems, as evident by the significant difference between disap-
pearance and reappearance temperatures. Apparently, the
LLE region emanating from the phenol/water side of the tri-
angular prism does not extend very far into the interior.

Next, pseudoternary systems of phenol/catechol/solvent
with two different mixtures of water/acetone (water:acetone =
75:25 and 50:50 by weight) as the solvent were studied. Data
for the ternary system phenol/catechol/acetone were also
obtained to complete the picture. The experimental results
for the three solvents are summarized in Table 1.
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Isothermal cuts

Based on the disappearance temperature data, different iso-
thermal cuts of the phenol/catechol/solvent phase diagram
can be generated and plotted together to form a contour map.
Figure 8a is the contour map for the ternary system phenol/
catechol/water, showing isothermal cuts at seven different
temperatures ranging from 20 to 80°C. The phase boundaries
are obtained from the data shown in Figures 7a—g. The rec-
tangles represent LLE boundary data, while the triangles cor-
respond to compositions lying on an SLE boundary. The con-
tour lines are drawn passing the data points in a manner con-
sistent with the topology of the phase diagram. For example,
at 20°C there are two SLE data points, lying on the phenol/
water edge and on the cut at phenol:catechol = 95:5, respec-
tively, which represent liquid compositions in equilibrium
with solid phenol, while the rest of SLE data points at that
temperature correspond to liquid compositions in equilibrium
with solid catechol. Consequently, the contour line at 20°C is
drawn in two segments, corresponding to the solubility
curves of phenol and catechol, respectively. The two seg-

(a) Water

. SL Region
LL Region

Phenol

(b} Water/Acetone 75/25
SL Region
LL Region

0 g7

Catechol T - 2
Phenol '

ments intersect at a double saturation point. A similar situa-
tion is observed at 30 and 40°C, except that at these tempera-
tures the two segments do not intersect with each other and
there is no double saturation point. No attempt was made to
collect additional data since the SLE regions on the diagram
are not the main targets of this experiment.

Figure 8b is the contour map for the pseudoternary system
of phenol/catechol/solvent with water:acetone in the solvent =
75:25, which is constructed from three sets of data (cuts at
phenol:catechol ratio of 100:0, 90:10, and 80:20 by weight).
Similar to the case of pure water as the solvent (Figure 8a),
the map features an LLE region near the phenol/solvent
edge, and an SLE region close to the catechol vertex. LLE
boundaries are still observed in the isothermal cuts at 70 and
80°C, and compared to the pure water case, the LLE bounda-
ries at lower temperatures extend deeper into the interior of
the triangle. Both of these are indications that the LLE
region for this solvent is bigger than that for pure water. It
can also be seen that the SLE region also appears to be big-
ger for this solvent compared to that for pure water, although

©) Water /Acetone 50/50

SL Region
LL Region

Catechol

Acetone

(d}

Phenol

et ' L]
Catechol  Phenol s0°C

Catechol

Figure 8. Isothermal plots of the phenol/catechol/solvent mixtures at different temperatures: (a) pure water, (b) 75/

25 wt % water/acetone, (c) 50/50 wt % water/acetone, (d) pure acetone.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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(1) Solvent
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(b} Solvent
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50:50
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Figure 9. Isothermal cuts of the pseudo-ternary phe-
nol/catechol/solvent systems for different
solvent compositions: (a) at 20°C, (b) at 40°C.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

no effort was made to determine the SLE boundaries and
double saturation points for higher phenol to catechol ratios.

When the content of acetone in the solvent is increased to
50 wt %, the LLE region becomes smaller as can be seen
from the contour map in Figure 8c, which is constructed
from four sets of data (cuts at phenol to catechol ratio of
100:0, 90:10, 80:20, and 50:50). Similar to the case of pure
water and water/acetone mixture with water to acetone ratio
of 75:25, the size of the LLE region monotonically decreases
as the temperature increases. No LLE boundary can be
observed above 60°C for this solvent. Again, complete deter-
mination of the SLE region was not attempted.

A very different contour map is obtained if pure acetone is
used as a solvent (Figure 8d). Since the highest disappear-
ance temperature among all data used in this figure (cuts at
phenol to catechol ratio of 100:0, 90:10, and 80:20) is 52°C,
no isothermal cut above this temperature can be identified in
the contour map. Furthermore, because all data have been
identified as SLE boundary, there is no LLE region in this
map. For the purpose of comparison with Figures 8a—c, only
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isothermal cuts at 20—50°C are shown. While isothermal cuts
at lower temperature can be deduced from the experimental
data, such cuts feature only SLE regions and are not shown
here as SLE determination is not our main focus. For the
same reason, no further attempt was made to determine addi-
tional cuts at lower phenol to catechol ratios.

Effect of solvent

To compare the effect of different solvents, the isothermal
cuts for different solvent mixtures at the same temperature
are plotted in the same coordinates. Figure 9a shows the iso-
thermal cuts at 20°C for four different ratios of water to ace-
tone (by weight) in the solvent, namely 100:0 (pure water),
75:25, 50:50, and 0:100 (pure acetone). A narrow LLE
region near the phenol/solvent edge exists when pure water
is used as the solvent (red curve). At water to acetone ratio
of 75:25 (orange curve), the size of the region is significantly
enlarged. However, this region becomes smaller at water to
acetone ratio of 50:50 (green curve) and does not exist when
pure acetone is used as the solvent. The size of the SLE
region also varies with solvent composition, but the small
number of data points does not allow for trend observation.

The equilibrium boundaries for different solvent composi-
tions are also compared at 40°C by plotting the correspond-
ing isothermal cuts (Figure 9b). Similar to the observed trend
at 20°C, the size of the LLE region at 40°C increases then
decreases as acetone is added to the system. No LLE region
is found when the solvent is pure acetone. No SLE boundary
is found along the phenol/solvent edge except the one very
close to the phenol edge, since 40°C is just below the melt-
ing point of pure phenol. All SLE boundaries shown in Fig-
ure 9b are essentially the solubility curves of catechol in a
mixed solvent containing phenol, water, and acetone. These
curves converge to one point on the phenol/catechol edge,
which represents the solubility of catechol in phenol at 40°C.

Conclusions

SLLE phase diagrams are useful for mapping out regions
of temperature and compositions that are feasible for crystal-
lization by avoiding liquid—liquid regions which may present
various operational problems. A systematic approach for the
experimental determination of the SLLE phase diagram for a
system containing more than two components has been
developed. The dimensionality of the system is reduced by
taking appropriate cuts. This is followed by observing the
disappearance and reappearance of a second phase in the sys-
tem using an easy-to-use polythermal experimental tech-
nique. Both liquid-liquid and solid-liquid phase boundaries
are identified. Combining the information from various cuts,
the overall phase behavior can be deduced. Such an approach
is particularly useful for systems with mixed solvents, since
the occurrence of liquid-liquid phase split often depends
on the solvent composition. As demonstrated in the example,
the size of the LLE region in cuts at different solvent compo-
sitions does not necessarily follow a monotonic trend.

In this study, visual observation of turbidity was used to
determine the disappearance and reappearance temperatures.
While the method described here is applicable regardless of the
observation method, its accuracy can be improved if an instru-
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ment such as a turbidity meter were used to detect the phase
split. The solvent composition as well as its physical properties
such as viscosity and solubility is expected to impact not only
the size and location of the liquid-liquid region but also the
nucleation and growth kinetics. In the synthesis of a crystalliza-
tion process,16 it is crucial that all these tradeoffs are elucidated
and quantified. Efforts in these directions are underway.
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