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Modified Retrograde Crystallization Process for Separation of
Binary Solid Mixtures Exploiting the Crossover Region of
Supercritical Carbon Dioxide

Clifford Y. Tai,* Geng-Shian You, and Der-Cheng Wang

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan 10617

A modified retrograde crystallization process with the circulation of supercritical carbon dioxide
has been designed and tested for the separation of a mixture containing two solids. The apparatus
consists of an extractor and a crystallizer, which are kept at different temperatures but at a
fixed pressure within the crossover region. The metastable zone within the crossover region of
the ternary system is first determined. Separation experiments are then conducted under various
conditions with the crystallizer temperatures within or slightly above the metastable zone. The
benzoic acid/1,10-decanediol/CO2 system with a wide crossover region represents an ideal example
of the modified process, and the results show that it is possible to obtain essentially pure products
of both components (>97 wt %) from a 50/50 wt % mixture of benzoic acid and 1,10-decanediol.
The average recovery is 49.3% for benzoic acid and 85.8% for 1,10-decanediol. The other system
of 2,3-/2,6-dimethylnaphthalene/CO2 with a narrow crossover region is then analyzed to
demonstrate the possibility for the separation of organic isomers, and the results show that the
modified process can produce the 2,6-dimethylnaphthalene of almost 100 wt % purity with a
recovery of 37.1% starting from a mixture of 50/50 wt % isomers.

Introduction

The phenomenon of crystallization from supercritical
fluids was observed by Hannay and Hogarth as early
as 1879.1 They found that decreasing the pressure
caused the dissolved inorganic salts in supercritical
fluids to nucleate and precipitate. However, little at-
tention had been paid to the study of crystallization
from supercritical fluids until Krukonis presented a
novel RESS (rapid expansion of supercritical solutions)
process,2 which was used to produce very fine crystals
by releasing system pressure. Crystallization from su-
percritical fluids can also be manipulated by changing
temperature.3,4 As far as the crystal growth is con-
cerned, the mechanism and kinetics for the growth of
aromatic crystals in supercritical (SC) carbon dioxide
solution show similarities to those for conventional
liquid solution growth.3,4 In addition, crystallization
from supercritical fluids has several advantages in
comparison with conventional solution or melt crystal-
lization. The best benefit is that neither solid-liquid
separation nor product drying is required because the
supercritical solvent can be separated from the end
products by simply releasing the pressure. Among many
supercritical fluids, carbon dioxide is often the first
choice because of its desirable properties, i.e., nontox-
icity, nonflammability, ready availability, and low criti-
cal point. Several operation modes have been developed
in the field of crystallization using supercritical carbon
dioxide. One of them is the utilization of crossover region
of a system containing a mixture of two solids.5-9 The
crossover region, shown in Figure 1 for the benzoic acid/
1,10-decanediol/CO2 system,5 is a characteristic pressure
range of a supercritical fluid that dissolves a binary solid

mixture. In this pressure range (119-140 bar), one of
the substances becomes supersaturated, and the other
becomes undersaturated when the system shifts away
from an equilibrium state by a change in temperature
from 308 to 318 K. The phenomenon of the crossover
region has been discussed in detail elsewhere.10-13

In 1989, Kelly and Chimowitz8 successfully separated
benzoic acid and 1,10-decanediol from a mixture of these
two substances by taking advantage of the crossover
region. First, the supercritical carbon dioxide passed
through an extractor to become saturated with benzoic
acid and 1,10-decanediol, and then the mixture flowed
into a condenser where the pure crystals of benzoic acid
precipitated without seeding at a temperature higher
than that of extractor. The residual solutes in the
effluent of the condenser were then collected in a vessel
by depressurization. The purity of benzoic acid recovered
in the condenser was 99.6 wt % with a yield of 0.64 mg/g
CO2. Johnston et al.6 used this method to separate a
practical system, i.e., a mixture of 2,3- and 2,6-dimeth-
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Figure 1. Solubility isotherms of the benzoic acid/1,10-decanediol/
CO2 system taken from ref 5.
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ylnaphthalene, which are the main raw materials for
the production of 2,6-naphthalenedicarboxylic acid,
which, in turn, is used as the monomer of the engineer-
ing plastic PEN (polyethylene naphthalate).14-16 How-
ever, the best result for the purity of 2,3-dimethylnaph-
thalene was only 79 wt % with a yield of 0.85 mg/g CO2,
starting with a 50/50 wt % mixture. Therefore, the
process of retrograde crystallization was not proposed
for the separation of a mixture with a narrow crossover
region.6 The conventional process for separating 2,6-
dimethylnaphthalene from dimethylnaphthalene iso-
mers is often an adsorption process using a molecular
sieve as the adsorbent.17-20 However, the separation
effectiveness is so poor that an additional step to purify
the product is needed for commercial purposes. For
example, Maki and co-workers developed a process that
combines adsorption and conventional solution crystal-
lization.21 The result for the purity of 2,6-dimethylnaph-
thalene is 99%. However, the best recovery is 70% for
the adsorption stage and 50% for the conventional
crystallization stage. Thus, the overall recovery of 2,6-
dimethylnaphthalene is below 35%. In addition, the
product still needs to be filtered and dried.

To improve the separation efficiency of the crystal-
lization process using supercritical carbon dioxide as the
solvent, a modified process is proposed. This paper
describes the details of the separation process with
supercritical carbon dioxide circulating between an
extractor and a crystallizer, in which seed crystals are
loaded at the beginning of an experiment, for separating
a binary solid mixture placed in the extractor. Such a
circulating process operated at a smaller supersatura-
tion value can, in principle, yield two nearly pure
products. Two systems of binary solid mixtures were
chosen. First, the benzoic acid/1,10-decanediol/CO2 sys-
tem was investigated because of its wide crossover
region.5 This system provides an ideal demonstration
for the modified process. The other system, with a
narrow crossover region, 2,3-/2,6-dimethylnaphthalene/
CO2,6 was then analyzed to demonstrate the possibility
for the separation of organic isomers with an emphasis
on the increasing of purity and recovery of product.

Process Concepts

The modified crystallization process developed in this
study is related to the concentration-temperature
diagram and the mechanisms of crystallization. As far
as the solute concentration is concerned, a solid dis-
solving in a liquid can form three regions, i.e., a stable
(or undersaturated) region, a metastable zone, and a
labile region. In the labile region, the concentration of
solute is very high so that nucleation occurs spontane-
ously without the presence of seed crystals. This type
of nucleation is called primary nucleation, and its rate
is often so fast that control of the product properties is
difficult. The existence of a metastable zone, which lies
between the stable region and the labile region, is very
significant in the development of a crystallization
process. In this zone, crystals already present in the
system will grow and induce nucleation at the same
time under the effect of external forces, such as fluid
shear force22 or contact force between impeller and
crystals.23 This type of nucleation is called secondary
nucleation. Most of the industrial crystallizers are
operated in the metastable zone such that crystals with
desirable qualities, especially high purity, can be ob-
tained at minimum cost.24-27 Evidence shows that

crystals reject impurities during normal growth when
they are present in the solution.28

To clarify the herein proposed process, the process
developed by Chimowitz and co-workers5,8 is briefly
described first. Their process is operated in a once-
through mode and consists mainly of three parts: the
extractor where the solid mixture is charged, the
condenser where the desired product nucleates without
seeding, and the collection vessel where the residual
solutes are precipitated by depressurization. The pres-
surized carbon dioxide in the crossover region passes
through the extractor at 302.1 K to dissolve benzoic acid
and 1,10-decanediol and becomes nearly saturated with
these two solutes. Then, the saturated solution flows
into the condenser at 326.5 K, where the benzoic acid
becomes supersaturated and precipitates out. On the
other hand, the 1,10-decanediol becomes undersaturated
and remains in the solution. After that, the supercritical
solution is depressurized to collect the residual solutes.
This separation process is actually based on the tech-
nique of primary nucleation because no crystal is placed
in the condenser at the beginning of an experiment and
the temperature difference between the extractor and
condenser is as high as 24.4 K. Although high-purity
(99.6 wt %) benzoic acid can be recovered, the recovery
is only 15% because of the once-through mode of
operation, and thus the yield is very low (0.64 mg/g
CO2). Therefore, the consumption of supercritical carbon
dioxide is greater, or the energy consumption for re-
compressing carbon dioxide is higher than that required
for the circulation mode of operation. Following the
same technique, Johnston et al.6 recovered 2,3-dimeth-
ylnaphthalene with a purity of 79 wt % and a yield of
0.85 mg/g CO2 from a 50/50 wt % mixture of 2,3- and
2,6-dimethylnaphthalene. The product purity of 2,3-
dimethylnaphthalene, 79 wt %,, is apparently lower
than that of benzoic acid, 99.6 wt %, in the work done
by Kelly and Chimowitz.8 It is believed that the nar-
rower crossover region of the 2,3-/2,6-dimethylnaphtha-
lene system, 6 bar compared to 20 bar for the benzoic
acid/1,10-decanediol system, causes the lower purity of
product, because fluctuation in pressure may bring the
operating pressure in the condenser out of the crossover
region. In addition, the yield of 2,3-dimethylnaphthalene
is limited, because the crossover region does not extend
to the near-critical region, where the solubility is more
sensitive to temperature change. In view of the draw-
backs of this process, a modified process based on the
following experimental facts is proposed here.

Tai and Cheng4,29 have demonstrated that the growth
of crystals in the supercritical carbon dioxide is possible
by simply changing the temperature. The measured
crystal growth rate of naphthalene is about 10-8 m/s,
which is similar to the crystal growth rates of inorganic
salts in aqueous solution. Such a growth rate is high
enough to be practical for industrial application. There-
fore, a modified separation process is designed to include
the following features, as shown in Figure 2, which is
the apparatus utilized in this study and which will be
explained in detail in the Experimental Section. First,
the supercritical carbon dioxide solution is circulated
between the extractor and crystallizer instead of being
operated in a once-through mode. Second, seed crystals
are charged to the crystallizer at the beginning of an
experiment so that the deposition of product from
solution is caused by crystal growth and secondary
nucleation at a supersaturation lower than that needed
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in Chimowitz’s process. Because the modified process
is operated in the crossover region, the circulating
solution becomes nearly saturated with two solutes in
the extractor and releases the excess solute in the
crystallizer at a higher temperature near the metastable
boundary. Then, the solution flows back to the extractor
and becomes saturated again. The temperature differ-
ence between the extractor and crystallizer is much less
than that in Chimowitz’s process because of the different
crystallization mechanisms so that the scaling on the
walls of the heat exchanger can be reduced. Finally, one
solute moves to the crystallizer, and the other remains
in the extractor. Using a circulating mode of operation,
this process can recover two products with high purity
and, in principle, provide a high recovery.

Experimental Section

The apparatus used in this study is similar to the
setup for the study4 of single-crystal growth from
supercritical carbon dioxide solution. A schematic dia-
gram is shown in Figure 2. The system is mainly a
closed loop consisting of a crystallizer, an extractor, a
circulating pump, and a heat exchanger. The crystallizer
is a 390-mL stirred tank with viewing windows. To
suspend the crystals in the crystallizer, the inlet tube
to the crystallizer reaches the bottom of the crystallizer,
and a magnetic stirrer is also installed under the
crystallizer. A glass wool filter is fitted at the outlets of
both the crystallizer and the extractor to prevent
entrainment of fine particles. The extractor and the
crystallizer are immersed in a water bath for constant-
temperature operation. To control the temperature
difference between the two vessels, a heat exchanger is
installed on the line between the extractor and the
crystallizer. The circulation pump is a magnetic pump
of positive-displacement type manufactured by a local
company in Taiwan.

At the beginning of a separation experiment, certain
amounts of a binary solid mixture and seed crystals are
placed in the extractor and crystallizer, respectively. For
the system of benzoic acid/1,10-decanediol, the mixture
is 6.0 g of a 50/50 wt % mixture, and the amount of seed
crystals of benzoic acid is 2.0 g; for the 2,3-/2,6-
dimethylnaphthalene system, the mixture is 15 g of 50/

50 wt % mixture, and the seed is 2.0 g of 2,3-
dimethylnaphthalene crystals. In both of these systems,
the amount of seed crystals placed in the extractor is
about 2 times the total amount that would dissolve in
the SC CO2 within the system. These chemicals were
used as received without further purification, and the
purities are 99.5% for benzoic acid (Aldrich), 98% for
1,10-decanediol (Aldrich), 98% for 2,3-dimethylnaph-
thalene (TCI), and 99% for 2,6-dimethylnaphthalene
(TCI).

When an experiment began, a diaphragm pump
(American LEWA EK-1) delivered the liquid carbon
dioxide into the closed loop until the desired pressure
within the crossover region was reached; this pressure
varies from 123 to 127 bar for the benzoic acid/1,10-
decanediol system and from 120 to 121 bar for the 2,3-/
2,6-dimethylnaphthalene system. In the meantime, the
temperature levels in the extractor and the crystallizer,
detected and controlled to within (0.1 K, were adjusted,
respectively, to 308 K and a desired operating tem-
perature, which varies from 313.7 to 318.2 K for the
benzoic acid/1,10-decanediol system and from 311.9 to
314.7 K for the 2,3-/2,6-dimethylnaphthalene system.
The supercritical carbon dioxide was then circulated at
a fixed rate between 128 and 180 mL/min in the closed
loop. The circulation of supercritical carbon dioxide was
continued for 24 h in each run to ensure that the
separation is no longer effective. Finally, the solids in
the extractor, the crystallizer, and the collector were
collected and weighed individually after depressuriza-
tion, and a small amount of solid from each vessel was
analyzed. NMR spectroscopy was employed to determine
the composition of solids containing benzoic acid and
1,10-decanediol, using deuterated chloroform as the
solvent. For analysis of the composition of 2,3-/2,6-
dimethylnaphthalene mixtures, a GC equipped with an
FID detector and a 100% polysiloxine column of 15 m
× 0.25 mm i.d. × 0.5 µm df was used.

The procedure for locating the metastable boundary
was almost the same as that for the separation experi-
ments, but no seed crystals were placed in the crystal-
lizer. The system temperature was first adjusted to 308
K. The supercritical carbon dioxide was then circulated
in the closed loop for 2 h to become saturated with the
two solids. The temperature of the crystallizer was

Figure 2. Experimental setup of the modified process.
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finally increased slowly at a rate of 0.2 K/h under
constant pressure until nuclei were observed in the
crystallizer. The temperature so obtained is the bound-
ary between the labile region and the metastable zone
for crystallization of the seed compound at the specific
pressure within the crossover region. Because the
pressure will rise with an increase in temperature of
the crystallizer, a constant pressure was maintained by
intermittently releasing a small amount of SC solution
through valves V4 and V5 shown in Figure 2. The
system pressure was controlled to within (0.7 bar. The
separation experiments were expected to operate in the
metastable zone below the boundary to decrease the
amount of coprecipitated impurities in the product.

Calculation of Supersaturation

The relative supersaturation (σ) of the solution in the
crystallizer is defined by the following formula

where y is the mole fraction of seed species based on
the total number of moles of all components in the
supercritical fluid phase. The subscripts e and c indicate
extractor and crystallizer, respectively. Because the
accurate equilibrium data for ternary systems with two
solids in a supercritical fluid are difficult to measure,
the available data are few. For example, equilibrium
data at the two temperatures 308 and 318 K are
available for the benzoic acid/1,10-decanediol/CO2 sys-
tem and at 308 and 323 K for the 2,3-/2,6-dimethyl-
naphthalene/CO2 system.5,6 Therefore, no correlation
can be established for accurately predicting the solubil-
ity at temperatures other than the available ones. To
obtain the equilibrium data at temperatures other than
those available, the equilibrium data are first regressed
with a third-order polynomial as functions of pressure.
After that, the values of ye are calculated by the
regressed third-order polynomial for 308 K, and the
values of yc at the temperature between the two avail-
able equilibrium temperatures are calculated by linear
interpolation.

Results and Discussion

Transient Period of Operation. Before the system
reaches the desired pressure, liquid carbon dioxide is
fed continuously to the system. During this transient
period, liquid carbon dioxide expands rapidly and does
not pick up enough solute in the extractor; thus, a
certain amount of seed crystal in the crystallizer dis-
solves. It is necessary to place an enough seeds in the
crystallizer; otherwise, they will be dissolved completely.
This dissolved amount depends on the size of the system
and the solubility under the operating conditions. The
circulating carbon dioxide in the system will dissolve
about 1.8 g of benzoic acid according to calculations from
the solubility data. Different amount of seed crystals,
i.e., 1, 2, and 3 g, were tried in the test runs for
separating benzoic acid and 1,10-decanediol. The 1-g
amount of seed crystals was completely dissolved, yet
3 g of seeds caused another problem, i.e., the magnetic
stirrer sometimes stopped agitating in the crystallizer.
Thus, a weight of 2.0 g for benzoic acid and 2,3-
dimethylnaphthalene was charged in the crystallizer at
the beginning of each separation experiment, and the

results show that this is a suitable amount of seed
crystals.

Metastable Zone for Crystallization of Benzoic
Acid and 2,3-Dimethylnaphthalene. According to the
procedure described in the Experimental Section, the
boundary temperatures of the metastable zone for
benzoic acid under various pressures are found by
increasing the temperature in the crystallizer. The
results are plotted in Figure 3, which shows that the
boundary temperature increases with increases in the
system pressure. The metastable zone width is the
temperature difference between the boundary temper-
ature and the extractor temperature, which is 308 K.
Thus, the metastable zone width becomes greater at
higher pressure in the crossover region. The smallest
width observed at 123.8 bar is about 0.7 K. The
metastable zone for crystallizing benzoic acid is within
the crossover region, as shown in Figure 4. In this
figure, the dashed line is the linear regression result
for these data points. The dashed line is the boundary
of the labile region and metastable zone. The relative
supersaturations of the solution that induced nucleation
in the crystallizer are calculated by eq 1 and are plotted
against pressure in Figure 5.

The data presented in Figure 5 seem scattered. The
main reason for the scattering is pressure fluctuation,
which is induced by pumping and which causes the
solute to crystallize out of solution within the cylinder
of the circulation pump. Another reason may be the
onset of different nucleation mechanisms. Two phenom-
ena were observed in the crystallizer concerning the

σ ) ye/yc - 1 (1)

Figure 3. Temperature of crystallizer at which nuclei were
observed for the benzoic acid/1,10-decanediol/CO2 system heated
from 308 K.

Figure 4. Metastable boundary within the crossover region for
the benzoic acid/1,10-decanediol/CO2 heated from 308 K.
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location of crystal formation. One was that they formed
on the viewing windows of the crystallizer, which is a
case of heterogeneous nucleation. Another was that the
first crystal appeared in the bulk solution, a case of
homogeneous nucleation. It is difficult to distinguish
between the two mechanisms, because the nuclei formed
by homogeneous nucleation may adhere to the viewing
windows as soon as they are formed. However, it is
understood that the supersaturation for inducing ho-
mogeneous nucleation is higher than that for inducing
heterogeneous nucleation.27,28 Therefore, the metastable
boundary for inducing homogeneous nucleation is lo-
cated at a higher supersaturation. As shown in the
figure, the supersaturation data seem to have a constant
upper bound of σ at 0.065, irrespective of pressure
between 123 and 131 bar. It is reasonable to infer that
0.065 is the relative supersaturation required for induc-
ing homogeneous primary nucleation.

The metastable zone for 2,3-dimethylnaphthalene
that exhibits an inverted solubility is shown in Figure
6, in which supersaturation of the solution in the
crystallizer is achieved by increasing the temperature
from the extractor temperature of 308 K. Because the
width of the crossover region for 2,3-/2,6-dimethylnaph-
thalene may be as small as 2 bar,6 the pressures of
experiments for locating metastable zone were con-
ducted between 120 and 122 bar. The metastable
boundary temperature rises slightly from 318.8 to 320.3
K with an increase in pressure ranging from 120 to 122
bar, and the mean of calculated relative supersatura-
tions is about 0.098.

Separation of Benzoic Acid and 1,10-Decanediol.
At the beginning of the separation study, several test
runs showed that production of a significant amount of
benzoic acid requires too much time when the temper-
ature of the crystallizer is operated in the metastable
zone, that is, σ < 0.065. Therefore, the experiments were
conducted beyond the metastable zone. Figure 7 shows
the relation between the recovery and the relative
supersaturation of benzoic acid in the crystallizer for
all experiments operated at various supersaturations
for 24 h. The recovery in the crystallizer is defined as
the ratio of the amount change of benzoic acid in the
crystallizer to the original amount of benzoic acid
charged to the extractor. As shown in this figure, the
relative supersaturations for the runs that produce a
significant amount of benzoic acid, such as a recovery
close to or greater than 50%, are all higher than the
metastable relative supersaturation (∼0.065). This is
because primary nucleation dominates the crystal-
lization process and thus gives a high production rate
when the supersaturation of a solution is above the
metastable boundary. In contrast, when the supersatu-
ration is below the metastable boundary, crystal growth
and/or secondary nucleation dominate the crystalliza-
tion process, and the production rate is low or even
negative. The recovery of benzoic acid is negative at all
supersaturations or low at higher supersaturations
when the solid material in the crystallizer suffers
caking, which causes the solute of benzoic acid to stay
in the extractor. The caking problem is probably due to
the pressure fluctuation induced by the positive-type
pump. The pressure fluctuation results in a swing of
undersaturation and supersaturation, which causes the
crystal powder to dissolve and nucleate in turn. A
rotating pump commonly provides a smoother flow and
thus may lower the scale of fluctuation. The caking
problem can be reduced by increasing the circulation
flow rate.

The nucleation mechanism is further verified by the
changes in pressure and temperature during the sepa-
ration process. Figure 8 shows the variation of pressure
and temperature of run S-03 for an experimental period
of 4 h. It can be seen that the system pressure and
temperature of the crystallizer occasionally drop almost
at the same time and then return back to the normal
level. During this period, primary nucleation dominates
the crystallization process because the supersaturation
of the solution is higher than the metastable supersatu-
ration. The drops in temperature and pressure are due

Figure 5. Relative supersaturations at the metastable boundary
for the benzoic acid/1,10-decanediol/CO2 system heated from 308
K.

Figure 6. Temperature and relative supersaturation at the
metastable boundary for the 2,3-/2,6-dimethylnaphthalene/CO2
system heated from 308 K.

Figure 7. Recovery of benzoic acid at various relative supersatu-
rations.
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to the enthalpy change associated with the formation
of nuclei. When a solute with an inverted solubility
crystallizes from its solution, heat is absorbed rapidly
from the surroundings, causing a decrease in temper-
ature and thus a decrease in pressure for a closed
system with constant volume.28 The other minor reason
might be the adiabatic expansion of the supercritical
fluid. When the nucleation occurs, the solute in the
supercritical phase is transferred to the solid phase. It
seems that the supercritical phase expands adiabatically
because the heat transfer from the heating medium to
the system is much slower than the expansion process
of the supercritical fluid. According to the ideal gas law,
both temperature and pressure would decrease in an
adiabatic expansion process and thus would drop si-
multaneously at the commencement of nucleation.
When the nucleation stops, the system will return to
the normal level after absorbing enough heat from the
heating medium.

The experimental results for the separation runs,
which were operated at or slightly above the metastable
boundary using this modified process, are summarized
in Table 1. Starting from a mixture composed of 50 wt
% benzoic acid and 50 wt % 1,10-decanediol, most
purities of products, benzoic acid in the crystallizer and
1,10-decanediol in the extractor, are higher than 97.0
wt %. The results show that the purity varies from 96.5
to 98.9 wt % for benzoic acid and from 87.7 to 100.0 wt
% for 1,10-decanediol. For the product benzoic acid in
the crystallizer, the recovery varies from 26.1 to 66.2%,
with an average of 49.3%, and the yield varies from 1.7
to 4.5 mg/g CO2, with an average of 3.3 mg/g CO2. For
the product 1,10-decanediol in the extractor, the recov-
ery varies from 65.3 to 93.0%, with an average of 85.8%,
and the yield varies from 4.3 to 6.3 mg/g CO2 with an
average of 5.7 mg/g CO2. Coprecipitation during depres-
surization, scaling, and caking are responsible for the
cases of low purity and low recovery. Because both
solutes precipitate from the solution by releasing pres-
sure, the products in the crystallizer and in the extractor
are contaminated during the period of depressurization.
In addition, the local supersaturated solution may form
scales on the wall of the heat exchanger; the missing
material was scattered not only in the collector but also
in the tubes and other parts of the system. For the
experimental runs of low purity (runs S-17 and S-19),
caking was observed in the extractor. With regard to
the low volume ratio of solid phase to supercritical phase
(below 0.013) in this study, the contamination and
weight loss due to solute precipitation during depres-
surization are obvious. This problem can be eliminated

by increasing the ratio of solid phase to supercritical
phase in large-scale equipment.

The data reported by Kelly and Chimowitz8 for the
purity and recovery are 99.6 wt % and 15%, respectively.
The advantage of this modified process is obvious
because the purity of benzoic acid is about the same;
the average recovery is about 3 times, 15% vs 49.3%;
and the yield is about 5 times, 0.64 vs 3.3 mg/g CO2. In
addition, a product of almost 100.0 wt % purity 1,10-
decanediol is obtained in the extractor. However, the
modified process has a disadvantage in its low produc-
tion rate.

Separation of 2,3- and 2,6-Dimethylnaphthalene.
For the separation experiments for the 2,3-/2,6-dimeth-
ylnaphthalene system, a series of test runs shows that
the temperature of the crystallizer must be kept below
the metastable boundary of 2,3-dimethylnaphthalene;
otherwise, scales would severely form on the wall of heat
exchanger and thus block the tubing. The experimental
data obtained for a 24-h operation period below 316 K,
which is within the metastable zone, are summarized
in Table 2. For the separation of a 50/50 wt % solid
mixture of 2,3- and 2,6-dimethylnaphthalene, the high-
est purity of 2,3-dimethylnaphthalene obtained in the
crystallizer is 77.9 wt %, which approximates the results
of 79 wt % achieved by Johnston and co-workers.6
However, the 2,3-dimethylnaphthalene could be com-
pletely moved to the crystallizer by the modified process,
and an amount of extremely pure 2,6-dimethylnaph-
thalene (∼100 wt %) was recovered in the extractor with
a recovery of 37.1% (run X-04), which is better than that
of 35.3% reported by Maki and co-workers21 using a
process combining adsorption and solution crystalliza-
tion. Also, the recovery of 2,6-dimethylnaphthalene may
reach 55.3% when the purity is relaxed to 97.4 wt %
(run X-09). For this system, the total amount of solute
dissolved in SC CO2 is about 4.5 times that for benzoic
acid/1,10-decanediol/CO2 system, and the weight loss
due to solute precipitation during depressurization is
greater. The minimum weight loss is 51.4% of the total
initial loading for 2,3-dimethylnaphthalene (run X-03)
and 35.3% for 2,6-dimethylnaphthalene (run X-10).
Because the volume ratio of solid phase to supercritical
phase is small (below 0.028) in the experiments, the
purity and recovery are low.

The following reasons may explain the low purity of
2,3-dimethylnaphthalene. The contaminant, 2,6-di-
methylnaphthalene, is built into the crystal lattice,
adsorbed on the crystal surface, or coprecipitated during
the period of depressurization. However, the specific
mechanism of contamination is difficult to distinguish.
To estimate the effect of coprecipitation in the crystal-
lizer, the amount of 2,6-dimethylnaphthalene dissolved
in the supercritical carbon dioxide contained in the
crystallizer is calculated. According to the solubility data
reported by Johnston et al.,6 the supercritical carbon
dioxide solution in the 390-mL crystallizer can dissolve
a minimum amount of 3.11 g of 2,6-dimethylnaphtha-
lene when the pressure is 120 bar. This amount is 51.7
wt % of the 6.01-g product obtained in the crystallizer
for run X-10 and is roughly estimated by the following
equation

where W is the mass of 2,6-dimethylnaphthalene, nT is

Figure 8. Variation of temperature and pressure in run S-03.

W ) nTyM =
Vc

Vh CO2

yM (2)
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the total number of moles of all components, y is the
mole fraction of 2,6-dimethylnaphthalene at 308 K, M
is the molecular weight of 2,6-dimethylnaphthalene, Vc
is the volume of crystallizer, and Vh CO2 is the molar
volume of carbon dioxide at 314.7 K. Undoubtedly, the
purity of 2,3-dimethylnaphthalene in the crystallizer
will be low if depressurization takes place in the
crystallizer. The contamination and weight loss may
decrease when the ratio of solid phase to supercritical
phase increases in large-scale equipment.

Unlike the results for the benzoic acid/1,10-decanediol/
CO2 system, there were no obvious drops of temperature
or pressure found for this system during the 24-h
operation period. Instead, the temperatures were steadily
maintained, and the system pressure was controlled to
within (0.5 bar. As shown in Table 2, the temperature
of the crystallizer was operated below the metastable
boundary of 2,3-dimethylnaphthalene, and no signifi-
cant primary nucleation occurred; thus no drops of
temperature and pressure were observed.

In comparison with the work done by Johnston et al.,6
the purities of 2,3-dimethylnaphthalene are about the
same and the yield is 6.7 times as large, 0.85 vs 5.7 mg/g
CO2. In addition, an essentially pure (100 wt %) product
of 2,6-dimethylnaphthalene is obtained in this study,
and the crystallizer can be operated at a lower temper-
ature such as 312 K, which is only 4 K above the
extractor temperature of 308 K, thus decreasing the
scaling in the lines and the energy consumption.

Conclusions

This paper describes a modified separation process
with the circulation of supercritical carbon dioxide in a
closed loop operating at a fixed pressure within the

crossover region. The benzoic acid/1,10-decanediol/CO2
system with a wide crossover region works as a model
system. Both essentially pure (>97 wt %) compounds
of benzoic acid and 1,10-decanediol are obtained from a
50/50 wt % mixture of benzoic acid and 1,10-decanediol
in a single run in which the temperature of crystallizer
is operated at a temperature slightly above the meta-
stable zone. The results for the 2,3-/2,6-dimethylnaph-
thalene/CO2 system, which has a narrow crossover
region, demonstrate the possibility for separating or-
ganic isomers. The best result obtained is 78% pure 2,3-
dimethylnaphthalene and nearly 100% pure 2,6-di-
methylnaphthalene from a 50/50 wt % mixture of 2,3-
and 2,6-dimethylnaphthalene when the operating tem-
perature of the crystallizer is at 312 K, which is within
the metastable zone. The recoveries of 2,6-dimethyl-
naphthalene in most cases of this experiment are higher
than 37%, which is better than that obtained from a
separation process that combines adsorption and crys-
tallization.21

In comparison with the previous works6,8 using a
once-through mode, the recirculation mode for the
modified process along with the seeding technique
allows the process to utilize smaller supersaturation
values (temperature changes), leading to higher purities
and yields. The improvement is especially evident for
systems with small crossover regions. Unlike the process
using a once-through mode, the component that does
not crystallize can be obtained in nearly pure form in
the extractor. However, the production rate is lower
than that of previous works. In the future, the separa-
tion of high-value fine chemicals would be the most
likely area of success for application of the modified
process.

Table 1. Results for the Separation of Benzoic Acid and 1,10-Decanediol

extractora crystallizerb

1,10-decanediol benzoic acid

run
no.

press.
bar

CO2 used
mol

total mass
g

purity
wt %

recoveryc

%
yieldd

mg/g CO2

temp
K

total mass
g

purity
wt %

recoverye

%
yieldf

mg/g CO2

S-02 123 10.3 1.96 100.0 65.3 4.3 314.2 3.48 96.5 45.3 3.0
S-03 123 10.3 2.35 98.2 76.9 5.1 314.2 3.73 98.3 55.5 3.7
S-17 125 10.3 3.36 87.7 93.0 6.2 315.2 2.82 98.7 26.1 1.7
S-18 124 10.0 2.84 97.9 92.6 6.3 318.0 4.05 98.4 66.2 4.5
S-19 123 9.9 3.06 89.8 91.5 6.3 318.2 3.42 96.7 43.6 3.0
S-1C 127 10.5 2.76 97.0 89.1 5.8 313.7 3.80 98.4 58.0 3.8
S-21 127 10.3 2.82 98.3 92.3 6.1 315.7 3.55 98.9 50.3 3.3

a The original total weight of a mixture of 50/50 wt % in the extractor is 6.00 g. b The original weight of pure benzoic acid in the crystallizer
is 2.00 g. c Recovery ) (mass of 1,10-decanediol remaining in the extractor)/(original mass of 1,10-decanediol in the extractor). d Yield )
(mass of 1,10-decanediol remaining in the extractor)/(mass of carbon dioxide used). e Recovery ) (mass increase of benzoic acid in the
crystallizer)/(original mass of benzoic acid in the extractor). f Yield ) (mass increase of benzoic acid in the crystallizer)/(mass of carbon
dioxide used).

Table 2. Results for the Separation of 2,3- and 2,6-Dimethylnaphthalene

extractora crystallizerb

2,6-DMN 2,3-DMN

run
no.

press.
bar

CO2 used
mol

total mass
g

purity
wt %

recoveryc

%
yieldd

mg/g CO2

temp
K

total mass
g

purity
wt %

recoverye

%
yieldf

mg/g CO2

X-03 120 10.4 2.51 100.0 33.5 5.5 312.0 5.97 77.3 34.9 5.7
X-04 120 10.4 2.78 100.0 37.1 6.1 311.9 5.89 77.9 34.5 5.7
X-09 120 10.1 4.26 97.4 55.3 9.3 314.7 6.18 68.0 29.4 5.0
X-10 121 10.2 5.04 96.3 64.7 10.8 314.7 6.01 74.9 33.4 5.6

a The original total weight of a mixture of 50/50 wt % in the extractor is 15.00 g. b The original weight of pure 2,3-DMN in the crystallizer
is 2.00 g. c Recovery ) (mass of 2,6-DMN remaining in the extractor)/(original mass of 2,6-DMN in the extractor). d Yield ) (mass of
2,6-DMN remaining in the extractor)/(mass of carbon dioxide used). e Recovery ) (mass increase of benzoic acid in the crystallizer)/
(original mass of benzoic acid in the extractor). f Yield ) (mass increase of 2,3-DMN in the crystallizer)/(mass of carbon dioxide used).

Ind. Eng. Chem. Res., Vol. 39, No. 11, 2000 4363



Acknowledgment

The authors gratefully acknowledge the financial
support of the National Science Council of the Republic
of China.

Nomenclature

M ) molecular weight, g/mol
V ) volume, cm3

Vh ) molar volume, cm3/mol
W ) mass, g
n ) total moles, mol
y ) mole fraction, dimensionless

Greek Letters

σ ) relative supersaturation, dimensionless

Subscripts

T ) total
c ) crystallizer
e ) extractor
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