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Abstract: The solid-layer growth kinetics and resulting crystal purity for a well-mixed p-xylene (PX)
melt with impurity of o-xylene (OX) or ethylbenzene (EB) were studied in this work at various cooling
temperatures. A correlation based on the energy balance was adopted to describe the dependence of
growth rate on the temperature gradient between melt and cooling medium. An empirical equation
based on the mass balance was proposed to relate the effective distribution coefficient with growth
rate, mass transfer coefficient, and impurity mole fraction. By fitting the proposed empirical equation
with the experimental effective distribution coefficients, the mass transfer coefficients for the PX/OX
and PX/EB mixtures were retrieved respectively.

Keywords: crystallization; growth rate; melt; para-xylene; impurity

1. Introduction

Solid-layer melt crystallization is an important separation and purification technique employed
for obtaining pure organic compounds without addition of solvents [1–5]. This technology is effective
in separating the isomeric compounds with close boiling points. It is also recognized as an efficient
alternative to distillation for the heat sensitive materials. It has an advantage over traditional suspension
crystallization, because no slurry handling is required in the equipment. Besides, no incrustation
problems are encountered, since the incrustations are the solid-layer products.

In practical applications, a crystal layer growing perpendicular to a cooled wall is produced from
the melt based on the phase change in solid-layer melt crystallization. The high purity of the crystal
layer is achieved due to a lower impurity concentration distributed in the crystal layer, compared
to that in the melt. Traditionally, two modes, including the static melt crystallization and falling
film melt crystallization, have been widely applied in industries. A number of studies have been
published to model the crystal layer growth and impurity distribution processes for various types of
solid-layer melt crystallization [6–16]. Basically, in these models, the fundamental energy balance and
mass balance equations at the moving crystal layer surface are developed to determine the increase of
the solid layer thickness and impurity distribution along the time with sufficient thermal property
data. Consequently, the growth rate parameters and impurity distribution coefficients are retrieved by
comparing the experimental data and the model predictions.

Xylenes have very broad applications in chemical industries. The mixed xylenes produced
mainly consist of p-xylene (PX), m-xylene (MX), o-xylene (OX) and ethylbenzene (EB). Due to the
close boiling points among these isomers (i.e., PX = 138.4 °C, MX = 139.1 °C, OX = 144.4 °C and
EB = 136.2 °C), it is usually difficult to separate them by distillation. Various crystallization techniques
have been applied to separate the mixed xylenes, including melt crystallization [17,18] and stripping
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crystallization [19–22]. As understanding the influence of impurity distribution on crystal purity is
important in crystallization, the objective of this study is to investigate the dependence of an effective
distribution coefficient on layer growth rate and a mass transfer coefficient for a well-mixed PX melt
with impurity (OX or EB) in solid-layer melt crystallization. These results are important in the design
of a solid-layer melt crystallizer for industrial application.

2. Theory

For solid-layer melt crystallization in Figure 1, if the cooling medium maintained at TC is circulated
very fast and the solid crystal layer on the cooled surface is thin, the crystallization heat released at the
crystal-melt interface can be quickly removed by the cooling medium. According to the van ’t Hoff

equation for the solid-liquid equilibrium [23,24], one obtains

lnCmt,p =
∆Hm

Rg
(

1
Tm
−

1
Tmt,eq

) (1)

where Cmt,p is the mole fraction of the crystallized substance in melt, Tmt,eq the equilibrium temperature
for melt with Cmt,p, ∆Hm the heat of melting for the crystallized substance and Tm the melting
temperature for the crystallized substance.

For a well-mixed melt with Cmt,p maintained at Tmt,eq in contact with the cooling medium at TC,
the empirical layer growth rate is often related to the supercooling as [7]:

G = a∆Tb (2)

where a and b are the two coefficients that can be experimentally determined. Note that the driving
force for crystal growth is expressed as ∆T = Tmt,eq − TC.

As shown in Figure 2, the impurity mole fraction in the mass transfer boundary layer along
the x direction perpendicular to the crystal-melt interface for a well-mixed melt can be expressed
as [6,7,25,26]

D
∂2CL,im

∂x2 + G
∂CL,im

∂x
=
∂CL,im

∂t
(3)

where D is the diffusivity of impurity in the melt and G the layer crystal growth rate. As the term
∂CL,im
∂t can be neglected for a thin boundary layer [7,25], Equation (3) reduces to

D
d2CL,im

dx2 + G
dCL,im

dx
= 0 (4)

with the boundary conditions

B.C.1 : at x = 0, GCL,im(x = 0) = GCcry,im −D
[

dCL,im

dx

]
x=0

(5)

B.C.2 : at x = δ, CL,im(x = δ) = Cmt,im (6)

where CL,im(x = δ) = Cmt,im is the impurity mole fraction in melt and CL,im(x = 0) = Cint,im

the impurity mole fraction in melt at the crystal-melt interface. Note that Cmt,im = 1 − Cmt,p for
binary mixtures.

By solving Equation (4), subject to Equations (5) and (6), the mole fraction profile of impurity in
the boundary layer is [7,25]

CL,im(x) = Ccry,im +
(
Cmt,im −Ccry,im

)
exp [

G(δ− x)
D

] (7)
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Substituting x = 0 into Equation (7) yields

Cint,im = Ccry,im +
(
Cmt,im −Ccry,im

)
exp (

G
kd

) (8)

where the mass transfer coefficient is defined as kd = D
δ [1].

The effective distribution coefficient between melt and crystal is defined as [2,3]

keff =
Ccry,im

Cmt,im
(9)

The value of keff is between zero for the ideal separation and one if no separation occurs. The
smaller the keff, the better is the removal for that particular impurity. As similar to the empirical form of
keff in terms of Cmt,im, G and kd adopted in the literature [13,27], an empirical form of keff is proposed
in this study as

keff = α(
Cmt,im

1−Cmt,im
)
β

exp (
G
kd

) (10)

where α and β are two coefficients. Taking the log of both sides, Equation (10) reduces to

lnkeff = lnα+ β ln (
Cmt,im

1−Cmt,im
) +

G
kd

(11)

Thus, α, β and kd can be determined by fitting Equation (12) with the data of keff versus G for
various Cmt,im. Once kd is determined, Cint,im can be determined from Equation (8) for each condition.
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Figure 1. Schematic diagram of the experimental apparatus: (1) water bath for the cooling finger,
(2 water bath for the crystallizer, (3) melt, (4) cooling finger with water inlet and outlet, (5) magnetic
stirrer and (6) temperature probe.
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Figure 2. Schematic diagram of the impurity concentration in the mass transfer boundary layer along
the x direction perpendicular to the crystal-melt interface.

3. Experimental

Solid-layer melt crystallization experiments were performed for a well-mixed PX melt with an
impurity of OX or EB in a 1300 mL crystallizer with a cooling finger as the cooled surface shown in
Figure 1. The crystallizer was immersed in a water bath and was equipped with a magnetic stirrer
with a constant stirring rate of 130 rpm.

PX (99%, ECHO, Miaoli, Taiwan); OX (99%, ACROS, Miaoli, Taiwan) and EB (99%, Riedel-de
Haen, Seelze, Germany) were used to prepare 1000mL the binary PX/OX and PX/EB mixtures with
various Cmt,im. Chemical structures of PX, OX and EB are illustrated in Figure 3. As listed in Tables 1
and 2, Tmt,eq(Cmt,im) was determined from Equation (1) using ∆Hm = 17.1 kJ/mol and Tm = 286.4 K
for PX. The prepared well-mixed melt in the crystallizer was maintained at Tmt,eq for a given Cmt,im

during the experiments.Processes 2020, 8, 175 6 of 13 
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Table 1. The experimentally measured data of G and Ccry,im for Cmt,im = 0.05–0.20 operated at
TC = 261.2–271.7 K from the binary PX/OX mixture.

Cmt,im
(-)

Tmt,eq
(K)

TC
(K)

∆T
(K)

G(×10−6)
(m/s)

Ccry,im
(-)

Cint,im
(-)

0.05 284.4

271.7 12.7 7.60 0.017 0.0704
268.7 15.7 8.86 0.018 0.0741
265.7 18.7 9.88 0.019 0.0770
261.2 23.2 11.00 0.022 0.0782

0.10 282.2

271.7 10.5 6.07 0.041 0.128
268.7 13.5 7.44 0.045 0.133
265.7 16.5 8.67 0.049 0.137
261.2 21.0 11.20 0.055 0.147

0.15 280.1

271.7 8.4 3.76 0.060 0.174
268.7 11.4 5.13 0.061 0.184
265.7 14.4 6.29 0.064 0.192
261.2 18.9 8.03 0.078 0.198

0.20 277.8

271.7 6.1 2.26 0.083 0.218
268.7 9.1 3.67 0.083 0.231
265.7 12.1 4.88 0.090 0.240
261.2 16.6 6.40 0.099 0.251

Table 2. The experimentally measured data of G and Ccry,im for Cmt,im = 0.05–0.20 operated at
TC = 261.2–271.7 K from the binary PX/EB mixture.

Cmt,im
(-)

Tmt,eq
(K)

TC
(K)

∆T
(K)

G(×10−6)
(m/s)

Ccry,im
(-)

Cint,im
(-)

0.05 284.4

271.7 12.7 7.30 0.012 0.0697
268.7 15.7 8.29 0.012 0.0731
265.7 18.7 9.41 0.014 0.0757
261.2 23.2 10.50 0.014 0.0797

0.10 282.2

271.7 10.5 5.76 0.032 0.127
268.7 13.5 6.75 0.032 0.132
265.7 16.5 8.11 0.037 0.137
261.2 21.0 9.18 0.036 0.144

0.15 280.1

271.7 8.4 3.97 0.048 0.176
268.7 11.4 5.16 0.053 0.183
265.7 14.4 6.25 0.052 0.192
261.2 18.9 7.67 0.060 0.200

0.20 277.8

271.7 6.1 2.36 0.067 0.219
268.7 9.1 3.61 0.065 0.231
265.7 12.1 4.78 0.071 0.241
261.2 16.6 6.18 0.079 0.251

At the beginning of the experiments, the cooling finger with the coolant with a high circulation
rate at 253 k was submerged into the melt for 3 s to initiate nucleation on the cooled surface of the
cooling finger. Then, the cooling finger was removed from the melt to insure no further growth on
the formed crystal surface. Afterwards, the coolant was quickly switched to a selected TC, and the
cooling finger was submerged into the melt again. Subsequently, the crystal layer gradually grew on
the surface of the cooling finger at the selected TC during the experiments.

Each experimental run was finished in 300 s. At the end of the experiments, the overall crystal
layer on the surface of the cooling finger was melted and weighed. The impurity concentration of the
crystal layer, Ccry,im, was determined by GC using China Chromatograph 2000 with a stainless steel
capillary column (Bentone 34/DNDP SCOT, 50ft*0.02in (ID), SUPELCO, Bellefonte, PA, USA).
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It is difficult to experimentally measure the outer radius of the crystal layer on the surface of the
cooling finger, R, at the end of the experiments. As shown in Figure 4, one can derive for the overall
crystal volume on the surface of the cooling finger

MS

ρs
= π

(
R2
−R0

2
)
H +

2
3
π
(
R3
−R0

3
)

(12)

As the overall crystal mass on the surface of the cooling finger, MS, was measured at the end of
the experiment, R can be determined from Equation (12) using ρs = 1000 kg/m3, R0 = 0.01 m and
H = 0.10 m. The growth rate is given by

G =
R−R0

ttotal
(13)

where ttotal is the total growth time for the crystal layer during the experiments. Note that the crystal
layer (R−R0) was generally smaller than 3 mm at ttotal = 300 s for all the experiments performed in
this work. As MS was negligible compared to the initial mass of melt, Cmt,im was kept unchanged
during each experiment. Furthermore, as the crystal layer was thin and cooled with the coolant with a
high circulation rate, it was reasonable to assume a constant growth rate with a uniform distribution of
impurity within the crystal layer during each experiment.
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Figure 4. Schematic diagram of the crystal layer on the cooled cylindrical tube of the cooling finger
(R0 = 0.01 m and H = 0.10 m).

4. Results and Discussion

Figure 5 shows the increase of the crystal layer (R−R0) with increasing time for the binary PX/OX
mixture, with Cmt,p = 0.90

(
Tmt,eq = 282.2 K

)
operating at TC = 265.7 K. The crystal layer increased

linearly in the early operating time of 200 s to 400 s. The increasing trend of the crystal layer gradually
slowed down in the latter operating time, due to the increasing heat transfer resistance from the
increasing crystal layer. Furthermore, the growth rate of the crystal layer was nearly not influenced



Processes 2020, 8, 175 7 of 13

by the stirring rate of the melt in the range 50–300 rpm. Similar results were obtained for the binary
PX/EB mixture. Thus, the melt was stirred at 130 rpm and the total growth time for the crystal layer
was taken as 300 s for the following experiments.

Tables 1 and 2 list the experimentally measured data of G and Ccry,im for Cmt,im = 0.05–0.20
operated at TC = 261.2–271.7 K from the binary PX/OX and PX/EB mixtures, respectively, where Cmt,im

represents the mole fraction of impurity (OX or EB). Figure 6 shows that G increases with increasing
∆T for both mixtures. All the data in Figure 6 fitted to Equation (2) lead to

G = 3.59× 10−7∆T1.1 (14)

where the line represents the fitted correlation with the correlation coefficient R2 = 0.887.
Figures 7 and 8 show the experimental results of keff versus G for each Cmt,im from the PX/OX

and PX/EB mixtures, respectively, based on the measured data of Ccry,im using Equation (9). In both
figures, keff decreases with decreasing G at each Cmt,im, and keff is generally smaller for a lower Cmt,im

at a given G. This trend for the dependence of keff on G and Cmt,im is consistent with the finding for
melt crystallization of caprolactam containing differential water concentrations as impurities [28]. The
data for the PX/OX mixture in Figure 7 fitted to Equation (10) lead to

keff = 0.515(
Cmt,im

1−Cmt,im
)

0.30

exp (
G

1.58× 10−5 ) (R
2 = 0.895) (15)

The data for the PX/EB mixture in Figure 8 fitted to Equation (10) lead to

keff = 0.477(
Cmt,im

1−Cmt,im
)

0.37

exp (
G

1.75× 10−5 ) (R
2 = 0.890) (16)

Note that each line represents the fitted correlation for each Cmt,im.
Table 3 lists the comparison between the computed F values and the corresponding critical F

values for Equations (15) and (16) based on the 99% confidence interval, according to the global F-test.
As both of the computed F values greatly exceed the critical value of 6.70, it is concluded that Equations
(15) and (16) are useful for predicting keff. The fitting between Equations (15) and (16) and the data
points for each Cmt,im in Figures 7 and 8 are considered quite satisfactory. Thus, the empirical form
of Equation (10) can be effectively adopted to describe the dependence of keff on Cmt,im, G and kd

in melt crystallization. The fitted results indicate kd = 1.58 × 10−5 m/s for the PX/OX mixture and
kd = 1.75× 10−5 m/s for the PX/EB mixture, which are consistent with the range of 1.0× 10−5 m/s to
2.0× 10−5 m/s for the single PX crystal growing in a C8-aromatic mixture reported by de Goede and
van Rosmalen [29,30].

Table 3. The computed F values and the corresponding critical F values for Equations (15) and (16)
based on the 99% confidence interval according to the global F-test.

Number of
Data Points (n)

Number of
Parameters (k)

Regression
Coefficient (R2)

Computed F
Value *

Critical F
Value

Equation (15) 16 3 0.895 55.4 6.70
Equation (16) 16 3 0.890 52.6 6.70

* According to the global F-test, the test statistic is defined as: F =
R2/(k−1)
R2/(n−k)

, where n is the number of data points

and k is the number of parameters in the model. The test statistic F will have the F probability distribution with k − 1
degrees of freedom in the numerator and n − k degrees of freedom in the denominator.

Figure 9 displays Ccry,im versus Cint,im for the PX/OX and PX/EB mixtures, where Cint,im listed in
Tables 1 and 2 is calculated from Equation (8) using the corresponding kd determined in this work. It
should be noted for each condition that Cint,im is higher than Cmt,im, while Ccry,im is lower than Cmt,im,
leading to Cint,im > Cmt,im > Ccry,im in Figure 2. In Figure 9, each line represents the clear increasing
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trend of Ccry,im with increasing Cint,im for the PX/OX and PX/EB mixtures, respectively. In other words,
the mole fraction of OX or EB incorporated into the PX crystal lattice is proportional to the impurity
mole fraction in the melt at the crystal-melt interface. Although Cint,im is similar for the same Cmt,im

from both mixtures, Ccry,im from the PX/OX mixture is higher than that from the PX/EB mixture for the
same Cint,im at the crystal-melt interface. This is attributed to the reason that, as the molecular structure
of OX, compared to the molecular structure of EB, more closely resembles that of PX, OX is more easily
incorporated into the PX crystal lattice than EB. Consequently, keff for the PX/EB mixture is smaller
than that for the PX/OX mixture at a given G for each Cmt,im in Figures 7 and 8. Therefore, solid-layer
melt crystallization is more effectively applied for the removal of EB from the PX/EB mixture than for
the removal of OX from the PX/OX mixture.
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5. Conclusions

The layer growth kinetics and resulting crystal purity for a well-mixed PX melt with impurity
(OX or EB) were studied in a solid-layer melt crystallizer with a cooling finger as the cooled surface at
various cooling temperatures. The results indicate that the growth rate is nearly linearly dependent on
the heat transfer rate between melt and the cooling medium for both the PX/OX and PX/EB mixtures.
The effective distribution coefficient increases with the increasing growth rate and increasing impurity
mole fraction in the melt for both the PX/OX and PX/EB mixtures. Furthermore, the effective distribution
coefficient for the PX/OX mixture is greater than that for the PX/EB mixture at a given growth rate for
the same impurity mole fraction in the melt.

An empirical equation based on the fundamental mass balance was proposed to relate the effective
distribution coefficient with the growth rate, mass transfer coefficient and impurity mole fraction in
the melt. The experimental effective distribution coefficients are fitted well to the proposed empirical
equations for both the PX/OX and PX/EB mixtures. The retrieved mass transfer coefficients are
1.58× 10−5m/s for the PX/OX mixture and 1.75× 10−5m/s for the PX/EB mixture.
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Notation

Ccry,im impurity mole fraction in crystal layer (mole fraction,−)
Cint,im impurity mole fraction at the crystal-melt interface (mole fraction,−)

CL,im(x)
impurity mole fraction at the position x in the boundary layer
(mole fraction,−)

Cmt,im impurity mole fraction in melt (mole fraction,−)
Cmt,p mole fraction of the crystallized substance in melt (mole fraction,−)
D diffusivity

(
m2/s

)
G growth rate (m/s)
H height of the crystal layer on the cooling finger (m)

∆Hm heat of melting (kJ/mol)
kd mass transfer coefficient (m/s)
keff effective distribution coefficient (−)
Ms mass of total crystal layer (kg)
R0 outer radius of the cooling finger (m)

R outer radius of the crystal layer on the cooling finger (m)

Rg ideal gas constant
(
8.314× 10−3kJ/mol−K

)
TC cooling temperature of the cooling medium (K)

Tm melting temperature (K)

Tmt,eq equilibrium temperature of the melt (K)

∆T temperature gradient between melt and cooling medium (K)

t time (s)
ttotal total growth time (s)
x distance perpendicular to the crystal-melt interface (m)

Greek Letters

ρs crystal density
(
kg/m3

)
δ thickness of the boundary layer (m)
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