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Abstract

Accurate cooling crystallization is vitally important in the production of highly specialized fine chemicals and pharmaceutical

engineering, etc. Herein, a novel hollow fiber membrane-assisted cooling crystallization (MACC) was developed to achieve

precise nucleation and self-seeding process control. Poly-tetrafluoroethylene (PTFE) and polyethersulfone (PES) membrane

with diverse interfacial induced nucleation and thermal conduction properties were introduced to accelerate the nucleation and

then transfer the automatically detached crystal seed into the crystallizer. Polymeric membrane can dominate the nucleation

kinetic and hinder the secondary nucleation, which was validated from the theoretical model and on-line detective experiments.

The crystal product manufactured by MACC possessed better morphology, larger mean size (>1.35 mm), higher purity (>99.5

wt%) and narrower size distribution than the conventional cooling crystallization. Space-time process decoupling between

nucleation and crystal growth can be realized via auto-screening uniform nuclei in the membrane modules and controllable

growth in the crystallizer during MACC.

Introduction

Crystallization is an extremely important separation unit operation, which is used in the production of
highly specialized fine solid products1-3. Cooling crystallization, one of classic crystallization process, is
mostly controlled by adding seed crystals within the metastable zone to induce nucleation 4-7. Successful
artificial seeding operation depends on a lot of aspects, seed size and amount, time point and place of
addition, and experience of the operator, etc. However, conventional cooling crystallization that requires
external seed adding procedure are suffered the risk of the secondary nucleation, which will limit the crystal
purity, morphology and particle size distribution11,12, etc.

Recently, researchers are working to select and add seed by using molecular sieves or additional physical fields
(electric, magnetic, etc.)8-11. However, none of these methods can achieve the automate seeding with accurate
temperature control. In addition, nucleation induced via seeding crystals and crystal growth kinetics in the
crystallizer determine the essential solid product quality and fundamentally influence further downstream
processing (solid-liquid separation, drying, etc.). Decoupling the competition between nucleation and crystal
growth from space and time aspect simultaneously is the core concern for all the researcher.

As a highly designable and environmentally friendly material, membrane obtains a great development in
many fields related to crystallization process12-15. One of the most impressive applications is the membrane
served as a heterogeneous nucleation interface to trigger the nucleation process16,17. When the membrane
unit concentrating the solution via selectively mass transfer of the solvent, the supersaturated solution on
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the membrane surface become nucleation and the formed particles can auto-detach from the surface under
proper dynamic force field18,19. This finding is of importance for the accurate control of the mass transfer
related crystallization process (evaporative crystallization, antisolvent crystallization, e.g.).

Inspiring transfer features of hollow fiber membrane also shed light on the heat exchange and the relevant
process control20. In addition, with the high packing density, hollow fiber membrane module ensures the
high manufacture capacity for potential industrial applications21-23. The total heat transfer coefficient of
the hollow fiber membrane module can be as high as 2000 W/(m2·K); the ratio between the heat transfer
coefficient of hollow fiber membrane heat exchangers verse the volume was 2 to 15 times higher than that of
commercial metal heat exchangers, showing impressive application advantages24-26. Moreover, the potential
advantage of hollow fiber membrane module on the accurate heat exchange and temperature distribution
is an interesting topic. All the above properties of the hollow fiber membrane can potentially benefit the
cooling crystallization control via heterogenous nucleation and high heat transfer efficiency, which had not
fully unfolded and in-depth investigated.

Thiourea, a fundamental chemicals in many industrial fields27-31, was commonly manufactured via cooling
crystallization. Nowadays, high-purity thiourea plays more and more irreplaceable role as the electrocatalytic
materials and battery materials32,33, which raised the urgent requirement on accurate nucleation and growth
control of its cooling crystallization process34,35.

In this work, we proposed a new cooling crystallization control mechanism to prepare high-purity thiourea
crystals via introducing the polymeric hollow fiber membrane module. The membrane module is functio-
ning as the key devices for inducing the nucleation and self-seeding. Poly-tetrafluoroethylene (PTFE) and
poly-ethersulfone (PES) hollow fiber membrane were investigated on their thermal conductivities and indu-
cing nucleation properties. In this membrane-assisted cooling crystallization (MACC), the surface induced
nucleation and accurate self-seeding will be validated from theoretical and experimental aspects. The feasible
accurate and automatic control MACC process was then compared with the conventional cooling crystal-
lization (with seeding and none seeding) in terms of thiourea crystal purity, morphology and crystal size
distribution (CSD) to fully reveal its advantages in nucleation and crystal growth control.

2. Theory of MACC

A schematic diagram of the ideal MACC process is shown in Figure 1. The crystallization solution and the
cooling liquid flow along the shell side and tube side of the membrane module, respectively. When the coolant
feed into the hollow fiber membrane module, it can decrease the temperature of the crystallization solution
to the metastable zone effectively due to the outstanding heat exchange property of the membrane module.
The operation pressure difference and temperature difference on the two sides of the membrane are both
small, thus, there is only heat transfer on the membrane surface, and the transmembrane mass transfer can
be ignored. The induced nucleus on the supercooling membrane surface then migrates from the membrane
surface to the bulk crystallization solution under the proper flow conditions. To describe this complicated
dynamic process, the relevant model should be introduced.

2.1 Nucleation induction period with membrane interfacial involved.

The nucleation induction period tind is defined as the time interval from the solution reaches the supersa-
turated state to the solid particles appear and is detected. tind is commonly introduced and measured as a
critical crystallization parameter to evaluate the crystallization operation, which can be affected by factors
such as supersaturation, stirring strength and external interfacial, physical field, etc.13,36,37The presence of
external crystal seeds usually shorten the induction period.

It is generally believed that the induction period is inversely proportional to the primary nucleation rate Bp
of the crystal, namely38,39,

tind ∝ Bp−1 (1)

The initial nucleation rate equation expressed by the Arrhenius reaction rate can be written as:

2
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Bp = Aexp[− 16πγ3Vm
2

3κ3T 3(lns)2 ](2)

Where A is an exponential factor; Vm is a molar volume;κ is Boltzmann constant, and γ is the surface tension
of the crystallization solution. Thus, the induction periodtind can be expressed as,

16πγ3Vm
2+K

3κ3T 3(lns)2 (3)

where K is a system dependent constant.

Therefore, under constant temperature conditions, ln tindand (lns)−2 follows the linearly relationship, and
the slope of the line is defined as α,

α = 16πγ3Vm
2

3κ3T 3 (4)

The surface tension of heterogeneous nucleation is directly impacted by the hydrophilic characteristics be-
tween the membrane surface and the crystallization system. As the case of complete non-affinity between
the crystalline solid and the foreign solid surface (corresponding to the complete non-wetting in liquid-solid
systems), the contact angleθ = 180°. The overall free energy of nucleation is the same as that required
for homogeneous nucleation. For the case of partial affinity (the partial wetting of a solid with a liquid),
0<θ<180°, which indicates that nucleation is easier to achieve because the overall excess free energy required
is less than that for homogeneous one. For the case of complete affinity (complete wetting), θ =0, and the
free energy of nucleation is equal to zero. Therefore, the solid-liquid surface tension γ in the presence of the
introduced membrane interface can be obtained from the above formula.

γ =
[
f 3ακ3T 3

16πVm2

] 1
3

(5)

where f is coefficient related to the contact angle, and expressed as followed,

f = (2+cosθ)(1−ςοσθ)2

english4(6)

In principle, the induction period will decrease with the declining surface tension. Thus, solid-liquid surface
tension γ is an important thermodynamic parameter for the nucleation and growth process of crystal,
especially for the novel crystallization process involved heterogenous interface (MACC, e.g.), which will be
discussed in the later section.

3
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Figure 1. Principle of MACC and comparison with classic cooling crystallizations. (a) Schematic diagram
of the ideal MACC process; (b) Micro force field model of surface induced nucleation and self-seeding process
(c) Comparison of the different force acting on the crystal with different size; (d) Heat transfer model of
membrane module in MACC; (e) cooling crystallization with artifical seeding; (f) cooling crystallization with
spontaneous nucleation.

2.2 Membrane based self-seeding process.

In the membrane assisted crystallization, beyond the heterogeneous interface to accelerate heterogeneous
nucleation, the hollow fiber membrane possesses the additional function. The crystals appeared on the
membrane surface will then fall off with the flow of the fluid, entering the crystallizer. The micro force field
model on the crystal particle-membrane surface to analyze this process is illustrated as followed.

As defined Figure 1b, F1, F2 and F3 represent the intermolecular forces (mainly van der Waals forces),
hydrostatic pressure force and hydraulic forces, respectively; F5 and F6 are gravity and static friction; F7 is
the reaction force of F1 and F2. F4 is buoyancy. F1˜F5 can be expressed by the following formula40-43,

F1 = A
6

(
rrc

Z2
0 (rc+r)

+ rc
(Z0+r)

2

)
(7)

F2 = 1.7× 6πµrcvrc (8)

vrc = 3rc
h Um (9)

F3 = ρlgHL2 (10)

F4 = ρlgL
3 (11)

F5 = ρcgL
3 (12)

Where L and rc are the crystal size and the spherical equivalent radius of the crystal, respectively. A is
the Hamaker constant (the general order is 10-20J). r is the roughness of the membrane surface; Z0 is the
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distance between the crystal and the membrane surface; ρ 1and ρ c are the density of the fluid and the
crystal, respectively; g is the acceleration of gravity andH is the position of the crystal in the fluid; µ is the
fluid viscosity; vrc represents the velocity of the fluid at the center of the crystal; h represents the thickness
of the fluid layer; Um is the average velocity of the fluid.

According to the principle of force balance, the forces in the horizontal and vertical directions of the crystal
have the following relationship43,

F7 = F1 + F2 (13)

F6 = F3 + F4 − F5 (14)

In MACC, when the crystal is inclined to detach from the surface of the separation membrane, the overall
force acting on the crystal at the membrane surface must satisfy the following formulas43,

F3 + F4 − F5 ≥ Fmax (15)

Fmax = K (F1 + F2) (16)

Where F max the maximum static friction force of certain crystal, and K is the maximum static friction
coefficient. Based on the equation, the criterion for the crystal to slide or detach from the membrane surface
can be expressed as43,

1.7×6πµrc
3rc
h Um+(ρl−ρc)gL3

ρlgHL2+A
6

(
rrc

Z2
0(rc+r)

+ rc
(Z0+r)2

) ≥ K(17)

The relationship of the different force acting on the crystal with different size was shown in Figure 1c. As
discussed in authors’ previous work, the value of the crystal detach criterion can be increased first and
then decreased to zero as the crystal size increases19. This means that the tiny seeds detached from the
surface of the separation membrane have a relatively concentrated particle size distribution due to the auto-
selection mechanism based on the micro force field of the membrane surface (also illustrated in Figure 1b).
Only the crystals within a certain interval can detach from the membrane surface. According to Eq. (7)
to (12), the peak of the crystal detachment curve or the detachment space varies with the fluid flow rate,
viscosity and roughness of the separation membrane. Thus, the overall MACC process is shown in Figure
1d. The nucleus first produces crystals on the membrane, then grows to a certain extent and detaches from
the membrane surface into the membrane module (achieving the ‘auto-seeding’ process). Thereafter, the
crystal is transported to the crystallizer to complete the following growth process. According to Figure 1c, the
detachment motion and the auto-seeding process are highly size-dependent. Thus, different from the artificial
seeding operation (Figure 1e), the seeding operation in MACC became automatically and controllable. These
crystal particles as seeds are uniformly transported through the membrane module to the crystallizer and
continue to grow in the low supersaturation of the bulk solution. By provided abundant nucleus with uniform
initial size, MACC can avoid the explosive nucleation and exceeding secondary nucleation that easily occurred
in conventional cooling crystallization (especially the spontaneous nucleation operation, shown in Figure 1f).

2.3 Heat transfer model in the membrane module.

As a cooling process, the heat transfer process determines the membrane surface temperature, which also
determines the nucleation driving force. As shown in Figure 1d, the ideal hollow fiber membrane can be
regarded as a cylindrical wall. The inner and outer radius of the cylindrical wall are respectively r 1 andr

2; the membrane length is L ; the temperatures of the inner and outer surfaces are maintained at constant
temperatures t 1 and t 2, respectively.

As a simplified model, for the membrane length exceeds more than ten times of the outer diameter of the
membrane outer diameter, both ends of the heat transfer area of the cylindrical wall is negligible, and the axial
direction and the circumferential direction thermal conductivity is also negligible. The temperature varies
only on the radial direction, named one-dimensional steady-state heat conduction of the long cylindrical
wall. Unlike flat wall heat transfer, the heat transfer area of the cylinder wall is not constant and varies

5
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with radius. When solving the radial heat conduction problem of the cylindrical wall, it is convenient to
apply the cylindrical coordinate system. A one-dimensional steady-state heat transfer equation describing
the absence of an internal heat source is44,45,

d
dr

(
r dtdr
)

= 0(18)

The boundary conditions are shown as followed45,

r = r1, t = t1;r = r2, t = t2 (19)

The solution satisfying the above boundary conditions is45,

t = t1 − t1−t2
ln
(
r2
r1

) ln r
r1

(20)

The above equation shows that the temperature distribution is the logarithm of r when radial heat conduction
through the cylinder wall function. With the decreasing r, the temperature gradient can also be modified
with a high accuracy on the one-dimensional, which is a nonnegligible features of heat transfer process via
a hollow fiber membrane module.

According to Fourier’s law, the heat transfer rate through the wall of the radius r is,

Φ = −λΑdt
dr (21)

where A represents the surface area of the cylinder wall,A = 2πrL. dt
dr represents temperature gradient.

A single-layer cylindrical wall steady-state heat transfer rate equation can be obtained,

Φ = 2πL(r2−r1)λ(t1−t2)
(r2−r1) ln 2πr2L

2πr1L

= (A2−A1)λ(t1−t2)
(r2−r1) ln A2

A1

= λAm
t1−t2
b = Δτ

englishR(22)

where b represents thickness of the cylinder wall, m. Rrepresents thermal resistance of the cylindrical
wall,R = b

λAm
, °C /w. Am represents Logarithmic average area, m2. The hollow fiber membrane is compared

to a hollow cylinder having a thickness. The thermal conductivity and the thickness of the cylinder are jointly
considered to illustrate the heat transfer in the hollow fiber membrane module. With the model above and
known thermal conductivity of the membrane materials, we can predict the interfacial supercooling degree
and then carry out further nucleation and growth kinetic simulation.

3. Experiments

3.1 Materials and membrane module.

Thiourea was provided by Shandong Jingbo Yifeng Co., Ltd, and the purity was around 98%). Ultrapure
water was produced by a laboratorial water purification system (Liaoning Rightleder Environmental Engi-
neering Co., China, LTLD-P50, the conductivity lower than 0.05 μs cm-1). PTFE hollow fiber membrane
was produced in Dongda Water Industry Group Co., Ltd. and the PES hollow fiber membrane was produced
in the authors’ laboratory.

3.2 Characterization of membrane.

The surface and cross section morphology of membranes were observed using a field-emission scanning
electron microscope (FE-SEM, NOVA NanoSEM 450, FEI, USA). The surface roughness was measured with
an atomic force microscope (AFM; Dimension ICON, Bruker, USA). The porosity of the membranes was
determined by means of the software called Image Pro Plus. Solution contact angle (CA) of membrane
was evaluated using the JC2000D machine (POWEREACH®, Shanghai zhongchen, China). The thermal
conductivity of the PTFE and the PES hollow fiber membrane at different temperatures was measured using
a thermal conductivity meter (TC3200, XIATECH, China). Since the hydrophilicities of the two membranes
were different, the porosity of PTFE and PES hollow fiber membrane were measured by density measurement
and water absorption measurement, respectively.

6



P
os

te
d

on
A

u
th

or
ea

4
F

eb
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

08
4
8
28

.8
02

70
72

2
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

The microstructure of the two membranes are shown in Figure 2. PTFE hollow fiber membrane is a mi-
croporous membrane with very small surface porosity, which can be considered as a symmetric membrane
with uniform cross section structure. PES hollow fiber membrane does not have apparent pore with nano
scale on the surface and the cross section of the membrane indicates its asymmetric structure with a thin
skin layer. The characteristics of the membrane and homemade membrane module are listed in Table 1 and
Table 2, respectively. Membrane modules with different packaging density φ were assembled to evaluate their
nucleation inducing performance.

Figure 2. SEM for the microstructure of PTFE membrane (a-f) and PES membrane (g-l).

Table 1. Key parameters of PTFE and PES hollow fiber membrane.

Material
Outer
Diameter (μm)

Inner
Diameter (μm)

Water Contact
Angle (°)

Volumetric
Porosity

thermal

conductivity*

(W/m·K)

Mean
Roughness
(nm)

PTFE 2110±50 1200±35 108±2 0.53±0.01 0.1712±0.025 48.9
PES 1765±50 1127±35 83±2 0.58±0.01 0.1246±0.013 267

*: Average value in the range of 10 to 80°C.

Table 2. Key parameters of the membrane module*

Module type PTFE-1 PTFE-2 PTFE-3 PES-1 PES-2 PES-3

N 3 6 9 4 8 12
φ (m2m-3 ) 120.31 240.62 360.93 125.6 251.19 376.79
Φ (%) 5.88 11.76 17.64 5.54 11.08 16.61

*: Outer diameters of membrane module, 17 mm; ID, inner diameters of membrane module, 15 mm; L,
length of membrane module, 80 mm; N, number of the membrane in the module; φ , package density; Φ ,
package fraction.

3.3 Solubility and metastable zone width (MSZW) measurement.

Thiourea was dissolved by stirring in water at the respective temperature over 12 h. The solutions were
filtrated to remove the dissolved solids. The concentration of the solution was measured by an Abbe re-
fractometer (Shanghai Precision Instrument Co., Ltd., China, 2WAJ) through a concentration-refractive
index standard curve to determine the solubility. Measurement error is ± 0.00002 nD. The classic MSZW
measurement method was introduced46.

All measurements were implemented in a 100 mL double-jacketed crystallizer. Easymax (Mettler Toledo Ltd.,

7
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US, 102 HFCal) was used for temperature control and the stirring speed control. Laser transmitting and
receiving devices (Thorlabs GmbH, PM100USB) were applied to determine the MSZW in the experiment
based on the detective shape decrease in the laser light transmission intensity.

The solubility data of thiourea in water were measured by author and fitted via Apelblat simplified empirical
equation2,6,47with a good agreement (R2=0.99998),

lnx = 115.39− 8872.01398796
(T+273) − 14.54862211ln(T + 273)(23)

where x is solubility of thiourea in water, g/100g water;T is temperature, °C.

The MSZW (ΔTmax) was determined by the following equation:

∆Tmax = TeqT (24)

where T eq is the equilibrium temperature of the thiourea aqueous solution at a certain concentration and
T denote the detected initial nucleation temperature. As reported by Sangwal48, the theoretical model of
the metastable zone width can be expressed as,

ln∆Tmax = K + 1
m lnν − n

m lnNr(25)

where ν is cooling rate and Nr is stirring speed; K ,m , n are experimental data regression parameters.
A single-factor experiment was carried out to investigate the effect of operational conditions on MSZW,
including cooling rate and stirring speed; the cooling rate ranged from 0.1 to 1 °C min-1; the stirring speed
ranged from 100 to 500 rpm.

3.4 Nucleation induction period and surface tension measurement.

Apparatus in section 3.3 was also used to measure the nucleation induction period. t ind in which the presence
of the membrane and the absence of the membrane were tested at different stirring speeds. Induction period
at different supersaturations based on different initial concentrations was measured based on the same
initial concentration to determine the crystallization solution’s surface tension. Different saturated thiourea
solutions were placed in a water bath and rapidly cooled. Nucleation induction period was recorded and
fitted to calculate the relevant surface tension with the classic method49.

3.5 MACC experiment.

Experimental setup of MACC is shown in Figure 3. The concentration of thiourea aqueous solution was
23.5 wt% (saturated at 39 degC). Crystallizer size ranged from 100 mL to 10 L (for the terminal comparison
with conventional cooling crystallization, 10 L crystallizer was utilized). The thiourea aqueous solution was
circulated into the membrane module through the shell side at a certain flow rate (range 200 to 400 mL
min -1) by a fluid pump. The saturated thiourea solution was pumped into the membrane module when it
decreased to the nucleation temperature. After the stable circulation reached, coolant was circulated through
the tube side of the membrane module by a fluid pump. When sufficient number of crystal nucleus were
appeared in the membrane module and recycled with the solution to the crystallizer, shut off the coolant
and the solution transferred into a membrane module. Go on the cooling procedure in the crystallizer
via following the cooling curve until the required yield reached. The high-speed microscopic camera was
introduced as the online image monitoring unit to observe the nucleus particle motion on the membrane
surface; PVM (Mettler Toledo Ltd, V19) was used for detecting crystal growth images and size distribution
in the crystallizer. Then, the crystals product was filtrate and dried for further analysis.

8
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Figure 3. Experimental setup of MACC (left), the classic temperature route for membrane induced nucle-
ation and growth in crystallizer (right).

Benefited from the high-speed microscopic camera, it can easily validate the theory proposed in section 2.2
and Figure 1b. Under the experimental condition, the crystals grew to certain size on the membrane surface.
Then the crystal beyond a critical size automatically slipped from the membrane surface (shown in Figure
4). This phenomenon vividly represented the induced nucleation and auto-seeding process during MACC.

Figure 4. On-line observation of induced nucleation, crystal growth and self-detachment on the membrane
surface.

3.6 Conventional cooling crystallization experiment.

9
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Conventional cooling crystallization experiment (seeding and no seeding) was carried out as the comparison
test. The initial concentration, volume of the crystallization solution, the cooling curve and operation
conditions were all the same as in MACC process. The seeding temperature had been optimized and was
also same with MACC. The seed amount was 1.5 wt% and 0.5 wt% of the yielding products, which were
also optimized one. As a comparison, the crystals produced during the conventional experiment were also
tested via the same method.

3.7 Solution penetration test.

The membrane module was the core equipment of the process. The experimental instrument was arranged
similar to the experimental equipment used in MACC. The initial weight of the solution was recorded with a
precision electronic balance (Baoding Signal fluid Technology Co.), and the heat exchange with the coolant
is to be carried out. The weight of the solution was measured every minute. In the solution penetration
test, it was found that the permeation of the two kinds of membranes were both very small, which the mass
transfer process was ignorable. This result indicated the hypothesis that MACC possess only heat transfer
process was true.

3.8 Characterization of crystal product

The shape and morphology images of the crystals in the slurry were obtained by optical microscope (Motic
(Xiamen) Electric Group Co., Ltd., Motic SMZ-168), and then the crystal size distribution (CSD) was
analyzed by Nano Measurer software. The results of each experiment were repeated more than three times
and the average value was reported. Purity of the thiourea crystal is measured by the analytical laboratory
of the Shandong Jingbo Co., Ltd. In alkaline condition, thiourea and iodine have quantitative reaction, while
excess iodine solution was titrated with standard sodium thiosulfate, to obtain the content of thiourea.

4. Result and discussion

4.1 Thermal conductivity and interfacial property of PTFE and PES membrane.

PTFE and PES both have good mechanical stability and outstanding chemical resistance50-52. In addition,
they both exhibit excellent reliability for rapid temperature floatation and for long-term usage as reported53.
The measured thermal conductivity of PTFE and PES hollow fiber membranes are shown in Figure 5a. PTFE
membrane possesses higher thermal conductivity (0.1712±0.025 W/m·K, average value in the measured
temperature range) than that of PES membrane (0.1246±0.013 W/m·K). And the thermal conductivity of
PTFE membrane increases from 0.1464 W/(m·K) to 0.1959 W/(m·K) when the temperature increases from
10 to 80 ; while, the thermal conductivity of PES membrane is relatively stable when the temperature
increases. Generally, the thermal conductivity of the membrane is influenced by the nature of the membrane
material (solid phase) and the pores distributed of in the membrane (gas phase). The large void structure
in the membrane will be a convective heat transfer heat transfer and a radiation heat transfer mode54,55.
The XRD patterns of the two membranes in Figure 5b indicates that the PTFE membrane possesses a
semi-crystalline structure, whose thermal conductivity changes greatly with temperature56-58. While, PES
membrane has an amorphous polymer, which the glass transition temperature is as high as 230 degC51. Below
this temperature, the temperature has no significant impact on PES membrane’s thermal conductivity. In
the temperature operation range of 5 to 40 degC during MACC, the two hollow fiber membranes both have
a stable thermal conductivity, which is important for the nucleation control at a wide temperature operation
window.
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Figure 5. (a) Measured thermal conductivity and (b) XRD of PTFE and PES membrane.

In Figure 6, the roughness of the PES hollow fiber membrane is higher than that of the PTFE hollow fiber
membrane. The membrane surface with high roughness and possible cavity will be easier to generate the
heterogeneous nucleation on the membrane surface. While, the increasing surface roughness may restrain the
auto-detachment motion of nucleation from the membrane surface. This complex impact on the membrane
performance should be validated in the MACC operation59.

Figure 6. AFM (2D and3D) images of the surface roughness of the PTFE membrane (a, b) and PES
membrane (c, d).

The solution hydrophilicity is another property impacting the interfacial nucleation. As shown in Figure
7, PTEF and PES membrane surface had diverse surface contract properties with the thiourea aqueous
solution. The contact angle of the PTFE hollow fiber membrane is around 108°, and the contact angle of
the PES hollow fiber membrane is around 83°. The increasing concentration of thiourea (from 3 wt% to 12
wt%) had almost no influence on the contact angle, which ensure a stable nucleation control performance
under wide feed solution concentration.

11
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Figure 7. Contact angles of pure water and different thiourea aqueous solution on PTFE and PES hollow
fiber membrane.

4.2 MSZW in membrane-free operation.

The measured MSZW data of thiourea aqueous solution in membrane-free cooling crystallization under
different cooling rate and stirring rate were listed in Table S1 as supporting materials. The measured
MSZW data were calibrated using the least-squares method, which is,

∆Tmax = 40.9× ν0.2625Nr−0.4757, R2=0.964 (26)

Comparison of experimental MSZW data and fitted ones also provided as supporting materials in Figure S1.
According to the classical nucleation theory, high stirring intensity will accelerate the probability of particle
collision to generate nucleation. It can also be seen that the MSZW tend to increase with the increase
of the cooling rate due to the existence of the induction period. MSZW results provide the operation up
limit for both membrane-free operation and membrane involved operation. MSZW under the membrane
involved operation will be definitely lower than that of the membrane-free crystallization due to the inducing
nucleation function of membrane. In this work, the rotating speed was set at 200 rpm to avoid the sever
crystal breakage and secondary nucleation.

4.3 Induction period and surface tension in MACC operation.

Based on the classic nucleation theory, the surface tension was determined by the induction period under
different supersaturations36,60,61. In the low supersaturation zone, heterogeneous nucleation was dominant,
and in the high supersaturation zone, homogeneous nucleation played the controlling role. The measured
nucleation induction period with different membrane package density is as follows in the Figure 8.

Comparing the nucleation induction period with membrane module involved, it can be seen that the lower
coolant temperature can provide the greater supercooling degree and correspondingly shorten the nucleation
induction period under the tested temperature range. With increasing membrane module package density,
the nucleation induction period almost inversely shortened (when PTFE membrane module package density
increased from 120 m2/m3 to 240.6 m2/m3 then to 361.0 m2/m3, correspondingt ind at 8 declined from
240s to 160s then to 80s). This result indicated that the nucleation induction period when the membrane
module involved was highly impacted by the heat transfer property of the membrane module, which would
also inevitably influence the membrane interface supercooling degree.

In addition, owing to roughness, hydrophobicity, and the thickness of membrane determines heterogeneous
nuclear energy barrier of PES was smaller than that of PTFE, the induction time was also shorten when
PES membrane module was introduced; The nucleation induction period with the same PTFE and PES
membrane area were listed in Table 3. At the same terminal temperature, plotting lnt ind versus (lns )-2 yields
two straight lines with different slopes, which represented the homogeneous nucleation and heterogeneous
nucleation, respectively, which can be obtained by linear fitting (show in Figure S2 and S3 as supporting
materials).
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Figure 8. The nucleation induction period of thiourea in PFTE and PES membrane module with different
package density. (membrane module type: (a) PTFE-1, (b) PTFE-2, (c) PTFE-3; (d) PES-1, (e) PES-2, (f)
PES-3; number in the figure: package density of corresponding membrane module)

Table 3. The nucleation induction period within PTFE and PES membrane module (membrane package
densities are 361 m2·m3 and 377 m2·m3, respectively).

PTFE PTFE PES PES

Relative supersaturation degree induction period, s Relative supersaturation degree induction period, s
1.142 225 1.142 150
1.190 155 1.190 120
1.244 120 1.244 110
1.298 100 1.298 80
1.352 75 1.352 75
1.413 55 1.413 70

For the nucleation induction period with PTFE membrane, under high supersaturation,

ln tind = 0.0933 (lns)
−2

+ 3.2500,R = 0.9859 (27)

Under low supersaturation,

ln tind = 0.0188 (lns)
−2

+ 4.3727,R = 0.9856 (28)

According to the classical nucleation theory49, the intersection of these two lines should be the demarca-
tion point of homogeneous nucleation and heterogeneous nucleation. The interfacial tension of thiourea at
the corresponding temperature can be obtained from the heterogeneous nucleation slope and homogeneous
nucleation slope. Thus, the solid-liquid interface tension of thiourea in the solution with PTFE membrane
involved can be obtained, γ = 3.391mJ/m2.

Similarly, for the nucleation induction period with PES membrane, under high supersaturation:
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ln tind = 0.0464 (lns)
−2

+ 3.7544,R = 0.9688 (29)

Under low supersaturation:

ln tind = 0.0077 (lns)
−2

+ 4.5629,R = 0.9647 (30)

The solid-liquid interface tension of thiourea in the solution with PTFE membrane can be obtained, γ = 2.221
mJ/m2.

Surface tension required for heterogeneous nucleation on the PTFE hollow fiber membrane is 3.391 mJ/m2,
while PES hollow fiber membrane is 2.221 mJ/m2. This is also consistent with the contact angles analyzed
results in Figure 7, PES membrane possesses a higher affinity to the crystallization solution. Therefore,
according to Eq. (2) to (6), heterogeneous nucleation barrier of PES hollow fiber membranes will be lower
than that of PTFE membrane, which means PES MACC will possess higher nucleation rate B p under
the same supersaturation degree. The pre-exponential factor can be obtained from the Eq. (10). With the
different contact angles and surface tension, the ratio of the heterogeneous nucleation rate between two kinds
of membranesB p-PES/B p-PTFE is around 3.60.

While, the number of nuclei can be calculated from the total mass of the crystal product, the mass distribution
of crystals. And with the known duration using membrane module to generate nuclei, we can evaluate the
nucleation rate, semiquantitatively. The experimental data showed that the nucleation rate of the PES
membrane was 14.3 #/mm3·s, the one of the PTFE membrane was 4.0 #/mm3·s, and the ratio is around
3.57, which was accompanied with the former theoretical research results of nucleation kinetics.

4.4 MACC and the conventional cooling crystallization (CC)

With the known thermal and interfacial property of PTFE and PES membrane, MSZW for nucleation
operation region, and nucleation kinetic relevant parameters (Induction period and surface tension) with
membrane involved, we can furtherly investigate MACC with the other conventional CC.

Six different cooling crystallizations modes were discussed, MACC with PTFE hollow fiber membranes and
PES hollow fiber membranes, common CC without membranes (average cooling rate is 0.1 *min-1), rapid
CC (average cooling rate is 0.5 *min-1), CC with 0.5 wt% seed and 1.5 wt% seed addition. Except the rapid
CC operation, the other operations have the same pre-setting cooling curve after the nucleation period, the
terminal cooling temperature is also the same to ensure the same yield.

For the different nucleation inducing mechanism of the investigated tests, the solution temperature fluc-
tuation in the crystallizer during nucleation period is an important evidence of the relevant controlling
performance. The detective temperature in the crystallizer were listed in Figure 9. It can be seen from the
figure that the solution temperature fluctuation peak of the PES MACC reached its peak at an early stage
(around 0.20 at 100 s), which represented the latent heat mainly released by nucleation. This value was
slightly higher than that of the PTFE MACC (0.08 ) with the similar membrane area. In addition, the peak
of PES MACC appeared earlier than that of PTFE MACC, which also indicated that PES membrane is
easier for induced heterogeneous nucleation. In fact, a moderate, controllable nucleation is longing for all
the CC operation, and the smaller solution temperature fluctuation peak induced by nucleation will benefit
the following nucleation and growth procedure. Herein, PTFE MACC possessed a better performance than
that of FES MACC.

As for artificial seeding CC, with optimized crystal seed amount and seed timing, it is possible to maintain
the solution temperature fluctuation under a favorable range (the peak for 1.5 wt% seed CC is 0.02 and the
peak for 0.5 wt% seed CC is 0.21 , shown in Figure 9). While, the temperature fluctuation peak appeared
much more later than that of MACC operation (around 800 to 900 s after seeding, which is one order of
magnitude longer than MACC). This prolonged gap between the artificial seeding timing and bust nucleation
heat release may stand for the persistent secondary nucleation. Because the artificial seeding introduced the
exceeding amount of heterogeneous nucleation interface all at once without well dispersion, thus, in the
crystallizer, the added seeds disperse with the stirring and will cause the unwanted, exceeding nucleation.
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As an advantage of the MACC, by adjusting the temperature and flow rate in tube side and shell side of the
membrane module, it is convenient to control the nucleation rate and auto-seeding amount that transferred
into the crystallizer. Additionally, this membrane induced crystal seeds had uniform size distribution and
were predispersed evenly by the crystallization solution.

As for spontaneous CC at different cooling rate, they both suffering the explosive nucleation at a later time,
and the temperature fluctuation in the crystallizer increased significantly. With the increased cooling rate,
this explosive nucleation was also accelerated (from 0.70 to 1.50 , correspondingly).

Figure 9. Comparison of solution temperature fluctuation in the crystallizer during nucleation period
(PTFE MACC, PES MACC, seed CC with different seed amount and common CC with different cooling
rate were listed).

CSD analysis results confirmed the advantages of MACC on the nucleation control and crystal growth
(shown in Figure 10). At the initial period (Figure 10a), MACC and seed CC had the similar CSD, which
illustrated the auto-seeding function of MACC. As expected, CC without seed had the widest CSD due to the
uncontrollable spontaneous nucleation. While, with the nucleation occurred and crystal growth launched the
competition under diverse supercooling degree, the different seeding mechanism began to present significantly
different impact on the subsequent crystallization procedure. For the artificial seeding CC, the drawbacks of
exceeding heterogeneous seeds interface introduced into the solution system abruptly became manifest. The
exceeding secondary nucleation induced by the solid seed leading to the wider and wider CSD in the solution
system (Figure 10b), which is an inherent problem that nucleation and growth competition in the same
crystallization devices. While, for PTFE and PES MACC, illustrated in Figure 1, the stable nucleation
and seed generation were realized in the membrane module, the feed flow suspended with uniform seeds
transferred from membrane module to crystallizer effectively isolated the primary nucleation and crystal
growth from space-time aspect. This new nucleation induced and seeding mechanism essentially decouple
the nucleation and crystal growth, which then provided a feasible approach for controlling crystallization
with high space-time accuracy. This new mechanism of MACC at the nucleation period had a profound and
lasting effect on the CSD of terminal products (Figure 10c).
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Figure 10. Comparison of crystal size distribution under different MACC and conventional cooling crys-
tallization at different crystallization period. (a) 5 min after the initial nucleation (or seeding); (b)10 min
after the initial nucleation (or seeding); (c) terminal products.

Furtherly, on line detective images revealed more detailed information on the diverse crystallization process
occurred in the crystallizer (Figure 11). At 5 min after initial nucleation (or seeding), uniform crystals can be
detected in MACC operation, which validated the effective auto-seeding function and controllable secondary
nucleation in the crystallizer. While, for common CC, only limited number of tiny nucleus can be observed.
At 10 min after initial nucleation (or seeding), obvious crystal growth with uniform growth rate can be
detected in MACC operation compared to common CC (with seed and without seed). The spontaneous
nucleation caused the crystallizer in conventional CC filled with the tiny crystals, and the two kinds of seed
CC showed different degrees of secondary nucleation.

The terminal crystal product manufactured by MACC had a regular shape, smooth surface as desirable
crystal habit, big particle size without defects. However, there were too many defects on the crystal surface
and agglomeration among the terminal product of CC without seeding, and the purity was only 99.0 wt%
or less (2nd pure grade for industrial application). It can be seen that the terminal products manufactured
via PTFE MACC and PES MACC both had significantly superior crystal purity (>99.5 wt%, exceeding
1stpure grade for industrial application) and desire morphology compared to all the conventional cooling
crystallization (with seed and no seed). PTFE MACC has the most concentrated crystal size distribution
(CV=7.7, mean size>1.35 mm) and the best crystal morphology.
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Figure 11. On line images of crystal nucleation, growth procedure in 10 L crystallizer and the terminal
crystal products of different MACC and conventional cooling crystallization (with seed and no seed).

It was notable that all the MACC experiments were scaled up from 100 mL crystallizer to 2 L crystallizer
then to 10 L crystallizer and had been repeated for more than ten times parallelly to indicate the stable
nucleation and auto-seeding performance of the membrane module. In addition, the PTFE and PES hollow
fiber membrane module utilized for MACC test had both be reused for more than one hundred times with
stable performance, which is benefited by the excellent mechanical stability and chemical resistance of the
chosen polymeric materials.

5. Conclusions

A novel MACC technology was developed and comprehensively investigated to realize the automatic and
accurate control of thiourea cooling crystallization, which governed by the heterogeneous nucleation and
automatic screening on the PTFE and PES hollow fiber membrane interfaces. With effective interfacial heat
transfer, the mechanism of membrane interface induced nucleation and process control was fully validated
via the nucleation research and on-line monitoring. The overwhelming performance of MAAC reflects as
dominating the accurate nucleation kinetic and hindering the secondary nucleation effectively, which resulting
in the high purity, desire product morphology and very narrow CSD compared to that of conventional cooling
crystallization (both artificial seeding and spontaneous nucleation operations were compared). Space-time
process decoupling via surface nucleation in the membrane module and crystal growth in crystallizer, which
is the core feature of the developed MACC, is a novel path for accurate crystallization control and process
intensification.
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Figure captions

Figure 1. Principle of MACC and comparison with classic cooling crystallizations. (a) Schematic diagram
of the ideal MACC process; (b) Micro force field model of surface induced nucleation and self-seeding process
(c) Comparison of the different force acting on the crystal with different size; (d) Heat transfer model of
membrane module in MACC; (e) cooling crystallization with artifical seeding; (f) cooling crystallization with
spontaneous nucleation.

Figure 2. SEM for the microstructure of PTFE membrane (a-f) and PES membrane (g-l).

Figure 3. Experimental setup of MACC (left), the temperature route for membrane induced nucleation and
growth in crystallizer (right).

Figure 4. On-line observation of crystal growth and self-detachment on the membrane surface.

Figure 5. (a) Measured thermal conductivity and (b) XRD of PTFE and PES membrane.

Figure 6. AFM (2D and3D) images of the surface roughness of the PTFE membrane (a, b) and PES
membrane (c, d).

Figure 7. Contact angles of pure water and different thiourea aqueous solution on PTFE and PES hollow
fiber membrane.

Figure 8. The nucleation induction period of thiourea in PFTE and PES membrane module with different
package density. (membrane module type: (a) PTFE-1, (b) PTFE-2, (c) PTFE-3; (d) PES-1, (e) PES-2, (f)
PES-3; number in the figure: package density of corresponding membrane module)

Figure 9. Comparison of solution temperature fluctuation in the crystallizer during nucleation period (PTFE
MACC, PES MACC, seed CC with different seed amount and common CC with different cooling rate were
listed).
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Figure 10. Comparison of crystal size distribution under different MACC and conventional cooling crystal-
lization at different crystallization period. (a) 5 min after the initial nucleation (or seeding); (b)10 min after
the initial nucleation (or seeding); (c) terminal products.

Figure 11. On line images of crystal nucleation, growth procedure in 10 L crystallizer and the terminal
crystal products of different MACC and conventional cooling crystallization (with seed and no seed).
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