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Abstract Microscale crystallization is at the frontier of
chemical engineering, material science, and biochemical
research and is affected by many factors. The precise
regulation and control of microscale crystal processes is
still a major challenge. In the heterogeneous induced
nucleation process, the chemical and micro/nanostructural
characteristics of the interface play a dominant role. Ideal
crystal products can be obtained by modifying the interface
characteristics, which has been proven to be a promising
strategy. This review illustrates the application of interface
properties, including chemical characteristics (hydropho-
bicity and functional groups) and the morphology of
micro/nanostructures (rough structure and cavities, pore
shape and pore size, surface porosity, channels), in various
microscale crystallization controls and process intensifica-
tion. Finally, possible future research and development
directions are outlined to emphasize the importance of
interfacial crystallization control and regulation for crystal
engineering.

Keywords interfacial crystallization, heterogeneous
nucleation, supersaturation, micro/nanostructure, process
control and intensification

1 Introduction

Crystallization is one of the most important unit operations
in the chemical industry [1]. In the pharmaceutical
industry, 85% of solid production depends on the crystal-
lization process. In principle, nucleation, which determines
the crystal properties, is the key step for controlling
crystallization. Controlling crystallization is highly impor-
tant in many scientific and technical fields, including
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environmental engineering, pharmaceutical engineering,
semiconductors, food products, nutraceuticals, and miner-
als in biological and synthetic systems [2]. However,
nucleation is easily induced by external interfaces in most
practical circumstances; such external interfaces are known
as heterogeneous interfaces, and nucleation induced by
these interfaces is extremely difficult to control. The
microstructure of the heterogeneous nucleation interface
plays an important role in controlling heterogeneous
nucleation, which has made great progress in the last
decade [3]. Various interface materials have been devel-
oped to induce the heterogeneous nucleation of crystals in
the metastable region to obtain crystals with larger sizes
and that are more suitable for diffraction [4]. Therefore,
determining the mechanism by which the interface
structure regulates the heterogeneous nucleation process
is of great significance for obtaining high-quality crystal
products and realizing the directional preparation of
crystals with special morphology. The heterogeneously
induced nucleation process is affected by the chemical
properties and micro/nanostructures of the interface,
including hydrophobicity, functional groups, rough struc-
ture and cavities, pore shape and pore size, surface
porosity, and channels, as shown in Fig. 1.

Herein, the roles of the interfacial chemical properties
and micro/nanostructures in controlling nucleation and
crystallization are reviewed from the atomic scale to the
micro/nanoscale; this review lays a foundation for realizing
controllable crystallization and the directional preparation
of crystalline products. Research on crystallization based
on interface characteristics has important applications not
only in the fields of medicine, food and mineralization,
which use crystallization in current practice but also in the
future development of new material technologies and
process engineering, including the directional design of
new materials such as metal-organic frameworks and
covalent organic frameworks, drug carriers, vaccine
preparation and other major fields related to life and
health.
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Fig. 1 Effect of physicochemical microstructure on the inter-
facial based microscale crystallization.

2 Nucleation theory
2.1 Thermodynamics-nucleation barrier

The nucleation energy of a system is the key to
determining whether the crystal nucleates, though the
energy is difficult to calculate, so the nucleation barrier is
introduced to judge the crystal growth. The nucleation
barrier is determined by the complex interactions between
physical and chemical parameters. The influence of the
porous interface on the reduction of the nucleation barrier
can be quantified by an interfacial correlation factor (f{9)),
which is defined as [5]:
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where AGjy,no and AGpee, are the homogeneous nuclea-
tion barrier (kJ-mol™) and heterogeneous nucleation
barrier (kJ-mol™), respectively, and ¢ is the surface
porosity, which is defined as the ratio of the total pore
areas (2.4,) on the whole geometrical surface 4 of the
interface. f{60) is the interface correlation coefficient, which
indicates a reduction in the nucleation barrier due to the
presence of rough porous surfaces. 8 is the apparent
contact angle (°) and is influenced by the intrinsic
hydrophobicity and roughness of the interface. The wetting
behavior of rough surfaces is usually described by the
Wenzel equation [6]:
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where 7 is the roughness area ratio.

For ¢ =1, » = 1 and 8 = 180°, the crystallization is
considered to be in a homogeneous phase, and f{0) is 1. For
¢ = 0, Eq. (1) reduces to the classical value for
heterogeneous nucleation on a nonporous interface,
which is defined as [5]:

AGyieter (2 + cos 0)(1—cos 6)*
0 = = . 3

According to nucleation theory, the system can cross the
nuclear energy barrier and nucleate immediately by
changing the physicochemical structure of the heteroge-
neous nucleation interface.

2.2 Kinetics —nucleation rate

Classical nucleation theory mainly describes and predicts
the nucleation process of crystals, involving crystallization
time, nucleation rate and other related physical quantities.
The rate of nucleation is related to the state of nucleation
and plays a key role after the system reaches the
supersaturated concentration. The nucleation rate in a
homogeneous system is qualitatively determined by the

Eq. @) [7]:

A GItIomo :|

JNucle =4 eXp |:_ T

161y’ V2 ] @)

=Adexp|————
P [ 31373 (In §)?

where J is the nucleation rate; A4 refers to the pre-factor; y,
Vi, &, T and S are the surface tension (J-m?), molecular
volume (cm®-mol™), Boltzmann constant, temperature
(K), and supersaturation, respectively. Similarly, the
change in the nucleation barrier on the porous interface
could also affect the nucleation rate. The nucleation barrier
formula of the porous interface is determined by f{6).
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The nucleation rate is closely related not only to the
solution itself but also to external influences.

3 Effect of interface properties on
crystallization

The microstructure of heterogeneous nucleation interface
plays an important role in controlling heterogeneous
nucleation; knowledge of such interfaces has greatly
progressed over the last decade. In general, the hetero-
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geneous induced nucleation process can be summarized as
follows: 1) interfaces with diverse chemical properties,
such as hydrophobicity and electrostatic-induced nuclea-
tion by functional groups, promote the heterogeneous
nucleation of crystals; 2) the heterogeneous nucleation of
crystals is affected by the interface micro/nanostructures,
such as rough structures and cavities, pore shape and pore
size, surface porosity and channels.

3.1 Hydrophobicity

Interface chemistry is fundamental to crystallization
regulation and controls crystallization at the atomic level.
Hydrophobic solvents are have specific chemical proper-
ties at the interface, and superhydrophobic solvent
interfaces are ideal platforms for crystallization design,
as they help to regulate the proportion of solvent (such as
water) in the interface, adjust the interactions between the
interface and the crystalline components, and change the
nuclear energy barriers of crystals, as shown in Eq. (1).
According to the formula of AGj, at porous surfaces,
the nucleation barrier at different material interfaces is
shown in Fig. 2. With increasing 6 ranging from 0°
(superhydrophilic) to 180° (superhydrophobic), the corre-
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lation coefficient of the nuclear barrier interface increases
gradually (Fig. 2(a)), which means that the nucleation
process can be controlled by changing the interfacial
hydrophobicity.

With great progress in membrane science, membrane
distillation crystallization (MDC) has great significance in
generating crystal products with ideal grain size distribu-
tions and in the construction of specific crystal super-
structures [8—10]. Superhydrophobic membranes are the
most commonly used membranes in MD and include
polyvinylidene fluoride (PVDF) [11], polytetrafluoroethy-
lene [12,13], and polypropylene [14,15]. The microporous
hydrophobic membrane used in MDC can be used not only
as a mass transfer device for solvent concentration but also
as a heterogeneous nucleation interface. In practice, the
poor hydrophobicity of the membrane leads to a decrease
in salt rejection and surface scaling and seriously damage
the performance of the membrane. Therefore, the hydro-
phobicity of the membrane material is the key to ensuring
the normal operation of the MD process. Multiple rough
structures could form a Cassie-Baxter state on the
membrane surface and form a large number of air gaps
between the membrane surface and droplets, which could
not only improve the hydrophobicity but also effectively
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Fig. 2 (a) The nucleation barrier at different material interface with contact angle range from 0° (superhydrophilic) to 180°
(superhydrophobic). (b) The interfacial correlation factor f(m,R") of the different fabricated membrane with diverse interfacial micro/
nano-structure. Reprinted with permission from ref. [2], copyright 2020, American Chemical Society. (c) Variation of the calculated ice
nucleation rates with water-carbon interaction strength. Reprinted with permission from ref. [3], copyright 2016, American Chemical
Society. (d) Crystallization of biomolecules on protein-based superhydrophobic surface. Reprinted with permission from ref. [4],

copyright 2018, Wiley.
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reduce the contact area between the solution and interface,
thus reducing the probability of salt ion crystallization and
improving the antifouling ability. In addition, according to
the “surface slip” theory, the construction of a rough
structure could cause an air gap between the solution and
the interface, strengthening the hydrophobicity. The
crystals formed in the host solution could be transported
with the fluid flow to avoid the deposition of particles on
the surface. According to thermodynamics (Eq. (1)),
optimizing the rough structure and improving the nuclear
energy barrier of the interface can effectively prevent
interface nucleation and inhibit scaling. Jiang et al.
constructed a novel type of MD membrane with a
bioinspired micro/nanostructure [2]. According to a
hydrodynamics simulation, the bioinspired membrane
was highly hydrophobic, achieving the biomimetic func-
tions of lotus leaves and effectively hindering nucleation at
the interface (Fig. 2(b)). In addition, the environment at the
interface (solution chemistry, temperature) also strongly
affected the crystal nucleation and growth. In the MDC
process, due to the vaporization of volatile components in
the boundary layer, the temperature and concentration of
the feed liquid at the boundary are lower and higher than
those of the main solution, resulting in temperature and
concentration polarization, local explosive nucleation and
low-quality crystalline products.

Similar to the crystallization of inorganic salts, inter-
facial hydrophobicity could significantly change the ice
nucleation rate and form different ice surfaces [16].
Compared with hydrophobic interfaces, hydrophilic inter-
faces more easily attract water molecules, resulting in an
increase in the ice nucleation rate, which is attributed to the
promotion of heterogeneous ice nucleation on the hydro-
philic interface, which has a high surface energy [17,18].
Molecular simulation proved that the enhancement of the
binding affinity of water molecules on the interface
increased the ice nucleation rate by three orders of
magnitude (Fig. 2(c)) [3]. The decrease in surface energy
could effectively shorten the residence time of water,
resulting in longer nucleation times and a decrease in the
ice nucleation rate; therefore, hydrophobic materials are
commonly used as anti-freezing substrates [17,19,20].

Protein crystallization is a complex process that is
important to the study of protein structure and drug design.
Promoting crystal nucleation is a key step in solving the
crystallization bottleneck of macromolecular substances
such as proteins. Hydrophobic interactions are relatively
weak noncovalent interactions between nonpolar mole-
cules, and these hydrophobic residues can aggregate
without boiling water in aqueous environments. As
shown in Fig. 2(d), the development of interfacial
hydrophobicity mainly involves the introduction of low
surface energy segments or rough structures, which could
interact with proteins and adsorb on the interface, thereby
increasing the local concentration of protein molecules and
affecting the nucleation rate of the macromolecular

crystallization system [4]. The hydrophobic interface
helps to form clusters for crystallization until the clusters
are stabilized by the heterogeneous interface, inducing the
nucleation of insoluble crystals such as proteins [21].
Nanev reported that a hydrophobic coating of dimethylsi-
lane resulted in a high nucleation probability of lysozyme
and ferritin due to high nonspecific electrostatic attraction
[22-24]. A superhydrophobic biological interface induced
protein crystallization through modification of multiple
functional hydrophobic groups and micro/nanostructures.
Pham et al. prepared hydrophobic self-assembled mono-
layers by adsorbing undecyl mercaptan, dodecyl mercap-
tan and octadecyl mercaptan onto transparent gold-plated
glass [25]. Compared with traditional commercial cover
glass, the self-assembled monolayers showed a faster
nucleation rate, larger crystal size and a wider range of
crystallization conditions. In addition, this research
showed that horse hair could promote protein crystal
nucleation due to the surface, which hydrophobically
interacted with the proteins in the oils on the horse hair,
thus inducing protein crystal nucleation [26].

Based on the theory of hydrophobic surfaces, hydro-
phobic separation membranes can be obtained by reducing
the surface free energy of membrane materials and
constructing rough surface structures [27]. The former
can introduce substances with low surface free energy,
such as fluorine-containing [28] or silicon groups [29],
which can be constructed mainly by template methods
[30,31], phase separation [32], surface grafting [33] and
surface coating [34] (Fig. 3). The latter can enhance the
hydrophobicity through changes in the surface roughness.
At present, there are many effective methods of construct-
ing rough hydrophobic interfaces, such as the sol-gel
method [15], chemical vapor deposition (CVD) [35],
vacuum-assisted self-assembly (VASA) [36] and surface
coating [37] (Fig. 3).

3.2 Functional groups

The unique chemical interactions between the interface
and the crystal molecules could change the solute
concentration more generally than hydrophobic interac-
tions at the interface; thus, they are another key factor in
controlling the kinetics and thermodynamics of nucleation
[38]. During crystallization, polarization determines the
excellent adsorption capacity of the solute on the surface of
the nucleating agent when the solute and solvent have
similar polarities, resulting in surface-induced nucleation.
In addition, the surface—solute interaction increases the
solute concentration at the interface, and molecular
recognition between the surface and solute leads to the
partial arrangement of solute-rich layers, also resulting in
promoted nucleation [39]. The specific interactions that
govern nucleation behavior mainly include hydrogen
bonding and ionic bonds [40—43]. As shown in Fig. 4,
the type and distribution of interfacial functional groups
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Fig. 3 Hydrophobic interface construction methods. Low surface energy ((a) Template method. Reprinted with permission from ref.
[31], copyright 2009, American Chemical Society. (b) Phase separation. Reprinted with permission from ref. [32], copyright 2016,
Elsevier. (c) Surface grafting. Reprinted with permission from ref. [33], copyright 2009, Elsevier. (d) Surface coating. Reprinted with
permission from ref. [34], copyright 2018, Elsevier). Rough structure ((e) Sol-gel method. Reprinted with permission from ref. [15],
copyright 2019, Elsevier. (f) CVD. Reprinted with permission from ref. [35], copyright 2018, American Chemical Society. (g) VASA.
Reprinted with permission from ref. [36], copyright 2017, Elsevier. (h) Surface coating. Reprinted with permission from ref. [37],
copyright 2020, Elsevier).

nfce Engiorred rm e

a o . 600
@ W Pristine PVDF - PVDF/Bi,Se, (b) 8 ooV
500
& AM-co-DVB
400
8=
£ 300 o11) (100)
- I A
200 S0 S
H H |
100 PoH H
0.0 0,0
1 1 1 0 C Cl
0 2 4 6 8 No pore 15 nm 125 nm  Polymer film Polymer film

Growthx10™*/(mm-min™")

© @
Q . I
3 1.0 Modified gel EIOO J—— = =
A A = - - L] 8
E 0.8 ) Unmodified gel LEGLA-coM 8 80 J‘""V % T &
= ’ 1 g V’Acetamino g !
5 = phen crystals grown a
5 0.61 Modified gel ¥ 210000 min == b ; on Ethylene/Acrylic acid copolyme S A o,
z Y7, =33 min s o0 1 = l
Q . = 5 z
E 0.4F Modified gel g 40 = 8 R o
- . Si=—0=— 8i —
= A, 7,=720 min < | =) s I I
:_g 02} a2, e 2 20 | Acctaminophen crystals grown . n * g 2 CH, cm, "
'g . & Two-exponential model ;5 on poly-dimethylsiloxane g z';
& 0.0 - Stretched-exponential model & gbesczaz=izsp==r-4-i--g-2e| I PR R L
Time S 0 10 20 30 40 0 10 20 30 40 50
Time/h 200 )

Fig. 4 (a) Growth rates of crystals on the pristine and Bi,Se;-modified PVDF membranes. Reprinted with permission from ref. [44],
copyright 2018, Royal Society of Chemistry. (b) Effect of polymer surface chemistry on the kinetics of angular nanopore-induced
nucleation of aspirin: acrylic acid (AA)-co-crosslinker divinylbenzene (DVB) versus acryloyl morpholine (AM)-co-DVB; proposed
aspirin-polymer interactions at the crystal-polymer interface. Reprinted with permission from ref. [47], copyright 2011, Nature Publishing
Group. (c) Effect of poly(ethylene glycol) diacrylate-co-AM microgels on nucleation induction time statistics for aspirin. Reprinted with
permission from ref. [48], copyright 2011, American Chemical Society. (d) Percentage of samples/vials crystallized on different polymeric
surfaces as a function of time. Reprinted with permission from ref. [39], copyright 2014, American Chemical Society.
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can control the heterogeneous crystallization process,
which is of great significance for practical applications
and theoretical research.

The interface with ionizable groups could significantly
affect the crystallization of inorganic salts due to the strong
polarity, and the crystallization process could also be
driven by external static electricity. Macedonio et al. added
Bi,Se; into PVDF membranes to accelerate the growth of
NaCl crystals and improve the uniformity of the crystal
size (Fig. 4(a)) [44]. The surface of the Bi,Se; crystal
easily forms a vacancy, which is conducive to the
extraction of water molecules from the ion nucleus, thus
accelerating the interactions between ions and the forma-
tion of crystals.

Protein molecules with hydrophobic and hydrophilic
segments could interact with different types of functional
groups, which means that the crystallization of macro-
molecules is more dependent on the interfacial chemical
properties than that of inorganic salts [45]. The chemical
properties of the interface have a significant effect on
crystallization at low protein concentrations [46]. Diao
et al. synthesized polymer films with different interfacial
chemical properties by a crosslinking method to study the
mechanism of interfacial chemistry on the heterogeneous
nucleation of aspirin [47]. As shown in Fig. 4(b), the
interaction between the polymer film and solute could
effectively shorten the induction time of aspirin, which was
attributed to the fact that the carboxyl and carbonyl groups
of the aspirin reacted with the carboxyl groups on the
surface to form hydrogen bonds, inducing preferred
orientation nucleation and the growth of aspirin crystals.
In addition, polymer microgels with tunable chemical
surface structures were also reported by Diao’s group to
investigate the intermolecular interactions limiting nuclea-
tion and controlling crystallization, resulting in an
enhancement of nucleation kinetics by four orders of
magnitude (Fig. 4(c)) [48]. The polymer matrix enhanced
the effective solute—solute interactions and promoted the
molecular alignment inferred from preferred crystal
orientations on the polymer surfaces, thus inducing rapid
nucleation [48,49]. The polymer—solute interactions con-
trolled the nucleation kinetics and promoted nucleation of
the pure stable form (Fig. 4(d)) [39]. The interactions
between free surface nucleation and solid interface
nucleation were reported to promote heterogeneous
nucleation on the polyether ether ketone interface at high
temperatures due to strong free-surface-induced recrystal-
lization [50].

Due to the same interface chemistry, the interface
environment also affects the crystal nucleation and growth
process by changing the local supersaturation state. In
general, at low concentrations, the crystallization process is
more significantly affected by the chemical properties of
the interface. Chemical functionality of the interface leads
to specific interactions between these functional groups
and solute molecules, resulting in the binding or

reorientation of solutes at the interface. In contrast, at
high concentrations, interfacial environmental factors
dominate crystallization and affect the crystallization
routes and structural evolution.

3.3 Rough structures and cavities

In addition to the chemical properties of the interface, the
micro/nanostructure could also affect the crystallization
process as the introduced nucleation site and regulation
platform (Fig. 5). Rough structures and cavities are the
simplest forms of nucleation sites [S1-53]. On the ideal
smooth surface, solute molecules are randomly adsorbed
on the surface, migrate across the surface to form the first
solute monolayer, and then grow layer by layer to form
aggregates with appropriate bond angles. The aggregates
gradually grow into clusters and then nucleate into crystals.
When nucleation occurs on a rough surface, the rough
structure could block the lateral migration of the adsorbed
solute molecules so that solute molecules are trapped in the
gap, forming a region of high local supersaturation and
promoting crystal nucleation. Various rough interfaces
have been constructed to form more cavities (Fig. 5(a))
[54].

The AGj is reduced by the presence of a rough
structure due to the formation of cavities in solution and at
the interface (Fig. 5(b)) [55], in which solute molecules
gather to form a local supersaturation peak. Generally,
cavities smaller than solute molecules could affect the
crystallization process, while larger cavities have a similar
effect as flat interfaces. Because protein molecules can
aggregate, interfaces with cavities are conducive to protein
supersaturation at low concentrations. Liu et al. used five
kinds of polymers to treat glass slides, resulting in different
surface roughnesses and uneven valley microstructures,
which could induce heterogeneous nucleation of protein
crystals and shorten the nucleation time (Fig. 5(c)) [5]. In
addition, rough surfaces provide nucleation sites for
protein crystals to reduce the nucleation barrier and induce
the heterogeneous nucleation of protein crystals due to
protein aggregation. In a further study on the effect of
nucleation interfaces with different roughnesses on protein
crystallization, the number of lysozyme and proteinase K
crystals in the rough cover glass was determined to be
higher than that in the control group [56]. Salehi et al.
proved that the construction of a rough hydrogel interface
effectively increased the local solute concentration, which
was conducive to the enhancement of the Wenzel trend and
the physical limitation of the rough hydrophilic surface,
thus promoting protein nucleation to a greater extent [57].

Furthermore, improving the surface roughness is a key
strategy for constructing a superhydrophobic interface.
The rough micro/nanostructure could enhance the original
hydrophilic or hydrophobic properties of the interface by
increasing the number of cavities, thus changing the
supersaturation state of solutes and regulating the
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Reprinted with permission from ref. [5], copyright 2007, American Chemical Society.

nucleation of crystals. Liu et al. assumed that the rough
surface consisted of a series of uniform cones (Fig. 5(d))
and corrected the formula for forming a nuclear barrier.
The corrected formula is as follows [5]:

1 [2(1—cos #)—cos O(sin 9)2]3
[(1—cos 6)*(2 + cos 6) + 3psin 6—na?f]>
(6)

!

™)

®)

where R is the main radius of the spherical cap, and r, 4,
and n are the radius, height, and number of cones,
respectively. As shown in Fig. 5(e), the experimental
results showed that the time needed for heterogeneous
nucleation induction of lysozyme crystals on a smooth
surface was longer than that on a rough interface, which
was consistent with the theoretical prediction.

3.4 Pore size and pore shape

The interfacial micropore is a special form of rough
interface. For many compounds, interfacial micropores
provide heterogeneous nucleation sites and guide the
solute molecules in an orderly manner, leading to the rapid
growth of initial nuclei along the long axis [60,61]. In
metastable solutions, nanoscale pores endow the solute
with nanoscale limitations, which can effectively control
the nucleation kinetics and change the nucleation rate [62].
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However, surface roughness alone is not a sufficient
macroparameter for describing the effect of interfacial
micropores on nucleation.

Recently, research on crystal nucleation in micro/
nanopores has illustrated a significant influence on
nucleation kinetics [63], polymorphism and crystal
orientation (Fig. 6). During crystallization, the solution
first condenses the capillaries in the pores and then
nucleates rapidly. Capillarity affects the nucleation process
by regulating the pore size of the interface. The nucleation
rate is highest when the pore size is equal to the critical size
of the initial nucleus. Nanoscale pores can provide
additional sites through heterogeneous nucleation on the
pore wall, which can promote the rapid aggregation of
solute molecules to form critical nuclei, while larger
micropores can provide more filled crystals as hetero-
geneous nucleation interfaces to promote crystal growth.

845

Shah et al. prepared a series of ordered mesoporous
templates to study the protein crystallization process [64].
As shown in Fig. 6(a), it was found that the crystallization
of proteins strongly depended on the micropore size, which
was directly related to the radius of gyration (R,) for
protein, and the proteins formed stable nuclei in pores of a
specific size. Lu et al. reported that proteins confined to
nanosized cylindrical pores exhibited a higher protein
folding rate and improved thermodynamic stability with a
decrease in pore size, which was close to twice the R, of
the proteins [65]. Diao et al. systematically changed the
microstructures of polymer microgels to provide nanocon-
finement, and the nucleation rate was significantly
increased (Fig. 6(b)) [66]. Monte Carlo simulation of the
nucleation indicated that there was an optimal pore size
corresponding to the maximum nucleation rate, while
improper pore size had no significant effect on nucleation
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Fig. 6 (a) The ordered mesoporous templates to study the protein crystallization process. Reprinted with permission from ref. [64],
copyright 2012, American Chemical Society. (b) The nucleation rate under confinement of a polymer mesh. Reprinted with permission
from ref. [66], copyright 2011, American Chemical Society. (c) Atomic force microscope (AFM) images of spherical pores and square
pores of the same size. Reprinted with permission from ref. [47], copyright 2011, Nature Publishing Group. (d) Effect of the nanopore
shape in AA-co-DVB polymer films on the nucleation kinetics of aspirin. Reprinted with permission from ref. [47], copyright 2011,
Nature Publishing Group. (¢) AFM images of imprinted silicon masters and angle-directed nucleation. Reprinted with permission from
ref. [67], copyright 2017, American Chemical Society. (f) Heterogeneous nucleation at the corner of rectangular pore and wedge-shaped
pores. Reprinted with permission from ref. [68], copyright 2014, Wiley. (g) Crystal nucleation in a pore. Reprinted with permission from

ref. [69], copyright 2006, Nature Publishing Group.
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and crystallization.

To study the influence of interface pore shape on crystal
nucleation, Diao et al. proposed controlling the surface
pore geometry by nanoimprint lithography, specifically to
modify the surface pattern aperture from a few nanometers
to hundreds of nanometers, and they systematically studied
the influence of different pore types on crystal nucleation
(Fig. 6(c)) [47]. The average nucleation induction time of
aspirin with different pore shape interfaces is shown in Fig.
6(d), which shows that the spherical nanopores hindered
the nucleation of aspirin crystals, while the angular
nanopores promoted nucleation. The orientation order of
solutes in the near surface region could be improved by
geometric constraints, which was conducive to the
rearrangement of solute molecules in the process of crystal
nucleation (Fig. 6(e)) [67]. The orientation of solutes in the
near surface region increased with the enhancement of the
pore angles, which was conducive to the rearrangement of
solute molecules during nucleation. When the molecular
orientation controlled by the angular geometry was similar
to that in the crystal, the nucleation rate reached the
maximum, and on the macroscopic scale, angular nuclea-
tion was apparent. However, it should be noted that the
interaction between the interface and solute causes the
influence of the pore shape on crystal nucleation.

The types of interface channels include rectangular
pores and wedge-shaped pores (Fig. 6(f)) [68], which also
affect the nucleation and growth process. As presented in
Fig. 6(g), the crystal begins to grow at the corner of the
rectangular pore until a critical molecular nucleus is
formed [69]; this nucleus has been reported to induce the
nucleation of crystals. The free energy barrier of wedge
nucleation is related to the wedge angle, and the correction
formula is as follows:

_ AGI—Ieter _ l . 2.: _
f(0,0) = 7AG;10mo = n[cos (sin 0)“sin ¢—cos 0
2 I A B )
(3(cos 0)°¢ + 4sin (sm > sin 5))], ©)

where ¢ is the internal angle of the wedge.
3.5 Surface porosity

Surface porosity, calculated by the ratio of the pore area to
the total surface area of interface, is the macroscopic
expression of a porous micro/nanostructure at the interface,
and it involves the pore size and quantity accumulation,
which affects the mass transfer process and the local
supersaturation of the interfacial solution [1,57,61,68,70],
as shown in Fig. 7. According to the theoretical model of
nucleation thermodynamics, an increase in porosity
reduces the nuclear barrier, which is conducive to the
rapid nucleation of crystals. Diao et al. reported that a
nucleation interface with nanoscale porosity could increase

the polar surface nucleation of aspirin by an order of
magnitude [49]. Nindiyasari et al. studied the effects of
different porosities on the crystallization of calcium
carbonate in hydrogels, the surface morphology of which
is shown in Fig. 7(a) [71]. It was found that the porosity
changed the local supersaturation concentration of the
interface by affecting the diffusion process of solutes in
hydrogels. The relationship between the diffusion coeffi-
cient in the gel (D) and diffusion coefficient in water (D)

is as follows:
&
Dg = DW <?> 5

where ¢ and 7 are the porosity and the effective tortuosity of
the hydrogel, respectively. Higher porosity and shorter
diffusion column length led to an increase in the diffusion
coefficient of solutes in hydrogels, resulting in nucleation
at higher supersaturation levels of the interface to form
various superstructures of calcium carbonate (Fig. 7(b)). Jo
et al. prepared hydrogels with abundant surface porosities
and polymer network structures to simulate ion transfer in
organisms [72]. As the diffusion rate slowed, the flux of
carbonate ions gradually decreased, resulting in the
formation of various calcite structures along the diffusion
direction; these structures were hopper-like, rosette-like
and otoconia-like in order (Fig. 7(c)).

As mixed separation processes, membrane crystalliza-
tion (MCr), which includes MDC [2,12,44,70], membrane
cooling crystallization [73] and membrane antisolvent
crystallization, is an important method of obtaining
crystals with ideal particle size distribution. A microporous
membrane is the core mass transfer device for the removal
of concentrated solvents. The total porosity of the
membrane is the main factor affecting the transmembrane
flux [74,75]. The transfer characteristics of the membrane
are closely related to its inherent micropore structure; such
characteristics include the pore size, pore size distribution
and channel curvature. The widely accepted Hagen-
Poiseuille equation was used to describe the permeate
flux (J) variation [76,77],

(10)

_SnrgAp
~ 8ul

)

where 7, is the membrane pore radius; Ap, u and L are the
pressure gradient, liquid viscosity and length of the liquid
flowing through the membrane, respectively. The high
porosity showed lower transfer resistance and a larger mass
transfer area, so that more solvent molecules could flow
through the membrane at the same time. A change in the
solvent concentration rate could effectively control the
degree of supersaturation in the process, thus affecting the
induction time needed for crystal nucleation, balancing the
competition between crystal nucleation and growth and
leading to the formation of ideal crystal products. Three
different Hyflon/PVDF composite membranes were used
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Fig. 7 (a) Scanning electron microscope (SEM) images illustrating the variation of the porosity of gelatin hydrogels. (b) SEM images of
calcium carbonate with various superstructures. Reprinted with permission from ref. [71], copyright 2014, American Chemical Society.
(c) Diffusion-controlled crystallization of calcium carbonate in a Hydrogel. Reprinted with permission from ref. [72], copyright 2019,

American Chemical Society.

in the MCr experiments [74]. The maximum surface
porosity and pore size of the composite membrane
determined the maximum transmembrane flux, thus
reducing the nucleation time and improving the crystal
growth rate.

It is well known that the local concentration distribution
of the environment near the interface affects the hetero-
geneous nucleation in the solution. As the porous interface
can promote mass transfer of solvent, it could optimize the
concentration distribution of the boundary layer by
dispersing fluid over a short period of time and form a
micron droplet dispersed phase [74,75]. Uniform inter-
facial properties are important for stabilizing the boundary
layer concentration and regulating the crystallization route
and structural evolution. Similarly, the interface, as the
main site of heat transfer, would also affect the interface
temperature distribution. Crystallization, an exothermic

process, changes the state from a high-energy disordered
solution to a low-energy crystal. An interface with high
thermal conductivity is conducive to heat transfer to
maintain the stable temperature distribution of the interface
at different times [73]. In addition, the interface tempera-
ture distribution also depends on the specific surface area
of the interface. A higher specific surface is more
conducive to an efficient heat transfer process. In
particular, in the cooling crystallization process, efficient
heat exchange at the interface helps to quickly establish the
undercooling interface and effectively promote nucleation
[73]. Compared with traditional cooling crystallization,
heterogeneous nucleation at the uniform interface is
conducive to obtaining a uniform interfacial concentra-
tion/temperature distribution to improve the uniformity of
the particle size distribution and lay a foundation for the
development of new crystallization technology.
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3.6 Channels on the interface

The channels on the interface, which can be divided into
through channels and dead end channels (Fig. 8), are used
to control mass transfer during the crystallization process,
which is a further embodiment of intensifying the local
supersaturation of porous micro/nano interfaces [78,79]. In
one study, through channels were used as heterogeneous
nucleation interfaces and separation interfaces to concen-
trate the solvent and control the supersaturation at the
interface, thus achieving the simultaneous improvement of
solvent recovery and crystal product quality. Appropriate
supersaturation is conducive to the formation of crystals
with complete crystal shapes and smooth surfaces. The
effective removal of solvent by interfacial channels is
conducive to the rapid separation of solvent and solute,
thus inducing crystallization.

A microporous membrane is a typical representative of a
through channel structure. Mass transfer in the membrane
channel is realized by convection and diffusion of the
solvent. The driving forces of mass transfer are pressure
differences, temperature differences or concentration
differences between the two sides of the membrane.
There are three mass transfer models for microporous
membranes: Knudsen diffusion, molecular diffusion and
viscous flow diffusion (Fig. 8(a)) [80]. Knudsen diffusion,
based on collisions between the molecule and the pore

Through channel-mass transfer

a) Membrane

(r p<r =) * Knudsen diffusion

(r ol ) ’ Viscous flow diffusion
(rp>>rm) 95° ;',' AT te ’ Molecular diffusion

wall, plays a dominant role when r,, is less than the average
molecular free path (7). In contrast, molecular diffusion is
based on intermolecular collisions, as the 7, is much larger
than r,,,. Viscous flow diffusion, also known as Poisecuille
flow, is based on intermolecular collisions and molecule-
wall collisions. The Poiseuille flow model is dominant
when the membrane pore size is larger than the average
free molecular path [81]. The characteristics of the
membrane channel, including the pore size, porosity,
tortuosity and thickness, could affect the mass transfer. The
pore size of the microporous membranes for MCr is
usually larger than the free path of the molecular motion of
the solute; that is, the molecular flow in pores mainly
undergoes intermolecular collision, and the transfer
characteristics are between the Knudsen flow (r, <7y)
and viscous flow (r,>>>ry,) models. According to the
Hagen-Poiseuille formula [81], the standard volume flow
(Qv) through the interfacial crystallizer pore can be
obtained. The formula is as follows,

NRT nrgp* Ap

P 8T ult’
where L and 7 are the thickness and tortuosity factor of the
membrane, respectively. The increase in thickness and
tortuosity could increase the mass transfer resistance.

Commercial microfiltration membranes with uneven pore
radii and high 7 (Fig. 8(b)) show different mass transfer

Dead end channel—capillary effect

Oy = (12)

C) —
. . Local supersaturation
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Functionalized
surface

Local attractive
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Fig. 8 Schematic diagram of three mass transfer models: (a) Knudsen diffusion, molecular diffusion and viscous flow diffusion; (b)
commercial microfiltration membranes with uneven r,, and high z; (c) ideal straight through channel with uniform r;, and 7 of 1; (d) solute
molecules enter the nanoscale channel under the combined action of diffusion and capillary effect; (e) crystallization of proteins at
ultralow supersaturations using 3D nano-templates. Reprinted with permission from ref. [84], copyright 2012, American Chemical

Society.
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rates in the channel, which easily leads to uneven
distribution of local supersaturation concentrations, result-
ing in explosive nucleation and poor crystal morphologies.
The ideal straight through channel (Fig. 8(c)) is expected to
have a uniform 7, and 7 of 1 to increase the mass transfer
efficiency and realize the directional preparation of
crystals.

In dead end channels, solute molecules enter the
nanoscale channel under the combined action of diffusion
and capillary effects [82,83], which effectively increase the
local supersaturation concentration of the solute and
further promote the nucleation process (Fig. 8(d)). The
high local supersaturation of biomacromolecules with
confinement is the thermodynamic driving force for
nucleation in pores [47]. The solution condenses capil-
laries in the confined nanopores and then undergoes rapid
nucleation. The maximum nucleation rate is obtained when
the pore size is equal to the size of the critical nucleus of
the biomacromolecule. Shah et al. prepared a series of
ordered mesoporous templates with dead end channels and
successfully crystallized concanavalin A, human serum
albumin and ferritin on porous substrates for the first time
[64]. In addition, a series of novel three-dimensional (3D)
nano templates with adjustable surface mesopores and
surface chemistry were developed to promote protein
crystallization through the use of dead end channels
(Fig. 8(e)) [84], which provided a targeting strategy for the
structure determination of high-value proteins.

3.7 Interface properties in process intensification

The application of interface properties in process intensi-
fication is mainly reflected in shortening the crystal
induction period and strengthening the mass transfer
through the regulation of interface chemicals and micro/
nanostructures to realize the rapid nucleation of crystals.
Diao et al. effectively shortened the induction time of
aspirin and induced the preferred orientation nucleation of
aspirin by using the interactions between the polymer
membrane and solute [47]. In addition, polymer microgels
with tunable chemical surface structures were also reported
by Diao’s group to investigate the intermolecular interac-
tions limiting nucleation and controlling crystallization,
resulting in a nucleation kinetics enhancement of four
orders of magnitude [48]. The interaction between the
polymer and solute controls the nucleation kinetics and
induces rapid nucleation. In addition to the interaction
between the interface and solute, the micro/nanostructure
can also shorten the nucleation induction period. Liu et al.
proved that different surface roughnesses and uneven
valley microstructures could induce heterogeneous nuclea-
tion of protein crystals and shorten the nucleation time [5].

In addition, the realization of efficient micro-mixing
through enhanced mass transfer is an important part of the
application of interface properties in process intensification
and is mainly affected by interfacial porosity and channels.

Increasing the porosity and mass transfer area could
effectively reduce the mass transfer resistance so that more
solvent molecules flow through the interface at the same
time [76,77]. The change in solvent concentration rate
could effectively control the degree of supersaturation in
the process, thus affecting the induction time of crystal
nucleation to balance the competition between crystal
nucleation and growth and obtain ideal crystal products. In
addition, the through channel was used as both a
heterogeneous nucleation interface and separation inter-
face to concentrate the solvent and control the super-
saturation at the interface, thus achieving the simultaneous
improvement of solvent recovery and crystal product
quality. The preparation of an ideal straight-through
channel with a uniform r, and 7 of 1 is a future
development direction to realize efficient process intensi-
fication.

Prior to microscale crystallization, microfluidics tech-
nology, microforce fields, and microscale intensified mass
transfer processes based on membrane technology could
achieve molecular mixing, which has a decisive impact on
improving the morphology and purity of crystal particles
[85—88]. The construction and design of microscale mixing
and transfer processes in confined space could make the
mixing and transfer effects in different regions consistent
within a short period of time. In contrast to other mass
transfer process intensifications, the efficient mixing
transfer efficiency of membranes has excellent perfor-
mance due to submicron scale channels and can realize the
coupling of crystal nucleation and growth processes to
meet the needs of directional growth regulation of crystal
size and morphology [88].

4 Conclusions and perspectives

With the development of crystallization nucleation theory
and interface control methods, the heterogeneous nuclea-
tion process induced by interfaces is the cross frontier of
engineering, and materials are an area of high research
interest. At present, research has proven the feasibility of
interface properties, including chemical properties (hydro-
phobicity and functional group) and micro/nanostructures
(rough structures and cavities, pore shape and pore size,
surface porosity, and channels) in the regulation of the
crystallization process and has made great progress in
expanding the theory of crystallization and nucleation.
Interface properties could shorten the crystal induction
period and enhance mass transfer by adjusting the interface
chemistry and micro/nanostructure to realize the rapid
nucleation of crystals. The hydrophobic interactions and
functional groups could effectively regulate the solute
concentration at the interface and induce rapid nucleation.
In contrast, the micro/nanostructures could not only
provide heterogeneous nucleation sites but also guide the
orderly growth of solute molecules. The porous interface
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has been used as a heterogeneous nucleation interface and
separation interface to concentrate the solvent and control
the supersaturation at the interface, thus achieving the
simultaneous improvement of solvent recovery and crystal
product quality. In addition, the homogeneity of the
interfacial chemical structure and micro/nanostructure is
a prerequisite to ensure its influence on crystallization.
However, the mechanism of crystallization nucleation and
targeted preparation of crystals via diverse interfacial
structures at the microscale remains to be elucidated.

In the future, research on the regulation of the interface
crystallization process will focus on the following aspects:
1) The theory of interface characteristic design still needs
to be elucidated, as this theory is the key to realizing
targeted crystal preparation. 2) A uniform interface
crystallizer with the functions of crystallization control
and accurate mass transfer should be constructed to meet
the requirements of continuous and scale-up crystallizers,
thus achieving the demands of pharmaceutical crystal-
lization and fine chemical preparation. 3) The expansion of
the types of proper interface materials and the development
of intelligent interfaces with more functions can meet the
needs of different crystallization systems. 4) Finally, an
important goal is to master a simplified method of
providing a customized interface for each new molecule
to be crystallized to improve the universality.
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