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Crystallization is a fundamental separation technology used for the production of particulate solids.
Accurate nucleation and growth process control are vitally important but difficult. A novel controlling
technology that can simultaneously intensify the overall crystallization process remains a significant
challenge. Membrane crystallization (MCr), which has progressed significantly in recent years, is a hybrid
technology platform with great potential to address this goal. This review illustrates the basic concepts of
MCr and its promising applications for crystallization control and process intensification, including a
state-of-the-art review of key MCr-utilized membrane materials, process control mechanisms, and opti-
mization strategies based on diverse hybrid membranes and crystallization processes. Finally, efforts to
promote MCr technology to industrial use, unexplored issues, and open questions to be addressed are

© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Crystallization is a classic and fundamental separation
technology in both chemical process engineering and product
engineering, and it has achieved wide application in fields such
as chemical engineering, pharmaceutical sciences, biochemical
engineering, and food engineering [1-6]. The promotion of
nucleation and control of the competition between nucleation
and growth are core concerns because they affect both separation
efficiency and product purity [7-11].

Membrane crystallization (MCr), a hybrid membrane crystal-
lization process where a solution becomes supersaturated to
simultaneously achieve solution separation and component solidi-
fication, has made great progress over the last decade [12-16]. As a
highly tunable and environmentally benign technology, one of the
most inspiring applications of MCr is using the membrane to serve
as a heterogeneous nucleation interface to trigger the nucleation
process [17-20], which opens a new research direction for MCr-
customized membrane materials. With the unique advantages of
membrane technology and enhanced energy utilization efficiency
[13,15,21-23], MCr can manufacture the desired solid particles
and ultrapure solvent with relatively low energy input [24-26].
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In addition, as the customized MCr materials can result in a
device with high packing density, the membrane module and
related hybrid process can achieve a higher manufacturing capaci-
ty and intensified separation process than conventional crystalliza-
tion can achieve [27-30]. The total mass transfer (or heat transfer)
coefficient of the membrane module can guarantee sufficient
supersaturation for diverse crystallization modes (e.g.,
evaporative crystallization, antisolvent crystallization, and cooling
crystallization), which is also an attractive topic for novel process
engineering development. Meanwhile, intensification of the crys-
tallization process is also directed toward substantially smaller,
cleaner, and more energy-efficient technology and devices [31-33].

All the above features make MCr research, including specific
materials fabrication, device development, and process design,
vibrant and challenging. In this review, we present an overview
of the novel contribution of MCr to accurate process control and
intensification, then outline the remaining challenges and impera-
tive issues yet to be solved.

2. Principles of MCr and typical membranes
2.1. Principles of MCr

MCr is not limited to membrane separation technology fol-
lowed by downstream crystallization. Basic and applied research
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developments have quickly expanded MCr to cover membrane-
assisted industrial crystallization, in situ nucleation and growth
on membrane interfaces, and novel solid formation involving a
membrane. Currently, diverse crystallization modes (cooling,
evaporative, antisolvent crystallization, and reactive modes) can
be coupled with membrane separation technology for diverse
MCr operations. Among these, membrane distillation with
crystallization (MDCr) is considered an emerging hybrid approach
that integrates membrane distillation and traditional crystalliza-
tion processes. The most crucial feature of MDCr is membranes
with finely controlled performance [34,35].

It is commonly accepted that solvents recovery via an effective
distillation separation process is easily achievable through a mem-
brane interface. Accordingly, in the MDCr process, the hydrophobic
microporous membranes are operated as an interface for vapor and
liquid separation, which allows only solvent vapor to pass through
the membrane pores while preventing the passage of liquid solvent
[36]. The gradient vapor pressure results in evaporation of a vola-
tile component from the feed side and condensation at the perme-
ate side. One kind of classic membrane crystallizer (Fig. 1 [37])
generates supersaturation and finally promotes the crystallization
process via distillation of the solvent (antisolvent) from the feed
solution to the permeate side [38]. Therefore, the membrane in
MCr does not serve as screening barrier for components transport,
but as a support layer for generating and maintaining a controlled
supersaturated environment for nucleation and crystal growth.

It should be also noted that during MCr operation there is a cer-
tain mass transfer boundary layer in the feed side near the mem-
brane interface where the nonvolatile component has relatively
higher concentration than in the bulk solution owing to the con-
centration polarization effect. The porous structure on the mem-
brane surface can provide a heterogeneous interface in which
solute molecules can be embedded, resulting in reinforced super-
saturation [38]. When the solution concentration reaches a super-
saturated state in the boundary layer, interaction between the
membrane surface and the solute molecules facilitates proper crys-
tal nucleation. After a certain extent of growth, the crystals detach
from the interface and supply crystal seeds to promote uniform
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Fig. 1. Schematic of antisolvent crystallization principles: (a) solvent removal MCr
(T1 > T), (b) solvent/antisolvent demixing MCr (T; > T,), and (c) antisolvent addition
MCr (T; < T). Ty: temperature of crystallization; T,: temperature of distillate or
antisolvent. Reproduced from Ref. [37] with permission of Elsevier Ltd., ©2012.
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crystallization in the bulk solution [39]. Accordingly, the mem-
brane surface acts as a physical substrate able to reduce the free
energy barrier and promote heterogeneous nucleation [37,40].

2.2. Polymeric and other membranes for MCr

Porous polymeric membranes have been widely investigated in
recent decades for a variety of MCr applications, such as wastewa-
ter treatment [41] and solid product separation, as well as ultra-
pure solvent recovery [24-26,42,43]. The most typical
membranes used in existing MCr processes are those fabricated
from organic polymeric materials containing polypropylene (PP),
polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE),
and polyethersulfone (PES), which are common porous membranes
with pores ranging from the subnano- to micron-scale [44-46].

PES membranes have been used for solvent removal because
they provide a high alternative surface area and thus achieve the
necessary operability, controllability, and enhanced micromixing
[29]. In recent years, PES membranes (Fig. 2) have been used for ery-
thritol purification via an antisolvent crystallization process [29].
The cross section of the hydrophilic PES hollow fiber membranes
used in this process exhibits an asymmetric structure with a very
thin layer and possesses a relatively high porosity of 58%. Benefit-
ting from these nanoscale pores, a membrane module was success-
fully introduced to realize transfer and microscale mixing between
the crystallization solution and organic antisolvent, thereby reduc-
ing the local supersaturated environment. As seen in Fig. 3, the
organic antisolvent permeating rate can be accurately controlled
by the flow velocity of the shell side and tube side depending on
the structure of the PES membrane, hence guaranteeing an accurate
antisolvent gradient and degree of supersaturation [29].

Owing to its high permeate flux and excellent mechanical fea-
tures, a PVDF membrane with microporous structure and
hydrophobicity has been widely used in MCr for mineral recovery
and hypersaline water desalination [47,48]. Microporous PVDF can
be easily produced by phase inversion and other simple methods
because of its easy processability. In addition, PVDF exhibits supe-
rior thermodynamic and chemical compatibility with other poly-
mers and can be further modified with inorganic materials to
obtain desired functions. Thermal stability has been considered
the most crucial parameter in a variety of applications. Generally,
the abundant fluorine atoms and carbon (C)-fluoride (F) bonds in
PVDF ensure the high stability of the materials, and they possess
excellent performance under high-temperature operations

(b)

Fig. 2. PES membrane morphologies of (a) cross section and (b) membrane surface.
Reproduced from Ref. [29] with permission of Elsevier Ltd., ©2019.
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Fig. 3. Antisolvent permeate rate under different velocities of (a) shell side flow velocity (vshen) and (b) tube side flow velocity (Veube); comparison of antisolvent permeate
rates of various (¢) Vspen and (d) Veupe. Reproduced from Ref. [29] with permission of Elsevier Ltd., ©2019.

[13,49]. As a result of its distinct chemical stability, PVDF mem-
branes can be particularly applied to acid gas absorption and
wastewater treatment because it can resist a large number of harsh
chemicals, including inorganic acids, oxidants, and halogens, as
well as aromatic, chlorinated, and aliphatic solvents [50,51].

To date, a large number of investigators have reported the
application of PVDF membranes in membrane contactors for salt
crystallization and high-salinity wastewater treatment. Feng
et al. [48] prepared a synthetic review of PVDF membranes applied
to membrane-based processes such as gas separation and mem-

brane distillation for the removal of volatile organic compounds.
Early investigations indicated the effect of the surface structure
of the PVDF hollow fiber membranes (Fig. 4 [51]) on their perfor-
mance when used for high-saline water treatment in direct contact
membrane distillation (DCMD). The results showed a stable per-
meation flux and lesser membrane permeability reduction for the
dual-layer (DL)-PVDF-polyacrylonitrile (PAN) membrane as a
result of its optimized pore structure along with its hybrid mor-
phology of a macropore-free cellular structure and dense structure
(Fig. 5) [51].

Fig. 4. Scanning electron microscope (SEM) images of (a) DL-PVDF-PAN membrane and (b) DL-PVDF membrane: (i) cross section, (ii) magnifying cross section, (iii) outer
layer, (iv) inner surface, and (v) outer surface. DL: dual-layer. Reproduced from Ref. [51] with permission of Elsevier Ltd., ©2003.
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Anisi et al. [52] tested optimal conditions for membrane distil-
lation (MD) and batch seed crystallization processes to evaluate
the feasibility of a PVDF membrane unit to generate supersatura-
tion and determine a model of the heat and mass transfer mecha-
nism. Jiang et al. [22] investigated the influence of membrane
properties and the type of membrane module on crystal nucleation
and found that membrane porosity plays a significant role in
reducing the nucleation barrier for membrane-assisted cooling
crystallization. Further investigation by Choi et al. [53] revealed
crystal growth and formation during a fractional-submerged MDCr
process equipped with PVDF hollow fiber membranes for brine
treatment, which indicated the diversity of the initial crystalliza-
tion point on the reactor and the membrane surface at different
temperatures.

PP membranes, which have high porosity and hydrophobicity,
also have a wide range of applications in MCr [23,26,30]. Investiga-
tions have indicated PP hollow fiber membranes with desired
porosity and structures were preferable materials for the proposed
MCr until now. In addition, by comparing different MCr perfor-
mances in vacuum and direct contact configurations, many studies
have shown that PP membranes can be applied to vacuum mem-
brane distillation (VMD) both in single- and mixed-salt solutions
for water and salt recovery [54,55].

In addition to aforementioned organic materials, composite
membranes are crucial not only for desalination but also for
biomacromolecule and protein crystallization processes [37,56-
58]. Wang et al. [59] developed a new MCr membrane for contin-
uous protein crystallization which can ensure high selectivity of
the crystal morphologies with robust performance. The fabricated
N-isopropylacrylamide (NIPAM)-polyethylene glycol diacrylate
(PEGDA) hydrogel composite membranes (HCMs) realized stable
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Fig. 5. (a) Permeate flux and (b) membrane permeability reduction for different
hollow fiber membranes. SL: single-layer. Reproduced from Ref. [51] with permis-
sion of Elsevier Ltd., ©2003.
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crystal productivity, and crystals with the desired hexagonal cube
and brand-new flower morphologies were efficiently generated
with high morphology selectivity, which can simultaneously inten-
sify the crystallization process and improve production efficiency
via continuous ion concentration control (Fig. 6 [59]).

Thus, the list of membranes appropriate for MCr is growing
and the potential of MCr is expanding. Besides the desired inter-
facial selective transfer property and stable chemical and
mechanical properties, the features of nucleation induction,
adjustability, and quick environmental responsiveness to the
crystallization system may be the crucial requirements of MCr-
utilized membranes.

3. Intensified transfer process via MCr

Generally, the aim of process intensification is safer and sus-
tainable technological developments by the way of methods such
as miniaturization, integration, and advanced mixing technology
[32]. The new tendency of crystallization process intensification
is accurate mass transfer regulation and uniform distribution of
supersaturation under improved crystallization efficiency, which
covers a broad range of transfer process intensification from the
microscale (crystal cluster or nucleus) to the macroscale (crystal-
lizer). To obtain specific crystal products with high purity, nar-
rower crystal size distribution (CSD), and better morphology,
tremendous efforts have been made to strengthen the process
and improve the mixing state by using a microstructure reactor
[60-62] or external fields [63-67]. A membrane module with a
specific mass transfer structure (approximate two-dimensional
(2D) micro-interface) has intrinsic advantages for achieving a uni-
form mass transfer rate and enhancing the micromixing process by
controlling the distribution of the solute and crystallization solvent
[26,68].

3.1. Micromixing intensification via MCr

Micromixing plays a vital role in supersaturation control for
crystallization [32,69]. According to Van Gerven and Stankiewicz’s
[70] systematic classification of enhanced mixing, four modes of
enhanced mixing (structure domain, time domain, energy domain,
and function domain) can summarize the crystallization process
[63,71]. The design of the micromixer can increase the mixing effi-
ciency and reduce the mixing time by using specific structures or
introducing an external energy field [72-75]. Fig. 7 shows the rela-
tionship between mixing time and the change in Reynolds number
for different static mixers [76]. At a low Reynolds number, the
mass transfer is almost molecular diffusion. However, the mass
transfer between fluids changes to eddy diffusion under increasing
turbulence, which results in a shorter mixing time. The microchan-
nel size of the microreactor also has a large impact on the mixing
time [61,77].

The dispersing function of the membrane with nano- or sub-
nanochannels provides even mixing of two streams of fluid and
strengthens the micromixing performance [78], which plays a vital
role in controlling crystal formation. A uniform and stable super-
saturated environment can be achieved by membrane interfacial
dispersion for a rapid precipitation reaction to control nucleation
and growth rate [79]. For example, Chen et al. [80] studied a
method to produce barium sulfate nanocrystals using a membrane
dispersion reactor. The average size of the crystal with spherical
morphology produced by this method was adjusted to a range of
20-200 nm. Smaller barium sulfate crystals can be produced by
regulating the concentration of the sodium sulfate aqueous solu-
tion and the membrane pore size. y-Alumina nanoparticles having
two peaks in the pore size distribution [81] and hexagonal ZnO
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Fig. 6. (a) Experiment flow chart of the continuous MCr process; (b) schematic of membrane crystallizer; (c) actual experimental devices; (d) schematic of the dynamic
interfacial HCM-assisted MCr and molecular formation principles. Ghycleation: the critical nucleation energy; Treq: the temperature of the feed crystallization solution;
Vaow: the velocity of the feed flow; C: the concentration of the crystallization component; the percentages (3%, 97%, and 98%) are the morphology selectivity. Reproduced
from Ref. [59] with permission of Elsevier Ltd., ©2018.
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nanoparticles [82] have been successfully synthesized using a

highly efficient mixed-membrane disperser.

A classic process for producing nanoparticles via MCr is shown
in Fig. 8 [83]. Unlike a conventional stirring crystallizer, a mem-
brane dispersion reactor results in size-controlled cerium dioxide
(Ce0,) crystals. While the average size obtained by conventional

mixing was 16.7 nm, the crystal size obtained by the membrane

dispersion method was as low as 8.2 nm because of the improved
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mixing performance (as shown in Fig. 9) [83]. The above methods
to improve mixing are all attempts to manufacture ultrafine
nanoparticles and shed light on the manufacture of crystals with
a specific target size for industrial applications.
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3.2. Novel mass transfer mechanism via membrane-assisted
antisolvent crystallization

A critical challenge in the crystallization process is the interfa-
cial micromixing of the antisolvent/crystallization solution during
antisolvent crystallization owing to the limited droplet surface
with low interfacial mass transfer rate and high diffusion resis-
tance. In recent years, crystal products with good morphology have
been successfully obtained using equipment with porous hollow
fiber membranes [84,85]. To avoid the deposition of crystal prod-
ucts in the hollow fiber tube and thus blocking further production,
a classic feeding mode (shown in Fig. 10) is generally selected for
hollow fiber porous membrane-assisted antisolvent crystallization
(HFPMAAC) [25]. Chen et al. [21,44] produced polymer-coated

55

drug nanocrystals and nanoparticles utilizing HFPMAAC. The por-
ous membrane with micron- or submicron-channels serves as
the mass transfer interface between the antisolvent and crystal-
lization, resulting in precise mass transfer control of the antisol-
vent and strengthening the micromixing [86,87].

When the membrane used in membrane-assisted antisolvent
crystallization (MAAC) is not porous, the mass transfer between
antisolvent and crystallization follows an alternative mechanism
of surface renewal rather than microdroplet mixing (Fig. 11) [29].
A precise supersaturation control mechanism was developed via
permeating antisolvent on the membrane microscale interface.
The new mechanism can obtain accurate supersaturation regula-
tion in milliseconds at approximately the 2D submicron liquid
layer (thickness around 50 to 200 pm), which overcomes the
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inhomogeneity drawback of the conventional three-dimensional
(3D) macro-mass transfer that occurs in a kettle crystallizer or
tubular crystallizer.

Based on the process analysis and developed model, antisolvent
permeation flux can be precisely controlled by regulating the
velocity in the membrane module shell side. With the MAAC
advantages of low interfacial mass transfer rate and better mixing,
crystals of a classic pharmaceutical product, erythritol, can be
obtained with improved morphology and narrower CSD (as shown
in Fig. 12 [29]). MAAC possesses more accurate control in terms of
interfacial mass transfer rate (0.66 mg-cm2.s~!) than conventional
antisolvent crystallization owning to the membrane module with
high packing density (238 m2.m~3). When the packing density is
doubled, the interfacial mass transfer rate decreases accordingly,
simultaneously improving control accuracy. The stable liquid layer
formed on the membrane outer surface can effectively prevent
heterogeneous nucleation attachment and enhance the antisolvent
addition rate, both of which increase the manufacturing capacity of
MAAC.

4. Hybrid process control and applications of MCr

The process of nucleation and growth is a core concern for
determining the crystallization mechanism and realizing industrial
applications. MCr is an emerging hybrid technology platform with
great potential to address this concern. Unlike traditional crystal-
lization methods, MCr can serve as a process decoupling approach:
nucleate on the membrane interface (or in the membrane module)
and then grow in the crystallizer (or in the membrane crystallizer
system). By introducing the membrane interface, it is possible to
coordinate control of the microscale force field and supersaturation
environment via membrane interfacial nucleation. This is of
increasing interest for complex crystallization process control
and design.

56

4.1. Accelerating nucleation and autoseeding via MCr for process
control

In the membrane-assisted crystallization process, a uniform
interface is provided by the membrane, which is beneficial for pre-
cisely regulating supersaturation and mixing conditions. The mem-
brane used in this process also functions as a heterogeneous
nucleation medium, and may further increase the risk of mass
transfer, efficiently reduce the fouling on the membrane surface
[88,89]. Based on van der Waals friction hydrodynamic force field
theory and classic nucleus kinetics, Jiang et al. [30] proposed a
mathematical model to determine the nucleation and crystal
growth control mechanism on the membrane interface. Three crys-
tal modes exist on the membrane surface under certain operational
conditions and particle size, including temporary adhesion,
autodetachment, and perpetual adhesion (Fig. 13 [30]). The process
of crystal adhesion, growth, and detachment was directly observed
via real-time experiments.

The transformation from membrane scaling to nucleation
autodetachment is crucial for the MCr process because the process
of crystal nucleation, growth, and detachment can automatically
select and screen the crystal size under specific conditions.
Detached crystals transfer into the main solution as seeds for sub-
sequent crystal growth and aging. The automatic crystal selection
process can isolate the nucleation and growth process from the
spatial-temporal aspect, which effectively avoids secondary nucle-
ation in the crystallizer. Owing to the introduction of uniform seed
crystals produced by the membrane, the crystal products obtained
by the MCr possess have a narrower size distribution than those
from non-membrane crystallization (Fig. 14 [30]).

4.2. Comprehensive solution treatment via hybrid MCr system

Because of the MCr nucleation process control and effective
crystal growth adjustment, a hybrid MCr system with reverse
osmosis (RO) and relevant membrane-based technology provides
an improved route to comprehensive solution treatment.
Macedonio et al. [90] studied an integrated membrane system
for seawater desalination (Fig. 15). The plant recovery factor was
greatly increased (reached 92.8%) by the introduction of MDCr. A
high total-water recovery (more than 90%) was achieved by com-
bining MDCr with the RO process, and the sodium chloride (NaCl)
crystals obtained also possessed a narrow size distribution [91]. In
addition, Ali et al. [92] analyzed the performance of a system that
combined microfiltration (MF) with MCr for treating produced
water. These studies all verified the ability to convert wastewater
to freshwater and useful salt by using low-grade heat flow and
MCr hybrid system.

The membrane surface is easily contaminated in the MDCr pro-
cess while recovering crystals under high solution concentration
conditions. Therefore, for crystals whose solubility decreases sig-
nificantly with temperature, the coupling of cooling crystallization
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and MDCr can significantly improve crystal yield and prevent
membrane fouling at the same time. For example, Wu et al. [93]
found it was easy to reach high supersaturation using MD, and
high-quality crystals were gained from further multistage cooling.
Gryta [94] applied the MDCr process to the treatment of a concen-
trated NaCl solution, and with the assistance of two-stage cooling
crystallization, up to 43 kg-m2-d~! NaCl could be obtained from
the feed solution.

The energy efficiency of MDCr is an essential issue when con-
sidering diverse hybrid processes and configuration designs. There
are four operation modules for MD depending on the management
of the permeate side [95]: D DCMD, where cool water is in direct
contact with the membrane to absorb vapor; @ air gap membrane
distillation (AGMD), which introduces an air gap near the
membrane on the permeate side to reduce heat loss; @ sweeping

57

gas membrane distillation (SGMD), where the gas sweeps the per-
meate side to transfer the vapor to a condenser; and @ VMD,
where the permeate side is under vacuum or low pressure. DCMD
is the most common process in laboratory-scale studies because of
its simple equipment design. Compared with DCMD, the air gap in
the AGMD process reduces heat loss on the membrane surface,
resulting in higher energy efficiency. SGMD is appropriate for
removing volatile compounds from aqueous solution [95]. Thus,
this configuration has been applied in some food industries [96].
Another widely used configuration is VMD, which has a higher per-
meate flux compared with the other configurations as a result of its
high mass transfer driving force [97]. Because the driving force of
the MDCr process comes primarily from the difference in
transmembrane vapor pressure, an increase in temperature can
effectively improve the mass transfer efficiency by increasing the
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saturated vapor pressure on the feed side [98]. However, the effect
is marginal, and simply increasing the temperature may reduce the
overall thermal efficiency [99]. Furthermore, for some solutes
whose solubility decreases with increasing temperature, operation
at high temperatures increases the risk of membrane fouling.
Therefore, it is necessary to find the optimal operating temperature
appropriate for different solution systems [97].
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For the MCr devices, flat-sheet and hollow fiber membrane
modules are commonly applied both in laboratory-scale experi-
ments and pilot plants [100,101]. The flat-sheet membrane module
has the advantages of simple structure, convenient cleaning, and
low cost, but the specific surface area and packing densities are
lower than in the hollow fiber membrane module. Furthermore,
Meng et al. [102] pointed out that the crystal nucleation and
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growth behavior of those two membrane modules were consistent,
indicating both membrane modules have similar crystallization
mechanisms.

In conventional MDCr operation, the feed solution is heated and
pumped into the membrane module, and the concentrated solu-
tion must be reheated for the next cycle. This process produces a
large amount of heat loss from the need to repeatedly reheat the
main solution. Another MDCr configuration submerges hollow
fiber membranes in a tank, which could serve as both crystallizer
and feed tank, and could reduce the heat loss from solution circu-
lation [103] and transfer the crystallization location from the
membrane surface to the bulk solution [104]. Increasing the feed
flow rate increases the Reynolds number, thereby improving the
mass and heat transfer coefficients, and thus the overall efficiency
of the system [105]. There is an optimum flow rate to achieve the
best economic benefit at the equilibrium point between energy
consumption and flux [106]. Moreover, the interaction of different
ions in the feed solution may influence the whole operation

>
v \4
A

FD brine

y <

Solar energy

Pure ice

) — 't _____ J

process (e.g., final crystal product morphology, product quality,
and yield). Quist-Jensen et al. [107] found that, depending on the
specific operating conditions, lithium chloride (LiCl) crystals could
be obtained in cubic or orthorhombic polymorphic structures
[107]. Salmén et al. [108] were able to obtain high-quality crystals
without co-crystallization under the proper conditions.

Under reasonable MDCr operating conditions, it is possible to
achieve a water-salt balance in the feed and output of the system,
thereby achieving zero liquid discharge (ZLD) desalination [109].
Quist-Jensen et al. [110] integrated innovative membrane pro-
cesses to achieve ZLD and recover magnesium and lithium salts
in high qualities. Guo et al. [111] optimized a ZLD desalination
plant using the AGMD process, and the energy consumption for
the lab-scale equipment was as low as 1651.5 k] per kilogram of
water (H,0). Lu et al. [112] established a mathematical model to
build a ZLD system that integrates freeze desalination and MDCr
(Fig. 16). This optimized hybrid system possessed a seawater treat-
ment capacity of 72 kg-d~!, and half of its energy consumption
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Fig. 16. Mechanism of the integrated MDCr and freeze desalination (FD) system with ZLD. Reproduced from Ref. [112] with permission of Elsevier Ltd., ©2019.
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could be supported by a 50.5 m? solar panel, which provides a pos-
sible approach to realize ZLD using clean energy. As a process that
could treat high-salinity wastewater while recovering pure water
and high-quality salt products, MDCr could be used in the treat-
ment of industrial wastewater. Kim et al. [113] reported that, for
the treatment of shale gas production water, the recovery rate of
freshwater and minerals with the MDCr process was up to 84%
and 2.72 kg-m~2.d"!, respectively, with low energy consumption
(28.2 kW-h-m3).

4.3. Control of membrane fouling and wetting in MCr

In the MDCr process it is desirable not only to promote crystal
formation as much as possible to achieve higher yields, but also
to avoid membrane fouling caused by crystallization in order to
achieve continuous operation [114]. Ideally, the crystals detached
from the membrane surface would be brought into the crystallizer
via hydrodynamic transport, and crystal formation would be pro-
moted by the nucleus to maintain the concentration balance
[30,113,115]. In actuality, the deposition of crystals on the mem-
brane surface significantly impacts the flux decline in the MDCr
process [116,117]. Crystal products could be removed in a timely
fashion to a certain extent using reasonable operating conditions
[41,114]. Once fine crystals are generated on the membrane inter-
face, it is difficult to reduce the membrane fouling by washing with
pure water [118] and air backwashing. Thus, avoiding membrane
fouling in the initial period, which is highly influenced by the solu-
tion system, is a key issue [119].

In some studies on seawater desalination via MCr, the main
cause of flux decline is the deposition of calcium-based pollutants
on the membrane interface [37,120]. As the calcium-based pollu-
tants have low solubility, even if the solution does not reach satu-
ration, adhesion of the micronuclei (or cluster) would cause crystal
growth on the membrane surface, which greatly shortens the
operation duration [121]. The main solution to this problem is add-
ing various precipitants to reduce the concentration of calcium and
magnesium ions. Drioli et al. [122] achieved reactive precipitations
by adding NaHCOs/Na,CO5 aqueous solutions of a certain concen-
tration (1:1 Ca?*/COs?>~ molar ratio). Creusen et al. [123] added cal-
cium carbonate (CaCOs) crystals to the bulk solution to promote
crystallization and prevent flux decline. Quist-Jensen et al. [110]
found that 98% of Ca®* ions could be precipitated when Na,CO3
was added at a 1:1.05 Ca?*/COs*>~ molar ratio. Membrane fouling
also promotes the occurrence of membrane wetting [124,125].
Gryta [94] studied the mechanism of membrane wetting and the
operating conditions that can produce membrane wetting via
mathematical methods. Furthermore, it is easy for organic matter
in the bulk solution to cause membrane wetting [126]. Thus, in
practical applications, it is necessary to reduce organic matter via
a pretreatment process [127]. Essentially, similarly to other
membrane-based separation processes, the long-term operation
of MCr will urgently require a new combined chemical and physi-
cal antifouling technology.

5. Conclusions and perspectives

With its expanding theoretical understanding and practical
applications, MCr has become a frontier of the intersection of pro-
cess engineering and product engineering, which is far beyond
where its research initially started. Previous and ongoing studies
have demonstrated the emerging attraction and feasibility of MCr
technology for such applications as comprehensive wastewater
treatment, desalination, enhanced micromixing, accurate nucle-
ation control, and hybrid continuous crystallization intensification.
Thus, all the recent research has illustrated that MCr-utilized
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membranes, process intensification mechanisms, and process con-
trol applications can inspire both crystallization engineering and
membrane engineering. MCr may also lead to innovative develop-
ment and improvements in high-level solid chemical manufacture.

The field of membrane crystallization could benefit from future
efforts in the following areas:

(1) Miniaturization of the membrane module for advanced
nucleation and growth control technology.

(2) Continuous stable process models for MCr process design
with multiple targets, such as energy efficiency, crystal size distri-
bution, crystal morphology, and crystal shape selectivity.

(3) Improved membrane and control technology that can con-
vert membrane scaling and particle deposition to particle
autodetachment.

(4) Development of membrane-assisted reactive crystallization
for nanoparticle, pharmaceutical, and biological crystal
manufacture.
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