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Crystallization is an important unit operation in the pharmaceutical industry. At present, most 
pharmaceutical crystallization processes are performed in batches. However, due to product variability 
from batch to batch and to the low productivity of batch crystallization, continuous crystallization is gaining 
increasing attention. In the past few years, progress has been made to allow the products of continuous 
crystallization to meet different requirements. This review summarizes the progress in pharmaceutical 
continuous crystallization from a product engineering perspective. The advantages and disadvantages of 
different types of continuous crystallization are compared, with the main difference between the two main 
types of crystallizers being their difference in residence time distribution. Approaches that use continuous 
crystallization to meet different quality requirements are summarized. Continuous crystallization has 
advantages in terms of size and morphology control. However, it also has the problem of a process yield that 
may be lower than that of a batch process, especially in the production of chirality crystals. Finally, different 
control strategies are compared.
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1. Introduction

Crystallization, which can be used to determine numerous prod-
uct properties in the solid-liquid separation process, is not only a 
separation and purification process but also a refining process in the 
pharmaceutical industry [1–3]. Of active pharmaceutical ingredients 
(APIs), 90% are crystals of small organic molecules [4]. At present, 
most crystallization processes in the pharmaceutical industry are 
performed in batches [5]. Although batch crystallization has been 
widely studied, the problems of batch-to-batch variability and pro-
cessing inefficiency are still present [6]. As a means of dealing with 
these problems, continuous crystallization has received increasing 
attention due to its characteristics of constant conditions at the 
steady state and high product efficiency [7–9]. Continuous crystalli-
zation is a unit operation in which the mother liquid is continuously 
flowed in, and the slurry is continuously withdrawn. According to an 
analysis by Schaber et al. [10], the continuous crystallization process 
can save 9% to 40% of the production cost. In this review, we discuss 

how to meet the different pharmaceutical quality requirements 
using continuous crystallization, and outline the different control 
strategies that are used in continuous crystallization.

2. Comparison between two types of continuous crystallization

There are two main types of continuous crystallizer: the 
mixed-suspension mixed-product removal (MSMPR) crystallizer 
and the continuous tubular crystallizer [11]. Fig. 1 shows a schemat-
ic diagram of the two general types of crystallizer.

The residence time distribution in the MSMPR crystallizer is 
relatively wide and long, compared with the tubular crystallizer, in 
which it is relatively narrow and short. Table 1 [6] provides a com-
parison of these two types of crystallizers.

3. General requirements for crystal products

Numerous studies have been carried out on converting batch 
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crystallization processes into continuous crystallization ones 
[6,11,12]. In order for a continuous crystallization process to substi-
tute for a batch crystallization process, the quality of the continuous 
products should meet the quality that is achievable in batch prod-
ucts [13].

As shown in Fig. 2, the general quality requirements for phar-
maceutical crystallization are yield, purity, size, morphology, pol-
ymorphism, and chirality [11]. However, the process of continuous 
crystallization is different from a batch process [14], and must be 
carefully designed and controlled. In general, two problems must be 
solved in order to employ a continuous process in pharmaceutical 
crystallization: The first is the design problem, which determines 
whether a new designed crystallization process is able to produce 
the desired crystals; and the second is the control problem, which 
determines whether a continuous crystallization process can pro-
duce the desired crystals in a stable manner. In the past few years, 
a certain amount of progress has been made to allow the products 
of continuous crystallization to meet the abovementioned require-
ments. The following sections discuss this progress from a product 
engineering perspective.

4. Continuous MSMPR crystallizers in pharmaceutical 
crystallization

The MSMPR crystallizer is one of the most commonly used con-
tinuous crystallizers. In general, the MSMPR crystallizer is assumed 
to be well-mixed. In this crystallizer, supersaturation, which is cre-
ated by means of processes such as cooling, evaporation, or a reac-
tion, is the driving force for nucleation and growth. A high degree of 
supersaturation will accelerate the nucleation and growth rate, and 
will consequently increase the total crystal surface in the crystalliz-
er. In turn, a large total crystal surface will accelerate the supersatu-
ration consumption rate, thus creating a feedback loop. The MSMPR 

crystallizer will eventually achieve a steady state, except under spe-
cial circumstances.

Many studies have been performed on the MSMPR crystallizer, 
and this type of crystallizer has been used to produce inorganic 
salts. Since inorganic salts are relatively simple, issues of polymor-
phism and chirality may not exist or may not be important for their 
crystallization. In addition, the requirements of inorganic crystals, 
such as crystal size distribution, purity, and yield, may differ from 
the requirements of pharmaceutical crystallization. Therefore, the 
design and control processes in pharmaceutical continuous crystal-
lization are often different from those in the continuous crystalliza-
tion of inorganic salts.

4.1. Using MSMPR crystallizers to meet purity and yield 
requirements in pharmaceutical crystallization

Purity and yield are the basic requirements for a crystallization 
process, since they directly influence the process economy. Howev-
er, as a characteristic of continuous crystallization, the process must 
be operated at a certain degree of supersaturation [15]; hence, the 
yield of a single pass of a continuous crystallization process is lower 
than the yield of a single batch process. To overcome this problem, 
many researchers have modified MSMPR crystallizers into different 
forms. Table 2 [7,13,15‒18] compares different approaches for in-
creasing product yield.

In order to reduce the residual supersaturation, the simplest ap-
proach is to extend the residence time [11,16,17,19]. The attainable 
yield can be calculated according to the population and mass balance 
equations. However, this method would lead to low productivity. In 
addition, a long residence time may lead to a low purity. As shown in 
Ref. [16], given a long enough residence time, a maximum yield can 
be achieved, but the purity is then at its lowest, at about 97.6%.

Fig. 1. Schematic diagram of two types of continuous crystallizer: the MSMPR crystal-
lizer and the continuous tubular crystallizer.

Table 1
Comparison of the MSMPR and tubular crystallizers [6].

Type Advantages Disadvantages

MSMPR crystallizer •	 Easier to convert from batch crystallizer •	 Less efficient than tubular crystallizer

•	 Lower maintenance cost •	 May lead to non-stable behavior

•	 Equipment is simpler •	 Startup process may be relatively long

•	 Easier maintenance •	 Relatively hard to scale up

Tubular crystallizer •	 Higher efficiency than an MSMPR crystallizer of the same volume •	 Maintenance is expensive and complex

•	 Narrow residence time distribution •	 Easier to cause fouling

•	 Easier to scale up •	 Equipment is relatively complex

Fig. 2. General quality requirements for pharmaceutical crystals.
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Using this method resulted in a dramatic increase in crystallization 
yield without sacrificing purity (the yield was 98.7% and the impuri-
ty was 0.15 ppm); it also reduced the energy consumption. Another 
method, proposed by Li et al. [7], uses solid recycling to improve the 
yield of two-stage cyclosporine continuous crystallization. In the 
work by Li et al. [7], the crystals were recycled to the crystallizer af-
ter filtration. This method was mainly used in a system in which the 
crystal growth rate was relatively low. Increasing the crystals in the 
crystallizer provides more crystal surface to consume the solution 
concentration, hence increasing the yield. The maximum yield ob-
tained by this method was 79.8%.

In general, simultaneous improvement in both yield and purity is 
a somewhat paradoxical concept, unless a new method is used. The 
relationship between purity and yield that is established by the DC 
is useful for designing a continuous process. A smaller size distribu-
tion results in a larger total crystal surface area, making it easier for 
impurities to adhere to the surface [20]. However, although crystal 
size distribution is often considered to have an effect on crystal 
purity, this factor was not considered in that study, as far as the au-
thors know. In the future, it may be possible to consider the effect 
of particle size on purity. In addition, it is always desirable to find a 
new method that can simultaneously improve purity and yield.

4.2. Using MSMPR crystallizers to meet size requirements in 
pharmaceutical crystallization

Crystal size is another important property of crystal products, 
since it can significantly affect the physicochemical characteristics 
of the API [21–23]. Multiple factors have an impact on crystal size 
distribution, including but not limited to residence time, tempera-
ture, and impurities.

This study outlines two main directions that may be followed in 
order to use MSMPR crystallizers to produce a desired crystal size 
distribution. The first method is to obtain a small crystal size distri-
bution [24–26]. This mainly causes the drug to have a faster delivery 
rate. The second method is to obtain a large crystal size distribution 
[27,28]. This mainly enhances the efficiency of downstream opera-
tions. The population balance model is the basic model that is used 
to predict crystal size distribution.

In multistage MSMPR crystallization, the general operating var-
iables are temperature, residence time, and anti-solvent addition 
rate. For a given operating condition, it is possible to calculate the 
attainable maximum and minimum size distribution, based on the 
population and mass balance model. Vetter et al. [29] constructed 
an attainable region of mean particle sizes versus the total residence 
time for three different pharmaceutical MSMPR cascades (paraceta-
mol cooling crystallization, L-asparagine anti-solvent crystallization, 
and aspirin cooling/anti-solvent). As shown in Fig. 3, increasing the 
number of MSMPR crystallizers in the cascade results in a larger 
attainable region and in diminishing returns for the attainable max-
imum crystal mean size. In a later study, Vetter et al. [30] took the 
uncertainty in kinetic parameters into consideration and construct-

Another widely used method to improve the yield is mother liq-
uid recycling. In mother liquid recycling, the slurry is concentrated 
after filtration and then returned to the crystallizer. Alvarez et al. [15] 
used mother liquid recycling to improve the cooling crystallization 
yield of cyclosporine. They were able to increase the yield from 74% 
to 87%, compared with the yield of a batch process. However, the 
purity decreased from 95% to 94%. They also established an empir-
ical impurity distribution model. Using this model in conjunction 
with the population and mass balance equations, Alvarez et al. [15] 
were able to simulate the effect of the operating conditions on the 
production purity and yield. In their work, they used a distribution 
coefficient (DC) to characterize the impurity concentration distribu-
tion. The DC can be defined as shown in Eq. (1):

	
( )
( )

imp CycA solid

imp CycA liquid

DC
C C

C C
= � (1)

where Cimp is the concentration of impurity and CCycA is the concen-
tration of the host. 

According to those authors’ results, the DC is a linear function 
of the impurity ratio of the starting solution. Alvarez et al. [15] ex-
perimentally measured the relationship between the DC and the 
impurity ratio of the starting solution. They concluded that the 
third-stage temperature was the primary control variable for the 
final purity and yield. Based on this work, they transformed the 
crystallization of aliskiren hemifumarate into a continuous reactive/
cooling crystallization process [16], and were also able to determine 
the relationship between the operating conditions and the product 
quality. Zhang et al. [17] developed two-stage anti-solvent/cooling 
crystallization, and compared the addition of the anti-solvent in 
each stage in order to determine which resulted in a better quality. 
Their results showed that it was preferable to add the anti-solvent in 
the second stage. In later work, Wong et al. [18] simplified the cyc-
losporine multistage MSMPR crystallizer into a single-stage MSMPR 
crystallizer by continuously concentrating and recycling the mother 
liquid, thereby achieving better purity and yield (94.3% and 91.8%, 
respectively). In the continuous anti-solvent/cooling crystalliza-
tion of deferasirox [18], the recycled mother liquid was evaporated, 
mixed with anti-solvent, and then re-refluxed into the crystallizer. 
The maximum yield and minimum impurity concentration were 
89.1% and 0.2 ppm, respectively.

Mother liquid recycling is an effective method of enhancing the 
yield. However, this method still has three weaknesses [13]. First, it 
cannot deal with a case in which the APIs are sensitive to tempera-
ture, and especially when they are sensitive to high-boiling-point 
solvents. Second, mother liquid recycling may modify the solution 
composition in the crystallizer, especially during anti-solvent crys-
tallization. Third, the recycle ratio is limited by impurity buildup. 
To overcome these problems, Ferguson et al. [13] applied an organic 
solvent nanofiltration membrane in order to preferentially con-
centrate the API (deferasirox) and purge the limiting impurity (4- 
hydrazinobenzoic acid) from the mother liquid recycling stream. 

Table 2
Different approaches for increasing product yield.

Approach Yield (wt%) Purity (%) Compound Ref.

Extend residence time 93.6 97.6 Aliskiren hemifumarate [16]

91.0 91.6 Compound A [17]

Mother liquid recycling 87.0 94.0 Cyclosporine [15]

91.8 94.3 Cyclosporine [18]

89.1 — Deferasirox [18]

Solvent nanofiltration membrane 98.7 — Deferasirox [13]

Solid recycling 79.8 96.0 Cyclosporine [7]
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ed a more reasonable attainable region for the paracetamol cooling 
MSMPR cascade crystallization. However, in some cases, it may not 
be easy to attain the operating conditions required to obtain the max-
imum or minimum size; for example, the residence time may be too 
short for the heat transfer. Power et al. [31] took the energy balance 
constraint and operating volumes constraint into consideration and 
constructed another attainable region for the paracetamol cooling 
MSMPR cascade crystallization. In general, the attainable region can 
be regarded as a guide when designing a crystallization process, as it 
helps the designer to avoid aiming for an unfeasible case [32].

In some cases, the minimum attainable mean size of MSMPR 
crystallization is still too large for the requirement; thus, some im-
provement should be employed to deal with this problem. Instead 
of a fine crystal elimination operation, Griffin et al. [24] proposed a 
large-crystal dissolving operation mode in order to obtain a small 
mean crystal size. Using this method made it possible to reduce the 
particle size of the product of aspirin continuous crystallization at 
a plant scale. In this way, the volume-weighted mean crystal size 
was reduced from 224.2 μm to 60 μm, for a cut size of 120 μm. 
However, when using this method, caution is necessary in order 
to avoid non-stable behavior and the possibility of fouling, due to 
the increase in supersaturation. Another method that can reduce 
crystal size was proposed by Yang et al. [25,26], who added a wet 
mill operation to the continuous crystallization process. It is inter-
esting to note that different locations of the wet mill were shown 
to have different impacts on the particle size. In their work, Yang et 
al. compared the effect of different configurations of the integration 
of a rotor-stator wet mill with MSMPR on the crystal size distribu-
tion. When the wet mill was located upstream, it served as a seed 
generator and may have resulted in a larger mean size. When it was 
downstream, it served as a continuous size-reduction tool (decreas-
ing the square-weighted mean chord length from 71 μm to 55 μm). 

In addition, the use of a wet mill operation was shown to narrow 
the particle size distribution, regardless of the position of the mill. 
Narducci et al. [33] coupled ultrasound with an adipic acid MSMPR 
crystallizer. In the presence of ultrasound, the crystal size of adipic 
acid was much smaller (about 60 μm) than with MSMPR alone (about 
500 μm). Compared with ultrasound, residence time has little ef-
fect on crystal size. Powell et al. [34] investigated the morphology 
change of paracetamol continuous crystallization products in the 
presence of the additive hydroxypropyl methylcellulose (HPMC). 
The product crystals were tabular and small, compared with a range 
of different morphologies that occurred when no HPMC was added. 
Finally, the mother liquid recycling method mentioned in Section 4.1 
can also reduce the particle size.

In some cases, it is desirable to obtain a large crystal size that is 
infeasible according to the attainable region. To achieve this purpose, 
the fine crystal dissolving approach is widely used [35,36]. However, 
care must be taken when using this method, since it may result in 
non-stable behavior in continuous crystallization. Su et al. [27] and 
Powell et al. [28] described a periodic flow method to increase the 
residence time distribution and hence the crystal size. In glycine con-
tinuous crystallization, they shifted the MSMPR into novel periodic 
flow crystallization. The residence time distribution clearly increased 
and blocking in the pipe was avoided. The volume-based mean parti-
cle size D43 increased from 342.16 to 696.76, compared with the same 
operation without periodic flow. Finally, the solid recycling method 
mentioned in Section 4.1 can also increase the particle size.

To achieve the desired crystal size in continuous crystallization, 
the attainable region can be a helpful guideline. If, according to 
the attainable region, manipulating the operation conditions (i.e., 
temperature and residence time) do not permit meeting the crys-
tal size distribution requirements, then the problem can be solved 
by adding an operation (i.e., wet milling, fine crystal dissolving, or  

Fig. 3. Using MSMPR to meet the size requirements in pharmaceutical crystallization.
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ultrasound) or modifying the operation mode (i.e., through periodic 
flow).

4.3. Using MSMPR crystallizers to meet morphology requirements in 
pharmaceutical crystallization

Differences in crystal morphology result from the growth rate 
difference between different crystal faces [37]. Producing the de-
sired pharmaceutical crystal morphology in MSMPR crystallization 
is more complex than producing the desired size, since it involves 
dealing with coupling problems such as shape evolution, multidi-
mensional population balance, and mass balance. Simulating crystal 
morphology in MSMPR is easier than morphology modeling in batch 
crystallization, in that the supersaturation in the continuous process 
is constant and in a steady state.

Borchert et al. [37] have simulated the evolution trajectory of 
the single crystal shape. Because the supersaturation is constant, 
the crystal morphology changes according to the same evolution 
trajectory, as shown in Fig. 4. The difference in morphology can be 
thought of as the difference in the crystal age in the crystallizer. The 
steady-state crystal age distribution in the MSMPR crystallizer is 
equal to the residence time distribution in the well-mixed vessel. 
Next, the morphology distribution in the continuous crystallization 
process can be solved iteratively by coupling the crystal age dis-
tribution with the mass balance and multidimensional population 
balance. Kwon et al. [36] coupled MSMPR with a fines trap in order 
to control the shape distribution of tetragonal hen-egg-white (HEW) 
lysozyme crystals. They simplified the crystal shape evolution as 
a change in the crystal aspect ratio. A kinetic Monte Carlo simula-
tion, coupled with heat balance and multidimensional population 
balance, was used to model the crystallization process. The desired 
crystal could be obtained by an appropriate adjustment of the jack-
et temperature. However, unlike batch crystallization, controlling 
crystal morphology by adding additives is rarely done in continuous 
crystallization. Gerard et al. [38] added calcium-based additives 
to the sodium bicarbonate crystallization in a MSMPR reactor. The 
method mentioned above that was used to change crystal size by 
adding HPMC in a paracetamol continuous crystallization was also 
found to change the crystal morphology.

The sphere is an attractive crystalline morphology. Because of the 
resulting good flowability and handling properties, producing crys-
tals with a spherical shape can improve the downstream processing 
efficiency [39]. However, many factors can influence the quality of 
spherical crystals [40]. The operating conditions for continuous crys-
tallization at a steady state are constant. Therefore, some research-
ers have attempted to produce spherical crystals using continuous 
crystallization.

Tahara et al. [41] used a single-stage MSMPR crystallizer to pro-
duce spherical crystals of albuterol sulfate. Water was used as the 
solvent and an ethyl acetate/emulsifier (Pluronic L-121) mixture 
was used as the anti-solvent. Because of the large amount of solvent 
used in spherical crystallization, Tahara et al. used a continuous 
solvent-recovery process to improve the economics of the process. 
They found that a relatively low emulsifier concentration (2%), a 
small crystallizer volume (50 mL), and a long residence time (60 min) 
resulted in a large particle size. Peña and Nagy [42] divided the con-
tinuous spherical crystallization of benzoic acid into two steps. The 
first step was the nucleation and growth-dominant stage, which was 
done in the first crystallizer with ethanol as the solvent and water as 
the anti-solvent. The second step was the agglomeration dominant 
stage, which was done in the second crystallizer with toluene as the 
bridging liquid. This operation had the obvious advantage of separat-
ing the different processes and thereby improving the controllability 
of the process. Using this process, Peña and Nagy were able to con-
tinuously obtain spherical crystals with a diameter of about 1 mm.

A great deal of work remains to be done regarding crystal shape 
control in pharmaceutical continuous crystallization. Because the 
crystal shape evolution trajectory is the same in the MSMPR crystal-
lizer, it is possible to reduce the multidimensional population bal-
ance to a one-dimensional population balance, thus simplifying the 
design and control process.

4.4. Using MSMPR to meet polymorphism requirements in 
pharmaceutical crystallization

Controlling the polymorphism of pharmaceuticals is one of the 
key objectives in the pharmaceutical crystallization process, since 
different polymorphs can have a great impact on the physical and 
chemical properties of a compound [43]. In batch crystallization, 
numerous approaches can be used to control the polymorphism of 
a pharmaceutical product [44,45]. However, since some operating 
conditions are completely different for batch versus continuous 
crystallization, it may be infeasible to apply batch polymorph con-
trol strategies in a continuous process [46]. To the best of our knowl-
edge, few studies have focused on controlling polymorphism in a 
continuous process. In order to transition pharmaceutical manufac-
turing from batch processes to continuous processes, this problem 
cannot be avoided.

Lai et al. [46] demonstrated that it is possible to produce the de-
sired L-glutamic acid polymorphs in a continuous process by manip-
ulating the crystallizer temperature and residence time. They con-
cluded that if the endpoint temperature in a single-stage MSMPR is 
25 °C, in order to obtain pure stable β polymorph, the residence time 
should be 900 min, which is not realistic for the continuous crys-
tallization process. Another important finding was that the initial 
seeding strategies cannot control the polymorph; rather, the major 
factors that control the polymorph are the relative nucleation and 
growth kinetics between two polymorphs. In addition, Lai et al. stat-
ed that it may be difficult to achieve the desired polymorph and the 
desired yield simultaneously. In later work, Lai et al. [47] expanded 
their research in single-stage MSMPR to cascade MSMPR. Using a 
cascade MSMPR, they were able to control the polymorphism of 
enantiotropic p-aminobenzoic acid while maintaining a high yield. 
Based on the kinetic parameters they obtained, they established a 
polymorph population balance model for continuous crystallization. 
Using this model, they then simulated continuous crystallization 
under different operating conditions. Using the simulation results, 
they were able to obtain the desired polymorph by adjusting the op-
eration conditions.

Motivated by the abovementioned research, Farmer et al. [48] 
performed a remarkable work analyzing polymorphism under 
steady-state conditions, and modified the population balance model Fig. 4. Crystal morphology distribution in continuous MSMPR.
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into a non-dimensional form. Using this non-dimensional model, 
two non-dimensional numbers could be used to determine which 
polymorph was obtained, as shown in Fig. 5 [45,46,48]. Farmer et 
al. concluded that dissolving the unsteady polymorph has no effect 
on the steady-state polymorph. They systematically analyzed the 
effect of operating conditions on the polymorph during continuous 
crystallization, and obtained simulated results that agreed with the 
experimental data from Lai et al. [47].

Co-crystallization is a method to improve drug quality. Pharma-
ceutical co-crystals are multicomponent molecular systems that 
are typically formed through the hydrogen bonding of a co-former 
molecule with the API [49]. Powell et al. [49] used a novel periodic 
MSMPR crystallizer to produce the urea-barbituric acid co-crystal, 
and compared the effect of different operating conditions on the 
co-crystal form. Their results showed that the pure crystal form I 
could be obtained using optimal crystallization conditions. However, 
the pure crystal form III was not easy to obtain. Lee et al. [50] used 
continuous co-crystallization to separate vanillin. This technology 
separated vanillin by adding phenazine to form 1:2 co-crystals of 
phenazine-vanillin. The co-crystals were then recrystallized in ace-
tone to obtain the α form of the vanillin crystals. The use of contin-
uous operation in this process was mainly due to the fact that if the 
residence time of the continuous operation is short, the degree of 
supersaturation of the system will be large, thus facilitating the nu-
cleation and growth of the co-crystal. The process yield was about 
51.2%.

In general, the main differences between batch and continuous 
crystallization are: ① Seeding cannot control polymorphism in 
continuous crystallization; ② the main approaches used to control 
polymorphism in continuous crystallization are relative nucleation 
and growth kinetics between two polymorphs; and ③ dissolving the 
unsteady polymorph has no effect on the steady-state polymorph 
in continuous crystallization. Although the technical application 
of continuous crystallization to achieve desired polymorphs and 
co-crystals is still lacking for most polymorphic drugs, this method 
is gaining increasing attention.

4.5. Using MSMPR to meet chirality requirements in pharmaceutical 
crystallization

The separation of conglomerate-forming enantiomers is another 

requirement in the fine chemical industry, especially in drug pro-
duction [51,52]. Preferential crystallization is an attractive process 
for gaining pure enantiomers from racemic mixtures [53]. However, 
conventional MSMPR cannot deal with this problem, so modification 
must be done in order for it to achieve the requirements for this pro-
cess. There are three types of ternary phase diagrams of enantiomer-
ic systems: ① diagrams for conglomerate-forming systems, ② dia-
grams for racemic compound-forming systems, and ③ diagrams for 
solid solution-forming systems. The phase diagrams of most organic 
molecules that can contain R and S enantiomers depict conglomer-
ate-forming and racemic compound-forming systems [54].

The first research in transitioning preferential crystallization 
from batch process to continuous process was published by Qamar 
et al. [53]. In that study, an MSMPR with continuous seeding and 
with a fine-dissolving operation was used to continuously produce 
a preferential enantiomer. Continuously seeding the preferential en-
antiomer crystals maintained the solution concentration within the 
metastable zone in which spontaneous primary nucleation could be 
suppressed. Because the counter-enantiomer concentration could 
not be consumed, the operation needed to be carefully designed. 
The highest yield of this process was 6.6%. Based on this work, Qa-
mar et al. [55] performed a theoretical investigation of continuous 
preferential crystallization in a coupling crystallization. In their 
operation mode, two ideally mixed coupled crystallizers were con-
nected through exchange pipes and equipped with fines dissolution 
units. The two crystallizers continuously exchanged crystal-free 
liquid. Simultaneously, each crystallizer was seeded separately with 
one of the two enantiomers. Using this new operation mode, the 
productivity, yield, and purity were significantly increased. Chaaban 
et al. [56] applied the continuous separation of enantiomers to 
DL-asparagine monohydrate crystallization using coupled crystalliz-
ers, and studied the effect of the initial seed quality. Using seed crys-
tals with a lower average particle size and smoother surface struc-
ture was observed to improve the productivity, yield, and purity. 
However, due to the low crystal growth rate, the productivities were 
still unsatisfactory. Galan et al. [57] also used this mode to produce 
D-/L-threonine, and were able to continuously separate enantiomers 
with purities > 99%. Because continuous seeding is too complex for 
industrial application, Vetter et al. [51] added suspension mills to 
the continuous preferential crystallization (Fig. 6). Crystals were 
continuously milled in order to provide sufficient surface for crystal 
growth. Another important advantage was that the presented pro-
cess was robust. As long as the processing parameters were correct-
ly chosen, even if counter-enantiomer crystals appeared, the process 

Fig. 5. Three stability regions for polymorphic continuous crystallization [48]. Di-
amond-shaped data points correspond to Ref. [45], and square-shaped data points 
correspond to Ref. [46]. (Copyright © 2016, Wiley Online Library, Ltd.)

Fig. 6. A novel process flow sheet used for continuous preferential crystallization [51]. 
(Copyright © 2015. Wiley Online Library, Ltd.)
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was able to recover.
Temmel et al. [58] provided an equilibrium model for continu-

ously separating the substances in solid-solution-forming systems. 
In later work, Temmel et al. [54] introduced a counter-current pro-
cess to separate solid solution compounds.

In general, in order to produce the desired chirality, the main idea 
is to suppress homogeneous nucleation. However, such approaches 
often result in low yields. The review article by Rougeot and Hein [59] 
provides an overview with further details about continuous prefer-
ential crystallization.

5. Continuous tubular crystallization in pharmaceutical 
crystallization

Continuous tubular crystallization is another commonly used 
continuous crystallization. In the tubular crystallizer, the solution is 
fed at the inlet and moves through the tube. Crystallization is caused 
by supersaturation generated by cooling or anti-solvent addition, and 
the product crystals are withdrawn at the outlet. In theory, a cascade 
consisting of an infinite number of MSMPR crystallizers is mathe-
matically equivalent to a continuous tubular crystallization [29].

In cases that have high conversions with a short residence time, 
the continuous tubular crystallizer is preferable [6]. Depending 
on the operation mode, continuous tubular crystallization can be 
broadly classified as plug flow crystallization, segment flow crys-
tallization, or oscillatory baffled crystallization, as shown in Fig. 7. 
Compared with an MSMPR crystallizer, a tubular crystallizer has the 
advantages of a narrow residence time distribution and a relatively 
simple scale-up process [60]. However, it suffers from the disad-
vantages that the continuous tubular crystallizer may not be easy 
to control [6], and that the system can be easily blocked [61]. These 
characteristics cause research into tubular flow crystallizers to focus 
mainly on size control. To the best of our knowledge, the use of tubu-
lar flow crystallizers to meet other requirements is still limited [62].

5.1. Using tubular crystallizers to meet size requirements in 
pharmaceutical crystallization

Because of the narrow residence time distribution, in theory, 

crystal size is relatively easy to control in a tubular crystallizer. As 
mentioned above, having a propensity for blockages and being diffi-
cult to control are the two major problems in a tubular crystallizer. 
Blockages are mainly caused by fouling and particle sedimentation. 
The control problem has two main reasons: First, supersaturation, 
temperature, and mixing are not easy to control in a tubular crystal-
lizer; and second, it is difficult to sample and difficult to use process 
analysis technology (PAT) in a tubular crystallizer.

5.1.1. Plug flow crystallizer
The plug flow crystallizer is a common type of continuous tubu-

lar crystallizer. Unlike an MSMPR crystallizer, a plug flow crystallizer 
has no crystal surface to consume supersaturation at the tubular 
crystallizer inlet. Therefore, many studies seed the tubular crystal-
lizer at the inlet, which can decrease the fouling rate and control the 
product size. In addition, multi-segment cooling and multi-addition 
have been used in plug flow crystallizers to control size distribution.

In the work by Eder et al. [62], a suspension of acetylsalicylic acid 
seed mixed with acetylsalicylic acid mother liquid was continuously 
pumped into a plug flow crystallizer. Eder et al. investigated the ef-
fect of flow rate on the final crystal size distribution, and concluded 
that a high flow rate resulted in a low volume mean diameter, and 
that blockages in the pipe could be avoided by manipulating the 
seed flow rate. In this way, they achieved a volume mean diameter 
of 325 μm. In their later work, Eder et al. [63] investigated the effect 
of seed loading and multistage cooling on the final acetylsalicylic 
acid mean size. To control nucleation without seeding, Majumder 
and Nagy [64] applied a fines dissolution process in plug flow crys-
tallization. In their experiments, plug flow crystallization was divid-
ed into several segments. Some segments cooled the slurry, while 
other segments heated the solution to dissolve the fines. Majumder 
and Nagy established a population balance model coupled with nu-
cleation and the growth and dissolution kinetics, and systematically 
studied the key factors that determine fines dissolving. They deter-
mined that fines removal could be achieved when the larger crystals 
grow faster than the smaller ones, and when the smaller crystals 
dissolve faster than the larger ones.

In order to simplify seeding operations, many researchers use 
various strategies to produce uniform seeds. According to research 

Fig. 7. Schematic diagrams of (a) a plug flow crystallizer, (b) a segment flow crystallizer, and (c) an oscillatory baffled crystallizer.
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[65], contact secondary nucleation can produce seeds of uniform 
size. Wong et al. [66] applied a contact nucleation device to generate 
uniform seeds; the size of the seeds could be controlled by supersat-
uration and by the residence time of the seeds in the nucleation de-
vice. Cui et al. [67] systematically studied the relationship between 
nucleation rate and seed size versus contact force, area, and frequen-
cy. They concluded that, within a certain range, the nucleation rate 
was linearly related to all three factors and the seed size appeared to 
be independent from these factors. Ultrasound is another method of 
separating nucleation and growth, as demonstrated by Furuta et al. 
[60], who applied ultrasound in plug flow crystallization. Their re-
sults showed that the crystal size decreased remarkably when using 
this method (down to 1–7 μm).

The residence time distribution in plug flow crystallization is 
similar to that in batch crystallization; however, unlike the typical 
crystal size control operation in batch crystallization, curve cooling 
is difficult to use in plug flow crystallization. Hohmann et al. [68] 
applied a coiled flow inverter design with counter-current air cool-
ing in a continuous tubular crystallizer. With this device, the plug 
flow crystallizer could operate under linear or curve cooling with a 
narrow residence time distribution. The size of the produced crys-
tals was about 20–80 μm.

The attainable regions for crystal size in conventional plug flow 
crystallizers can be calculated using population and mass balance 
[29]. However, this model mainly aims at determining the ideal mix-
ture. For crystallization with relatively large anti-solvent ratios, it is 
possible to encounter non-ideal mixing. To deal with this problem, 
Ferguson et al.[69] applied a Roughton-type vortex mixer to en-
hance the mixing efficiency. With this device, the square-weighted 
chord length was reduced from 152 μm to 52 μm.

Ridder et al. [70] developed the population balance model to 
optimize the multi-segment multi-addition plug flow crystallizer 
(MSMA-PFC). Unlike the corresponding model in the batch process, 
the population balance model in a plug flow crystallizer is with 
respect to length into the crystallizer. A multi-objective optimiza-
tion was carried out to determine the anti-solvent addition rate in 
each segment that would maximize the crystal size distribution 
while minimizing the coefficient of variation. It was found that the 
typical optimization of anti-solvent addition involved maintaining 
the solution shifts between growth-dominated and nucleation- 
dominated regimes. Based on this work, Su et al. [71] optimized the 
total number, location, and distribution of anti-solvent additions in 
the MSMA-PFC.

5.1.2. Segment flow crystallizer
Another type of tubular crystallizer that is widely used is the so-

called segment flow crystallizer. Fig. 7 provides a schematic diagram 
of the segment flow crystallizer. Unlike plug flow crystallization, the 
fluid in segment flow crystallization is divided into many individ-
ual droplets. Due to this feature, the residence time distribution in 
segment flow crystallization is narrow [72]. Another feature of this 
operation mode is that the crystals are fixed in the droplets, which 
allows the upper limit of the crystal size to be controlled by con-
trolling the size of the droplets [73].

Neugebauer and Khinast [74] investigated using this type of crys-
tallizer to produce protein crystals, and were able to obtain enzyme 
lysozyme crystals with sizes that ranged between 15 μm and 40 μm 
within 113.4 min. Jiang et al. [61] used the same type of crystallizer 
to continuously produce L-asparagine monohydrate. In their re-
search, nucleation and growth were separated in order to enhance 
the individual control of each phenomenon. By manipulating the gas 
and liquid flow rates and adjusting the mixing approach of hot and 
cool fluids that was used for seed generation, Jiang et al. were able 
to obtain crystals with a maximum size of 588 μm within 5 min. 
In later work, Jiang et al. [75] used ultrasonic nucleation devices 

instead of the original nucleation device. Using indirect ultrason-
ication, Jiang et al. produced crystals with a size of 321 μm within 
8.5 min. Rossi et al. [76] used ultrasonication in droplet-based mi-
crofluidic crystallization, and were able to produce adipic acid crys-
tals with a small mean size (15 μm) at a high product rate and with 
a narrow distribution. In addition, many researchers use segment 
flow crystallizers to investigate the crystallization mechanism.

5.1.3. Oscillatory baffled crystallizer
Another type of continuous tubular crystallizer that is widely 

studied is the continuous oscillatory baffled crystallizer (COBC). 
Fig. 7 provides a schematic diagram of an oscillatory baffled crys-
tallizer. Compared with the segment flow crystallizer, the diameter 
of the oscillatory baffled crystallizer is relatively larger, which can 
result in greater productivity. The oscillatory baffled crystallizer can 
operate at a relatively lower net flow rate of mother liquid than a 
continuous plug flow crystallizer, without plugging concerns. The 
oscillatory operation can also lengthen the residence time of the 
crystals with a relatively short crystallizer length.

The operation of an oscillatory baffled crystallizer is more com-
plex than the operation of the other two types of tubular crystalliz-
er. Both the frequency and the amplitude of the oscillation have an 
effect on the product. In general, during continuous operation, the 
maximum oscillatory velocity is at least double the net velocity of 
the fluid flowing [77].

Lawton et al. [78] investigated the use of COBC in pharmaceutical 
crystallization. Using COBC, they achieved a crystal chord length of 
about 150 μm. Brown et al. [79] used COBC in an anti-solvent crys-
tallization of salicylic acid. However, due to an imbalance of flow 
rates in the mixer, they were unable to obtain crystals of constant 
size. Siddique et al. [80] used COBC combined with ultrasound to 
produce α lactose monohydrate. Ultrasound was used as an induced 
nucleation approach. The size of the produced crystals was about 
1500 μm within 4 h. The review by McGlone et al. [77] provides fur-
ther detail about COBC.

5.2. Using tubular crystallizers to meet other requirements in phar-
maceutical crystallization

With the aim of producing the desired morphology, Sang-Il Kwon 
et al. [81] investigated the crystal shape of tetragonal HEW lysozyme 
crystals that were produced via continuous plug flow crystallization.

To produce the desired yield, Cogoni et al. [82] applied mother 
liquid recycling in paracetamol plug flow crystallization. They sys-
tematically studied the effects of the extraction position and recy-
cling ratio on the yield and final mean size. Plug flow crystallization 
with a recycling ratio of about 30% mother liquid resulted in a yield 
of about 50%. This yield could be further increased by increasing the 
recycle ratio.

To produce the desired polymorph and co-crystals, Briggs et al. 
[83] investigated the L-glutamic acid polymorphic form using COBC, 
and estimated the effects of the initial solution concentration and 
the seed-loading ratio on the product polymorph. Their results 
showed that supersaturation is the main control variable for the 
polymorphism of the products. Supersaturation below 3 resulted in 
a thermodynamically stable β polymorph, whereas a mixed phase of 
the β form and the metastable α form was obtained when supersat-
uration was between 3 and 8. Zhao et al. [84] used COBC to produce 
α-lipoic acid-nicotinamide co-crystals, and achieved a productivity 
of 350 g·h–1 with a purity of 99%.

6. Control strategy in continuous crystallization

Process control has always been an important issue in crystalli-
zation. The advantage of continuous crystallization is that all oper-
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ating parameters (temperature, residence time, concentration, etc.) 
are constant and in a steady-state condition, making the control of 
continuous crystallization relatively easier than the control of batch 
crystallization [85].

There are two main types of control approach: the model-based 
approach and the model-free approach. The model-based approach 
has three main components. ① The process model is used to describe 
the crystallization process and to predict the quality of the product; 
this model usually consists of a series of equations (the popula-
tion balance equation, mass balance equation, heat balance equa-
tion, solubility expression, and crystallization kinetic expression).  
② The observer is used to estimate whether the real state of the 
system is consistent with the set point. ③ The optimizer is used to 
optimize the operation variables such that the system can reach the 
set point at the lowest cost. The model-free approach is a propor-
tional-integral-derivative (PID) control approach that is based on 
the direct use of PAT.

The overall objective of continuous crystallization process control 
is to stably produce crystals in accordance with the requirements. 
Yang and Nagy [32] compared the PID control approach with the 
nonlinear model predictive control (NMPC) approach. Based on the 
predicted future behavior of a system, the NMPC approach is a con-
trol method that uses online measurement data combined with a 
mathematical model to optimize the operating conditions. Although 
developing the NMPC approach is relatively complex, this approach 
can considerably enhance the performance, as compared with the 
PID control approach. Using a continuous two-stage MSMPR cas-
cade crystallizer, the results showed that the PID control approach 
was not a convenient way of controlling crystal size and product 
yield due to the nonlinearity of the process. In contrast, the NMPC 
approach showed good performance in both servo control and regu-
latory control.

Yang et al. [85] proposed a model-free automated direct nucle-
ation control (ADNC) approach. The development of this approach 
was based on the development of PAT. The ADNC approach uses 
total counts, which are measured by focused beam reflectance 
measurement (FBRM), to create feedback for the control process 
conditions. This approach is mainly used to control processes that 
have crystal size distribution as their objective. Yang et al. [85] used 
this approach for particle size control in paracetamol continuous 
crystallization. When the residence time and feed concentration of 
a continuous crystallization process are consistent, the steady-state 
product particle size should only be a function of the number of 
particles. Therefore, if the number of particles below the set point is 
known, the product size should remain the same for that set point, 
as long as the number of particles in the system can be kept within 
the set number. The final operating conditions are given by the con-
trol results when the system enters a steady state. This approach can 
be thought of as a quality-by-control (QbC) concept. In their later 
work in single-stage paracetamol continuous crystallization, Yang et 
al. [25] applied wet milling in an ADNC approach. The wet-milling 
speed serves as another operating condition and can be used to sep-
arate the crystal growth and nucleation phenomenon. The upstream 
addition of wet milling can be considered as a primary nucleation 
control approach, and the downstream addition of wet milling can 
be considered as a secondary nucleation control approach. Su et 
al. [11] applied a concentration control approach to maintain the 
paracetamol continuous crystallization system at the set point. By 
regulating the anti-solvent addition and fresh slurry, the system 
could keep the anti-solvent mass fraction and supersaturation at set 
points.

For particle size control in a plug flow crystallizer, Besenhard et 
al. [86] developed a model-free feedback controller to control the 
size of cooling crystallization acetylsalicylic acid products. By ma-
nipulating the rate of seeding, the particle size of the crystal was 

stabilized at 90–140 μm.
Another control problem in MSMPR is startup optimization. A 

continuous crystallization system is in fluctuation before it reaches 
the steady state. This results in an inconsistent product quality. Yang 
and Nagy [87] compared the effect of different startup policies on 
the startup duration. Their results showed that using an appropriate 
startup policy can achieve a reduction of approximately 50% of the 
startup duration time in the two-stage anti-solvent/cooling continu-
ous crystallization of aspirin.

Encrustation is an important problem in continuous crystalliza-
tion. Because the solution in continuous crystallization is supersat-
urated, encrustation will continue to grow. Without an anti-fouling 
operation, encrustation leads to an increase in thermal resistance, 
reduces the residence time, and may even cause an unplanned shut-
down of the process. Majumder and Nagy [88] proposed a mathe-
matical model that combines the population balance model with the 
encrustation model in order to simulate the effect of encrustation 
on the process supersaturation, temperature, and crystal size distri-
bution. The dynamic behavior of the thickness of the encrustation 
over time is also given. Based on this model, Koswara and Nagy [89] 
proposed an anti-fouling control approach that operates by means 
of a heating and cooling cycle. A continuous plug flow crystallizer 
was divided into two symmetric regions. In each region, an oper-
ation was performed to periodically heat and dissolve the crystals 
and then to cool the crystals. According to the model, both encrusta-
tion and dissolving led to a reduction in crystal size. Therefore, if the 
crystal size dropped below a set point, the operation was switched.

PAT can be used to obtain in situ information about the solution, 
which is important for the simulation and control of the crystalli-
zation process. A number of commercial PATs have been used for 
crystallization [32,85,90], including the FBRM, particle video mi-
croscope, attenuated total internal reflectance Fourier-transform 
infrared spectroscopy, and attenuated total reflectance/ultraviolet 
spectroscopy. In addition, there is a significant amount of PAT un-
der development, including ultrasound measurement [91] and im-
age-based measurement [92‒95]. Depending on the development of 
PAT, crystallization process development can be shortened remarka-
bly and the robustness of the system can be enhanced.

7. Conclusions

Pharmaceutical continuous crystallization carries the advantages 
of controllability and productivity. Due to an increase in research in 
this field, continuous crystallization technology can now be used to 
produce several desired pharmaceutical crystals. Compared with the 
batch process, the continuous crystallization process offers potential 
economic advantages. However, not every process is suitable for 
continuous crystallization thus far. For example, in the production 
of chiral crystals, the yield from continuous crystallization still low. 
In addition, suitable processes for an MSMPR crystallizer are not the 
same as those for a tubular crystallizer. For example, the MSMPR 
crystallizer is preferred when larger crystals are desired. For the 
control of continuous crystallization, PAT and model-based control 
strategies have been used, albeit mainly for size and concentra-
tion control. In the future, the field of pharmaceutical continuous 
crystallization could benefit from efforts in the following areas:  
① advanced process control technology (such as the neural network 
model); ② continuous crystallization combined with other unit 
operations (such as nanofiltration); and ③ the development of inte-
grated process models (such as the purity prediction model).
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