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Abstract: Developing theory-informed standard operating procedures (SOPs) for the continuous
crystallisation of pharmaceuticals still remains a bottleneck. For the continuous manufacturing of
pharmaceuticals, the current methods rely on the laborious trial-and-error approach to identify pro-
cess conditions such as the dilution rate (flow per unit volume of reactor) and initial supersaturation,
where the productivity will be at maximum at steady-state conditions. This approach, while proven
and considered to be useful, lacks or ignores the information obtained from batch kinetics. Herein
for the first time, we propose a theoretical method to develop batch kinetics-informed theoretical
procedures for the continuous manufacturing of a model compound curcumin in isopropanol. The
theoretical approach uses batch kinetic constants to theoretically identify the optimum dilution rate
and the corresponding mass of the model compound curcumin when crystallised, as well as its
productivity at steady-state conditions as a function of initial supersaturation. The theory-informed
procedures will serve as a valuable guideline to develop operating procedures for the continuous
production of the target compound and thus eliminate the trial-and-error approach used to develop
the protocols for the continuous manufacturing of pharmaceuticals. We also showed that our methods
allow for the estimation of the dilution rate that corresponds to washout conditions (i.e., where all the
crystals in the crystalliser will be washed out due to the high flow rate of the input stream) during
the continuous manufacturing of crystals.

Keywords: crystallization; batch kinetics; continuous crystallization; theory

1. Introduction

Crystallisation is an important separation and purification technique. Pharmaceutical
industries use crystallisation to purify and isolate active pharmaceutical ingredients (APIs)
in solid and crystalline forms [1–4]. After crystallisation, the purified APIs are transferred
to other locations for temporary storage before undergoing a series of downstream unit
operations to create oral drug dosage forms [5,6]. However, these downstream operations
often occur in separate rooms or sites, necessitating the storage and transportation of APIs
between locations. This process incurs high-energy consumption, manufacturing costs, and
risks of product loss and contamination during transportation and storage [7]. Moreover,
most pharmaceutical industries conduct both crystallisation and downstream operations in
batch mode, leading to downtime [8–11]. To ensure regulatory compliance, particularly
with FDA standards such as CGMP (Current Good Manufacturing Practice) and QbD
(Quality by Design), each batch’s product quality undergoes rigorous testing to detect and
prevent batch-to-batch variations [12–14]. Failure to comply can result in costly recalls,
contributing to the estimated $50 billion annual losses in the pharmaceutical industry due
to inefficient manufacturing [15]. To address these challenges associated with the current
state-of-the-art methods of batch manufacturing of APIs, there is a growing emphasis on
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continuous manufacturing methods, advocated by the FDA, to enhance product quality,
mitigate medicine shortages, and streamline regulatory compliance. This approach aims to
create an uninterrupted production chain from raw materials to finished products, thereby
improving efficiency and reducing manufacturing lead times [16]. However, many phar-
maceutical facilities still predominantly operate on a batch crystallisation basis, leading to
operational downtimes and regulatory challenges, notably from the US Food and Drug
Administration (FDA) [6]. However, despite these advantages, many pharmaceutical indus-
tries still rely on batch processing due to challenges in integrating upstream crystallisation
with downstream operations. One of the biggest challenges faced by both industries and
crystallisation scientists is the lack of a unique method that allows them to develop a set of
operating procedures for designing and operating a continuous crystallisation unit based
on data from batch processes. Traditionally, or as a matter of practice or convenience,
researchers have conducted crystallisation experiments in either batch or continuous mode,
often treating these as separate and isolated processes. Furthermore, there has been a
disconnect and lack of information exchange between the studies performed in batch and
continuous mode. This limits the idea of using batch crystallisation kinetics as a guide to
develop SOPs for continuous crystallisation. This lack of guidance from batch processes
necessitates laborious trial experiments by process engineers to optimise conditions for
continuous API production. Currently, the continuous manufacturing of APIs is often
performed using a continuous stirred-tank reactor, often referred to as MSMPR (mixed-
suspension mixed-product removal) in crystallisation literature [17–21]. The operating
procedures or the protocols for continuous manufacturing in MSMPR are often developed
using laborious multiple trial-and-error experiments. These trial-and-error experiments
focus on identifying the process conditions required for manufacturing APIs in contin-
uous mode [22–24]. The trial-and-error approach is issued to identify the dilution rate,
which is defined as the flow rate per unit volume, and the degree of supercooling that
ensures maximum productivity (defined as the mass produced per unit volume per unit
of time) and products with a desired level of purity at steady-state conditions [25,26]. It
is worth mentioning here that these approaches are empirical and rely on the experimen-
tal outcome of each experiment performed on a trial-and-error basis and do not rely on
information obtained from batch kinetics. It will be advantageous to develop a theory and
batch kinetics-informed procedures that eliminate the requirement to perform multiple trial
experiments to develop operating procedures for the manufacturing of pharmaceuticals in
a continuous model.

It should be acknowledged that batch crystallisation kinetics can be easily obtained
from carefully designed experiments in batch mode. Multiple experiments at different
scales are also easier to perform in batch mode, provided there is information about the
solubility and metastable zone width of the targeted compound in a suitable solvent. There
is a crucial need to develop a method that can exploit the readily obtained batch crystallisa-
tion kinetics and transpose this information to identify the process conditions required to
produce a specific product with the desired level of productivity in a continuous mode.

In this work, we developed one such method to transpose the batch kinetics into
procedures required to manufacture a model pharmaceutical compound in batch mode. We
performed cooling crystallisation experiments in batch mode to obtain the crystallisation
kinetics of curcumin as a function of initial supersaturation or the degree of supercooling.
We used a first-order kinetic model to obtain the crystallisation kinetic constant that cor-
responds to conditions where the crystallisation rate is at maximum. Using this kinetic
constant obtained solely from batch crystallisation kinetics, we developed a theoretical
design procedure that relies on simple mass balance and first-order kinetics for the con-
tinuous manufacturing of curcumin in isopropanol for various dilution rates and degrees
of supercooling. Curcumin is often manufactured using batch crystallisation approaches.
In this work, we developed a theoretical protocol for the continuous crystallisation of this
compound [27–32]. Our theoretical method allows us to calculate the productivity as a
function of initial supersaturation or the degree of supercooling and dilution rate. Further-
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more, irrespective of the initial supersaturation, using the theoretical method we proposed,
we exploited batch kinetics to identify the required dilution rate to achieve maximum pro-
ductivity and to identify the dilution rate that corresponds to washout conditions (where
all the crystals will be washed out of the crystalliser leaving only the mother liquor in the
crystalliser). The theoretical procedures developed in this work will serve as a guideline
for crystallisation scientists aiming to develop continuous manufacturing processes for a
targeted compound, provided they have already obtained the batch kinetics of the same
compound in a suitable solvent.

2. Theory

Typically, continuous crystallisation is conducted within a stirred-tank crystalliser,
often referred to as CSTC or MSMPR. Within this setup, the reactor houses a suspension
wherein a continuously supplied supersaturated solution generates crystals while the de-
pleted supersaturation feed is continuously extracted from the suspension. The suspension
within the CSTC is thoroughly mixed, ensuring that the concentration of solids and super-
saturation remains consistent throughout the crystalliser. Moreover, the suspension density
within the CSTC and the effluent stream exiting the CSTC under steady-state conditions
remain uniform. The CSTC can operate in two modes: turbidostat and superstat. In turbido-
stat mode, the feed flow rate is adjusted to maintain a constant suspension density. Many
trial-and-error procedures developed in research laboratories aim to operate the CSTC in
turbidostat mode, necessitating multiple experiments to identify optimal conditions [33].
Alternatively, in superstat mode, the feed conditions (supersaturation, feed flow rate) are
held constant, allowing the system to attain a steady state. As shown later (in Section 4.1),
the crystallisation of the model compound curcumin in isopropanol proceeds via at least
four different kinetic regimes that include a lag phase, an exponential phase, and decelera-
tion, followed by saturation. As we show later (in Section 4.1), kinetics are slower in the lag
and deceleration phases when compared to the exponential phase. The mass crystallised
increases exponentially with temperature, and the corresponding crystallisation rate will
be higher when compared to the rate of crystallisation in the other three kinetic regimes.
In the saturation phase, obviously there is no change in the solid-phase concentration, as
the system has already reached saturation. It is important to operate the CSTC where the
crystallisation rate is at maximum, which is in the exponential phase. This is a process
analogue of a continuous stirred-tank fermenter operating in a chemostat mode [34]. In
our work, we called it a crystalliser operating in a superstat mode. The intention here
is to operate CSTC in superstat mode to eliminate the need of a trial-and-error approach
while developing a theoretical operating procedure for the continuous crystallisation of
curcumin. This means we need to identify the flow rate or the dilution rate (flow rate per
unit volume per unit time) of the CSTC where the crystallisation rate will be at maximum.
We will develop the theory below assuming that the CSTC is operated in such a way that
the crystallisation rate in the crystalliser will be equal to the rate that corresponds to the
exponential kinetic regime in the batch crystalliser. Based on this assumption, we propose
a theoretical method to identify mathematically the dilution rate where the CSTC will
be operating at conditions where the crystallisation rate will be in the exponential phase.
The method also allows us to identify the dilution rate where the productivity (i.e., mass
crystallised per unit volume and unit time) will be at maximum at steady-state conditions.

For a CSTC with a volume V (L), feed flow rate F (L/min), initial supersaturation ratio
So, and solid concentration mo (g/L), a material balance can be established over the CSTC
using the following equation:

(Flow of material in) + (Formation of solids via crystallisation) − (Flow of material out) = Accumulation

For the mass crystallised, this becomes

F·mo + rmV = Fm +
dm
dt

·V (1)
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where rm is the rate of crystallisation and this corresponds to the rate of formation of
crystals per unit volume of the crystalliser per unit time.

At steady state, the change in solid concentration due to crystallisation in the solution
becomes zero. Therefore, Equation (1) simplifies to

F
V
(mo − m) = D(mo − m) = (−rm) (2)

where D denotes the dilution rate, which should be equal to the throughput rate.
If the rate of crystallisation, −rm (g/L·min), follows the first-order kinetics, it can be

expressed as follows:

rm =
dm
dt

= k·m (3)

We assume that the rate of change in the mass with respect to time due to crystallisation
follows Equation (3), as this expression can well represent the crystallisation kinetics
observed when the crystallisation is in the exponential phase (discussed later in Section 4.1).
Equation (3) can be integrated with respect to the limits, m = mo, when t = 0 and m = m
when t = t. This should give a linear relationship: ln (m/mo) = kt. In other words, according
to Equation (3), theoretically, the plot of ln (m/mo) versus t should be linear.

Substituting Equation (3) into Equation (2), we obtain the following:

D(mo − m) = −k·m (4)

If the feed contains no crystals initially (mo = 0), then Equation (4) simplifies to

D = k (5)

Equation (5) essentially indicates the expected crystallisation rate in the solution as
a function of the dilution rate. It is feasible to demonstrate that within a specific range
of supersaturation, the kinetic constant k varies with supersaturation according to the
following relation:

k = A(So)
n (6)

Equation (6) can be substituted in Equation (4) as follows:

D(mo − m) = −A(So)
nm (7)

For crystallisation, the mass crystallised correlates directly with the depletion in
supersaturation. The amount of mass crystallised in a solution is equal to the mass of the
crystallising compound depleted in that solution. Thus, it is possible to define a parameter
called the crystallisation coefficient, denoted as Y, which is the ratio of the depletion in
supersaturation to the mass crystallised:

Y =
So − S
m − mo

(8)

where S and m are the supersaturation and the mass crystallised at any time, respectively.
In this work, supersaturation is defined in terms of the supersaturation ratio c/c*. So is
the initial supersaturation and mo is the mass of the crystal in the crystalliser when time
t = 0. For the case of crystallisation at a fixed temperature, the value of Y will be unique.
This can be typically obtained from the plot of S versus m. The value of S as a function of
m can be calculated based on the solubility of the crystallising compound at the studied
temperature T. In this work, we used curcumin as a model compound and isopropanol
as a model solvent, and we studied the crystallisation at a temperature of T = 5 ◦C. At
T = 5 ◦C, the solubility of curcumin in isopropanol is 0.76 g/L. For this combination of API
and solvent, the 1/Y value was found to be equal to 0.76. It is important to note that this
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value may vary with temperature but remains independent of the supersaturation S at a
constant temperature T.

Equations (6)–(8) can be utilised to derive the concentration of solids in the CSTC at
steady state, expressed as follows:

m = mo +

(
So −

(
D
a

)( 1
n )
)

Y
(9)

Given the mass crystallised under steady-state conditions, we can define productivity
as the mass crystallised per unit volume per unit time. This can be calculated by multiplying
the dilution rate by the mass crystallised per unit volume of the reactor. Thus, productivity
P can be determined as follows:

P = Dm = D·mo +
DSo

Y
−

D
(

D
a

) 1
n

Y
(10)

Equation (10) enables the calculation of productivity in a superstat at varying dilution
rates and supersaturation levels, provided that the kinetic information obtained from batch
kinetics is available (note that the kinetic constant k is related to the constants a and 1/n in
Equation (10).

3. Experimental
3.1. Materials

Crude CUR, obtained from Merck (Darmsta dt, Germany) (CAS. Reg. No. 458-37-
7) with a nominal purity exceeding 75%, contains less than 5 wt% BDMC and less than
20 wt% DMC. HPLC-grade IPA, with a purity exceeding 99.9%, was purchased from Sigma
Aldrich (CAS. Reg. No. 67-63-0). Our own laboratory HPLC analysis indicated that the
curcumin is 78.6% pure, with less than 18 wt% DMC and less than 4 wt% BDMC. Curcumin
was used as received for all the crystallisation experiments [31].

3.2. Crystal Growth Experiments

Cooling crystallisation experiments were conducted in batch mode utilizing a 100 mL
Mettler Toledo’s EasyMax 102 workstation (Mettler Toledo, Leicester, UK) with a reactor
volume of 100 mL. Temperature control within the crystalliser was achieved through an
external jacket employing electrical heating and solid-state cooling technology. Agitation
throughout all experiments was maintained at 250 rpm using an overhead stirrer. Sus-
pension density was monitored during the crystallisation process using in situ Raman
spectroscopy. Crystallisation experiments were performed by adding a known mass of
crude curcumin to 78.6 g of isopropanol. Heating the solution to 75 ◦C at a rapid rate
ensured the dissolution of all solids. Subsequently, the solution was held at 75 ◦C for
45 min to guarantee complete dissolution of the curcumin. Supersaturation was achieved
by cooling the solution to the working temperature of 3 ◦C at a rate of 8 K/min. Once the
solution reached the working temperature, we added 0.0416 g of seed crystals to trigger
the secondary nucleation. This amount is equal to a seed loading of 2.76 to 1.23 wt%
depending on the initial supersaturation. In this work, we performed crystallisation ex-
periments with solutions of five different initial supersaturations, So = 3, 3.5, 4, 4.5, 5, and
5.5. Supersaturation is defined here in terms of the supersaturation ratio given by c/c*,
where c is the concentration of the solution and c* is the solubility concentration at the
working temperature. The solubility concentration was obtained from the literature; at 3 ◦C,
the solubility of curcumin in isopropanol is equal to 0.76 g/L. After adding the seeds, we
maintained the working temperature for approximately 24 h to achieve complete saturation.
The seeds are added intentionally to trigger secondary nucleation. Each experiment was
conducted based on the procedures mentioned above. The experimental procedure was
created as a recipe and executed using Mettler Toledo’s iControl software v4.3.
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Throughout the course of the crystallisation experiments, we monitored the suspension
density using the in situ Raman spectroscopy (Kaiser Optical System, Inc. RX1 Raman,
Ann Arbor, MI, USA). The Raman intensity was then converted into suspension density
expressed in terms of mass crystallised per unit volume using a two-point calibration-free
method proposed in our earlier works [1,2].

3.3. Seed Crystals

Seed crystals used in the crystallisation experiments were prepared via primary nucle-
ation at a working temperature of 5 ◦C and at a fixed agitation speed of 250 RPM. For this,
we added 0.6 g of crude curcumin in isopropanol solution. The solution was then heated to
75 ◦C and we maintained the solution at this temperature for 45 min to ensure complete
dissolution of the crystals. Then, we cooled the solution to the working temperature of 5 ◦C
at a rate of 8 K/min. Once the solution reached the working temperature, we maintained
the solution temperature at this temperature for 24 h, which is sufficient to observe primary
nucleation followed by growth until the solution reaches the solubility limit. After 24 h, we
filtered the crystals via a vacuum filtration technique, and we dried the crystals in a fume
hood at room temperature in the absence of light.

4. Results and Discussions
4.1. Batch Crystallisation Kinetics

In Figure 1a, we show the plot of mass of curcumin crystallised in a batch reactor
versus time at different initial supersaturations. Irrespective of the initial supersaturation,
we observed four distinct kinetic regimes. For convenience, we show the different kinetic
regimes separately in Figure 1b for the data obtained from a solution of initial supersat-
uration at So = 3. From Figure 1b, it can be observed that there exists a slight lag during
the initial phase, followed by a rapid increase in the mass crystallised followed by slow
kinetics, and finally the solution reaches a plateau when the solution concentration reaches
the solubility limit. From the plot, it is reasonable to assume that the crystallisation rate is
high in the region where we observe a linear and rapid increase of crystallised mass with
respect to the time. We presume the crystallisation kinetics in this region are dictated by
the combination of secondary nucleation and crystal growth. We obtain the rate kinetic
constant for the crystallisation from this region using Equation (3). This kinetic constant
obtained from this linear region, assuming the crystallisation kinetics follow the first-order
kinetics and further assuming the crystallisation rate in this regime is constant and at
maximum supersaturation, S = So. According to the first-order kinetics (or Equation (3)),
the plot of ln (m/mo) versus time should be linear. In Figure 1c, we plotted the ln (m/mo)
versus t for differences in initial supersaturation, So. It is evident from Figure 1c that there
exists a linear relationship between ln (m/mo) and t. The coefficient of determination (R2)
between the experimental data and the predictions from the linearised form of Equation (3)
consistently exceeds 0.90. This strong correlation indicates that crystallisation during the
exponential phase adheres to the first-order kinetic expression described by Equation (3).

In terms of the effect of initial supersaturation, it is evident from Figure 1a that the
mass crystallisation rate increases with So. This trend is expected, as the driving force
required for crystallisation increases with So, and this should increase the crystallisation
rate. It is worth mentioning that while the observed noise in the PAT data (Figure 1a) could
be reduced using a moving average method (e.g., averaging each point over 50 data points),
this procedure is not essential for our objective of developing a theory from batch kinetics-
informed design protocols for continuous crystallisation. The simplest first-order model
fitted to the original PAT data is sufficient enough to effectively capture the experimentally
observed trends (between the mass crystallised and time as a function of So) within the
kinetic regime of interest without additional data smoothing.
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The crystallisation kinetic constant, k, was obtained from the slope of this plot accord-
ing to Equation (3). In Figure 1d, we plotted the kinetic constant k as a function of So. It can
be realised from the figure that there exists a power law type of relation between k and S,
given by the following:

k = 0.0044So
2.7274 (11)

Using the k values obtained using Equation (11) and the Equations (7), (9), and (10),
we obtained both the mass crystallised and productivity at steady state as a function of
the dilution rate for different initial supersaturations, and the results are discussed in the
next section.

4.2. Continuous Crystallisation of Curcumin: Theoretical Prediction

Based on the batch kinetics discussed in the previous section and using the determined
kinetic constants, it is possible to design an experimental protocol for the continuous crys-
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tallisation of curcumin. For this, first we assume that the CSTC is operated in a superstat
mode. This means we will fix the feed supersaturation and will operate the CSTC at a
dilution rate where the crystallisation rate can be expected to be in the exponential regime
(see Figure 1b). Once the initial supersaturation is fixed, it is possible to theoretically
calculate the expected concentration of the solids in the crystalliser at the steady state. If the
crystallisation rate within the CSTC is in the exponential phase, then the corresponding ki-
netic constant can be obtained from the batch kinetics as a function of feed supersaturation,
and this should be theoretically equal to k. Using the kinetic constant k, we can theoretically
predict the mass crystallised and the productivity at steady state using Equation (9) and
Equation (10), respectively (see Section 2). The plot of mass crystallised at steady state (ob-
tained using Equation (9)) versus dilution rate and productivity (obtained using Equation
(10)) versus dilution rate for different initial supersaturations are shown in Figure 2a,b,
respectively. Note that we used dilution rate (D) instead of defining a suitable flow rate (F)
or defining a specific reactor volume (V) for theoretical convenience. Dilution rate, D = F/V.
incorporates both parameters and thus, if we fixed the reactor volume, then from dilution
rate we can predict the feed flow rate F that ensures a targeted theoretical mass that can
be crystallised or the productivity. From Figure 2a,b, it can be observed that irrespective
of the initial supersaturation, the theoretical mass crystallised at steady state decreases
exponentially with an increase in the dilution rate. The higher the initial supersaturation,
the observed exponential decrease with dilution rate is slower. In terms of productivity, it
increases with an increase in dilution rate reaching a maximum followed by an exponential
decrease with the dilution rate. There exists an optimum productivity, and this occurs
when the productivity reaches the optimum dilution rate, Dopt. We also noticed that the
mass crystallised and the productivity reaches zero at higher dilution rates in solutions
with lower initial supersaturations. Clearly, productivity strongly depends on the initial
supersaturation. For instance, the productivity reached zero when D = 0.0445 min−1 for
So = 3.5. This corresponds to the conditions when all the crystals in the CSTC are washed
out or conditions where we can observe no crystallisation via secondary nucleation or
growth. However, when So = 5, we observed productivity closer to the maximum at the
same dilution rate of 0.0445 min−1. This clearly exposes the importance of the dilution rate
on productivity and on the observed theoretical condition where productivity is zero. The
zero productivity for higher dilution rates in solutions with lower supersaturations should
be due to the fact that the supersaturation was diluted enough to observe no secondary
nucleation, rather than solely due to the washout of the crystals (if any) in the CSTC. The
optimum dilution rates for So seem to match with the ones obtained using Equation (12):

Dopt = a
(
(nY)(moY + So

(n + 1)Y

)n
(12)

To derive Equation (12), we start by differentiating Equation (9) with respect to the
dilution rate (D) and then set the result to zero, indicating that the productivity (P) is
maximised at the optimal dilution rate (Dopt).

This can be expressed as dP/dD = 0. Next, we substitute D = Dopt into the result-
ing expression. Another important observation is that Dopt is constant, but it depends on
the initial supersaturation. Likewise, the mass crystallised and the productivity, when the
D = Dopt can be theoretically calculated by substituting Equation (12) in Equations (9) and (10),
is as follows:

mopt = mo +

(
So −

(
Dopt

a

)( 1
n )
)

Y
(13)

Popt = Doptmopt = Doptmo +
DoptSo

Y
−

Dopt

(
Dopt

a

) 1
n

Y
(14)
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Both Equations (12) and (13) can be used to theoretically calculate the mass crystallised
and productivity when the dilution rate D = Dopt. In Figure 2a,b, we showed the mass
crystallised and the productivity at Dopt predicted using Equations (12) and (14), respec-
tively. From Figure 2b, it is evident that the Popt versus Dopt line predicted using these
theoretical expressions passes through the peak maximum observed in the plot of P versus
D, irrespective of the initial supersaturation. As expected, the ordinate and the abscissa of
the point that correspond to the peak maximum observed in the plot of P versus D matches
with Popt versus Dopt predicted using Equations (14) and (12), respectively.

Similarly, it is possible to predict the dilution rate when the productivity reaches zero,
Dzero (see Figure 2b). In this case, the supersaturation that exits the CSTC should be equal
to the initial supersaturation. The theoretical expression can be obtained by setting Popt in
Equation (10) as equal to zero, and in that case the resulting dilution rate D should be equal
to Dzero. Then, the theoretical Dzero is given by

Dzero = a(moY + So)
n (15)

Equation (15) can be used to determine the dilution rate where we will observe
either washout of crystals or no secondary nucleation. In Figure 3, we show the plot
of So versus Dzero. Theoretically, the Dzero value increases with initial supersaturation
following a power-law type expression, as in Equation (15). This trend is expected because
a higher supersaturation implies a greater likelihood of secondary nucleation and growth,
necessitating a higher dilution rate to attain washout conditions (assuming at higher
supersaturations, secondary nucleation is likely to dominate, and Dzero can only be achieved
via washout of the crystals dictated by the high dilution rate).
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4.3. Theoretical Procedure for the Continuous Production of Curcumin

Based on the calculated productivity and the mass crystallised at steady-state condi-
tions, it is possible to develop theoretical procedures for the crystallisation of curcumin. In
Table 1, we listed the maximum productivity, the mass crystallised when the productivity
is at maximum, and the corresponding dilution rate as a function of initial supersatura-
tion. From Table 1, it is possible to propose the operating procedure for the continuous
manufacturing of curcumin for an assumed reactor volume of 100 mL. As the productiv-
ity increases with the initial supersaturation, for an assumed initial supersaturation of
So = 5.5, we propose the following theoretical procedure for the continuous manufacturing
of curcumin:

Table 1. Information required to develop a theoretical SOP for the continuous crystallisation of
curcumin with solutions of different initial supersaturations.

So, g·L−1 Dopt, min−1 F = V × D, mL·min−1 V, mL Mopt, g·L−1 Pmax, mg·L−1min−1 s,/g·L−1

5.5 0.064 6.411 100 1.133 72.63 3.603
5 0.050 4.957 100 1.031 51.10 3.325

4.5 0.037 3.732 100 0.929 34.66 3.047
4 0.027 2.718 100 0.827 22.47 2.769

3.5 0.019 1.898 100 0.725 13.76 2.491
3 0.013 1.256 100 0.623 7.82 2.213

2.5 0.008 0.771 100 0.521 4.02 1.935
2 0.004 0.426 100 0.419 1.79 1.657

1.5 0.002 0.199 100 0.317 0.632 1.379
1 0.001 0.069 100 0.215 0.149 1.101

Step 1: Create the mother liquor by dissolving 4.18 g/L of curcumin in 1000 mL of
solution at a temperature of 75 ◦C; note that this concentration is equal to the solubility
concentration at 5 ◦C. It is best to maintain this temperature for at least 45 min to ensure
complete dissolution. Step 2: For the continuous manufacturing of curcumin, it is best to
operate the CSTC initially in batch mode. This means there will be no input and output
streams. For this, in the crystalliser of a reactor volume of 100 mL, add 0.418 g of curcumin
in 100 mL of isopropanol. Then, heat the solution to 75 ◦C and maintain this temperature
for 45 min to ensure complete dissolution. After 45 min, cool the solution to the working
temperature of 5 ◦C at a cooling rate of 8 K/min (this cooling rate is chosen for experimental
consistency) to create supersaturation. At this temperature, the supersaturation of the
solution will be at S = 5.5. Once the solution reaches the working temperature, the solution
will be seeded with a known mass of curcumin crystals. Based on the experiments we
performed in batch mode, we propose to add seed mass that is roughly equivalent to
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1.2 wt% (a very low seed loading) of the mass crystallised to induce secondary nucleation.
After secondary nucleation, wait until the solution concentration reaches the solubility
concentration. Once the solution reaches saturation, the solution should now contain a solid
concentration, denoted as M = ∆C = Co − C* + Mseed = (4.18 g/L−0.76 g/L + 0.042 g/L)
= 3.462 g/L. At this stage, the crystalliser is set ready to change the mode of operation
from batch to continuous crystallisation and will be operated as a superstat, and the reactor
temperature will be maintained in a way so that the supersaturation inside the CSTC
remains at 3–5 ◦C (note that at these temperatures, the So remains almost constant in batch
reactor). Then, set the crystalliser to 3 ◦C before switching the mode of operation from
batch to continuous mode. The temperature is purposely set to 3 ◦C to compensate for
the expected rise in temperature in the reactor due to the mixing of the suspension in the
reactor with the stream that is entering the reactor from the mother liquor tank, which
is maintained at a slightly higher temperature. Step 3: Pump the mother liquor into the
main crystalliser using a peristaltic pump at a flow rate of 6.41 mL·min−1. As the reactor is
operated in batch mode, it is also essential to set the exit stream flow rate at 6.41 mL·min−1

in order to maintain the reactor volume. This particular flow rate was selected based on the
Dopt value that we determined using the theoretical expression in Equation (12); see also
Figure 2b, where we show Dopt values as a function of initial supersaturation. Figure 2b
shows that when So = 5.5, the Dopt = 0.0641 min−1. The flow rate of 6.41 mL·min−1 divided
by the reactor volume of 100 mL should give the dilution rate of 0.0641 min−1, which is
the Dopt value when So = 5.5. Once the flow rate of the inlet stream is set to the flow rate
that corresponds to the optimum dilution rate, wait for the reactor to reach the steady state.
The time to reach the steady state can be obtained by monitoring the suspension density
using in situ Raman as a function of time or as a function number of residence time. Step 4:
Calculation of the expected productivity and mass crystallised at steady state. According
to the theoretical expression that we proposed earlier (See Equation (13) and Figure 2a), at
steady state the mass crystallised or the concentration of the crystallised mass should be
roughly equal to 1.133 g/L, and the productivity according to Equation (14) must be equal
to 0.0726 g/L·min. If we know the initial concentration, then from the mass crystallised at
steady state it is also possible to calculate the concentration of the solution in the CSTC at
steady state using a simple mass balance. For So = 5.5, the initial concentration is given by
c = c* × So = 0.76 × 5.5 = 4.18 g/L. If the mopt = 1.133 g/L, then the concentration of the
solution at the steady state will be equal to 4.18−1.133 = 3.04 g/L. Steps 1 to 4 outlined
above serve as a guideline for designing standard operating procedures (SOPs) for the
continuous crystallisation of curcumin, leveraging information derived from batch kinetics.
While the SOP provided assumes an initial supersaturation (So) of 5.5, it is flexible and can
be adapted for other initial supersaturation values. Using the data in Table 1, it becomes
straightforward to tailor an SOP for different So values. The flow rates (F) presented in
Table 1 are based on a reactor volume of 100 mL, and the table also details the expected
solid concentration and productivity at steady state. Crucially, all necessary information to
operate a continuous stirred-tank crystalliser (CSTC) in superstat mode—where the feed
supersaturation remains fixed and the system operates at the maximum crystallisation
rate—can be derived from batch crystallisation kinetics. The kinetic constant as a function
of So is key to calculating process conditions for achieving a desired theoretical productivity.
The cornerstone assumption of this approach is that the CSTC operates in superstat mode.
Once the feed supersaturation is fixed, the optimum dilution rate can be theoretically
calculated using Equation (12), which relies solely on batch kinetic data. This allows for the
development of a standalone protocol for continuous crystallisation. With the determined
dilution rate, the mass crystallised and productivity at steady state can then be estimated
using Equations (13) and (14), respectively.

5. Conclusions

To conclude, we presented the theoretical procedure to identify conditions that can
be used to develop SOP for the continuous crystallisation of pharmaceuticals using the
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information obtained from batch kinetics. The theoretical values that include the dilution
rate, mass crystallised, productivity at steady state, optimum dilution rate, and the dilution
rate that corresponds to washout conditions can be used as a preliminary step to develop
a SOP for the continuous crystallisation process. The protocols discussed above only
require the kinetic constant obtained from the batch crystallisation process but provide
a lot of information about the required level of dilution rate for the manufacturing of
pharmaceuticals in continuous mode as a function of supersaturation. For the case of
continuous crystallisation of curcumin, based on the theoretical results shown in Figure 2a,b
for a solution of So = 5.5, it is best to maintain a dilution rate that may range from 0.04 to
0.08 min−1, and it is not advisable to operate the CSTC with D > 0.15 min−1, where we
could encounter complete washout of solid particles from the crystalliser. If we operate
the crystalliser with a solution of low supersaturation, So = 3, then based on the theoretical
calculations shown in Figure 2a,b, it is best to maintain the dilution rate of 0.012 min-
1, where the productivity will be at maximum. In this case, we will also encounter the
condition of no crystallisation or washout of crystals when the D > 0.03. Clearly, the
proposed method can serve as a guideline for experimentalists who are developing SOP for
continuous crystallisation based on the batch crystallisation kinetics. Moreover, it provides
important information about expected productivity at steady-state conditions.
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