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Abstract

The continuous crystallization of L-glutamic acid from water is studied in a single

stage mixed suspension mixed product removal crystallizer that is coupled to a milling

loop. We show that the stable β polymorph can be obtained in the presence of milling

at operating conditions that would lead to the metastable α polymorph without milling.

The effect is first shown through a series of experiments carried out at different residence

times, feed concentrations and in the absence/presence of milling. The experimental

observations are rationalized through the use of a population balance equation model.

We conclude that the observed effects result from fines generation and the corresponding

increase in crystal surface area. Using the model, we obtain a map of polymorphic

outcomes and process productivity in dependence of operating conditions. It is shown

that the combined milling/crystallization process exhibits higher productivity and an

enlarged region of operating conditions where the stable polymorph of L-glutamic acid

can be reliably obtained in comparison to a conventional crystallization process.

Keywords: continuous crystallization; polymorphism; process intensification; population

balance model.
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1 Introduction

A large number of substances can exist in multiple solid forms (e.g., amorphous structures,

polymorphs, co-crystals, solvates).1–3 In industrial manufacturing generating a desired solid

form reliably and robustly is of key importance, because the different solid forms can differ

substantially in their solubility, mechanical properties, and in the case of pharmaceuticals,

bioavailability. In the pharmaceutical industry, apart from being a regulatory requirement,

exploring the solid state landscape is not only important to avoid the appearance of an

unexpected form during manufacturing1, but also to protect intellectual property.2 In terms

of manufacturing, however, one typicallly prefers a form that is solvent-free and is stable at

process and storage conditions.4

Once the desired solid form is selected, a tailored crystallization process can be developed

to manufacture it on the scale required. The arguably simplest way to access the most

stable polymorph in a batch crystallization process is by seeding with crystals of the stable

form and then growing them by creating supersaturation, e.g., through cooling or anti-

solvent addition. The supersaturation generation is typically carried out gently.4,5 The aim

of this strategy is to keep the process below the solubility of any metastable forms, therefore

eliminating the possibility of forming crystals of these forms. The red dashed trajectory

shown in Figure 1 (left) illustrates this for L-glutamic acid (LGA) crystallized from water,

the model system used in this work. Since LGA crystallizes in two polymorphs that are

monotropically related, this processing strategy amounts to keeping the process between

the solubility lines of the metastable α polymorph and the stable β polymorph. The size

distribution can be controlled well by selecting the size and amount of seed material. If

seeding with the stable polymorph cannot be achieved, an unseeded batch crystallization

can be performed. If the nucleation and growth kinetics of the metastable polymorph are

faster than the kinetics of the stable polymorph, the metastable polymorph forms at the start

of the process, which undergoes a solution mediated polymorph transformation towards the

stable polymorph if sufficient time is provided.6–10 An example process trajectory for LGA
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crystallized from water at 45◦C is shown in purple in Figure 1 (left). Starting in point

1, crystals of the α polymorph precipitate and the solution concentration approaches the α

solubility (point 2). After a sufficient number of β crystals have nucleated and have grown by

consuming solution concentration, the α crystals dissolve over time. All α crystals dissolve

over time and the solution concentration approaches the β solubility (point 3). The time-

resolved solution concentration and polymorph composition is shown in Figure 1 (right)

(adapted from Cornel et al. 9). While such a processing strategy can still lead to a product

consisting solely of the stable polymorph, it exhibits several drawbacks: (i) the solution

mediated polymorph transformation can take substantial time to be completed, (ii) the time

required might be variable from one batch to another9 and can depend strongly on the

kinetics of the process11, (iii) the particle size distribution resulting from such a process is

hard to control.

PFC

Figure 1: (left) Phase diagram of L-glutamic acid in water12,13 with exemplary process
trajectories: polythermal seeded batch crystallizer/seeded plug flow crystallizer (red dashed
line); unseeded isothermal solution-mediated polymorph transformation (purple) and a single
stage mixed suspension mixed product removal crystallizer (green). (right) Evolution of
solution and solid composition in the unseeded isothermal solution-mediated polymorph
transformation at 45◦C; the bottom shows the plug flow crystallizer analogy. (modified from
Cornel et al. 9).

Continuous processes have considerable advantages over batch processes, such as steady

5
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state operation leading to higher reproducibility, higher process efficiency, and the potential

for lower capital and operational costs14–20. Theoretically, the processing strategies employed

in batch crystallizers can be directly applied to continuous flow crystallizers if they are op-

erated in a flow regime that exhibits no (or negligible) back-mixing, i.e., they are operated

under plug flow conditions. In such plug flow crystallizers (PFCs), the time a fluid element

has spent traveling through the crystallizer is the ratio between axial position of the fluid

element and the flow velocity. Therefore, once a PFC has reached steady state operation,

its length coordinate becomes equivalent to the time coordinate in a batch crystallizer (this

is illustrated in Figure 1 (right) at the bottom). While several promising approaches have

been developed in the recent past to achieve (near) plug flow in tubular crystallizers21–28, the

approaches are not (yet) widely available in manufacturing environments. Alternatively, con-

tinuous crystallization processes can be carried out in ubiquitously available stirred vessels

under complete back-mixing, referred to as mixed suspension mixed product removal crystal-

lizers (MSMPRCs) where both feed and product streams are continuously added/withdrawn

to/from a well-mixed (stirred) vessel16,19,20,29–31. In a single stage MSMRPC operated at

steady state, only a few operating variables remain: the crystallizer temperature, the feed

concentration, as well as the residence time of the crystallizer. Portrayed in the phase dia-

gram, Figure 1 (left), the steady state of an MSMPRC operated at 25◦C (point B) is located

on the green vertical line connecting the feed conditions (point A) and the solubility of the

stable polymorph. The exact position on this line results from the interplay of residence

time and crystallization kinetics: short residence times lead to steady states close to point

A, while long residence times lead to steady states closer to the solubility of the stable

polymorph. Steady states between the solubility lines of the polymorphs yield pure stable

polymorph reliably (thermodynamic control), while the polymorphic composition for steady

states above the solubility line of the metastable polymorph depends on the crystallization

kinetics of both polymorphs. However, it should be noted that running a process under such

conditions may still reliably yield pure polymorphs (also the stable one)11,32,33.
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Previous studies on polymorphic systems conducted in MSMPRCs have shown how op-

erating conditions and the number of stages affect the yield and the polymorphic form

obtained. Notably, Lai et al. studied the crystallization of LGA in a single MSMPRC11

and p-aminobenzoic acid in a multi stage MSMPRC system32. Crucially, their studies have

shown the feasibility of obtaining polymorphically pure products from such systems. For

instance, it has been shown that the metastable form of LGA can be reliably crystallized

from an MSMPR crystallizer operated at high feed concentration and low residence time11.

However, the stable polymorph could only be crystallized at combinations of high temper-

ature and short residence time (which limits yield, because of a higher solubility) or at low

temperatures with (very) long residence times (which results in poor process productivity).

In a seminal contribution to the field, Farmer et al. 33 successfully elucidated the interplay

between crystallization kinetics (nucleation and growth of the different polymorphic forms),

operating conditions and the polymorphic form obtained in a single stage MSMPRC, thus

explaining and generalizing the results reported by Lai et al.11,32 and others34. Ultimately,

their thorough steady state and stability analysis allows to “dial in” a desired polymorph by

altering the processing conditions of an MSMPRC in a targeted manner.

Motivated by the above findings, we here present a study on a single stage MSMRPC

process that is coupled to a milling loop. We choose to include milling in our processing

strategy, because it increases the surface area of particles present in the crystallizer and allows

us to tune the rate at which small particles are formed. We thus expect that such a process

arrangement will act as a means for process intensification, i.e., that higher productivities

are achievable in the combined crystallization-milling process when compared with a process

utilizing crystallization alone. Furthermore, since milling alters the relative rates of particle

generation and crystal growth of both polymorphs, we will investigate the impact of milling

on the polymorphic composition obtained from the process. To this end, we investigate the

start up and steady state behavior of the combined milling-crystallization process for the

model substance L-glutamic acid crystallized from water under different process conditions

7
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(feed concentration, residence times, with and without milling) using a process model, as well

as a series of experiments. In the remainder of this article, we first describe the experimental

setup in detail, followed by a description of the process model. We then rationalize the

process behavior using the model and proceed to analyze the experimental results. Finally,

the conclusions of this work are presented.

2 Materials and Methods

2.1 Materials

L-glutamic acid (LGA) was purchased from Acros Organics with >99% purity and used as

received. The two known LGA polymorphs exist in a monotropic system, i.e., the α poly-

morph35 (CCDC identifier: LGLUAC03) is the metastable form at all temperatures and

grows as compact prismatic crystals, while the β polymorph36 (CCDC identifier: LGLUAC)

is the stable form and grows as needle-like crystals. Solubility data (cf. Figure 1)12,13 and

kinetics for nucleation and crystal growth for both polymorphic forms have been well charac-

terized multiple times under different experimental circumstances.7,9,11,37–40 Water of Type

1 from a Milli-Q Ultrapure Water System was used as the solvent.

2.2 Experimental setup

Continuous crystallization experiments were carried out in a setup, schematically depicted

in Figure 2, consisting of a 10 L feed tank and a 500 mL crystallizer. Both vessels are

jacketed glass reactors, equipped with temperature probes, reflux condensers and stirred by

a four blade anchor (10 L tank) or pitched blade (500 mL crystallizer) stirrer. A rotor stator

suspension mill (magicLAB with MK module, IKA Werke G.m.b.H., Staufen, Germany;

operated at a rotor frequency ω = 3000 rpm when milling was employed) is connected in a

loop to the 500 mL crystallizer and serves as a means for crystal breakage.

Three thermostats (Ministat 230cc, Huber, Offenburg, Germany) were used to control

8
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fIiltration
unit

solute

MSMPR 
crystallizerfeed tank

solid 
product

thermostat 3

milling
unitthermostat 1

recycle without solid liquid separation for start-up 

pump 1
pump 2

pump 3

thermostat 2

Figure 2: Schematic representation of the experimental setup used in this work.

the temperature of the rotor stator mill, the crystallizer, and the feed tank. In the continuous

crystallization experiments detailed below, the feed tank was operated at 65◦C and the 500

mL crystallizer and the mill were operated at 25◦C. In order to avoid undesired crystalliza-

tion in the feed tube leading from the 10 L tank to the 500 mL crystallizer, a custom-built

tube-in-tube heat exchanger consisting of 1/4" in 1/2" transparent PTFE tubing was em-

ployed. The heating fluid exiting thermostat 3 is split to pass through the tube-in-tube

heat exchanger (in counter-current operation) and the jacket of the 10 L tank in parallel.

Operation in this way ensures undersaturated conditions in the whole feed tube and the feed

tank. Three Peristaltic pumps (L/S masterflex, ColeParmer, Illinois, USA) are used to trans-

port solution/suspension throughout the setup (cf. Figure 1). They are fitted with flexible

ColeParmer ChemDurance tubing in the pump head section; elsewhere transparent PTFE

tubes (1/4") are used. With the crystallizer volume of 500 mL and residence times between

15 minutes and 2 hours, it was found that a continuous flow (i.e. a constant feed flow rate of

4 – 33 mL min−1) of the product suspension is problematic. Cold wall temperatures of the

tube and residual supersaturation lead to nucleation, encrustation and subsequent clogging,

as well as insufficient transport of the suspension out of the crystallizer, due to size classifi-

cation caused by faster settling of larger particles than the in-tube flow speed. To solve this

9
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asynchronous periodic flow operation41 of the pumps with a flow rate of 150 mL min−1 in

intervals of 120 s was introduced. In addition to that the tubes are emptied after each step

to avoid particle settling in the product withdrawal tube and encrustation in the feed tube.

The inlet of the product withdrawal tube is mounted to ensure the nominal operating volume

of 500 mL in the crystallizer. As analyzed in detail in Su et al. 41 , periodic flow operation can

lead to fluctuations in the crystallizer concentration, as well as temperature. However, for

the short intervals used here (in comparison to the residence times) only minor fluctuations

in temperature were observed (cf. Figure 3), which we deemed to be negligible. The flow rate

through the mill (pump 2) is set at 150 mL min−1. The cycling of the suspension through

the mill was unproblematic for the continuous crystallization experiments reported below,

i.e., no additional control measures were necessary.

8000 8030 8060 8090 8120 8150 8180 8210 8240
24.4

24.6

24.8

25

25.2

25.4

25.6

Figure 3: Temperature fluctuations in the crystallizer due to periodic flow exemplified on
parts of two experiments carried out at a feed concentration of 20 g kg−1 and residence times
of τ = 0.25 h and τ = 0.50 h.
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2.3 Generation of seed crystals

Analogous to previous works37 seed crystals of the α polymorph were obtained by fast cool-

ing crystallization. To this end, a clear solution of LGA in water with a concentration of 48

g kg−1 was cooled to 45◦C with a cooling rate of 1.5◦C min−1. Upon reaching this temper-

ature, a burst of nucleation and crystal growth occurs. The crystals were then isolated by

Büchner filtration, washed with cold water and subsequently dried. Powder X-ray diffrac-

tion confirmed the generated crystals to be the metastable α polymorph. The as received

LGA from Acros was identified to be of the β polymorph and hence used as β seeds without

further modification.

2.4 Analytical Methods

In order to track the liquid composition in the crystallizer, we explored the use of in situ

process analytical technology (PAT), namely attenuated total reflectance Fourier transfor-

mation infrared (ATR-FTIR) spectroscopy. However, we found this to be challenging for

the experimental conditions reported in this article, because the in situ probes were continu-

ously affected by crystals growing on them (presumably caused by long term exposure to the

supersaturated conditions in the continuous crystallization experiments). Despite numerous

efforts (heated probes, repeated cleaning, etc.) the problem could not be avoided consis-

tently. Instead, off-line samples were taken to track the polymorphic composition through

powder X-ray diffraction, the solute concentration by gravimetric measurements, as well as

to gather size and shape information by optical microscopy. Suspension samples of 25 mL

were drawn directly from the crystallizer at specific time intervals. The suspension sam-

ples were then filtered using a preheated Büchner funnel and flask. The solids were dried

in an oven at 65◦C for 2 days and their powder X-ray diffraction patterns were measured.

The powder samples were ground using pestle and mortar and then placed on a “zero/low

background” Si wafer disc. All powder XRD diffraction measurements were performed on

a PANalytical X’Pert - PRO theta-theta diffractometer. Data was collected from 3 to 90◦
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2Θ in 0.02◦ steps with an acquisition time of two seconds per step. In order to determine

the ratio between polymorphs α and β from such samples, a calibration was conducted (see

supporting information for details). The solution concentration was determined by gravimet-

ric measurements. Approximately 3 mL of solution collected from the Büchner funnel were

transferred into a glass vial using a pre-heated syringe and immediately weighed. The vials

were left in an oven to dry at 65◦C for 2 days and subsequently weighed again. Microscopy

pictures of dry crystal samples were taken on a Zeiss Axioplan Optical Microscope equipped

with an Infinity 1 CMOS digital camera.

3 Process Model

In order to describe the evolution of the particle size distributions of both polymorphs in the

crystallizer, the population balance equation (PBE) framework42,43 is used and coupled to

a material balance for the concentration of LGA in the liquid phase. Here, we assume that

the crystals can be described with a single characteristic length, L, and further proceed to

model the combination of crystallizer and mill (cf. Figure 1) as a single processing unit, i.e.,

we act as if crystal breakage is induced directly in the crystallizer. The latter simplification

is justified, because the flow rate through the mill and its operational parameters (i.e., its

rotation speed) are kept constant in all experimental work and because the temperature of

the mill and crystallizer are independently controlled to the same value. Thus, two PBEs

(one for each polymorph) and one material balance are required in the model; in contrast

to the alternative (modelling the crystallizer and mill separately), this roughly halves the

computational effort required to solve the resulting process model. The PBEs account for
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crystal growth, nucleation, as well as crystal breakage and are formulated as:

∂ni(L, t)

∂t
=−Gi

∂ni(L, t)

∂L

+

∞∫
L

Ki (λ) di (λ, L)ni (λ, t) dλ −Ki (L)ni(L, t)

− Qni(L, t)

V
with i ∈ {α, β}

(1)

where ni(L, t) is the particle size distribution of polymorph i, so that ni(L, t)dL is the number

of crystals per volume of suspension with characteristic lengths between L and L + dL (it

therefore has units of [#/m−4]). t is time, Gi is the supersaturation dependent crystal

growth rate, Ki is the crystal breakage rate, and di is the size distribution of fragments

generated when breaking a crystal of a specified size. The first term on the right hand side

of Equation (1) therefore represents crystal growth and the second and third term represent

the appearance and disappearance of crystals due to breakage, respectively. The last term

represents the crystals moving from the crystallizer/mill vessel to the filtration unit, which

is expressed through the volume flow rate of that stream (Q) and the volume of suspension

in the processing vessel (V ). The PBEs have the following initial and boundary conditions:

ni(L, t = 0) = n0,i(L)

ni(L = 0, t) =
Ji
Gi

for c > c?,i

ni(L =∞, t) = 0 for c ≤ c?,i

(2)

where ni,0 is the size distribution of the seed crystals, Ji is the nucleation rate, and c?,i is

the solubility. The PBEs are complemented by a material balance describing the evolution

of the LGA concentration in the liquid phase:

dc

dt
=
Q(cin − c)

V
− 3

∑
i∈{α,β}

kv,iρc,iGi

∞∫
0

L2nidL (3)
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with initial condition c(t = 0) = c0. In Equation (3) cin is the feed concentration, ρc,i is the

crystal density of polymorph i, and kv,i is its volumetric shape factor (so that kv,iL3 is the

volume of a crystal with characteristic length L).

In order to solve the PBEs the particle size coordinate was discretized and the growth/dissolution

term was handled using a high resolution finite volume scheme laid out in detail elsewhere44.

In this instance, the limited κ = 1/3 scheme first introduced by Koren was employed45.

The breakage terms were treated as source terms, adapting the fixed pivot technique intro-

duced by Kumar and Ramkrishna 46 . The resulting set of ordinary differential equations was

integrated using the ode45 function available in Matlab47.

The process model detailed in Equations (1) to (3) is used here to qualitatively describe

the experimental results (in terms of solution concentration and polymorph mass ratio)

obtained by running the process detailed in Figure 1 for different residence times, feed con-

centration and in the presence and absence of crystal breakage introduced by the suspension

mill. In order to do so, the model needs to be supplied with appropriate constitutive equa-

tions. The literature proffers various expressions for the growth and nucleation rates of the

α and β polymorph of LGA,7,9,11,37–40,48 which were established under different experimental

conditions. Here, we have used the expressions reported by Hermanto et al. 39 , because that

work provided growth and nucleation rates for both polymorphs that were estimated from

experimental data roughly covering the temperature and supersaturation range encountered

in the present work. Furthermore, the kinetics were established for a model based on a sin-

gle characteristic length for the particles, as in the present work. The relevant constitutive

equations are reported in Table 1. From this table it is evident that the growth rates were

described by power laws and the nucleation rates were assumed to result from secondary

nucleation that is proportional to the third moments of the particle size distribution of the

polymorphs. Furthermore, the nucleation rate of the β polymorph includes a cross-nucleation

term (i.e., β crystals forming due to the presence of α crystals), where nucleation of the α

crystals stems only from already existing α crystals.
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Table 1: Overview of constitutive equations used to describe the nucleation, growth and dissolu-
tion rates of the α and β polymorph of L-glutamic acid†,#,§,‡.

mechanism equation/parameters

growth rate of α polymorph Gα = kgα,0 exp
(
− Eα
R(θ+273)

)
(Sα − 1)gα for Sα ≥ 1

kgα,0 = 6.540 m s−1

Eα = 4.3088× 104 J mol−1

gα = 1.859

dissolution rate of α polymorph Gα = kdα (Sα − 1)gα

kdα = 3.5006× 10−5 m s−1

growth rate of β polymorph Gβ = kgβ,0 exp
(
− Eβ
R(θ+273)

)
(Sβ − 1)gβ,1 exp

(
− gβ,2
Sβ−1

)
kgβ,0 = 3.8387× 1022 m s−1

Eβ = 1.7596× 105 J mol−1

gβ,1 = 1.047
gβ,2 = 0.778

nucleation rate of α polymorph Jα = kjα (Sα − 1)µα,3
kjα = 3.0493× 107 m−3 s−1

nucleation rate of β polymorph Jβ = kjβ,1 (Sβ − 1)µα,3 + kjβ,2 (Sβ − 1)µβ,3
kjβ,1 = 7.2826× 106 m−3 s−1

kjβ,2 = 4.8517× 108 m−3 s−1

† θ represents temperature in ◦C.
# R is the gas constant.
§ Si = c/c?,i is the supersaturation with respect to polymorph i, where c is the liquid phase concentra-
tion and c?,i is the solubility of polymorph i.
‡ µi,3 =

∞∫
0

L3ni dL is the third moment of the particle size distribution of polymorph i.
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It is noteworthy that we have chosen to include a description of the dissolution rate for

the crystals of the α polymorph, because we are also interested in the dynamics towards

steady state under different seeding conditions. However, the choice of the dissolution rate

will not affect the steady states established by the model∗, as mentioned in earlier works.11,33

In contrast to the extensive characterization effort on the growth and nucleation kinetics

of both polymorphs of L-glutamic acid, there has been little work carried out on the descrip-

tion of crystal breakage kinetics for this system. To the authors’ knowledge, the work by

Salvatori and Mazzotti 49 represents the only work to date in this direction and is focussed

on the β polymorph exclusively. In that work, a morphological PBE model is employed with

the aim of describing size and shape changes induced by milling. In this work, we instead opt

to treat crystal breakage in a simplified manner consistent with the one-dimensional PBE

mentioned above. The daughter distribution, di(λ, L), describing the number of fragments

of size L formed when breaking a particle of size λ was chosen as:50–53

di(λ, L) = 3(2qi + 1)L2

(
2

λ3

)2qi+1(
L3 − λ3

2

)2qi

(4)

with qi = 7 in all simulations including breakage in this work. The breakage rate Ki(L) was

chosen as:

Ki(L) = kb,iL (5)

with kb,i = 80 s−1 m−1. The value of this prefactor was selected to lead to qualitative agree-

ment of the model with the experimental results presented later in this article. Combined

with the residence times of the crystallizer/mill combination used in our simulation work,

these functional choices and parameter choices represent reasonable breakage conditions54.

For simplicity, we have assumed that crystals of both polymorphs break with the same rate

and with the same daughter distribution, i.e., kb,α = kb,β and qα = qβ. The remaining

material constants used in the simulations are mentioned in Table 2.
∗Note that this is only true for single stage MSMPRC processes; for cascades there exist cases where the

dissolution rate affects the steady state in all but the first crystallizer
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Table 2: Material constants for LGA used in the process model.

description symbol value

crystal density of α35 ρc,α 1532 kg m−3

crystal density of β 36 ρc,β 1569 kg m−3

volume shape factor for α9 kv,α π/6
volume shape factor for β 9 kv,β 0.01

4 Results and Discussion

4.1 Overview

We have investigated the MSMPR process shown in Figure 2 in terms of its start up and

steady state behavior under different operating conditions with respect to the solution con-

centration, as well as the polymorphism of the product obtained. To this end, we have varied

the residence time, the feed concentration, as well as the polymorph with which the process

was seeded. We have also run the process with and without the suspension mill active.

The simulation results obtained from the process model detailed above are presented first,

followed by the experimental results.

4.2 Simulation Results

In order to investigate the start up and steady state behavior of the continuous crystallization-

milling process we have performed simulations with various operating and initial conditions,

as detailed in Table 3. All simulations were carried out at a temperature of 25◦C with initial

concentrations equal to the solubility of the stable β polymorph at this temperature, i.e.,

c0 = 8.51 g kg−1. Seeding was performed with crystals of the α polymorph, with crystals of

the β polymorph, or with equal masses of both polymorphs. The total seed mass was set

equal to the maximum theoretical yield attainable, i.e., mseeds = V (cin − c?,β), and the seed

particle size distribution was specified as

n0,i(L) = kseeds,i exp

(
−(L− µ)2

σ2

)
(6)
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where kseeds,i was chosen to establish the seed mass as mentioned above and the mean size

and standard deviation of the seed particle size distribution were chosen as µ = 2.5×10−4 m

and σ = 5× 10−5 m, respectively.

Table 3: Operating and initial conditions used in the process simulations.†

residence time, τ [h] feed concentration, cin [g kg−1]

0.25, 0.50, 1.00, 1.25, 1.50, 1.75, 2.00 15, 20, 25, 30, 35, 40
† Simulations for all operating parameter combinations were carried out with and without break-
age.

We first investigate the start up behavior of the process at a fixed residence time τ = 1 h

and a feed concentration cin = 20 g kg−1 when the process is seeded with the α polymorph, the

β polymorph, or a mixture of both polymorphs. We report the evolution of the liquid phase

concentration and the mass fraction of the β polymorph in the crystallizer in Figure 4. When

seeding with a mixture of both polymorphs (purple curves), the solution concentration (left

panel) quickly increases from the initial concentration to the solubility of the α polymorph

and the mass fraction of the β polymorph increases (right panel), which indicates the rapid

dissolution of crystals of the α polymorph. After this initial dissolution phase, crystals

of both polymorphs grow throughout the rest of the process. The solution concentration

reaches a steady state that is supersaturated with respect to both polymorphs and is lower

than the inlet concentration. The mass fraction of the β polymorph shown in the right panel

decreases towards zero as time evolves, indicating that the β crystals are washed out, i.e., the

mass deposition rate on β crystals is smaller than the mass removal rate through the outlet

stream. When seeding with the α polymorph (red curves), the same steady state is reached

and the evolution of the solution concentration exhibits similar features as in the mixed

seeding case. The mass fraction of the β polymorph steadily remains at zero, indicating

that no significant nucleation and growth of the β polymorph occurs. Conversely, when

seeding with the β polymorph (blue curves), the solution concentration approaches the inlet

concentration and the mass fraction of the β polymorph remains at one. Referring back to
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the constitutive equations reported in Table 1, one realizes that this behavior is owed to the

specified nucleation rates: following Hermanto et al. 39 we have assumed that the formation of

new crystals proceeds exclusively through secondary nucleation (which, for the α polymorph,

only depends on the presence of α crystals). Therefore, if no α crystals are initially present,

they will never form, which creates the possibility for a different steady state to be obtained.

However, this steady state is dynamically unstable, i.e., even slight deviations from it will

lead to the other, dynamically stable, steady state (see Farmer et al. 33,55 for an in depth

discussion). Experimentally, there is always a chance for primary nucleation to occur (even

if its rate is slow) or for accidental seeding to occur, which leads to the dynamically stable

steady state. For the remainder of the simulation work presented here, we therefore use

mixed seeds to start up the process, so that obtaining the dynamically stable steady state

is ensured.
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Figure 4: Start up behavior of the process with residence time τ = 1 h and feed concentration
cin = 20 g kg−1 under different seeding conditions (α seeds in red, β seeds in blue, mixed
seeds in purple). (left) evolution of the solution concentration, (right) evolution of the mass
fraction of the β polymorph.

Introducing particle breakage through a suspension mill affects the particle size distribu-

tion of both polymorphs in the crystallizer and therefore affects the steady state obtained,
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as well as the transient behavior to the steady state. We exemplify this in Figure 5, where

we show simulation results obtained with residence time τ = 1.75 h and feed concentration

cin = 20 g kg−1. One sees that the steady state concentration obtained with milling is lower

than without milling (left panel). This can be understood by realizing that milling increases

the surface area of the particles in the crystallizer. This results in an increase of the mass

deposition rate (see Equation (3)) and hence a lower steady state concentration. Strikingly,

the polymorph obtained at steady state switches from the metastable α to the stable β

polymorph once milling is employed, as can be seen from the right panel of Figure 5. The

evolution of the mass fraction of β over time in the case without milling is similar to the case

shown in Figure 4. In the case with milling, the mass fraction of β first increases (due to the

initial dissolution phase), then decreases towards 0.1 and then increases to one, i.e., pure β

polymorph. The decrease can be rationalized as the effect of breakage of both polymorphs.

The growth rate for α is higher than for β in this transient phase, leading to the observed

decrease of the mass fraction of β in the crystallizer. However, as the solution concentration

decreases further, the growth and nucleation rates change, leading to a situation where the

α crystals wash out slowly over time (and hence the mass fraction of β increases). It is

worthwhile to point out that this is not the effect of a solution mediated polymorph trans-

formation; in fact, after the initial sharp increase of solution concentration at the start of the

process, the solution concentration is continuously above the solubility of the α polymorph,

i.e., the solution is supersaturated with respect to both polymorphs.

It should also be noted that the solution concentration quickly becomes close to its steady

state value in the case with milling, while the mass fraction of β still changes dramatically†.

Such process behavior is potentially worrying: if steady state attainment were identified

using solution concentration measurements only, the process could be assumed to be at

steady state prematurely. Using a single suspension sample from this “steady state” to

determine the polymorph obtained from the process can then be misleading. As an example,
†While not explicitly shown here, this behavior also occurs in cases without milling for some combinations

of feed concentration, initial concentration, residence time and seeding strategy.
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Figure 5: Start up behavior of the process with residence time τ = 1.75 h and feed con-
centration cin = 20 g kg−1 without milling (dashed lines) and with milling (solid lines).
(left) evolution of the solution concentration, (right) evolution of the mass fraction of the β
polymorph.

in Figure 5 one could easily have mistaken the process to be at steady state after 20 hours

when only considering solution concentration, but the mass fraction of β would have been

misidentified as ≈0.15, rather than pure β at the actual steady state.

We now consider a wider range of feed concentrations and residence times (cf. Table 3).

An overview of the steady state results is reported in Figure 6 in terms of solution concentra-

tion at steady state, css, and the mass fraction of β at steady state, wβ,ss. The mass fraction

of β at steady state is reported in the top two panels in this figure, where conditions yielding

the metastable α polymorph are shown in pale yellow and conditions yielding the stable β

polymorph are shown in black. For the cases without milling (top left panel), we can see

that all residence times and feed concentrations yield the metastable α polymorph. For the

cases with milling (top right panel), pure β polymorph was obtained at residence times of

1.75 and 2 (and more) hours regardless of the feed concentration used (i.e., 15 g kg−1 ≤ cin ≤

40 g kg−1), whereas simulations carried out at shorter residence times (τ ≤ 1.5 h) resulted

in steady states exhibiting pure α polymorph. The grey area shown between 1.5 h and 1.75
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h residence time is an area where no simulations were carried out.

Focussing now on the steady state solution concentration (lower panels in Figure 6),

one can see that (i) higher residence times (at a constant feed concentration) lead to lower

steady state solution concentrations, (ii) the cases with milling exhibit lower steady state

concentrations compared to the equivalent cases without milling, and (iii) the impact of

the feed concentration on the steady state solution concentration is only visible in the case

without milling at low residence times. In fact, simulations performed at the lowest feed

concentration of 15 g kg−1 without milling have led to steady states with essentially no

particles present, i.e., the crystal growth and nucleation rates are too low to sustain a crystal

population in the crystallizer. We have also drawn white contour lines representing the

productivity of the process into the lower panels, where we have calculated the productivity,

P , as:

P = τ−1
∑

i∈{α,β}

kv,iρc,i

∞∫
0

L3ni dL (7)

That is, the productivity is defined as the mass of crystals produced per volume of suspen-

sion per time. Congruent with the observation made regarding the solution concentration,

the productivity is highest at low residence times and high feed concentrations and the pro-

ductivity is higher for the cases with milling (at otherwise equal operating conditions). It

is noteworthy that the case with milling is predicted to allow producing the stable β poly-

morph at reasonable productivity values within the parameter range investigated (up to

roughly 15 kg m−3 h−1).

Comparing our results to previous studies on the LGA/water system carried out in con-

tinuous crystallizers11,33, we find that our results for the case without milling are in good

agreement with them (neither study investigated milling). Specifically, the experiments car-

ried out by Lai et al. 11 indicated that only the α polymorph is obtained at steady state in the

parameter range studied in our simulations. However, in terms of the solution concentration

at steady state, they have reported values ranging from 28.6 to 18.2 g kg−1 for residence
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times from 0.5 to 2 hours and a feed concentration of 40 g kg−1. While these values are

higher than what we obtained in our simulations, the trend they observed is in qualitative

agreement with our model results. Interestingly, the same authors concluded that residence

times in excess of 17.4 h would be required to obtain the β polymorph at steady state (at

25◦C), which would result in low process productivities. Conversely, our model results pre-

dict that the β polymorph can be manufactured at substantially higher productivities when

milling is employed. Farmer et al. 33 reported extensive simulation results on the LGA/water

system. Their observations regarding steady state stability, as well as the occurrence of a

steady state without particles present (i.e., where initially present seed particles are washed

out, as in the case mentioned above) are in excellent agreement with our own results. While

we have conducted the modeling study presented in the main part of this article using the

kinetics reported by Hermanto et al. 39 , we have additionally studied the process model us-

ing the kinetic rate equations reported by Lai et al. 11 in the supplementary material. While

these results are quantitatively different, they are in good qualitative agreement with the

results presented here.
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Figure 6: Mass fraction of β polymorph (top panels) and solution concentration (bottom
panels) at steady state obtained from process simulations that were run with a range of
residence times and feed concentrations (cf. Table 3). (Left panels) without milling; (right
panels) with milling. In the top panels conditions where the α polymorph was obtained
are shown in pale yellow, whereas conditions yielding the β polymorph are shown in black
(no simulations were performed in the grey area). In the bottom panels, the colormap56

indicates the solution concentration at steady state, whereas the white contour lines indicate
the productivity.
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4.3 Experimental Results

In this section, we strive to investigate the qualitative validity of our simulation results

presented above using an experimental study. To this end, we have performed a set of exper-

iments in the continuous MSMPR crystallizer/mill combination presented in the Materials

& Methods section with the crystallizer temperature set at 25◦C and the other operating pa-

rameters as mentioned in Table 4. The residence time that could be explored experimentally

was limited to the range of 0.25 – 2 h, because of considerations relating to the transport of

suspension from the crystallizer – even when employing the intermittent pumping strategy

detailed earlier in this article. The feed concentration that we could reliably explore was lim-

ited to the range of 20 – 30 g kg−1. Below the lower limit, very dilute suspensions resulted

at steady state, which made obtaining reliable crystal samples to determine polymorphic

content difficult. At feed concentrations of 40 g kg−1, which required temperatures of >80◦C

in the feed tank to maintain a clear solution, degradation of LGA in solution was observed

(see differential scanning calorimetry data reported in the supporting information). Hence,

we chose an upper limit for the feed concentration of 30 g kg−1 with a feed temperature of

65◦C, where we did not observe LGA degradation for the duration of the experiments.

Table 4: Operating conditions used in the experimental study

Exp. No. cin [g kg−1] τ [h] milling

1 – 4 20 0.25, 0.5, 1, 2 without
5 – 8 20 0.25, 0.5, 1, 2 with
9 – 12 30 0.25, 0.5, 1, 2 without
13 – 16 30 0.25, 0.5, 1, 2 with

The process start up in our experimental study was performed from saturated solutions

(with respect to the β polymorph) into which seeding was performed. The seed amount

was chosen to correspond to the maximum theoretical yield (cin − c?.β), resulting in seed

amounts of 11.5 g kg−1 and 21.5 g kg−1 for feed concentrations of 20 g kg−1 and 30 g kg−1,

respectively. Seeding was performed with either the pure α or the pure β polymorph. In
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order to distinguish results from experiments seeded with the α polymorph from experiments

seeded with the β polymorph, we include the subscript α or β with the respective experiment

number in the remainder of this article.

Focussing first on the start up behavior of the process at low residence times, we report

results from experiments carried out at a residence time of τ = 0.25 h, both feed concen-

trations, with/without milling and seeded with the pure β polymorph (i.e., experiments 1β,

5β, 9β, and 13β from Table 4). The evolution of the solution concentration and the mass

fraction of β polymorph observed in these experiments is shown in Figure 7. One can see

that the solution concentration in all cases first increases rapidly, reaches a maximum and

subsequently approaches a steady state value at a lower concentration (but above the α sol-

ubility in all cases). In agreement with our simulation study (cf. Figure 5), both the steady

state concentration and the observed maximum are lower for the experiments with milling.

This difference in steady state solution concentration points at an increase in productiv-

ity when milling is used, which is in agreement with our model-based study, cf. Figure 6.

However, while there is qualitative agreement between simulations and experiments regard-

ing the shape of the curves and the trends observed, the experimentally observed solution

concentrations are generally lower than the ones obtained in the simulation study. Since sec-

ondary nucleation kinetics are sensitive to the hydrodynamic conditions of the crystallizer,

which were not the same in the experiments reported by Hermanto et al. 39 and our own

experiments, a difference in nucleation kinetics is the most likely source of this discrepancy.

With respect to the mass fraction of β polymorph, the experimental data indicates that the

seeded β polymorph is quickly washed out with the mass fraction of β approaching zero after

roughly 6 residence times.

In the case of LGA the evolution of the polymorphs present in the crystallizer can also

be visually observed, because the β polymorph crystallizes in a needle-like shape, while the

α polymorph crystallizes in a compact prismatic form. A series of microscopy pictures of

experiment 5β, taken for samples obtained at different times throughout the process, confirms
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Figure 7: Evolution of solution concentration and mass fraction of β polymorph observed
for experiments conducted at a residence time τ = 0.25 h. (Left) Start Up of Exp. 1β+5β at
cin = 20 g kg−1 and (Right) of Exp. 9β+13β at cin = 30 g kg−1. On the left vertical axis the
solution concentrations of the experiments without milling are drawn as empty circles (◦);
for experiments with milling as filled circles (•). The mass fraction of β polymorph is given
on the right vertical axis and is drawn for the experiment without milling as empty triangles
(4) and for the experiments with milling as filled triangles (N). Lines drawn to guide the
eye.
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a switch from the seeded β polymorph to the α polymorph (pictures shown in the supporting

information).

While the start up behavior for the experiments conducted with a residence time of 0.5 h

is similar (see supporting information), the transient behavior of the experiments performed

with τ = 1 is significantly different. In Figure 8 we show the evolution of the solution

concentration and mass fraction of β polymorph for experiments 3β, 7α, and 7β, as well as

11β, 15α and, 15β. Focussing first on the experiments at the lower feed concentration of 20

g kg−1 (left panel), we observe that the solution concentration for the case without milling

(exp. 3β, blue empty circles) goes through a maximum, whereas the cases with milling (exps.

7α (red filled circles) and 7β (blue filled circles)) do not. The steady state concentration for

the experiments with milling is again (slightly) lower than in the experiment without milling.

In terms of the mass fraction of β polymorph, one can see that in the experiment without

milling (exp. 3β; blue empty triangles) the β crystals are again washed out quickly and α

crystals prevail at steady state. However, remarkably, the mass fraction of β polymorph for

the experiment with milling and β seeds (exp. 7β; blue filled triangles) stays at high mass

fraction of β polymorph for 8 residence times before α crystals start to nucleate and grow

with the mass fraction of the β polymorph rapidly decreasing. Performing an experiment

at the same conditions, but with α seeds (exp. 7α; red filled triangles), one can see that

the process remains at almost pure α throughout. As discussed in the simulation part (see

Figure 5 and text relating to it), the solution concentration can already be close to the final

steady state concentration, even though the polymorph content can still change significantly,

which is exemplified by these experiments. This shows again that for the crystallization of a

polymorphic system it is of utmost importance to not only monitor the solution concentration

to determine whether a process operates in steady state, but that one should also track the

solid state composition. In the right panel of Figure 8 the results for the experiments carried

out at the higher feed concentration of 30 g kg−1 are shown, which mirror the results obtained

at the lower feed concentration.
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Figure 8: Evolution of solution concentration and mass fraction of β polymorph observed
for experiments conducted at a residence time τ = 1 h. (Left) Start Up of Exp. 3β, 7β,
and 7α at cin = 20 g kg−1 and (Right) of Exp. 11β,15β, and 15α at cin = 30 g kg−1. The
α seeded experiments are drawn in red color; the beta seeded experiments in blue. On the
left vertical axis the solution concentrations of the experiments without milling are drawn
as empty circles (◦); for experiments with milling as filled circles (•). The mass fraction
of β polymorph is given on the right vertical axis and is drawn for the experiment without
milling as empty triangles (4) and for the experiments with milling as filled triangles (N).
Lines drawn to guide the eye.
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Increasing the residence time further to 2 h, the results reported in Figure 9 are obtained.

The experiments were started, ran overnight, and samples were taken the next day, hence,

only results at the beginning and after 12 or 18 hours of operation are reported. While the

startup behavior of these experiments is therefore not fully resolved, the data allow extracting

information about the steady state behavior. In the left panel of Figure 9, experiments carried

out with a feed concentration of 20 g kg−1 are presented. The red filled symbols represent

the experiment with milling, which was seeded with α crystals and the blue empty symbols

represent the experiment carried out without milling, which was seeded with β crystals. The

results indicate that a complete polymorph change-over was enabled through the use of the

mill: from the metastable α polymorph in the case without milling, to the stable β polymorph

in the case with milling. Notably, the steady state concentration for the experiment with

milling is located below the solubility of the α polymorph; consequently, only crystals of

the β polymorph are obtained. The observation that the stable polymorph can be obtained

through the use of milling at conditions that lead to the metastable polymorph without

milling is in agreement with our simulation results reported in Figure 6. At the higher feed

concentration of 30 g kg−1, this polymorph change-over is again observed, though, this time,

the steady state concentration stays above the solubility of the α polymorph. Nevertheless,

essentially pure β polymorph is obtained.

Table 5 summarizes the steady state solution concentration, css, the mass fraction of β

polymorph at steady state, wβ,ss, as well as the productivity obtained in all experiments.

To determine the steady state values, the average of the last three measurement values was

calculated. Summarizing the results, one can see that the steady state solution concentration

decreases with increasing residence time (at constant feed concentration). The change in feed

concentration affects the steady state concentration only slightly for the LGA/water case,

which is consistent with the simulation results presented earlier. The experiments carried

out with milling always exhibit a lower steady state concentration than the experiments

without milling and hence using the mill allows reaching higher productivities. Therefore,
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Figure 9: Evolution of solution concentration and mass fraction of β polymorph observed for
experiments conducted at a residence time τ = 2 h. (Left) Start Up of Exp. 4β+8α at cin =
20 g kg−1 and (Right) of Exp. 12β+16α at cin = 30 g kg−1. The α seeded experiment is drawn
in red color; the β seeded experiment in blue. The solution concentration of the experiments
without milling are drawn as circles (◦), with milling as filled circles (•). The mass fraction
of β polymorph is given on the right vertical axis and is drawn for the experiment without
milling as empty triangles (4) and for the experiments with milling as filled triangles (N).
Lines drawn to guide the eye.
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apart from constituting a means to influence polymorphism at the steady state, milling is

also shown to be an attractive tool for process intensification.

Table 5: Overview of steady state conditions achieved in all experiments

operating parameters without milling with milling
cin [g kg−1] τ [h] css [g kg−1] wβ,ss P [kg m−3 h−1] css [g kg−1] wβ,ss P [kg m−3 h−1]

20 0.25 15.8 0.01 16.8 13.4 0.01 26.4
20 0.50 14.1 0.01 11.8 12.7 0.02 14.6
20 1.00 13.4 0.00 6.6 13.0 0.04† 7.0
20 2.00 13.1 0.00 3.5 11.3 1.00 4.4
30 0.25 15.6 0.00 57.6 13.6 0.00 65.6
30 0.50 14.1 0.01 31.8 13.2 0.05 33.6
30 1.00 13.5 0.03 16.5 12.9 0.02† 17.1
30 2.00 12.7 0.00 8.7 11.8 1.00 9.1
† The value reported refers to the experiment seeded with α crystals, i.e., the polymorph present at
the stable steady state.

5 Concluding Remarks

In this work, we have conducted an experimental and modelling study on a continuous

crystallization-milling process, where we have investigated the crystallization of LGA from

water. Investigating the start-up of the process in our model, we have concluded that (i)

steady state multiplicity exists and (ii) that different steady states are accessible through

seeding; confirming earlier results conducted on processes without milling11,33. However, it

should be pointed out that this finding is a consequence of using specific nucleation kinetics in

the model (no primary nucleation and at least one form without cross-nucleation, i.e., where

secondary nucleation kinetics of one form do not depend on the presence of the other form).

Such steady states are dynamically unstable, i.e., the system departs from them and moves

towards the stable steady state when slight disturbances are introduced (such as a primary

nucleation event or the addition of a form impure seed material). By seeding exclusively

with the polymorph that does not dominate at the stable steady state in our experimental

campaign, we have intentionally shown that such steady states can be quite long-lived (see
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Figure 8 where the unstable steady state is visible for roughly 8 residence times). Operation

at such unstable steady states is generally not advisable from the viewpoint of process

robustness (unless suitable measurement and control strategies are put in place). In order to

reliably identify the stable steady state at given process conditions, we therefore recommend

to use seed material that is a mixture of polymorphic forms.

In terms of results obtained at stable steady states, we have shown that the use of a

rotor stator mill for crystal breakage leads to an increase of productivity. Mechanistically,

this effect can be understood as the result of milling decreasing the size of crystals present

and therefore increasing their surface area (at constant mass). This, in turn, increases the

mass deposition rate of the solute on to the crystals. It should be noted, however, that this

relies on the mill being appropriately temperature-controlled. If this were not the case, the

temperature of the process stream leaving the mill would be increased, possibly leading to the

partial dissolution of particles. If intense milling is used, there is also a risk of amorphization

and a risk to induce solid state transformations57. However, in the experimental case study on

LGA crystallized from water presented here, we did not observe such effects (see pXRD data

in the supporting information). Indeed, we have shown that even mild/moderate milling

conditions can be successfully applied to increase the productivity of the process. It is

noteworthy that we were able to qualitatively describe our experimental observations using

a process model that solely relies on nucleation, crystal growth and breakage, i.e., no specific

alterations in the model structure were necessary to account for the energy input of the mill

into the suspension.

We have also shown that milling can be used as a tool to steer the polymorphic out-

come of a continuous crystallization process. For the case of LGA crystallized from water,

we have shown that it becomes possible to obtain the stable polymorph at high productiv-

ity under processing conditions that would lead to the metastable polymorph without the

mill, see Figure 9. In previous work, Lai et al. 11 predicted that the stable polymorph can

only be crystallized in a single MSMPRC set up with residence times exceeding 17.4 h at
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25◦C and a feed concentration of 40 g kg−1. In contrast, our results show that a combined

milling-crystallization process produces the stable polymorph already at a residence time of

two hours. Despite having to use a lower feed concentration (due to LGA degradation at

high temperatures, see supporting information), this constitutes a roughly 6-fold increase in

production rate of the stable polymorph. This effect can be understood as a consequence of

increasing the rate of formation of new crystals. Without milling (primary and secondary)

nucleation constitutes the only source of new particles in the process; by introducing milling

to the process, the particle generation rate can be increased and, importantly, it can be

increased in a targeted fashion.

While crystal breakage consistently steered the process towards the stable polymorph in

our experiments and the process simulations on LGA, we have not studied whether this is

a general phenomenon that is applicable to other substances. However, we note that the

breakage rate of crystals in general depends on the mechanical properties of the crystal form,

as well as their size and shape (intuitively, everything else being equal, it is easier to break

long, thin objects, rather than compact crystals). Both these properties may differ substan-

tially for different polymorphs/crystal forms. If the goal is to steer the process towards the

stable polymorph, the case of LGA may be fortunate in this respect, because the stable

polymorph exhibits a needle-like morphology that may be more prone to breakage than the

metastable polymorph that exhibits a prismatic morphology. On the other hand, increasing

the surface area of the crystal suspension will always lower the steady state concentration

and will therefore tend to favor the stable polymorph. In an upcoming work we have investi-

gated the relationship between different breakage rates of polymorphs and the polymorphic

outcome of a crystallization-milling processing in more depth and the interested reader is

referred to that work58.
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