
Application of Ultrasound for Start-Up of
Evaporative Batch Crystallization of Ammonium

Sulfate in a 75-L Crystallizer
Richard Lakerveld, Nelleke G. Verzijden, Herman Kramer, and Peter Jansens
Dept. of Process and Energy, Delft University of Technology, Delft, The Netherlands

Johan Grievink
Dept. of DelftChemTech, Delft University of Technology, Delft, The Netherlands

DOI 10.1002/aic.12553
Published online March 22, 2011 in Wiley Online Library (wileyonlinelibrary.com).

A positive effect of ultrasound on crystallization has been shown for many applica-
tions especially on small scale. Predictable scale-up of sonocrystallization is a chal-
lenge due to the inherent dependency of ultrasound on scale. The presented research
discusses the experimental application of ultrasound to induce nucleation at low super-
saturation for start-up of evaporative batch-wise crystallization of ammonium sulfate
in a 75-L draft tube (DT) crystallizer. A comparison is made with a conventional start-
up procedure using primary nucleation or seeding. Ultrasound is applied in two geo-
metrically different vessels of 1.2-L connected to a 75-L DT crystallizer. Application of
ultrasound for start-up of a 75-L DT crystallizer shows that an optimum amount of
ground seeds is better capable to suppress nucleation. A challenge for future research
is to improve the efficiency of ultrasound to produce a large number of nuclei for
start-up of batch crystallization at larger scale. VVC 2011 American Institute of Chemical

Engineers AIChE J, 57: 3367–3377, 2011

Keywords: crystallization, ultrasound, seeding, sonocrystallization, nucleation

Introduction

Batch crystallization is a widely applied separation and
product formation technology in chemical industry. The
future impact of crystallization is expected to increase as
new high-added value products are often in crystalline form
and need to comply with increasingly stringent product qual-
ity requirements. The start-up of batch crystallization is of
key importance to minimize batch to batch variations and to
obtain a desired final product quality. In the initial phase of
a batch, supersaturation can be increased to such a high level
that primary nucleation is provoked. Fast growth of the crys-
tals due to the high supersaturation increases the impurity

content of the crystals and it affects the crystal shape. This
high supersaturation can also cause crystal deposition on the
interior of the processing compartment. Furthermore, the ini-
tial number of crystals formed by primary nucleation is diffi-
cult to predict and control. Seeding can be considered as an
alternative for primary nucleation. It offers more flexibility
for design as seed properties can be optimized for a given
design objective. However, the application of seeding is not
straightforward and requires careful optimization for each
application.1 Furthermore, additional equipment is required
to prepare the seed crystals in slurry and additional protocols
related to hygiene are required, which is especially important
for food and pharmaceutical industry.

Ultrasound can potentially be used to improve the control
over the generation of the initial crystals in batch crystalliza-
tion. The capability of ultrasound to discharge metastable
systems such as supersaturated solutions has already been
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reported in the late 20s.2 For many crystallizing components
in different solvents, it has been shown that ultrasound can
reduce induction time and decrease the mean crystal size
compared to batch crystallization using conventional primary
nucleation.3–15 It should be noted that the application of
ultrasound does not always enhance nucleation and an inhi-
bition of nucleation also has been reported for certain operat-
ing conditions.10,11,15 Furthermore, experimental studies
showed that ultrasound can be effective in preventing
agglomeration.3,8,16,17 For some systems, it has been shown
that ultrasound can induce attrition of existing crystals14,18

whereas for other systems no attrition could be detected.15

On a case to case basis, several researchers demonstrated
improved crystallization enabled by ultrasound for a broad
range of systems.17,19–25 The mechanism explaining the
influence of ultrasound on crystallization phenomena has
been a topic of debate for many decades. Ultrasonic waves
can create cavities in the solution, enhance mixing and trans-
fer heat, which all can be potential sources of the experi-
mentally observed effects.

The translation of ultrasound from experiments on a labo-
ratory scale to an industrial process is not a trivial task. This
is mainly caused by a lack of fundamental understanding of
key physical phenomena and by the inherent dependency of
the scale of operation on the effectiveness of ultrasound. A
typical distance over which an intensive field by an ultra-
sonic probe can be transferred is around 2–5 cm.21 There-
fore, in case of a small lab-scale setup it is possible to inso-
nate most of the working volume and therefore observe a
significant effect of ultrasound on crystallization for the stud-
ied cases. However, on a larger scale, it is difficult to inso-
nate a large part of the working volume, which requires dif-
ferent methods and thus a different product quality compared
to the lab-scale experiments can be expected. Systematic and
quantitative comparisons of the use of ultrasound with other
methods for start-up of batch crystallization are mainly
available for laboratory scale only.

The aim of this article is to compare the performance of
batch crystallization by using ultrasound and conventional
methods (primary nucleation and seeding) for start-up on a

pilot plant scale. The performance of the batches will be
judged based on batch to batch reproducibility of the crystal
size distribution (CSD) and the obtained final product quality
in terms of CSD, which preferably has a large median size
and narrow distribution width for the studied case. A 75-L
draft tube (DT) crystallizer operated in evaporative fed-batch
mode for crystallization of ammonium sulfate from aqueous
solution is studied. An ultrasonic probe is used in a smaller
vessel, which is connected to the 75-L DT crystallizer, to
generate the initial crystals with ultrasound. The article is di-
vided into two main parts. In the first part, the generation of
the initial population with ultrasound will be quantified by
varying insonation time and power input in a small vessel.
Two different geometries for the insonated volume will be
tested. In the second part, an initial population generated
with ultrasound in the small vessel will be used for start-up
of the 75-L DT crystallizer and compared to results from lit-
erature1 involving start-up with conventional primary nuclea-
tion and different seeding methods.

Quantification of Nuclei Production with
Ultrasound

Experimental setup

A schematic drawing of the experimental setup that was
used to quantify the production of nuclei with ultrasound is
given in Figure 1. Two different vessel geometries (referred
to as vessels A and B) were tested for insonation with equal
volume but different aspect ratio (Figure 2). They both were
1.2-L jacketed vessels made out of glass with a concave bot-
tom. The concave bottom reflected the waves back into the
vessel, which provided mixing (similar as Abbas et al.25). A
magnetic stirrer was used to stir the vessels when ultrasound
was not applied. The vessels were closed to prevent evapora-
tion of solvent. At the top of the vessel, an ultrasonic probe
connected to a power generator (UIP 250, Hielscher Ultra-
sonics GmbH) was placed with the tip (Ø 4.0 cm) just

Figure 1. Experimental setup for quantification of the
crystal production by insonation.

Two vessels with different aspect ratio were tested. One of
the two vessels will be used for start-up of a 75-L DT crys-
tallizer.

Figure 2. Dimensions (mm) of the vessels in which
ultrasound was applied.

Vessel A was connected to the 75-L DT crystallizer to gen-
erate the initial crystal population with ultrasound for start-
up of the batch.
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immersed into the liquid. The maximum power input of the
probe was 250 W with a fixed frequency of 24 kHz. Ultra-
sound was applied with pulses of 0.5 s delivered at 1 Hz.
The power that was actually transferred to the liquid could
be varied between 0 and 88 W, which was calibrated by
measuring the temperature increase in vessel A in case of
adiabatic operation. The dependency between power output
of the generator and actual power that was transferred into
the liquid was linear. The temperature inside the vessel was
controlled by an external Pt-100 connected to a thermostatic
bath (Ecoline Staredition RE310, Lauda). Both vessels could
be connected to the 75-L DT crystallizer, which allowed for
rapid introduction of the produced crystals into the bulk of
the vessel at start-up.

First, both vessels were tested separately from the 75-L
DT crystallizer to quantify the generation of crystals as func-
tion of power input and insonation time. A saturated ammo-
nium sulfate water solution was prepared in a stirred 10-L
jacketed vessel by adding an excess of ammonium sulfate
(DSM, technical grade) to demineralized water at least 1 day
before the experiment. An external Pt-100 was connected to
a thermostatic bath (Ecoline Staredition E300, Lauda) to
control the temperature inside the vessel. The solution was
pumped to vessel A or B by using a filter to assure only liq-
uid was transferred and ultrasound was applied pulse-wise at
maximum power for 1 min to de-aerate the solution. The
temperature of the liquid was maintained at 5�C above satu-
ration for at least 1 h to assure a crystal-free solution after
which it was cooled with 0.25�C min�1 to a temperature
within the metastable zone. At this temperature, ultrasound
was applied to induce nucleation. A small temperature rise
in the bulk resulted from insonation, which did not exceed
the metastable zone. For these experiments, no additional
supersaturation was generated during insonation and there-
fore only the initial supersaturation was fixed. After insona-
tion, the solution was cooled 2 more degrees with a rate of
0.2�C min�1 to the final temperature of the experiment to
grow the crystals, which improved the accuracy of sampling
and CSD measurements. It was assumed that during this
growth phase the number of crystals remained constant. A
number of experiments were done in duplo to validate this
assumption and no significant change in number of crystals
was measured as a result of a different final temperature. At
the end of each experiment, the remaining solution and the
produced crystals were pumped out of the vessel with a peri-
staltic pump. The solids were separated from the liquid by
using vacuum filtration. Ethanol was used to wash the crys-
tals after which they were dried in an oven at 50�C. The
crystal yield was weighed and the CSD was measured with a
laser diffraction instrument (S3500, Microtrac) from which
the number of produced crystals was calculated.

Experimental program

There are various degrees of freedom that potentially
manipulate the amount of produced crystals by using ultra-
sound such as

1. power,
2. insonated volume,
3. ultrasound frequency,
4. frequency of applied pulsing,

5. time horizon over which the pulsing is applied,
6. transducer type,
7. traveling distance of ultrasonic waves before reflec-

tion,
8. temperature, and
9. supersaturation.
A selection of manipulated variables has to be made since

the combination of available manipulated variables is too ex-
haustive. Therefore, only near optimal conditions for insona-
tion can be found. Furthermore, the objective of this work is
not fully optimize batch crystallization of (NH4)2SO4 on
small scale, but rather to compare the use of ultrasound for
start-up of batch crystallization on pilot plant scale with al-
ternative methods such as seeding and conventional primary
nucleation. The traveling distance of the ultrasonic waves
was believed to have a significant impact on the nucleation
due to the exponential attenuation of ultrasonic intensity
with distance.26 It was decided to manipulate the traveling
distance and keep volume constant by employing two vessels
with different aspect ratio. The transducer type and ultra-
sound frequency were fixed by the used equipment. The final
temperature after insonation was constrained by standard
operating conditions of the 75-L DT crystallizer and pulsa-
tion conditions of the ultrasound were not changed. The lat-
ter could potentially be changed if the temperature rise in
the bulk was too high. The supersaturation at which ultra-
sound is applied can have a significant effect on the nuclea-
tion behaviour.27 Nevertheless, supersaturation was kept low,
because an interesting aspect of ultrasound is that it can be
applied in situ for which supersaturation should be low to
prevent uncontrolled nucleation. The time and power input
of insonation were varied. The descriptions of the conducted
experiments are given in Table 1. A reference experiment
was done in which the solution simply was cooled until pri-
mary nucleation occurred. Note that the nucleation in the
reference experiments normally occurred at much higher
supersaturation due to the absence of cavities induced by
ultrasound, which was visually observed.

For the experiments described in Table 1, no additional
supersaturation was created during insonation. However, it
was expected that the production of nuclei decreased once
supersaturation became depleted (similar to Kordylla
et al.9). In principle, the production of the crystals with
ultrasound could be further optimized for example by apply-
ing ultrasound during a cooling ramp, which increased the
time at which ultrasound could be applied to a sufficiently
supersaturated solution. Therefore, an additional set of
experiments was done in which a solution saturated at 65�C
was cooled to 50�C with a cooling curve, which aimed to
maintain supersaturation during insonation. The shape of
such a cooling curve can be derived from component balan-
ces and the population balance simplified to moment balan-
ces, which under assumption of size-independent growth
and constant values for supersaturation, nucleation rate, vol-
ume, liquid density, and solid density are given respectively
as

d V � e � w � qL þ V � 1� eð Þ � qS½ �
dt

¼ 0 8 t 2 t0; tf
� �

;

eðt0Þ ¼ 1; wðt0Þ ¼ w0 ð1Þ
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where V represents the working volume, e the volumetric
liquid fraction, w the weight fraction of solute, and q the
density.

dm0

dt
¼ B 8 t 2 t0; tf

� �
; m0ðt0Þ ¼ 0 (2)

dmi

dt
¼ i � mi�1G 8i ¼ 1; 2; 3; t 2 t0; tf

� �
; miðt0Þ ¼ 0

(3)

where mi is the ith moment of the CSD, B the nucleation rate,
and G the growth rate. The connection between the mass
balance and moment balances is provided by

e ¼ 1� kVm3 (4)

where kV is the volumetric shape factor. The relative
supersaturation r is defined as

rc ¼ w� w�

w� (5)

with for an ammonium sulfate water system28

w� ¼ 0:41179þ 9:121 � 10�4 � T � 273ð Þ T 2 267; 353½ �
(6)

Integration of Eq. 1 using the specified initial conditions gives:

w tð Þ ¼ qL � w0 � qS � 1� e tð Þ½ �
qL � e tð Þ (7)

The temperature profile that has to be applied for constant
supersaturation follows from Eqs. 5–7

T tð Þ ¼ qL w0 � 0:41179 � e tð Þ � 1þ rCð Þ½ � � qS � 1� e tð Þ½ �
9:121 � 10�4 � qL � e tð Þ � 1þ rCð Þ

(8)

With (by applying analytical integration of Eq. 2–4)

e tð Þ ¼ 1� 1

4
� kV � t4 � G3 � B (9)

The nucleation rate B was assumed to be constant as
supersaturation and insonation conditions were constant. An
estimated value of 4 � 108 m�3 s�1 was chosen based on
the results of previous experiments (Figure 3). From Eqs. 8
and 9, it can be seen that the cooling profile was strongly
dependent on the growth rate, which was difficult to predict
accurately. Therefore, the experiments were done for differ-
ent growth rates spanning almost one order of magnitude,
which effectively changed the steepness of the cooling pro-
file. In this way also, other model uncertainties were implic-
itly taken into account as the model was used to determine
the optimal cooling profile. In addition, the constant supersa-
turation level rC was varied, which varied the starting point
of the cooling curve and also influenced the steepness of the
cooling curve according to Eq. 8. A solution saturated at
65�C was prepared and transferred to vessel A. The solution
was kept at 75�C for at least 30 min to dissolve all crystals
after which it was cooled with 0.4�C min�1 to a temperature
corresponding to the chosen supersaturation rC. Insonation
was started at that point and the solution was cooled accord-
ing to Eq. 8. A maximum temperature gradient of 0.5�C
min�1 was imposed to prevent a large temperature difference
between the jacket and the bulk. At this point, supersatura-
tion was still generated but at a lower rate than necessary to
maintain supersaturation as predicted by the model. The
effect of ultrasound during this period was uncertain as
potentially new nuclei could be generated, but nuclei could
also dissolve due to local hot spots caused by the ultrasonic
field and a low supersaturation in the bulk. Therefore, the
decision to insonate the solution during the period con-
strained by the maximum temperature gradient was also
taken as a degree of freedom for the experiments. An over-
view of the experimental conditions is given in Table 2.

Figure 3. Number of produced crystals for different ul-
trasonic power input at an insonation time of
2 min in vessel A (experiments ref, A1–A4
from Table 1).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Table 1. Experimental Conditions for Quantifying the
Crystal Production by Ultrasound (Figure 1)

ID
Number of
Experiments

TUS
(�C)

Power
(W L�1)

Insonation
Time (min) Vessel

ref 2 – – 0 A
A1 2 54 42 2 A
A2 4 54 52 2 A
A3 2 54 62 2 A
A4 2 54 72 2 A
A5 2 54 52 6 A
A6 2 54 52 12 A
A7 2 54 52 18 A
A8 1 54 52 60 A
B1 3 52 52 25 B
B2 1 52 52 6 B
B3 1 54 52 18 B
B4 1 54 80* 18 B

No additional supersaturation was generated with rinitial ¼ 0.20% for all
cases.
*Working volume was decreased to 0.8 L.
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Experimental results quantification crystal production
with ultrasound

In the experiments with vessel A, tiny crystals in the order
of magnitude of 10 lm were typically seen 1 min after the
start of insonation. To use ultrasound in an effective start-up
strategy for an industrial crystallizer, the number of crystals
produced by ultrasound should be quantified first. The num-
ber of crystals that was produced in vessel A was dependent
on the power input of the ultrasound probe (Figure 3). A
maximum was found at an intermediate power input of 52
W L�1. A certain minimum power input was necessary to
exceed the threshold for formation of cavities for which
Ruecroft et al.21 gave a typical value of 35 W L�1. Above
this threshold cavities were created, which explains the
increased number of produced crystals at 52 W L�1 for our
case. Upon further increasing the power input, the number of
produced crystals decreased, which is more difficult to
explain. The increase in the number of cavities with increas-
ing power input is normally less than proportional, which
might be caused by a shielding effect of cavities close to the
tip of the probe.29 In addition, more heat is transferred to the
solution at higher power input, which might result in dissolu-
tion of nuclei. The bulk temperature typically showed a

small peak at the start of insonation and did not exceed the
solubility line during the experiment. However, local hot
spots might be present in the vessel, which can cause disso-
lution. The reproducibility of the experiments was satisfac-
tory at least in terms of general trend. The results around the
maximum show the most significant variation.

In subsequent experiments, the insonation time was
increased at constant power input. The results in terms of
number of produced crystals are given in Figure 4. A maxi-
mum in crystal nucleation was found around 6 min of inso-
nation time. Apparently most of the supersaturation was con-
sumed after this time, which prevented the formation of new
crystals. Small temperature fluctuations due to the heat input
of the probe might even reduce the number of particles at
these conditions, which also explains the affected reproduci-
bility of the experiments at longer insonation time. One
experiment was done with a long insonation time of 60 min
to evaluate the influence of attrition caused by collapsing
bubbles (see, for example, Amara et al.14 and Kim et al.18).
The number of produced crystals after 60 min was small
from which it was concluded that attrition induced by ultra-
sound was not an important mechanism for our system and
crystal population. The same graph also contains the results
obtained by varying insonation time for vessel B, which has
a larger aspect ratio. In this vessel, the insonation time did
not affect the number of produced crystals for any of the
tested conditions. Furthermore, the number of produced crys-
tals was lower compared to the results from vessel A. Figure
5 shows scanning electron microscope pictures of produced
crystals near the maximum in number of produced crystals
from vessel A (experiment A2) and of crystals produced in
vessel B (experiment B2). Besides the difference in mean
size, a difference in crystal morphology could be observed.
The edges and corners of crystals produced in vessel B grew
faster compared to the facets, which was the result of diffu-
sion limited growth at a high supersaturation. Apparently
only a small amount of nuclei was produced, which subse-
quently grew out at high supersaturation after which a sec-
ond burst of nucleation might have occurred. The multi-
modal size distribution that can be observed in the SEM pic-
ture was confirmed by measurement of the CSD (Figure 6).
In case ultrasound was effective (left picture of Figure 5),
this morphology was not observed indicating lower supersa-
turation during the growth phase of the experiment due to a
larger amount of generated nuclei. The measured CSD
showed a single peak at smaller size classes with a tail on

Table 2. Experimental Conditions for Quantifying the Crystal Production by Ultrasound (Figure 1) with Cooling Ramp

ID Number of Experiments rC (%) G (m s�1) Ultrasound if Temperature Gradient Constrained? Insonation Time (min)

S1 2 0.10 1 � 10�7 yes 34
S2* 2 0.10 1 � 10�7 yes 34
S3† 2 0.10 1 � 10�7 yes† 10
S4 1 0.10 1 � 10�7 no 6
S5 2 0.05 7 � 10�8 no 10
S6 1 0.10 2 � 10�8 no 24
S7 2 0.20 4 � 10�8 no 14
S8 1 0.30 6 � 10�8 no 11
S9‡ 2 NA NA NA 0

Additional supersaturation was generated by applying a cooling ramp.
*Magnetic stirrer used during insonation.
†No constraint on maximum temperature gradient imposed, but determined by equipment.
‡Reference experiment, cooling profile as for experiment S6.

Figure 4. Number of produced crystals for different
insonation time at a power input of 52 W L-1
in vessels A (^, in blue) and B (l, in pink).

One experiment (SV6) was done at a higher power input of
80 W L�1 as indicated by the arrow (experiments A5–B4
from Table 1). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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the larger size classes (Figure 6), which might be caused by
agglomeration or nucleation during filtration of the sample
as some needles could be seen on the SEM pictures.

The reason why the vessel with a larger aspect ratio and
equal volume was less effective for generating nuclei with
ultrasound is not fully understood. The height of the liquid
in vessel B was around 20 cm, which is higher than a typical
distance over which an intense field of cavitations can be
transmitted. This is typically 2–5 cm.21 In vessel A with a
smaller aspect ratio, the field might propagate more in radial
direction creating more cavities. Another explanation might
be related to mixing. In case of vessel B, the ultrasonic
waves have to travel further before being reflected by the
concave bottom. Temperature gradients might result as a
consequence of decreased mixing, which can potentially dis-
solve the produced nuclei. The presented results demonstrate
the importance of designing an effective geometry in which
ultrasound is applied.

In subsequent experiments, a cooling profile was applied
in vessel A to maintain supersaturation for a longer period
of time (Table 2). The numbers of produced crystals for
these experiments are presented in Figure 7. It can be seen
that for those experiments no significant effect of ultrasound
on the number of produced crystals was observed. No clear
trends were visible and there was no significant difference
compared to experiments in which ultrasound was not
applied. The supersaturation was not measured during the
experiments, but predicted off-line with a model. The model
contained assumptions such as constant nucleation rate and
size independent growth. Furthermore, the obtained cooling
profile was strongly dependant on the growth rate, which
was difficult to estimate. This was taken into account by
varying the growth rate, which effectively manipulated the
cooling profile between experiments. Nevertheless, the real
supersaturation might have deviated significantly from the
predicted supersaturation. A small cooling rate results in
depletion of supersaturation, which potentially results in dis-
solution of nuclei. A fast cooling rate might provoke primary
nucleation after which supersaturation will be depleted rap-
idly. The strategy with a cooling ramp during insonation was
not applied for start-up of the 75-L DT crystallizer since no
clear effect of ultrasound was observed. In principle, the
number of crystals produced with ultrasound has to be maxi-
mized to consume most supersaturation in the 75-L DT crys-
tallizer. Inspection of the full CSD of the crystals with the
larger numbers shows that especially the small size classes
are filled and the mean size is not significantly smaller.
These crystals in the small size classes are more sensitive
for dissolution, which might result in (partial) dissolution af-
ter introduction into the crystallizer creating ill defined initial
conditions. Dissolution was shown to be especially important
for our experimental setup.1 Therefore, for our application, it
was chosen to use a power input of 52 W L�1 and an inso-
nation time of 18 min corresponding to experiment A7 for
the start-up of the 75-L DT crystallizer as described in the
next sections. These conditions for insonation represent a
trade-off between a large number of crystals and the absence
of very fine crystals.

Figure 6. CSD of crystals produced in vessel A with
effective ultrasound (experiment A2) and from
vessel B with ineffective ultrasound (experi-
ment B2).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5. SEM pictures of crystals produced in vessel A with effective ultrasound (left, experiment A2) and from
vessel B with ineffective ultrasound (right, experiment B2).
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Application of Ultrasound for Start-up of 75-L DT
Crystallizer

Experimental 75-L DT crystallizer

The crystals produced with ultrasound were introduced in
a 75-L DT crystallizer operated in evaporative fed-batch
mode. Two identical experiments were done. Vessel A was
connected to the pilot-plant crystallizer (Figure 8). Note that
although a separate vessel was used, the step to in situ oper-
ation of ultrasound is very small as ultrasound could be

applied inside the crystallizer at the same conditions in a
specifically designed compartment for ultrasound. This
would require redesign of the crystallizer, which was simply
avoided by the use of an external vessel. A solution satu-
rated at 53�C was placed in the vessel and kept at 58�C for
at least 1 h to assure that the solution was free of crystals af-
ter which it was cooled with 0.25�C min�1 to 52�C. At this
temperature ultrasound was applied for 18 min at 52 W L�1

after which it was cooled further to 50�C with 0.2�C min�1

to allow the crystals to grow further and consume all super-
saturation. Note that the same temperature difference was
used as for the experiments described in the previous sec-
tion, but temperatures were shifted 2�C lower to match the
standard conditions in the 75-L DT crystallizer. The crystals
were directly injected into the crystallizer as soon as the
temperature reached 50�C and supersaturation in the 75-L
DT crystallizer was within the metastable zone below the
lower primary nucleation threshold of r ¼ 0.0121. The
supersaturation was measured prior to the seeding point with
a LiquiSonic probe (LiquiSonicVR 20 with 24-24 TriClamp
probe, SensoTech). The CSD was measured on-line during
the batch every 2 min with a laser diffraction instrument
(HELOS Vario, Sympatec). The heat input had a constant
value of 120 kW m�3, which resulted in a final theoretical
yield of each batch of 33 kg. The operating temperature was
fixed at 50�C by controlling the pressure (�80 mbar) and
the stirrer speed was fixed at 450 rpm.

The performance of start-up with crystals produced with
ultrasound was compared to the performance of seeds pre-
pared in different ways. For those seeded experiments a 5-L
jacketed vessel was connected to the crystallizer in which
the seeds were prepared. A summary of the experiments is
given in Table 3. A seeding procedure has been developed
with ground seeds of which two experiments are taken with
an optimal amount of seeds.1 Furthermore, seeds were pro-
duced by adding 1 ml of antisolvent (ethanol) to a saturated
solution of 55�C in the seeding vessel. The solution was
cooled 5�C prior to seeding to increase the size of the seeds.
It was observed with an in-line PVM probe (PIA524, MTS)
that agglomeration took place in the seeding vessel, which

Figure 8. 75-L DT crystallizer connected with vessel A
for production of initial crystal population
with ultrasound.

For the seeded batch experiments vessel A was replaced
with a stirred 5-L jacketed seeding vessel. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7. Number of produced crystals for different insonation times at a power input of 52 W L21 applied during
cooling (Table 2).

Note that the measurements of duplo experiments S1, S2, and S7 are very close and are difficult to distinguish. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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decreased the specific surface area of these seeds signifi-
cantly. It should be noted that no efforts were made to opti-
mize the seeding procedure with antisolvent. In the context
of this work it is used as an example of the growth behavior
in case the initial crystal population clearly has a small sur-
face area. Finally, a number of unseeded experiments were
used as reference.1

Experimental results 75-L DT crystallizer with different
start-up methods

The development of the CSD in terms of median size and
distribution width for the experiments in which the initial
crystal population was generated with ultrasound are given
in Figure 9. It can be seen that the reproducibility between
the two batches was good, which indicated that the initial
distribution for both experiments was the same. The data
provided by the LiquiSonic probe showed that seeding for
experiment DTc71 and DTc72 occurred at a relative supersa-
turation of 0.0058 and 0.0048, respectively, which was well
below the primary nucleation threshold.

The performance of the seeds was compared with
unseeded experiments and experiments with two different
types of seeds (Table 3). Figures 10–12 show the develop-

ment of median size and distribution width for those experi-
ments. The use of ground seeds resulted in the smallest dis-
tribution width and slightly higher median size compared to
the seeds produced with ultrasound. It was found in the pre-
vious section that the produced seed crystals with ultrasound
were quite large and therefore had less surface area com-
pared to the ground seeds which had a much higher seed
mass. It can be seen that the ground seeds are more effective
in suppressing secondary nucleation as the distribution width
dropped more rapidly in the beginning (Figure 11). The ini-
tial growth of the seeds produced with antisolvent was much
faster, which indicated an even higher supersaturation caused
by a lack of available surface area for supersaturation con-
sumption. The steep increase in median size was followed
by a sudden decrease in growth and a changing trend in dis-
tribution width indicating a nucleation burst. It is typical
growth behavior that can be expected when the initial popu-
lation does not have a sufficient surface area for supersatura-
tion consumption. Note that in case of start-up with ultra-
sound this sudden change in growth could also be seen, but
with a smaller magnitude. In terms of reproducibility
between batches, the application of ultrasound performed
better compared to unseeded operation and compared to
seeds produced with antisolvent crystallization. In terms of

Table 3. Experimental Conditions Experiments in 75-L DT Fed-Batch Crystallizer for Evaporative Crystallization of
Ammonium Sulfate from Water

ID

Start-up Conditions

Seed Production
Method

Seed Median
Size (lm) Seed Mass (g)

Crystal Content
Seed Slurry (vol %)

Initial Supersaturation
75-L r0

DTc13 Unseeded – – – Not measured
DTc15 Unseeded – – – 0.02837
DTc17 Unseeded – – – Not measured
DTc18 Unseeded – – – 0.02205
DTc19 Unseeded – – – 0.01743
DTc31 Ground seeds 230 600 14.50 0.01286
DTc37 Ground seeds 230 600 14.50 0.01305
DTc59 Antisolvent �170* 52 0.59 0.00627
DTc60 Antisolvent �170* 52 0.59 0.00575
DTc61 Antisolvent �170* 52 0.59 0.00572
DTc71 Ultrasound 240 7.6 0.36 0.00577
DTc72 Ultrasound 240 7.6 0.36 0.00478

*Agglomeration observed.

Figure 9. Development CSD as function of time for experiments 75-L DT crystallizer with ultrasound used for start-
up expressed in terms of crystal median size (left) and distribution width (right).

The starting point of the batch corresponds with the introduction of the crystals produced with ultrasound. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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reproducibility they performed as good as the ground seeds
despite the much smaller seed load. In that perspective, the
seeds produced with ultrasound proved to be more effective.

The experimental results demonstrate one of the key chal-
lenges for applying ultrasound for start-up of batch crystalli-
zation on a larger scale. In a relatively small volume, a large
amount of nuclei need to be produced. In addition, for in-
situ operation the nuclei need to be produced in a small time
frame compared to the batch time to provide the same proc-
essing experience for each nucleus. For the studied system,
an effect of ultrasound could be observed even at low super-
saturation, which resulted in a larger amount of produced
crystals compared to provoking primary nucleation in a
small volume of the crystallizer. Nevertheless, compared to
an optimum amount of ground seeds, the amount of pro-
duced nuclei was not sufficient to suppress supersaturation in
the bulk of the crystallizer provoking significant nucleation
throughout the batch, which in the end resulted in a final
product with rather broad CSD. Improvements can be
expected by exposing the ultrasonic field for a longer time
to a supersaturated solution for example by using a flow
cell. Alternatively, the ultrasonic field can be intensified in
which case a larger amount of the liquid can be insonated
effectively.

Conclusions

The effectiveness of the use of an ultrasound probe for

start-up of a crystallization process producing ammonium

sulfate crystals from aqueous solution in a 75-L DT crystal-

lizer was compared to conventional start-up procedures using

unseeded (primary nucleation) or seeded batch strategies.

Ultrasound was applied in a small 1.2-L vessel connected to

a 75-L DT crystallizer for a quick delivery of the produced

crystals into the bulk of the 75-L DT crystallizer.

Quantification of the number of produced crystals with ultra-
sound revealed the importance of ultrasonic power input, inso-
nation time, and the insonated geometry. A maximum in
produced crystals was found for an intermediate power input of
52 W L�1 at an initial relative supersaturation of 0.2%, which
was well within the metastable zone. The number of produced
crystals roughly increased with a factor 10–100 compared to
experiments in which ultrasound was not effective. This increase
in number of produced crystals was measured for an insonation
time of 2 min up to 18 min with the highest value being meas-
ured at 6 min of insonation. Depletion of the supersaturation in
experiments with a longer insonation time most likely prevented
the generation of new nuclei and potentially caused dissolution.
In an attempt to maintain constant supersaturation for a longer

Figure 11. Development CSD as function of time for experiments 75-L DT crystallizer seeded with ground seeds
expressed in terms of crystal median size (left) and distribution width (right), adapted from Ref 1.

The starting point of the batch corresponds with the introduction of the seeds. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 10. Development CSD as function of time for unseeded experiments 75-L DT crystallizer expressed in terms
of crystal median size (left) and distribution width (right), adapted from Ref 1.

The starting point of the batch corresponds with the detection of primary nucleation. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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period of time, various cooling ramps were applied from 65�C
to 50�C, which were calculated with a model and applied in an
open-loop scheme. For those experiments, no trend in number of
produced crystals as function of insonation time and cooling pro-
file could be seen and results were comparable to reference
experiments in which no ultrasound was applied. The calculated
cooling ramp was particularly sensitive for the estimated growth
rate, which might have caused significant different supersatura-
tion levels than anticipated resulting in either dissolution of
nuclei or conventional primary nucleation.

Various experiments in a vessel with an identical working vol-
ume but larger aspect ratio did not show any effect of ultrasound
on the number of produced crystals for the tested conditions. A
possible cause might be the increased distance ultrasonic waves
have to travel to the concave bottom, which reduces mixing.
Alternatively, the ultrasonic field might propagate also signifi-
cantly in radial direction, which is limited for a vessel with
a large aspect ratio. The quantification of produced crystals in a
smaller volume of a crystallizer demonstrates the importance of a
priori screening of operating conditions and the shape of the inso-
nated volume for a given application as only for a limited number
of conditions a significant effect of ultrasound was observed on
the number of produced crystals for our tested system.

In the next step, the produced crystals with ultrasound in
the 1.2-L vessel were used for start-up of experiments in the
75-L DT crystallizer and compared with unseeded experi-
ments and seeded experiments with an optimal amount of
ground seeds and seeds produced with antisolvent crystalliza-
tion in a seeding vessel. The comparison showed that, at least
for our application and tested conditions, the use of ground
seeds result in better batch performance. The final product
quality that was achieved with ground seeds was better, espe-
cially in terms of distribution width which was 2.4 (X90/X10)
in case of ground seeds and 2.8 in case of start-up with ultra-
sound. An explanation is that the produced crystals had a
smaller seed surface area to consume supersaturation provok-
ing secondary nucleation in the beginning of the batch. The
reproducibility between the batches with ultrasound was
good, which was also the case for batches in which ground
seeds were used for start-up. The reproducibility between
unseeded batches or between batches in which seeds produced
with antisolvent crystallization were used demonstrated less

reproducibility. The latter method was used to demonstrate
typical behavior of a seeded batch with an insufficient surface
area, which was caused by agglomeration of the seeds.

The results emphasize the challenges faced when ultrasound is
applied on a larger scale for start-up of batch crystallization. A
large number of crystals have to be produced in a short amount of
time to offer sufficient surface area for supersaturation consump-
tion and to give each nuclei the same processing experience,
which results in a narrow product size distribution. The number of
produced crystal with ultrasound can be dependent on operating
conditions such as supersaturation, insonation time, and power
input and on the geometry of the insonated volume. Furthermore,
the window in which ultrasound has a clear effect on the number
of produced crystals can be rather small. For our tested system,
the number of produced crystals was not sufficient to suppress
nucleation after introduction in a pilot plant crystallizer, which
resulted in a broader final product size distribution compared to
an optimum amount of ground seeds. Improvements can be
expected by improving the efficiency of ultrasound (power, time,
design of the insonated volume, and ultrasound transducers) and
increasing the insonated volume for example with flow cells.

Notation

Uppercase letters

B ¼ nucleation rate (m�3 s�1)
G ¼ growth rate (m s�1)
T ¼ temperature (K)
V ¼ volume (m3)
X ¼ quantile of the CSD

Lowercase letters

kV ¼ volumetric shape factor
mi ¼ ith statistical moment of CSD (mi m�3)
t ¼ time (s)
w ¼ weight fraction solute (kg kg�1)

w* ¼ weight fraction solute in saturated solution (kg kg�1)
w0 ¼ initial weight fraction solute (kg kg�1)

Greek letters

r ¼ relative supersaturation
qL ¼ density liquid phase (kg m�3)
qS ¼ density solid phase (kg m�3)
e ¼ volumetric fraction of liquid phase (m3 m�3)

Figure 12. Development CSD as function of time for experiments 75-L DT crystallizer seeded with seeds prepared
with antisolvent crystallization expressed in terms of crystal median size (left) and distribution width
(right).

The starting point of the batch corresponds with the introduction of the seeds. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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