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Simulation and Empirical Studies of Solvent
Evaporation Rates in Vacuum Evaporation
Crystallization

Simulation results for continuous vacuum evaporation crystallization obtained by
Aspen Plus and experimental results for semi-batch vacuum evaporation crystalli-
zation are presented. In the crystallization experiments, the fixed heat duty was
used to compare the water evaporation rates and crystal properties obtained at
different pressures. The solution selected was aqueous glycine. It has the ability to
form a number of different crystalline polymorphs, which allows it to exhibit a
variety of different physical properties while maintaining its chemical properties.
X-ray diffraction results demonstrated that mainly the g-crystal form is produced
under the conditions applied in vacuum evaporation crystallization.
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1 Introduction

Evaporation crystallization is a widely used crystallization
method for relatively soluble substances in fine and bulk chem-
ical industry, pharmaceutical industry, and food industry [1].
In evaporation crystallization, the solvent is partially separated
from the solution by applying a sufficient amount of heat, so
the solute crystallizes out from the solution in a solid form.
The challenge in evaporation crystallization technologies is the
energy consumption: the lower the energy consumption, the
better the technology. To minimize the energy demand in evap-
oration crystallization, a number of technological break-
throughs have been made in the past few decades [2].

However, the evaporation kinetics related to momentary su-
persaturation levels has not been comprehensively investigated.
This is especially relevant because, compared to batch cooling
crystallization, batch evaporation crystallization is usually con-
sidered a more demanding process due to the difficulties in
appropriately controlling the supersaturation level. The vapor
pressure of solvent at different temperatures is one of the key
factors in evaporation crystallization: the higher the vapor pres-
sure, the higher the evaporation rate of the solvent.

Glycine is widely used for food, cosmetics, and pharmaceuti-
cal applications [3]. It has the ability to form a number of dif-
ferent crystalline polymorphs, which allows it to exhibit a vari-
ety of different physical properties while maintaining its
chemical properties [4]. Various cooling or evaporation crystal-
lization methods have been proposed as a production method
for glycine [5, 6]. In evaporation crystallization, process condi-
tions like temperature and pressure have a great impact on sol-
vent evaporation rates, the supersaturation level, and crystal
formation. Thus, to be able to control the quality of the final
product, e.g., crystal shape, crystal size distribution, etc., and

optimize the crystallization conditions in terms of separation
and energy efficiency, it is important to identify the most im-
portant process parameters that may affect product quality. In
our previous work, we empirically studied the evaporation rates
at different crystallization conditions [7]. The present work
focuses on mass and energy balance calculations of evaporation
crystallization based on thermodynamic modeling with the aid
of Aspen Plus simulation as well as experimental work.

The objective of this paper was to gain deeper understanding
on an evaporation crystallization process from aqueous solu-
tions. The model compound chosen was glycine. Aspen Plus
simulation software was used to simulate the continuous vacu-
um evaporation crystallization process. To validate the Aspen
results, experimental results conducted in a semi-batch vacuum
evaporation crystallizer at the same underpressures and solu-
tion concentrations as used in the Aspen Plus simulations are
presented.

Thermodynamic properties such as the boiling point of gly-
cine aqueous solution at three different underpressure condi-
tions (40, 60, and 80 mbar) was first estimated by using Aspen
Properties, then the results were validated experimentally.
Based on these data, an Aspen simulation model was built
for determining the water evaporation rate and crystallization
rate.
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2 Methodology

2.1 Materials

In this study, 99 % pure proteomics-grade glycine was used. As-
pen Plus helped to simulate the vacuum evaporation crystalliza-
tion process and the Aspen Properties toolbox was used to study
the thermodynamic properties of the glycine-water system.

2.2 Experimental Method

The solubility data for glycine in water as a function of tempera-
ture were taken from the literature [8] and used for selecting the
concentrations for preparation of the initial glycine solutions.
An amount of 30 mL of the initial glycine solution, which was
slightly below the saturation point at the boiling point at the
specific underpressure, was poured into a glass reactor equipped
with a magnetic stirrer. Boiling points of glycine solutions were
measured at three vacuum pressures. In the experiments a
round-bottomed flask with an inside diameter of 64 mm was
used. Thus, the surface area of the reactor was 0.00322 m2. The
reactor was placed in a heating mantle with a maximum heating
power of 110 W. A fixed heating power of 60 W was applied in
the evaporation rate and crystallization studies.

The evaporated water was recovered in a condenser container
filled with ice. A vacuum pump created the desired underpres-
sure. A pressure gauge was connected via the condenser to mea-
sure the actual pressure of the system. Each boiling point test was
repeated two times. Then, the average temperature was deter-
mined as the boiling point temperature of the solution at the spe-
cific pressure. Fig. 1 presents the image of the experimental setup.

2.3 Aspen Simulation

Aspen Plus simulation software was used to simulate the con-
tinuous vacuum evaporation crystallization process of glycine
solution at different pressures. The Aspen Properties toolbox
was employed to study the thermodynamic properties of the
glycine-water system. The boiling-point temperatures of satu-
rated glycine solutions were measured and estimated by Aspen
Properties. The NRTL thermodynamic model was used in the
simulation models.

3 Results and Discussion

3.1 Boiling Point Determination of Glycine
Aqueous Solution

In the evaporation crystallization processes, the boiling point is
a critical parameter for designing the process. Thus, prior to
modeling of the vacuum crystallization unit it was essential to
study the behavior of the solution at different underpressures.
Measured boiling points and those estimated by Aspen Plus are
depicted in Fig. 3. The Aspen Plus results are perfectly consis-
tent with the boiling point temperatures measured experimen-
tally, showing only a small deviation.
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Figure 1. Image of boiling-point experimental setup: (1) vacuum
pump, (2) condenser, (3) pressure gauge, (4) thermometer, (5)
magnetic stirrer, (6) heating mantle.

Figure 2. Solubility data for glycine in water and the initial con-
centration of the feed.

Figure 3. Boiling point temperature for glycine solutions at var-
ious vacuum pressures estimated with Aspen Properties (Gly-
cine Aspen) and obtained experimentally (Glycine (Exper.)
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The boiling point of an aqueous glycine solution increases
with a rise in pressure. According to the result, at 40 mbar the
saturated glycine solution boils at 30 �C, and at 60 mbar the sat-
urated glycine solution boils at 37 �C. The highest boiling tem-
perature was at 80 mbar, namely, 43 �C. In sum, the higher the
pressure, the higher is the boiling temperature and the higher
the solubility of the glycine solution.

3.2 Evaporation Rate

The evaporation rates of water (gwater s–1) from an aqueous gly-
cine solution at different underpressures were determined ex-
perimentally. To express the evaporation rate in a more general
manner, the evaporation fluxes (in gwater m–2s–1) were deter-
mined by taking the evaporation surface area of the experimen-
tal system, i.e., the area of the upper liquid surface, into account
as well. Fig. 4 displays the water evaporation fluxes obtained for
aqueous glycine solutions and pure water as a function of vacu-
um pressure. Under these vacuum conditions, there is only a
slight difference between the evaporation rate of the glycine so-
lutions and pure water. Based on these results, the evaporation
rate of glycine solution at an underpressure below 80 mbar
could be considered similar to the evaporation rate of pure

water. Therefore, the presence of glycine molecules in the
quantities of 26–30 g glycine/100 g water did not have a signifi-
cant influence on water evaporation rates and fluxes.

3.3 Aspen Plus Simulation

To determine the energy and mass balance of vacuum evapora-
tion crystallization of glycine, the continuous process was mod-
eled with Aspen Plus. The mixed suspension-mixed product
removal (MSMPR) crystallizer module was employed to model
the continuous vacuum evaporation crystallization process.
The module provides mass and energy balance calculations by
assuming that the product magma leaves from the unit in equi-
librium. The mass flow rate of the feed glycine solution was set
to be 2.12 g min–1 and the initial temperature was 20 �C. Fig. 5
presents the Aspen Plus flow sheet for continuous vacuum
evaporation crystallization of glycine.

To compare the simulation results, a semi-batch evaporation
crystallization process was investigated with experimental con-
ditions similar to those used in the continuous evaporation
crystallization simulations. The initial glycine concentrations
indicated in Fig. 2 were used both in the experiments and in
simulations.

Three different underpressures, i.e., 40, 60, and 80 mbar abs,
and a constant heat duty (60 W) were used to simulate the pro-
cess. Fig. 6 illustrates the amount of water evaporated from the
crystallizer as a function of pressure. The simulation results
were consistent with the experimental results. At the studied
underpressures, 60 % of the water in the feed was evaporated.
However, the crystallization of the glycine solution is slower
than the evaporation of water. Although 60 % of the water in
the feed was evaporated at 40 mbar, only 40 % of the glycine in
the feed was crystallized, leaving behind 60 % uncrystallized
glycine (aqueous glycine) in the feed solution. Therefore, at
40 mbar, 60 W seems not to be enough to produce a large
quantity of crystals. On the other hand, a higher crystallization
rate occurred at 80 mbar. According to the experimental re-
sults, 2.76 g of crystals were produced at 40 mbar, 3.26 g at
60 mbar, and 4.91 g at 80 mbar.

Chem. Eng. Technol. 2019, 42, No. 00, 1–7 ª 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Figure 4. Evaporation fluxes of pure water and aqueous glycine
solutions.

Figure 5. Aspen Plus simulation flow sheet for vacuum evaporation crystallization of glycine at a pressure (abs) of
40 mbar and with a heat duty of 60 W.
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Fig. 7 compares the amount of solid crystals produced from
the glycine solution experimentally with the Aspen simulation
model.

The amount of crystals produced experimentally seems to be
slightly higher than the amount obtained from Aspen Plus cal-
culations. According to the Aspen Plus calculations at 80 mbar,
about 50 % of glycine in the feed solutions was crystallized,
while experimental results shows that 60 % of the glycine was
crystallized. However, in the Aspen model, a higher crystalliza-
tion rate will be achieved by increasing the heat duty. There-
fore, at a lower heat duty water vaporizes very rapidly, but the
glycine solution crystallizes slowly.

The crystals will not suddenly form when the first drops of
water evaporate. Instead, the crystallization process undergoes
three sequences. When the underpressure is applied to the sys-
tem, it becomes thermodynamically unstable. Then the pure
water evaporates from the system leaving behind an aqueous
solution of glycine with less water content. This lowers the free
energy of the system, thus instantaneously the nucleation starts
and glycine crystals start gradually to grow.

Fig. 8 illustrates the heat demand, both experimental and
simulated, for vacuum crystallization of glycine solutions at
three different underpressures. The crystallization process may

be faster or slower, depending on the amount of heat input to
the system. On the other hand, a longer residence time with
low heat input leads to a slower crystallization process.

According to the isothermal semi-batch experimental results
with a duration of 15 min, 13.41 kW of heat was required to
produce one kg of crystals at 40 mbar, while at 80 mbar almost
a half of that heat power per crystal quantity was required
(7.54 kW kg–1 solid). In the simulation of the continuous pro-
cess, at 40 mbar a heat power of 22.88 kW kg–1 crystals was
needed, while at 80 mbar, 15.84 kW kg–1 crystals was required.
From Fig. 8 it can be concluded that the continuous process
mode necessitates more heat power than the experimental iso-
thermal semi-batch evaporative crystallization.

The thermodynamic model used in the simulation may be
the cause of the heat demand deviation between experimental
and simulation results. On the other hand, the Aspen Plus sim-
ulation was a continuous process while the experiment was a
semi-batch process. The process mode was also different; there-
fore, they are not directly comparable.

3.4 SEM Images

Fig. 9 presents the pictures obtained by scanning electron mi-
croscopy (SEM) taken from the experimentally produced solid
crystals at various underpressures. The difference in particle
size can be observed from the image. Even the particles pro-
duced from the same test are not necessarily the same size. The
largest particles are generated at 40 mbar, and when the pres-
sure was increased to 60 or 80 mbar, the particle size seemed to
decrease. Thus, the lower the pressure, the larger is the particle
size.

The chord length distribution (CLD) was measured with a
focused beam reflectance measurement (FBRM Particle Track,
Mettler, Toledo). Fig. 10 illustrates the CLD of glycine crystals
produced under these three underpressures. The crystals gener-
ated at 40 mbar have a slightly larger size compared to other
crystals, while crystals produced at 80 mbar resulted in the
smaller crystals.
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Figure 6. Mass ratio of evaporated water and water in the feed
obtained by Aspen Plus simulations for a continuous process
and empirically in a semi-batch process with a heat duty of
60 W. In the semi-batch process, the solution had a mass of 31 g.

Figure 7. Crystal yield of glycine from semi-batch experiments
and Aspen Plus continuous process simulations with a heat duty
of 60 W and solution mass of 31 g.

Figure 8. Specific heat power from semi-batch experiments and
Aspen Plus continuous process simulations of aqueous glycine
solutions at different underpressures.
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3.5 Structure Analysis of the Crystals

X-ray powder diffraction (XRD) was applied to analyze the
crystal structures of glycine produced at 40, 60, and 80 mbar.
Fig. 11 displays the XRD patterns of the glycine crystals. The
XRD patterns were collected at ambient temperature and pres-
sure with a Bruker D8 Advance diffractometer. The voltage and
current were 40 kV and 20 mA, respectively. Patterns were re-
corded over a 2q�, using a step size of 0.013�. XRD analysis
proved that the obtained glycine crystals were mainly in the g-
form, but some a-form crystals were also detected.

4 Conclusions

The effect of different underpressures on the crystallization of
glycine aqueous solution was investigated both experimentally
and via simulation. Three pressures were applied, namely, 40,
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a)

b)

Figure 9. SEM images from solid crystals produced at 40, 60, and 80 mbar: (a) scale 1 mm magnification: ·100; (b) scale 100 mm, magnifi-
cation: ·600.

Figure 10. Chord length distribution for glycine crystals pro-
duced at 40, 60, and 80 mbar.

Figure 11. XRD patterns of the original glycine sample and gly-
cine crystallized from aqueous solutions at 40, 60, and 80 mbar.
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60, and 80 mbar, both in the experiments and in the simula-
tion.

According to both experimental and simulation results, the
crystallization of glycine solutions is slower than the evapora-
tion of water. For instance, at 40 mbar 60 % of the water in the
feed was evaporated, but only 40 % of the glycine in the feed
was crystallized, leaving behind 60 % uncrystallized glycine in
the feed solution. On the other hand, the amount of solid crys-
tals produced experimentally was slightly higher than that of
the Aspen model. According to the Aspen model, at 80 mbar
about 50 % of glycine in the feed solutions would be crystallized
but the experimental results indicated that up to 60 % of the
glycine was crystallized. Therefore, at 40 mbar and 60 W seem
not to be enough to produce a large quantity of crystals. By
raising the heat duty in the model, the amount of crystals will
increase.

According to the isothermal semi-batch experimental results
with a duration of 15 min, 13.41 kW of heat was required to
produce one kg crystals at 40 mbar, while at 80 mbar almost a
half of that heat power per crystal quantity was required, i.e.,

7.54 kW kg–1 solid.
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Research Article: The challenge in
evaporation crystallization technologies
is to reduce the energy consumption.
Mass and energy balance calculations
of evaporation crystallization were
performed based on thermodynamic
modeling with the aid of Aspen Plus
simulation as well as experimental
work. A deeper understanding of an
evaporation crystallization process from
aqueous solutions could be achieved.
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