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polarization, and not different crystal morphologies. (this thesis)
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3. While a complex CFD-model can produce beautiful figures, more insight can
be gained from a lower dimensional state-space model.

4. Writing a manuscript is like making cheese, sometimes it needs to mature on
a shelf.

5. Using machine-learning, optimized for ad-revenue, for information access is
not suitable for the majority of people.

6. Many personal problems can be fixed by a hug.

Propositions belonging to the thesis, entitled

Progressive freeze concentration

Johannes Eise (Jan-Eise) Vuist
Wageningen, 5 November 2021



Progressive freeze concentration

Johannes Eise (Jan-Eise) Vuist



Thesis committee

Promotors

Dr Maarten A.I. Schutyser
Associate Professor, Laboratory of Food Process Engineering
Wageningen University & Research
Prof. Dr Remko M. Boom
Professor of Food Process Engineering
Wageningen University & Research
Other members

Prof. Dr K.J. Keesman, Wageningen University & Research
Dr E. Teuling, NIZO Food Research, Ede
Dr H.J.M. Kramer, TU Delft
Dr D.R. Yntema, Wetsus, Leeuwarden
This research was conducted under the auspices of the Graduate School VLAG
(Advanced Studies in Food Technology, Agrobiotechnology, Nutrition and Health Sciences).



Progressive freeze concentration

Johannes Eise (Jan-Eise) Vuist

Thesis
submitted in fulfilment of the requirements for the degree of doctor

at Wageningen University
by the authority of the Rector Magnificus,

Prof. Dr A.P.J. Mol,
in the presence of the

Thesis Committee appointed by the Academic Board
to be defended in public

on Friday 5 November 2021
at 4 p.m. in the Aula.



Johannes Eise (Jan-Eise) Vuist
Progressive freeze concentration
130 pages
PhD thesis, Wageningen University, Wageningen, The Netherlands (2021)
With references, with summaries in English and Dutch
ISBN: 978-94-6395-914-8
DOI: 10.18174/550673

https://doi.org/10.18174/550673


Contents

1 Introduction 1

2 Effect of freezing rate and convection on solute inclusion 13

3 Modelling freeze concentration and concentration of proteins 29

4 Freeze concentration of protein-sucrose-salt mixtures 51

5 Solute inclusion modelling 69

6 General discussion 91

Summary 111

Samenvatting 115

Acknowledgements 119

Biography 123

Publications 125

Overview of completed training activities 127





1

General introduction



2 Introduction

1.1 Introduction

Dewatering and drying are very commonly applied operations in industrial processes. It is
estimated that in Dutch industry around 80 to 90 petajoule is spent on drying and dewatering
(RVO 2015). This is around 8 % of the total energy usage in the Dutch industry (EBN 2020).
Many products from the food industry require a drying step in the process to increase the
shelf-life and to reduce the volume of the product (Mujumdar 2014; Hernandez 2005). While
drying is the most energy intensive part of the process that can take up to 50 % of the total en-
ergy consumption required for the manufacturing of a dried food product (Ladha-Sabur et al.
2019), concentration is often used as a pre-treatment because of its higher efficiency in water
removal (Baker et al. 2005; Ramírez et al. 2006). During manufacturing of food ingredients
this concentration step usually increases the solids concentration from below 10 % to around
40 - 70 % solids. Most food ingredients are concentrated through evaporation. Evaporation is
a fast process because the process is mainly limited by heat transfer, and operates at elevated
temperatures. In a single-stage evaporator about 2.3 MJ of heat is used to evaporate 1 kg of
water, which is approximately equal to the latent heat of evaporation. Nowadays multi-stage
evaporators in combination with thermal and/or mechanical vapour recompression use only
0.05 - 1.2 MJ per kg of water removed, depending on the number of evaporator stages (Moejes
et al. 2017), albeit at the cost of significant complexity of the evaporation process. Although
evaporation processes can be operated at reduced pressure and thus lower boiling point, it still
operates at elevated temperatures, and not all products can withstand the increased heat load
during evaporation, so alternative mild concentration methods may result in better product
quality.

One of these alternative methods relies on membranes, which may be either nanofiltra-
tion or reverse osmosis membranes (Ramírez et al. 2006). The advantage of these membrane
processes is that they typically are employed at room or slightly elevated temperatures, min-
imising thermal degradation of components in solution. Nanofiltration has the advantage
that it requires less energy to operate than reverse osmosis, but it comes at the loss of small
molecules, like salt, sized below 0.01 µm, while reverse osmosis can retain these molecules.
The energy requirements are generally less than for evaporation. However, both processes are
pressure-driven and are limited by osmotic pressure differences to some degree and nanofil-
tration is hindered by concentration polarisation. Because of the increasing osmotic pressure
difference over the membrane, the maximum solids concentration that can be achieved with
these membrane processes is 20 % solids (Walstra et al. 1999). Membrane processes are also
susceptible to fouling, which leads to large reductions in permeation rates. To avoid foul-
ing issues, frequent cleaning steps are applied, which negatively affects the costs of such a
process, and the lifetimes of the applied membranes.

Another method of concentration is to make use of freezing. When ice is formed in a
solution, the ice crystals exclude other molecules from their crystal matrix. Even if some
inclusions will be locked in between the ice crystals, effectively a solid is created that has a
lower average concentration of solute than the solution in which they grow. When the ice is
separated from the mother liquor, a concentrate can be obtained (Huige et al. 1972). Since
freeze concentration makes use of cooling, instead of heating, it is suitable for liquids con-
taining volatile or thermally sensitive components. In theory, the energy required to remove
water via freeze concentration should be equal to the latent heat of fusion of water, which is
approximately 0.3 MJ per kg of water. This would immediately bring it in the range of op-
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timized evaporation (Moejes 2019), and potentially with less complex equipment. However,
this comparison is not completely fair as the ice and concentrate still need to be separated me-
chanically, which requires extra energy. Besides the separation issues, the re-use of energy is
more difficult in cold processes and requires the use of heat pumps.

Freeze concentration can be carried out in two different modes, direct contact systems that
allows direct physical contact between the coolant and the product, and indirect systems that
separate the coolant from the product using a heat exchanger (fig. 1.1). The advantage of direct
contact systems is the high heat transfer rate to the product, greatly improving the efficiency
of the process; however, the main disadvantage is that the coolant comes into direct contact
with the product. This requires the coolant to be insoluble and non-toxic and therefore is
generally not preferred in the food industry because of the risk of contamination of the product
(Englezos 1994). Another approach would be to use a vacuum freezing process, however,
this requires precise pressure and temperature management around the triple point, and the
handling of large volumes of water vapour and requires the heat of sublimation to supplied,
which is even higher than the heat of evaporation (Cheng et al. 1987). Therefore, this thesis
will focus on indirect freeze concentration and specifically progressive freeze concentration.
In section 1.2, an overview will be given of the available indirect freeze concentration designs.
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Figure 1.1: Overview of types of freeze concentration techniques with schematic repre-
sentation of ice formation. The direct freeze concentration techniques will both yield ice
crystals in suspension. If vacuum freezing is used the resulting water vapour has to be
removed from the system. In suspension freeze concentration the ice crystals are seeded
from a surface scraped heat exchanger and ripened in a cooled vessel. During film freeze
concentration the liquid is flowing over a cooled surface and the ice layer is gradually
built-up. Progressive freeze concentration also forms an ice layer on a cooled surface,
however, the cooling surface is completely submerged and the liquid is mixed. In block
freeze concentration the product is completely frozen at a slow rate and thawed making
use of the freezing point depression caused by the product to achieve separation.
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1.2 Indirect Freeze Concentration Methods

Freeze concentration with indirect cooling can be carried out using different methods. The
first is to create seed crystals in a scraped-surface heat exchanger and to let these seed crystals
grow in the cooled mother liquor (Huige et al. 1972). To separate the ice from the concentrate,
the slurry is fed to a counter-current wash column where the ice is melted and the crystals are
washed with the melt water to remove the remaining concentrate. This is suspension freeze
concentration (fig. 1.2). In this way concentrations of up to 40 % solids can be achieved in a
single continuous process, giving virtually no product losses. However, the method requires
precise control over the crystal size to achieve efficient concentration. This method is already
available on industrial scale (GEA Messo PT n.d.; Sulzer n.d.).

A second method for freeze concentration is to freeze the complete solution and then
separate the concentrate by partial melting and making use of freezing point depression to
achieve separation. This technique is called block freeze concentration (Petzold et al. 2015).
To achieve better separation the product during this process is often frozen directionally creat-
ing a concentration gradient in the ice. After the product is completely frozen the ice block is
slowly heated to just below the melting point of pure water. This allows the concentrated frac-
tion to melt and to be separated. To enhance separation during block freeze concentration the
technology can be assisted by applying a vacuum or by centrifugation of the ice block during
the thaw cycle, to accelerate and improve the removal of the concentrated product (Petzold
et al. 2013). High concentrations of solids of up to 70 % can be achieved. Disadvantages of
this method are, that the concentration is performed in multiple steps, which compromises
the energy savings because the liquid has to be frozen and thawed multiple times. Until now,
this method has only been applied on small, non-commercial scales.

The third method for freeze concentration is to slowly grow the ice on the surface of
a heat exchanger, while the liquid is circulated over the heat exchanger. Separation of the
concentrate and ice is achieved by draining the concentrate from the system and melting the
ice layer. The liquid can be handled in two different ways. In film freeze concentration the
liquid is recirculated in the form of a liquid film over the heat exchangers (Flesland 1995).
This approach reduces the amount of liquid present in the system which can improve the
concentration factor that can be achieved in a single step. The drawback of this approach is
that the amount of mixing that can be applied is limited. If the flow rate is too high the liquid
film will break up. This hinders the mass transfer and reduces the maximum achievable ice
growth rate.

An alternative approach is progressive freeze concentration. The heat exchanger is here
fully submerged in this process, and the ice layer is grown from the walls of the heat exchanger
in solution (Liu et al. 1997). The liquid can then, depending on the design, be stirred or
recirculated by a pump to improve the mass transfer and to lower the solute losses. In this
system the liquid recirculation speed is limited by the adhesion of the ice to the surface of the
heat exchangers. Care should be taken to design the system in such a way that the active area
to volume ratio is as large as possible to achieve decent concentration factors. Advantages of
progressive freeze concentration compared to suspension freeze concentration are that it has
hardly any moving parts, that off-the-shelf equipment can be used which lowers the investment
costs, and that heat integration between a concentration and melting stage can significantly
reduce the energy requirements and is easy to achieve by the coupling of concentration and a



6 Introduction

Figure 1.2: Schematic overview of suspension freeze concentration. Picture courtesy of
GEA Messo PT (n.d.).

Crystallizer Melter

Refrigeration
system

Feed supply

Pure waterConcentrated product

Figure 1.3: Schematic overview of progressive freeze concentration. Progressive freeze
concentration operates batch-wise. In the crystallizer an ice layer is grown in solution on
a heat exchanger. After removal of the concentrated product, the ice layer is melted in
the melter. A crystallizer and melter can be coupled with the use of a heat pump.

thawing stage (fig. 1.3). On a larger scale there is also not much experience with progressive
freeze concentration. In addition, many phenomena are not yet well understood. Therefore,
this technology was selected to investigate in the study reported in this thesis. An overview
of freeze concentration processes is given in table 1.1.

Even though progressive freeze concentration has potential as a well-scalable process that
may deliver significant energy savings, the process is not yet well understood. Central in this,
is the inclusion of the solute in the ice, which limits the concentration that can be achieved.
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Table 1.1: Overview of indirect freeze concentration designs, their application and state
of technology

Type Application Scale References
Suspension Coffee, Industrial scale GEA Messo PT n.d.
freeze fruit juices, Continuous up to Sulzer n.d.
concentration beer, 30,000 kg product per h Sánchez et al. 2009

vinegar
Block Fruit juices, Lab scale Aider et al. 2009
freeze coffee, Up to 20 kg product per batch
concentration whey
Film Sugar, Pilot scale Flesland 1995
freeze brine, Up to 100 kg product per batch Sánchez et al. 2011
concentration whey,

waste water
Progressive Sugar, Pilot scale Jusoh et al. 2009
freeze brine, Up to 100 kg product per batch Meiwa Co. Ltd 2018
concentration coffee,

fruit juices,
vinegar

Several studies have shown that the growth of the ice changes with freezing rate (Martel 2000;
Sei et al. 2002). At low freezing rates, the ice grows regularly with a consistently progressing
freeze front. In his regime, hardly any inclusions are observed; however the freezing rates
are quite low (Flesland 1995). Increasing the freezing rate by applying lower temperatures in
the heat exchanger, induces the freeze front to become stable: it first starts to form a distinct
wave on its surface, with some locations freezing faster than others. Eventually, this results
in the formation of ice needles, which are surrounded by a concentrated solution. The ice in
this regime will have many inclusions, and the concentration factor can be quite low.

Currently the inclusion behaviour limits the practical applicability of the process. It is
important to identify the mechanisms that give rise to these inclusions, and to quantify the
heat and mass transfer rates that are connected to these regimes. In addition, the translation
of these phenomena to larger scale operation is not trivial. Thus its scalability should be
investigated as well.
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1.3 Objective

The objective of the study reported in this thesis is therefore to investigate the principles of
progressive freeze concentration for concentration of solutions and its feasibility from exper-
iments with a pilot-scale freeze concentrator. Two different sub-objectives are defined:

1. Identify the mechanisms behind the interrelation between the properties of the solutes,
the applied rate of freezing and the achievable concentration factor during progressive
freeze drying, and quantify these mechanisms in a model description of the process.

2. Assess the scalability of progressive freeze concentration on its concentration perfor-
mance and energy consumption, by comparing lab-scale operation to pilot-scale oper-
ation.

1.4 General Outline

The research results reported in this thesis result from a combination of experimental and
modelling work. Figure 1.4 shows a schematic outline of the thesis.

In chapter 2 freeze concentration of model solutions of sucrose and maltodextrin is eval-
uated in a laboratory-scale freeze concentration system. The influence of the cooling strategy
and the mixing of the product on the amount of inclusion in the ice or solute loss to the ice
fraction is evaluated.

Chapter 3 reports on modelling and validation tests of freeze concentration with different
products, including proteins. Specifically, solutions of soy protein and whey protein were
evaluated using the cooling and mixing conditions established in the previous chapter. Solute
inclusion was modelled using an existing theory and this model was linked to the heat and
mass balances describing the ice growth rate.

Subsequently, whey protein was selected as a model system in chapter 4. Since most
products in the food industry do not consist of only protein, mixtures of whey protein, salt,
and/or sucrose were concentrated and the influence of the addition of salt and sucrose on the
solute inclusion was evaluated.

With the knowledge gained in the previous chapters, a novel modelling approach for solute
inclusion is proposed in chapter 5. This model aims to describe solute inclusion using the
state diagram and heat and mass balances near the ice layer. This approach should enable us
to estimate whether a product is a suitable candidate for progressive freeze concentration.

Chapter 6 provides a general discussion of the results obtained in this thesis, and assesses
the performance of a pilot-scale progressive freeze concentrator for different solutions. The
findings and implications of these results for the scale-up of progressive freeze concentration
are discussed and compared to lab-scale operation. Optimizations for the operation of the
freeze concentrator are proposed. Finally, we conclude with an outlook on how progressive
freeze concentration could be implemented for industrial-scale concentration.
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Figure 1.4: Schematic outline of this thesis.
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Abstract

Progressive freeze concentration is an alternative method to concentrate aque-
ous industrial streams compared to evaporation or membrane separation. In this
research sucrose and maltodextrin solutions were concentrated in a stirred pro-
gressive freeze concentrator. The solute inclusion in the formed ice was studied
using varying stirring speeds, initial concentrations and freezing plate tempera-
tures. Under constant freezing plate temperature, a lower limit was found for the
solute inclusions with increasing stirrer speeds. To improve the freeze concen-
tration process, a decreasing temperature ramp was applied to the freezing plate.
This yielded 2 to 3 times less solute inclusions in the ice, while maintaining sim-
ilar ice yields.

Nomenclature

Symbol Description Unit
𝛼 Slope of cooling curve °C min-1

𝛽 Coefficient of parabolic cooling curve °C s-2

𝜇 Dynamic viscosity Pa s
𝜌 Liquid density kg m-3

𝐶𝐿 Concentration of solute in feed solution % (w/w)
𝐶𝑆 Concentration of solute in ice % (w/w)
𝐷 Diameter of stirrer m
𝐾 Average solute inclusion -
𝑁 Rotational speed rad s-1

NRe Reynolds number -
𝑡 Experimental time s
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2.1 Introduction

Concentration of aqueous food streams is a routine operation in the food industry to prepare
for (spray) drying, to increase shelf-life and to reduce transportation volumes. Multiple tech-
niques are available, based on evaporation or freeze concentration. While thermal evaporation
is the most common industrial technique and is readily applicable to many streams, such as
dairy or sugar, it has drawbacks for streams containing heat-sensitive components (Sánchez
et al. 2009). Components such as proteins and flavors either become damaged through the
heat-treatment or may co-evaporate with the water from the product stream, resulting in a
loss of product quality. During freeze concentration, these components are only exposed to
low temperatures and therefore suffer minimal thermal damage. It is therefore considered a
mild concentration technique (Moreno et al. 2015; Petzold et al. 2009).

During freeze concentration water is frozen as ice crystals, which excludes the solute
molecules, when the degree of supercooling is not too high (Lewis et al. 2015). Supercooling
is the process of lowering the temperature below the freezing point while the ice crystals are
not yet formed due to absence of nucleation (Okawa et al. 2009). Sudden nucleation then
leads to the formation of small crystals, which will enclose much of the solutes between
the ice crystals. When the freezing surface is at low temperature, the ice crystals tend to
grow in dendritic shape. Between the dendrites concentrated solution may be trapped, which
decreases the overall separation between ice and solution (Miyawaki et al. 2005; Nakagawa
et al. 2009; Zode et al. 2020). At lower rates of freezing, the crystals will be larger, the
solute will have time to diffuse into the solution, and the entrapment of solutes is much lower
(Myerson et al. 2019).

Freeze concentration can be performed in three main ways: suspension freeze concentra-
tion, block freeze concentration and progressive freeze concentration. These have been exten-
sively reviewed by various authors for applications in fruit juices, coffee extracts, dairy and
desalination (Sánchez et al. 2009; Sánchez et al. 2011; Kadi et al. 2017; Kalista et al. 2018).
During suspension freeze concentration, the ice growth and the degree of supercooling are
maintained by continuously seeding the suspension with fresh crystals. The ice crystals are
then washed and melted in a continuous washing filter (Huige et al. 1972). This technique is
commercially available and has applications in the fruit juice and beer industry (Sánchez et al.
2009; Deshpande et al. 1984). Advantage of this form of freeze concentration is the ease of
creating pure ice by the high surface area of the crystals (Lewis et al. 2015). Drawback of the
technology is the need for a continuous wash filter, which requires precise operation to melt
the ice to remove it from solution(Sánchez et al. 2009). During block freeze concentration the
product is nearly completely directionally frozen and selectively thawed to retrieve the con-
centrate (Moreno et al. 2014; Petzold et al. 2015). The advantage of this method is the simple
equipment although there should be a precise control of the freezing rate to achieve good sep-
aration (Petzold et al. 2015). During progressive freeze concentration the ice crystal(s) are
grown on the wall of a heat exchanger and the ice layer is removed after the concentration
process. Leaving the ice on the wall eliminates the need for a washing filter, which reduces
the complexity of the system. A drawback of progressive freeze concentration is however
that it is a batch operation. After growth of the ice layer the concentrate is removed and the
ice is melted and removed from the system. Subsequently, the system is filled with a next
batch. By operating at least two freeze concentration units in a parallel mode, they may be
heat integrated by using a heat pump. This approach reduces the total energy usage of the
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process and thus increases the economic feasibility of the progressive freeze concentration
process (Rane et al. 2005).

Many researchers studying progressive freeze concentration have focused on the inclu-
sion of solute in the ice. Parameters that determine solute inclusion are especially the initial
solution concentration, the cooling temperature and the agitation or flow rate (Miyawaki et al.
2005; Liu et al. 1997; Jusoh et al. 2009; Miyawaki et al. 2016). Recent research has inves-
tigated these parameters applying freeze concentration to various food products, such as for
example apple juice, dairy and coffee extract (Ding et al. 2019; Sequera et al. 2019; Mous-
saoui et al. 2018; Bona Muñoz et al. 2018; Correa et al. 2018). A common problem is that
with increased product concentration, the viscosity of most concentrates will increase. This
increase in viscosity will hinder mass transfer of solutes from the boundary layer to the bulk
and therefore enhance solute inclusion. The cooling temperature determines the ice growth
rate and therefore has large influence on solute inclusion. In most work the temperature was
kept constant. The most commonly studied solutes are sugars or salts (Huige et al. 1972;
Jusoh et al. 2009; Flesland 1995; Miyawaki et al. 1998).

Due to the ice growth and solute exclusion by the ice, concentration polarization occurs
at the boundary (Miyawaki et al. 2005; Chen et al. 2000; Moreno et al. 2014). The concen-
tration polarization leads to increased concentration close to the ice layer. The concentration
difference between the layer close to the ice and the bulk will lead to diffusion of solutes
back into the concentrate. With forced convection the transport of solute molecules can be
enhanced and the diffusive boundary layer is minimized in thickness. Forced convection can
thus contribute to less solute inclusion in the ice. In this study a small stirred tank was used for
progressive freeze concentration, in which the ice was grown on a heat exchanger plate at the
bottom of the tank. The influence of convection was studied by varying stirrer rate in the tank.
This system may be effectively scaled to a progressive freeze concentration system using for
example heat exchanger plates on which ice is grown and in which hydrodynamics are varied
with variable flow rates. Sucrose and maltodextrin were selected as model solute components
in this study. Sucrose was selected as it is a major constituent of fruit juices (Sánchez et al.
2009). Maltodextrin was selected as a larger molecule which has a lower diffusion coefficient
in water (Perdana et al. 2014; Sano et al. 1993).

The objective of this study is to investigate the relationship between inclusion behav-
ior of solutes and hydrodynamic conditions near the growing ice layer during progressive
freeze concentration. Previous studies have often used progressive freeze concentration sys-
tems, which are optimized for studying solute partitioning behavior at the ice water interface
(Miyawaki et al. 1998). In this study we chose a different set-up which can apply more re-
alistic cooling and hydrodynamic conditions, when scaling up to a plate heat exchanger for
ice growth. This is especially relevant for scaling-up the progressive freeze concentration
process.
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2.2 Material and methods

Experimental set-up
The film freeze concentration experiments were conducted in a small-scale test apparatus
(Genceli et al. 2007). The test apparatus was constructed from an acrylic cylinder with 90 mm
internal diameter (fig. 2.1). The bottom of the cylinder was a stainless-steel chamber that was
flushed with cooling fluid. The vessel was equipped with a pitched two-bladed stirrer. To
monitor the temperature during the experiments, thermocouples were placed in the vessel at
1, 2, and 5 mm from the bottom surface, plus one thermocouple at 10 mm below the liquid
surface and two thermocouples in the in- and outgoing liquid flow. All thermocouples (type
T) were connected to 24-bit data logger (National Instruments, cDAQ-9214, ±0.01 °C relative
accuracy, USA).

(a)

90 mm

1
8
0
 m

m
Data

Logger

T
h
e
rm

o
c
o
u
p
le

 (
T
y
p
e
 T

)

Cryostat

Freeze Plate

(b)

Figure 2.1: Small-scale stirred tank with cooling plate and ice growth at the bottom for
progressive freeze concentration, (a) Picture of set-up, (b) Schematic representation with
dimensions.

Materials
Sucrose and maltodextrin solutions with various concentrations were used as feed solutions.
Sucrose (342.30 g/mol) was obtained from Sigma-Aldrich (BioXtra, >99.5 %) and maltodex-
trin DE12 (≈3423.0 g/mol) from Roquette Freres (Glucidex 12). The feed solutions were
pre-cooled to 4 °C before use. To determine the sucrose concentration in the sample, we used
a refractometer (Anton Paar, Abbemat 500, Germany). To determine the maltodextrin con-
centration, we heated the pre-weighed solutions overnight in an oven at 105 °C and weighed
them afterwards. The solutions were reused for a maximum of 5 days and separate solutions
were used for experiments on the same day.
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Table 2.1: Measured freezing point using DSC

Measured freezing point [°C]
Concentration [%(w/w)] Sucrose Maltodextrin

6 -0.3 0.0
18 -1.9 –
36 -4.5 –
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Figure 2.2: Applied temperature profiles for the decreasing cold wall temperature exper-
iments in this study. (a) Linear and (b) Parabolic

Freeze concentration experiments
The first set of freeze concentration experiments were conducted with constant cold wall tem-
peratures, ranging from 5 °C, 7.5 °C, and 10 °C below the freezing point of the solution.
The freezing points were determined using differential scanning calorimetry (TA instruments
DSC250, USA, 20 µg sample, 10 °C/min cooling rate, 1 °C/min heating rate from -30 °C to
10 °C). The determined freezing points can be found in table 2.1.

The stirrer speeds were varied between 50, 150, 300, and 500 rpm. Sucrose solutions of 6,
18, and 36 %(w/w) and a 6 %(w/w) maltodextrin DE12 were concentrated for 30 minutes. A
second set of freeze concentration experiments were carried out with a decreasing cold wall
temperature (fig. 2.2) to mediate the high initial ice growth rate when using a constant cold
wall temperature. We chose a linear decreasing (eq. (2.1)) and a quadratically decreasing
(eq. (2.2)) cold wall temperature. All profiles start at -2.8 °C, which is 2.5 °C below the
freezing point of the 6 %(w/w) sucrose solution used.

𝑇 = min
(

−𝛼 𝑡, −2.8◦𝐶
) (2.1)

𝑇 = −𝛽 𝑡2 − 2.8◦𝐶 (2.2)
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Where 𝛼 is the slope of the cooling profile in °C/min and where 𝛽 is the coefficient for the
parabolic equation in °C/s2. These experiments ran for 60 minutes at a stirrer speed of 500
rpm, with a 6 %(w/w) sucrose solution.

At the start of the freeze concentration experiments, a droplet (100 L) of pure water was
deposited on the freeze plate, which forms a seed crystal preventing high initial super cool-
ing. If initial super cooling is not prevented, sudden, very fast initial ice growth may lead to
excessive inclusions at the start of the process (Miyawaki et al. 2005) or may lead to ice crys-
tals forming in suspension rather than on the freeze plate. When the droplet was completely
frozen, the feed solution was introduced via a filling port at the top of the cylinder. To prevent
air inclusion the stirring was only started after the solution had submerged the stirrer blades.
At the end of the experiment the liquid was removed by pouring it from the cylinder and the
ice was melted. Both fractions were weighted, and the sucrose content was determined with a
refractometer (Anton Paar Abbemat 500, Germany). The dry matter content of the maltodex-
trin solution was determined drying the samples, in pre-weighed pans overnight in an oven at
105 °C. All experiments were carried out in duplicate.

Data analysis
To compare the intensity of the convective flow in a stirred vessel for the different concentra-
tions and solutes, the impeller Reynolds number is computed:

NRe =
𝜌𝑁𝐷2

𝜇
(2.3)

The average solute inclusion can be expressed with the ratio of the solute concentration
in ice and the solute concentration in the original solution:

𝐾 =
𝐶𝑆
𝐶𝐿

(2.4)

2.3 Results and Discussion

Ice formation
The ice yield of progressive freeze concentration was compared for different stirrer rates and
cold wall temperatures (fig. 2.3a). The yield showed little dependence on the stirrer rate. Only
at 50 rpm we did observe a minor increase in ice yield, but higher stirrer speed yielded always
similar amounts of ice. At the lowest agitation rates, the heat transfer from the bulk of the
solution towards the ice is slow and will therefore result in faster ice growth. However, the
heat transfer in general is relatively fast compared to the mass transfer of the solute and is not
limiting at somewhat better agitation (Gunathilake et al. 2013).

A clear dependence was found on the cold wall temperature. Lower temperatures yielded
more ice because the driving force for heat transfer is higher. The ice yield was found to
decrease somewhat with increased solute concentration due to the increased freezing point
depression at higher sucrose concentrations (fig. 2.3b), especially when considering that the
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Figure 2.3: Effect of applied freeze plate temperature and solute concentration on the ice
formation after 30 minutes of freeze concentration. (a) Ice yield for sucrose 6 %(w/w) and
maltodextrin DE12 6 %(w/w) vs. stirrer speed. (b) Ice yield for sucrose and maltodextrin
DE12 solution averaged over the stirrer speeds. The error bars indicate the standard
deviation.

concentration of solute at the ice-solution interface is much larger than in the bulk, due to the
concentration polarization (Sman 2016). The maltodextrin solutions show a lower ice yield
than the 6 %(w/w) sucrose solution. This is caused by the higher viscosity of the solution
compared to the 6 %(w/w) sucrose. A higher viscosity hinders the ice formation (Budiaman
et al. 1987). In fact, viscosity may also be an additional explanation for the decrease in ice
yield with increasing concentration of sucrose.

Sucrose and maltodextrin inclusion in ice
The degree of solute inclusion in ice depends on the hydrodynamics close to the ice layer.
In fig. 2.4a the average solute inclusion (eq. (2.4)) is plotted versus the Reynolds numbers
(eq. (2.3)) for different solute concentrations. The solute inclusion decreased at increasing
Reynolds numbers for all different solutions and cold wall temperatures. As expected, the
18 %(w/w) and 36 %(w/w) sucrose solutions showed more inclusion than the 6 %(w/w) su-
crose solutions (fig. 2.4a). This is most probably caused by the strong increase in concentra-
tion at the ice-liquid boundary leading to more favorable circumstances for solute inclusion,
plus the increased viscosity of these solutions in the concentration polarization layer, con-
tributing to a thicker boundary layer.

An increase of the stirrer speed increases the shear above the ice surface, which improves
the transport of the solute away from the ice-liquid boundary and therefore reduces the dif-
fusion limitation in the boundary layer during freeze concentration (Bird et al. 2002). We
observe that the dependence on the Reynolds number or stirrer speed becomes stronger for
lower concentrations (fig. 2.4a). This can be explained because at increasing concentrations
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Figure 2.4: Effect of impeller Reynolds number on the effective solute inclusion after
30 minutes. (a) The effect of increasing sucrose concentration at -5.0 °C below the freeze
point of the solution. (b) The effect of decreasing freeze plate temperature. The error
bars indicate standard deviation.

viscosity increases rapidly, which again hinders mass transfer and promotes inclusion. For
freezing rates, we also observe a dependence on Reynolds number, where solute inclusion
increases with faster freezing rates (fig. 2.4b). This can be explained as the ice growth rate
increases with increasing freezing rate, while the stirring rate remains the same. This is in
line what has been found by Liu et al. (1997) and Jusoh et al. (2009).

Perhaps surprisingly, the freezing of maltodextrin solutions is quite comparable to those
with 6 %(w/w) sucrose (fig. 2.4b). Maltodextrins, being larger molecules, diffuse more slowly
and give rise to higher viscosities, but give less freezing point depression due to the larger
molecular weight. These effects may cancel out each other at least partially.

Decreasing cold wall temperature
With a constant cold wall temperature, freezing initially proceeds much faster and then slows
down. The decrease in ice growth is due to the increasing thickness of the ice layer, which
reduced the heat transfer from the ice growth front to the cooling plate. The higher initial ice
growth rate leads more inclusion during the initial period compared to a later stage. To avoid
this initial strong inclusion, we adjusted the cold wall temperature such that the temperature
difference with the ice growth front starts relatively small and then gradually increases during
the process leading to more constant ice growth rates.

The used temperature profiles can be found in fig. 2.2. Initially a certain degree of su-
percooling is necessary to ensure nucleation and have the freezing process started. The
ice yield was comparable for the cooling programs with -5 °C constant temperature (av-
erage ice growth rate = 1.30×10-3 mm/s), -0.1 °C/min linear profile (average ice growth
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Figure 2.5: Freeze concentration ice yield (a) and solute inclusion (b) after 60 minutes
for the temperature profiles in fig. 2.2. The light gray bars indicate linear decreasing
temperature profiles, the dark gray bars indicate parabolic temperature profiles, the blue
bar indicates constant temperature profile.

rate = 1.31×10-3 mm/s) and (6.25×10-4)2 °C/s2 quadratic profile (average ice growth rate
= 1.29×10-3 mm/s), and was larger with steeper decrease of the applied temperature profiles
(fig. 2.5a). The larger ice yield is achieved by a larger heat removal from the system. The
slopes of -1.0 °C/min (average ice growth rate = 3.96×10-3 mm/s) and (2.50×10-3)2 °C/s2
(average ice growth rate = 5.10×10-3 mm/s) were limited by the minimum temperature of
the cryostat (-30 °C), thus giving a lower ice yield, than what would be expected if the pro-
file would continue below this temperature. The sucrose inclusion, for the -0.1 °C/min and
(6.25×10-4)2 °C/s2, could be reduced by approximately a factor two when compared to the
constant temperature operation (fig. 2.5b), while having the same ice yield. The other profiles
include more sucrose but also yield more ice. The higher ice yield in these cases will lead to
a higher concentration in the remaining solution, but the overall separation is worse. These
experiments show that for successful operation of progressive freeze concentration, good con-
trol of the ice growth rate is necessary for optimal separation and concentration. Modeling
of the ice growth rate and the inclusion behavior of the solute could assist in optimizing the
ideal temperature profile for the cold wall temperature, increasing the ice yield and lowering
the solute inclusion.

Yield versus purity
The aim of a concentration method is to concentrate a solution as much as possible, while
minimizing the losses of the solute. When comparing solute losses, we observe a distinct
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Figure 2.6: Yield versus impurities in the ice for different operating conditions. Group
1 represents operation at constant temperature for 30 minutes. Group 2 represents op-
eration with variable cold wall temperature. Group 3 represents operation at constant
temperature for 60 minutes.

grouping of the freeze concentration processes employing a constant temperature, which have
a lower yield and significant inclusions (fig. 2.6, group 1). In this group, the level of inclusion
increases with increasing solute concentration. A lower cold wall temperature increases the
ice yield but reduces the purity, mostly due to high initial inclusion during the fast initial
freezing. This is evident in the observation that extending the freezing time from 30 to 60
minutes gives a less than proportional increase of the ice yield, but lower overall solution
inclusion (fig. 2.6, group 3). This shows that the slowing of the freezing process reduces the
solute conclusions over time.

Therefore, experiments were carried out with varying ramps (fig. 2.2). It could be ob-
served that indeed a cold wall temperature profile that decreases in time gives significantly
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lower solute inclusion (fig. 2.6, group 2), mostly because of the reduced initial degree of su-
percooling near the cold wall, while the lower temperatures at later stages, increase the ice
yield. The rate of progression in cooling, must be balanced with the rate of mass transfer
of the solute from the freezing plane towards the solution bulk. A ramp that is too steep
will result in more inclusion, caused by the ice growth rate and the drag by the water flux
becoming higher than the diffusion rate of the solute away from the ice boundary, causing
it to accumulate in the boundary layer (Miyawaki et al. 1998; Bayindirli et al. 1993). Too
much concentration polarization may even lead to phase changes and precipitation of the so-
lute, which again will favor solute inclusion (Young et al. 1949). These relative inclusions
get higher with increasing feed concentration. This is supported by Miyawaki et al. (1998),
who conclude that the ice growth rate should be low enough to prevent strong concentration
polarization in the boundary layer. For this, the velocity of the ice front should be balanced
with the diffusion in the boundary layer and the transport in the bulk of the liquid.

The yields reported show the amount of ice formed for the given duration of the experi-
ment. When comparing the ice yield from the experiments with constant temperature at -5 °C
for ½ h and 1 h, then one can observe that the yield is similar or increases a little bit for the
lowest sucrose concentration. This shows that the majority of the ice is formed at the begin-
ning of the process and the minor increase in ice yield in time shows that the system is near
its steady state in terms of heat transfer. It is interesting to note that the sucrose inclusions
decrease during the second half hour, which may be explained by diffusion of sucrose from
the concentrated domains in the ice layer into the bulk liquid.

2.4 Conclusion

The inclusion behavior of sucrose and maltodextrin during progressive freeze concentration
was closely coupled to agitation rate and ice growth rate in the stirred tank set-up. Agitation
should be large to reduce concentration polarization in the boundary layer and thus minimize
undesired solute inclusion. Operating at a constant cold wall temperature led initially to high
solute inclusions due to the high ice growth rate at the start of the process. To improve this,
we investigated application of variable cooling profiles with a linear or progressive decrease
of temperature over time. This approach was found promising to increase the ice yield while
at the same time reducing solute inclusion. Ideally, the ice growth rate is thus controlled at a
constant value to minimize solute inclusions, while still having a significant ice yield. This
would allow better scaling of the results to larger scale progressive freeze concentrators. The
more accurate control of ice growth rate the availability of predictive models that describe ice
growth and solute inclusion over time is indispensable.
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Abstract

This study focused on modelling ice growth and solute inclusion behaviour dur-
ing progressive freeze concentration of sucrose, soy protein, and whey protein.
Experiments were conducted in a small stirred tank set-up and ice growth was
modelled using mass and heat balances. Solute inclusion was estimated using an
intrinsic distribution coefficient. For sucrose solutions, the intrinsic distribution
coefficient is proposed dependent on the initial and critical concentrations, where
the last is related to the fast increase in viscosity and decrease in diffusivity when
the solution approaches glass transition. Predictions were found in agreement
with experimental data, except when dendritic ice growth was observed. Solu-
tions of whey and soy proteins behaved differently due to their large difference
in solubility. These proteins also showed different inclusion behaviour compared
to sucrose, due to lower freezing point depression and lower concentrations far
away from glass transition.
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Nomenclature

Symbol Description Unit
Δ𝐻𝑓𝑢𝑠 Heat of fusion kJ kg-1

𝛿 Thickness of the boundary layer m
𝜇 Dynamic viscosity Pa s
𝜌𝑖𝑐𝑒 Density of ice kg m-3

R Universal gas constant J K-1 mol-1
𝐴𝑓𝑝 Area cooling plate m2

𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 Critical concentration for freeze concentration kg kg-1

𝐶𝑖 Concentration of solute at the ice boundary kg kg-1

𝐶𝑙 Concentration of solute in solution kg kg-1

𝐶𝑠 Concentration of solute in ice kg kg-1

𝐷 Diffusion coefficient m2 s-1

𝑑 Diameter freeze cell m
ℎ Heat transfer coefficient (liquid boundary layer) W m-1 K-1

ℎ𝑜𝑣,𝑖 Heat transfer coefficient (overall, ice + heat exchanger) W m-1 K-1

𝐾 Average distribution coefficient -
𝑘 Mass transfer coefficient m s-1

𝐾0 Intrinsic distribution coefficient -
𝐿 Specific length m
𝐿𝑖𝑐𝑒 Thickness of ice m
𝐿𝑤 Thickness of the wall m
𝑀𝑖𝑐𝑒 Mass of ice kg
𝑁 Stirring rate s-1

NRe Reynold’s number -
NSc Schmidt’s number -
NSh Sherwood’s number -
𝑞 Specific heat flow W m-2

𝑞𝑓𝑝 Heat transfer from the bulk fluid W m-2

𝑞𝑖𝑐𝑒 Heat transfer through ice layer W m-2

𝑡 Time s
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 Temperature of the coolant °C
𝑇𝑓𝑝 Temperature of the freezing point °C
𝑇𝑓𝑝,0 Temperature of the freezing point of pure water °C
𝑇𝑔 Glass transition temperature °C
𝑇𝑙 Temperature of the liquid °C
𝑇𝑚 Melting temperature °C
𝑣𝑖𝑐𝑒 Velocity of the boundary m s-1

𝑥 Distance from boundary layer m
𝑥𝑠 Mole fraction of solute -
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3.1 Introduction

Freeze concentration is the process to concentrate aqueous streams by the removal of water as
ice crystals after cooling the stream to its freezing point. The main advantage of freeze con-
centration over concentration by evaporation is that heat sensitive components are not affected
at the low temperatures in the process (Berk 2009; Sánchez et al. 2011; Auleda et al. 2011).
There are three different approaches to carry out freeze concentration, i.e. suspension freeze
concentration, block freeze concentration and progressive freeze concentration. In suspen-
sion freeze concentration the ice crystals are grown in suspension and are removed through a
continuous wash filter This process is already available on an industrial scale (Sánchez et al.
2011; Kadi et al. 2017). In block freeze concentration the solution is completely frozen and
then selectivily thawed to remove the concentrate (Moreno et al. 2014; Petzold et al. 2015).
In progressive freeze concentration the ice is grown as a layer on a heat exchanger surface.
This process is till now mostly investigated at lab scale and some at pilot scale, although some
small scale industrial units with a maximum capacity of around 50 l exist and a larger scale
unit (100 l) is under development. (Rane et al. 2005; Miyawaki et al. 2005; Meiwa Co. Ltd
2018). To scale this technology ultimately to an industrially relevant scale and apply it to rel-
evant product streams, more insight is required in the dynamics of the process, which requires
both experimental and modelling work.

Progressive freeze concentration involves partial freezing of the fluid on the surface of
a heat exchanger(Halde 1980; Liu et al. 1997). Forced convection reduces concentration
polarization close to the ice surface and thus lowers the amount of solute inclusions into the
ice (Vuist et al. 2020). Progressive freeze concentration is operated as a batch process. When
the ice layer has a specified maximum thickness and thus the solution has reached the desired
concentration, the operation is ended by draining the system. Subsequently the ice is melted
to collect the water from the concentrate. If a higher concentration factor is desired, a second
progressive freeze concentration step may be applied to the concentrate.

The process of progressive freeze concentration has been studied for various equipment
designs. Generally, for minimum solute inclusion in the ice layer, high agitation and low
freezing rates are required. Flesland (1995) used an open system with the liquid flowing over
a cooling plate and observed that concentration of sucrose solutions could be realised albeit
the desired recovery was only achieved at low ice growth rates and by applying a multi-step
freeze concentration process (Flesland 1995; Ratkje et al. 1995). Liu et al. (1997) used a
cylinder submerged in a cooled ethanol bath to concentrate glucose solutions. Later, this
system was scaled up to a closed tubular device (Miyawaki et al. 2005). In this device, coffee,
tomato juice, and sucrose were concentrated, which demonstrated the potential of progressive
freeze concentration to relevant streams in food industry. Raventós et al. (2007) used a setup
based on a falling film and Ojeda et al. (2017) used a setup consisting of a stirred tank with
cooled walls. They applied freeze concentration to sucrose solutions and concluded that the
eutectic point was the limiting factor for freeze concentration. However, sucrose solutions are
known for their supersaturation and show no eutectic concentration behaviour (Sman 2016;
Sman 2017).

To allow scaling of film freeze concentration towards industrial scale, modelling can be
used to design larger-scale freeze concentration processes and to estimate the efficiency and
economics at this scale. In several previous studies models were developed for the film freeze
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concentration process. Ratkje et al. (1995) assumed the growth rate of ice to be constant
and derived that inclusions may be prevented when the ice growth rate is below a maximum
threshold determined by the temperature difference between the ice front and the cooling
surface and the diffusion rate of the solute (Scholz 1993; Scholz et al. 1993; Flesland 1995;
Ratkje et al. 1995). Auleda et al. (2011) proposed a modelling approach for a falling film
freeze concentrator based on the work of P. Chen et al. (2000), who employed a semi-empirical
correlation based on freezing point depression, ice growth rate and the liquid velocity. They
expanded upon this work to determine the maximum allowable freezing rate and to account
for different geometries of the cooling systems (X. D. Chen et al. 2015). Miyawaki et al.
(1998) proposed an intrinsic distribution coefficient (𝐾0) to predict solute inclusion during
progressive freeze concentration. This intrinsic distribution coefficient is the ratio between
the solute concentration in the ice and the solute concentration in the solution at the boundary,
when the boundary moves infinitesimally slowly (eq. (3.1)).

𝐾0 =
𝐶𝑠
𝐶𝑖

(3.1)
The intrinsic distribution coefficient 𝐾0 is in fact an empirical parameter that can be obtained
from freeze concentration experiments with a specific solute. Gunathilake et al. (2013) ob-
served that 𝐾0 is concentration dependent. Gu et al. (2006) related the intrinsic distribution
coefficient to the osmotic pressure, which in it self is directly related to the water activity of
the solution. This worked well for calculating the coefficient for single component system
containing salt, however for glucose and dextran mixtures they found that the viscosity had
a large influence on the intrinsic distribution coefficient. P. Chen et al. (2000) related the
distribution coefficient to the freezing point depression via a semi-empirical relationship and
found the correlation to fit well for falling film freeze concentration and suspension freeze
concentration.

The aim of this work is to develop a coupled heat and mass transfer model to describe
the freeze concentration process including solute inclusion. Specifically, we investigate the
relation of the intrinsic distribution coefficient (𝐾0) to the phase behaviour of the solute and
the solvent to predict solute inclusion. We hypothesise that 𝐾0 is related to the ratio of the
concentration of the solution and a critical concentration related to the glass transition. We
compare freeze concentration experiments and model predictions for protein and sugar solu-
tions. Measurements were done at lab scale in which the ice growth rate and solute inclusion
were both analysed.

3.2 Theory

Ice growth
The average ice growth rate on the cooling plate follows from the energy balance over the ice
boundary (eq. (3.2)) Rane et al. (2005).

d𝑀𝑖𝑐𝑒
d𝑡 =

(

𝑞𝑖𝑐𝑒 − 𝑞𝑓𝑝
)

𝐴𝑓𝑝

Δ𝐻𝑓𝑢𝑠
(3.2)

𝑞𝑖𝑐𝑒 = ℎ(𝑇𝑙 − 𝑇𝑓𝑝) (3.3)
𝑞𝑓𝑝 = ℎ𝑜𝑣,𝑖(𝑇𝑓𝑝 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡) (3.4)
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We assume that the ice growth is proportional to the excess of heat removed via the ice layer
(eq. (3.4)) minus the heat transported towards the ice boundary from the fluid bulk (eq. (3.3)).
If we assume that the ice is growing uniformly, the ice growth rate can be derived via the
ice density (eq. (3.5)). The heat of fusion, Δ𝐻𝑓𝑢𝑠, was assumed to be equal to that of water
(333.5 kJ/kg).

𝑣𝑖𝑐𝑒 =
d𝐿𝑖𝑐𝑒

d𝑡 =
𝑞𝑖𝑐𝑒 − 𝑞𝑓𝑝
Δ𝐻𝑓𝑢𝑠𝜌𝑖𝑐𝑒

(3.5)

Solute Inclusion
The concentration effect in film freeze concentration is caused by exclusion of the solute from
the ice. However the exclusion of the solute is not perfect and this leads to solute inclusion.
This can be expressed as an average distribution coefficient, 𝐾 (eq. (3.6)). The average distri-
bution coefficient can be measured after a freeze concentration experiment by analysing the
composition of the fluid (𝐶𝑙) and the ice phase (𝐶𝑠), respectively (fig. 3.1). Due to concentra-
tion polarisation the average distribution coefficient is not equal to the intrinsic distribution
coefficient (eq. (3.1)) (Burton et al. 1953a).

𝐾 =
𝐶𝑠(𝑡)
𝐶𝑙

(3.6)

𝐾0 =
𝐶𝑠
𝐶𝑖

(3.7)

The concentration polarisation above the ice surface can be described with a mass balance
over the hydrodynamic boundary layer (eq. (3.8)).

−𝐷d𝐶
d𝑥 + 𝑣𝑖𝑐𝑒𝐶 = 𝑣𝑖𝑐𝑒𝐶𝑠 (3.8)

The frame of reference for this mass balance is the ice surface which is defined to be at 𝑥 = 0.
Ice growth leads to a flux of water with speed 𝑣𝑖𝑐𝑒 into the ice. 𝐶𝑠 is the concentration of solute
in the ice, 𝐶 is the concentration in the boundary layer, and 𝐷 is the diffusion coefficient of
the solute in the solvent. The boundary conditions for this equation are 𝐶 = 𝐶𝑖 at 𝑥 = 0
(the concentration in the liquid phase) and 𝐶 = 𝐶𝑙 at 𝑥 = −𝛿 where 𝛿 is the boundary layer
thickness. When these boundary conditions are used eq. (3.8) can be integrated to obtain
eq. (3.9).

𝐶𝑖 − 𝐶𝑠
𝐶𝑙 − 𝐶𝑠

= exp
(

𝑣𝑖𝑐𝑒𝛿
𝐷

)

(3.9)
When combining eq. (3.9) with the definition for the intrinsic distribution coefficient and
replacing 𝐷∕𝛿 by the mass transfer coefficient 𝑘, a practical expression is obtained for the
concentration of the solute at the ice boundary (eq. (3.10)).

𝐶𝑠 =
exp

(

𝑣𝑖𝑐𝑒
𝑘

)

𝐶𝑙

exp
(

𝑣𝑖𝑐𝑒
𝑘

)

+ 1
𝐾0

− 1
(3.10)
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Figure 3.1: Schematic drawing of the temperature and concentration profiles near the
cold wall. For visualization the system is rotated with 90°.

Intrinsic distribution coefficient
The intrinsic distribution coefficient, 𝐾0, is proposed by Burton et al. (1953a) as the ratio
of the concentration of solute in the ice, 𝐶𝑠 and that in the liquid at the interface, 𝐶𝑖. This
ratio converges to a constant value when the temperature of the ice approaches the freezing
temperature (Burton et al. 1953b; Burton et al. 1953a). Gunathilake et al. (2013) showed that
for sucrose systems the intrinsic distribution coefficient depends on the solution concentration
(𝐶𝑙). Gu et al. (2006) observed this dependence also for different salts and glucose and related
the intrinsic distribution coefficient to the osmotic pressure, although they could not explain
the behaviour of glucose at 20%.

𝐾0 =
𝐶𝑙

𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
(3.11)

𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝑓 (𝑇𝑚, 𝑇 ′
𝑔) (3.12)

As small carbohydrates like sucrose tend to be supersaturated at low temperatures, rather
than allow crystallization of the carbohydrate, we cannot use a eutectic point, which normally
should lead to the maximum degree of freeze concentration. We therefore propose that the
value of 𝐾0 (eq. (3.11)) is, for small carbohydrates, dependent on the ratio between the solute
concentration in the liquid and the concentration determined by a margin above where the
apparent glass temperature (𝑇 ′

𝑔) meet the solidus line (𝑇𝑚), this is deemed the critical concen-
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Figure 3.2: State diagram of sucrose after Y. H. Roos (2010) and Sman (2017). The
purple arrow indicates the trajectory of the solution during progressive freeze concentra-
tion.

tration (eq. (3.12)) (Sman et al. 2019; Y. Roos et al. 1991a; Y. Roos et al. 1991b). For sucrose
this value was determined to be 0.62 kg/kg.

The ultimate end point for freeze concentration would be the point where the freezing
line would cross the line of the glass temperature fig. 3.2. At this point a maximally freeze
concentrated system would be obtained (Y. Roos et al. 1991a; Y. Roos et al. 1991b). In the
glassy state a domain of pure ice and small glassy domains of the maximally freeze concen-
trated sugar solution would co-exist. Since the diffusion coefficient at the glass temperature
is effectively zero, this would imply that the ice would have the exact same composition as
the solution, as the solutes cannot diffuse away from the freezing frontier anymore. However,
before reaching the glass transition temperature, we have to consider the rapidly increasing
viscosity when approaching this solidification point (Williams et al. 1955). This increase in
viscosity for sucrose solutions becomes relevant when the solution is super-saturated, espe-
cially when working at low temperatures during freeze concentration (Kauzmann 1948). It
leads to significant reduction of the mass transfer rate in the boundary layer and as a result the
solute concentration gradient in the boundary layer will increase. Due to the higher concen-
trations, the inclusion rate increases and a less effective separation is achieved. In this case
the intrinsic partition coefficient (eq. (3.11)) can be considered to give an indication of the
remaining capacity for a carbohydrate system to be concentrated.
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Figure 3.3: Picture (left) and schematic representation (right) of the small-scale setup

3.3 Material and methods

Description of the progressive freeze concentrator
A schematic drawing of the lab scale film freeze concentrator, used in this paper, is shown in
fig. 3.3. A similar set-up has been used in previous work (Vuist et al. 2020), compared to this
system the volume has been reduced by reducing the height of the cylinder to 90 mm. The
system consists of a vessel that contains the solution that needs to be concentrated, separated
with a metal plate from a chamber that contains circulating fluid, temperature-controlled by an
external cryostat. The experiments are started by first freezing a droplet (0.1 ml) of distilled
water to prevent supercooling of the liquid and to avoid spontaneous bulk crystallization of
a supercooled liquid. As soon as the droplet is frozen, the precooled liquid feed is added
through a funnel. After the vessel has been filled completely, stirring is started. After the
experiment the concentrated liquid is drained from the tank and the ice layer is wiped dry
with a paper tissue. Subsequently the ice layer is melted. Samples were taken from the liquid
at 𝑡 = 0 and at 𝑡 = end, plus a sample was taken from the molten ice. The samples were stored
frozen until analysis. For the concentration experiments four different cooling programmes
were used: two constant temperature programmes at 5 °C or 10 °C below the freezing point
of the solution for 1 hour, only applied to the soy protein concentrate, and two decreasing
temperature programmes starting 2.5 °C below the freezing point and then decreasing by
0.1 °C/minute or 0.5 °C/minute for 1 hour applied to all solutions. The freezing points of the
solutions have been calculated using the Clausius-Clapeyron equation (eq. (3.13)).

ln (1 − 𝑥𝑠
)

=
Δ𝐻𝑓𝑢𝑠

R
(

1
𝑇𝑓𝑝,0

− 1
𝑇𝑓𝑝

)

(3.13)

Materials
Solutions of sucrose, soy protein concentrate (SPC) and whey protein isolate (WPI) solutions
were used as feed solutions. Sucrose was obtained from Sigma-Aldrich (USA, BioXtra, pu-
rity >99.5 %), SPC was obtained from Vitablend (The Netherlands, Unico HS IP, minimum
70 % protein), and WPI was obtained from Davisco (Switzerland, BiPro®, purity >97.0 %).
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Sodium phosphate dibasic and sodium phosphate monobasic were obtained from Sigma-
Aldrich (USA, at least analytical grade). All solutions were prepared with ultrapure water
from a Milli-Q system (Millipore Corporation, United States).

Methods
Solution preparation

Sucrose and WPI solutions were prepared by dissolving sucrose and WPI in ultrapure water.
The solutions were stirred at room temperature until everything was dissolved. The SPC
solution was prepared by dissolving the SPC overnight at 4 °C while stirring was applied.
The next day the solution was centrifuged for 30 minutes at 16,000 xG and 4 °C to remove
any residual insoluble particles. The supernatant was then collected to be used as the solution
in concentration experiments. The solutions were stored at 0 °C in an ice bath until usage the
next day.

Ice growth measurement

The ice growth during the freeze concentration of the proteins was monitored by time-lapse
pictures taken during the experiment. These pictures were analysed using image analysis
software (ImageJ, USA) to determine the ice growth rate (fig. 3.4). The width of the front
bolt (8.38 mm) in the picture is used as a reference for sizing. With this reference, the ratio
of pixels per mm was calculated and thus the ice thickness could be quantified.

Figure 3.4: Method to measure ice growth; (A) width of the bolt, (B) thickness after 1
min, (C) thickness after 31 min, (D) thickness after 59 min.

Sucrose content

The sucrose content of the sucrose solution was determined using a refractometer (Anton
Paar, Abbemat 500, Germany)

Protein content analysis

For both the SPC and WPI samples the dry weight was determined. For this, the samples were
placed in pre-weighed cups and dried overnight at 105 °C. The SPC samples were further
analysed using the Dumas method. Approximately 10 mg of dry sample was weighed in an
aluminium cup and then closed. The nitrogen content was measured (ThermoFisher, FlashEA
1112 series N Analyser, USA) and multiplied with a conversion factor 6.25 to convert the
nitrogen content to protein mass. The WPI samples were analysed using HPSEC (Thermo
Ultimate 3000 HPLC, ThermoFisher Scientific, USA) on two columns in series (TSKGel
G3000SWXL and G2000SWXL, both 5µm 300×7.8mm) at 30 °C, using UV-Vis detection at
214 nm. The sample size was 10 µl. The feed samples were diluted 10 times with water, the
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ice fraction samples were used undiluted. The eluent was 30 % Acetonitrile in Milli-Q water
with 0.1 % Trifluoracetic acid. The flow rate of the eluent was 1.5 ml per minute.

Equation solving

The differential equations were solved using a variable order Runge-Kutta method (ode45,
Mathworks MATLAB R2019b, USA) (Dormand et al. 1980; Shampine et al. 1997).

Determination of intrinsic partition coefficient

To determine the intrinsic partition coefficient 𝐾0, we express the partition coefficient as
function of the intrinsic partition coefficient, the ice growth rate and mass transfer coefficient
by rearranging eq. (3.10) and using the definition of 𝐾 (eq. (3.6)) to obtain eq. (3.18). This
equation can again be rewritten into eq. (3.19) giving a linear relation between ln(1∕𝐾 − 1)
and 𝑣𝑖𝑐𝑒∕𝑘 (Pradistsuwana et al. 2003). The mass transfer coefficient, 𝑘 was determined from
the Sherwood relation for stirred tanks (eqs. (3.14) to (3.17)).

NSh =
𝑘

𝐷∕𝐿
(3.14)

NSh = 0.36NRe
2
3NSc

1
3 (3.15)

NRe =
𝜌𝑁𝑑2

𝜇
(3.16)

NSc =
𝜇
𝐷𝜌

(3.17)

𝐾 =
𝐾0

𝐾0 +
(

1 −𝐾0
) exp

(

− 𝑣𝑖𝑐𝑒
𝑘

) (3.18)

ln
( 1
𝐾

− 1
)

= ln
(

1
𝐾0

− 1
)

−
𝑣𝑖𝑐𝑒
𝑘

(3.19)

By fitting this linear equation to experimental data obtained at different ice growth rates and/or
stirrer rates we can obtain the intrinsic partition coefficient by extrapolating 𝑣𝑖𝑐𝑒∕𝑘 → 0
(fig. 3.5).
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Figure 3.5: Result of linear regression on inclusion data obtained for Soy Protein Con-
centrate

3.4 Results and discussion

Modelling ice growth rate as function of time
We first measured ice thicknesses as a function of time for different conditions and compared
those to the predictions by the energy balance (eq. (3.5))(fig. 3.6). Figure 3.6a shows the
ice thickness increase for a 4 % (w/w) soy protein concentrate solution with a constant plate
temperature of -10 °C and a stirring rate of 300 rpm. There is a slight overestimation of the
ice growth in the initial phase, but at larger times the agreement is quite good. This slight
overestimation of the initial ice growth may be explained by our use of a fixed density in
the model, which is critical for calculating the ice thickness (eq. (3.5)). In the initial phase
the growth rate is very high, leading to more inclusions leading to a significantly larger ice
volume compared to the ice volume in the model. Figure 3.6b shows the ice growth for the
same solution stirred at 700 rpm. At this high stirring rate the ice growth is consistently
overestimated for the entire process. We expect this is due to the increased heat loss via the
side walls of the tank leading to a slowdown of the ice growth in practice. This effect is more
pronounced for the -5 °C cooling temperature, because at this temperature relatively more
cooling capacity is used for compensating the heat influx from the environment than for ice
growth.

In fig. 3.6c the ice growth ice is shown using a linear decreasing temperature of the freez-
ing plate with a 4 %(w/w) SPC solution. The ice thickness increases approximately in linearly,
except for an initial lag, which can be observed for the -0.1 °C/minute cooling profile. This
lag may be caused by two effects that are not taken into account into the model. First, the
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Figure 3.6: Modelled and measured ice growth for SPC and WPI at different cooling
profiles and different stirring rates for 1 hour.

gradual cooling of the walls of the cylinder and the heat influx from the environment have
not been taken into account, and these effect are relatively large for a small temperature dif-
ference between the liquid and the coolant, relative to the heat removed for ice growth. A
second aspect is the crystallisation kinetics (Myerson et al. 2019). At -0.5 °C/minute the lag
is not noticable, as the faster decrease in temperature dominates.

In fig. 3.6d, freeze concentration with the same temperature ramps is shown for a 4 %(w/w)
WPI solution. One may compare with fig. 3.6c for a 4% SPC solution. The calculated values
for ice height are almost similar. This is expected as both solutions have similar density, vis-
cosity and heat conductivity. However a systematic overestimation is observed for the Whey
Protein Isolate solution. This overestimation is probably caused by the ice being purer, as we
will show below, and thus the ice has a lower volume than the ice during freeze concentration
with SPC since there are less inclusions. For all solutions concentrated the ice growth rate
was around 1 µm/s for 0.1 °C/minute cooling and 5 µm/s for 0.5 °C/minute. These values are
inline with the values reported in literature (Miyawaki et al. 2005; Gunathilake et al. 2013;
Moreno et al. 2014).

The calculated and measured ice masses after one hour of freeze concentration are com-
pared in fig. 3.7. For the constant cold wall temperature conditions the calculated values



3.4. Results and discussion 43

0 0.05 0.1 0.15 0.2

Calculated mass [kg]

0

0.05

0.1

0.15

0.2

M
e
a
s
u
re

d
 m

a
s
s
 [
k
g
]

x = y

SPC 4% -5°C 300 rpm

SPC 4% -5°C 700 rpm

SPC 4% -10°C 300 rpm

SPC 4% -10°C 700 rpm

SPC 4% -0.1°C/min 300 rpm

SPC 4% -0.5°C/min 300 rpm

WPI 4% -0.1°C/min 500 rpm

WPI 4% -0.5°C/min 500 rpm

Sucrose 6% -0.1°C/min 500 rpm

Sucrose 6% -0.5°C/min 500 rpm

Figure 3.7: Parity plot between the calculated ice mass and measured ice mass after
1 hour of freeze concentration.

are relatively close to the parity line. The calculated values for the 0.1 °C/minute decreasing
ramp show a similar trend for both SPC and WPI, slightly overestimating the ice mass formed.
The calculated values for 0.5 °C/minute WPI show a slightly larger overestimation than for
the 0.1 °C/minute decrease and SPC shows an even larger overestimation. This is probably
caused by more solute inclusions. The inclusions of pockets of highly concentrated solution
reduce the conductivity (Kestin et al. 1984; Bonales et al. 2017). While the larger volume and
thus thickness of the ice layer also reduces the conductance. Both effects slow the ice growth
more than predicted by our model that does not include these effects.

Solute inclusion
Solute inclusion has been modelled according to eq. (3.10) and is presented in fig. 3.8 as the
average solute distribution, together with the measured solute inclusion. The solute inclusion
with a cooling ramp of 0.5 °C per minute is underestimated for all the solutes. The increased
concentration polarisation at a higher ice growth rate causes more inclusion than would be
expected from the concentration in the bulk. This increased concentration polarisation may
again lead to a more supercooling and thus formation of dendritic ice crystals, which leads
to increased solute inclusion (Myerson et al. 2019). The formation of dendritic ice crystals
is obviously not taken into account in the current model. The obtained measured inclusions
for sucrose are found similar to those reported by Miyawaki et al. (2005). Since the whey
protein used in our experiments contains almost no lactose and salts we have found hardly any
inclusion of protein in our experiments at low ice growth rates. Sánchez et al. (2011) reported
distribution coefficients range from 0.25 to 0.45 depending on the solids concentration.

For the sucrose solutions concentrated with a cooling ramp of 0.1 °C per minute, the solute
inclusion for the 6 %(w/w) sucrose solution is overestimated while for the other solutions
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Figure 3.8: Parity plot between calculated distribution coefficients and measured distri-
bution coefficients after 1 hour of freeze concentration.

the solute inclusion is underestimated (fig. 3.8). This is caused by a larger supercooling at
these concentrations. Even though the cooling profile was adjusted for each solution to yield
the same Δ𝑇 considering the freezing point depression, the initial temperature could not be
adjusted. This causes an initial delay in ice growth and therefore the cooling profile already
had progressed to a lower temperature (fig. 3.6). This leads to more supercooling near the
cold wall resulting in the formation of ice dendrites.

A large difference in inclusion can be noticed between soy protein and whey protein so-
lutions (fig. 3.8). Soy protein leads to much inclusion while whey protein gives very low to
almost no inclusion. The main difference between the two solutions is the solubility of the
proteins (Shen 1976; Elgedaily et al. 1982). Whey protein isolate contains highly soluble
globular proteins (Sánchez et al. 2011). In contrast, SPC consists for a large part of insoluble
particles. Compared to soluble proteins, the diffusion rate of particles is negligible, and there-
fore these particles will be included in the ice. For SPC, this is almost 80% of all proteins.
WPI is so well soluble, and can diffuse from the ice freezing front into the bulk solution.

Outlook to future application of the model and optimization of the process
Even though there are some deviations from the experiments, the model is sufficiently accurate
for exploring untested conditions and for optimising the process. One case of interest would
be to optimise the process to reach a certain ice layer thickness, instead of comparing cooling
strategies with a fixed end time. This would involve the comparison of the inclusion behaviour
between the different cooling rates, towards the same amount of ice generated. fig. 3.9 shows
the results for a WPI solution at an initial solid content of 4 %(w/w) and for sucrose solutions
at 6, 18, and 36 %(w/w) solid content. Most remarkable is that the level of inclusions is almost
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constant between the lowest cooling rate (-0.1 °C per minute) and the highest cooling rate (-
0.5 °C per minute). This indicates that while there is a higher inclusion rate at higher cooling
rates, the averaged level of inclusions per kg of formed ice is nearly constant, while the ice
growth rates are ≈ 1 µm/s and 5 µm/s respectively. This means that only the mass transfer near
the ice boundary is of influence on the efficiency of progressive freeze concentration (Liu et
al. 1997; Vuist et al. 2020). Within the range of the ice growth rate, the distribution coefficient
is only weakly dependent on the ice growth rate. The value of K varies from 0.2903 to 0.2935
for a range of ice growth rates between 0 and 10 µm/s.

The model can be used to evaluate the evolution of ice yield and solute inclusion in time
for different process conditions. In fig. 3.10 the simulation results for 18 %(w/w) sucrose are
presented. As expected there is a steep initial ice growth followed by a constant freezing rate
fig. 3.10a. This initial growth is reflected in the effective partition coefficient (fig. 3.10b),
which starts at a high value; then levels off and then continues to decrease slowly due to the
increasing concentration in the bulk fluid (fig. 3.10c), which increases faster than the increase
in concentration in the ice (fig. 3.10d).

An optimum in solute inclusion is shown in fig. 3.10d after around 10 % of the end time.
This could be chosen as an end point for the process when optimizing for the lowest possible
level of solute inclusion. The minimum effective distribution coefficient is lower at lower ice
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growth rates and could be lowered even further, for example by improving the mass transfer
rate. However, in practice, the end point can be chosen to be later to allow for a thicker ice
layer since the increase of concentration in the ice, and therefore the solute loss, is not steep
after this point. This thicker ice layer would allow for a more productive unit. These results
also show that the cooling surface to volume ratio should be as high as possible to achieve a
high concentration factor in a single step.

3.5 Conclusion

Progressive freeze concentration was studied using a lab-scale progressive freeze concentra-
tor. A model based on an energy and mass balance was created, using an effective distribution
coefficient for solute inclusion. The intrinsic distribution coefficient for sucrose solutions de-
pends on the initial sucrose concentration and on the critical (saturation) concentration, which
is probably related to the fast increase in viscosity and reduction in diffusivity when a sucrose
solution gets closer to the glass transition. Solutions of proteins behave differently, since their
freezing line is flatter, and their solutions in the concentration polarization layer do not come
near their glass transition line. Whey protein isolate, which is well soluble, gives very low
inclusions; but soy protein isolate, which mostly consists of small insoluble protein particles
gives very large levels of inclusions, up to 80 %. The freezing rate has little influence on the
achieved effective distribution coefficient, when evaluated at similar amounts of ice produced.
The model did indicate a minimum in the level of inclusions, which may be used in the design
of the process towards optimal concentration.
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Abstract

Progressive freeze concentration of whey protein solutions is evaluated. Since
solutions in industry are more complex, the effect of the addition of sodium chlo-
ride and sucrose on the inclusion behaviour is studied as well. Using a progres-
sive freeze concentrator solutions of whey protein and mixtures of whey protein
and/or sucrose and/or sodium chloride were freeze concentrated. At an initial
concentration of 4 %(w/w), whey proteins were not included in the ice fraction.
At higher concentrations the inclusions are caused by the increase in viscosity
in the boundary layer, impeding mass transfer. The addition of sucrose caused
a similar effect. Presence of sodium chloride causes inclusions through the oc-
currence of a zone where the solution is locally super-cooled and leads to the
formation of dendritic ice which encapsulates pockets of solution in the ice layer.
Mixtures of both sucrose and sodium chloride gave no additive effect on solute
inclusion but just a concurrent effect.

Nomenclature

Symbol Description Unit
𝐶𝑏 Initial concentration %(w/w)
𝐶𝑖 Concentration in ice fraction %(w/w)
𝐶𝑙 Concentration in concentrate %(w/w)
𝐶𝐹 Concentration factor –
𝐾 Distribution coefficient –
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4.1 Introduction

Protein recovery in the food industry from side streams that may contain plant or dairy pro-
teins, has gained increasing interest as it not only can prevent pollution, but can also yield a
high value protein product (Waglay et al. 2014). During recovery these proteins need to be
concentrated and dried. For concentration, typically processing steps such as evaporation un-
der reduced pressure, or reversed osmosis are applied. Even evaporation at reduced pressure
imposes a significant thermal load to the proteins and thus negatively affects the properties
of the proteins. Reversed osmosis is a milder concentration method, but is limited in the con-
centration factor it can achieve, due to the rapid increase in the osmotic pressure at higher
concentrations. Therefore, in this study we investigate freeze concentration as a method to
concentrate protein aqueous streams. A major advantage of freeze concentration is the very
low temperature during processing, which retains the quality of the proteins by for exam-
ple retarding undesired proteolysis and browning (Janson et al. 1974; Deshpande et al. 1984;
Voudouris et al. 2017). Freeze concentration is performed by selective growth of ice crystals
in suspension or in an ice layer. The latter approach, often referred to as progressive freeze
concentration, is less known than suspension freeze concentration, but requires less compli-
cated and thus more economic equipment (Sánchez et al. 2011b). After an ice layer is grown
the concentrated solution is drained from the system, and the ice is melted and drained in its
turn. The cycle can then be repeated.

In literature, only few scientific studies on progressive freeze concentration have been re-
ported. The solutions evaluated ranged from pure solutions comprising only bovine serum
albumin (Janson et al. 1974; Singh et al. 2006) to more realistic streams, such as dairy streams
(Dickey et al. 1995; Sánchez et al. 2011a; Sánchez et al. 2011b; Belen et al. 2018; Bona Muñoz
et al. 2019) and tofu process streams (Belén et al. 2012; Belén et al. 2013). Janson et al. (1974)
assessed progressive freeze concentration for dilute ((<0.2 %(w/v)) serum albumin solutions
with varying concentrations of salt. They concluded that freeze concentration is suitable for
concentration of dilute protein solutions and showed that the native protein activity was pre-
served. However, they also observed that at higher protein or salt concentrations the protein
yield was reduced due to increased protein inclusion in the ice. Sánchez et al. (2011a) eval-
uated falling film freeze concentration of whey on pilot scale and observed that the loss of
dry matter increased at higher concentrations. Unfortunately, they did not analyse whether
specific proteins of the whey were lost more than other proteins present in the whey. Belen
et al. (2018) noticed during freeze concentration that lowering the salt concentration in whey
improved the separation efficiency. We therefore hypothesize that the inclusion of protein in
the ice is influenced by the change in freezing point due to the low-molecular weight com-
ponents that accumulate in the concentration polarization layer. We think that the difference
between salts and sucrose is created by the very high viscosity of the high concentrations of
sucrose in this polarization layer in combination with the low temperatures, giving rise to high
viscosities and concurrent low diffusivities of the protein in this polarization layer.

Most industrially relevant streams that may be subjected to freeze concentration are mix-
tures of different solutes. Specifically, most protein solution contain salts and carbohydrates,
which may affect the inclusion of the proteins. To mimic such industrially relevant solu-
tions, we investigate the influence of sodium chloride and sucrose as model components on
the progressive freeze concentration of whey protein isolate. Whey protein was chosen as
model protein as it is well-soluble and readily available in high purity. The freeze concentra-
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tion experiments were performed on lab scale in a stirred vessel with a cooling plate at the
bottom, using optimal freeze concentration conditions based on our earlier work (Vuist et al.
2020). For different combinations of whey protein isolate, sodium chloride and/or sucrose,
we determined the solute inclusion in the ice and the liquid solute concentration to estab-
lish the effective overall distribution coefficient. A systematic set of experiments allowed us
to distinguish between the effect of various sucrose and sodium chloride concentrations and
combinations thereof on the performance of the freeze concentration. We employed a range
of sucrose and sodium chloride concentrations that seem realistic for future application and
can be expected to affect the charge of the proteins and viscosity of the solution and therefore
protein functionality (Ghanimah et al. 2018). To test the hypotheses for more concentrated
whey protein solutions, an additional set of experiments was conducted at a higher initial
concentration of whey protein isolate.

4.2 Materials and methods

Materials and solution preparation
Whey protein isolate (>99 % protein, <0.5 % fat and lactose, BiPro™) was purchased from
Davisco (Switzerland). Sucrose and sodium chloride were obtained from Sigma-Aldrich
(Germany) and were of analytical grade (>99.5 % pure). Solutions with whey protein iso-
late were prepared at 4, 6, 8, 10, and 12 %(w/w) dry matter. Whey protein isolate and sucrose
mixtures were prepared at 4 %(w/w) whey protein isolate and 0.5, 1, or 4 %(w/w) sucrose and
a set at 8 %(w/w) whey protein isolate and 1 or 4 %(w/w) sucrose was prepared. Whey protein
isolate and sodium chloride mixtures were prepared with 4 %(w/w) whey protein and 0.5, 1,
or 4 %(w/w) sodium chloride. 8 %(w/w) whey protein isolate solution were prepared with 1
or 4 %(w/w) NaCl. All mixtures are summarized in table 4.1. The solutions were prepared
by dissolving the sucrose and/or the sodium chloride, subsequently, adding the whey protien
isolate. The solution was stirred until all material was dissolved. The solutions were stored
overnight in an ice bath (0 °C) to ensure complete hydration. All solutions were prepared
with demineralized water.
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Table 4.1: Overview of the prepared whey protein – sucrose – salt mixtures.

WPI NaCl Sucrose
[%(w/w)] [%(w/w)] [%(w/w)]

4 – –
4 0.5 –
4 – 0.5
4 1 –
4 – 1
4 1 1
4 4 –
4 – 4
4 4 1
4 1 4
4 4 4
6 – –
8 – –
8 1 –
8 – 1
8 1 1
8 4 –
8 – 4
8 4 1
8 1 4
8 4 4
10 – –
12 – –

Freezing point measurements
The freezing points of the solutions were determined using differential scanning calorimetry
(DSC). Samples (10-20 µg) were inserted in a closed pan and introduced in the calorimeter
(DSC250, TA Instruments, USA). An empty pan was used as a reference. The sample was
then equilibrated to -30 °C and kept there for 1 minute to ensure full crystallisation of the
sample. Then a heating ramp of 0.5 °C/minute was started until 20 °C. After this the cycle
was repeated but then with a heating ramp of 0.1 °C/minute. The obtained DSC thermograms
were analysed for the endothermic peak, using the software interfaced with the DSC. The
peak temperatures from the ramp of 0.1 °C/minute was used as the melting temperature.

Progressive freeze concentration
The progressive freeze concentration experiments were carried out in a stirred vessel, shown
in fig. 4.1, as described in our earlier work (Vuist et al. 2020). To prevent super-cooling of
the to be concentrated solution, a droplet of 100 µL demineralized water was deposited and
frozen on the pre-cooled surface before each experiment, to supply a sead for the freezing
process. The temperature of the cryostat was then adjusted to 2.5 °C below the freezing point
of the feed solution. After a five-minute waiting time approximately 500 mL feed solution was
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Figure 4.1: Picture (left) and schematic overview (right) of the used freeze concentrator.

introduced to the system and the cooling programme was initiated. The cooling programme
used for all experiments started at 2.5 °C below the freezing point and then decreased at a
rate of 0.1 °C per minute. This cooling programme was established in our previous work and
was found to give to a minimum of solute inclusions for sucrose and maltodextrin solutions
in the same vessel (Vuist et al. 2020). The stirrer was operated at 500 rpm, as this speed
minimizes both foam formation and solute inclusion. After 1 hour the concentrated solution
was removed from the system by pouring and the ice was cleaned with a tissue paper to
remove adhering liquid. The ice was then melted. The concentrated solution, melted ice,
and the initial feed solution were weighed and sampled for further analyses. The average
concentrations in the ice and in the bulk were determined at the end of each experiment. The
degree of inclusion of the whey protein is evaluated by calculating the effective distribution
coefficient, 𝐾 (eq. (4.1)), where 𝐶𝑖 is the average included dry matter concentration in the ice
and 𝐶𝑙, is the concentration in the concentrated solution after 1 hour of freeze concentration.
The concentration factor (eq. (4.2)) is calculated for the composition analysis. 𝐶𝑏 is the initial
concentration.

𝐾 = 𝐶𝑖∕𝐶𝑙 (4.1)
𝐶𝐹 = 𝐶𝑙∕𝐶𝑏 (4.2)

The dry matter content was determined for each sample by pouring a small amount in a
pre-weighed aluminium cup and weighing. Subsequently, the samples were dried overnight
in an oven at 105 °C. Afterwards the cups were weighed again, which then allowed us to
calculate the dry matter content.

Composition analysis
In order to analyse the concentrations of protein and sucrose in the feed, concentrate and
ice, high-performance size exclusion chromatography (HPSEC) was used. HPSEC for pro-
tein analysis was performed using a Thermo Ultimate 3000 HPLC (ThermoFisher Scientific,
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USA) equipped with two columns TSKGel G3000SWXL (5µm 300×7.8mm) and G2000-
SWXL (5µm 300×7.8mm), one after the other. The temperature of the column oven was 30
°C. The absorbance was measured with a UV-VIS detector at 214 nm. Amounts of 10 µL were
injected. The eluent was 30 % Acetonitrile in Milli-Q water with 0.1 % Trifluoracetic acid.
The flow rate of the eluent was 1.5 mL/min. HPSEC for sucrose analysis was performed us-
ing Thermo Ultimate 3000 HPLC (ThermoFisher Scientific, USA) equipped with the column
Shodex KS-802 (300x8mm). The temperature of the column oven was 50 °C. The refractive
index detector Shodex RI-501 (Shodex, USA) was used to measure the amount of sucrose
present in the sample. Amounts of 10 µL were injected. The eluent was Milli-Q water used
with a flow rate of 1 mL/min.

To analyse the amount of salt in the different fractions, a conductivity meter (Mettler-
Toledo, the Netherlands) was used. A calibration curve was made by preparing salt solutions
of 0.2 %, 1 %, 2 %, 5 % and 10 %(w/w) NaCl in Milli-Q water. A linear calibration line was
obtained. The formula for this linear relation was used to translate the measured conductivity
into the salt content in the fractions. This all was done at room temperature (Mettler-Toledo,
the Netherlands).

Experimental set-up
The freeze concentration experiments with whey protein solutions were performed as inde-
pendent duplicates. Thanks to the good reproducibility of this first set of experiments, single
experiments of each of the mixtures with the sucrose and sodium chloride mixtures were
considered sufficient to examine the effect of the additions of sucrose and NaCl. For the de-
termination of the dry matter content, two samples from each fraction were analysed. The
full composition analysis was only performed for the mixtures containing 4 %(w/w) protein.

4.3 Results and discussion

Initial freeze concentration experiments with pure whey protein solutions were carried out
and characterised on solute inclusion behaviour. Subsequently, the effect of the addition of
sucrose and sodium chloride on solute whey protein inclusion and their combined effect were
studied.

Freezing point measurements
From the exothermic peak the freezing points of the different prepared solutions were calcu-
lated (fig. 4.2). For the solutions with only whey protein isolate the results are in line with
expectations. At 4 %(w/w) WPI there is a small deviation and a temperature above 0 °C is re-
ported, for the other WPI solutions the peak is found to be around 0 °C. The deviation from the
expected melting temperature for these samples is most probably caused by undesired freeze
concentration during the freezing of the sample in the DSC. When this is the case, the shape
of the peak becomes distorted and the measured melting trajectory can be widened leading to
a deviating peak temperature. During our freeze concentration experiments we assumed that
the freezing point depression for pure WPI solutions was negligible. This is reasonable since
the melting point depression based on the molecular weight of the protein is expected to be
negligible.
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Figure 4.2: Measured freezing points for the pure whey protein solutions (top) and the
mixtures (bottom). The error bars indicate the standard deviation (n=2). The dashed
lines are drawn to guide the eye.

For the freezing points of the whey protein-sodium chloride-sucrose mixtures we observe
an upwards shift in the expected melting temperatures. This upward shift is caused by the
occurence of a melting range due to the solution being a mixture and not a pure compound.
Since we are observing a melting peak where the sample is not completely in equilibrium
with the heating element, the peak can be shifted above the melting temperature of pure wa-
ter. The observed trends do match the expectations and, therefore, this shift has no further
consequences for our conclusions. The addition of sodium chloride causes a large freezing
point depression while the effect for sucrose is much smaller. This is in line with Blagden’s
law for freezing point depression (Barrow 1961).

Freeze concentration of whey protein solutions
Pure whey protein solutions of different concentrations were freeze concentrated in the stirred
vessel using fixed operating conditions, i.e. stirrer speed and cooling profile were kept the
same. By camera observation we observed that the ice growth rate was similar for all solu-
tions: approximately 50 g of ice was formed during each experiment (data not shown). During
progressive freeze concentration a diffusive boundary layer is formed on top of the growing
ice layer due to the exclusion of solutes at the interface with the ice. A concentration polar-
ization layer thus develops in this boundary layer (Myerson et al. 2019). Since the ice growth
rate can be considered constant, the only difference between the inclusion rates of the solutes
is their ability to diffuse out of the boundary layer and the thickness of this boundary layer
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Figure 4.3: Solute inclusion in ice for whey protein solutions after 1 hour of freeze
concentration. The stirrer speed was 500 rpm and the cooling profile of -0.1 °C/min
starting at 2.5 °C below the freezing point of the solution was used. The error bars
indicate the standard deviation (n=2). The dashed line is drawn to guide the eye.

(Burton et al. 1953). The inclusion of whey protein in the ice is expected to occur via small
pockets of concentrated solution between the growing crystals (Vuist et al. 2020).

In fig. 4.3 these distribution coefficients are shown as a function of the WPI concentration
in the original solution. The inclusion of whey protein increases at higher concentrations,
which can be explained with the rapid increase of the viscosity, or even the formation of a
gel layer with increasing concentration in the solution (Both et al. 2019). This reduces the
diffusivity of the whey protein in the boundary layer and thus lowers the mass transfer. Since
the freezing rate is mostly determined by the amount of cooling, the whey protein that cannot
migrate to the solution should end up being included the ice. At high concentrations we
expect that a thin gel layer can be formed. In ultrafiltration, gel layers are routinely found on
top of the membrane, and typically have concentrations between 400 – 600 g/L (Both et al.
2019). The increase in solute inclusion at higher concentrations under similar progressive
freeze concentration conditions was also observed by Belen et al. (2018) for cheese whey and
in an earlier review by Sánchez et al. (2011b) for dairy products. An approach to compensate
for the increased loss of whey protein is to increase the stirrer speed at higher concentrations
to reduce the boundary layer thickness and thereby to enhance the mass transfer (Vuist et al.
2020); or to reduce the freezing rate.
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Effects of sucrose and sodium chloride addition on solute inclusion
To examine the influence of carbohydrates on freeze concentration of whey protein solutions,
sucrose was added to mixtures of 4 and 8 %(w/w) whey protein, which were then freeze con-
centrated in the same manner as the whey protein solutions. The results of these experiments
are shown in fig. 4.4a. For both the 4 and 8 %(w/w)whey protein solutions we observe a
linear increase in inclusions with increasing sucrose concentration. In contrast to the high
molecular weight whey proteins, the addition of sucrose will create a significant reduction in
freezing temperature (Moussaoui et al. 2018), which creates the possibility for constitutional
super-cooling in the polarization layer (Myerson et al. 2019), and thus for more inclusions.
This super-cooling causes the ice to form dendrites, which results in undesired large inclu-
sions of concentrated solution in the ice (Ulrich et al. 2013). In addition, the solution in the
polarization layer is concentrated in sucrose and low in temperature, and therefore is closer
to its glass transition, resulting in a strong increase in viscosity. This again leads to a larger
boundary layer thickness and reduced diffusion rate which will enhance solute inclusions in
the ice.

The effect of sodium chloride on freeze concentration of whey protein was examined in
a similar way. The results of these experiments are shown in fig. 4.4b. However we now see
first an initial steep increase in solute inclusion upon increasing the concentration of sodium
chloride, which levels off at higher concentrations. A similar observation is made by Sánchez
et al. (2011a) and Belen et al. (2018) using fresh whey, which contains both salts and lac-
tose. After desalination, less whey protein was included in the ice. Since sodium chloride
(58.4 g/mol) has a larger effect on the freezing point depression, compared to sucrose, this is
expected. Due to the high freezing point depression the resulting freezing zone with consti-
tutional super-cooling can induce significant dendritic ice formation (Myerson et al. 2019).
Once an area of constitutional super-cooling exists, the amount of inclusions becomes de-
pendent on the concentration of the solutes in this zone. The concentration of the solution
between the dendrites is dependent on the liquid bulk concentration, the ice growth rate and
the rates of diffusion of the solutes, which causes the build-up of solutes in the boundary layer
by the exclusion of solutes from the ice layer. Viscosity plays a much smaller role for sodium
chloride since its viscosity increase is much lower than that for sucrose (Chenlo et al. 2002),
so the main effect will be due to its freezing point depression.
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Figure 4.4: Distribution factor for whey protein-sucrose (a) and whey protein-sodium
chloride (b) solutions. The stirrer speed was 500 rpm and a cooling profile of -0.1 °C/min
starting at 2.5 °C below the freezing point of the solution was used. The dashed line is
drawn to guide the eye.



62 Freeze concentration of protein-sucrose-salt mixtures

Combined effect on solute inclusion
Since practically relevant streams are usually mixtures of protein, carbohydrates and/or salts,
a set of experiments with model mixtures were carried out to investigate the effect combi-
nations (fig. 4.5). For all conducted experiments the mass balances for individual and total
sum of solutes were checked. It appeared that on average 97 % of the solutes were found
back in the concentrate and the ice compared to the feed, see also section 4.5. In all the mix-
tures with sodium chloride a steep increase in the distribution coefficient is observed. With
more sucrose, this becomes less apparent (fig. 4.5a), just as with higher concentrations of
WPI (fig. 4.5b). We expect that the increase in solute inclusion for mixtures high in sodium
chloride is mainly caused by the increase in freezing point depression. For sucrose this occurs
as well, albeit to a lesser degree due to its larger molecular weight, but the much larger in-
crease in viscosity exacerbates its effect, since it influences the mass transfer in the boundary
layer. In fig. 4.5b the higher concentration of whey protein mainly has an influence at lower
concentrations of the other solutes. We do not observe an additive effect when we combine
both sucrose and sodium chloride, i.e. when the components are both present, we do not see
any extra increase in inclusions. Since the inclusions are on the microscopic scale and not on
the molecular scale the protein gets included as well. The increased inclusion at 8 %(w/w)
is mainly due to the increased viscosity of the higher concentration solution (Kornet et al.
2021). When comparing to the 4 %(w/w) solutions the addition of sodium chloride and su-
crose results in slightly higher inclusions. From this we can conclude that the freezing point
depression is the dominant effect for promoting solute inclusion when low-molecular weight
components are present.

Finally, we hypothesized that the individual components of the model system would dis-
tribute themselves unequally over the ice or the solution, because of the different diffusivities
of sodium chloride, sucrose and protein. To determine the relative abundance of all compo-
nents in the feed, ice and concentrate we used HPSEC for measuring protein and sucrose con-
tent and conductivity measurements for measuring sodium chloride concentration (fig. 4.6).
For the mixtures with 1 %(w/w) sodium chloride the amount of sodium chloride is much
lower than that in the feed fraction. This could be caused by the difference in diffusivity.
However, because the absolute concentration in this fraction is quite low, the conductivity
measurements are in this case less accurate. We can therefore conclude that there are over-
all no large differences in the inclusion for the different components in the ice compared to
their presence in the concentrate. This may be related to the interactions between the multiple
components in the system. The concentrations in the polarization layer are quite high, and
the subsequent higher viscosities will not just reduce the diffusivity of the sucrose, but also
that of the whey proteins and even NaCl, or, in terms of frictions instead of diffusivities, the
high concentrations will cause strong friction between the individual components, leading to
strong coupling between the individual fluxes of the components. Therefore one should in
fact not relate the inclusions to the diffusivities at infinite dilution, but the diffusivities (or
intercomponent friction) at these high concentrations.
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Figure 4.5: Dry matter inclusion in ice for whey protein-sucrose-sodium chloride solu-
tions. The stirrer speed was 500 rpm and a cooling profile of -0.1 °C/min starting at
2.5 °C below the freezing point of the solution was used. The dashed line is drawn to
guide the eye.
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Figure 4.6: Distribution coefficient, 𝐾 = 𝐶𝑖∕𝐶𝑙, and concentration factor, 𝐶𝐹 = 𝐶𝑙∕𝐶𝑏,
for the individual components in the mixtures containing 4 %(w/w) WPI

4.4 Conclusion

We showed that solutions of whey protein isolate can be successfully concentrated using pro-
gressive freeze concentration. Higher concentrations of whey protein lead to a higher con-
centration near the interface, which may create a gel layer that impedes the mass transfer from
the boundary layer and hence promotes solute inclusion. Therefore, at higher concentrations
of the whey proteins, the losses increase and the mass transfer in the bulk solution should be
increased, or the freezing rate reduced, to prevent excessive inclusion.

With low-molecular weight components in the solution, the inclusions of all components,
including the proteins, increase, due to freezing point depression, which then allows consti-
tutional super-cooling and the formation of macroscopic inclusions. For sodium chloride this
is the major mechanism, while for sucrose this also happens to a lower degree, but the effect
is then exacerbated by the strongly increased viscosity in the boundary layer due to concen-
tration polarisation in combination with the low temperatures. With both sucrose and sodium
chloride in the solution, we do not see an additive effect, but we see that the largest effect of the
two dominates the solute inclusion. Compositional analysis showed that there was no separa-
tion between the components in the ice and the concentrate and therefore progressive freeze
concentration is not suitable for separation of individual components via ice formation. This
is likely due to multicomponent effects at the high concentrations in the polarization layer.

The use of whey protein as a model system showed that progressive freeze concentra-
tion can be suitable as concentration method for streams which contain proteins, as long as
these streams do not contain too many low-molecular weight components. If a stream does
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contain small components in high quantities a pre-treatment such as diafiltration would be
recommended. Alternatively, depending on the product, the losses might be acceptable or the
melted ice fraction might be recycled back into the process to avoid loss of the proteins or
other solutes.
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4.5 Mass balance of freeze concentrated whey protein mixtures
Table 4.2: Mass balance of the individual components in the mixtures used in section 4.3

Feed
solution

500
g

C
oncentrate

450
g

Ice
50

g
C

H
EC

K
P

rotein
Salt

Sucrose
Total

P
rotein

Salt
Sucrose

Total
P

rotein
Salt

Sucrose
TotalIN

/O
U

T
(g/100

g)
(g/100

g)
(g/100

g)
(g)

(g/100
g)

(g/100
g)

(g/100
g)

(g)
(g/100

g)
(g/100

g)
(g/100

g)
(g)

(%
)

4.14
-

-
20.70

4.87
-

-
21.92

0.25
-

-
0.13

94%
4.35

-
0.90

26.25
4.74

-
1.00

25.83
0.48

-
0.08

0.28
101%

4.24
-

3.53
38.85

4.76
-

3.99
39.38

1.58
-

1.19
1.39

95%
3.98

0.87
-

24.25
4.39

0.99
-

24.21
1.38

0.07
-

0.73
97%

4.33
4.14

-
42.35

4.83
4.34

-
41.27

1.64
1.39

-
1.52

99%
4.26

1.04
0.90

31.00
4.38

1.15
0.96

29.21
1.46

0.15
0.25

0.93
103%

4.02
4.15

0.84
45.05

4.80
4.74

1.02
47.52

1.63
1.60

0.33
1.78

91%
4.28

1.06
3.57

44.55
4.65

1.13
3.91

43.61
1.87

0.30
1.43

1.80
98%

4.11
4.05

3.35
57.55

4.60
4.62

3.86
58.86

1.77
1.61

1.41
2.40

94%



References 67

References

Barrow, G. M. (1961). “Colligative Properties of Solutions”. In: Physical chemistry. New York [etc.]:
McGraw-Hill. Chap. 15, pp. 499–501 (cit. on p. 58).

Belen, Freddy, Merce Raventos, and Eduard Hernandez (2018). “Management of Cheese Whey by Film
Freeze Concentration”. In: Environmental Engineering and Management Journal 17.6, pp. 1373–
1383. ISSN: 1582-9596. DOI: 10.30638/eemj.2018.136 (cit. on pp. 53, 59, 60).

Belén, F., S. Benedetti, J. Sánchez, E. Hernández, J. M. Auleda, E. S. Prudêncio, J. C. C. Petrus, and
M. Raventós (June 2013). “Behavior of functional compounds during freeze concentration of tofu
whey”. In: Journal of Food Engineering 116.3, pp. 681–688. ISSN: 0260-8774. DOI: 10.1016/j.
jfoodeng.2013.01.019 (cit. on p. 53).

Belén, F., J. Sánchez, E. Hernández, J. M. Auleda, and M. Raventós (June 2012). “One option for the
management of wastewater from tofu production: Freeze concentration in a falling-film system”. In:
Journal of Food Engineering 110.3, pp. 364–373. ISSN: 0260-8774. DOI: 10.1016/j.jfoodeng.
2011.12.036 (cit. on p. 53).

Bona Muñoz, Isabella de, Ariadna Rubio, Mónica Blanco, Mercè Raventós, Eduard Hernández, and
Elane Schwinden Prudêncio (Mar. 2019). “Progressive freeze concentration of skimmed milk in
an agitated vessel: Effect of the coolant temperature and stirring rate on process performance”. In:
Food Science and Technology International 25 (2), pp. 150–159. ISSN: 1532-1738. DOI: 10.1177/
1082013218803263 (cit. on p. 53).

Both, E. M., I. Siemons, R. M. Boom, and M. A. I. Schutyser (2019). “The role of viscosity in mor-
phology development during single droplet drying”. In: Food Hydrocolloids 94, pp. 510–518. ISSN:
0268-005X. DOI: 10.1016/j.foodhyd.2019.03.023 (cit. on p. 59).

Burton, J. A., R. C. Prim, and W. P. Slichter (1953). “The distribution of solute in crystals grown from
the melt. Part I. Theoretical”. In: The Journal of Chemical Physics 21.11, pp. 1987–1991. ISSN:
0021-9606. DOI: 10.1063/1.1698728 (cit. on p. 59).

Chenlo, F., R. Moreira, G. Pereira, and A. Ampudia (2002). “Viscosities of aqueous solutions of sucrose
and sodium chloride of interest in osmotic dehydration processes”. In: Journal of Food Engineering
54.4, pp. 347–352. ISSN: 0260-8774. DOI: 10.1016/S0260-8774(01)00221-7 (cit. on p. 60).

Deshpande, S. S., Munir Cheryan, Shridhar K. Sathe, and D. K. Salunkhe (Jan. 1984). “Freeze concen-
tration of fruit juices”. In: C R C Critical Reviews in Food Science and Nutrition 20.3 (3), pp. 173–
248. ISSN: 0099-0248. DOI: 10.1080/10408398409527389 (cit. on p. 53).

Dickey, Leland C., James C. Craig, E. Richard Radewonuk, Andrew J. McAloon, and Virginia H.
Holsinger (June 1995). “Low Temperature Concentration of Skim Milk by Direct Freezing and
Vacuum Evaporation”. In: Journal of Dairy Science 78.6, pp. 1369–1376. ISSN: 0022-0302. DOI:
10.3168/jds.S0022-0302(95)76759-5 (cit. on p. 53).

Ghanimah, Mohamed Abed and Eman Ibrahim (June 2018). “Effect of pH, Carbohydrates, and NaCl on
Functional Properties of Whey Proteins”. In: Journal of Sustainable Agricultural Sciences 44 (2),
pp. 93–99. ISSN: 2536-9571. DOI: 10.21608/JSAS.2018.3617.1064 (cit. on p. 54).

Janson, Jan-Christer, Bo Ersson, and Jerker Porath (Jan. 1974). “The concentration of protein solutions
by normal freezing”. In: Biotechnology and Bioengineering 16.1, pp. 21–39. ISSN: 0006-3592. DOI:
10.1002/bit.260160104 (cit. on p. 53).

Kornet, Remco, Carol Shek, Paul Venema, Atze Jan van der Goot, Marcel Meinders, and Erik van der
Linden (Aug. 2021). “Substitution of whey protein by pea protein is facilitated by specific frac-
tionation routes”. In: Food Hydrocolloids 117, p. 106691. ISSN: 0268-005X. DOI: 10.1016/J.
FOODHYD.2021.106691 (cit. on p. 62).

Moussaoui, Chaimae, Mónica Blanco, Isabella de Bona Muñoz, Mercè Raventós, and Eduard Hernández
(Aug. 2018). “An approach to the optimization of the progressive freeze concentration of sucrose
solutions in an agitated vessel”. In: Separation Science and Technology 33.1 (1), pp. 1–11. ISSN:
0149-6395. DOI: 10.1080/01496395.2018.1508231 (cit. on p. 60).

Myerson, Allan S., Deniz Erdemir, and Alfred Y. Lee (June 2019). Handbook of industrial crystalliza-
tion. English. Third edit. Cambridge ; Cambridge University Press, pp. 1–528. ISBN: 9781139026949.
DOI: 10.1017/9781139026949 (cit. on pp. 58, 60).

https://doi.org/10.30638/eemj.2018.136
https://doi.org/10.1016/j.jfoodeng.2013.01.019
https://doi.org/10.1016/j.jfoodeng.2013.01.019
https://doi.org/10.1016/j.jfoodeng.2011.12.036
https://doi.org/10.1016/j.jfoodeng.2011.12.036
https://doi.org/10.1177/1082013218803263
https://doi.org/10.1177/1082013218803263
https://doi.org/10.1016/j.foodhyd.2019.03.023
https://doi.org/10.1063/1.1698728
https://doi.org/10.1016/S0260-8774(01)00221-7
https://doi.org/10.1080/10408398409527389
https://doi.org/10.3168/jds.S0022-0302(95)76759-5
https://doi.org/10.21608/JSAS.2018.3617.1064
https://doi.org/10.1002/bit.260160104
https://doi.org/10.1016/J.FOODHYD.2021.106691
https://doi.org/10.1016/J.FOODHYD.2021.106691
https://doi.org/10.1080/01496395.2018.1508231
https://doi.org/10.1017/9781139026949


68 Freeze concentration of protein-sucrose-salt mixtures

Sánchez, J., E. Hernández, J. M. Auleda, and M. Raventós (Mar. 2011a). “Freeze concentration of whey
in a falling-film based pilot plant: Process and characterization”. In: Journal of Food Engineering
103.2, pp. 147–155. ISSN: 0260-8774. DOI: 10.1016/j.jfoodeng.2010.10.009 (cit. on pp. 53,
60).

— (Feb. 2011b). “Review: Freeze Concentration Technology Applied to Dairy Products”. In: Food Sci-
ence and Technology International 17.1, pp. 5–13. ISSN: 1082-0132. DOI: 10.1177/1082013210382479
(cit. on pp. 53, 59).

Singh, Kawal Jit and Yrjö H. Roos (May 2006). “Frozen State Transitions of Sucrose-Protein-Cornstarch
Mixtures”. In: Journal of Food Science 70.3, E198–E204. ISSN: 0022-1147. DOI: 10.1111/j.
1365-2621.2005.tb07136.x (cit. on p. 53).

Ulrich, Joachim and Torsten Stelzer (2013). “Melt Crystallization”. In: Crystallization: Basic Concepts
and Industrial Applications, pp. 289–304. DOI: 10.1002/9783527650323.ch15 (cit. on p. 60).

Voudouris, Panagiotis, Angelica Tamayo Tenorio, Jan Peter Lesschen, Konstantina Kyriakopoulou, Jo-
han P. M. Sanders, Atze Jan van der Goot, and Marieke E. Bruins (Dec. 2017). Sustainable protein
technology : an evaluation on the STW Protein programme and an outlook for the future. Tech. rep.
Wageningen: Wageningen Food and Biobased Research. DOI: 10.18174/429443 (cit. on p. 53).

Vuist, Jan Eise, Remko M. Boom, and Maarten A. I. Schutyser (Mar. 2020). “Solute inclusion and
freezing rate during progressive freeze concentration of sucrose and maltodextrin solutions”. In:
Drying Technology, pp. 1–9. ISSN: 0737-3937. DOI: 10.1080/07373937.2020.1742151 (cit. on
pp. 54–56, 59).

Waglay, Amanda, Salwa Karboune, and Inteaz Alli (2014). “Potato protein isolates: Recovery and char-
acterization of their properties”. In: Food Chemistry 142, pp. 373–382. ISSN: 0308-8146. DOI: 10.
1016/j.foodchem.2013.07.060 (cit. on p. 53).

https://doi.org/10.1016/j.jfoodeng.2010.10.009
https://doi.org/10.1177/1082013210382479
https://doi.org/10.1111/j.1365-2621.2005.tb07136.x
https://doi.org/10.1111/j.1365-2621.2005.tb07136.x
https://doi.org/10.1002/9783527650323.ch15
https://doi.org/10.18174/429443
https://doi.org/10.1080/07373937.2020.1742151
https://doi.org/10.1016/j.foodchem.2013.07.060
https://doi.org/10.1016/j.foodchem.2013.07.060


5

Solute inclusion modelling:
A state diagram approach
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Abstract

We propose a conceptual model for progressive freeze concentration, which pre-
dicts solute loss through inclusion in the ice based on the system’s phase be-
haviour as illustrated in a state diagram. We compare the outcomes of the model
for sodium chloride, sucrose, and bovine serum albumin (BSA). For ice growth
rates in the order 10-2 µm/s there was no solute inclusion for sodium chloride or
sucrose, but above this range, local super-cooling gives rise to a freezing zone.
In this freezing zone ice and solution co-exist and the resulting uneven advance-
ment of the ice causes inclusions. The model predicts that for macromolecular
solutions such as BSA, no inclusion will take place through the proposed mech-
anism.
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Nomenclature

Subscript Description
𝑏 Bulk
𝑐 Composition path
𝑓 Freezing point
𝑖 Interface
ice Ice
𝑚 Melting point

Symbol Description Unit
Δℎ𝑓 Heat of fusion J/mol
𝛿 Thickness of boundary layer m
𝜂 Cooling duty used for ice formation %
𝜆 Thermal conductivity W/(m K)
𝜌 Density kg/m3

𝑏 Molality mol/kg
𝑐 Concentration M
𝑐𝑝 Heat capacity J/kg
𝐷 Diffusion coefficient m2/s
ℎ Heat transfer coefficient W/(m2 K)
𝑖 Van ’t Hoff factor -
𝐾 Instantaneous distribution coefficient -
𝐾𝑓 Cryoscopic constant (K kg)/mol
𝑘 Mass transfer coefficient m/s
NNu Nusselt number -
NSh Sherwood number -
NRe Reynold number -
NSc Schmidt number -
NPr Prandtl number -
𝑞 Cooling duty W/m2

𝑇 Temperature K
𝑣 Rate of water towards the interface / ice growth rate m/s
𝑧 Coordinate m
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5.1 Introduction

Freeze concentration is a mild process that involves the concentration of solutions by selective
freezing of water. The process is typically used for the concentration of fruit juices, coffee
extract, dairy products, and ice bock; all these products are susceptible to thermal degrada-
tion and thus benefit from the low temperatures in the process. Freeze concentration is also
considered for the treatment of waste water (Holt 1999), especially when these streams are
corrosive, which can be reduced by the low temperature during the process.

Current freeze concentration process forms are suspension freeze concentration, block
freeze concentration, and progressive freeze concentration (Sánchez et al. 2009; Sánchez et
al. 2011). We here focus on progressive freeze concentration in which a layer of ice is created
on the surface ofa heat exchanger. After the ice layer is grown, the concentrated solution is
removed, the ice is melted and withdrawn from the system. This may be repeated multiple
times to obtain enough concentration. Critical for the feasibility of this process is that the loss
of solutes due to inclusion in the growing ice layer is minimised. These inclusions occur due
to accumulation of solutes in the solution close to the ice growth front, which then induces
uneven growth of the ice layer. Solute losses of up to 50 % of the initial concentration can
be found in the ice layer (Vuist et al. 2020; Vuist et al. 2021; Jusoh et al. 2009; Ojeda et al.
2017). Depending on the amount of the inclusions and use of the ice fraction this can pose a
significant loss of dry matter.

The mechanism of solute inclusion during progressive freeze concentration in the growing
ice layer is not yet completely unravelled. The phenomenon is generally understood to be
caused by a temperature decrease in the boundary layer towards the ice interface. During ice
growth, both water and heat are removed from the bulk solution, leading to an accumulation
of solute on the ice surface, and a concurrent decrease in temperature in the boundary layer.
Depending on the circumstances, the temperature in the boundary layer decreases below the
freezing point of the local solution, which can then lead to ice growth from the surface, into the
boundary layer (fig. 5.1b). If the undercooling in the boundary layer is small, this may be seen
as a ripple on the surface of the ice; but with increasing undercooling, dendritic ice crystals
will be formed, which are surrounded by concentrated solution. During further growth of the
ice layer, part of this concentrated solution gets included as pockets in the frozen ice layer.

The extent to which this inclusion takes place determines the effectiveness of the concen-
tration of the solution. Jusoh et al. (2009) found experimentally that the overall experimental
partition coefficient for glucose was relatively constant over an entire concentration run. This
led them to suggest a constant distribution coefficient for a particular solute or solution. How-
ever, a simple consideration shows that this cannot be fundamentally valid. Ice growth at an
infinitesimally slow freezing rate at the freezing temperature of the solution will avoid any
accumulation of solutes before the ice, and therefore should result in pure ice. Thus, in this
limiting case, the distribution coefficient will be zero. On the other hand, infinitely fast –
or instantaneous – freezing will certainly lead to complete freezing of the solution, with just
as much solute in the ice included, as was present in the original solution. In that case, the
distribution coefficient will be one. Thus we conclude that the freezing rate influences the
distribution coefficient: it varies at least with the rate of freezing, and it will therefore vary in
time, as initially the freezing rate at the onset of the process will be large due to the absence
of the ice film. Later in the process the freezing rate will drop, and thus the distribution co-
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Figure 5.1: Partial state diagram (a) and depiction of the concentrations and tempera-
tures near the ice layer (b). At infinitesimally slow growth rates, there is no concentration
polarization, indicated by subscript 0; at higher rates, there is concentration polarization
and subsequently stronger freezing point depression at the ice surface, indicated by sub-
script 1 (Myerson et al. 2019).

efficient will decrease. As indicated, previous research did not fully consider the impact of
the dynamics on the inclusion behaviour of solutes, which is important for the effectiveness
of this concentration method.

The aim of this study is therefore to offer an analysis to understand solute inclusion dur-
ing progressive freeze concentration and how it is influenced by freezing point depression.
For this we carry out a conceptual analysis of the freezing process, using state diagrams to
visualize and analyse the process. We do this by constructing the trajectory of the solution
through the state diagram while freezing, as function of the system parameters, and relative to
the freezing curve in the state diagram. We consider the freeze concentration of three differ-
ent types of solutes: NaCl as a representative of fast diffusing, low-molecular weight solutes;
sucrose as a slower diffusing, intermediate molecular weight solute, and BSA as a representa-
tive of high molecular weight solutes. Finally, we extrapolate our findings towards even larger
solutes, such as colloidal particles, which could for example be non-dissolved proteins.

5.2 Theory

State diagram
The freezing process takes place at the interface between the ice and the solution, assuming
the presence of an initial ice layer that acts as a seed. The solute concentration on this surface
is significant. Even if the solution itself has a limited solute concentration (say, a few percent),
then the concentration polarization will result in much higher concentrations on the surface.
We therefore need to take freezing point depression into account; which is represented in a
state diagram as a freezing curve with a negative slope.

The freezing point depression can be described with the Clausius-Clapeyron equation;
but it is generally used with a constant enthalpy of fusion (Fellows 2017). Since the enthalpy
of fusion for water is quite dependent on the temperature, this leads to inaccurate descrip-
tion of the freezing curve in the state diagram; especially at higher solute concentration and
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hence lower freezing temperatures (Bertolini et al. 1985).Therefore, we choose Blagden’s
law instead, which states that the freezing point of a solution is a in direct proportion to its
concentration (Barrow 1961):

𝑇𝑚 = 𝑇 0
𝑚 −𝐾𝑓 ⋅ 𝑏 ⋅ 𝑖 (5.1)

With 𝐾𝑓 the cryoscopic constant (equal to 1.86 (Kkg)∕mol), 𝑏 the molality of the solution,
and 𝑖 the Van ’t Hoff factor.

Figure 5.2a shows for solutions of sucrose in water that while all descriptions are accurate
for diluted solutions, Clausius-Clapeyron’s equation deviates at lower temperatures and hence
higher concentrations of sucrose. The established form of Blagden’s law with 𝑖 = 1, is just as
accurate for diluted solutions, but deviates somewhat at higher concentrations. We adjusted
this by assuming a Van ’t Hoff factor of 1.16. One should regard this correction as merely a
fit to take into account some nonideality of the solutions at higher concentrations. For NaCl
solutions (fig. 5.2b), we find that Clausius-Clapeyron and Blagden are identical, as long as
𝑖 = 1.9 is taken for both descriptions.

The molecular weight of BSA is so large, i.e. 66.5 kDa, that the precise value of 𝑖 is not
very important. While a BSA molecule may have several counter-ions that would give rise of
an i value that is clearly larger than one, for our considerations the freezing line for BSA is
practically horizontal; therefore, we describe it with Blagden’s law as well.
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Figure 5.2: Description of the freezing curve of sucrose-water solutions (a) and NaCl-
water solutions (b) by Clausius-Clapeyron’s equation using Δℎ𝑓 = 6001 J/mol; and using
Blagden’s law. For sucrose lines are shown with 𝑖 = 1 (blue line) and with 𝑖 = 1.16 (red
line). For NaCl solutions, lines are shown with 𝑖 = 1 , and with the generally assumed
value of 1.9 (Leighton 1927; Prentice 1978; Rodebush 1918).
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Concentration polarization and heat transfer
We now turn to the dynamics of the freeze concentration process. We assume that we extract
cold from the system with a cooling duty or heat flow of 𝑞 watts per m2, through the layer of
ice that has already formed. This heat is extracted by freezing water on the interface between
ice and solution, and through heat extraction from the bulk of the solution. We assume that
the bulk of the solution is well-mixed, with a boundary layer determining the rate of both heat
and mass transfer to the interface.

First, we consider heat transfer through the boundary layer. If we assume an interface fixed
frame of reference, heat transfer is through two modes, advective (transfer of water towards
the interface, 𝑣𝜌𝑐𝑝

(

𝑇𝑏 − 𝑇𝑖
)); and conductive (−𝜆 d𝑇

d𝑧 ). Further, heat is released by freezing,
(𝑣𝜌Δℎ𝑓 ), with 𝑣 the rate of water towards the interface (m/s) and 𝑞 is the cooling duty:

𝑣𝜌𝑐𝑝
(

𝑇𝑏 − 𝑇𝑖
)

− 𝜆d𝑇
d𝑧 + 𝑣𝜌Δℎ𝑓 = 𝑞 (5.2)

As the advective contribution is very small compared to the conductive and freezing con-
tributions, we will neglect the first term. Using the heat transfer coefficient ℎ, given by ℎ = 𝜆

𝛿 ,
with 𝛿 the thickness of the boundary layer, we get:

ℎ
(

𝑇𝑏 − 𝑇𝑖
)

+ 𝑣𝜌Δℎ𝑓 = 𝑞 (5.3)
The percentage of the cooling duty used for the formation of ice can be expressed as:

𝜂 =
𝑣𝜌Δℎ𝑓

𝑞
× 100% (5.4)

The heat transfer is found through a Nusselt relation, which may be of the form for flat plates
under turbulent conditions:

NNu = 0.0043 NRe
0.8 NPr

0.33 (5.5)
We then turn towards mass transfer, by considering the local concentrations of solute in the
boundary later. Mass transfer through the same boundary layer can be described by:

𝑣𝑐 −𝐷 d𝑐
d𝑧 = 𝑣𝑐ice or d𝑐

d𝑧 =
𝑣
(

𝑐 − 𝑐ice
)

𝐷
→

𝑐i − 𝑐ice
𝑐b − 𝑐ice

= exp
(𝑣
𝑘

)

(5.6)

With the mass transfer coefficient 𝑘 = 𝐷∕𝛿, found through a Sherwood relation, analogous
to the Nusselt relation as it takes place through the same boundary layer:

NSh = 0.0043 NRe
0.8 NSc

0.33 (5.7)
Both mass and heat transfer occur in the same boundary layer. That means that the composi-
tions and temperatures in the boundary layer will form a curve, that starts at the point (𝑐𝑏, 𝑇𝑏

)

and ends on the freezing curve at (𝑐𝑖, 𝑇𝑖
). Schematically, the curve could look as in fig. 5.3.
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Figure 5.3: Concentration profile in the boundary layer, starting at the bulk tempera-
ture and concentration, and ending on the solution-ice interface with concentration and
temperature 𝑐𝑖, 𝑇𝑖.

We can calculate this curve more precisely by using both the temperature and the concen-
tration gradients in the boundary layer to find the dependence of the temperature as function
of the concentration.

𝑇𝑧 = 𝑇𝑖 +
(

𝑇𝑏 − 𝑇𝑖
) 𝑧
𝛿

𝑐𝑖 − 𝑐ice
𝑐𝑏 − 𝑐ice

= exp
(

𝑣 (𝛿 − 𝑧)
𝐷

)

⎫

⎪

⎬

⎪

⎭

𝑇𝑐 = 𝑇𝑏 −
(

𝑇𝑏 − 𝑇𝑖
) 𝑘
𝑣

ln
(

𝑐𝑖 − 𝑐ice
𝑐𝑏 − 𝑐ice

)

(5.8)

In this relation, we do not yet know the concentration and temperature on the interface, 𝑐𝑖and 𝑇𝑖, and the concentration of solute in the ice, 𝑐ice. We can find these by making use
of the relations that we have. If we have solute inclusion, we can introduce the distribution
coefficient 𝐾 = 𝑐ice∕𝑐𝑏, and thus eq. (5.8) can be rewritten in:

𝑇𝑐 = 𝑇𝑏 −
(

𝑇𝑏 − 𝑇𝑖
) 𝑘
𝑣

ln
(

𝑐𝑖 −𝐾𝑐𝑏
𝑐𝑏 −𝐾𝑐𝑏

)

(5.9)

We solve these eqs. (5.1), (5.3) and (5.9) for two distinct cases, in the first case we assume
slow freezing and that there is no inclusion, i.e. 𝑐ice = 0 or 𝐾 = 0. In the second case we
assume that the freezing is faster and that there will be inclusions. The system of equations
was solved using MathCad Prime (PTC Inc., USA; version 4.0).

Dynamics of slow freezing: no solute inclusion
In the case of very slow freezing, the ice inclusions will be zero, and thus 𝑐ice = 0. In that
case, it is straightforward to find the values of the parameters. We first set 𝑣 as independent
parameter, which will give us 𝑐𝑖 through eq. (5.6) by taking 𝑐ice = 0; then using eq. (5.1) with
𝑇𝑚 = 𝑇𝑖, to find 𝑇𝑖, which can then be used to find ℎ

(

𝑇𝑏 − 𝑇𝑖
) and therefore 𝑞 using eq. (5.3)

(figs. 5.5a and 5.5b). In figs. 5.4a and 5.4b the slow freezing is shown in the state diagram.
The composition of the boundary layer does not cross the freezing line and therefore there
won’t be inclusions. If faster freezing is applied the composition in the boundary layer will
cross the freezing line and a zone with super-cooling occurs in which solution and the tips of
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Figure 5.4: (a) and (c) are state diagrams for sodium chloride with 𝑞 = 40 W/m2 (a)
and with 𝑞 = 80 W/m2 (c). (b) and (d) are state diagrams for sucrose with 𝑞 = 20
W/m2 (b) and 𝑞 = 40 W/m2 (d). At (a) and (b), the freezing is stable. For the other
situation, the composition in the boundary layer is unstable and will create a freezing zone
in the boundary layer. The blue line represents the freezing line, the black line represents
the temperature and composition in the boundary layer. The dashed lines indicate the
temperature and composition at the interface.
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Figure 5.5: (a) sodium chloride and (b) sucrose, are plots of the freezing rate 𝑣 and
concentration at the interface 𝑐𝑖, as function of the cooling duty 𝑞.

the ice crystals are present. In this case we need to invoke an extended model to account for
the fast freezing (figs. 5.4c and 5.4d).

The model also allows us to determine the concentration at the interface, 𝑐𝑖, and the min-
imum required cooling duty for ice growth (figs. 5.5a and 5.5b). The concentration at the
interface is useful information for to determine the maximum cooling duty to have no inclu-
sions. This will be expanded upon in the next section. The minimum cooling duty arises from
the heat flux for cooling down the bulk solution. This cooling down takes up part of the heat
removed from the applied cooling duty (eq. (5.3)) and has to be overcome for the system to
be able to form ice.

Dynamics of fast freezing: solute inclusion
If freezing is faster (induced by a larger temperature difference over the layer of ice), then the
situation becomes different. The freezing front is stable, as long as the slope of the compo-
sition curve in the point (𝑐𝑖, 𝑇𝑖

) is larger – in absolute sense – than the slope of the freezing
curve. In fig. 5.6 we see an ‘artist impression’ of the situations.

At larger freezing rates (relative to the rate of diffusion of the solute), the concentration
profile becomes steeper, and at some point it may cross the freezing curve (fig. 5.6C). At this
point, the solution within the boundary layer is below the freezing curve and therefore can
freeze itself. One also can observe that the driving force for the formation of ice, which is
the temperature difference between the local composition and the freezing curve, is smallest
on the ice surface, and gets larger with the distance from the surface. That means, that any
irregularity on the ice surface will have a larger driving force for freezing and therefore will
grow faster than the ice surface on average. This means that there is a driving force for the
ice to form oscillations, ultimately leading to the formation of needle-shaped, or dendritic ice
crystals, from the surface, into the boundary layer, creating a freezing zone. The solution
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The composition path stays outside the freezing line, and therefore the freezing front is
stable. C: Fast freezing, resulting in ice formation in front of the freeze front and solute
inclusion.
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Figure 5.7: Situation for a 4 w/w% solution of sucrose in water starting at 278 K,
with 29.6 W/m2 total heat removal duty. The blue curve is the freezing line. The red,
instable composition path gives rise to dendritic growth inside the boundary layer. The
composition path for the boundary layer on top of the freezing zone, therefore relaxes to
the verge of stability, indicated by the black curve. In this case we have a distribution
coefficient of 0.49, meaning that the solute concentration in the ice is 49% of that in the
bulk solution (which was 4 %(w/w)) (eq. (5.9)).

surrounding these ice crystals will become more and more concentrated and will ultimately
be trapped into the ice, while the ice front will continue to move towards the bulk solution.

From a macroscopic standpoint, we observe that the ice incorporates a part of the solution,
while the concentration polarization itself will become less extreme since a part of the solutes
is not accumulating anymore in the boundary layer (Vuist et al. 2020; Vuist et al. 2021).
The situation as displayed in panel C of fig. 5.6 will therefore relax with the situation in the
boundary layer on the verge of instability.
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The new situation, that results in zone freezing and solute inclusion, has one extra require-
ment, being that the slopes of the composition path and the freezing curve are the same:

d𝑇𝑐
d𝑐 (𝑐𝑖,𝑇𝑖)

=
d𝑇𝑚
d𝑐 (𝑐𝑖,𝑇𝑖)

(5.10)

We can see in fig. 5.7 that in the new situation the surface temperature goes up, and therefore
we extract less heat from the solution; therefore more of the cooling is used to actually freeze
water, albeit at lower purities. By simultaneously solving eqs. (5.1), (5.3) and (5.9) and ap-
plying boundary condition (5.10), we can find now the composition path that represents the
compositions in the boundary layer that is now on top of the zone that undergoes dendritic (or
similar) freezing. So, in this zone pure ice crystals and concentrated solution co-exist. When
the freezing continues the freezing boundary will move into the direction of the solute and
the ice crystals will overtake this mixed zone causing the solute inclusion. The distribution
coefficient, 𝐾 , is derived from eq. (5.9), since this the only unknown not determined by the
other equations. Note in fig. 5.7 that because the solution on top of the freezing zone has a
higher temperature, this means that although we lose purification, we lose less heat through
conduction from the bulk solution i.e. 𝑇𝑖 at the top of the freezing zone is higher (eq. (5.3)).
We typically see a sudden, slight reduction in overall energy duty necessary at this transition.

5.3 Results and discussion

Low-molecular weight solutions: NaCl-water and sucrose-water
Low molecular weight components such as NaCl and sucrose are abundant in food and other
industrial streams. To not complicate the analyses, we neglect the temperature dependence of
the parameters. These would change the quantitative outcomes, but not the qualitative ones.
For a 4 %(w/w) solution, we assumed that the diffusivity of NaCl in water is 1.5× 10−9 m2/s,
and that of sucrose in water 5.2×10−10 m2/s; and that the bulk solution was at 298 K. We also
assumed that the thermal conductivity was constant at 0.5610 W/(m K), and that the density
of the solution remained at 1000 kg/m3.

Both NaCl and sucrose give similar patterns as function of the freezing rate, with a stable
freezing region below a certain cooling duty and freezing rates characterised by no inclusions,
and instable growth with increasing levels of inclusion above this threshold (fig. 5.8). Due to
the lower diffusion coefficients of sucrose in water, the transition occurs at a lower cooling
duty with sucrose than with NaCl. During unstable freezing (and thus solute inclusion, the
solute concentration on the interface between the freezing zone and the solution has a lower
concentration and thus a higher temperature (dictated by the freezing line), and the amount
of heat extracted from the bulk solution decreases at a higher rate again before levelling off
(eq. (5.4)). At higher bulk concentrations the threshold between stable and instable freezing
will shift to lower freezing rates and therefore the process will be further limited, i.e. the
maximally allowed cooling duty is lowered at higher concentrations. The threshold can be
shifted to higher freezing rates if the Reynolds number goes up, i.e. if mixing in the bulk is
improved.

It should be noted that the diffusivity of sucrose is in reality highly dependent on the
temperature and concentration: since it is not too far off from the glass transition, it therefore
follows Williams-Landel-Ferry kinetics, characterised by a much faster increase in viscosity
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Figure 5.8: Distribution coefficient 𝐾 (blue line) and percentage of the cooling duty that
is used for freezing of a 4 %(w/w) solution (eq. (5.4), the rest is used for cooling the bulk
solution; red line). Below the threshold, the composition paths are above the freezing line
and freezing is stable. Above the threshold, a part of the profile is below the freezing line
and distribution occurs, with an increasing value of the distribution coefficient, towards
a value of 1 (implying no concentration at all).
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and reduction in diffusivity than expected merely on basis of Arrhenius dependence (Kerr
et al. 1994). The transition towards unstable freezing is therefore expected at even lower
threshold values than indicated in fig. 5.8. Difference between the two will therefore be much
stronger in reality.

High-molecular weight solutions: proteins
While the principles are the same with high-molecular weight solutes, the state diagram dic-
tates a somewhat different process. We here take the protein bovine serum albumin (BSA)
as an example and calculated the composition paths during freeze concentration of BSA for
different cooling duties (fig. 5.9). The large molecular weight of the solute dictates a much
more horizontal freezing line in the state diagram. Therefore, it is virtually impossible that
the composition path in the boundary layer will get below the freezing line. Even at very high
surface concentrations, the concentration polarization layer remains completely stable.

This means that for a high-molecular weight solute, no instable freezing inside the con-
centration polarization layer will occur, and that solute inclusion according to the mechanism
proposed is not possible. Of course, this is only valid as long as the solute remains in solution
and does not precipitate.

It is known from the field of crossflow ultrafiltration, that concentration polarization of
proteins on a membrane, at some point leads to the formation of a gel layer, in which the
concentration of the protein is a constant (at equal temperature and solvent quality); often at
around 0.6 kg/m3 (Hiddink et al. 1980). We expect that this will also occur on top of an ice
layer that extracts water from the solution and hence creates the same type of concentration
polarization.Thus, at higher rates of heat extraction, a gel layer will form on top of the ice
layer. This gel layer will also be stable (i.e. will not induce dentritic ice growth) but will form
an insulating layer, reducing the mass and heat transfer, and thus reducing the rate of freezing.
Therefore, we expect that at higher freezing rates, the rate of freezing will increase less than
proportionally with the driving force for freezing. We can therefore predict that the protein
concentration will remain stable, even at higher freezing rates.

This is only valid, as long as the freezing line has a very small, absolute, slope. This is the
case when the solution contains only a high-molecular weight solute, but as soon as lower-
molecular weight solutes are also present, then the freezing curve will have a larger, absolute,
slope. At some point, the concentration in the polarization layer can cross the freezing line
again, and cause instable, dendritic ice growth in the boundary layer, and hence induce inclu-
sion of both the low-molecular weight and the high-molecular weight solutes. We therefore
predict that a solution containing both low-molecular and high-molecular weight solutes can
result in solute inclusion again. So, unless the protein source is very pure, most realistic
soluble protein solution will show solute inclusion in practice.

For proteins that are not dissolved at all but that are suspended as colloidal particles, we
expect that the Brownian diffusivity of the particles is very small (Vuist et al. 2021). Even
a very small amount of lower-molecular weight co-solutes will cause enough freezing point
depression to allow these colloidal particles to be included. Therefore, we expect that for all
practical conditions, undissolved components will be included in the ice.
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(c) 𝑞 = 12.02 W/m2

Figure 5.9: Composition paths for a starting solution of 4 %(w/w) BSA, for three
different rates of heat extraction. The freezing line is so flat, that it is virtually impossible
for the concentrations in the boundary layer to come below the freezing line. Surface
concentrations are 7,3 (a), 43.7 (b) and 79.5 (c) %(w/w), respectively. The blue line
represents the freezing line, the black line represents the temperature and composition in
the boundary layer.
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Discussion on application of the theory
The results presented, are based on a highly simplified representation of the system. Diffu-
sion and viscosity values were assumed to be constant and independent on the temperature.
Of course, this is an oversimplification. A concentrated sucrose-water solution is anoma-
lously viscous, since it is quite close to its glass transition. Such solutions exhibit Williams-
Landel-Ferry kinetics, characterised by very sharp increases in viscosity with a reduction in
temperature or an increase in concentration. This implies that the local viscosity gradient for
these solutions in the concentration polarization layer will be much steeper than assumed here.
Similarly, the sucrose diffusion coefficient in water will be locally much lower in the concen-
tration polarization layer, and hence the real concentration gradient will be much steeper.
Therefore, the conclusions are only qualitative or at most semi-quantitative. The general be-
haviour that is found and described here, will however remain as is described. It is relatively
straightforward to implement concentration and temperature dependence for the viscosity and
diffusivities in the system, once these parameters are known with sufficient reliability in the
relevant parameter space (temperature, composition).

Miyawaki et al. (1998) suggested that the inclusion factor be a constant. Later Gunathilake
et al. (2013) observed that the inclusion factor is concentration dependent. One should bear
in mind that experimental values for the inclusion factor are integrated over time, while the
results shown here are only for momentary heat extraction rates. In a real process, the heat
extraction at the beginning is very high, since there is no insulating ice layer formed yet
on the heat exchanging surface, and will gradually decrease when the ice layer grows over
time. At the beginning of the process, the inclusion rate will therefore be high, and will come
down during the process. The experimentally measured inclusion factor is therefore a value
that is integrated over time (Vuist et al. 2021). It is therefore expected that these integrated,
experimental values are less variable than the momentary values, which are predicted in this
work. Further elaboration of the model could certainly include the integration of the model
over time.

5.4 Conclusions

It was shown that state diagrams can be useful to interpret the ice formation process during
progressive freeze concentration. As long asthe composition path in the concentration polar-
ization layer on top of the ice, does not cross the freezing line, freezing will be stable and
unstable, dendritic ice formation inside the boundary layer is avoided. Instable ice forma-
tion inside the boundary layer will result in inclusion of solutes. This generally happens at
larger ice formation rates, such that the concentration profile in the boundary layer becomes
too steep, and in the state diagram, has a lower (absolute) slope than the freezing line. This
prediction does not assume anything about the exact ice formation mechanism, and therefore,
the phenomenon of solute inclusion therefore does not depend on whether the instable ice
formation in the boundary layer is dendritic or through any other type of growth mechanism.

We showed that inclusion of low-molecular weight solutes happens fairly quickly, due
to the strong freezing point depression. The transition to instable ice growth and solute in-
clusion happens at lower heat extraction rate with smaller molecules, larger absolute slope
of the freezing line, and with slower-diffusing components, steeper concentration gradients.
Solutions with only macromolecular solutes will not give any instable ice growth, since the
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freezing line is virtually horizontal in the state diagram, not allowing the concentration gra-
dient to cross the freezing line. We do expect however, that at some point, a gel layer will
be formed on top of the ice, which will slow the formation of the ice. Solutions that contain
both low-molecular weight and high-molecular weight components, will most probably show
solute inclusion: the low-molecular weight components will give significant freezing point
depression and a freezing line that has a larger absolute slope, while the macromolecular com-
ponents have low diffusivities and hence will quickly accumulate on top of the growing ice
layer.

The system was here strongly simplified by assuming viscosities and diffusivities to be
independent on concentration and temperature. Inclusion of these effects will improve the
quantitative accuracy of the model. Integration of the model over time will yield overall
inclusion factors that can be more easily compared to experimental values.

The main application of this model is that it can be used to consider streams for progressive
freeze concentration and to calculate their expected performance. Since the data needed for
the estimation are easily measurable, an estimation of the expected performance can be made.
This will save time and resources, which is especially valuable for scaling up progressive
freeze concentration to a scale interesting for industrial application.
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Nomenclature

Symbol Description Unit
𝐶𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 Concentration of solids in the concentrate kg/kg
𝐶𝑓𝑒𝑒𝑑 Concentration of solids in the feed kg/kg
𝐶𝑖𝑐𝑒 Concentration of solids in the ice fraction kg/kg
𝐶𝐹 Concentration factor –
𝐶𝑂𝑃 Coefficient of performance –
𝐸 Enthalpy kJ/kg
𝐾 Distribution coefficient –
𝑀̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 Mass flow of coolant kg/s
𝑀𝑖𝑐𝑒 Mass of the ice fraction kg
𝑃 Power kW
𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 Cooling power kW
𝑆𝐸𝐶 Specific energy consumption kJ/kg ice
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6.1 Introduction

The objective of the study reported in this thesis was to investigate the principles of progres-
sive freeze concentration for concentration of solutions and finally its practical feasibility,
using experiments with a pilot-scale freeze concentrator.

This chapter will first reflect on the main findings of this thesis, which concern small-scale
experimental and theoretical analyses of the phenomena of solute inclusion and freezing point
depression during progressive freeze concentration. Subsequently, the design and operation
of a pilot scale progressive freeze concentrator is discussed. This part is not only important to
verify our understanding of the freeze concentration process, but also to assess its feasibility in
terms of separation and energy efficiencies. Finally, an outlook is provided of future research
that can be done in the area of progressive freeze concentration.

6.2 Main findings

To investigate the principles of progressive freeze concentration, experiments with a small-
scale freeze concentrator were combined with modelling of the responsible phenomena. In
chapter 2, a lab-scale progressive freeze concentrator was designed and used for testing the
freeze concentration behaviour of sucrose and maltodextrin solutions. Sucrose was selected
as a model solute to allow comparison to other studies (Flesland 1995; Miyawaki et al. 1998;
Auleda et al. 2011). Maltodextrin was used in this study as a solute with a larger molecular
weight and smaller diffusion coefficient but otherwise like sucrose. From this initial study we
concluded that, as expected, an increase in the ice growth rate increases the solute inclusion,
while increasing the agitation leads to a decrease in the boundary layer thickness and less
solute inclusion. A constant heat exchanger temperature causes the freezing rate at the be-
ginning of the process to be high, and then gradually to decrease over time. This causes high
levels of inclusion at the beginning which then gradually fall, leading to suboptimal overall
separation. To counter this effect, the cooling strategy was changed to an initial temperature
just below the freezing point of the solution which was then gradually lowered as the ice layer
thickened. The rate of ice growth is then more or less constant in time. This gave a reduction
in solute inclusion of up to a factor of 3. During the process, the concentration of the solution
increases, and this also increased the level of inclusions. This could be partially countered
by increasing the stirrer rate over time. Theoretically, sufficiently increasing the stirrer rate
could completely solve the problem of solute inclusion, however, there is a practical limit due
to the heating of the fluid by the agitation, slowing or even stopping ice growth.

With the data gathered in chapter 2, a model was developed and applied to the data from
the lab-scale system. Additionally, new experiments with whey protein isolate and soy pro-
tein concentrate solutions are reported in chapter 3. The model is based on existing theory
from melt crystallization in which a constant distribution coefficient is used (Myerson et al.
2019). This empirical intrinsic distribution coefficient is the ratio between the momentary
concentration in the ice and the momentary concentration at the interface at an infinitesimal
small ice growth rate and near infinite mass transfer rate. From this coefficient the apparent
distribution coefficient can be calculated which then gives the level of inclusions. After ex-
tending the model with the appropriate heat and mass balances and fitting this distribution
coefficient in experimental data, the model was compared to the measurements. At low ice
growth rates, we found good agreement between the model and our data; however, at higher
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ice growth rates the model underestimated the level of inclusions. One of the assumptions in
the model, pertaining to the ice growth being slow and planar, does not hold during dendritic
ice formation at faster ice growth.

The experiments with whey protein isolate and soy protein concentrate gave the insight
that the properties of the solute are important for its inclusion behaviour. Soy protein, being
a protein that is mostly not molecularly dissolved, showed high solute inclusion due to the
slowly diffusing particles forming a layer on the ice. In contrast, whey protein, which is
molecularly dissolved, showed almost no solute inclusion at lower ice growth rates. Whey
protein was therefore chosen to serve as a model solute in chapter 4.

In chapter 4, whey protein solutions were therefore studied. Since industrial fluids sel-
domly contain just proteins, mixtures of protein with salt and sucrose were freeze concen-
trated. The addition of both sodium chloride and sucrose increased the inclusion of that so-
lute, and of the protein. It was hypothesised that in the case of sodium chloride the solute
inclusion is caused via localised super-cooling in the concentration polarization layer. In the
area where the super-cooling occurs both ice crystals and solution can be present. Therefore,
ice crystals form in the layer, and create an irregular extension of the ice front and when the
front moves towards the solution, domains of concentrated solution are incorporated into the
ice layer. The freezing point depression by sucrose is much less extreme (per unit of weight),
so we here hypothesize that besides the effect of the localised super-cooling, the inclusions are
caused by the strong increase of the viscosity and reduction of the diffusivity of the concen-
trated solution at low temperatures through William-Landel-Ferry kinetics (Kerr et al. 1994).
This leads to a reduction of the mass transfer and subsequent solution inclusion in ice. When
both sodium chloride and sucrose are added, the effect on inclusion is not additive but con-
current, i.e., the addition of both did not cause more inclusions than does adding either of the
two.

With these observations a theoretical model for the prediction of solute inclusion was
developed in chapter 5. The model makes use of the state diagram. This model predicts
the existence of two ice growth regimes. The first regime occurs at low ice growth rates for
any solute, and at all growth rates for a solution with only macromolecular solutes. Here,
the compositions within the boundary layer stay above the freezing line, and therefore the
ice growth is stable. No inclusion is expected. The second regime is at larger ice growth
rates, and with smaller solutes that do give appreciable freezing point depression. Here, the
compositions in the boundary layer cross the freezing line, which then leads to freezing within
the boundary layer, and therefore giving significant inclusion. The intrinsic distribution factor
in this second regime follows from the balance between mass and heat transfer rates, and
the position of the freezing line in the state diagram. To calculate the distribution factor,
the system of equations for mass and heat transfer, and freezing point depression is solved
with a constraint that the composition path should touch but not cross the freezing line. This
represents the edge of where stable freezing would be possible for the applied freezing rate
and that level of inclusions. This composition path gives the concentration and temperature
on the edge of the freezing zone. This freezing zone is then the part of the solution that will
eventually be included in the ice. The model predicts the inclusion of low-molecular weight
components and the negligible inclusion of well-dissolved proteins, such as whey proteins.
At very high freezing rates, even whey protein solutions do show inclusion. We expect that
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this is because the concentration of protein in the boundary becomes so high, that gelation (or
jamming) takes place.

In the next part of the general discussion, the focus is on verification of our understanding
of the principle of freeze concentration and assessment of the feasibility of progressive freeze
concentration using a pilot-scale freeze concentrator.

6.3 Pilot-scale progressive freeze concentration

A pilot-scale progressive freeze concentrator was designed by ECN-TNO (fig. 6.1). General
requirements for the design were that it should have a 100 l capacity for the liquid product per
batch and should enable an ice growth rate of up to approximately 2 cm/hour resulting in a
desired water removal of 25 to 50 % of the starting volume. This rendered the required com-
pressor for the cooling system the determining factor for sizing of the unit. The final design
of the unit is based on an indirect cooling system, which delivers a minimum temperature
of -20 °C and has a maximum cooling power of 15 kW. This cooling system is coupled to a
heat exchanger in the product vessel via an expansion vessel. Six heat exchanger plates were
placed in the concentration vessel (220 l), which is split into two units connected in series,
each containing three heat exchanger plates. The total cooling surface area is 10 m2. The
liquid is recirculated by a pump. The liquid enters the vessel through distribution plates en-
suring an even flow parallel to the heat exchangers. The preparation vessel and the required
piping bring the total minimum liquid volume to 475 l (fig. 6.1b).

The design of the distribution plates was checked with the help of fluid dynamics sim-
ulations solved with Star-CCM+ (version 13.04.011, Siemens Digital Industries Software).
In the model the Navier-Stokes equation was solved with 𝜅 − 𝜖 as the model description for
turbulence. Geometry iterations were carried out to check whether the flow was evenly dis-
tributed and to determine the sizing of the pump to maintain sufficient flow over the plates
for adequate mixing of the solution. In fig. 6.2a, the initial design without any distribution
plates, is shown with an inlet of 23 kg/s of water. The final design, that resulted from several
iterations, is shown in fig. 6.2b under the same inlet conditions.

The pilot-scale unit is designed to perform all the steps required for progressive freeze
concentration. These steps are (1) pre-cooling of the solution to near its freezing point, (2)
pre-cooling and pre-seeding of the heat exchanger, (3) cooling and freezing during concentra-
tion, (4) separation, melting of the ice layer and drainage of the melt water (fig. 6.3). During
pre-cooling the fluid is introduced to the concentration vessel and the control system is set
to the desired solution temperature (fig. 6.3a). The controller then operates the cooling com-
pressor to reach this temperature. The recirculation pump is used to mix the fluid to prevent
premature formation of ice crystals, since the heat exchanger temperature at this time is below
the freezing point of the solution for cooling the solution to a temperature above but close to
the freezing point. The pre-cooling of the solution is a step that in large-scale practice would
be performed by a separate pre-cooler. After the solution is pre-cooled, it is transferred to the
preparation vessel and when the concentration vessel is empty the pre-cooling and pre-seeding
of the heat exchanger can be started.

The second step involves pre-seeding the heat exchanger surfaces with a thin and pure ice
layer (fig. 6.3b). This is important to prevent super-cooling and spontaneous crystallization
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Figure 6.1: FreezeCon Pilot-scale unit (a) Pictured. (b) Schematic overview of the basic
components of the pilot scale unit in cooling mode, the product side is in black and the
heat pump side is in blue. For the melting cycle, the heat pump is reversed through the
4-way valve.
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(a)

(b)

Figure 6.2: Slice of the flow pattern through the concentration vessel. From CFD
analysis, the flow at the inlet is 23 kg/s of water. (a) Without distribution plates and
(b) with the final design of the distribution plates. To couple the two halves of the vessel
pipes are used, which are not shown in this slice.
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Figure 6.3: Operating modes of the pilot-scale freeze-concentrator. a) Pre-cooling, b)
pre-seeding, c) concentration and, d) separation and melting. Green indicates the solution
recirculating, blue, the heat exchanger is being cooled, and, red, the heat exchanger is
being heated by the heat pump. Orange indicates the concentrate or ice being drained.
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in the bulk of the solution and to ensure that the ice is growing in an even layer on the heat
exchanger surfaces. To create the pre-seed layer, some steam from a steam generator (Kärcher
SC4, steam pressure 3.5 bar) is introduced through a valve into the concentration vessel. The
steam is introduced when the heat exchanger has reached a temperature of -5 °C or lower and
is applied until water vapour leaves the system through the expansion vessel. A second burst
of steam is applied after a few minutes to ensure that the pre-seeding layer is thick enough
everywhere (approximately 0.05 mm).

In step three, the freeze concentration process itself can now be started (fig. 6.3c). During
concentration, the cooling can be operated in two different modes. In the first mode the tem-
perature of the evaporator is kept constant or follows a prescribed time-dependent polynomial.
In effect this determines the temperature of the heat exchanger and therefore the rate of cool-
ing and ice formation. If this temperature is kept constant this will result in a gradual slowing
of the ice growth and the system eventually will reach a steady state. In the second mode, the
cooling power is kept constant. The cooling power is calculated from the heat balance over
the evaporator (eq. (6.3)). This cooling mode has the advantage that the ice growth rate will
be near constant throughout the concentration step, after the solution has reached its steady
state temperature. The cooling temperature is then automatically adapted to the momentary
thickness of the ice layer and therefore, does not require knowledge about the expected ice
growth rate, which is needed when using a prescribed cooling temperature profile. Based
on our lab-scale experiments this approach leads to a better separation efficiency with less
inclusions, compared to operation with a constant evaporator temperature.

In the fourth and final step the concentrate is separated from the ice by draining off the
concentrate (fig. 6.3d). Subsequently, the ice layer is melted by reversing the cooling cycle of
the cooling system, turning the heat exchanger into a condenser taking heat from the cooling
water (≈ 15 °C). Finally, the melting water is drained off as well.

Experimental set-up
To evaluate the energy use of the pilot-scale unit, a set of experiments was conducted with
sodium chloride (5 %(w/w)) and sucrose (5 and 10 %(w/w)) solutions. The salt was supplied
by Nouryon (Sanal-P, Nouryon, Deventer, The Netherlands). The sucrose was supplied by
Royal Cosun (Standaardsuiker, Suikerunie, Dinteloord, The Netherlands). We prepared 500
l solution per set of experiments in a week. The solution was cooled overnight at 4 °C be-
fore usage. During the week the solution was stored in the insulated part of the apparatus.
To prevent excessive corrosion by the salt solution, sodium hydroxide was added to a pH >
8. Before and after each experiment samples were taken from the feed, concentrate and ice
fractions. The concentration of sodium chloride was determined qualitatively by measuring
the electrical conductivity at 20 °C. The concentration of sucrose was determined with a re-
fractometer (Anton Paar, Abbemat 500, Germany). An internal reference was used to convert
the refractive index into the sucrose concentration.

To test the performance of the equipment to concentrate protein solutions, a set of exper-
iments with whey protein isolate solution (BiPRO® 9500, AgroPur, USA) was conducted.
The starting point was a 5 %(w/w) solution that was concentrated using the optimal settings
found for sucrose. The ice fraction was removed from the apparatus and the concentration of
the concentrate was determined using an IR-heated weight balance at 105 °C until the mass
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had stabilized (Sartorius MA35, Germany). To counter foam formation in the concentration
vessel, an anti-foaming agent (WITAFROL® 7420, IOI Oleo, Germany) was added to the so-
lution at a concentration of 0.1 %(w/w). The concentration step was repeated four times. After
the concentration experiments, the dry matter content of all the fractions was determined by
drying 2-3 ml of each sample in an oven at 105 °C overnight and weighing the samples before
and after.

To evaluate the concentration performance the concentration factor (𝐶𝐹 ) and overall dis-
tribution coefficient (𝐾) were calculated from the measured concentrations:

𝐶𝐹 =
𝐶𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
𝐶𝑓𝑒𝑒𝑑

(6.1)

𝐾 =
𝐶𝑖𝑐𝑒

𝐶𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
(6.2)

The data for the heat and mass balances and the electrical consumption was recorded by the
control system. To calculate the cooling power of the system, an enthalpy balance was made
over the evaporator:

𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑀̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
(

𝐸𝑜𝑢𝑡(𝑇𝑜𝑢𝑡, 𝑝𝑜𝑢𝑡) − 𝐸𝑜𝑢𝑡(𝑇𝑖𝑛, 𝑝𝑖𝑛)
) (6.3)

𝑀̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 is the mass flow of coolant in kg/s, E is the enthalpy of the coolant entering and
leaving the evaporator in kJ/kg. The value is interpolated from a look-up table for saturated
vapour of R134a. The cooling power is used as input for the PID-controller when the system
is running in constant power mode. The cooling power is used to calculate the coefficient of
performance (COP) for the cooling system:

𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
(6.4)

This equation gives us the raw COP of the cooling system and only considers the compressor
of the cooling system. Since we are using an indirect cooling system, there is a coolant cir-
culation pump running and to achieve efficient concentration the product is also recirculated
with a pump, both these pumps need to be taken into account since they also influence the
efficiency of the process. The total COP can then be calculated as:

𝐶𝑂𝑃𝑡𝑜𝑡𝑎𝑙 =
𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 + 𝑃𝑝𝑢𝑚𝑝,𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 𝑃𝑝𝑢𝑚𝑝,𝑝𝑟𝑜𝑑𝑢𝑐𝑡
(6.5)

To calculate the energy required for the removal of 1 kg of water (specific energy consumption,
SEC), the power of the compressor and pumps is numerically integrated using the trapezoidal
method and divided by the mass of ice at the end of a batch:

𝑆𝐸𝐶 =
∫ 𝑡𝑒𝑛𝑑
0 𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 + ∫ 𝑡𝑒𝑛𝑑

0 𝑃𝑝𝑢𝑚𝑝,𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + ∫ 𝑡𝑒𝑛𝑑
0 𝑃𝑝𝑢𝑚𝑝,𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑖𝑐𝑒(𝑡𝑒𝑛𝑑)
(6.6)

We exclude the energy required to cool the solution down to near its freezing point, because
this is handled in a separate step and the temperature of the incoming feed can vary from
process to process. It is assumed that the whole ice fraction that is collected was frozen while
in reality, part of this fraction can be some still-adhering, viscous non-frozen solution.
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The results from the previous lab-scale experiments were used to determine the operating
conditions for the pilot-scale experiments. For 5 %(w/w) brine, the experiments were con-
ducted using 1.5 kW cooling duty and the recirculation flow was set to 50, and 70 m3/h in
different experiments. The low cooling power was selected because it was predicted that high
inclusion of salt would occur at higher cooling rates (chapter 5). For the 5 %(w/w) sucrose
solutions a set of experiments with a constant cooling temperature (-5 °C and -7.5°C) and
recirculation flow rate of 30 and 50 m3/h was performed and compared with a set of exper-
iments with constant power (1.5, 4.5, and 7.5 kW evaporator power) and recirculation flow
rates of 30, 50, and 70 m3/h. For the experiments with 10 %(w/w) sucrose solutions the cool-
ing power was set to 4.5 kW and the recirculation flow was set to 50 or 70 m3/h. From the
results obtained with sucrose the settings were selected for the experiments with whey protein
solution. The cooling power was set to 4.5 kW and the recirculation flow was set to 50 m3/h.
The protein solution in these experiments was reused to perform a series of concentration
experiments to show the potential of progressive freeze concentration for the concentration
of protein solutions. To prevent the initial ice layer from detaching from the heat exchanger
surface, the product circulation pump was always started at 30 m3/h and then increased, if
required, to the desired final flow rate with a rate change of 2 m3/h per minute.

6.4 Results and discussion of the pilot-scale experiments

Brine
For initial pilot-scale unit experiments, a 5 %(w/w) brine was used as feed. During these runs
the initial ice layer easily detached from the heat exchanger surface at recirculation rates above
50 m3/h. Therefore, the protocol for the higher recirculation rates was adjusted as described
in the previous section. The ice detaches because of the high shear induced by the pump con-
troller overshooting at these rates. Besides, the ice can detach due to partial melting of the ice
layer due to the incoming liquid that is one or two degrees above the melting point of the solu-
tion. After the adjustment to the protocol a stable ice layer could be formed, and concentration
of the brine could be achieved. The observed ice layer has a rough and frost-like appearance,
indicating that dendritic ice had formed (fig. 6.4). This indicates that the inclusion rate was
high during the concentration step and constitutional super-cooling occurred (chapter 5). At
a recirculation rate of 50 m3/hr and a cooling power of 4.5 kW the conductivity of the brine
feed, concentrate, and ice was 80.1 ± 0.6, 87.0 ± 0.9, and 45.5 ± 0.8 mS/cm respectively
at approximately 80 kg of ice formed. If we assume that the conductivity is linear with the
concentration this would result in a concentration factor of 1.09 and a distribution coefficient
of 0.52. This confirms that there is indeed a high inclusion. Combined with our findings in
chapters 4 and 5, brine is prone to super-cooling at reasonable freezing rates. On the scale of
the pilot system the exact degree of super-cooling is hard to balance through the control of
the heat pump and the product recirculation pump.
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Figure 6.4: Ice formed during freeze concentration of brine in the plate heat exchanger
as observed via a glass window.

Sucrose solutions
The goal of the experiments with sucrose solutions was to determine whether the constant
power cooling operation yielded less inclusions than operating with constant evaporator tem-
perature. Together with the variation in recirculation flow rate the performance of progressive
freeze concentration was evaluated. The general trend found in fig. 6.5 is that the observed
partition coefficients and thus the inclusions are high compared to the lab results (Vuist et al.
2020). This is partly caused by the ease of separation of the ice layer and the concentrate
on lab scale, which on pilot-scale separation is obtained after draining the vessel by gravity,
leaving more adhering residual liquid in the concentration vessel. The trends for the distri-
bution coefficient are however similar to those found in the lab-scale experiments. With a
lower evaporator temperature/high cooling power the number of inclusions increases as ex-
pected. Increasing the flow rate results in less inclusions in almost all the cases. Only with 7.5
kW cooling duty this effect is negligible; increasing the flow rate is here less effective due to
the higher ice growth rate. This indicates that with 7.5 kW cooling duty there is insufficient
mixing, and the cooling power is too high, leading to strong localized super-cooling. At a
recirculation flow rate of 30 m3/h the distribution coefficient is independent of the cooling
power applied (fig. 6.5b). This could indicate that the process is already diffusion limited at
1.5 kW of cooling and that the recirculation rate is inadequate to provide enough mixing to
reduce the thickness of the stagnant layer. An optimal concentration process does not only
depend on minimising solute inclusion, but also on achieving sufficiently large freezing (con-
centration) rates. The recirculation flow rate negatively influences the ice growth rate as the
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Figure 6.5: Distribution coefficients for sucrose at constant temperature (a) and constant
power cooling (b) for different feed circulation rates. The error bars indicate standard
deviation (n=2).
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Figure 6.6: Ice growth rate (a) and specific energy consumption (b) for different feed
circulation rates and cooling powers. The error bars indicate standard deviation (n=2).

higher recirculation rate causes the pump to dissipate more heat into the solution, which must
be removed by the cooling system and leads to a decrease in the energy efficiency (fig. 6.6a).
This is reflected in the specific energy consumption (SEC; eq. (6.6)) in (fig. 6.6b). The SEC
is 2-3 times higher with 1.5 kW cooling duty and 70 m3/h recirculation as compared to the
other concentration experiments, mainly due to the low ice growth rate resulting in a much
longer processing time to obtain 80 kg of ice. The difference in SEC between 30 and 50 m3/h
is smaller than between 50 and 70 m3/h, which is caused by the turbulent flow causing the
energy demand of the pump to increase non-linearly, which then reduces the ice growth rate
resulting in a longer processing time in these cases. A good balance between solute inclusion
and energy usage was thus determined to be at 50 m3/h recirculation flow and 4.5 kW cooling
power.

With a 10 %(w/w) sucrose solution an increase was observed in the distribution coefficient
(fig. 6.5b), similar as found in the lab-scale experiments (Vuist et al. 2020). The distribution
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coefficient increases because the concentration in the boundary layer rises quickly, causing
stronger localized supercooling leading to more inclusion. Remarkably, the specific energy
consumption decreased with the higher concentration of sucrose (fig. 6.6b). This can partly
be explained by the inclusion of more sucrose, which results in a larger part of the collected
ice fraction being unfrozen sucrose solution. Additionally, Biswas et al. (1975) found that the
heat of fusion (Δ𝐻𝑓𝑢𝑠) decreases when sucrose is present in the solution, due to water bound
to the sucrose molecules and this water does not participate in forming the ice crystals.

Whey protein solutions
On lab-scale, we observed that whey protein solutions show a low distribution coefficient dur-
ing progressive freeze concentration (chapters 4 and 5). Inclusions with proteins are much
less compared to sucrose and salt because there is no localized super-cooling thanks to the
absence of any significant freezing point depression. However, in the pilot-scale experiments
the distribution coefficients were higher and comparable to the ones found for brine and su-
crose solutions (fig. 6.7). The concentration factor found in each subsequent experiment was
similar and an approximate 10 % increase in concentration is found. With no inclusion the
expected concentration increase would be 25 % in each step. A larger distribution coeffi-
cient was also observed in the lab-scale experiments at high concentrations (chapter 4). The
stronger inclusion is caused by reaching the maximum packing concentration of the proteins
in the boundary layer more quickly, forming a semisolid gel (Both et al. 2019). This causes
the mass transfer to collapse and the proteins to get included. Another factor contributing
to the higher inclusions found in pilot-scale experiments is that the – more concentrated –
boundary layer stays present on the ice layer, due to the lack of a washing treatment in our
procedure (fig. 6.8). This confirms the creation of a gel layer on the ice. On lab-scale, we
found that washing this layer would reduce the inclusions significantly.

The specific energy consumption for the whey protein concentration experiments was
found to be around 135 kJ/(kg ice) over the subsequent runs and similar to an experiment
under the same conditions with water and sucrose. The coefficient of performance (eq. (6.5))
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Figure 6.7: Measured distribution coefficient and concentration factor for the continued
freeze concentration series of whey protein solution.
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Figure 6.8: Schematic overview of the ice after drainage of the solutions. Beside the
inclusions in the ice, on the surface of the ice the concentrated boundary layer is still
present and contributes to high levels of solute loss.

was found to be approximately 2.4 for these operating conditions. This gives a slight mismatch
with the latent heat of fusion of water (333 kJ/kg), which could be caused by the unfrozen
inclusions being part of the collected ice fraction.

Compared to other methods of concentration
Based on the data gathered for the sucrose experiments a business case was calculated (Pal
et al. 2021). The business case was based on the energy consumption for 4.5 kW cooling
power and a recirculation rate of 50 m3/hr. These settings showed a balance in energy con-
sumption and solute loss. The data were scaled to an installation of 10 tons of water removed
per hour and compared to suspension freeze concentration, 6-stage evaporation, multi-stage
evaporation with mechanical vapour recompression (MVR), and reverse osmosis (table 6.1).
Table 6.1: Costs of freeze concentration and alternative technologies for 10 ton/h water
removed (Pal et al. 2021)

Progressive
freeze

concentration

Suspension
freeze

concentration
(GEA IceCon)

6-stage
evaporator

Multi-stage
evaporator
with MVR

Reverse
osmosis

CAPEX [M€] 4.3 ± 1.3 7 3.5 4.5 1.4
OPEX over

5 years of
operation [M€]

0.99 ± 0.2 1 ± 0.3 1.16 0.75 ± 0.05 1.7

OPEX incl.
CO2 tax [M€] – – 1.69 – –

Progressive freeze concentration shows similar operational costs compared to suspension
freeze concentration. The capital costs are estimated to be significantly lower than for suspen-
sion freeze concentration due to the increased mechanical simplicity of the progressive freeze
concentration unit. Compared to evaporation the costs of freeze concentration are similar,
however, when MVR is applied, the operational costs can be reduced significantly. When
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(Dutch) CO2 tax is applied to evaporation the operational costs of 6-stage evaporation will
increase and freeze concentration becomes a feasible alternative although the capital costs
are likely to be higher. The initial investment in reverse osmosis is quite low, due to the low
costs of the modular components of the installation. However, this is offset by the higher op-
erational costs due to the required periodical replacement of the membranes caused by wear
during the concentration and cleaning process.

6.5 Conclusion pilot-scale experiments and outlook to improvements

The pilot-scale unit was built to study the scalability of progressive freeze concentration and to
evaluate its energy usage. The experiments show that in terms of concentration the technology
is well scalable, and most products could be concentrated. However, the losses of product
into the ice fraction are still high and should be reduced. One of the biggest challenges in
progressive freeze concentration on larger scale is to control the ice growth rate in the process.
Especially in the beginning of the process, the ice layer is not stable and can be detached by the
moving fluid. To prevent this, a thicker seeding layer can be created by applying a water film
to the surface of the heat exchanger instead of the condensing water vapour that was used in
the experiments. This thicker layer will however introduce a higher resistance to heat transfer,
which requires a lower coolant temperature and a higher load on the cooling compressor to
achieve this. Faster mixing can be allowed with a better seeding layer, which will lower the
inclusion of the solutes. If the solutes have a lower molecular weight, they will depress the
freezing point, which strongly affects solute inclusion and is thus critical for the separation
efficiency. A high degree of super cooling near the growing ice front results in irregular
crystal growth, which can enhance formation of included pockets of concentrated solution in
the growing ice. In practice, progressive freeze concentration is therefore most promising for
feed solutions that show limited freezing point depression but even there, the ice growth rate
should remain limited.

Another challenge lies in the separation of the concentrate and ice fractions. In our system
we only used gravity-assisted separation by free drainage. This leads to some of the viscous
liquid product adhering to the ice. To apply the process to a production setting the separation
can be improved by applying an after-treatment to the ice layer. On lab-scale we found that
rinsing the ice layer would remove most of the solutes on top of the ice layer. In practice this
will result in a dilute rinsing water stream which should be recycled into the process. This
requires the unit to have somewhat larger capacity to attain the required throughput. Another
approach to after-treatment is to apply a ‘sweating’ step (Myerson et al. 2019). Sweating is
already used in practice for melt crystallization, where freeze concentration is based upon, to
attain high purities. Sweating in progressive freeze concentration requires the ice to be heated
somewhat from the product side either by hot air or just before the end of the concentration
step, by heating the product stream to partially melt the ice layer. The ice temperature at the
surface should then be below the melting point of pure water to prevent complete melting of
the ice layer. Due to freezing point depression the concentrated inclusion domains will melt
and leave the ice layer. In effect, the sweating step gives the same rinsing effect as adding
external rinsing water, and therefore has the same disadvantages.

The energy required for the freezing of the solution was generally equal to the heat of
fusion. There was only a significantly larger energy requirement with a high recirculation rate
and low cooling power, due to a longer process time. The true energy savings in progressive



6.5. Conclusion pilot-scale experiments and outlook to improvements 107

freeze concentration come from using heat pumps, which have a coefficient of performance
higher than 1. In our experiments the COP was somewhat higher than 2. Further reduction in
energy requirements can result by coupling two units together (fig. 6.9). One unit would be
in freezing mode and the other would be in melting mode. In this way the melting unit would
provide the heat sink for the freezing unit. The temperature difference is small, and no extra
energy will be spent on melting the ice layer to remove this from the concentration vessel.
In the current pilot scale system, the concentration vessel is also used for the pre-cooling of
the solution. In production version it would be advised to include a dedicated pre-cooler,
which can be optimized for heat transfer, while the spacing of the heat exchanger plates in the
concentration vessel are then optimized for maximum ice formation.

Crystallizer Melter

Refrigeration
system

Feed supply

Pure waterConcentrated product

Figure 6.9: Coupling of a freezing and melting stage in a progressive freeze concentrator.

To achieve a doubling in concentration, half of the water must be removed. With pro-
gressive freeze concentration this would be hard to achieve in a single stage. Therefore, a
multi-stage process must be designed. In a multi-stage process, one could combine different
freeze concentration techniques. Since progressive freeze concentration was shown in this
work to work well on lower concentrations it could be used as a precursor step before suspen-
sion freeze concentration to go towards full concentration. Suspension freeze concentration
can concentrate with virtually no losses up to moderate concentrations (up to 30 %(w/w)).
This would combine the relatively simple equipment for progressive freeze concentration in
the step and leaves further concentration for the more complicated system of suspension freeze
concentration. Other approaches exist as well. One manufacturer proposed to combine sus-
pension freeze concentration with static layer freeze concentration, shown in fig. 6.10 (Dette
et al. 2020). Suspension freeze concentration is used for the initial step to concentrate the
product to 30 – 40 %(w/w) solids. At higher concentrations the viscosity of the product be-
comes too high to efficiently operate the wash filter, used for the separation of the water from
the product. The concentrated product is then transferred to a static layer freeze concentrator.
In this unit, a “dirty” ice layer is grown to concentrate the product up to 50 %(w/w) solids.
The ice layer contains up to 18 %(w/w) solids and is then melted and mixed with the feed of
the suspension freeze concentrator.
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Figure 6.10: Process scheme for the combination of suspension freeze concentration
and static layer crystallization. After Dette et al. (2020).

6.6 Outlook to further research

Next to further work required to improve the performance of progressive freeze concentration
on pilot- and larger scales as described in section 6.5, also from a more fundamental point
of view there is need for further research. We have identified the mechanism for inclusions
during progressive freeze concentration, and our model as presented in (chapter 5) in prin-
ciple can be applied to evaluate if a solution is suitable for progressive freeze concentration.
However, to make the model quantitatively predictive, the concentration and temperature de-
pendence of the diffusivities, viscosity and thermal conductivities should be incorporated.
In addition, the model requires to be integrated over time to obtain the overall distribution
coefficient. The underlying assumption of this model is that inclusion occurs in the freezing
zone, which is due to freezing point depression of the components present in the solution. For
solutions that contain proteins and have little to no freezing point depression another mecha-
nism is responsible for inclusions. Solutions with carbohydrates often show an anomalously
sharp increase in viscosity and reduction in diffusivity at the combination of low temperature
and high concentrations, since the solution gets nearer the glass transition. This is known
as William-Landel-Ferry kinetics (Kerr et al. 1994). In addition, very concentrated protein
solutions will show ‘jamming’; forming a gel like layer due to close stacking of the protein
molecules. For this case a parallel may be drawn to membrane processes, where, due to the
same phenomenon a gel layer is formed on top of an ultrafiltration membrane (Porter 1972).
In progressive freeze concentration this gel layer impedes the mass transfer in the bound-
ary layer, resulting in a shift from heat transfer limitation to mass transfer limitation. This
will again cause instabilities in the ice layer causing inclusions. The quantification of these
different mechanisms requires further research.

In this thesis we investigated different categories of components relevant for the food
industry. Currently, there is a focus on the extraction of novel plant proteins, while maintain-
ing their functionality. Low temperatures are preferred after extraction to reduce enzymatic
degradation of the proteins of interest and avoid thermal degradation. These proteins are of-
ten extracted from materials or solutions that have high water content. Freeze concentration
would be an excellent candidate for an initial concentration step after the extraction of these
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streams. It would be preferable to first remove the low-molecular weight components, for
example by diafiltration, before applying progressive freeze concentration, to avoid instabil-
ities caused by freezing point depression, see chapter 5. In literature, it is shown that freeze
concentration can maintain these native properties (Aider et al. 2009). However, research is
required on the exact behaviour in freeze concentration.

6.7 Closing remarks

This thesis tries to improve the understanding of progressive freeze concentration and the un-
derlying mechanism of solute inclusion. On the way, the requirements for progressive freeze
concentration with low solute losses became clear. Generally, this requires well mixing and
slow freezing, such that slowly diffusing solutes near the forming ice layer do not accumulate
too much in a concentration polarization layer. With this knowledge, a model was formulated
for solute inclusion based on heat and mass transfer in combination with the thermodynamic
properties using state diagrams. Later, these insights and knowledge was applied to pilot-scale
progressive freeze concentration experiments with different solutions. For these experiments
and the business case evaluation it was found that progressive freeze concentration can be
an energy-efficient alternative to other methods, which is mild to the solutes that are concen-
trated.
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Dewatering and drying are common process operations in the food and biobased industry.
To minimise the energy required for drying, products are often concentrated before drying.
This usually increases the solid concentration from below 10 % to around 40–70 % solids,
depending on among others the viscosity of the specific formulation. The most widely ap-
plied concentration method is evaporation, which is a fast process but is energy intensive and
operates at elevated temperatures. This makes evaporation not suitable for food products that
suffer from thermal degradation. For these products, alternative mild concentration methods
can provide a better product quality.

One of these methods is freeze concentration. When a solution is frozen, the ice crystals
exclude the solute from their crystal matrix. If the ice is removed, a concentrated solution is
obtained. Since freeze concentration makes use of cooling instead of heating, it is suitable for
products containing volatile or thermally sensitive components. In theory, the energy required
to remove water should be equal to the latent heat of fusion of water, which is 7 times lower
than the latent heat of vaporization at atmospheric pressure. The process can be configurated
in multiple ways. The focus of this thesis is on progressive freeze concentration, during which
ice crystals are grown on the wall of a heat exchanger. The advantages of the technique are that
the ice crystals can be separated easily from the concentrated solution and that it is well suited
for extensive heat integration. While freeze concentration in theory should create pure ice, this
requires unproductive and slow ice growth rates. At faster ice growth, part of the solute will
be included in the ice fraction and be lost after separation. The present work therefore aimed
to understand why solute inclusion occurs in freeze concentration and to apply this to a pilot-
scale progressive freeze concentrator. For this, we used lab-scale experiments to investigate
the influence of cooling, mixing, and solutes on solute inclusion. The data generated in these
experiments were combined with a modelling approach to understand the mechanism of solute
inclusion during progressive freeze concentration.

In chapter 2 freeze concentration of model solutions of sucrose and maltodextrin is eval-
uated in a laboratory-scale freeze concentration system. The influence of the cooling strategy
and the mixing of the product on the amount of inclusion in the ice or solute loss to the ice
fraction is evaluated. From this initial study we concluded that, as expected, an increase in
the ice growth rate would lead to higher inclusions at a constant heat exchanger temperature.
However, when the initial temperature of the heat exchanger was higher and only gradually
lowered, the inclusion was less without reducing the total amount of ice formed. A constant
heat exchanger temperature in the beginning imposes a high degree of super-cooling, which
leads to an irregular ice front creating pockets of concentrated solution that become encapsu-
lated in the ice. When the temperature difference between the heat exchanger and the freezing
point is reduced, the degree is much lower and a smooth ice front is formed that excludes the
solutes more effectively. The solute inclusion can be further reduced with stronger agitation,
which aids in minimising concentration polarization.

Chapter 3 reports on experiments and modelling with different products, including pro-
teins. Specifically, solutions of soy protein and whey protein were evaluated using the cooling
and mixing conditions established in the previous chapter. The solute inclusion was modelled
using an existing theory using empirical parameters, which was linked to the heat and mass
balances describing the ice growth rate. At low ice growth rates, we found good agreement
between the model and our data, but at high ice growth rates the model underestimated the
level of inclusions. The conclusion is that one of the assumptions in the model, pertaining to
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the ice growth being slow and planar, does not hold during dendritic ice formation at higher
ice growth rates.

Whey protein was selected as a model protein in chapter 4. Since most products in the
food industry do not consist of only protein, we investigated the concentration of mixtures of
whey protein, salt, and/or sucrose. The addition of both sodium chloride and sucrose increased
the inclusion of that solute, but also that of the protein. It was hypothesised that in the case of
sodium chloride the solute inclusion is caused via localised super-cooling in the concentration
polarization layer. In the zone where the super-cooling occurs, ice crystals form within the
layer, which then incorporate domains of concentrated solution into the ice layer. The freezing
point depression by sucrose is much less extreme (per unit of weight), so we here expect that
besides the effect of the localised super-cooling, the inclusions are caused by the very strong
increase of the viscosity and reduction of the diffusivity of the concentrated solution at low
temperatures. When both sodium chloride and sucrose are added, the effect on inclusion is
not additive but concurrent, i.e., the addition of both did not cause more inclusions than does
adding either of the two.

With these observations a theoretical model for the prediction of solute inclusion was de-
veloped in chapter 5, using the state diagram. This model predicts the existence of two ice
growth regimes. The first regime is at low ice growth rates, and with high-molecular weight
solutes that gives negligible freezing point depression. Here, the compositions within the
boundary layer stay above the freezing line, and therefore the ice growth is stable, and no
inclusion is expected in this regime. The second regime is at larger ice growth rates, and
with smaller solutes that does give appreciable freezing point depression. Here, the compo-
sitions in the boundary layer cross the freezing line, which then leads to freezing within the
boundary layer, converting this into a freezing zone, and leading to inclusion. The model
predicts the inclusion of low-molecular weight components and the negligible inclusion of
macromolecules, such as whey proteins.

Finally, in chapter 6 progressive freeze concentration is evaluated in a pilot-scale pro-
gressive freeze concentrator and compared into alternative concentration methods. In the
pilot-scale unit brine, sucrose, and whey protein solutions were concentrated. Overall, for all
the solutions it was observed that the product losses were higher than on lab scale, mainly due
to scaling issues in the separation of the concentrate and ice fractions. To reduce the losses
the ice fraction should be treated to recover the product. The energy requirements were found
to be approximately 150 kJ/kg ice removed from the solution. This would make progressive
freeze concentration competitive with alternative concentration methods. Comparing to other
methods of concentration, it was found that the CAPEX of a progressive freeze concentra-
tor was lower than for a suspension freeze concentrator and comparable to that of a multi-
stage evaporator with mechanical vapour recompression. Reverse osmosis has a much lower
CAPEX but its OPEX are much higher than for progressive freeze concentration. Conclud-
ing progressive freeze concentration would be an energy-efficient alternative concentration
method, which is mild to the solutes that are concentrated.
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Concentreren en drogen zijn veel voorkomende processen in de levensmiddelen- en biobased
industrie. Om de energie die nodig is voor het drogen tot een minimum te beperken, worden
producten vaak geconcentreerd voordat ze worden gedroogd. Over het algemeen neemt het
aandeel droge stof dan toe van minder dan 10 % tot 40 tot 70 %. De behaalde concentratie is
onder meer afhankelijk van de viscositeit van het product. De meest toegepaste concentratie-
methode is verdamping, een snel maar energie-intensief proces. Doordat hier wordt gewerkt
met hogere temperaturen is verdamping niet geschikt voor levensmiddelen die hierdoor wor-
den afgebroken. Voor deze producten kunnen alternatieve milde concentratiemethoden een
beter resultaat bieden waarbij de productkwaliteit gewaarborgd blijft.

Als alternatief proces kan vriesconcentratie worden gebruikt. Als een waterige oplossing
wordt ingevroren, dan worden alle andere moleculen dan water uitgesloten bij de vorming van
de ijskristallen. Als het ijs vervolgens wordt verwijderd, blijft een concentraat over. Omdat
vriesconcentratie gebruik maakt van koeling in plaats van verwarming, is het zeer geschikt
voor producten die vluchtige en/of thermisch onstabiele componenten bevatten. In theorie
zou de energie die nodig is om water te verwijderen gelijk zijn aan de latente warmte nodig
voor het bevriezen van water. Deze is 7 keer lager dan de latente warmte voor verdamping bij
atmosferische druk. Bij vriesconcentratie is het mogelijke om de ijskristallen op verschillende
manieren te vormen. Bij deze thesis ligt de nadruk op progressieve-vriesconcentratie waarbij
er een ijslaag wordt gevormd op de wand van een warmtewisselaar. Het voordeel van deze
techniek is dat het ijs gemakkelijk van de geconcentreerde oplossing kunnen worden geschei-
den. Daarnaast is het vrij eenvoudig om de warmte die vrijkomt bij het vriezen elders in het
proces te hergebruiken. Alhoewel vriesconcentratie in theorie puur ijs zou moeten opleveren,
vereist dit lage ijsgroeisnelheden waardoor het proces te lang zou duren. Bij snellere ijsgroei
zal een deel van de opgeloste stoffen ook in de ijslaag worden ingesloten en dat zal dan bij de
scheiding verloren gaan. In dit werk ligt dan ook de focus op het begrijpen hoe deze insluiting
plaatsvindt en hoe dit toe te passen op grotere schaal in een progressieve-vriesconcentrator.
De experimenten op labschaal leverden inzicht over de invloed van koeling en menging op
de insluiting van de verschillende onderzochte stoffen. Met deze gegevens is er een model
opgesteld om het mechanisme van insluiting tijdens progressief vriesconcentreren beter te
begrijpen.

In hoofdstuk 2 werden er modeloplossingen van suiker en maltodextrine gevriesconcen-
treerd op labschaal. Hierbij werd gekeken naar de invloed van de koelstrategie en het mengen
van de oplossing op de insluitingen in het ijs. Hieruit kon worden geconcludeerd dat als er,
zoals verwacht, sneller kan worden ingevroren bij een constante koeltemperatuur. Als de
start-koeltemperatuur werd verhoogd en vervolgens deze langzaam wordt verlaagd werden er
echter veel minder insluitingen waargenomen, terwijl de hoeveelheid ijs gelijk bleef. Een con-
stante koeltemperatuur leidt tot een hoge mate van onderkoeling van de vloeistof. Dit leidt tot
de vorming van een onregelmatig ijsfront waarin gebieden ontstaan waarin geconcentreerde
oplossing in de ijsmassa terecht komt. Wanneer het temperatuurverschil wordt teruggebracht,
wordt een glad ijsfront gevormd wat leidt tot minder inclusies. Als er vervolgens dan inten-
siever wordt gemengd kan het verlies nog verder worden teruggedrongen.

In hoofdstuk 3 worden er experimenten uitgevoerd met verschillende eiwitbronnen. Hier-
bij werd vergeleken hoe soja- en wei-eiwit worden ingesloten in het ijs. De instellingen voor
het koelen en mengen werden overgenomen uit het vorige hoofdstuk. De insluiting van de
eiwitten werd gemodelleerd op basis van een bestaande theorie. Het empirisch model van de
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insluitingen werd gekoppeld aan een model voor de ijsgroeisnelheid, gebaseerd op de warmte-
en massabalansen van het systeem. Bij lage ijsgroeisnelheden kon de insluiting goed voor-
speld worden, maar bij hogere ijsgroeisnelheden werd de insluiting onderschat. Een van de
aannames in het model is dat het ijs langzaam aangroeit en geen dendrieten vormt. Deze den-
drieten geven extra ruimte voor insluitingen en leiden tot een meer insluiting van de opgeloste
moleculen.

Uit de experimenten in hoofdstuk 3 bleek dat het gebruikte soja-eiwit niet goed oplosbaar
was en daardoor geen goede kandidaat was voor ons modelsysteem. In hoofdstuk 4 werd er
gekozen om verder te gaan met wei-eiwit. Omdat de meeste producten niet alleen uit eiwit
bestaan, zijn er mengsels met eiwit, zout en suiker onderzocht. Als er natriumchloride of su-
crose werd toegevoegd stegen de inclusies. Er wordt aangenomen dat het zout gelokaliseerde
onderkoeling veroorzaakt. Dit leidt ertoe dat er zich ijskristallen in de oplossing kunnen vor-
men (dendrieten) in de concentratiepolarisatielaag. De ijskristallen sluiten dan delen van de
laag in het ijs in. Omdat sucrose veel minder vriespuntverlaging per gewichtseenheid veroor-
zaakt maar wel de viscositeit van de oplossing verhoogt bij lage temperaturen, zal dit ervoor
zorgen dat diffusiviteit in de concentratiepolarisatielaag afneemt wat ook tot meer insluitin-
gen leidt. Wanneer zout en suiker beide aanwezig zijn, nemen de insluitingen niet verder toe
dan als een van beide aanwezig is.

Met de uitkomsten van de experimenten van hoofdstuk 4 is een theoretisch model ont-
wikkeld om de insluitingen in het ijs te beschrijven met behulp van het toestandsdiagram in
hoofdstuk 5. Vanuit het toestandsdiagram kunnen twee regimes worden onderscheiden. Het
eerste regime geldt bij lage ijsgroeisnelheden en voor componenten met een hoog molecuul-
gewicht. Als dit het geval is, blijft de oplossing in de concentratiepolarisatielaag boven de
solidus, wat resulteert in stabiele aangroei van de ijslaag zonder insluitingen. In het tweede
regime is er een hogere ijsgroeisnelheid en is er sprake van significante vriespuntverlaging.
Hierdoor komt de samenstelling in de concentratiepolarisatielaag onder de vrieslijn. Dit leidt
tot het onstaan van een bevriezingszone waarin dat deel van de oplossing wordt ingesloten in
de ijslaag. Het model voorspelt de opname van componenten met een laag molecuulgewicht
en een verwaarloosbare opname van macromoleculen, zoals wei-eiwitten.

In de algemene discussie (hoofdstuk 6) wordt tot slot progressieve-vriesconcentratie op
grote schaal bestudeerd en vergeleken met alternatieve concentratiemethoden. In een speci-
aal daarvoor gebouwde progressieve-vriesconcentrator werden pekel, sucrose- en wei-eiwit-
oplossingen geconcentreerd. In alle experimenten waren de productverliezen groter dan op
labschaal. Dit werd helaas veroorzaakt door een minder goede scheiding tussen de ijsfractie
en het concentraat in dit apparaat. Om deze verliezen terug te dringen is er in de toekomst
een nabehandeling van het ijs nodig om nog aanwezig achtergebleven concentraat eerst te ver-
wijderen. Om 1 kg water te verwijderen met behulp van vriesconcentratie is ongeveer 150 kJ
nodig. Dit lage energieverbruik zorgt ervoor dat de technologie evenveel of minder energie ge-
bruikt in vergelijking met alternatieve processen zoals omgekeerde osmose en indampen met
behulp van mechanische dampcompressie. De kosten om een progressieve-vriesconcentrator
te bouwen zijn lager dan die van een suspensie-vriesconcentrator en vergelijkbaar met een
meertrapsindamper met mechanische dampcompressie. Omgekeerde osmose heeft veel la-
gere investeringskosten, maar hiervoor zijn de uitgaven voor onderhoud weer hoger dan die
voor progressieve-vriesconcentratie. Kortom, progressieve-vriesconcentratie is een energie-
efficiënte concentratiemethode die ook nog eens mild is.
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