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1. Introduction 

1.1 Background  

The growing human population is leading to rising food and energy demands with increasing 

challenges to properly manage waste generation. Meeting these demands is complicated by 

political instability, very often more than by the lack of natural resources. Another challenge 

is assuring society's transition toward the implementation of sustainability and circular 

economy principles from industrial production, through transportation to goods 

consumption, to reduce the severe negative effects of global warming. Industry has been the 

key for economic development, but it must be revolutionized with the implementation of novel 

technologies that will be less energy consuming and with emissions reduced to a minimum (1).  

The International Energy Agency (IEA) reported that global energy consumption related to 

industrial production in 2021 was 38% (2).  The chemical industry is one of the main energy 

consumers, especially for thermal separation processes based on evaporation, such as 

distillation, that account for around 40% of the total global energy consumed in the chemical 

industry (3). However, separation technologies are key units of downstream processing that 

encompasses different methods for the separation of chemicals, the purification of the final 

product, product recovery, and recycling (4). Therefore, the development and application of 

novel industrial separation methods has become one of the important objectives in various 

sectors of industry from metal, material, and forest product processing to food, the 

pharmaceutical industry, and wastewater treatment (5, 6).  

The main objective of this thesis was to investigate freeze crystallization as a concentration 

method for multi-compound organic mixtures produced in various biorefinery applications.  

The importance of the biorefinery has been growing as the implementation of sustainability 

and circular economy principles is becoming mandatory. Biomass is converted into biofuel, 

biochemicals, and bioproducts via biorefinery concepts, such as pyrolysis and fermentation 

through thermochemical and biochemical conversions, respectively. These are potential 

processes that can replace the conventional process in petrochemical refineries that uses fossil 

resources (7-10).   

Pyrolysis oil obtained by slow or fast pyrolysis is a complex mixture of various organic 

compounds, namely organic acids, ketones, and phenols. Hence, it can be considered as a 

perfect source for the extraction of platform biochemicals, such as levoglucosan and vanillin, 

that can find further application in biopolymer synthesis, and the pharmaceutical and food 

industry, respectively. The current research also focuses on different upgrading methods to 

convert pyrolysis oil into a potentially stable fuel (11-13). 

Fermentation of cellulosic material enabled by using Clostridium species is a type of 

biochemical conversion that results in the production of acetone-1-butanol-ethanol (ABE) 
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fermentation broth. ABE fermentation is important regarding the production of biobutanol, 

which can be considered as a potential replacement for fossil fuels such as diesel. The 

enhancement of biobutanol production from various cellulosic resources with ABE 

fermentation has been studied previously (14-17). 

Moreover, a novel biorefinery concept named Ioncell®, a process in which cellulose dissolution 

occurs with the application of ionic liquid solvents, enables the production of a new type of 

sustainable fibers, so-called “man-made fibers”. The process has the potential to revolutionize 

the textile industry with benefits such as the replacement not only of synthetic fibers, but also 

natural fibers, namely cotton, which would significantly reduce the water consumption 

necessary for cotton cultivation and increase the available cultivated area for agricultural 

purposes and food production in countries with a rapidly growing population (18-21).  

Downstream processing in a biorefinery, especially the separation and purification methods 

of target biochemicals from multi-component aqueous mixtures produced by pyrolysis and 

fermentation, is a key area that needs to be investigated and properly developed for wider 

industrial applications of the above-mentioned biorefinery concepts (22).  

Furthermore, application of a suitable recycling technique for the ionic liquid solvents used in 

the Lyocell process is needed, because they are relatively expensive and, even though 

considered “green solvents,” can still have toxic and harmful effects on the environment (23, 

24). Hence, ionic liquid recycling can significantly contribute to the commercialization and 

competitiveness of Ioncell® as a green, sustainable, and economically feasible technology.  

Extensive research has been conducted on various separation methods that can potentially be 

applicable for the recovery of ionic liquids from aqueous solutions, biobutanol recovery from 

ABE fermentation broth, and separation of biochemicals from pyrolysis oil (25-32).  

Adsorption has been studied as a method for the recovery of ionic liquids in a low 

concentration range from aqueous solutions (33-36), for the separation of sugars and 

phenolics from pyrolysis oil (37), and for biobutanol recovery from ABE fermentation broth 

(38).  

Various distillation-based methods, such as molecular distillation (39-41) and vacuum 

distillation (42, 43), have been reported as separation methods for ionic liquids and pyrolysis 

oil, as has vapor compression distillation (44) for solvent recovery from ABE solutions. 

Membrane-based methods, such as membrane distillation (45-48) and pervaporation (49-52), 

have been studied for ionic liquid and butanol recovery. Nanofiltration and electrodialysis (53, 

54) have been reported as separation methods for ionic liquids from aqueous solutions and 

nanofiltration combined with reverse osmosis has been used as a method for acid recovery 

from aqueous phase of pyrolysis oil (55).  

Liquid-liquid extraction enabled by various solvents has been reported for the recovery of ionic 

liquids, products from pyrolysis oil, and solvents from ABE solutions (56-58). 

Gas stripping integrated with ABE fermentation has also been investigated as a promising 

method for ABE solvent recovery (59-61). 

The disadvantages of the above-mentioned processes are discussed below.  Adsorption can be 

suitable for the recovery of organic compounds that are present in a low concentration range 

in aqueous solutions depending on the adsorbent surface chemistry (31). Distillation is not 

only an energy-intensive method but is also unsuitable for thermally unstable organic 

compounds like ionic liquids and systems that form an azeotrope like butanol in aqueous 

solutions (26, 31, 32). Membrane separation requires cleaning after a few operating cycles and 
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organics cause membrane fouling (31, 62). Extraction process efficiency depends on finding 

suitable, relatively cheap, and non-toxic solvents with good selectivity (31, 33, 58). Moreover, 

it is necessary to regenerate the organic solvents used in liquid-liquid extraction. 

Freeze crystallization has not been studied as a method for butanol recovery, even though it is 

mentioned as a potential method in the literature (63). However, a theoretical study on the 

energy consumption of an ionic liquid recycling process based on freeze crystallization and 

evaporation, and an experimental study on freeze crystallization as a potential treatment for 

wastewater produced in a pyrolysis plant have been reported in earlier studies (64, 65).   

1.2 Freeze crystallization 

Freeze crystallization (FC) is a type of melt crystallization where water is removed in the form 

of ice crystals from an aqueous solution at its freezing temperature.  The main driving force 

for freeze crystallization to occur is undercooling, caused by the temperature difference 

between the surface of the growing ice crystals and the surrounding aqueous solution. Water 

removal from aqueous systems in the form of ice uses 14% of the energy needed for water 

removal in the form of vapor in evaporation methods, as a direct result of the difference 

between the latent heats of freezing and vaporization. In the case of dilute aqueous solutions, 

when the solution is cooled below the freezing point according to the liquidus line of solid-

liquid equilibria (SLE), only water forms a solid as ice. Thus, no pretreatment is needed prior 

to FC, which makes FC a robust concentration method for multi-component solutions. 

Two methods of freeze crystallization can be distinguished: layer freeze and suspension freeze, 

based on how ice crystals form and grow in aqueous solutions.   

Layer freeze crystallization is a method where the formation and growth of ice crystals from 

the aqueous solution occur in the form of a layer on the undercooled surface of the crystallizer.  

Layer freeze crystallization can be performed in static (stagnant) or dynamic falling film mode. 

In the case of static layer freeze crystallization, the ice layer is formed from stagnant aqueous 

solutions on the undercooled surfaces of heat exchangers (66). Dynamic layer freeze 

crystallization is characterized by the circulation of aqueous feed solution over crystallizer heat 

exchanger tubes, usually in the form of a falling film (67, 68).  

Suspension freeze crystallization refers to the formation and growth of dispersed ice crystals 

inside a stirred aqueous solution. The stirrer acts as a scraper that prevents ice incrustation on 

the inner walls of the crystallizer.  

The above-mentioned methods have their respective advantages and disadvantages (69). A 

layer freeze crystallizer has a simple configuration as there is no need for moving equipment 

and it is suitable for highly viscous solutions. However, heat transfer is limited with a growing 

ice layer that acts as an insulator between the solution and undercooled surface, which results 

in a limited ice yield.  

Crystallizers with rotating scrapers used for suspension freeze crystallization have a more 

complex design and need better maintenance than the crystallizer for layer freeze 

crystallization. However, the ice yields obtained are higher than in the case of layer freeze 

crystallization due to the higher cooling surface area. Ice purity is further increased by a 

washing step performed in a washing column (66, 70).  

Freeze crystallization methods are commonly implemented for the concentration of various 

liquids to produce fruit juices, coffee, tea, and whey in the food industry (67, 68, 71-74). Based 
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on previous studies, freeze crystallization can be considered as a method for wastewater 

treatment for municipal and industrial wastewater (75-79). A novel desalination method for 

seawater based on freezing has also been studied (80-82). 

1.3 Research objectives 

 

The main objectives of the thesis were the investigation of the potential application of freeze 

crystallization methods, i.e., layer freeze crystallization and suspension freeze crystallization, 

as concentration methods in the biorefinery field. Concentration based on freeze 

crystallization methods for aqueous sucrose solutions, aqueous [DBNH][OAc] ionic liquid 

solutions, ABE fermentation broths, and aqueous pyrolysis oil extract was investigated. Freeze 

crystallization was applied for the separation of 1-butanol from a two-liquid-phase system 

formed from feed aqueous ABE solutions. Cooling crystallization was used as a method for the 

recovery of levoglucosan from aqueous pyrolysis oil extract. 

An overview of the crystallization methods investigated in the present work for various 

aqueous feeds relevant to bioprocessing is shown in Figure 1.  
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First, the experimental procedure for seeded layer freeze crystallization (LFC) on a cold finger 

was developed. The washing and melting steps of the formed ice layers were also determined. 

The heat transfer phenomenon in layer freeze crystallization studies was investigated 

numerically using computational fluid dynamics (CFD) simulation.  

Second, a seeded suspension freeze crystallization (SFC) system with a scraper was designed. 

Procedures for ice separation, washing, and melting were also developed. 

 

The research, discussed in the following sections, can be grouped into the following categories:  

1. Freeze crystallization thermodynamics in terms of solid-liquid equilibrium and 

aqueous solution ideality was investigated by means of freezing point 

measurements and calculations of water activity coefficient. 

2. Ice crystallization kinetics was investigated based on determined nucleation 

rates and measured overall crystal growth rates. 

3. Freeze crystallization separation efficiency was assessed with determined 

distribution coefficients and ice yields.   

4. Mother liquor concentrations and ice crystals purities were determined by 

different analytical methods.  

5. Numerical study on heat transfer prior to layer freeze crystallization of aqueous 

sucrose solutions with different viscosity was conducted with CFD simulations. 

6. 1-butanol was separated in the form of a 1-butanol enriched phase formed due 

to ABE solution concentration. 1-butanol yield and purity were investigated.  

7. Levoglucosan was recovered by cooling crystallization and crystals were 

characterized (shape, particle size distribution, polymorphism).   
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2. Experimental Methodology 

As discussed in the introduction section, the methodology for suspension and layer freeze 

crystallization experiments was developed during this thesis work. This section focuses on an 

explanation of these methods and how they were applied for various solutions. 

2.1 Aqueous solutions studied  

The freeze crystallization experiments were performed on various aqueous solutions. In this 

chapter, aqueous solutions are categorized into two groups: synthetic solutions and 

biorefinery process solutions. Synthetic solutions were prepared by dissolving commercial 

organic compounds in water. Biorefinery process solutions is a term related to aqueous PO 

extract and ABE fermentation broths. 

The synthetic aqueous solutions were sucrose solutions, [DBNH][OAc] ionic liquid solutions, 

1 butanol solution, and ABE solutions. The above-mentioned aqueous solutions were prepared 

by dissolution of appropriate solute(s) in ultrapure Millipore water and then mixed with a 

magnetic stirrer for an hour at 380 rpm. 

The [DBNH][OAc] ionic liquid was a hygroscopic compound and a certain amount of it was 

measured out inside a glow box (relative humidity lower than 0.001 %) before adding water 

and mixing the solution outside. In the case of ABE solution preparation, acetone, 1-butanol, 

and ethanol were mixed with water inside an enclosed Wheaton Celstir double sidearm 

spinner flask to minimize solvent evaporation.  

The exact compositions of the various synthetic aqueous solutions are given in Table 1. 

Table 1. Compositions of aqueous solutions. 

Aqueous solution Solute, 

wt.% 

Solute, 

mol/kg(water)  

Water, 

wt.% 

 

Sucrose 

10 3.25∙10-4 90 

23 8.73∙10-4 77 

30 1.25∙10-3 70 

[DBNH][OAc] 3 1.68∙10-4 97 

6 3.46∙10-4 94 

1-butanol 8 1.17∙10-3 92 

 

ABE 

3:8:1 0.59:1.23:0.25 88 

6:16:2 1.36:2.84:0.57 76 

10:17:2 2.42:3.23:0.61 72 
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The aqueous PO extract was separated from pyrolysis oil produced from pinewood chips by 

slow pyrolysis. The 1:1 and 1:5 PO extracts were obtained in liquid-liquid extraction with the 

addition of water to pyrolysis oil in water: pyrolysis oil ratios of 1:1 and 1:5 (mass based). The 

water content in the 1:1 PO extract and 1:5 PO extract was 77.7% and 91.6%, respectively. The 

major compounds in the pyrolysis oil were levoglucosan, formic acid, and acetic acid. The 

minor compounds were carbonyls, phenols, and furans. ABE fermentation broths were 

produced by fermentation of glucose with a bacterial strain - Clostridium acetobutylicum, and 

usage of L-cysteine as a reducing agent. The fermentation broth contained 96% water. 

Alongside acetone, 1-butanol and ethanol organic acids (acetic and butyric) were minor 

compounds present in the ABE fermentation broth. The main compounds present in the 

original pyrolysis oil and ABE fermentation broths are given in Table 2. 

Table 2. Compositions of PO and ABE fermentation broths. 

Solution Organic compounds Mass based, % 

1:5 PO extract Levoglucosan 1.66 

Formic acid 3.627 

Acetic acid 1.135 

ABE fermentation 

broth 1 

Acetone 0.904 

1-Butanol 1.686 

Ethanol 0.165 

ABE fermentation 

broth 2 

Acetone 0.918 

1-Butanol 1.683 

Ethanol 0.169 

 

2.2 Suspension freeze crystallization 

The suspension freeze crystallization experiments were conducted inside a 250 mL glass 

jacketed crystallizer closed with a polystyrene cap and connected to a thermostat (Lauda ECO 

RE1050).  A crystallizer with an inner and outer diameter of 70 mm and 90 mm, respectively, 

and a height of 80 mm was used. The coolant was an aqueous 50 vol.% ethylene glycol mixture 

circulating through the jacketed crystallizer at flow rate of 1.64 L/min. The suspension freeze 

experiments were performed on the following aqueous solutions: [DBNH][OAc] ionic liquid 

solutions, pyrolysis oil (PO) extract, 1-butanol solutions, acetone-1-butanol-ethanol solutions, 

and ABE fermentation broths.  The ice crystallization was initiated with ice crystal seeding 

when the temperature of the solution reached a stable undercooling temperature. The 

solutions were stirred at 18 rpm throughout the process with a stirrer, with the main purpose 

of preventing ice formation on the walls of the crystallizer. Stirrer was an anchor type impeller 

with tip speed of 6.6∙10-2 m/s and mixing Reynolds number of 2576 (calculated for water at 0 
°C). Suspension freeze crystallization (SFC) was performed by a one-step and two-step 

method. Two-step SFC was performed for ABE fermentation broths and aqueous PO extract 

solutions to further enhance the concentration of these feed solutions. The scheme of the 

experimental setup is shown in Figure 2. 
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Figure 2. Suspension freeze crystallization setup: 1. crystallizer, 2. scraper, 3. mixer, 4. thermostat, 5. 
thermocouple, 6. Pt-100, 7. jacket coolant circulation, 8.data acquisition. Reprinted with permission from Paper 1. 
Copyright 2020 the authors, published by the MDPI. 

Ice crystals formed from aqueous pyrolysis oil (PO) extract and aqueous 1-butanol solutions 

are shown in Figure 3. 

 

 

Figure 3. Ice samples: (a) Ice and mother liquor produced from PO extract solutions, (b) Ice formed from aqueous 
8 wt.% 1-butanol solution separated from mother liquor. 

After SFC, the formed ice crystals were separated from mother liquor on sieve. Approx. 25 g 

of ice was sampled out and washed with zero-degree Millipore water and then melted. Purity 

of melted ice sample and concentration of mother liquor were determined by various analytical 

methods discussed in section 2.4: Analytical methods.  

2.3 Layer freeze crystallization 

Layer freeze crystallization experiments were performed by immersing a cold finger in the 

same crystallizer that was used for suspension freeze crystallization. The cold finger was 
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connected to another thermostat (Lauda ECO RE1050) that circulated coolant at a flow rate 

of 0.54 L/min. The temperature data for the inlet coolant, outlet coolant, and coolant inside 

the cold finger were recorded. The layer freeze crystallization experiments were performed on 

aqueous sucrose and aqueous [DBNH][OAc] solutions in static mode. An ice layer was formed 

from the aqueous solution on the surface of the undercooled cylindrical cold finger immersed 

inside the crystallizer vessel. The diameter of the cold finger was 10 mm and the cooling length 

available for a layer to form on was 40 mm. The seeding was performed by attaching an ice 

crystal to the under surface of the cold finger. The experimental setup is shown in Figure 4. 

 

Figure 4. Layer freeze crystallization setup: 1. crystallizer, 2. cold finger, 3. thermostat, 4. Pt-100, 5. thermocouples, 
6. data acquisition 7. jacket coolant circulation, 8. cold finger coolant circulation. Reprinted with permission from 
Paper 1. Copyright 2020 the authors, published by the MDPI. 

The growing ice layer, two minutes and four minutes after seeding for the [DBNH][OAc] and 

sucrose solutions, respectively, are shown in Figure 5. The ice layers formed after 40 minutes 

of crystallization are also presented.  
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Figure 5. Ice layers formed from aqueous solutions: (a) 3 wt.% [DBNH][OAc] after 2 min of freezing (ΔT= 1.23 °C), 
(b) 3 wt.% [DBNH][OAc] after 40 min of freezing, (c) 23 wt.% sucrose after 4 min of freezing (ΔT= 1.07 °C), (d) 23 
wt.% sucrose after 40 min of freezing (ΔT= 1.07 °C). 

2.4 Analytical methods  

The aqueous solutions concentrated by freeze crystallization contained different organic 

solvents, as discussed in the previous section: 2.1 Studied aqueous solutions. The ice crystals 

that were produced contained impurities and inclusions related to the solutes present in the 

feed aqueous solution. Investigation of ice purity, i.e., determining the concentration of 

impurities present in washed ice samples, is necessary in order to obtain information on freeze 

crystallization efficiency based on the ice yields and distribution coefficient; this is discussed 

in more detail in section 4.2: Separation efficiency. Depending on the feed aqueous solutions, 

different analytical methods were used to determine the quantity of impurities present in the 

ice produced. Similarly, the concentration of solutes in the remaining mother liquor was 

determined.   

An overview of various analytical methods and instruments used to perform the analyses is 

given in Table 3. 

Table 3. Analytical methods with corresponding list of instruments used to characterize ice and mother liquor. 

Aqueous solution Ice Mother liquor Instrument(s) 

Sucrose  

 

Refractive index Refractive index Dr. Kernchen Abbemat 

digital refractometer 

[DBNH][OAc]  Electrical conductivity Electrical conductivity Consort C3050 PH/EC 

meter 

1-butanol and 

ABE solutions 

Total organic content 

(TOC)* 

Gas chromatography 

(GC)** 

*Shimadzu TOC-VCPH 

**Shimadzu GC-2010 

Plus 

ABE fermentation 

broths 

Total organic content 

(TOC) 

- Shimadzu TOC-VCPH 

 

Aqueous PO extract Total organic content 

(TOC)* 

High-performance 

liquid chromatography 

(HPLC)** 

*Shimadzu TOC-VCPH 

**Shimadzu SIL-20 

series HPLC 

 

Moreover, the compositions of the organic compounds present in the ABE fermentation 

broths were determined based on HPLC (Paper 3) and the compositions of the aqueous PO 

extract were determined by HPLC and GC (Paper 4). The amount of water in the feed PO 

extract solutions and mother liquors was determined by Karl-Fischer titration.   
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3. Thermodynamics of freeze crystallization 

The freezing points determined based on the suspension freeze crystallization experiments, 

the phase transition phenomena investigated by DSC, and solution ideality are presented in 

the following sections.  

3.1 Freezing points of aqueous solutions 

 

The binary phase diagram below shows the presence of different phases of two compounds as 

a function of their composition in the given temperature range. Therefore, the theoretical 

crystal yield of the crystalline compound in a certain temperature range can be calculated 

based on the phase diagram data. The solid-liquid equilibria of the water-ionic liquid (IL) 

compound system were investigated using DSC 3 Mettler Toledo scanning calorimetry (DSC).  

Two types of ionic liquids were studied, namely [DBNH][OAc] and [mTBDH][OAc]. Details of 

the DSC analysis of the water - [DBNH][OAc] ionic liquid system are given in Paper 1. Samples 

of the water - [mTBDH][OAc] ionic liquid mixtures were cooled down to -80 °C and then 

heated up to +90 °C with cooling and heating rates of 5 °C/min during DSC analysis.  

The phase diagrams of the water - [DBNH][OAc] ionic liquid and water - [mTBDH][OAc] ionic 

liquid compound systems are shown in Figure 6.   
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Figure 6. Phase diagrams for (a) water - [DBNH][OAc] compound system, (b) water - [mTBDH][OAc] compound 
system. 

Based on the phase diagrams, the melting points of [DBNH][OAc] ionic liquid and 

[mTBDH][OAc] ionic liquid are 54.5 °C and 77.8 °C, respectively. For the [mTBDH][OAc] 

ionic liquid samples that contained water in the range of 3 wt.% to 41 wt.%, only glass 

transitions were observed upon heating. The phase transitions of samples that contained 

50 wt.% and 54 wt. % of water were not noticeable on the DSC thermogram. The samples with 

higher water concentration, from 65 % to 100 %, underwent phase transitions upon cooling 

and heating where crystallization and melting peaks were observed for the water phase. Hence, 

the data obtained on the melting temperatures were used for the ice curve plot. Similar phase 

transition phenomena related to the ionic liquid-enriched regions and water-enriched regions 

were observed for the water - [DBNH][OAc] ionic liquid mixtures (Paper 1). The eutectic point 

for the water - [mTBDH][OAc] ionic liquid systems was estimated to be -71 °C (30 wt.% water), 

which is close to the eutectic point of -73 °C (36 wt.% water) for the water - [DBNH][OAc] 

ionic liquid system. 

The low eutectic points and tendency of ionic liquids to form amorphous structures from ionic 

liquid-enriched samples were the main reasons why melt crystallization was not considered as 

a purification method for ionic liquid. Consequently, freeze crystallization was studied as a 

method to concentrate aqueous [DBNH][OAc] ionic liquid solution.    

The freezing points of different aqueous solutions were determined by means of suspension 

freeze crystallization experiments. A typical cooling curve obtained based on recorded 

temperature data during suspension freeze crystallization is shown in Figure 7.  
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Figure 7. Measured temperatures for 6 wt.% [DBNH][OAc] ionic liquid solution for 60 minutes of crystallization. 

The cooling curve shows the solution temperature change during cooling, ice seeding, and 

crystallization based on acquired and stored temperature data. The cooling of the solution 

proceeded until the solution temperature reached a constant undercooling temperature. Ice 

seeding was then performed, and an immediate rise of temperature was evident as the latent 

heat of crystallization was released and the solution temperature reached its freezing point. As 

crystallization progressed further, the solution temperature dropped as the solution became 

more concentrated. The amount of ice could be large for a significant undercooling degree, 

which could lead to increased solution concentration. Consequently, this means that the 

measured temperature is slightly lower than the freezing point of the initial solution. 

Additionally, process curves for the set temperature and coolant temperature inside the 

thermostat bath are shown to highlight that the process temperature was controlled with the 

thermostat’s internal Pt-100 thermometer.  Table 1 shows a summary of the freezing points of 

the different feed solutions that were studied.   

Table 4. Freezing points of aqueous solutions. 

Aqueous solution, mass based Freezing point, °C 

3 wt.% [DBNH][OAc] IL -0.62 ± 0.01 

6 wt.% [DBNH][OAc] IL -1.29 ± 0.02 

1:1 PO extract -4.97 ± 0.24 

1:5 PO extract -1.40 ± 0.28 

1:10 PO extract -0.93 ± 0.04 

3:8:1:88 ABEW -3.70 ± 0.03 

10:17:2:71 ABEW -7.51 ± 0.07 

6:16:2:76 ABEW -5.95 ± 0.22 

8 wt.% 1-butanol -2.12 ± 0.03 

ABE fermentation broth 1 -0.56 

ABE fermentation broth 2 -0.73 
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3.2 Solution ideality  

 

The intermolecular interaction between solvent and solute molecules is related to the ideality 

of the solution. Negligible intermolecular attraction or repulsion indicates that the solution is 

ideal, whereas attractive or repellent forces between molecules are direct indicators that the 

solution is non-ideal. This is represented quantitatively with activity coefficient (γ).  

Water activity coefficients for aqueous solutions were determined based on the Van’t Hoff 

equation (83). The water activity coefficients (γ) as a function of the solute mole fraction (χ) 

are presented in Figure 8.  

 

 

Figure 8. Water activity coefficient for different aqueous solutions. 

Based on Figure 8, the aqueous ABE solutions and aqueous sucrose solutions are ideal. The 

aqueous [DBNH][OAc] solutions are non-ideal solutions exhibiting attractive intermolecular 

forces (γ < 1) (Paper 1).  The aqueous pyrolysis oil extract solutions studied were very complex 

mixtures of various organic compounds. Hence, the water activity coefficients were estimated 

for model aqueous PO extract solutions consisting of three major organic compounds present 

in real PO extract, i.e., levoglucosan, formic acid, and acetic acid, neglecting the rest of the 

organics that contributed only a few percentage points to the total composition. The modeled 

PO extract solutions were ideal solutions (γ = 1) in a solute mole fraction range from 0.017 to 

0.03, and with experimentally determined freezing points in a range of -1.38 °C to -1.88 °C.   

The information on ideality of solution is one of the parameters used to explain the differences 

in ice crystallization kinetics formed from different solutions. Other parameters are the initial 

water content in feed solutions and the applied range of undercooling degrees. 

 

 

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0 0.03 0.06 0.09

γ,
 -

χ, -

Sucrose solution

ABE solution

[DBNH][OAc] solution

Ideal solution , (γ=1)

, (Paper 1)



21 
 

4. Kinetics of freeze crystallization 

The overview and comparison of ice crystallization kinetics and freeze crystallization 

separation efficiency for various aqueous solutions are presented in the following sections.  

4.1 Ice nucleation rate and overall crystal growth rate 

The nucleation rate of a single ice crystal was determined with the model proposed by Shirai 

et al. (96). Their model is based on the temperature response method. The temperature 

response method is the determination of the maximum temperature slope of the cooling curve 

part where a temperature change caused by the release of latent heat of crystallization is 

observed upon ice seeding. The information on determined nucleation rates with data 

obtained from batch suspension freeze crystallization is important for the design of a 

continuous crystallization process because the nucleation rate is inversely proportional to the 

residence time.  

 The nucleation per ice crystal, β, is expressed by the following equation:  

where ΔT is the undercooling degree, (dT/dt) max is the maximum slope of the temperature 

response curve, and µo
2 is the second moment of ice seed crystal distribution. In the equation, 

the term of second moment of ice seed crystal distribution is considered to be unity. Ice 

nucleation rate for various studied solutions in shown in Figure 9. 

 

𝜷[𝐬−𝟏] = 𝟓. 𝟗𝟑 ∙
(𝝁𝟐

𝟎)
𝟎.𝟎𝟐𝟕

∆𝑻[𝐊]
∙ (
𝒅𝑻[𝐊]

𝒅𝒕[𝐬]
)
𝒎𝒂𝒙

 

 

(1) 
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Figure 9. Nucleation rate per crystal for different aqueous solutions.  

 

In Figure 9, it is apparent that nucleation occurs the fastest for aqueous [DBNH][OAc] 

solutions, even though the solutions are non-ideal with attractive intermolecular forces. The 

reason is that [DBNH][OAc] solutions initially contained the highest amount of water, and the 

undercooling degree range applied, which is the driving force of freeze crystallization, was 

higher in comparison with the other solutions. The slowest ice nucleation is observed for PO 

extract solutions. For a similar range of undercooling degrees, nucleation occurred faster for 

ABE solutions in comparison with PO extract, although the initial water content was lower in 

the 3:8:1:88 and 10:17:2 ABEW solutions than in the 1:5 PO and 1:1 PO extracts, respectively. 

Therefore, in the case of continuous freeze crystallization, the shortest residence time and 

smaller crystallizer volume are needed for PO extract solutions followed by ABE solutions and 

aqueous [DBNH][OAc] solutions. 

The overall mass ice growth rate, RG,ice is determined based on the mass and surface area of 

ice crystals formed during a certain freezing time and is expressed by Equation (2): 

 

 

 

 

 

The overall ice growth rates as a function of applied undercooling degree are determined for 

ice samples formed from different aqueous solutions by means of suspension and layer freeze 

crystallization experiments. In Figure 10, the overall ice growth rates are shown for ice formed 

by suspension freeze crystallization.  
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Figure 10. Overall ice growth rates as a function of undercooling degrees for ice crystals obtained from different 
aqueous solutions by suspension freeze crystallization.  

The overall growth rates for different ice crystal samples were in the range of 10-5 - 10-3            

kg∙m-2∙s-1 for undercooling degrees in the range of 0.26-1.89 °C. Ice growth for 3:8:1:88 ABEW 

progressed the fastest at range of lower undercooling degrees and it is comparable with growth 

rates of ice crystals formed from 3 wt.% [DBNH][OAc] with higher undercooling degrees. 

However, the ice growth rates were the lowest for 10:17:2:71 ABEW in comparison with the 

growth rates related to other solutions. The 10:17:21:71 ABEW solution had the lowest initial 

water amount, and was a unique solution in comparison with the other solutions, because ice 

was formed in a two-liquid phase system, i.e., a 1-butanol phase and a water-enriched phase, 

which may affect the ice growth kinetics. Overall ice growth rates for 1:5 PO extract solution, 

as the most complex type of organic solution, changed more significantly at applied range of 

undercooling degrees. Ice growth from aqueous 1:1 PO extract solutions progressed at 

moderate rates, comparable with the 6 wt.% [DBNH][OAc] solutions for similar range of 

undercooling degrees.  

The ice growth rates of ice layers formed by layer freeze crystallization from aqueous sucrose 

and [DBNH][OAc] solutions are shown in Figure 11. 
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Figure 11. Overall ice growth rates as a function of undercooling degrees for ice crystals obtained from different 
aqueous solutions by layer freeze crystallization.  

The formation of ice layers from the aqueous sucrose and [DBNH][OAc] solutions occurred 

with very similar growth kinetics for a range of undercooling degrees from 0.76 °C to 2.35 °C. 

In Figure 11, there is very good correspondence between the initial water content and the 

overall ice growth rates. Hence, ice layer growth kinetics tend to increase with a higher initial 

water content. Even though the 23 wt.% solution has high viscosity and a significantly lower 

initial water content than the other solutions, its ice layer growth kinetics are comparable with 

the growth kinetics of other solutions, i.e., sucrose and [DBNH][OAc] solutions. First, the 

explanation for this phenomenon may lie in the nature of sucrose solutions, which are ideal 

with no drastic difference between the freezing points of 10 wt.% sucrose solution (-0.63 °C) 

and 23 wt.% sucrose solution (-1.78 °C); consequently undercooling as a driving force is 

comparable. Second, [DBNH][OAc] solutions have slightly faster growth kinetics with a much 

higher water content than 10 wt.% sucrose solution, because [DBNH][OAc] solutions are non-

ideal solutions with attractive intermolecular forces. 

4.2 Separation efficiency 

The efficiency of freeze crystallization applied as a concentration method for various aqueous 

solutions is determined by two parameters: ice yield and distribution coefficient. Freeze 

crystallization should result in relatively high production of ice with a high purity level (low 

concentration of impurities (solutes)). Therefore, ice yield, Y, is expressed as a percentage of 

the ratio of the masses of pure ice produced and initial water. Whereas the distribution 

coefficient, K, is related to ice purity and is the ratio of the concentration of impurities (solutes) 

in washed ice and the initial concentration of solutes present in the feed solution. 

The expressions for ice yield and distribution coefficient are given by Equations (2) and (3): 
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Ice yields related to different aqueous solutions are compared for freeze crystallization 

experiments performed with the same freezing times. Ice yields obtained from different 

aqueous solutions by suspension freeze crystallization for 60 and 80 minutes of freezing are 

shown in Figure 12. 

 

 

Figure 12. Ice yields obtained from various aqueous solutions by suspension freeze crystallization for freezing 
times of (a) 60 min and (b) 80 min.  

In Figure 12(a), it is apparent that ice yields obtained from both aqueous PO extracts and both 

types of [DBNH][OAc] solution for 60 minutes of freezing by suspension freeze crystallization 
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have the expected tendency to increase with a higher initial water content of solution when 

there is an increase in undercooling degrees. The aqueous PO extracts have the lower initial 

water contents yet the higher ice yields at similar undercooling degrees in comparison with 

[DBNH][OAc] solutions. Whereas ice yields obtained from synthetic ABE solutions and ABE 

fermentation broths for 80 minutes of freezing (Paper 3), as expected, depend on the feed 

water content, with average ice yields values of 12.6%, 55.3%, and 75.4% for 10:17:2:71 ABEW, 

3:8:1:88 ABEW, and ABE fermentation broth, respectively (Figure 12(b)). 

Ice yields for aqueous sucrose and [DBNH][OAc] ionic liquid solutions investigated by layer 

freeze crystallization for freezing times of 40 and 60 minutes are presented in Figure 13. 

 

 

Figure 13. Ice yields obtained from various aqueous solutions by layer freeze crystallization for freezing times of 
(a) 40 min and (b) 60 min.  

Based on Figure 13, the ice yields of ice layers formed from aqueous sucrose and [DBNH][OAc] 

solutions for 40 and 60 minutes of freezing have a common trend related to the initial water 
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content of the solution and the applied undercooling degree, similarly to what was observed 

and discussed in the case of suspension freeze crystallization.   

The distribution coefficients for ice formed from aqueous ABE solution, ABE fermentation 

broth, and 1:5 PO extract solutions by suspension freeze crystallization were very low, which 

is an indicator that the ice obtained was of high purity. The average distribution coefficient 

values for the above-mentioned solutions were in the order of 10-3 and less.  The concentration 

of impurities present in washed and melted ice samples was determined based on TOC 

analysis (Table 2) and the average TOC was in the range of 4.5 – 953 ppm. However, ice 

crystals obtained from 3 wt.% and 6 wt.% [DBNH][OAc] solutions had average distribution 

coefficient values of 0.26 and 0.23, respectively. The distribution coefficient values of 

[DBNH][OAc] solutions differ in comparison with other aqueous solutions because different 

analytical methods were used to analyze ice purity, and ice crystal samples of a similar mass 

were washed with less water in the case of the former solutions and consequently may have 

resulted in more impure ice samples. The average distribution coefficient values for the range 

of applied undercooling degrees (0.76 - 2.35 °C) for ice layers formed from aqueous sucrose 

and [DBNH][OAc] solutions are given in Figure 14. 

 

 

Figure 14. Average distribution coefficient for ice samples obtained from [DBNH][OAc] and sucrose solutions by 
layer freeze crystallization. 

Based on the distribution coefficient values, it can be concluded that solute molecules were 

entrapped between the ice grains of ice layers and the washing step only removed the mother 

liquor from the surface of the layer. According to boundary layer growth theory, molecules of 

solutes (impurities) diffuse toward the surrounding mother liquor during ice layer formation 

(98). However, this process can be hindered if the ice layer growth rates are relatively high. 

For [DBNH][OAc] solutions, the distribution coefficient values increased with faster layer 

growth kinetics, whereas for sucrose solutions the distribution coefficients were almost 
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constant for the range of ice growth rates (Paper 1, Paper 2). Moreover, based on Figure 14, 

the distribution coefficients for [DBNH][OAc] solutions are lower than for sucrose solutions, 

even though the growth of ice layers from [DBNH][OAc] solutions proceeded slightly faster 

over the range of undercooling degrees applied, as shown in Figure 11. This is due to the fact 

that sucrose molecules are most likely trapped between ice grains, as diffusion from the 

forming ice layer is more difficult due to the higher viscosity of the surrounding undercooled 

solution and the larger size of the sucrose molecules. 

4.3 Ice morphology  

It has been reported previously that the shape of ice grains depends on the solutes present in 

the aqueous solution (97). The optical microscope images of ice crystals formed from different 

aqueous solutions by suspension freeze crystallization are shown in Figure 15. The images 

were taken with an Olympus BH-2 optical microscope at a magnification of 1ox.  

 

 

Figure 15. Images of unwashed ice crystals produced by suspension freeze crystallization from (a) 8 wt.% 1-

butanol solution, (b) 3:8:1:88 ABEW solutions, (c) 1:5 PO extract, and (d) ABE fermentation broth 2 (magnification 

10 X, bar scale 1000 µm). 

Based on Figure 15, it is apparent that the ice crystals produced are quite large. Samples were 

not washed to reduce the time before optical microscope imaging at room temperature, as the 

ice samples melted easily. Even though, appropriate optical microscope parameters, such as 

magnification, were set   prior to ice sample imaging to reduce imagining time, the melting of 

the ice samples was inevitable which is apparent in Figure 15. Entrapped mother liquor 

between ice crystals and some inclusions can be observed. Crystals obtained from 8 wt.% 1-

butanol solution, 1:5 PO extract, and ABE fermentation broth are of comparable size, with 

some crystals as large as 1 mm. In the case of 3:8:1:88 ABEW, the crystals are smaller (≤ 0.5 

1000 µm 1000 µm 

1000 µm 1000 µm 



29 
 

mm) and mostly coin-shaped. The 3:8:1:88 ABEW solution has the highest concentration of 

organic compounds (total of 2.07 mol/kg(water) ABE solvents) in comparison with the ABE 

fermentation broth (0.466 mol/kg(water)), 8 wt.% 1-butanol solution (1.17∙10-3 

mol/kg(water)), and 1:5 PO extract (approx.1.15∙10-3 mol/kg(water)). Hence, the relatively 

smaller ice crystals obtained from the 3:8:1:88 ABEW solution in comparison with the ABE 

fermentation broths may be the result of its higher ABE solvent concentration and the absence 

of other organic and inorganic compounds characteristic of ABE fermentation broths. In 

comparison with the 8 wt.% 1-butanol solution, it is apparent that the differences in ice 

morphology and size are a result of the influence of the acetone and ethanol present in the 

3:8:1:88 ABEW solution. 
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5. CFD study on heat transfer  

The heat transfer phenomena inside a crystallizer equipped with a cold finger prior to seeding 

and ice crystallization were investigated by CDF analysis using COMSOL Multiphysics 

software. The created geometries of the crystallizer vessel and cold finger were based on the 

actual dimensions of the crystallizer used for the layer freeze crystallization experiments. The 

coolant temperature circulating through the crystallizer jacket was the same as the solution 

freezing point; the cold finger temperature was set at two different undercooling temperatures 

to obtain undercooling degrees of 0.85 °C and 1.85 °C. The model solutions were based on 10 

wt.%, 23 wt.%, and 30 wt.% sucrose solutions with corresponding thermophysical properties 

(density, viscosity, thermal conductivity, and specific heat transfer) that were defined in the 

model as temperature-dependent properties. The study obtained the temperature distribution 

of the solution when cooled down from 3 °C to its freezing point with certain undercooling 

degrees. In the case of stagnant aqueous solutions, heat is transferred via natural convection 

during the process of cooling down. The physical model used for CFD simulation was based 

on the integration of buoyancy-driven laminar flow and convective heat transfer (Publication 

2). The heat fluxes, qi, transferred through the surfaces of the jacketed crystallizer and cold 

finger from the cooling solution are given by Equation (4): 

 

where: Ui is the overall heat transfer coefficient related to the jacket/cold finger, T is the time-

dependent solution temperature, and Ti is the jacket/cold finger temperature. In Paper 2, 

equations and models were discussed for overall heat transfer coefficients that contained 

terms for the heat transfer coefficient of the coolant circulating through the jacket and cold 

finger. The overall heat transfer coefficient related to the cold finger was around six times 

higher than that for the crystallizer jacket.  This is a direct result of the lower heat transfer 

resistance of the cold finger element due to the high thermal conductivity of stainless steel 

(cold finger material) and the high heat transfer coefficient of the coolant circulating through 

the cold finger related to its flow geometry. The heat transfer coefficients for the cold finger 

and jacket coolants were determined based on Nusselt numbers, which depend on the flow 

geometry and coolant thermophysical properties.  Consequently, the coolant flow cross 

sections, annular for the cold finger and rectangular for the jacket, only affect the heat transfer 

coefficient, as the same type of coolant (ethylene glycol-water mixture) was used for both 

elements. A schematic representation of the coolant flow geometry for the crystallizer jacket 

and cold finger is shown in Figure 16. 

𝒒𝒊[𝐖 ∙ 𝐦−𝟐] = −𝑼𝒊[𝐖 ∙ 𝐦−𝟐𝐊−𝟏] ∙ (𝑻[𝐊] − 𝑻𝒊[𝐊]) 
(4) 
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Figure 16. Flow geometry of coolants circulating through crystallizer jacket and cold finger.  

The thermophysical properties of the aqueous sucrose solutions studied at their freezing 

points are given in Table 5. 

Table 5. Thermophysical properties of 10 wt.%, 23 wt.% and 30 wt.% sucrose solutions at their freezing points. 

Aqueous 

solution 

Freezing 

point, °C 

Dynamic 

viscosity, 

mPa∙s 

Density, 

kg∙m-3 

Thermal 

conductivity, 

W∙m-2K-1 

Specific heat 

capacity, 

J∙kg-1K-1 

10 wt.% 

sucrose 

-0.63 2.01 1041.6 0.545 3684 

23 wt.% 

sucrose 

-1.78 4.74 1098.4 0.498 3366.1 

30 wt.% 

sucrose 

-2.64 7.51 1131.85 0.476 3190.4 

 

A study was made of how heat transfer during the cooling of various solutions is influenced by 

the thermophysical properties of the sucrose solutions, investigated as well as by the different 

cooling temperature ranges set based on the freezing point. Hence, two studies of the cooling 

of sucrose solutions were conducted: when the solutions were cooled down to their freezing 

point, and when they were cooled down to -1 °C. In both cases the undercooling degree was 

0.85 °C. The temperatures obtained for the solutions as a function of time are shown in Figure 

17. 
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Figure 17. Cooling curves for aqueous sucrose solutions for 30 minutes of cooling (a) to solution freezing point (b) 
to -1°C with the same undercooling degree of 0.85 °C. 

Based on the modeled cooling curves (Figure 17(a)), when solutions are cooled down to their 
freezing point, cooling proceeds at a higher rate for solutions with a lower freezing point (more 
concentrated solution), because the cooling time (60 min) set for the CFD simulation was the 
same for all solutions. The first 30 minutes of the cooling are shown in Figure 17(a). Even 
though 30 wt. % sucrose solution cools faster than 23 wt.% and 10 wt.% sucrose solutions, it 
needed the longest time before its temperature reached freezing point and the solution became 
undercooled (supersaturated), as described in Publication 2. Therefore, when the solutions 
were cooled down in the same cooling range (from +3 to -1 °C) for 30 minutes, the differences 
in cooling kinetics were purely the result of their thermophysical properties (Figure 17(b)). 
The colored graphs of overall temperature distributions for sucrose solutions at their 
respective points of cooling when they became undercooled are shown in Figure 18.  

 

Figure 18. Temperature distribution for (a) 10 wt.% sucrose at the 36th minute, (b) 23 wt.% sucrose at the 47th 
minute and (c) 30 wt.% sucrose at the 50th minute of cooling for undercooling degree of 0.85 °C. 

23 wt.% and 30 wt.% sucrose solutions needs 11 and 14 minutes more of cooling to became 

undercooled (supersaturated) when compared with 10 wt.% sucrose solution for undercooling 

degree of 0.85 °C. The convective heat transfer coefficient, h, for different solutions is 

determined as a time-dependent parameter based on the heat fluxes and temperature 

differences between the solution bulk temperature and cooling surface temperature.  
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Figure 19. Convective heat transfer coefficients for solutions at cold finger surface, undercooling of 0.85 °C. 

The convective heat transfer coefficients are significantly higher for 10 wt.% sucrose solution 

than for 23 wt.% and 30 wt.% sucrose solutions. Therefore, heat transfer caused by natural 

convection is more intensive for solution of lower density. In general, the convective heat 

transfer coefficient decreases notable as the difference between bulk temperature and cold 

finger temperature gets smaller and solution become undercooled. 

Temperature distribution curves of aqueous sucrose solutions along vertical central axis, z, for 

30 minutes of cooling and undercooling degree of 0.85 °C are shown in Figure 20. 

 

 

Figure 20. (a) Temperature distribution along vertical axis for sucrose solution for 30 minutes of cooling and 
undercooling of 0.85°C and (b) position of vertical central axis – z inside crystallizer equipped with cold finger. 

For the crystallizer region that occupies volume under cold finger towards the bottom of 

crystallizer, along the vertical central axis, 10 wt.% sucrose and 23 wt.% sucrose solution are 

fully undercooled. 30 wt.% sucrose solution is not undercooled just in narrow region, approx. 

at distance of 7 mm from the bottom of the crystallizer.  More comprehensive studies on 
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temperature distribution and thermal boundary layer for undercooling degrees of 0.85 °C and 

1.85 °C are presented in Paper 2.   
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6. 1 – butanol separation from synthetic ABE 
solutions 

The separation of 1-butanol from aqueous ABE solutions (3:8:1:88, 6:16:2:76, and 10:17:2:71 

ABEW, (mass based)) was enabled by suspension freeze crystallization, because 1- butanol is 

sparingly soluble in water (84, 85). The formation of the 1-butanol-enriched phase occurred 

as 1-butanol solubility decreased in aqueous ABE solution because the solution became more 

concentrated, with water removed in the form of ice crystals generated during suspension 

freeze crystallization.  

At room temperature, the prepared feed solutions, 3:8:1:88 and 10:17:2:71 ABEW, were 

homogenous one-liquid phase solutions. However, the 6:16:2:76 ABEW feed solution 

consisted of two liquid phases: a water-enriched phase and a 1-butanol-enriched phase. It was 

determined that the 1-butanol enriched phase comprised 12 % of the 6:16:2:76 ABEW feed 

solution that consisted of two liquid phases. 

The suspension freeze crystallization experiments were performed for certain ranges of 

undercooling degrees: 0.39 °C – 1.15 °C for 3:8:1:88 ABEW, 0.26 °C – 0.84 °C for 6:16:2:76 

ABEW, and 0.35 °C – 0.78 °C for 10:17:2:71 ABEW. The suspension freeze crystallization of 

the ABE solutions and 1-butanol phase formation and separation from the mother liquor are 

shown in Figure 21. 

 

 

Figure 21. 1-butanol separation from synthetic ABE solutions. 

During cooling in the suspension freeze crystallizer prior to ice seeding, it was noticeable that 

a 1-butanol enriched phase started to form and to increase in quantity in the case of the 



36 
 

10:17:2:71 ABEW and 6:16:2:76 ABEW solutions, respectively (Paper 3). This phenomenon 

was not observed during the freeze crystallization of 3:8:1:88 ABEW, because a smaller 

amount of 1-butanol enriched phase was formed, which was on average 2 grams for the applied 

range of undercooling degrees. However, after freeze crystallization and ice removal, the 1-

butanol phase formed from the mother liquor inside the enclosed separatory funnel. 

The 1-butanol yield is expressed as the percentage ratio of the masses of separated 1-butanol 

in the form of a butanol-enriched phase and 1-butanol in the feed ABE solution. It was 

observed that, as expected, 1-butanol yields increased with the higher undercooling degrees 

applied for the suspension freeze crystallization experiments because more water in the form 

of ice crystals was removed (Paper 3).  The average yields and purities of 1-butanol separated 

from 3:8:1:88, 6:16:2:76, and 10:17:2:71 ABEW solutions for the ranges of undercooling 

degrees applied are given in Figure 22.  

 

Figure 22. Average 1-butanol yield (mass of 1-butanol in 1-butanol enriched fraction/initial mass of 1-butanol) and 
1-butanol content in 1-butanol liquid phase separated from synthetic ABE solutions.  

The average 1-butanol yields obtained from different solutions increased in order, from 

3:8:1:88 ABEW to 6:16:2:76 ABEW. The reasons for this are the higher initial amount of 1-

butanol in the 6:16:2:76 ABEW and 10:17:2:71 ABEW feed solutions in comparison with 

3:8:1:88 ABEW, and the lower solubility of 1-butanol in the former solutions in comparison 

with 3:8:1:88 ABEW. The average purities of separated 1-butanol were in the range of 84.8% 

to 94.9%. Based on gas chromatography analysis, it was determined that the 1-butanol 

separated from 3:8:1:88 ABEW, 6:16:2:76 ABEW, and 10:17:2:71 ABEW solutions contained 

mostly water as an impurity and 0.11 wt.%, 0.27 wt.%, and 0.35 wt.% combined acetone and 

ethanol impurities, respectively.  

After the 1-butanol separation, water-enriched phases were analyzed to determine the 

concentration of butanol and other solvents remaining in the water phases. The concentration 

factor was expressed as a ratio of the 1-butanol concentration in the water-enriched phase and 

1-butanol in the feed ABE solution. The average concentration factor values for 1-butanol for 

3:8:1:88, 6:16:2:76, and 10:17:2:71 ABEW solutions are shown in Figure 23.  
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Figure 23. Average 1-butanol concentration factors (mass fraction of 1-butanol in water-enriched fraction / initial 
mass fraction of 1-butanol) for synthetic ABE solutions.  

In Figure 23 it is apparent that 1-butanol was concentrated in the remaining water-enriched 

phase formed in the two-liquid phase system. However, the acetone present in the water-

enriched phase had a lower concentration than in the feed ABE solutions because of its low 

vapor pressure and loss during the separation of ice crystals and liquid phases after freeze 

crystallization. On average, the relative loss of acetone varied from 8.4% to 33.3% and to 40.7% 

for 10:17:2:71 ABEW, 6:16:2:76 ABEW, and 3:8:1:88 ABEW solutions, respectively.  In the 

case of ethanol, no clear conclusion can be made regarding whether it was concentrated or 

diluted in the water-enriched phase because both phenomena were present, depending on the 

samples. Therefore, in water-enriched phases separated from 10:17:2:71 ABEW solutions, the 

ethanol was concentrated with an average concentration factor of 1.35.  However, the ethanol 

loss in water-enriched phase samples was on average 13.7 % and 17.7 % for 3:8:1:88 ABEW 

and 6:16:2:76 ABEW solutions, respectively. 
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7. Levoglucosan recovery from pyrolysis oil 

Levoglucosan is an anhydrous sugar formed from cellulose during its thermal decomposition. 

Hence, it is produced via the pyrolysis of cellulosic and lignocellulosic materials (86-89). In 

nature, it is generated during forest fires (90, 91). Levoglucosan can be applied as a platform 

molecule for the synthesis of biopolymers and drugs or converted to other high-value 

chemicals, such as levoglucosenone and glucose, which are further used in drug and fuel 

production, respectively (92-95).  

In this work, levoglucosan was recovered from supersaturated aqueous pyrolysis oil extract 

solution by cooling crystallization. Levoglucosan solubility in synthetic aqueous solutions and 

the concentrations of organic acids (formic and acetic), like their concentrations in aqueous 

pyrolysis extract, were determined at temperatures of 25 °C and 50 °C. The solubility test 

procedure and experimental procedure for crystallization from solution by cooling are 

explained in Publication 4. 

The levoglucosan solubility in synthetic solutions was 153 g/100 g (solvents) and 203 g/100 g 

(solvents) at 25 °C and 50 °C, respectively. Levoglucosan solubility in synthetic solutions due 

to the presence of organic acids was reduced to approx. 67% at a temperature of 50 °C in 

comparison with levoglucosan solubility in pure water. However, this difference between the 

above-mentioned solutions was insignificant at 25 °C.  The supersaturated solution, prepared 

by adding commercial levoglucosan to 1:1 pyrolysis oil extract, was fed into a reactor and 

cooled from 35 °C to 5 °C at two different cooling rates, i.e., 0.5 K/min and 0.8 K/min. 

Levoglucosan seed crystals of approximately 40 mg were added to the supersaturated PO 

extract when it reached 30 °C. After 60 minutes of aging time, the levoglucosan crystals were 

separated from the mother liquor, washed with ethyl acetate, and dried in a vacuum oven.  

During the washing, it was observed that levoglucosan crystals tend to agglomerate. The 

average levoglucosan recovery rate, determined as the percentage ratio of the masses of dried 

recovered levoglucosan and levoglucosan in the supersaturated 1:1 PO extract feed, was 24%. 

Samples of dried levoglucosan crystals are shown in Figure 24. 
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Figure 24. Levoglucosan crystals obtained from supersaturated 1:1 pyrolysis oil extract with cooling rates of 0.5 
K/min and 0.8 K/min.  

The particle size distributions (PSD) of levoglucosan crystals were measured by Malvern 

Particle sizer. Shape and morphology of the samples, and the phase transition were 

investigated by means of SEM, XRD and DSC analyses.  

The typical SEM image of levoglucosan sample formed with cooling rate of 0.8 K/m is shown 

in Figure 25. 

 

 
 

Figure 25. SEM images of levoglucosan crystals produced with cooling rate of 0.8 K/min captured at (a) 30 L and 
(b) 50 L.   

Rod-shaped levoglucosan crystals with an average size of 846.5 µm were recovered from the 

supersaturated 1:1 PO extract. Agglomeration of smaller particles was detected based on PSD 

measurements. The sharp and intense crystalline peak appeared at 2θ of 18°. PSD curves and 

XRD patterns of recovered samples are included in Paper 4. The phase transitions of 

commercial levoglucosan and levoglucosan recovered with cooling rates of 0.5 K/min and 0.8 

K/min are shown on DSC thermograms in Figure 26.  

 

0.5 K/min 0.8 K/min 

(a) (b) 
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Figure 26. DSC curves of commercial and obtained levoglucosan crystals by cooling rates of 0.5 K/min and 0.8 
K/min in batch cooling crystallization experiments. 

For levoglucosan samples, two melting peaks were observed upon heating on the DSC 

thermograms. The first phase transition occurred at 180±1 °C. At this temperature, 

levoglucosan crystal transitions into unstable form, i.e., plastic crystal, before it melts at 

115.2±0.03 °C which corresponds to the second observed melting peak (Paper 4). Similar 

phase transitions of crystalline levoglucosan have been reported previously by Tombari et al. 

(98). 
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8. Summary 

The main objective of this doctoral thesis was the development and application of a 

concentration method based on the freeze crystallization methods of layer and suspension 

crystallization for aqueous solutions related to the biorefinery field. The motivation was to 

potentially replace evaporative-based separation methods and henceforth reduce energy 

consumption by up to seven times in cases when water is removed in the form of ice rather 

than vapor. Moreover, water removal from multi-component solutions is a necessary step in 

biorefinery downstream processing. It hinders undesirable chemical reactions between 

solution compounds, which is typical for pyrolysis oil (etherification, esterification) and ionic 

liquid solutions (hydrolysis) and facilitates the separation of valuable biochemicals from 

concentrated solutions in combination with other separation methods. Concentrations of 

various biorefinery process solutions: ABE fermentation broths, aqueous PO extracts, and 

[DBNH][OAc], were experimentally investigated using suspension freeze crystallization. 

Experimental studies on layer freeze crystallization were conducted for aqueous 

[DBNH][OAc] solutions and aqueous sucrose solutions. In the modeling part, the focus was 

on a numerical study performed by CFD analysis of heat transfer during the cooling stages of 

sucrose solutions inside a crystallizer equipped with a cold finger. A summary of the 

observations and results obtained is given in the following text. 

The solid-liquid equilibria of a binary [DBNH][OAc] IL water compound system were 

investigated by DSC, whereas the freezing points of various aqueous solutions mentioned 

above were determined by suspension freeze crystallization initiated by ice seeding. Based on 

the binary [DBNH][OAc] IL-water phase diagram, crystallization could be developed for 

[DBNH][OAc] IL-water solutions from a water-enriched region. The corresponding freezing 

points of aqueous 3 wt.% and 6 wt.% [DBNH][OAc] obtained by both DSC and SFC were 

slightly different because the ice crystallization kinetics for spontaneous ice crystallization 

(DSC) and seeded ice crystallization (SFC) differ. The obtained freezing points of various 

aqueous solutions were in the range from -0.56 °C to -7.51 °C. The as-obtained freezing point 

values were not so much below zero, therefore freeze crystallization is considered to be a 

feasible concentration method. Aqueous sucrose, ABE solutions, and the modeled PO solution 

(neglecting minor compounds) were ideal solutions, whereas [DBNH][OAc] was a non-ideal 

solution based on the activity coefficients of water determined with the Van’t Hoff equation.  

Ice crystallization kinetic investigations were divided into studies on nucleation rate per single 

crystal and studies on the overall crystal growth rate. The initial amount of water in the 

solution and applied subcooling degree had a major effect on the nucleation rates. For an 
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undercooling range of 0.31-1.87 °C, the nucleation rate per single ice crystal increased for 

aqueous solutions in the following order: PO extract solutions, ABE solutions, and 

[DBNH][OAc] solutions. Even though the [DBNH][OAc] solution was non-ideal with 

attractive intermolecular forces, it had the fastest ice nucleation kinetics because the initial 

water content and undercooling degrees applied were the highest. The overall mass crystal 

growth rates for different solutions studied with suspension freeze crystallization at an 

undercooling range of 0.26-1.89 °C had a magnitude of order between 10-5 and 10-3. For the 

same type of feed solution (either ABE, PO, [DBNH][OAc]) but with different concentrations, 

the growth rate depended on the initial amount of water. For different types of solutions, it 

was observed that solution ideality noticeably  affected the ice growth kinetics in relation to 

suspension freeze crystallization. The ice growth for an ideal 3:8:1:88 ABEW solution 

proceeded with faster trends in comparison with the ice growth for non-ideal [DBNH][OAc] 

solutions, even though the undercooling and water amounts were higher in the latter case. 

Undercooling had the biggest impact on the ice growth kinetics of PO extracts, e.g., overall ice 

growth rates for the 1:5 PO extract significantly increased when undercooling was higher.  The 

overall growth rates of ice layers formed from [DBNH][OAc] and sucrose solutions were 10-4 

and 10-3 for an undercooling range of 0.76 - 2.35 °C, respectively. The overall growth rates of 

ice layers were clearly dependent on the solution ideality and initial water concentration. 

Therefore, the ice layers for ideal and more concentrated sucrose solutions formed with 

slightly slower kinetics than for non-ideal, more dilute [DBNH][OAc] solutions.  

Based on the determined ice yield and distribution coefficient, the SFC method could be 

considered to be an efficient concentration method. The ice yield (which in general increased 

for higher undercooling degrees) obtained with SFC for 60 minutes of freezing has a maximum 

value of 68% (undercooling degree 1.26 °C) for the 1:5 PO extract and 35.6% (1.87 °C) for the 

[DBNH][OAc] solution. Even though the PO extract solutions were less concentrated and the 

undercooling degree was lower, they had higher yields than [DBNH][OAc]. The model PO 

extract was an ideal solution, but the interactions of all components in such a complex system 

as PO extract may explain this phenomenon. Ice yields obtained for 80 minutes of freezing 

from ABE fermentation broths and synthetic ABE solutions (3:8:1:88 ABEW, 10:17:2:71 

ABEW) increased because of the higher initial water amount. Therefore, a maximum yield of 

86.7% (undercooling degree of 1.07 °C) for ABE fermentation broth, and 21.5% (for an 

undercooling degree of 0.78 °C) was achieved. The washed ice crystals were pure with a 

distribution coefficient value of 0 for the ABE fermentation broths, ABE solutions, and PO 

extracts and very pure (0.26) for the [DBNH][OAc] solutions.  Yields obtained with layer 

freeze crystallization for 60 minutes of freezing were up to 7.15% and 5.8% for the 

[DBNH][OAc] and sucrose solutions, respectively. The average distribution coefficients were 

up to 0.38 and 0.62 for the above-mentioned solutions. Ice yields and related purities to 

produce ice crystals with LFC were lower than with SFC. First, the yields were lower because 

of the much smaller cooling surface area available for LFC. The purities were lower because 

solute molecules were trapped between the ice grains.  

The influence on the thermophysical properties of the solutions on the cooling stage inside the 

crystallizer with a cold finger was investigated by CFD for model 10 wt.%, 23 wt.%, and 30 

wt.% sucrose solutions. Based on the obtained temperature distribution and convective heat 

transfer coefficients, undercooling was achieved fastest for the 10 wt.%, followed by 23 wt. %, 

and 30 wt.% solutions. 
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1-butanol was separated from the synthetic ABE solutions due to its reduced solubility when 

water is removed by suspension freezing crystallization. Average cumulative yields of 

separated 1-butanol were 9.6%, (for 3:8:1:88 ABEW), 22.5% (for 10:17:2:71 ABEW), and 59.5% 

(for 6:16.2:76 ABEW) with purities in the range from 84.8% to 94.9%. Levoglucosan crystals, 

obtained by cooling crystallization from supersaturated 1:5 PO extract solutions were rod-

shaped with a tendency to agglomerate during washing.  

 

Some considerations for future studies are discussed below: 

 

• Freeze crystallization studies could be considered as a potential concentration method 

for aqueous [DBNH][OAc] solutions taken from industrial stream.  

• It was noticed that freeze crystallization for ABE solutions occurs spontaneously, and 

a lower range of undercooling degrees was applied than for other solutions to prevent 

this phenomenon. More comprehensive studies on the metastability zone could be 

conducted to obtain an even better understanding of the nucleation kinetics of various 

solutions. 

• LFC is usually applied for viscous solutions, so a CFD heat transfer study could be 

integrated with a mass transfer study and simulation of ice crystallization. 

• Biorefinery process solutions, ABE fermentation broths, and PO extracts with a higher 

initial concentration of target biochemicals could be tested. Otherwise, FC should be 

integrated with other separation technologies as a pre- or post- step method in order 

to separate target biochemicals. One possible option could be to integrate FC with 

antisolvent crystallization. Appropriate selection of antisolvents would reduce 

levoglucosan solubility.  
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