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Freeze crystallization (FC) is an energy efficient purification process employed to get 

the high product purity. During FC solvent freezes out and left concentrate behind. This 

characteristic of freeze crystallization makes it potential contender for wastewater 

purification. It reclaims both water and other constituent simultaneously in a single 

purification stage.  

In this research, the functioning of designed novel scraped surface freeze crystallizer 

was investigated. Experiments were made at 120 L batches with different streams. The 

presence of agitator and scraper in crystallizer hindered ice scale formation. The 

efficiency of the pilot-scale crystallizer was tested using sodium chloride solutions and 

landfill leachate. The purification efficiency calculations were based on amount of 

impurities found in produced ice and initial feed solution, e.g. landfill leachate. The 

average purification efficiency of 97% was achieved. In addition, recommendations to 

further development of the process are given.   

 

 



 
 

 
 

ACKNOWLEDGEMENTS 

I would like to thank Professor Mika Mänttäri for his kind support and valuable advice 

throughout this research. Also, I like to thank the Department of Separation and 

Purification Technology for supporting me throughout my study. My honest thanks to 

Business Finland to support my work financially. 

I would like to acknowledge and appreciate the contributions of Miia John for 

generating the theme of research and sorting out the difficulties we had during 

experimentation and her moral support throughout the research. Her valuable 

feedback and supervision were huge source of help to accomplish the goals of this 

research. 

This research was accomplished in the Thermal Unit Operations research group at 

Lappeenranta – Lahti University of Technology in the Laboratory of Crystallization. I 

am thankful to all staff specially my sincere gratitude to Tuomas Nevalainen for his 

assistance in the startup of experimental setup. I would also like to thank Emil Kurvinen 

for consistent follow up and active participation. 

I am grateful to my parents who supported me during this journey at the Lappeenranta 

– Lahti University of Technology. I would also like to extend my gratitude to my dear 

friend and mentor Dr. Mehdi Hasan Niloy for his support during this work. 

 

Muhammad Ahsan Saeed 

October 6th, 2019 

Lappeenranta, Finland 

 

 

 

 

 

 

 

 



 
 

 
 

TABLE OF CONTENTS 

 

 

1. INTRODUCTION .............................................................................................. 10 

1.1 Background ............................................................................................... 10 

1.2 Research Objective and Questions ........................................................... 11 

1.3 Research Structure ................................................................................... 12 

2. LITERATURE REVIEW .................................................................................... 13 

2.1 Wastewater – Global statistics and concerns ................................................. 13 

2.2 Crystallization ................................................................................................. 16 

2.3 Freeze Crystallization ..................................................................................... 19 

2.3.1 Basic Concept and Theory ....................................................................... 21 

2.3.2 Classification ........................................................................................... 22 

2.4 Crystal Growth Kinetics – Freeze Crystallization ............................................ 22 

2.4.1 Ice Growth ............................................................................................... 23 

2.4.2 Ice scaling ............................................................................................... 25 

2.4.3 Heat transfer ............................................................................................ 27 

2.5 Batch crystallization – Process variables ........................................................ 28 

2.5.1 Agitation .................................................................................................. 29 

2.5.2 Residence time ........................................................................................ 29 

2.5.3 Temperature difference (∆T) .................................................................... 29 

2.6 Findings from previous research work ............................................................ 30 

3. MATERIALS AND METHODS ......................................................................... 33 

3.1 Experimental Design ................................................................................. 33 

3.1.1 Operating Conditions .......................................................................... 34 

3.2 Experimental Setup ................................................................................... 34 

3.2.1 Equipment .......................................................................................... 34 

3.2.2 Measurement ..................................................................................... 37 

3.2.4 Laboratory analysis and Calculations ................................................. 38 

3.3 Experimental procedure ............................................................................ 39 

4. EXPERIMENTAL PHASE ................................................................................ 40 

4.1 Functional Testing of Prototype ................................................................. 40 

4.1.1 Operation parameter estimation............................................................... 40 

4.1.2 Experiments and observations ................................................................. 42 

4.1.3 Results and discussion ............................................................................ 42 



 
 

 
 

4.2 Experiments with model solution (NaCl%) ................................................. 43 

4.2.1 Selected solute composition and properties ............................................. 43 

4.2.2 Operation parameter estimation ......................................................... 44 

4.2.3 Experiments and observations ........................................................... 45 

4.2.4 Result and discussion......................................................................... 46 

4.3 Experiments with real wastewater (landfill leachate) .................................. 49 

4.3.1 Wastewater (landfill leachate) .................................................................. 49 

4.3.2 Operational parameter estimation ...................................................... 50 

4.3.3 Experiments and observations ................................................................. 51 

4.3.4 Result and discussion......................................................................... 51 

5. RESULT AND DISCUSSION ........................................................................... 55 

5.1 The functionality of Equipment – Scraped Surface Crystallizer .................. 55 

5.2 Purification efficiency ................................................................................. 57 

5.3 Production efficiency ................................................................................. 60 

6. CONCLUSION ................................................................................................. 61 

6.1 Future prospect of research ....................................................................... 62 

7. SUMMARY ....................................................................................................... 63 

REFERENCES ........................................................................................................ 64 

APPENDICES ......................................................................................................... 70 

APPENDIX I: Measured value of electrical conductivities for model solution experiment 

APPENDIX II: Measured values of analyzed indicator for landfill leachate 

APPENDIX III: Measured values of indicators for washing impact. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 

LIST OF FIGURES 

 

Figure 1 - Brief overview of each phase of research. ............................................... 12 

Figure 2 - Broad view of wastewater collection & disposal modified from (Rodriguez, 

2018) ....................................................................................................................... 14 

Figure 3 - Schematic - Nucleation & Crystal Growth (Mattler Toledo, 2019) ............ 17 

Figure 4 - Crystal growth rate against Nucleation rate w.r.t time (SYRRIS Ltd., 2018)

 ................................................................................................................................ 18 

Figure 5 - Key aspects of Crystallization Process adopted (Vedantam & Ranade, 

2013) ....................................................................................................................... 18 

Figure 6 - Freeze Crystallization Process Flow (Cool Separations, 2018) ................ 19 

Figure 7 - a) Desalination of Seawater through FC (Xie, et al., 2014) b) Metal 

recovery from mine wastewater by FC (Melak, et al., 2017). ................................... 20 

Figure 8 - Two-Component Phase Diagram adopted from (Hasan, 2016) ............... 21 

Figure 9 - Solution Freezing Profile Modified from (Hasan, 2016) ............................ 23 

Figure 10 - Ice layer growth on Cooled surface (Myerson & Ginde, 2002) ............... 24 

Figure 11 - (a) Temperature profile promoting scale formation (Qin, Chen & Russell, 

2003) (b) scale formation during EFC (Pronk, 2006) ................................................ 26 

Figure 12 - Design of Cooled Disk Column Crystallizer (CDCC) (Ven der Ham, 1999)

 ................................................................................................................................ 31 

Figure 13 - Cross section of Scraped cooled wall crystallizer (SCWC) (Vaessen, et 

al., 2003) ................................................................................................................. 32 

Figure 14 - Schematic of Freeze crystallization process .......................................... 33 

Figure 15 - a) Prototype Scraped Surface Crystallizer b) Cooling unit used for this 

research. ................................................................................................................. 34 

Figure 16 – a) Crystallizer with an Indirect cooling approach b) Agitator and Scraper 

assembly of the crystallizer. ..................................................................................... 35 

Figure 17 - Experimental Setup – P & ID ................................................................. 36 

Figure 18 - Solubility of NaCl in water at different temperatures °C. ........................ 43 

Figure 19 - Temperature data against each NaCl wt. % i.e., cooling curves ............ 46 

Figure 20 – Purification efficiencies for washed ice sample; NaCl wt. %. ................. 46 

Figure 21 - Purification efficiencies for unwashed ice sample; NaCl wt. %. .............. 47 

Figure 22 – Electrical conductivities, EC (mS/cm) of solutions before and after 

freezing process with different NaCl tests. ............................................................... 47 



 
 

 
 

Figure 23 - Purification efficiencies of washed ice samples analyzed for each indictor

 ................................................................................................................................ 52 

Figure 24 – Purification efficiencies of unwashed ice samples analyzed for each 

indictor. .................................................................................................................... 53 

Figure 25 - Purification efficiencies after ice samples washing cycles ...................... 53 

 

 

 

 

 

LIST OF TABLES 

 

Table 1 - Details of analyzed indicators ............................................................................. 38 

Table 2 - Experimental observation of functional testing ................................................ 42 

Table 3 - Electrical conductivities for concentrations of NaCl (wt.%) ............................ 44 

Table 4 - Freezing point depression (FPD) for concentrations of NaCl (wt. %) .......... 44 

Table 5 - Experimental observations of NaCl (wt.%) model solution. ........................... 45 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

LISTS OF SYMBOLS AND ABBREVATIONS 

 

LIST OF SYMBOLS 

 

Cice Concentration of impurities in ice (wt.%, mg L-1) 

Cp Specific heat capacity (J kg-1 K-1) 

Cw. water Concentration of impurities in wastewater (wt.%, mg L-1) 

di Inner diameter of crystallizer wall (m) 

do Outer diameter of crystallizer wall (m) 

E Purification Efficiency (%) 

hcool Heat transfer coefficient of coolant (W m-2 K-1) 

hfeed Heat transfer coefficient of feed (W m-2 K-1) 

Kg Thermal conductivity of construction material (W m-1 K-1) 

ṁ Mass flow rate (kg s-1)  

Mfeed Mass of feed (kg) 

Qcool Heat transfer rate – coolant (W m-2 K-1) 

Qfeed Heat transfer rate – feed (W m-2 K-1) 

Qice Heat transfer rate – ice (W m-2 K-1) 

Qloss Heat transfer rate – loss (W m-2 K-1) 

∆T Temperature difference (°C, K) 

Tcool Coolant temperature (°C, K) 

Tref Refrigerant temperature (°C, K) 

U Overall heat transfer coefficient (W m-2 K-1) 

 

 

 

 



 
 

 
 

LIST OF ABBREVIATION 

 

ASP Activated sludge process 

CDCC Cooled Disk Column Crystallizer 

CFD Computational fluid dynamics 

COD Chemical oxygen demand 

CSD Crystal size distribution 

EEC European Economic Community 

EFC Eutectic freeze crystallization 

EPA Environmental Protection Agency 

EU European Union 

FC Freeze crystallization 

FPD Freezing point depression 

GPD Gallons per day 

IFAS Integrated fixed film activated sludge 

KSA Kingdom of Saudi Arabia 

MMBR Moving bed biofilm reactor 

MSZW Metastable zone width 

RO Reverse Osmosis 

SCWC Scraped Cooled Wall Crystallizer 

TSS Total Suspended Solids 

UAE United Arab Emirates 

USA United States of America 

 

 

 



 
 

10 
 

1. INTRODUCTION 

 

1.1 Background  

 

Water is a vital resource on the earth, which is in crises nowadays because of the 

mismanagement of available water resources. About 88.7 % of the earth's surface 

covered with water is salty, and ice glaciers account for two-third of freshwater, which 

only left 0.9 % water accessible (United Nation Enivronment, 2007). Besides 

groundwater, rivers and lakes are other freshwater resources that are enough for 

human supplies by the natural reclamation mechanism of the water cycle. Water 

demand exceeded than supply in the last decade with the unexpected rise in the world 

population. It not only imbalances nature but the detrimental human activities lead 

reduction of the forest, deterioration of the environment, and water quality. The 

industrial discharge not only affecting the quality of surface and groundwater but also 

leading resource scarcity.  

The world’s total energy demand is also facing a similar crisis trend.  Both energy and 

water are interdependent, i.e., change in one factor affects others. To meet current 

energy demand, it requires more processing of fossil and nuclear resources, which 

eventually contaminate water reserves significantly. Besides, mining operations for 

metals extraction use different acids, which also ends up in hazardous effluent. Mines 

waste varies with the type of metal ion dissolved in the discharge stream, some pose 

the risk of groundwater contamination, or some effects surface water quality.  

Therefore, it is essential to treat wastewater generated from any industrial activity 

before its dispersion in the environment. In purification processes, the separation 

method plays a crucial role in efficient contaminant removal. It may come costly 

because of equipment and energy. For any process, equipment accounts for more 

than half of the total cost and rest belong to the energy required for separation. 

Numerous separation processes are available for purification, but most of the 

techniques involve high energy requirement or chemical utilization. Different physical-

chemical separation methods exploited for wastewater purification in the recent 

decade, i.e., membrane filtration, precipitation through chemical addition, evaporation, 

adsorption, and electrochemical treatment. However, drawbacks associated with each 

separation method limit its selectivity, e.g., efficiency enhancement of multistage 

evaporation for aqueous or diluted stream demands enormous energy. Therefore, the 
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appropriate purification technique required, which enables efficient separation based 

on constituent type, level of concentration, and wastewater source. 

Freeze crystallization (FC) considered as well renowned separation and purification 

technique in the chemical and pharmaceutical industries. FC could be the best possible 

solution to treat dilute, and bulk volume wastewater streams in comparison to 

conventional methods. It operates on a simple mechanism where water turns into ice 

crystals at (0°C or below) and separates itself from the impurities. This novelty of the 

FC process enables an ecological and economically sustainable way to treat large 

quantities of wastewater. Besides energy efficiency, it also offers a high purity level of 

the desired product and good separation. 

 

1.2 Research Objective and Questions 
 

It has always been a custom that humankind adopts natural phenomenon and 

establish some hypothesis which follows experimentation for the proof of concept 

(POC). In the same way, natural freezing of wastewater during cold weather (< 0 °C) 

uncovered another domain of research for wastewater purification. The ice layer 

formed by natural freezing has high purity. Similar phenomenon adopted and 

restructured with process auxiliaries. A scraped surface crystallizer designed for 

wastewater purification. 

The main objective of this research is to set up an experimentation approach to validate 

the concept of wastewater purification and to study the effect of process parameters, 

i.e., time, temperature, and agitation on the overall operational and purification 

efficiency. This research work comprises two different aspects. The first one is the ice 

crystals formation and collection from freeze crystallization experiments with different 

feed streams, i.e., water, salt solutions, and landfill wastewater. The second aspect 

covers the purity estimation of collected ice crystal samples through the quantification 

of different water quality indicators. Common water quality indicators, such as color 

(PtCo), turbidity (FTU), COD (mg/L), pH, and electrical conductivity (mS/cm) were 

analyzed. 

This study answers the following questions, which may arise before progressing in 

research. 

• How can we treat a massive volume of dilute wastewater before its disposal? 

• What are the other treatment methods currently employed for 

treatment/recovery? 
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• How freeze crystallization enables high purification at low energy 

consumption? 

The purpose of this research focuses on the application of the scraped surface 

crystallizer on a diverse range of feed streams for the recovery of water or valuable 

salt content with higher purity. In addition to high purity, improvement of the operational 

efficiency of the prototype is another motivation of this research.  

 

1.3  Research Structure  
 

This research follows general research methodology. It starts with the definition of 

objective and ends at the conclusion made based on the results achieved from the 

experiments and literature sources. The brief overview of each phase is explained in 

Figure 1.   

 

Figure 1 - Brief overview of each phase of research. 

Introduction

• Research background and motivation.

Literature 
Review

• Concept of freeze crystallization and its application towards
wastewater purification. Highlighted the importance of wastewater
purification by global statistics and concerns.

• Kinetics of crystallization and freeze crystallization to study the
mechanism involved in crystal formation from dilute feed streams.

Material & 
Method

• Equipment (scraped surface crystallizer) utilized for the purification
of provided streams.

• Formation and collection of ice crystals to estimate purification
efficiency of equpiment and FC process.

Results & 
Discussion

• Results for product purity based on the results generated from the
quauntification of water quality indicators i.e. chemical oxygen
demand (COD), color, turbidity and electrical conductivity etc.

Conclusion

• Conclusive remarks on the basis of purity data generated from
experiments whether equipment is feasible for the dilute
wastewater steams available in bulk quantity or not ,and future
prospect of this research.
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2. LITERATURE REVIEW 

 

The objective of this literature review is to understand the broad concept of freeze 

crystallization and researchers’ approach towards wastewater purification. This section 

starts with global wastewater statistics and concerns, followed by a brief overview of 

the crystallization process and control kinetics. Further includes freeze crystallization 

kinetics and its application for purification of wastewaters at the industrial scale. A 

systematic literature review approach employed to study and collect valuable 

information from past research work. 

 

2.1 Wastewater – Global statistics and concerns 

 

Nowadays, every stream generated from domestic or industrial activities every day 

includes a fraction of wastewater, which needs consideration before its disposal in the 

environment. This wastewater fraction contains complex organic or inorganic 

compounds like phenolic or aromatics, hydrocarbons, salts, metals, ammonia, and 

cyanides. (Wang, et al., 2011).  This composition varies because of different sources, 

and it is challenging to estimate specific composition, which makes it difficult to 

manage and treat. The operational complexity and cost of wastewater treatment are 

challenging issues that need a solution because, after treatment, its disposal doesn't 

affect the environment around, but recovery of water is still questionable.   

Around the globe, there is the continuous discharge of wastewater directly into 

streams, oceans, and rivers in bulk volume. Overall environmental impact is quite 

severe that direct discharge doesn't only harm aquatic life, but it also contributes to the 

scarcity of water reserve. The time is not so far that the global shortage of water strikes 

us critically (Wright, 2014). Waterborne diseases like typhoid, cholera, and dysentery 

sickness are quite common in underdeveloped countries, especially across Asia and 

Africa. The global statistics are alarming because about 80% of global water 

discharged in the environment without enough treatment because currently available 

resource management and services are more focusing on the traditional design of 

wastewater treatment with limited investment plans. These traditional designs follow 

linear operational modal, i.e., wastewater collected from one source, treated through 

several treatment stages, and then discharged in the environment. (Rodriguez, 2018).  

The broad view of wastewater collection and disposal from different sources shown in 

Figure 2. The transformation of linear models to sustainable and circular models 



 
 

14 
 

required proper legislation, structural framework, and life cycle assessment of the 

treatment process in terms of finance, environment, and social aspects. 

 

Figure 2 - Broad view of wastewater collection and disposal modified from (Rodriguez, 2018) 

 

The report issued by the World Bank (2014) estimated that Vietnam required $ 8.3 

billion investment to provide necessary wastewater treatment for its urban residents. 

China is also facing a similar problem because of its population expansion and 

industrialization boom (Wright, 2014). While other big economies in Asia like India and 

Pakistan, there is no significant measures taken for wastewater treatment and 

disposal. Besides developing countries, other developed countries are now looking for 

remarkable improvements in their treatment processes. The proficient process for 

higher recovery of water before its disposal and resolves water scarcity issues. That's 

why wastewater treatment is a critical component of the circular economy. 

The emergence of wastewater treatment is associated with a long history of urban 

ecology, waste disposal, and cultural traditions. Dilution and dispersion were the most 

dominant practice for wastewater management in the past. The development of 

wastewater treatment processes via proper regulations (e.g., EU directive 91/271/EEC 

regarding urban wastewater treatment) and its implementation have encountered 

difficulties due to ignorance of wastewater management practices or misunderstanding 

of its economic and environmental benefits. In the 20th century, the significant 

improvement observed which not only focuses on the proper effluent disposal but for 

the recovery of sufficient quality water for the other uses like industrial washing 

purposes. (Lofrano & Brown , 2010).  
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Generally, every kind of contaminated water considered a valuable resource for water 

recovery. The number of researches is in progress, emphasizing the reuse, recycling, 

and restoration of water resources and promoting transformation towards a circular 

economy.  

The major streams, wastewater contains globally are municipal wastewater and 

industrial wastewater. Municipal wastewater itself contains a mixture of rainwater, 

wastewater from domestic households, while industrial wastewater comprises of 

several industries like chemical, pharmaceutical, textile, leather, and mining.  

Industrial wastewater differs based on pollutant for instance pharmaceutical and 

chemical effluents contains hazardous pollutants i.e., pesticides and solvent which 

required pre-treatment. Similarly, the mining industry wastewater requires effective 

measures because of the higher content of heavy metals, which must be removed 

before its disposal. In Europe, mining activity is accountable for 57% of mineral waste 

generated, e.g., in Finland mining industry generates more than 50% of waste, which 

carries a minor percentage of hazardous waste in dilute streams is subject of concern 

(Eurostat, 2016). About 10% of waste holds heavy metals generated by developed 

countries. Conventionally "heavy "states high density, while "metal" refers to metallic 

alloy or pure element (Araujo, et al., 2013).  

The wide range of heavy metals application for domestic and industrial purposes have 

extended their environmental impact distribution which is potentially hazardous for 

human health. Some of the metallic elements such as arsenic, cadmium, lead, 

mercury, and chromium are considered as human carcinogens as per U.S. 

Environmental Protection Agency (EPA) because even though low-level exposure can 

induce damage in human body organs (Tohounwou, et al., 2014).  

Similarly, the broad spectrum of treatment processes available as per the 

contaminants of wastewater and operation limitations like the traditional Activated 

Sludge Process (ASP). It is excellent for biological wastewater treatment, but its 

sensitivity to temperature and consistent feed composition limits its application. In the 

case of compact treatment design Moving Bed Biofilm Reactor (MBBR), Integrated 

fixed - film activated sludge (IFAS), Trickling filter, and Membrane bioreactor are 

common efficient options. However, their high capital investment and operational cost 

makes them less feasible options. Besides cost, treatment capacity is another 

constraint associated with these processes.  Similarly, membrane filtration process are 

used to improve the quality of drinking water such as reverse osmosis, ultrafiltration 

and nanofiltration. For instance, desalination of seawater via RO – reverse osmosis is 
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quite common membrane-based filtration process in practice nowadays, especially in 

Middle Eastern countries United Arab Emirates (UAE), Kingdom of Saudi Arabia 

(KSA). However, membrane fouling after a certain period is a significant problem 

incorporated with membrane base process.  

In conclusion, there is a limitation associated with each process available for 

wastewater treatment or purification. In each type of wastewater treatment number of 

contaminants considered to design an active process. Sometimes efficiency of the 

process enhanced by the development of a hybrid process in which characteristics of 

two or more conventional separation processes are combined. 

 

2.2 Crystallization  

 

Crystallization is a separation technique which involves the formation of solid crystals 

from the mother liquor. In contrast with other separation techniques, crystallization acts 

as both separation and purification techniques because of the high purity of the 

obtained product. Almost every chemical process with a high purity requirement 

includes one crystallization stage as a primary separation unit or secondary product 

purification unit (Kramer & Rosmalen, 2000). In addition to purification, it also assists 

industrial-scale concentration processes. The control of the process demands 

precision for the desired crystal properties like crystal size distribution (CSD), shape, 

degree of agglomeration, and purity. Filtration and washing operations followed 

crystallization to remove crystal particles from the mother liquor. The arrangement of 

molecules during crystallization leads to rigid crystal formation. Although the process 

of crystal growth is low, it inhibits the fusion of foreign particles and the pure product 

obtained in one separation unit (Kramer & Rosmalen, 2000).  

Crystallization has been studied as a conventional unit operation for various industrial 

operations. It involves separation based on solid-liquid equilibrium (Heist, 1979). In 

contrast with other separation technologies, crystallization has a comparative 

advantage because of the high recovery rate without any additional material 

consumption, e.g., catalyst, absorbent, or resin. It enables the recovery of both water 

and valuable salts at the same time (Lu, et al., 2017). For instance, the membrane 

separation is common in desalination process for water recovery. But fouling of 

membranes after specific time increase its operational cost. Besides, it also requires 

pre-treatment, which consume chemicals (Mickley, et al., 1993). In comparison, 

crystallization recovers product with high purity and ensure high efficiency at low 
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energy consumption and operational feasibility (Liang, et al., 2013). For instance, the 

heat of evaporation of water (40.65kJ/mol) is six time higher than heat of fusion of ice 

(6.01 kJ/mol) (Lewis, et al., 2010). 

The crystallization process involves two principle kinetics nucleation and growth rate. 

Both depend on supersaturation – a thermodynamically driven force. The shift of 

conditions from thermodynamic equilibrium is referred to as supersaturation (Ulrich & 

Stelzer, 2011). Therefore, concentration and temperature terms employed to explain 

supersaturation. For any crystallization process, two crucial parameters determine 

efficiency and quality, i.e., crystal size distribution (CSD) and purity of product 

recovered.  

Nucleation – the formation of microcrystalline structures from a supersaturated fluid 

(Kashchiev, 2000). It defines the structure of crystal in the crystallization process. 

Nucleation proceeds without any suspended particle in a supersaturated solution, 

referred to as primary nucleation. While secondary nucleation ensues by the available 

crystals in supersaturated solution (Wey & Estrin , 1974). Similarly, seeding is another 

way to introduce nucleation. The addition of small solid crystals in supersaturated 

solution to initiate nucleation is known as seeding. Seed crystals provide surface area 

for crystal growth and prevent unstructured nucleation (Yu, et al., 2007).  

Crystal Growth – It is a dynamic process in which atoms participation from solution 

increases cluster size after the successful formation of nuclei. Adsorption assists step 

by step attachment of molecules on the crystal surface. In freeze crystallization, 

supersaturation and supercooling drive crystal growth phenomena most commonly. 

Nucleation and crystal growth mechanism presented in Figure 3. 

 

Figure 3 - Schematic - Nucleation and Crystal Growth (Mattler Toledo, 2019) 

 

As discussed, crystallization is a complex process that needs precision, and the 

nucleation phase is the critical process parameter to achieve the goal of high purity 

and high yield. Controlled crystallization has a significant impact on crystal structure 
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and growth (Myerson & Ginde, 2002). The predominance of crystal growth or 

nucleation rate over the other with respect to time shown in Figure 4. 

 

Figure 4 - Crystal growth rate against Nucleation rate w.r.t time (SYRRIS Ltd., 2018) 

 

In the crystallization process, Crystal Size Distribution (CSD) depends on the 

nucleation and crystal growth. Besides, mass transfer of solute to pure crystalline solid 

from supersaturated solution and mixing influence product purity, morphology, and size 

distribution radically. Therefore, the overall performance evaluation of the 

crystallization process depends on the thermodynamic interface, kinetics, and 

transport process. This evaluation facilitates the control and manipulation of crystallizer 

performance for a specific separation process. The concept of the crystallization 

process and control with all key aspects and their details shown in Figure 5. 

 

Figure 5 - Key aspects of Crystallization Process adopted (Vedantam & Ranade, 2013) 
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The way supersaturation induced during the crystallization process categories 

crystallization into evaporative and cooling crystallization. Crystal formation from 

solvent evaporation refers to as evaporative crystallization. While cooling 

crystallization enabled separation of liquid when mother liquor cooled to a temperature 

lower than equilibrium solubility. Cooling crystallization further classified into direct or 

indirect cooling based on the method used for cooling (Vedantu, 2019). 

2.3 Freeze Crystallization 

 

Most of the fractionation techniques for a solution involves a vapor-liquid equilibrium 

principle. In the same way, the solid-liquid equilibrium principle can be applied for 

separation. Freeze crystallization is one of the techniques in which solid-liquid 

equilibrium employed for solution fractionation. Generally, this kind of approach only 

used for specialized separation because of higher capital investment, but in terms of 

energy efficiency, it is economical. In the comparison of conventional distillation, freeze 

crystallization can perform separation with the reduction of energy from 75 – 90 %, 

e.g., in refining of acetic acid and acrylic acid. Similarly, in paper plant black-liquor 

evaporation is energy intensive, which could be reduced to half by using freeze 

crystallization process (Heist, 1979).  

The process of freeze crystallization is simple, as shown in Figure 6, pre-cooled feed 

introduced into crystallizer and further cooled to form ice crystals slurry, which further 

proceeds to ice/liquid separator where clean water separated as ice and concentrated 

liquid recycled towards crystallizer (Cool Separations, 2018).  

 

 

Figure 6 - Freeze Crystallization Process Flow (Cool Separations, 2018) 
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The Freeze crystallization techniques target clean water from wastewater stream. The 

purity of produced ice is high enough to reuse it for other industrial purposes. The basic 

principle of crystal growth in FC involves structural growth, which prevents impurities 

i.e., salts or metals infusion within the crystals (McCloskey, et al., 2012). Ice crystals 

grow when solution reaches its freezing point temperature. The ice purity would be 

high, but impurities attached to ice crystal surface from suspension (Erlbeck, et al., 

2017). Therefore, filtration and precooled washing unit are required to get pure ice.  

The interesting aspect is the simplicity of the process, which doesn't involve 

sophisticated equipment. As shown in Figure 7a, purification of seawater by direct 

cooling and Figure 7b shows the removal of metal from wastewater by indirect cooling 

freeze crystallization. 

 

               

a)    b) 

Figure 7 - a) Desalination of Seawater through FC (Xie, et al., 2014) b) Metal recovery from 

mine wastewater by FC (Melak, et al., 2017). 

The concentrated liquid received from filtration can be reused in crystallizer as a reflux 

stream to transform batch process into continuous process. Most of the industrial 

freeze crystallizers practice batch process, which makes it labor-intensive, inefficient, 

and low production operation (Heist, 1979). However, with scraped surface crystallizer, 

it is possible to operate continuously. It makes freeze crystallization more efficient 

separation technology. 
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2.3.1 Basic Concept and Theory  

 

Freeze crystallization also referred as melt crystallization where solvent recover as ice 

at its freezing temperature from suspension (melt). For instance, ice formation from the 

aqueous salt solution categorized as FC or EFC (Hasan, 2016). In Figure 8, the two 

components phase diagram depicts eutectic conditions for salt and ice crystallization. 

For a process, the cooling of dilute salt solution until point A results in ice crystallization, 

and it continues until it reaches to eutectic point and solution become concentrated. 

Similarly, cooling till point B results in the crystallization of salt, which continues until 

eutectic point and crystallize out. While at eutectic point instantaneous crystallization 

of ice and salt occurs where the separation is easier because the ice float on the top 

and salt settle down because of density difference. Pure ice and salt can be produced 

by freeze crystallization when eutectic point is attained. 

In EFC, the eutectic  phase diagram is the graphical representation of supersaturation 

and basic predictive tool to estimate stable phases within temperature range and 

possible composition combinations (Mullin, 2001).  

 

Figure 8 - Two-Component Phase Diagram adopted from (Hasan, 2016) 

 

The lower freezing temperature of a solution in the presence of solute is observed than 

the freezing temperature of pure solvent, which is referred to as freezing point 

depression (FPD). It is considered as a colligative property of solution which depends 

on the interaction of solute and solvent present in the solution. Generally, the higher 

the solute concentration, the greater would be FPD (Hasan, 2016). 
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2.3.2 Classification 

 

As discussed, FC involves the formation of ice nuclei from an aqueous solution, which 

turns into ice crystals after specific growth. In an aqueous solution, ice crystals can be 

formed in two different ways, i.e., layer and suspension crystallization. Layer 

crystallization is the simplest because no specialized equipment required except the 

cooling source, which assists the formation of the ice layer in an aqueous solution.  It 

is an inexpensive and potential purification technique, but the faster growth rate 

promotes higher impurity fraction in the formed ice layer (Hasan, 2016).  

In suspension crystallization, the solution is cooled till its freezing temperature in an 

agitated jacketed vessel where coolant circulates to remove heat from solution. At 

freezing temperature, ice crystals are produced and separated from suspension 

(Rahman & Al - Khusaibi, 2014). However, when compared with layer crystallization, 

it incurs high investment and maintenance costs because of the indirect cooling 

mechanism, which refers to ice scaling on the wall due to high temperature difference 

∆T. The formation of the ice scale immensely affects the heat transfer rate. Generally, 

this type of crystallizer facilitated with a scraper to prevent ice scaling on the wall 

surface (Hasan, 2016). This study is also focusing operational and purification 

efficiency of scraped surface crystallizer.  

 

 

2.4 Crystal Growth Kinetics – Freeze Crystallization 

 

At the time of crystal formation, solute remains away from the growing crystal interface 

at low growth rate, which results in pure crystal and enriched solution. While at higher 

growth rate, solution entrapped in-between crystal layers, and impure crystal forms. 

This transitional growth affects the ice layer growth phenomenon significantly (Hasan, 

2016).  

The thermodynamic driving force in freeze crystallization process termed as 

undercooling. When a solution cooled down to a temperature lower than the predicted 

freezing point, i.e., 0° C (pure water) and no phase change or ice formation observed. 

This phenomenon is undercooling (Hasan, 2016), and Figure 9 shows solution freezing 

profile.  
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Figure 9 - Solution Freezing Profile Modified from (Hasan, 2016) 

After a while, the undercooling temperature reaches an uncertain level where 

nucleation occurs, which leads to ice crystal formation randomly. Meanwhile, the 

solution temperature increases because of the heat of crystallization utilized in the 

crystal formation. Additionally, after some time, a decrease in ice – solution mixture 

temperature is noticed, which depicts ice crystals growth (freezing) and lowers solution 

freezing point (Hasan, 2016). Similar crystallization kinetics are applicable to freeze 

crystallization, which includes nucleation, either primary or secondary, further followed 

by crystal growth. The investigated scraped surface crystallizer not only involves 

crystal growth in suspension but ice layer growth on cooled wall surface as well.  

 

2.4.1 Ice Growth 
 

The adsorption and successive attachment of lattice units on an existing crystal surface 

describes crystal growth (Jooste, 2016). It is difficult to estimate the growth rate for 

growing crystals in suspension because each crystal face grows at its own rate. 

Generally, linear growth rate function explains simultaneous increase in the mass and 

crystal growth a crystal (Lewis, et al., 2015).  

 

i. Ice Layer Growth 
 

After nucleation starts, the lateral growth of thin ice film on the cooled wall surface 

occurs for a short period (Frank, et al., 2004). This planar growth in the direction normal 

to the wall involves three factors, i.e., incorporation of water molecules in the crystal 

lattice, diffusion of other impurities away from growing ice layer, and the removal of 
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heat of crystallization to maintain supersaturation level (Myerson & Ginde, 2002). The 

graphical representation of the phenomenon shown in Figure 10.  

 

Figure 10 - Ice layer growth on Cooled surface (Myerson & Ginde, 2002) 

Any factor that could be the rate-limiting for crystal growth depends on the process 

characteristics. Melt crystallization can be distinguished from solution crystallization 

based on the nature of crystallizing component; therefore, heat and mass transfer 

contribute towards the crystal growth resistance (Mersmann, 2001). The removal of 

solvent from the crystallizing component and heat of crystallization from growing 

crystal are rate-limiting factor during melt crystallization. The heat of crystallization can 

be transferred to the bulk solution or to the existing crystals. In case of crystallizer, 

when ice layer grows on the wall (cooled surface), then maximum conduction of heat 

occurs through an ice layer that interacts with the wall (Pronk, 2006). Besides, the 

solute component in the feed and molecular diffusion towards the surface of growing 

crystal, inhibit growth rate in solution crystallization. This specifies mass transfer-

controlled process. (Mersmann, 2001). For instance, it comprises both types of 

crystallization, as ice and salt crystals produced under eutectic conditions. EFC could 

be either mass or heat transfer controlled. 

The ice layer growth depends on the supersaturation level at the solid-liquid interface. 

Any shift in process variable that can influence supersaturation has a significant impact 

on the ice layer formed at cooled crystallizer surface. This ice layer formation also 

referred as ice scaling.  
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2.4.2 Ice scaling 

 

The application of an indirect cooling mechanism for suspension crystallization of 

aqueous solution favors ice scale formation on the cooled surfaces of the heat 

exchanger. The thermal conductivity of ice is very low as compared to the material 

used to build crystallizer (Pronk, 2006). Consequently, ice scaling increases thermal 

resistance and adversely affects ice and salt production rate (in case of EFC) by the 

reduction in heat removal rate from suspension. The higher temperature difference 

(∆T) utilized across the surface to achieve high productivity. This difference provides 

a surface for heterogeneous nucleation (Jooste, 2016). For instance, dilute feed 

solution, the ice scaling is quite persistent because of higher water content.  

 

i. Heterogeneous nucleation – surface area 

 

Heterogeneous nucleation requires less energy for formation of critical size particle 

than homogenous nucleation. During heterogenous nucleation, a reduced surface 

area is developed between new solid phase and liquid solution (Fletcher, 1958). In 

case of an indirect cooling mechanism, the temperature is lower near the surface (wall) 

in comparison to the bulk solution. Therefore, the interaction of a supersaturated 

solution with a solid surface prefers heterogeneous nucleation than homogenous 

nucleation (Jooste, 2016).  

 

ii. Thermal boundary layer 

 

As mentioned above, the lowest temperature is achieved in the vicinity of the 

crystallizer wall because of its external contact with the flowing coolant in the 

crystallizer jacket. It establishes a thermal boundary layer in between the wall and bulk 

solution. Similarly, the stagnant solution along the wall surface has higher 

supersaturation than bulk, which triggers heterogeneous nucleation and promotes ice 

scaling on the surface of the crystallizer (Pronk, 2006). The phenomenon of thermal 

boundary layer and ice scale formation shown in Figures 11a and 11b, respectively. 
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a)    b) 

Figure 11 - (a) Temperature profile promoting scale formation (Qin, Chen & Russell, 2003) (b) 

scale formation during EFC (Pronk, 2006) 

Two different configurations of crystallizers have been investigated to overcome ice 

scale formation. Fluidized bed configuration used metallic particles which assist 

mechanical removal of ice scale from cooled wall surface of crystallizer (Pronk, 2006). 

In addition, scraped surface crystallizer is another alternative configuration used to 

change thermal boundary layer conditions through scaping of any crystal formed at the 

surface of crystallizer wall intermittently. 

 

iii. Ice Adhesion  

 

The adhesion ability of ice onto solid surfaces rise complications of suspension 

crystallization operation. This property of ice is temperature-dependent and comprise 

of three different mechanisms, such as interfacial chemical bonding, electromagnetic 

interactions, and electrostatic interaction (hydrogen bonding) (Israelachvili, 2011).  

Water molecules experience two different forces because of intramolecular bonds and 

intermolecular attraction between molecules. The nature of the intramolecular bond is 

covalent in which hydrogen and oxygen share atoms mutually. The negatively charged 

oxygen atom strongly attracts positive hydrogen atom which results in charge 

distribution. In a water molecule, oxygen and hydrogen remain electronegative and 

electropositive, respectively (Petrenko, 1993). The presence of charges on oxygen and 

hydrogen develops an intermolecular hydrogen bond between water molecules. 
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Although the covalent bond is stronger as compared to hydrogen bond but the number 

of hydrogen bonds results in a significant collective effect.   

In ice lattice, hydrogen bonding is ordered give rise to the positively charged surface. 

The density of hydrogen bonding within the lattice and molecules percentage with 

dipole movement characterizes the magnitude of surface charge (Petrenko, 1993). 

When this charged surface interacts with ion present in an electrolyte solution, an 

electrostatic interaction originates, which plays a significant role in the adhesion ability 

of ice. For scraped surface crystallizer, wall and scrapers assists as subcooled 

surfaces for the adhesion of formed ice from the freeze crystallization of bulk solution.  

 

2.4.3 Heat transfer  

 

The heat transfer is a driving force developed under the temperature difference (∆T) 

between feed solution and coolant. As discussed above that supersaturation plays a 

critical role in the ice layer growth or ice scale formation. Supersaturation achieved 

consequently by the removal of heat from the feed solution during freeze 

crystallization. Therefore, the heat removal rate is crucial to crystallization processes.  

 

i. Overall heat transfer 

 

For an indirectly cooled continuous crystallization of an electrolyte solution, where salt 

and ice crystallize out under EFC conditions, the overall heat transfer can be estimated 

by the change in heat energy content of coolant utilized for heat removal, as given in 

Equation 1 (Jooste, 2016). 

cool pQ mC T
•

=     (1)                                            

where, 

m is mass flow rate (kg/s),  

Cp is specific heat capacity J/(K.kg) 

∆T is the temperature change in coolant (K) 
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The total heat removed by the coolant includes sensible heat of feed, the heat of 

crystallization removed for salt and ice, and the loss of heat to the environment, 

Equation 2 shows energy balance (Jooste, 2016). 

cool feed ice salt lossQ Q Q Q Q= + + +               (2)  

 

ii. Heat Transfer Resistance 

 

In jacketed crystallizer, heat transfer occurs from feed solution to coolant through 

crystallizer wall. The overall heat transfer coefficient (U) across inner and outer 

surfaces of the crystallizer wall is formulated as Equation 3 below (Hasan, et al., 2017).  

1 1 1
ln

2

i o i

feed g i cool o

d d d

U h K d h d

   
= + +   

   
          (3) 

Where, 

hf is the heat transfer coefficient of feed W/ (m2.K) 

hc is the heat transfer coefficient of coolant W/ (m2.K) 

di is the inner diameter of crystallizer wall (m) 

do is the outer diameter of crystallizer wall (m) 

kg is the thermal conductivity of construction material W/ (m.K) 

 

2.5 Batch crystallization – Process variables 
 

For a crystallization process operated in batch mode, there are three crucial process 

variables, i.e., agitation rate, residence time and temperature difference. These 

variables define distribution and consumption of supersaturation in the feed liquid and 

at the cooled wall surface. The desired production rate and product purity can be 

attained by the manipulation of these variables. To attain an effective production rate, 

shorter residence time are preferable, but it demands a higher heat removal rate per 

unit volume of the crystallizer.  
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2.5.1 Agitation 

 

The agitation in the crystallizer provides a homogenous distribution of supersaturation. 

It improves mass and heat transfer across the feed solution and inhibits the formation 

of a stationary boundary layer next to the cooled surface or assist in reducing the 

thickness of the stagnant layer. Agitation should have a constructive impact on the 

crystal growth within the suspension, while vigorous agitation may increase the rate of 

attrition (crystals breakage) because of the increase in crystal collision rate (Mullin, 

2001).  

In case of hybrid crystallizer – separator, which assists both crystallization and 

separation within the same vessel, requires an optimum mixing regime to allow 

homogenous distribution without effecting gravitational separation. This dual 

consideration of salt and ice for an EFC may increase design complications because 

the suspension movement must provide the desired ice crystal size before its 

separation. 

In scraped surface crystallizer, scraper serves as a mixing device that generates 

noticeable turbulence in bulk solution.  The shape, size, and number of scraper blades 

affect the flow regime as per volume and geometry of crystallizer (Jooste, 2016).  

 

2.5.2 Residence time 

 

The average time that bulk solution or solid particles spends in fixed volume crystallizer 

referred to as residence time. The change in feed flow can modify residence time, 

which may have a significant impact on the crystal size formation in suspension 

crystallization.  

 

2.5.3 Temperature difference (∆T) 

 

The temperature difference also plays crucial role. The uniform distribution of 

temperature usually depends on the degree of agitation which affects formation of ice 

scale in batch crystallization process. For higher temperature differences (∆T), the 

possibility of primary nucleation is high and induction time for ice scale formation would 

be short. Besides, low temperature difference would have prolonged effect on ice scale 

induction (Hasan, et al., 2017). 
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2.6 Findings from previous research work 

 

This section describes a short history of indirectly cooled crystallizer development. 

Several studies have been made for continuous freeze crystallization, which includes 

the concept of direct and indirect cooling. The historical development of freeze 

crystallization, primarily focusing on the desalination process is as follow: 

1. Denton et al. (1974) studied direct cooling freeze crystallization for the 

desalination. Direct cooling heat exchangers utilized, where refrigerants such 

as butane or freon -114 provides efficient heat transfer directly with feed 

solution. Denton et al. reported a significant reduction in the salt content of 

seawater, i.e., less than 100 mg/L. However, the mixing of refrigerant with the 

product stream was a drawback associated with the study. The separation of 

refrigerant from the product was another cost addition to the process (Denton, 

et al., 1974). 

 

2. Similarly, Ganiaris et al. (1969) reported the operation of desalination plant 

based on freeze crystallization. The United States office of Saline water 

initiated that project and plant with the estimated capacity of 15000 gallons/day 

(GPD) installed at Wrightsville beach, North Carolina, USA. The pilot plant 

configuration consisted of directly cooled crystallizer and indirectly cooled pre-

cooler. The butane mixture circulated through the pre-cooled bulk solution. A 

paddle-type stirrer with two blades assisted circulation of butane. Although the 

recovery of butane from the product stream was efficient. However, the freezing 

of ice on agitator blades considered as significant operational difficulty. Only 16 

out of 150 experiments with this crystallizer were successful (Ganiaris, et al., 

1969). 

 

3. The first study of indirect cooling at laboratory scale performed in 1970. The 

crystallizer designed by Estrin (1970) combined two cylinders in the way that 

outer cylinder was stationary while inner cylinder was rotating concentrically. 

The crystallizer operated on two-way cooling, i.e., inner cylinder from inside 

while outer cylinder from outside. Ice scaling on the cooled surfaces observed 

during continuous operation. The studied configuration functioned properly, 

where small temperature difference employed in between bulk solution and 

coolant. The formation of ice scale for an electrolyte solution was not persistent 



 
 

31 
 

as compared to pure water. Besides, the undercooling effect neglected during 

experiments. Other factors, such as ice formation, heat transfer, and coolant 

flow velocity highlighted in the research. Although ice growth and adhesion 

phenomenon on the cooled wall surface was not recognized, it was the first-

time when scale formation considered influentially (Estrin, 1970). 

 

4. Johnson (1976) applied an indirect cooling mechanism for the desalination 

process. The designed equipment operated on the shell and tube heat 

exchanger concept. The refrigerant moves on the shell side, and exchange 

heat with aqueous slurry flows in tubes. A similar constraint of ice scaling 

observed during the desalination process (Johson, 1976). 

 

5. The most extensive work regarding indirectly cooled freeze crystallization 

conducted at the end of the 20th century. Van der Ham (1999) studied EFC of 

salt solution in a cooled disk column crystallizer (CDCC) for salt and water 

separation. The design of CDCC consists of a cylindrical vessel and cooling 

disks mounted at different height further equipped with a mechanical scraper 

shown in Figure 12. The refrigerant flows through disks and exchanges heat 

with feed stream. After crystallization, ice crystals move upward through holes 

provided in the disks. The separation of product involved the principle of density 

differences. The scraping mechanism has proven successful (Ven der Ham, 

1999). 

 

 

Figure 12 - Design of Cooled Disk Column Crystallizer (CDCC) (Ven der Ham, 1999) 
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6. Van der Ham et al. (2004) further studied the effect of temperature difference 

on heat transfer. For low heat transfer, no ice scaling observed but with the 

increase in temperature difference enabled large driving force, which assisted 

ice scaling on the cooled surface (Van der Ham, et al., 2004). 

 

7. Vaessen et al. (2003) introduced another modified crystallizer named, scraped 

cooled wall crystallizer (SCWC). The design combined two cylinders 

concentrically fitted with scrapers to remove ice scaling, as shown in Figure 13. 

Two-way cooling applied, i.e., from inside and outside. The improved 

performance observed as compare to CDCC (Vaessen, et al., 2003). 

 

 

Figure 13 - Cross section of Scraped cooled wall crystallizer (SCWC) (Vaessen, et al., 2003) 

 

8. Rodrigues Pascual and Lewis (2013) designed another variant of SCWC 

connected with an agitator. Improvement in mixing and supersaturation 

observed by the placement of stirrer in the crystallization zone. Besides, the 

reduction in ice scaling observed due to the reduced thickness of the thermal 

boundary layer.  (Rodrigues Pascual & Lewis, 2013) 

The primary concern deduced from past research work is the ice scaling on the cooled 

wall surface during FC. Although significant efforts have been made to resolve this 

issue, it is still persistent. The number of factors needs consideration while addressing 

the ice scaling issue. It includes supersaturation, cooling arrangements and nature of 

feed solution. This research also exploits another design of scraped surface 

crystallizer. The design reinforced with a 4-blade scraper to remove ice scaling from a 

cooled wall surface.   
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3. MATERIALS AND METHODS 

 

This section explains the materials and methods utilized to achieve the research 

objective stated in Section 1.2. The brief overview of the freeze crystallization process 

followed by experimental design, equipment, and procedure applied. 

The FC process starts with input wastewater stream pre-cooled at a specific 

temperature before its integration in the process. This pre-cooled wastewater stream 

is further cooled to freezing temperature in a crystallizer to separate water as “pure 

ice” and rest component as a product for additional treatment or feed reflux. Ice slurry 

from crystallizer is pumped towards separator from where separated ice is washed 

through precooled water for pure water extraction. The process flow diagram of freeze 

crystallization shown in Figure 14.  

 

Figure 14 - Schematic of Freeze crystallization process 

 

3.1 Experimental Design 

 

In total, three different feed streams were used for experiments, which include tap 

water, sodium chloride (NaCl) salt solution with varied concentrations (wt.%.), and 

landfill leachate collected from the landfill site. Experiments were conducted in 

prototype scraped surface crystallizer with the capacity of 120 liters designed and 

developed at LUT university during the project as detailed in Section 3.2.1. 
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3.1.1 Operating Conditions 
 

The effect of heat transfer from the coolant to feed solution was crucial because higher 

temperature difference leads higher productivity because of larger heat transfer rate. 

The formation of ice scale in crystallizer give raise to operational difficulties. The 

temperature difference (ΔT) of 2 – 5 °C was maintained between coolant (in the 

crystallizer jacket) and refrigerant (refrigeration unit) irrespective of the freezing 

temperature of feed. 

For any industrial application, energy efficiency is a concern. An optimum speed range 

for scraper and agitator is selected for energy efficient operation. The rotational speed 

of scraper varied between 5 rpm, 7 rpm, and 10 rpm. Similarly, agitators for mixing 

ensure uniform temperature distribution in the feed solution. The rotational speed for 

agitators investigated at 150 rpm, 200 rpm, 250 rpm, and 300 rpm. The lowest 

attainable rotational speed for scraper and agitator was 4 rpm and 100 rpm, 

respectively.  

 

3.2 Experimental Setup 
 

3.2.1 Equipment 
 

The key equipment used for this research is the crystallizer and cooling unit shown in 

Figure 15a. and15b. The crystallizer – a cylindrical jacketed vessel made of steel with 

a volume of 120 L allows freeze crystallization. The indirect cooling mechanism was 

employed, i.e., the flow of coolant in the jacket of crystallizer for heat removal from 

feed solution.  

a)        b)   

Figure 15 - a) Prototype Scraped Surface Crystallizer b) Cooling unit used for this research. 
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The cone-shaped base of the crystallization vessel facilitated settling and collection of 

concentrate (other than ice crystals, e.g., salt crystals) and provided with a ball valve 

for controlled sample collection. Crystallizer comprises two zones, i.e., a lower zone 

for concentrated waste stream and upper zone for ice collection. After freeze 

crystallization, ice crystals flow towards the upper zone due to density difference 

leaving rest of the components behind. A refrigeration unit (supplied by Lakeuden 

Kylmätekniikka Oy) was attached with the crystallizer to remove heat through coolant 

circulation in the jacket to attain the required temperature. Two impellers (four blades) 

was provided in the lower and upper zone of crystallizer and connected to a 1.1 kW 

motor (supplied by SKS Mekaniikka Oy) and gearbox with a gear ratio of 2.8 to agitate 

feed solution. Scraper assembly with 4 blades was connected with a motor of 2.2 kW 

(supplied by SKS Mekaniikka Oy) and gearbox with gear ration of 7.29 for scraping 

purpose. Allowance of 2 mm was provided between scraper blades and the inner 

surface of the crystallizer. Both motors were attached with frequency converters 

(manufacture by ABB Finland) for adjustment of agitator and scraper rotational speed 

and direction (clockwise or anti-clockwise) control. An indirect cooling mechanism and 

agitator – scraper assembly are shown in Figures 16a and 16b.  

        

a)    b) 

Figure 16 – a) Crystallizer with an Indirect cooling approach b) Agitator and Scraper assembly 

of the crystallizer. 
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As shown in Figure 15b, the compact cooling unit equipped with a console screen for 

temperature other controls. It comprises a heat exchanger unit beside the refrigeration 

unit in which monopropyelen glycol (coolant) exchange heat with R134a (refrigerant). 

The cooling unit can exchange heat between glycol within the system with a 

temperature range of ± 20 ºC and an accuracy of 0.01 ºC. 

 

 

Figure 17 - Experimental Setup – P and ID 

 

Crystallizer jacket receives coolant from the cooling unit and flows counter-current, i.e., 

from inlet to upward direction and leave jacket outlet as shown in Figure 16a. As 

mentioned above that higher temperature differences are involved between precooled 

feed solution in crystallizer and coolant flowing in the jacket, which indicates the high 

potential of cooling loss to the ambient temperature surrounding. To prevent heat loss, 

crystallizer and coolant pipes are well insulated with sheets received from Thermflex 

International. The agitator ensures uniform temperature distribution in the feed solution 

and scraper assists removal of ice scaling from the cooled wall surface. An outlet spout 

provided in the upper zone of crystallizer for the ice removal allows the overflow of ice 

slurry after crystallization if continuous crystallization process is used. In case of batch 

process, the plastic spatula used to push the ice through sprout manually and collected 

in sample containers. The sampling procedure explained is in Section 3.2.3. 
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3.2.2 Measurement  

 

A PT-100 temperature sensor probe was used at the bottom of the crystallizer to 

measure the temperature of content inside with an accuracy of ± 0.015 ºC. The 

formation of ice crystals within the crystallizer was inspected visually by the endoscope 

camera placed at the top of the crystallizer. A light source was used to illuminate the 

interior of crystallizer while imaging ice crystals. Data recording directed with Pico data 

logger and software. 

 

3.2.3 Sample collection and washing Procedure 
 

The calculations of purification efficiency were based on the quantity of impurities in 

ice and the initial solution. The number of samples were collected from each 

experiment, which includes feed samples collected before crystallization, ice crystal 

samples (washed or unwashed). The procedure for sample collection and washing is 

as follow: 

i. After first crystallization occurred, the residence time of 60 minutes was 

provided during landfill leachate experiment while in case of salt solution 

sample collected after 5 – 10 minutes. 

ii. Ice was collected from the spout provided at the top of the crystallizer with the 

help of small plastic skimmer. 

iii. The collected ice was placed in 150 ml perforated plastic funnel to drain excess 

solution entrapped within the ice. Sample collected just after the complete drain 

of solution was marked as "unwashed ice crystals." 

iv. The samples preserved as “washed ice crystals” employed the following 

procedure: 

a. After the drain of excess feed solution from collected crystals, one end 

of perforated plastic funnel was closed, and 30 ml precooled (~0 ºC) tap 

water was filled in to form a suspension of ice crystals and agitation was 

provided with a spatula to dissolve impurities in the water leaving ice 

crystals behind. 

b. Each ice sample went through three washing cycles. 

c. No vacuum filtration was utilized to simulate realistic process 

conditions. 

d. Natural melting also assisted impurity removal from the crystal surface. 

v. The collected samples were stored in 250 ml plastic bottles in the freezer at -

18 ºC. 
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3.2.4 Laboratory analysis and Calculations 

 

The collected samples were analyzed to quantify common water quality indicators and 

then purification efficiency calculated by Equation 4. Following analysis were directed 

to measure water quality indicators: 

1. Multi – parameter analyzer Consort C3040 equipped with a probe (electrode) 

to measure pH and electrical conductivity (mS/cm). An electrode with a cell 

constant of 1.0 cm-1 and a measuring range of 0.001 – 100 mS/cm used. 

 

2. The spectrophotometer HACH DR/2000 was used to analyze chemical oxygen 

demand (COD) for both high and low concentrations, color, and turbidity. The 

details of each method presented in the Table 1. 

 

Table 1 - Details of analyzed indicators 

Analyzed 

Indicator 
Units Range Wavelength Method 

COD - low mg/L 
0 – 150 

±2.7 
420 nm 

Dichromate 

oxidation 

COD - high mg/L 
0 – 1500 

±14 
620 nm 

Dichromate 

oxidation 

Turbidity FTU 0 – 500 450 nm 
Colorimetric 

method 

Color PtCo 0 - 600 455 nm 
Colorimetric 

method 

 

Note: Spectroquant COD reaction cell test tubes used for sample preparation 

before spectrometry.  

 

3. The measured values substituted in equation 4 to calculate purification 

efficiency for each analyzed indicator.  
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3.3 Experimental procedure 

 

A similar experimental setup, as shown in Figure 17, was utilized for all experiments. 

This section explains the general experimental procedure while the variation of the 

general procedure discussed below in each phase. All the experiments replicate to 

ensure repeatability.  

1. Pre-cooled liquid feed was pumped from container to the crystallizer. 

2. Agitator speed (100, 150, 200 and 250 rpm), scraper speed (5, 7, and 10 rpm) 

and rotational direction – anticlockwise fixed by invertor input frequency.  

(Note: Gear ratio considered to attain above mentioned RPM) 

3. Coolant temperature (Tcool = -1, -2, -3 and -4 ºC) and refrigerant temperature 

(Tref = -3, -5, -6 and -7 ºC) were fixed through cooling unit console. ΔT = Tref - 

Tcool was in the range of 2 - 5 º C.  

4. Temperature was measured with a probe at the bottom of the crystallizer and 

recorded with PICO data recorder at an interval of every 10 sec for certain time. 

5. The visual inspection was involved using live streaming by endoscope. 

6. Higher temperature differences ΔT was utilized to achieve high heat transfer.  

7. The temperature of the bulk solution was reduced to the point where the 

nucleation start (upper limit of MSZ). 

8. Operational testing of crystallizer was demonstrated with or without seed 

crystals. However, most of the experiments were conducted with seed crystals 

to avoid undercooling phenomenon, as discussed in Section 2.4.  

9. Seed crystals were introduced to initiate nucleation and to avoid undercooling. 

10. The undercooling phenomenon was observed in experiments, but with seed 

crystal assistance, it was not that prominent. 

11. For each experiment, operational parameters were kept constant throughout 

crystallization before and after ice crystals formed.  

12. Sample were collected after stabilization of temperature to freezing 

temperature.  

13. About 60 minutes of residence time was used for landfill leachate experiments. 
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4. EXPERIMENTAL PHASE 

 

This chapter describes the experimentation details employed to establish the 

realization of the principle concept behind the hypothesis. The general experimental 

procedure was explained in Section 3.3. Experiments were conducted in three different 

phases: 

i. Functional testing of prototype scraped surface crystallizer 

ii. Experiments with model solutions (NaCl)  

iii. Experiments with real wastewater (landfill leachate) 

 

4.1 Functional Testing of Prototype  

 

The objective of this study was focused on wastewater water purification i.e., how 

efficiently impurities are separated, and pure ice is formed. To achieve this goal, it was 

necessary to conduct functional testing of prototype scraped surface crystallizer. Is 

crystallizer working properly and cooling unit is assisting freeze crystallization process? 

Following enquiries considered for functional testing: 

1. The agitator is providing continuous stirring for homogenous concentration and 

uniform heat transfer in the feed solution. 

2. Scraper speed and rotational direction to assist ice scale removal. 

3. Operating conditions for cooling unit, i.e., coolant flow into the jacket. 

4. Optimal temperature difference for refrigerant and coolant. 

 

 

4.1.1 Operation parameter estimation 

 

The process parameters utilized for these experiments were estimated based on 

previous studies presented in the literature. Hasan et al. (2017) explained operational 

parameters effect on freeze crystallization. The study explained operational stability, 

the effect of temperature, heat, and mass transfer resistances, ice scaling mechanism, 

and effect of agitation on cooling. Following outcomes deduced from the literature 

source mentioned above: 

1. Undercooling phenomenon – the cooling of solution below its freezing 

temperature with any crystal formation would be involved in the freeze 

crystallization process. As Hasan et al. (2017) stated, at this point, the heat of 
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crystallization is in balance with the cooling capacity of the crystallizer. At this 

point, the addition of seed crystals activates nucleation and the rapid increase 

in temperature observed because of the consumption of heat of crystallization 

in ice crystal formation. So, the undercooling effect needs consideration when 

operating the prototype scraped surface crystallizer. 

 

2. Effect of the temperature difference between coolant and refrigerant, mixing 

conditions are also very influential, especially in case of ice scale induction 

time. Higher temperature difference leads to higher cooling rate and degree of 

agitation impact the induction time of ice scaling i.e., higher agitator speed 

leads to an increase in induction time. The suggested ΔT = Tref - Tcool = 3 – 6 

°C (Hasan, et al., 2017).  

 

3. Heat and mass transfer resistances are also dependent on the degree of 

agitation. As the agitation level increases, both heat and mass transfer 

resistances decrease, which implies that the shear stress of fluid produced 

during agitation dominates across heat and mass transfer resistance (Hasan, 

et al., 2017). Therefore, the investigated speed for agitator ranges between 100 

– 300 rpm. 

 

4. Ice scaling on the crystallizer wall and its removal is another important issue 

need to be solved. The nucleation of ice crystals from the bulk solution on the 

crystallizer wall leads to ice scaling. As discussed above that higher rotational 

speed reduces the induction time of ice scaling, but theoretically, induction time 

and nucleation rate are inversely proportional (Hasan, et al., 2017). 

Consequently, scraper at optimum speed (rpm) would be enough for the 

removal of suspended crystals in the liquid from the wall without affecting the 

nucleation rate. 
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4.1.2 Experiments and observations 

 

Tap water used as a feed solution in this phase. In total, three experiments were 

conducted for functional testing using different parameters. The effect of seed ice 

crystal addition also studied. Besides, the influence of agitator and scraper speed was 

also investigated for ice scale formation. The data collected from the experiments 

presented below in Table 2. 

Table 2 - Experimental observation of functional testing 

Exp. 

No. 

Coolant 

Temp. 

°C 

Under 

cooling 

Temp. 

°C 

Scraper 

Speed 

rpm 

Agitator 

Speed 

rpm 

Ice 

formed 

Y/N 

Freezing 

time  

min 

Type of 

ice  

1. - 4 -0.974 5 300 YES 28 Soft ice 

2.  - 4 -0.7 5 200 YES 60 Hard ice 

3. -3 -1.3 10 150 YES 62 Soft ice 

 

Vibration due to ice scraping was persistent in all experiments and increasing 

consistently after ice crystal formation.  

 

4.1.3 Results and discussion 

 

Ice crystals formed in both cases with seed crystals or without seed crystals, but the 

only difference was the undercooling temperature, which was low in comparison of 

without seed crystals. The presence of seed crystals near freezing temperature 

excludes or reduces the undercooling phenomenon. Similarly, the temperature 

difference between coolant and refrigerant employed as per the literature source, 

which was enough to reach freezing temperature of feed liquid. For agitator and 

scraper speed failure found at 100 and 5 rpm because of under-capacity utilization of 

agitator motor as it is designed for higher speed up to 1000 rpm and scraper have a 

high probability of failure at lower speed because of rapid ice scale formation.   

The prototype scraped surface crystallizer is functioning properly as a single operation 

unit designed for freeze crystallization process, especially scraper is working 

sufficiently to ensure continuous operation.  
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4.2 Experiments with model solution (NaCl%) 

 

In this phase of experiments, the solution of sodium chloride (NaCl) with varying 

concentrations (wt.%) was investigated. These experiments were conducted to find the 

purification efficiency of the freeze crystallization process with designed scraped 

surface crystallizer. Electrical conductivity was selected as determining parameter for 

the purification efficiency estimation. Another motivation for the selection of sodium 

chloride salt solution was to determine the efficiency of the freeze crystallization 

process if it incorporates in the desalination process of seawater. Although reverse 

osmosis (RO) process is applied commonly for desalination, it incurs the high cost of 

membranes while EFC is an energy-efficient process. Besides, the other advantage is 

the availability of past studies for a better results comparison. 

 

4.2.1 Selected solute composition and properties  

 

Sodium chloride NaCl is relatively soluble in water. Physically, NaCl appears as 

colorless solid, which crystallizes in different crystal shapes like cube, funnel-shaped, 

hollow, from aqueous solution. The solubility of NaCl in water is rather independent of 

temperature as much difference cannot be observed at lower or higher temperatures, 

as shown in Figure 18 (Ullmann, 2000).  

 

Figure 18 - Solubility of NaCl in water at different temperatures °C. 
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4.2.2 Operation parameter estimation 

 

For these experiments, a similar approach was applied as for functional testing. The 

concentrations (wt%) of NaCl used for the experiments were validated from literature 

source (Taylor & Francis Group, 2019). Table 3 represent electrical conductivities for 

each concentration of NaCl (wt.%) used. 

Table 3 - Electrical conductivities for concentrations of NaCl (wt.%) 

NaCl concentration 

 (wt. %) 

Electrical 

conductivity 

(mS/cm) 

0.5 8.08 

1 15.57 

1.5 22.91 

2 30.12 

2.5 37.17 

3.5 50.87 

4 57.50 

 

Similarly, freezing point depression (FPD) (°C) for varied NaCl concentrations (wt. %) 

was considered from literature source. The presence of seed crystal at FPD prevent 

undercooling phenomenon in most of the experiments. The FPD against each NaCl % 

ispresented in Table 4 below. 

Table 4 - Freezing point depression (FPD) for concentrations of NaCl (wt. %) 

NaCl 

concentrations 

(wt. %) 

Freezing Point Depression 

(FPD)  

(°C) 

0.5 0.3 

1 0.59 

1.5 0.89 

2 1.19 

2.5 1.49 

3.5 2.1 

4  2.41 
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4.2.3 Experiments and observations 

 

Similar feed capacity of 120 kg was utilized for these experiments. NaCl solution was 

prepared by weighing required quantities of water and industrial-grade NaCl salt for 

each concentration. Agitator and scraper speed were set to 100 and 5 rpm and the 

whole range of concentrations were investigated in this phase. The temperature for 

coolant and refrigerant was applied as per the freezing point depression (FPD) 

temperature against each concentration. However, the temperature difference range 

(ΔT = 2 – 3 °C) was considered to ensure proper heat transfer during experiments. 

Table 5 depicts the collected data.  

 

Table 5 - Experimental observations of NaCl (wt.%) model solution.  

NaCl 

Wt. % 

Coolant 

Temp. °C 

Under 

cooling 

Temp. 

°C 

Scraper 

Speed 

rpm 

Agitator 

Speed 

rpm 

Ice 

formed 

Y/N 

Type of ice 

 

0.5 - 2 -0.279 5 100 YES Soft Ice slurry 

1 - 2 -0.835 5 100 YES Soft Ice slurry 

1.5 -3 -0.976 5 100 YES Soft Ice slurry 

2 -3 -1.659 5 100 YES Soft Ice slurry 

2.5 -4 -2.017 5 100 YES Soft Ice slurry 

3.5 -4 -2.379 5 100 YES Soft Ice slurry 

4 -5 -3.292 5 100 YES Soft Ice slurry 

 

 

A similar sampling procedure was followed for the collection of ice crystals, i.e., 

washed crystals and unwashed crystals, as discussed in Section 3.2.3. Each 

experiment was replicated to validate the results for the purity of formed ice in terms 

of measured electrical conductivity.  
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Temperature data recorded from the PT100 probe installed at the bottom of the 

crystallizer is shown in Figure 19. 

 

Figure 19 - Temperature data against each NaCl wt. % i.e., cooling curves 

 

4.2.4 Result and discussion 

 

The purification efficiency was calculated by Equation 4, as mentioned 3.2.4. In case 

of washed ice, purification efficiency ranged between 95 – 99 %, while for unwashed 

ice, it varied between 30 – 67 %. The average purification efficiencies for washed ice 

are collected for different NaCl (wt.%) presented in Figure 20. 

 

Figure 20 – Purification efficiencies for washed ice sample; NaCl wt. %. 
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Similarly, purification efficiency for unwashed ice is presented for each NaCl solution 

test in Figure 21. 

 

Figure 21 - Purification efficiencies for unwashed ice sample; NaCl wt. %. 

 

Electrical conductivity of solution was measured before and after freeze crystallization 

for few of the experiments. In the case of salt solution, it was expected to have 

increased electrical conductivity (mS/cm) i.e., for 2.5 wt. % NaCl solution; EC was 36.9 

mS/cm and 51 mS/cm after crystallization because the solution became concentrated. 

Results of electrical conductivity before and after freezing process is shown in Figure 

22. For higher concentrations increase in electrical conductivity (mS/cm) is quite 

noticeable from the results.  

 

Figure 22 – Electrical conductivities, EC (mS/cm) of solutions before and after freezing 
process with different NaCl tests. 
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The results obtained from this experimentation were promising enough to move 

forward in the process of validation for real wastewaters. The designed purification 

efficiency of 95 % was predicted for scraped surface crystallizer. While purification 

efficiency achieved from experiments exceptional i.e., 99 %. In addition, washing is 

crucial for the purification process because purification efficiency reduced to half or 

less for unwashed ice. Because unwashed ice entrapped impurities, i.e., loosely 

attached to the crystal surface which, require washing to get pure ice. Conclusively, 

similar purification results can be expected from real wastewater experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

49 
 

4.3 Experiments with real wastewater (landfill leachate) 

 

The final phase of experiments conducted with real wastewater for the validation of 

concept employed to achieve the goal of wastewater purification. A similar 

experimental and sampling procedure as previous was followed for this phase also. 

Common wastewater indicators were analyzed for the purification efficiency 

estimation, i.e., color (PtCo), turbidity (FTU), electrical conductivity (mS/cm), and COD 

(mg/L) test. Another motivation to treat landfill wastewater with freeze crystallization is 

that the process does not require any pretreatment. 

4.3.1 Wastewater (landfill leachate) 

 

Water samples were collected from landfill site Kukkuroinmäki, Lappeenranta, in the 

South Karelia region. Generally, landfill comprises a mixture of municipal, commercial, 

or some mixed industrial waste. The primary content of the inhomogeneous mixture of 

landfill leachate are organic substances and soluble minerals, as well. Landfill 

wastewater appearance was brownish with high turbidity and mild in odor as compared 

to municipal wastewater. The other factors that affect the composition of landfill 

leachate are waste type, weather, and the time of holding leachate in landfill body. 

Generally, leachate contains a wide range of nitrogen and sulphur compound other 

than organic pollutants (DAS Environmental Experts, 2019). The landfill leachate 

collected in basins is pumped to the wastewater treatment plant for proper treatment 

and disposal. 

As mentioned above, common indicators were selected to estimate the purification 

efficiency of the freeze crystallization process. These indicators are commonly used to 

characterize landfill leachate in general. 

1. Color and Odor – The color of collected landfill leachate was dark – brown 

with an average value of 1000 – 1600 (PtCO) on the Platinum Cobalt color 

scale. The odor associated with leachate is because of organic pollutants 

and its decomposition. 

 

2. pH – The pH ranges from 6 – 7 shows the presence of weak acid, while a 

range of 7 – 8 detects weak alkaline. For the collected wastewater from a 

landfill site for experimentation, pH was weakly alkaline, i.e., 7 – 8. 
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3. COD – The chemical oxygen demand (COD) is the amount of oxygen 

consumed during the reaction in wastewater. The measurement of COD 

expressed in mg/L. The average COD for landfill effluent for experiments 

was 932 mg/L, which shows prolonged reduction with time. The presence 

of microorganisms enables the consumption of organic content (sludge), 

which refers to the reduction of COD. 

 

4. Electrical Conductivity – The most common salts present in landfill 

leachate are chloride (100 – 4000 mg/L) and phosphate (9 – 1600 mg/L) at 

visible concentrations (Rong, 2009). This enables measurement of 

electrical conductivity for the estimation of purification efficiency of 

inorganic matter. The electrical conductivities measured, 4.81 to 6.4 

mS/cm, which indicates the presence of highly ionic inorganic content.  

 

 

5. Total N and Total P – Nitrogen and phosphorus comprise the significant 

portion of leachate ‘s inorganic pollutants. The active landfill site depicts 

higher concentration for both nitrogen and phosphorus due to slow 

decomposition in anaerobic conditions.  

Beside characteristic mentioned above for landfill leachate, suspended solids and TDS 

(total dissolved solids) are other characteristics which clarify the presence of solid 

matter in organic and inorganic form. Landfill wastewater contains higher metal 

contents because of the combined disposal of industrial and domestic waste at the 

landfill site. The presence of industrial waste defines the level of heavy metals in the 

leachate, while in the domestic waste, concentration of heavy metal is very low. Heavy 

metals concentration also depends on the method adopted for waste disposal in landfill 

sites, i.e., if mix – filling mode followed, then the industrial waste would be the primary 

source of heavy metals like Cu, Zn, Pb, Cd, Hg (Rong, 2009). 

 

4.3.2 Operational parameter estimation 

 

For this experiment phase, freezing point depression (FPD) was the only parameter 

estimated at the lab scale. The objective of this estimation involves the addition of seed 

crystal at that temperature to prevent undercooling phenomenon during experiments. 

About 500 ml landfill leachate was treated in glass crystallizer facilitated with a 

magnetic stirrer to ensure uniform temperature distribution. The thermostatic unit 
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Lauda RP 850 was used to control the temperature of the coolant flowing in the 

crystallizer jacket and mono ethylene glycol used as a coolant. Also, the temperature 

change was recorded and monitored with the Picolog PT – 104 temperature data 

logger with an accuracy of 0.015 °C and PT – 100 temperature probe. The FPD 

temperature of -0.06 °C was observed for landfill leachate.   

Beside FPD, pH was also measured at the lab scale before the introduction of landfill 

leachate in scraped surface crystallizer. Higher acidic and basic pH range may cause 

corrosion in the crystallizer body or assembly, i.e., neutral or lower pH of feed is 

suitable. The pH of landfill leachate found in the neutral range of 7 – 8. 

 

4.3.3 Experiments and observations 

 

Similar experimental setup, with a capacity of 120 kg used in this phase. Pre-cooled 

feed was introduced to scraped surface crystallizer and coolant temperature of Tcool - 

3.0 °C fixed for every experiment and temperature difference (ΔT = 3 °C). The total 

residence time of 60 min was employed for each experiment. The agitator and scraper 

speed varied 150 – 250 rpm and 7 – 10 rpm respectively, for each experiment.  

The coding scheme used to store ice crystal samples collected from each experiment. 

The first alphabet ‘L’ stands for’ landfill leachate ‘while the second digit represents 

container number and third shows experiment number. Similarly, different seeding 

temperatures employed for L1 and L2, i.e., -0.06 °C and -0.4 °C.  All experiments 

triplicated, as mentioned above, three containers were collected from the landfill site. 

Similar, sample collection and washing procedures applied and samples stored as 

washed and unwashed. The results from the first two containers, L1 and L2, were used 

to determine purification efficiency while container L3 was used for the experiments to 

study the impact of washing on ice crystal purity and production efficiency calculation.  

 

4.3.4 Result and discussion 

 

The ice sample were collected from experiments and further analyzed for quality 

indicators, i.e., color (PtCo), Turbidity (FTU), pH, Electrical Conductivity (mS/cm), and 

COD (mg/L) as explained in Section 3.2.4. 
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The purification efficiency was calculated by Equation 4, as mentioned 3.2.4. In case 

of washed ice crystals, purification efficiency ranged between 87 – 97 % regardless of 

which water quality indicator investigated, what set of experimental parameters applied 

or, which feed container used. There is a slight difference in purification efficiencies of 

container L1 and L2, which may involve possible sampling error at the time of sample 

collection and washing.  

The average purification efficiencies for washed ice samples with each indicator are 

shown in Figure 23. 

 

Figure 23 - Purification efficiencies of washed ice samples analyzed for each indictor 

. 

 

In the same way for unwashed ice, purification efficiency reduced to half of the 

efficiency observed for washed ice. It ranges between 38 – 53 % regardless of the feed 

container used. As discussed in the previous experimental phase ice crystals hold 

some of the impurities on their surfaces, which become part of the product when liquify. 

It is the reason why the washing of ice crystals has a significant impact on the product 

purity. The average purification efficiencies for unwashed ice collected from 

experiments with indicators are depicted in Figure 24. 
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Figure 24 – Purification efficiencies of unwashed ice samples analyzed for each indictor. 

 

The impact of washing on ice crystal purity was studied by the collection of samples 

after each washing stage. A similar examination of COD (mg/L), electrical conductivity 

(mS/cm) color (PtCo), and turbidity (FTU) was directed for the samples collected at 

each stage of washing. The results of ice purity against the number of washing cycle 

are shown in Figure 25. 

 

Figure 25 - Purification efficiencies after ice samples washing cycles 
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About 80% of purification efficiency is achievable just after 1st wash in a batch mode 

of operation.  For continuous operation mode, more than 90% of purity can be achieved 

in a specially designed separation and washing vessel.  

Also, ice production efficiency was calculated based on mass difference. The pre-

weighted feed used for freeze crystallization. After crystal formation residence time of 

60 minutes was applied. Then, wastewater was removed from the crystallizer and 

collected wastewater weighted again to observe the difference. The Equation 5 for the 

calculation is as follow. 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑖𝑐𝑒 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑
∗ 100      (5) 

 

Where                       𝑀𝑎𝑠𝑠 𝑜𝑓 𝑖𝑐𝑒 = 𝑀𝑓𝑒𝑒𝑑 −𝑀𝑓𝑒𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

 

The pre-weighted feed of 122.8 kg was used for the FC experiment. The mass of feed 

recovered after completion of experiment was 110.4 kg. The mass difference of 12.4 

kg was considered as mass of ice present in crystallizer. The observed mass of feed 

and ice was substituted in Equation 5 and productivity of 10% estimated. 
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5. RESULT AND DISCUSSION 
 

The results obtained from three different experimental phases are explained and 

compared in this chapter. The varied effect of process parameters (such as agitator 

and scraper speed, solution composition and concentration, and temperature 

difference (∆T) for heat transfer) on product (ice) purity and production are volume also 

discussed here. 

 

5.1 The functionality of Equipment – Scraped Surface Crystallizer 

 

The foremost concern related to this research was the functionality of equipment 

(scraped surface crystallizer). Whether it is working properly, its indirect cooling 

mechanism assists freeze crystallization process and how its sub devices, i.e., agitator 

and scraper assist mass and energy transfer and their performance after ice crystal 

formation and ice scaling occurs. The key explanations from the functional testing 

phase are: 

▪ Based on visual observations throughout experimental phases, ice crystals 

formed in each experiment, which further followed ice scaling on the cooled 

wall surface. So, the primary objective of impurity separation or diluted 

wastewater purification with designed equipment is achievable.  

 

▪ The effect of temperature difference (∆T) between coolant and refrigerant also 

has a crucial impact on the performance of equipment because a higher cooling 

rate promotes faster ice layer growth on the cooled wall surface. Hasan et al. 

(2017) suggested ΔT = Tref - Tcool = 3 – 6 °C, which also considered for all 

experimental phases of this research. 

 

 

▪ As discussed in Section 2.5.1, agitation is the critical process variable for 

continuous crystallization because it does not only inhibit or reduce the 

thickness of stagnant boundary layer formed around the crystallizer wall. It also 

decreases the heat and mass transfer resistances, which indicates the 

dominance of shear stress of fluid produced during the agitation over 

resistances. It improves mass and heat transfer across the feed solution.  

Hasan et al. (2017) studied 100 – 300 rpm agitator speed to investigate the 

induction time for ice scaling and concluded that the induction time increases 
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at high agitator speed. The similar speed range for agitator investigated in this 

research. Mullin (2001) suggested that higher agitation speed may lead to 

attrition of crystals in suspension. Therefore, optimum agitator speed employed 

to ensure ice crystal growth after nucleation, i.e., 150 – 200 rpm. 

 

▪ Ice scaling on the cooled wall surface of crystallizer was persistent in all 

experiments observed through scraper’s scraping sound. The 4 - blade scraper 

provided in crystallizer assisted ice scraping very well except failure observed 

at a lower speed of 5 rpm. The vibration and rise in sound observed far ahead 

during the experiments. Besides, scraper also assisted agitation, and higher 

rotational speed removed the stagnancy of the layer around the cooled wall. 

However, Hasan et al. (2017) also suggested that induction time and nucleation 

rates are inversely proportional. Therefore, similar optimum scraper speed was 

applied, i.e., 7 – 10 rpm. 

 

 

▪ In case of an electrolyte solution, Vaessen et al. (2002) studied ice scale 

formation on scraped surface heat exchanger plate and suggested that 

scraping rate and concentration of ion in an electrolyte solution are determining 

parameters of ice scaling phenomenon (Vaessen, et al., 2002). Another study 

with a low concentration of KNO3 conducted by Pronk et al. also explained that 

maximum temperature difference without ice scale formation linearly depends 

on the concentration of solute in an electrolyte solution. Similarly, during the 

second experimental phase, presence of sodium chloride salt in the solution 

did not involve any vibration due to ice scale scraping from cooled wall surface 

but observed through acoustics. It is quite probable that ice scaling was 

delayed because of the presence of salt as impurities or adhesion and 

accumulation of ice crystals on cooled wall surface occurred at slow rate. 

 

▪ For landfill wastewater, as discussed in Section 4.3.1, the presence of chloride 

or phosphate ion in leachate may affect ice scale formation, as suggested in 

past studies. A similar effect of electrolytic impurities observed on freezing point 

depression (FPD) temperature of collected sample containers L1 and L2, i.e., 

-0.06 °C and -0.10 °C, which also depicted significant difference of average 

electrical conductivities.   In the last experimental phase, the growth of the ice 

layer on the cooled wall surface took 60 minutes of freezing time to reach the 

scraping thickness of >2 mm. 
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5.2 Purification efficiency 

 

The factors affecting the functionality of the scraped surface crystallizer have been 

discussed in detail previously. To progress further in the research, experiments 

conducted with salt solution (varied wt. %) to cover the purity aspect of the product 

(ice) formed. Furthermore, the purification efficiency of scraped surface crystallizer 

calculated from the results obtained from wastewater leachate experiments. The key 

explanation and comparison of results are: 

▪ Electrical conductivity (mS/cm) measured for the calculation of purification 

efficiency of the crystallizer in case of varied concentration of salt (wt %) 

solution. The average purification efficiency of 98.5 % obtained for the washed 

ice with each concentration. Van der Ham et. al (2004) studied continuous EFC 

using CuSO4 solution for purity estimation by the cooled disk column crystallizer 

(CDCC) with the capacity of 14 L. The eutectic temperature of 271.55 K, and 

eutectic composition of 0.119 kg anhydrous salt per kg of solution utilized for 

the experiment. The residence time of 50 to 120 min adjusted. The purification 

efficiency of 95 % was attained for ice after washing sufficiently. The 

significance of washing has been discussed in Section 4.3.4. The only 

difference between current research and previous study is the number of 

washing cycles applied after ice crystal collection, i.e., 3 and 5 or more, 

respectively. 

 

▪ The landfill leachate was studied with the scraped surface crystallizer in the last 

experimental phase, where different water quality indicators were measured to 

compute the purification efficiency. The characteristics of landfill leachate is 

explained in Section 4.3.1. The high COD of 932 mg/L indicates the presence 

of higher organic content. And electrical conductivity values depict presence of 

ionic inorganic content. Even though, water was collected to 3 different 

containers from the same point but still slight difference in the value of COD, 

pH, color, turbidity, and electrical conductivities observed from the samples. 
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▪ The purification efficiency of ice obtained from each experiment for each 

analyzed indicator are discussed and compared below: 

 

i.  COD – The average purification efficiency calculated in terms of COD 

for washed ice was 93.6% for sample L1 and 97.4% for sample L2. The 

slight difference in purification efficiencies was assumed to have the 

slight effect of undercooling on the nucleation and crystal growth, more 

ice formed in sample L2. There is no similar study with landfill leachate 

available, particularly for comparison. Besides, a significant difference 

in the experimental configuration, feed stream used, reactor size, and 

undefined set of parameters also make this comparison difficult. Only 

Yin et al. investigated the removal efficiency of COD from highly 

concentrated wastewater stream of the pharmaceutical industry in 500 

ml suspension crystallizer, the agitation speed of 300 rpm at the 

temperature of -6 °C and reported efficiency in the range of 70 – 90 % 

(Yin, et al., 2017). 

 

ii. Electrical conductivity – This also follows the same trend, i.e., the 

purification efficiency was higher for sample L2 (97%) as compared to 

sample L1 (88.2%). Although Van der Ham et. al (2004) and Randell et 

al. (2014) reported similar EFC purification efficiencies of 95% and 98% 

respectively. But it did not concern electrical conductivity for efficiency 

estimation. 

 

 

iii. Color and Turbidity – The purification efficiencies in terms of color and 

turbidity also had a similar average of 97% for sample L2 and 87% and 

90.2 % for sample L1, respectively. The collected samples have high 

visual clarity after wash. Randell et al. (2014) also suggested that ice 

crystallization excludes all impurities, even color dyes, as well. 

  

▪ The purification efficiency of unwashed ice collected from each experiment falls 

in the range of 40 – 50%, which highlights the importance of ice washing. As 

already discussed, ice crystals capture impurities, i.e., loosely attached to the 

crystal surface, required further treatment to enhance ice crystal purity. The 

previous studies conducted by Randell et al. (2014) and Van der Ham (2004) 
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also reported the enhancement of ice crystal purity with the increase of washing 

cycles. 

 

▪ In addition, no significant influence of the rotational speed of agitator (150,200 

and 250 rpm) and scraper (7 and 10 rpm) was observed on the purification 

efficiency.  

 

▪ The temperature difference (∆T) of 3 °C was employed for all experiments 

based on the temperature used for the salt solution with varied concentrations 

(wt %.), which does not show any impact on purification efficiency. The slight 

differences in the purification efficiencies of sample L2 and L1 were observed. 

More ice formed in sample L2 because of the effect of undercooling on the 

nucleation and crystal growth,  

The combined impact of varied rotational speed (rpm) at different freezing 

temperatures (°C) on purification and production efficiency, was not investigated in this 

research. Besides, the effectiveness of the freeze crystallization process for dilute 

wastewater streams was validated in this research. More than 95 % of purification 

efficiency achieved from diverse feed streams illustrates the novelty of designed 

scraped surface crystallizer. The research objective only covers the concept validation 

domain while the process optimization domain is still open for research.  
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5.3 Production efficiency 

 

After the successful estimation of purification efficiency, it raises questions over 

equipment's production efficiency. How efficient is this scraped surface crystallizer in 

terms of ice produced per hour? As discussed above that sample L3 used for the 

productivity calculation by measuring the difference of feed masses before and after 

freezing process. About 11 – 12 kg of ice was produced after one hour of residence 

time, which is higher than the design value of 10 kg/h. The productivity of 10% was 

achieved. 

The result shows that high production efficiency could be achieved with the 

optimization of process parameters and association of scraped surface crystallizer with 

other process auxiliaries, for instance, ice crystal separation vessel to operate in 

continuous mode. The operation of scraped surface crystallizer in batch mode could 

be another reason of rapid ice scaling. Jooste (2016) explained the operational 

strategy for industrial application. After primary crystallization, temperature of bulk 

solution increases because the heat of crystallization is utilized in ice crystal formation. 

This heat removal during crystallization does not only eliminate the onset of ice scaling 

but also enhances the production rate because of the availability of all products per 

unit area for maximum heat transfer (Jooste, 2016). 

There is no continuous ice removal involved in batch mode, which decreases the 

temperature of the solution and assists in ice scale formation on the cooled wall 

surface. So, the presence of a separation vessel would ensure continuous mode of 

operation and may inhibit the formation of ice scale because of uniform temperature 

distribution.  
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6. CONCLUSION 
 

The primary objective of this research was the validation of freeze crystallization 

concept to treat dilute wastewater streams. The novel scraped surface crystallizer with 

a capacity of 120 L, was designed and developed to exploit the potential of FC as a 

separation and purification technique. The scraped surface crystallizer applies indirect 

cooling to exchange heat from feed solution through coolant circulation in the 

crystallizer jacket. Besides, an agitator provided to facilitate uniform heat and mass 

transfer throughout the feed solution.  The major obstacle involved in indirect cooling 

is the formation of ice scale on the cooled wall surface during FC. To resolve the ice 

scaling issue, the crystallizer is equipped with 4 - blade scraper assembly with a 

clearance height of 2mm for ice scale removal from the cooled wall surface. 

The designed crystallizer passed through the functional testing phase, and the results 

regarding ice formation and ice scale scraping were positive enough to progress further 

in the research. Furthermore, salt solutions with varied concentrations (wt. %.) were 

tested with scraped surface crystallizer to predict ice purity produced under specific 

set of process parameters. Theoretically, freezing of solutions produce ice with very 

high purity. More than 98 % purification efficiency was experienced for salt solution by 

FC. The design objective of scraped surface crystallizer was demonstrated 

successfully, and real wastewater purification was studied in the last phase of 

experiments.  

In experiments, the landfill leachate was purified without any pre-treatment for 

purification efficiency estimation. Common water quality indicators were determined to 

quantify the purity of ice in terms of COD (mg/L), color (PtCo), turbidity (FTU), and 

electrical conductivity (mS/cm). The ice after washing attained 97% purification 

efficiency while the efficiency reduced to half for ice samples without washing, i.e., 40 

– 50%. The impact of washing cycles was also studied to find an optimum number of 

cycles. About 3 washing cycles required to achieve purification efficiency of more than 

90 %. The aspects of the functionality of the novel scraped surface crystallizer was  

covered in this research but still other aspects, for instance, optimization, continuous 

freeze crystallization in the presence of further process auxiliaries could be another 

domain of research in the future. 
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6.1 Future prospect of research 

 

As mentioned above that this research only covers one dimension still other 

dimensions are open to study for improved industrial-scale freeze crystallization 

process. These are:  

i. Batch mode of operation employed throughout this research. The only 

operational difficulty experienced was the steady temperature 

conditions for bulk solution. Consequently, reduction in temperature 

leads ice scale formation. In comparison with continuous operation it is 

easier to maintain temperature of bulk solution by the consistent 

removal of ice from the crystallizer, which hinders ice scale formation. 

It is energy – efficient also because the scraper assembly consumes 

additional energy in the presence of ice scaling.   

 

ii. The presence of other process auxiliaries can improve the production 

efficiency of the process. If the scraped surface crystallizer is attached 

with other equipment like feed pre-cooler to reduce temperature just 

below freezing temperature before its integration in crystallizer would 

assist faster crystallization and closed-loop mechanism to recover cold 

heat enables energy-efficient process.   

 

iii. The achievable purification efficiency is high enough, but it can be 

further enhanced if the crystallizer attached with a separation vessel is 

designed to recover ice with the highest purity and minimum loss after 

wash.  

 

iv. The optimization of the process parameters is another domain of 

interest because of the impact of process parameters like a different 

combination of temperature difference and rotation speed on product 

purity and productivity not investigated in this research. 

 

As discussed earlier, the equipment cost of the freeze crystallization process limits its 

incorporation in other separation or purification processes e.g., wastewater purification 

process. The only way to seek attention of wastewater treatment industry is the 

process feasibility with higher productivity at low energy consumption. 

 



 
 

63 
 

7. SUMMARY 

 

Freeze crystallization is an energy-efficient separation process applicable to the 

diverse range of feed streams. The removal of water from voluminous wastewater 

streams makes traditional treatment methods either energy-intensive or produce 

secondary effluent for further treatment. In general, traditional wastewater treatment 

methods does not focus on water recovery, which is another associated drawback. 

The present work promotes the concept of suspension freeze crystallization for 

wastewater purification. The scraped surface crystallizer was utilized to validate the 

concept of FC in a controlled environment with the possibility of change in process 

parameters. The problem of ice scale removal was fixed by the scraping and agitation 

mechanism to ensure the continuity of the process. The operating parameters were 

studied from the literature source initially. 

The salt solution at varying concentrations (wt.%) were studied intending to evaluate 

purification efficiency, which may assist the seawater desalination process in the 

future. The interpretation of experimental results based on the presence of impurities 

in the feed stream and ice formed. The purity of ice was analyzed with each 

concentration by electrical conductivity. The similar, approach utilized for landfill 

leachate after successful purification experiments with salt solutions.  

Most number of experiments conducted with landfill leachate to evaluate the impact of 

different rotational speed on production and purification efficiencies of the crystallizer. 

Consistent temperature difference applied in all experiments. Therefore, the combined 

impact of temperature change and rotational speed still uninvestigated. In addition, the 

influence of the undercooling phenomenon on nucleation and crystal growth observed. 

Higher efficiencies attained, regardless of operating process parameters. The 

difference in purification efficiencies between washed and unwashed ice highlighted 

the crucial impact of washing on the purity of ice. The production efficiency of 12 kg/hr 

achieved. 

Freeze crystallization is potentially applicable to the processes which demand high 

product purity because of excellent separation efficiency at a low consumption of 

energy. The level of theoretical explanation is although insufficient to answer key 

kinetics involved and the impact of process parameters on the purification efficiency. 

However, the association of novel crystallizer with other process equipment ensures 

the feasibility of the FC process for bulk volumes of dilute wastewater streams. 
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APPENDICES  
 

Appendix I 

Measured value of electrical conductivities for model solution experimental phase. 

 

NaCl conc.  
wt. % 

Solution 
electrical 

Conductivity 
mS/cm 

Ice Elec. 
Conductivity 

with wash   
 µS/cm 

0,5 9,25 337 

1 17,25 171,4 

1,5 22,5 156,2 

2 30 450 

2,5 36,9 371 

3,5 48,8 712 

   

   

   

NaCl conc.   
wt. % 

Solution 
Electrical 

Conductivity 
mS/cm 

Ice Elec. 
Conductivity 

without 
washing  
mS/cm 

4 66,5 45,1 

3,5 59,2 19,18 

2,5 36,9 35 

2 30 19,97 

1,5 22,5 15,7 

   
   
   

   

NaCl conc.  
% 

Solution 
electrical 

Conductivity 
before 

crystallization 
mS/cm 

Solution 
electrical 

Conductivity 
after 

crystallization   
mS/cm 

1,5 22,5 20,6 

2 30 36,2 

2,5 36,9 51 
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  Appendix II 

Measured values of analyzed indictors for landfill leachate sample L2 & L1. 

              Sample 
L1  

COD  
wastewater 

mg/L 

COD 
washed ice 

mg/L 

COD 
unwashed ice 

mg/L 

 1 828 20 554 

2 828 79 532 

3 750 79 419 

4 750 60 430 

5 854 14 328 

    

Sample 
L1  

Color 
wastewater 

PtCo 

Color 
washed ice 

PtCo 

Color 
unwashed ice 

PtCo 

1 1064 40 770 

2 1064 189 782 

3 1148 143 584 

4 1148 172 556 

5 1208 193 614 

    

Sample 
L1  

Turbidity 
wastewater 

FTU 

Turbidity 
washed ice  

FTU 

Turbidity 
unwashed ice  

FTU 

1 219 7 152 

2 219 32 151 

3 266 24 112 

4 266 31 108 

5 349 37 112 
    

Sample 
L1  

Conductivity 
wastewater 

mS/cm  

Conductivity 
washed ice 

μS/cm 

Conductivity 
unwashed ice 

mS/cm 

1 4,81 165,5 2,76 

2 4,81 593 3,19 

3 5,37 628 2,9 

4 5,37 918 2,92 

5 5,76 842 2,72 

Sample 
L2  

COD  
wastewater 

mg/L 

COD  
washed ice 

mg/L 

COD 
unwashed ice 

mg/L 

1 755 25 466 

2 854 19 520 

3 857 26 514 

4 857 18 555 

5 848 18 504 
    

Sample 
L2  

Color 
wastewater  

PtCo 

Color 
washed ice 

PtCo 

Color 
unwashed ice 

PtCo 

1 1752 36 688 

2 1600 47 802 

3 1520 48 774 

4 1520 41 886 

5 1592 36 752 
    

Sample  
L2  

Turbidity 
wastewater  

FTU 

Turbidity 
washed ice  

FTU 

Turbidity 
unwashed ice 

FTU 

1 365 8 127 

2 315 8 142 

3 290 9 138 

4 290 7 136 

5 282 6 162 
    

Sample  
L2  

Conductivity 
mS/cm  

Conductivity 
washed 
Crystals  
μS/cm 

Conductivity 
unwashed 
crystals  
mS/cm 

1 6,21 192,7 3,28 

2 6,4 194,1 3,72 

3 6,28 216 3,52 

4 6,28 196,5 3,82 

5 6,4 160,1 3,35 
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Appendix III 

Measured values of indicators for washing impact experiments L3. 

 

Experiment 01 
Conductivity 

mS/cm  
Color  
PtCO 

Turbidity 
Ftu  

COD 
 mg/L 

L031 6,33 1364 265 688 

L311 3,08 608 115 317 

L312 718 134 25 89 

L313 300 75 14 47 

L31-Crystal 456 90 16 59 

L31-UW. Crystal 3,96 824 159 445 

     

     

Experiment 02 
Conductivity  

mS/cm 
Color  
PtCO 

Turbidity 
Ftu  

COD  
mg/L 

L032 6,45 1568 263 695 

L321 3,52 762 143 376 

L322 768 160 29 82 

L323 253 58 10 32 

L32-Crystal 200 67 10 37 

L32-UW. Crystal 3,5 682 130 372 

     

     

Experiment 03 
Conductivity 

mS/cm   
Color 
 PtCO 

Turbidity 
Ftu  

COD 
 mg/L 

L033 6,29 1384 275 690 

L33-1WC 1210 221 43 102 

L33-2WC 520 108 20 60 

L33-3WC 231 47 9 34 

L32-UW. Crystal 3,55 728 136 360 


