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ABSTRACT 

This is the first time that temporal and spatial data of crystal sizes and solute concentration 

are obtained and analysed for different operating conditions, such that useful parameters (such 

as agglomeration/attrition rates) could be predicted. Carrying out steady state analyses is an 

unchartered territory with respect to palm oil (a typical fat material) crystallisation and some 

interesting but useful correlations and discoveries were made. 

 

Studies were undertaken in a batch OBC, investigating the effect of cooling profile and 

mixing on the kinetics parameter, e.g. MSZW and it was established that while cooling rate 

showed similar effects as it would be for a typical solution crystallisation in that higher cooling 

rate increased the crystallisation rate, mixing had a negligible effect; this is part of what 

distinguishes this process from a generic solution crystallisation. Generally, the MSZW for this 

palm oil system was between 17 – 22 °C. The effects of these parameters on filtration 

properties, such as filtration rate, yield, were also examined. 

 

Continuous crystallisation of palm oil was performed in a continuous oscillatory baffled 

crystalliser where steady states of solute concentration and crystal size along the column length 

were examined with respect to process conditions. Temporal steady state of size was achieved 

for all the conditions considered with a ≤ 10% change over a 30-min period while solute was 

continuously being consumed with time (based on the % transmittance data). However, the 

consumption reduced considerably when the flowrate was increased (effect short residence 

time), and when oscillation frequency was reduced (effect of high shear rates). Spatial size 

increase was observed between the measurements windows (Jn7 → Jn10) and this was 

attributed to agglomeration (as opposed to crystal growth) due to the minimal spatial change 

(1 – 4%) in the % transmittance (an indication of solute consumption) along this tube length. 

The rate of this agglomeration was averaged at 0.025 μm/s.  Only the fast flowrate condition 

showed an opposite trend in that size decrease was observed from Jn7 to Jn10; another effect 

of short residence time. High mixing conditions had relatively more influence on the nucleation 

rate than the crystal size. 
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CHAPTER 1 – INTRODUCTION 1 

1.1 Problem Statement 2 

The concept of crystallisation has received a lot of attention with respect to research and 3 

developments both in academia and industries such as pharmaceuticals, fine chemicals, agro-4 

chemical and food industries; this is due to the complex science and control associated with 5 

the operation. Since it is often adopted in recovering/separating purer materials from a 6 

multicomponent multiphase product, it is constantly desired to carry out this process as 7 

effective as possible, without compromising the efficiency of the downstream processes, such 8 

as filtration and drying. This forms a considerable part of the challenge faced by the industries 9 

that are constantly under the pressure of delivering high quality products consistently with 10 

effective use of both natural and financial resources, without negatively influencing the 11 

environment. Given that there are no one-size-fits-all theoretical models for the process, 12 

fundamental understanding of a particular process mechanism is often obtained through 13 

experiments carried out in the laboratory before it is being scaled up for commercial 14 

production. Major considerations during the design of a crystallisation process include purity, 15 

product control (size distribution, morphology) and process control (supersaturation, 16 

temperature profile). 17 

 18 

1.1.1 Proffered Solution 19 

Mixing and heat transfer are key parameters that greatly affect the eventual product qualities 20 

(consistency and desired properties). As can be expected, this challenge will be more prominent 21 

in fat/oil systems where the composition is more complex, and viscosity is higher. To address 22 

these issues, a plug flow system, where all the elements within the system have the same 23 

residence time, is often desired. This motivated the design and development of a novel 24 

technology, the Oscillatory Baffled Crystalliser (OBC); it is a tubular system with inserted (or 25 

in-built) orifice baffles positioned at regular intervals along the length of the tube; oscillatory 26 

motion is used to stimulate a radial flow motion through generation and cessation of eddies as 27 

the fluid flows through the baffle orifices. Studies have confirmed the capability of this 28 

technology in providing solutions to the pressing challenges with conventional stirred 29 

reactors[1].  30 

 31 
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The tubular geometry of the COBC (C = Continuous) allows for a better heat and mass 1 

transfer due to a larger specific area per unit volume, provides a consistent mixing environment 2 

for crystallisation and for uniform particle suspension due to the achievement of  pseudo-plug 3 

flow; also, scale up parameter is linear, i.e. process mechanism remains the same in all scales. 4 

Besides improvement to the process operation mechanisms, other attractive enhancement 5 

brought about by this technology are reduced material consumption, reduced capital/operating 6 

costs and improved product control/quality. More information regarding this technology and 7 

its conventional counterparts are detailed later in this thesis. 8 

 9 

1.1.2 Research Objectives 10 

This research therefore aims to address the highlighted challenges by adopting this innovative 11 

mixing technology to gain better understanding of melt crystallisation with respect to kinetics 12 

and steady states. Therefore, the key drivers for this study are listed below: 13 

• Understanding the science of crystallisation from melt as it compares with solution 14 

crystallisation. 15 

• Develop operation and control for continuous crystallisation from melt 16 

• Develop continuous filtration for crystallisation from melt 17 

 18 

In view of this, the research work has been categorised into the following sections: 19 

• Develop solubility curve for the model compound using different analysis techniques 20 

• Examine the effect of operating parameters on metastable zone width  21 

• Extract kinetics parameters and compare with solution crystallisation 22 

• Examine the effects of operational parameters on filtration properties 23 

• Examine the steady states of solute concentration and crystal sizes on a continuous 24 

platform. 25 

 26 

  27 
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1.2 Theory 1 

There are two steps that make up the crystallisation process [2] – nucleation and growth, and 2 

they are driven by a deviation from thermodynamic equilibrium based on the concentration–3 

temperature (C-T) relationship of a specific system; this deviation is referred to as 4 

supersaturation. Crystallisation is therefore the process with which the solution regains its 5 

equilibrium position; supersaturation can be achieved[3] primarily through cooling (change in 6 

temperature) or evaporation (change in concentration) processes; other methods include 7 

addition of anti-solvent materials and chemical reactions.  8 

 9 

1.2.1 Crystallisation from Melt 10 

The two steps above often involve solution systems– a homogeneous mixture of two or more 11 

substances[4]. However for this research work, the system involved is better referred to as melt 12 

– a homogeneous liquid mixture close to its freezing point, with constituents individually 13 

solidifying when cooled to ambient temperatures; though, no clear distinction has been made 14 

between the two systems (more so in relation to phase equilibria diagrams), it was stated that 15 

crystallisation from solution precipitates a pure state of only one component (for a binary 16 

mixture) while in crystallisation from melt (CfM), a mix of  products is precipitated[5]. 17 

Therefore, CfM is targeted towards the separation/purification of each component within the 18 

mixture; this is often achieved by a controlled cooling process[6]. It is regarded more attractive 19 

than related processes (such as distillation and evaporation) due to the low energy involved; 20 

other advantageous feature of this process is low operating temperatures. However there are 21 

also some associated challenges which include poor product recovery (purity and yield), high 22 

viscosity at low temperatures, difficult process control, system incompatibility, difficult to 23 

measure process parameters as the solution being opaque, difficulties in filtration due to the 24 

viscosity, just to name but a few.  25 

 26 

1.2.2 Model Compound 27 

The model compound considered for this research work is Refined, Bleached, and 28 

Deodorised (RBD) palm oil. Palm oil is a type of vegetable oil, naturally-rich in a wide range 29 

of triglycerides, thereby considered one of the most flexible edible oils. It consists of two major 30 

fractions – olein and stearin, the latter mainly made up of saturated fats thereby having a higher 31 

melting point. Due to the growing pressure against hydrogenated fat and the demand for 32 
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saturated fat products, palm oil is gaining increased attention as it is comprise of a wide range 1 

of fractions of which saturated fats are included[7]. In view of this, separation of the fractions 2 

is an essential process for the edible oil industries; and this is carried out based on the melting 3 

points of the constituent fractions – a process known as fractionation[8] which is basically an 4 

industrial term for crystallisation from melt. More information on the process is provided later 5 

in this thesis. 6 

  7 

1.3 Structure of Thesis 8 

As seen already, the thesis commenced with an introduction as the first chapter which gave 9 

a brief overview of the CfM process, an insight into the major technology adopted, and an 10 

outline of the major problems to be addressed, together with aims and objectives of the 11 

research. 12 

 13 

This is followed by a literature review in the second chapter which contains a detailed 14 

theoretical background of the crystallisation concept, including reports on findings/theories 15 

from previous studies relevant to the crystallisation from melt. The third chapter describes the 16 

experimental work of this research work, i.e. details of the major equipment used, experiments 17 

carried out, and analyses techniques adopted in the study. 18 

 19 

The discussion & conclusions on the results obtained from the experiments carried out is 20 

articulated in the fourth chapter; logical reasoning behind results and comparison with some 21 

previous studies are shown in this section. The fifth chapter suggests future work in order to 22 

broaden the understanding of the research focus and also tackle some other related issues that 23 

were not addressed within the scope of the study.  24 

 25 

At the end of this thesis there are the reference section and appendices section where 26 

additional information supporting some of the presented results are shown.  27 
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CHAPTER 2 – LITERATURE REVIEW 1 

 2 

In this chapter, the background of crystallisation is established, which includes the theory 3 

behind the process, previous research work and the associated challenges in melt 4 

crystallisation. 5 

 6 

2.1 Basics of Crystallisation 7 

Crystallisation is a common unit operation for separating and purifying materials. 8 

Supersaturation, the driving force of any crystallisation process, is when the concentration of 9 

the solid materials present in a solution is higher than the equilibrium concentration at a specific 10 

temperature (and pressure)[9]. Since supersaturation is a deviation from the equilibrium 11 

position, crystallisation is the process with which the solution regains its equilibrium position. 12 

In thermodynamics, it is a function of the chemical potential (a measure of the potential energy 13 

released or absorbed during a chemical reaction or phase transition) of the solution with respect 14 

to the excess solid phase and the solute activities (or concentration) as shown in eq. (2.1), which 15 

is based on the Gibbs – Thomson equation. However due to the difficulty in determining the 16 

value of Δμ experimentally, supersaturation is expressed as a ratio of excess to equilibrium 17 

concentration and it is referred to as relative supersaturation (σ)[9].  18 
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       (2.1) 19 

Where Δμ = Difference between actual and equilibrium chemical potential, J/mol  20 

c and c* = Actual and equilibrium concentrations respectively, g/g 21 

 R = Gas constant, J/mol-K 22 

T = Temperature, K 23 

S = Fundamental supersaturation  24 

 25 

A Solubility-Supersolubility diagram, which shows the concentration-temperature (C–T) 26 

relationship, is used to classify and represent the degree of supersaturation of a solution (Fig 27 

2.1). Below the solubility curve, where the solution contains less amount of solute than the 28 

equilibrium concentration, crystallisation cannot occur. Above the solubility curve is the 29 
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metastable zone, the solution becomes supersaturated but crystallisation is still unlikely. 1 

Beyond the metastable zone, the solution becomes unstable and crystallisation occurs 2 

spontaneously[10]. There are two major steps that are resulted from supersaturation on the 3 

crystallisation process; nucleation and crystal growth. 4 

 5 

  6 

Fig 2.1: A typical solubility-supersolubility curve[11] 7 

 8 

 9 

2.1.1 Nucleation 10 

Nucleation is the creation of a new solid phase (nuclei) from a supersaturated solution. It 11 

can occur spontaneously (at high level of supersaturation, as stated above) and it can be induced 12 

artificially through seeds, mechanical agitation, shear force, lighting[12], cavitation of sub-13 

cooled or over-pressurised liquid[13, 14] within the solution. In view of this, nucleation can be 14 

divided into two major categories[15]: 15 

• Primary Nucleation: When nuclei are formed spontaneously in the absence of crystalline 16 

materials or foreign bodies, it is referred to as homogeneous. However, when it is induced 17 

by the presence of foreign particles (impurities, rough surfaces), it is referred to as 18 

heterogeneous.  The former is possible only when the supersaturation has reached the labile 19 

region while latter can occur within the metastable zone (Error! Reference source not 20 

found.). 21 
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• Secondary Nucleation: Here, nucleation occurs due to the presence of crystalline material 1 

generated from within the supersaturated solution. This could be due to mechanical forces 2 

(attrition) or a deliberate addition of crystals referred to as ‘seeds’. The type of nucleation 3 

could also be due to the interaction of the solution with the surrounding surfaces, e.g. 4 

impeller, walls, etc.[16] 5 

 6 

Fig 2.2: Different categories of nucleation events[15] 7 

 8 

Kinetics 9 

Nucleation is similar to a chemical reaction in that activation energy barrier needs to be 10 

overcome before a stable nucleus can be formed; this energy is referred to as free energy. It is 11 

characterised by the size of this stable nucleus (referred to as the critical size) and the degree 12 

of supersaturation of the solution; the magnitude of this barrier varies with the particular 13 

process of interest. According to Volmer et al[17], it was assumed that nucleation occurs by 14 

successive addition of molecules to one another thereby increasing in size until the critical size 15 

is reached, and that it is birthed by the formation of an interface layer between the solution and 16 

the new, solid phase. Therefore the expression that defines the overall free energy barrier is a 17 

function of the energy gained due to the phase transition (∆GV, negative) and that required to 18 

form the nucleus surface (∆GS, positive); it is given as below[16]: 19 
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        (2.2) 1 

Where r = radius of nucleus (assumed nucleus is spherical), m 2 

γ = interfacial tension between the new solid surface and surrounding solution, N/m 3 

ν = Molecular volume of the nucleus, m3/mol  4 

The nucleus formed is considered thermodynamically stable when the total free energy 5 

remains constant with increasing size, i.e. δΔG/δr = 0; the nucleus size at which this occurs is 6 

what is referred to as the critical radius (rc). Using eq. (2.1) and eq. (2.2) to solve the differential 7 

equation gives eq. (2.3); it shows the relation of supersaturation with the critical size of the 8 

nucleus in that it reduces with increasing supersaturation. 9 

      (2.3) 10 

Replacing rc into eq. (2.2) gives the free energy at which a stable nucleus is formed (∆Gcr): 11 
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       (2.4) 12 

Where k = Boltzmann constant (R/NA), J/K 13 

NA =Avogadro’s number, 1/mol 14 

 15 

It has been established earlier that supersaturation is the driving force of crystallisation 16 

hence the rate (J) at which a stable nucleus is formed (per unit volume) is dependent on the 17 

level of supersaturation of the system; it is given as the equation below based on the Arrhenius 18 

expression for reaction velocity[18]: 19 
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Where K = Nucleation rate constant, 1/s  21 

Eq. (2.5) confirms that the nucleation rate is dependent of the level of supersaturation of the 22 

solution, absolute temperature of the system, and the interfacial tension between the nucleus 23 
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surface and the solution. If the critical size of the nucleus reduces due to increasing level of 1 

supersaturation, more nuclei will become stable hence increasing nuclei count which implies 2 

increased nucleation rate. 3 

 4 

Previous works[19]  have examined that the effect of supersaturation on nucleation rate as 5 

a function of the initial concentration of the solution (c); results showed that increasing the 6 

initial concentration increased the nucleation rate (inversely proportional to the induction time; 7 

time at which a stable nucleus was formed and observed after the solution had become 8 

supersaturated) until a critical supersaturation was reached where induction time approached 9 

zero and nucleation became spontaneous (homogeneous nucleation).  The results also showed 10 

that increasing the rate at which supersaturation was generated within the solution caused an 11 

increase in the metastable zone width that was the supersaturation at which a nuclei was 12 

observed was increased. By numerical manipulation based on the interfacial tension (γ) in eq. 13 

(2.5), it was discovered that materials with higher solubility had lower surface tension and 14 

therefore a lower critical supersaturation[20]. Evaporation with solvent loss was used to attain 15 

supersaturation in this work. 16 

 17 

The kinetic model above is based on the assumption that nucleation occurs in the absence 18 

of any solid materials that is primary, homogenous nucleation. However, this is rarely the case 19 

in reality due to the presence of foreign bodies and/or surrounding environment; the real free 20 

energy barrier required for nucleation is lower than that ideal value derived from the theoretical 21 

model, hence heterogeneous nucleation occurs at a lower supersaturation than homogeneous 22 

and to account for this, parameters such as impeller speed and contact angle, are incorporated 23 

into the kinetics equation[21]. However the general expression for overall nucleation rate that 24 

takes into account the possibility of heterogeneous nucleation is given below based on the 25 

Becker-Doering relationship: 26 

n

N ckJ =
          (2.6) 27 

Where kN = overall nucleation rate constant, 1/s 28 

n = apparent order of nucleation 29 

 30 

S ↑ ➔  rc ↓ ➔ J ↑ 
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It was reported that the probability of heterogeneous nucleation taking place within a system 1 

which determines the crystal count from the solution is dependent on the degree of 2 

supersaturation and size of the facilitating surface (presumed to be in the nano-scale); this 3 

inference was a result of experiments based on liquid-gas systems[22, 23]. In a related previous 4 

work24], it was observed that at low supersaturation (close to the solubility curve), nucleation 5 

rate is a function of the surface area of the nucleating surface and this brought about the term 6 

surface area-controlled nucleation. This phenomenon was said to occur within a narrow range 7 

of supersaturation, hence not easily detected; beyond this region, full heterogeneous nucleation 8 

takes over.  9 

 10 

2.1.2 Crystal Growth 11 

This is the progressive adjoining of growth units to stable nuclei surfaces by intermolecular 12 

interactions in a supersaturated solution. Two mechanisms are involved in crystal growth[24]; 13 

diffusion of the growth units (ion, atom, molecules or clusters) from the bulk solution and 14 

integration onto the nuclei surfaces, the slowest of which determines the rate and direction of 15 

the growth process; this is also driven by the degree of supersaturation and it is proportional to 16 

the concentration difference between the bulk solution and nuclei surface.  17 

 18 

According to literature, it is said that growth units tend to bind with a crystal surface at 19 

locations of the highest attractive force (highest binding sites) which means filling up an 20 

existing layer before starting a new layer. This is what brought about the theory that says crystal 21 

growth occurs stepwise in layers[25]. In view of the two mechanisms mentioned above, it is 22 

assumed that there is an interface layer between the bulk solution and the crystal surface which 23 

then brought about the below concentration-dependent growth rate equations, a function of the 24 

rate of increase in mass (m) of deposited growth unit with time (t); 25 
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Where kd, r = rate constant of diffusion and surface integration respectively, g/m2s 28 

ci = solute concentration at the interface, g/g 29 

A = surface area of the crystal, m2 30 
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 1 

However because it is difficult to determine the interfacial concentration (ci) 2 

experimentally, the above two equations are merged together to give an overall growth rate: 3 
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         (2.7) 4 

Where KG = overall growth rate constant, 1/s  5 

α, β = volume and surface shape factor respectively 6 

ρ = crystal density, g/m3 7 

g = order of growth process 8 

 9 

The rate of crystal growth which is similar to mass transfer can be measured in a different 10 

ways depending on the parameter of interest. In terms of the shape, it is measured as the speed 11 

of movement in the direction perpendicular to the face of interest[26]; in terms of size, it is the 12 

change in the characteristic dimension of the crystal with time; and in terms of weight, it is the 13 

change of the crystal mass with time; the last two are referred to as linear growth rate[21]. Eq. 14 

(2.7) confirms a relationship between growth rate and the supersaturation of the solution; 15 

previous works have shown these effects and that of solution flowrate (u); in an experiment 16 

involving single-crystal growth cell[27], it was observed that growth rate of the crystals 17 

increases with increasing driving force (supersaturation) and with increasing solution flowrate. 18 

Also at high flowrates (u → ∞), surface integration becomes the controlling mechanism but 19 

when the crystals are allowed to grow in a stagnant solution (u → 0), crystal growth becomes 20 

diffusion-controlled; it was however concluded that though the transition between the two rate-21 

controlling region is not as continuous as depicted, results confirmed limiting factors to growth 22 

rates.  23 

 24 

In another work involving an mixed-suspension-mixed-product removal (MSMPR)[28], 25 

results confirmed the aforementioned effects. The results also showed that an increase in the 26 

initial solute concentration causes a decrease in the growth rate and these was attributed to 27 

increased nucleation rate (both primary and secondary) which impedes crystal growth. 28 

Furthermore, it was confirmed that increasing mean crystal size increases the growth rate and 29 

(Mass growth rate, kg/m2s) 

(Linear growth velocity, m/s) 
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this brought about the size-dependent growth (SDG) model; however a point is reached where 1 

the growth rate becomes unchanged with size; this is referred to as size-independent growth 2 

rate; however until a minimum size is reached, growth rate is significantly low and this was 3 

attributed to the higher terminal velocity of the larger crystals which favours surface 4 

integration[29], consistent with the earlier-mentioned effect of solution velocity (u). This 5 

implies that nuclei which were of the same size, exposed to the same conditions tend to grow 6 

at different rates and this was attributed to secondary nucleation brought about by attrition or 7 

other mechanical stress; this then led to the growth rate dispersion (GRD) model[30]. 8 

 9 

From the findings highlighted above, a strong relationship can be observed between 10 

nucleation and crystal growth as they are both driven by the degree of supersaturation of the 11 

solution amongst other similarities. It can therefore be concluded that the control of these two 12 

steps contribute majorly to the characteristics of the crystal products of which include purity, 13 

size distribution and shape.  14 

 15 

2.1.3 Metastable Zone Width 16 

A major part of process control for a crystallisation process is the ability to control the 17 

occurrence and rate of nucleation and subsequent crystal growth, and a common way of 18 

achieving this is by designing the process such that the crystallisation is induced within the 19 

metastable zone width (see Error! Reference source not found.); an example is the seeding 20 

process highlighted above. Seeds (small particles of the material to be crystallised) are often 21 

introduced just when the solution becomes supersaturated, and their primary aim is to act as 22 

the nuclei thereby suppressing primary nucleation while promoting crystal growth at a 23 

controlled rate[6].  24 

 25 

It is therefore essential to have a fundamental knowledge of the supersaturation condition at 26 

which a solution is likely to nucleate spontaneously, likely or not at all; the metastable zone 27 

width (MSZW) provides this information. In a cooling process, it is defined as the difference 28 

between the saturation (dissolution of last crystalline particle) and nucleation temperature 29 

(appearance of first crystalline particle) provided a steady cooling rate is maintained[31]. It 30 

could also be defined simply as the maximum allowable degree of supercooling 31 

(supersaturation) for a particular system (ΔTmax); it is specific to the particular system hence 32 
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not based on thermodynamic calculations but a function of the operating parameters such as 1 

temperature profile, initial concentration and rate of supersaturation[32]. An adopted 2 

expression used for calculation of MSZW is given below; where dc*/dT represents the 3 

concentration change with temperature: 4 

max

*

max T
dT

dc
c 








=         (2.8) 5 

 6 

From the data on the MSZW (∆Tmax) as a function of cooling rate ( )T  for a particular 7 

system obtained through experiments, the nucleation rate constant (kN) hence nucleation rate 8 

(J) can be determined by taking the logarithm of eq. (2.6) and the resulting expression is given 9 

below eq. (2.9) where ɛ is the concentration correction factor in case of hydrate formation[33]; 10 

plotting a graph of log ( )T  against log(∆Tmax) gives a straight line with a slope equal to the 11 

nucleation order (n) and the rate constant (kN) can be calculated from the intercept.  12 

( ) ( ) ( )max

*

loglogloglog1log Tnk
dT

dc
nT N ++−−=      (2.9) 13 

 14 

This analysis however assumes that nucleation rate is a direct function of the supersaturation 15 

rate, which is not always the case as nuclei after being created undergo a growth process to the 16 

critical size before being detected. This therefore reduces the reliability of the above expression 17 

and brought about its modification[34]. For melt crystallisation, the term cloud point and clear 18 

point are used to represent the temperature at which the first nuclei is observed during the 19 

cooling process and when the last crystal melts during the heating process respectively; the 20 

difference between these points is the MSZW and it has been proven to greatly influence the 21 

type of crystal formed from the crystallisation process[9]. A typical profile is shown (Fig 2.3). 22 

 23 

A common technique used for this analysis is turbidimetry, where light transmittance of the 24 

solution is measured against temperature during a consecutive cooling and heating process, 25 

using fibre-optic signal. The transmittance reduces as the solution becomes cloudy indicating 26 

crystals formation; during subsequently heating, the transmittance increases as the crystals are 27 

re-melted[35]. However, the signals recorded are un-calibrated and often affected by crystal 28 

size, system temperature and composition, etc.; hence they are taken as approximate, relative 29 
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values of solid concentration[36]. It should however be noted that the notice of the cloudiness 1 

in solution is the post-nucleation event, the exact detection points are dependent on the 2 

sensitivity of the technique for the detectable crystal size[37]. Other measurement techniques 3 

that have been used to acquire crystallisation information related to MSZW include infrared 4 

spectroscopy (solute concentration)[38] and FBRM (chord length distribution)[39]. 5 

 6 

Fig 2.3: A typical transmittance vs. temperature profile for MSZW determination[40] 7 

 8 

Previous studies have shown that increasing cooling rate increases MSZW and this was 9 

attributed to a higher rate of supersaturation and the longer time required for a stable nuclei to 10 

be formed & observed[41, 42]. It was also confirmed that the mixing intensity of the solution 11 

has an effect; since mixing is aimed at minimising concentration gradient within the 12 

supersaturated solution hence increasing the mixing intensity takes the solution closer to the 13 

equilibrium position (solubility curve) thereby reducing the MSZW[6, 43]. According to a 14 

previous study based on palm oil solid fractions (POP and PPP), it was reported that ∆Tmax 15 

showed relatively more dependence on cooling rate, and was higher at lower concentrations of 16 

PPP; turbidimetry was also used to confirm rapid crystallisation of bulk of the palm solid 17 

fractions by primary nucleation due to the rapid reduction in the light transmittance[44]. 18 

 19 

In addition, it is established that MSZW is also a function of the temperature history the 20 

solution has been subjected to; in that the farther and longer a solution is kept above its 21 

saturation condition, the longer the induction time thereby widening the MSZW and reducing 22 
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the solid density of the resultant slurry[44]. It is therefore essential that the adopted process 1 

operation is carefully designed to facilitate a balance between process control and throughput. 2 

2.2 Crystallisation from Melt (CfM) 3 

As described in the introduction section, a melt is a multicomponent liquid mixture that 4 

solidifies on cooling (to room temperature). It is differentiated from a solution based on the 5 

dominating influence during the phase-change process – mass transfer (diffusion) and heat 6 

transfer for solution and melt respectively[45]; this is related to the two rate-determining 7 

mechanisms of crystal growth highlighted above. CfM is a controlled-cooling process by which 8 

these components are separated into their pure forms – it is referred to as Fractionation in the 9 

industry which is quite apt for the model compound on which this research is based on; this 10 

should however not be confused with fractional crystallisation which is basically a repetitive 11 

crystallisation process aimed at improving the purity of the product. It is considered 12 

advantageous in comparison to related separation processes; some of these advantages include: 13 

• Lower energy consumption: When the energy required for phase change (liquid/solid) is 14 

compared to that of distillation (liquid/vapour),  it is considerably lower; this was concluded 15 

based on the fact that the heat of fusion is lower than the heat of vaporisation for a particular 16 

compound (e.g. 334 kJ/kg and 2260 kJ/kg for water[6]) 17 

• Lower running cost: From a comparison with high-pressure extraction, based on  the 18 

fractionation of milk fats, it was discovered that the extraction plant cost three times more 19 

for investments, and eleven times more for running costs[46]. 20 

• Lower operating temperatures: Operating at these conditions minimises the risk of 21 

chemical corrosion brought about by high temperatures; also the low melting points of most 22 

organic chemicals favours the use of low-level heat sources[47] 23 

 24 

2.2.1 Mechanism 25 

Equipment design for a crystallisation from melt process is based on two types of process 26 

mechanism; suspension and layer crystallisation[3].  27 

• Layer: Layers of crystals are deposited from the melt onto cooled surfaces; crystal growth 28 

is perpendicular to cooled surface. Phase separation is also taking place as the layers are 29 

being formed there, product purity is enhanced through controlled heating and partial 30 

melting. The models discussed above are all based on this mechanism. Minimal 31 
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encrustation issues, easy equipment handling and controllably high crystal growth rate are 1 

some of the reported advantages[4]. There are however also reported limitations: 2 

o Limited surface area for heat transfer 3 

o Reducing production rate due to increasing layer thickness; increased temperature 4 

driving force would be required to counter this 5 

o High energy consumption (due to heating) is required to recover encrusted product 6 

from cooled surface 7 

o Recurrent heating and solidification of product can be deleterious to both the 8 

product and equipment 9 

 10 

• Suspension: Melt is continuously converted to a crystal suspension through a cooling 11 

process; separation of the solid phase from the suspension is often carried out through a 12 

mechanical process (e.g. filtration, centrifugation). A large interfacial area due to the 13 

suspended small particles is considered advantageous for the separation process; another 14 

being the absence of the need for re-melting to recover product – this reduces the energy 15 

consumption and operation time. The reported drawbacks to this mechanism include: 16 

o More complicated equipment operation, e.g. slurry handling, moving parts and 17 

encrustation issues. 18 

o Additional unit operations required to separate product from slurry 19 

o Limited growth rate due to isothermal conditions 20 

o High system viscosity and close density between feed melt and product 21 

 22 

Based on these mechanisms and other considerations like mode of operation, equipment for 23 

CfM can be grouped into the categories below[4]: 24 
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 1 
Fig 2.4: Different categories of melt crystallisation process based on the equipment used 2 

 3 

For the purpose of this research work, the focus will be on suspension crystallisation. In 4 

general, the cooling process can be achieved through two types – jacketed systems and direct 5 

cooling (using inert gases)[48]. After the crystallisation process has been completed, 6 

downstream processes are then required to recover/purify the resultant product.  Some of these 7 

include[49]:  8 

• Sweating: This is the partial melting of the formed crystals (or crystal layers) through 9 

heating with the aim of enhancing the product purity – it is expected that residual impurities 10 

and entrained liquid within the crystal surfaces are melted along with some of the product 11 

thereby increasing the product purity at the  reducing  process throughput[50]; the benefits 12 

are more applicable for layer-type crystallisation mechanism. 13 

• Washing: This is a process by the which contaminants on the product surface are either 14 

washed off and replaced with a film of pure liquid (rinsing) or are diffused into the wash 15 

liquid and drained out (diffusion washing); benefits are more applicable to suspension-type 16 

crystallisation mechanism. 17 

In conclusion, the eventual separation efficiency of the crystallisation process is specific to 18 

the equipment set-up, process operations (and parameters) and the system being processed. 19 

 20 
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2.2.2 Kinetics 1 

The kinetics of CfM has its basis on the two steps discussed above (nucleation and crystal 2 

growth) however with some exceptions. For instance, eq. (2.5) shows that increase in 3 

supersaturation increases the nucleation rate; however a maximum rate is reached after which 4 

it begins to decline. It was reported[51] that this is as a result of a sharp increase in viscosity 5 

(brought about by excess supercooling), a point where molecular movements become restricted 6 

thereby obstructing the formation of crystalline structure (Fig 2.5); the temperature at which 7 

this occurs is referred to as the optimal temperature. 8 

 9 

 10 

 11 

This phenomenon brought a modification to eq. (2.5) by including an additional term 12 

(ΔG’/kT) that takes into account the viscosity effect, and this is shown in the eq. (2.10)[52]. 13 

This term is the activation energy required for the molecules to move across the solid/liquid 14 

interface; it is relatively large in comparison to the other term within the exponential (since the 15 

supersaturation, S at this point is high) thereby reducing the nucleation rate with increasing S. 16 

It should however be noted that this exception is not exclusive to melts, but also for highly 17 

viscous aqueous solutions as reported for citric acid[53]. 18 

( )







 
+−=

kT

G

STk
KJ

'

ln3

16
exp'

233

23

      (2.10) 19 

 20 

Crystal growth from melts can be categorised into four steps[4]:  21 
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1. Transportation of crystalline molecule from the bulk of the melt to the vicinity of the crystal 1 

surface  2 

2. Surface integration of this molecule into the crystal lattice 3 

3. Transportation of impurity from the crystal vicinity into the bulk of the melt 4 

4. Transportation of the dissipated heat to facilitate the solidification process 5 

 6 

The dominant effect of heat transfer over mass transfer during crystal growth is what 7 

differentiates CfM from crystallisation from solution.  A maximum permissible growth rate for 8 

which the inclusion of impurity is minimised thereby enhancing the recovery of pure product 9 

was predicted from a previous work[54] based on the layer mechanism; this prediction (referred 10 

to as the v/k-criterion) then led to the development of an equation for the effect of the system 11 

properties and process parameter on the separation efficiency as shown below[55]: 12 
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        (2.11) 13 

Where: keff = effective distribution coefficient 14 

ci = concentration at solid/liquid interface, g/g 15 

c∞ = concentration in the bulk, g/g 16 

vcr = velocity of interface normal to crystal surface, m/s 17 

k = mass transfer coefficient 18 

ρs = solid density, g/m3   19 

ρl = liquid density, g/m3 20 

 21 

However, the property, ci is often difficult to determine experimentally as it changes with 22 

time (‘moving boundary’ problem); also, the effect of heat and mass transfer was not accounted 23 

in this equation thereby limiting its application to systems with negligible dependence on heat 24 

and mass transfer[56]. Subsequent study by other researchers developed different models to 25 

include the effect of the mass and heat transfer on the crystal growth process and referred to it 26 
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as the gradient criterion. Due to the slower rate at which impurities are transported into the 1 

bulk melt compared to the rate at which crystalline molecules are integrated into the crystal 2 

surface, a concentration gradient is formed within the system; this can reduce the actual 3 

temperature of the system (at the solid/liquid interface) below the equilibrium temperature (for 4 

the corresponding concentration) – this effect is referred to as constitutional supercooling 5 

(CSc) and reported to cause dendritic crystal growth an impure products[57]. Mathematical 6 

formula used to predict the optimum gradient to ensure pure products was also developed 7 

through this study; 8 
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      (2.12) 9 

Where: T, Ti, and Teq = Actual, interface and equilibrium temperatures respectively, K 10 

x = distance from cooled surface, m 11 

m = linear gradient in the phase diagram 12 

D = diffusion coefficient, m/s 13 

α = heat transfer coefficient, W/m2-K 14 

λ = heat conductivity, W/m-K 15 

 16 

This model has also been modified and improved upon by subsequent related studies, some 17 

of which are highlighted below: 18 

• It is possible to produce pure products despite the occurrence of CSc provided that a 19 

maximum supercooling was not exceeded[58] 20 

• Impurity inclusion is due to the non-planar growth of the crystalline layer[59] 21 

• The migration rate of liquid inclusions is significant and a function of process 22 

parameters[60] 23 

• The liquid inclusions can be significantly large and change their shape while migrating[61] 24 

 25 

 26 

 27 
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Parameters Estimation 1 

Although the terminology of crystallisation is used for all inorganic and organic compounds, 2 

while fractionation is applied to all melts, the essence of the process is the same, i.e. by cooling 3 

for all. In spite of the similarities in the processes, different model approaches have been used 4 

for crystallisation from solution (e.g. APIs) than from melts (e.g. fats). Taking palm oil as the 5 

model compound for melt, it consists of a wide range of triglyceride (TAGs) fractions based 6 

on their physical state at different temperatures. These are significantly different to 7 

crystallisation of paracetamol for instance. Some of the models that has been developed for 8 

melt crystallisation and also considered in this study are highlighted below. 9 

 10 

Avrami model  11 

This model deals the rate of phase change (i.e. the formation of solid phase from liquid phase 12 

per unit time) at isothermal conditions. It is a simplistic model that uses the deterministic[62] 13 

approach to evaluate the overall kinetics in relation to nucleation mode and crystal growth 14 

mechanism[63, 64] of the isothermal process. The original derivations by Avrami[63] have 15 

been simplified by Evans[65] and put into polymer context by Meares[66] and Hay[67]. 16 

Through probability derivations[68], the volume fraction of crystalline material, X, known 17 

widely as the degree of crystallinity, can be written as: 18 

EeX −=−1           (2.13) 19 

 20 

Where E represents the average number of fronts of all such points in the system. For low 21 

degrees of crystallinity, a useful approximation is X  E. For the bulk crystallisation of 22 

polymers, X in the exponent may be considered the volume or volume fraction of crystalline 23 

materials, Vt, i.e.: 24 

tV
eX
−

=−1          (2.14) 25 

    26 

This has been the widely accepted and used equation in bulk crystallisation[69-72]. For 27 

either instantaneous or sporadic nucleation, eq. (2.14) can be written as: 28 

nKteX −=−1 or ( ) nktx =−− 1ln        (2.15) 29 

 30 
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Where x is the fraction of solid formed at a particular time (t); k the overall crystallisation 1 

rate constant; and n the index of crystallisation, also referred to as the Avrami exponent, the 2 

phenomenological index of crystallisation[73], depending not only on the structure of the 3 

crystal, but also on the nature of nucleation[64, 74]. For example, when n = 1, it corresponds 4 

to rod-like growth from instantaneous nuclei; whereas n = 3 or 4 refers to spherulitic growth 5 

from either sporadic or instantaneous nucleation[75]. However, fractional values of n also exist 6 

due to secondary crystallisation, e.g. lower n values (< 1) are caused by linear crystal 7 

growth[76]. The model was developed based on a few assumptions, one of which is that the 8 

growth rate is constant throughout the crystallisation process[63]; but this may not be the case 9 

for fat systems in practice due to their multicomponent property. Hence modifications to the 10 

Avrami model have been proposed by other researchers[77-79]; nevertheless the Avrami 11 

model, though simplistic, has widely and successfully been used to characterise the overall 12 

kinetics of fat crystallisation.[62]  13 

 14 

 15 

Fisher-Turnbull (F-T) correlation  16 

This is used in estimating the activation energy barrier required for the formation of stable 17 

nuclei by exploring the relationship between the degree of supercooling and the induction time 18 

needed for the formation of the nuclei[80]. This model which was originated by Becker[81] for 19 

condensed systems (liquid-solid or solid-solid transformations) links nucleation rate with the 20 

activation free energy required for the formation of a stable nucleus (ΔGc) and the diffusion 21 

energy for phase change. ΔGc was estimated in the equations below: 22 
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Where h and kb are the Planck  (6.62610-34 Js) and the Boltzmann  (1.381  10-23 JK-1) 1 

constants respectively; N and NA are the Avogadro’s number and constant  (6.022  1023 and 2 

6.022  1023 mol-1 respectively); ΔH is the enthalpy of fusion  (Jmol-1); Tm the melting point of 3 

the palm oil  (K); ΔT the degree of supercooling  (Tm – T) with T being the crystallisation 4 

temperature; s the slope of the plot of ln (Tτ) against 1/T (ΔT)2 with the unit of K3; ΔGd the 5 

activation energy for molecular diffusion. Using the activation energy  (ΔGc) from this model, 6 

the nucleation rate constant  (kn) can be estimated based on the Arrhenius-type equation[82] 7 

shown below, where R is the molecular gas constant (8.314 Jmol-1K-1): 8 
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 10 

If the rate of solid crystals formation (dx/dt) is an indication of the crystallisation rate (J), 11 

then the rate equation is given as: 12 
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( ) ( )nxxf −= 1              Assume        (2.21) 14 

 15 

Where f(x) is referred as a function dependent on the kinetic model of the crystallisation 16 

process[83]. If homogeneous nucleation is assumed, the f(x) is taken as (1 – x)n where n is the 17 

nucleation order[82]. 18 

 19 

Similar to the Avrami approach, there are a few assumptions for the  F-T model, e.g. 20 

induction time is a direct indication of nucleation event at a macroscopic level[84, 85]. This 21 

assumption is not unreasonable due to the negligibility of some of the inherent steps[18]. The 22 

activation energy would allow the nucleation rate constant at isothermal conditions to be 23 

determined. Although this method was originally designed for pure systems which is not the 24 

case for fat systems, it has widely and successfully been used to characterise the nucleation 25 

kinetics of fat crystallisation [86]. 26 

 27 

 28 
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Classic Nyvlt model:  1 

Since fractionation of fat is effectively a cooling crystallisation process, the classical Nývlt 2 

nucleation theory is also applicable where the nucleation rate is a function of supersaturation 3 

(∆C) and the rate of supersaturation generation is a function of cooling rate. 4 

  5 

( )nnn CkJ max=          (2.22) 6 

  7 

Where kn is the nucleation rate constant on a number basis, and n the nucleation order. The 8 

unit of Jn is the number of crystals generated per volume and per time. For cooling 9 

crystallization, the rate of supersaturation generation is a function of the cooling rate (): 10 

 11 
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Where dCsat/dT is the slope of the solubility curve for a given saturation temperature. For 14 

the palm oil used in this work, the solubility curve of stearin/olein as a function of temperature 15 

(T in oC) is given by Csat = 110-6e0.2695T (C in g/golein). At the point of nucleation, the maximum 16 

possible supercooling, ΔTmax (or metastable zone width), and the corresponding maximum 17 

supersaturation, ΔCmax, are given by: 18 

 19 
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Combining eq. (3.5) and (3.6) into eqtn (3.4) results in: 22 
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The Nyvlt model effectively relates the effect of cooling rate () with the metastable zone 1 

width (ΔTmax) at a particular operating condition as (see Nyvlt[33] and Sangwal[87] for full 2 

derivation of this model): 3 

 4 
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2.3 Crystallisation of Palm Oil 1 

2.3.1 Introduction 2 

Palm oil is one of the most common edible oils, which is natural rich in triglycerides also 3 

known as triacylglycerol (TAG) – these are made up of three fatty acid (FA) molecules bound 4 

to a 3-carbon glycerol molecule, a typical example is shown in Fig 2.6 It is the largest produced 5 

edible oil globally (38% out of 4 major ones) with Malaysia (36%) and Indonesia (51%) being 6 

the major producers; it is also the largest imported oil in Europe (73.4%), UK taking up 34% 7 

of the total European consumption in 2007[88].  8 

 9 

Fig 2.6: Typical triglyceride structure showing the bond between glycerol and fatty acid[89] 10 

 11 

Palm oil consists of a wide range of TAG hence is considered as one of the most flexible 12 

vegetable oils; however, its composition can be categorised into three broad fractions based on 13 

their physical state at different temperatures[40]; the structural differences between them are 14 

based on their fatty acid chain length (long or short) and the type of bonds (saturated or 15 

unsaturated).  16 

• Olein: This fraction is liquid at room temperature (i.e. has relatively low melting points); 17 

high in unsaturated fatty acids; called oils hence used as frying, cooking and salad oil 18 

• Mid-fraction: This fraction melts sharply at about body temperature; high in di-saturated 19 

fatty acids hence used in the production of confectionary fats like chocolates. The main 20 

solid triglycerides that make up this fraction are referred to as Palmitate-Oleate-Palmitate 21 

(POP) 22 

• Stearin: These are solid at room temperature (i.e. has relatively high melting points); high 23 

in saturated fatty acids; called fats hence used in the production of margarines and 24 
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shortenings. The triglycerides that make up this fraction are referred to as Palmitate- 1 

Palmitate –Palmitate (PPP) or simply put, tripalmitin – see Fig 2.7. 2 

 3 

  4 
Fig 2.7: Sample structure of tripalmitin, a saturated triglyceride[90] 5 

 6 

The presence of long-chain fatty acid is responsible for the high melting point (saturated) 7 

while the presence of double bonds in the fatty acid chain causes a drop in the melting point 8 

(unsaturation). As a short form, they are often represented by the number of carbons present 9 

on the FA chain and the type of bonds, e.g.  10 

• C16:0 = palmitic acid (P) – depicting a 16-carbon length with 0 double bonds 11 

• C18:0 = stearic acid (S) – depicting a 18-carbon length with 0 double bonds 12 

• C18:1 = oleic acid (O) – depicting a 18-carbon length with 1 double bond 13 

• C18:2 = linoleic acid (L) – depicting a 18-carbon length with 2 double bonds 14 

 15 

The combination of these FA molecules bound to the glycerol molecules determines how 16 

saturated the TAG is, thus its melting point. For instance a TAG made consisting of PPP (tri-17 

saturated) would have a higher melting point than that of PPO (di-saturated), a combination of 18 

POO (mono-saturated) and OOO (unsaturated) would have even lower melting points, in  that 19 

order. It should however be noted that the actual combination of palm oil to be processed is 20 

usually more complicated due to the presence of minor fractions that are sometimes challenging 21 

to isolate thereby compromising the product purity. 22 

 23 
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2.3.2 Processing 1 

Palm oil is gaining increased attention as it is made up of a wide range of fractions thereby 2 

making it a source for a wide range of applications from cooking oil to confectionaries and 3 

bakeries[7]. In view of this, separation of the fractions is an essential process and the 4 

conventional process by which this separation is carried out is Fractionation and this process 5 

steps are summarised below[91]: 6 

• Complete melting  (with or without addition of organic solvent) 7 

• Controlled cooling to induce supersaturation hence nucleation 8 

• Holding at low temperature for crystal growth and agglomeration 9 

• Physical separation (mostly by filtration) of the phases (liquid and solid) 10 

 11 

The process is primarily driven by temperature difference and dependent on the melting 12 

points of these fractions; its efficiency is therefore determined based on the phase behaviour of 13 

the liquid-solid mixtures - and this involves determination of the crystallisation temperatures 14 

for different mixture concentrations.  15 

 16 

Fractionation is considered as a natural spontaneous phenomenon[92]; historically, during 17 

transportation of large volume of crude palm oil across the oceans (in ships), sediment of small 18 

solid crystals was often observed at the bottom of the barrels containing the oil; this process 19 

commonly referred to as winterisation which was said to be the natural occurrence of 20 

fractionation,  with the ocean waves providing the required agitation[93]. The phase separation 21 

is therefore dependent on gravitational force to facilitate a settling effect. However, the 22 

inadequate control of the process results in poor yield and low product quality. Because of the 23 

wide spectrum of the palm oil compositions, each having different thermo-physical properties, 24 

the separation process is often carried in multi-stages and a typical example is shown below 25 

(Fig 2.8). The further processing of the palm olein is to increase its added value, while to have 26 

the highest yield. It can therefore be inferred that the holistic viability of the fractionation 27 

process is a largely dependent of the quality of the palm olein product[94]. 28 
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 1 

Fig 2.8: Multi-stage fractionation of palm oil, indicating fractions and yields 2 

 3 

There are two major types of the fractionation process adopted in the industry: 4 

2.3.3 Solvent Method 5 

This involves the use of organic solvents to allow the high melting fractions to crystallise in 6 

a low viscosity medium; the crystallisation process is designed based on the solubility of these 7 

fractions in the chosen solvent. The choice of solvent used is dependent on properties such as 8 

polarity, flammability, toxicity, and energy requirement for recovery[95]. Three organic 9 

solvents have been reported in industries including acetone (Loders Croklaan, UK), hexane 10 

(Aarhus, Denmark) and 2-nitropropane (Glidden Durkee, USA). The properties of products 11 

obtained are different for each solvent due to the solubility parameters and other solution 12 

properties. Therefore the compatibility between the solvent and the target TAG fraction is 13 

necessary in the selection process; for instance hexane is preferred when olein is the target 14 

fraction while acetone for mid-fraction[91]. Some of the benefits of using the approach include: 15 

• Viscosity: Since palm oil has high viscosity at low temperatures, the addition of solvents 16 

(which are typically low in viscosity) reduces the viscosity drastically thereby enhancing 17 

mass and heat transfer that speeds up the crystallisation process[96] 18 

• A higher yield of purer product is obtained due to reduced solid concentration. This is also 19 

as a result of the low viscosity as highlighted above; filtration rate is known to be inversely 20 
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proportional to viscosity hence low viscosity favours high filtration rate thereby increasing 1 

product recovery[97] 2 

 3 

However, limitations have also been reported for this method, some of which include 4 

entrainment due to higher liquid to solid ratio, higher production cost, increased risk due to the 5 

use of volatile/explosive substances, higher energy consumption due to solvent recovery and 6 

additional product purification. This is often only method considered for the production of 7 

high-value products where the added value offsets the production cost incurred. 8 

 9 

2.3.4 Dry Method 10 

This is essentially the crystallisation from melt (CfM) discussed earlier in the thesis. It is 11 

designed based on the different melting points of the constituent TAG in the oil; it is referred 12 

to as a thermo-mechanical process where high-melting fractions (HMF) are separated from 13 

low-melting fractions (LMF) by partial crystallisation thereafter by filtration[98]. The product 14 

morphology (shape and size distribution) which is a major determining factor of the product 15 

purity and yield is dependent on the cooling and mixing conditions[99, 100]. The process is 16 

considered[94] as: 17 

• Simple – since it only involves a cooling operation in a controlled manner followed by a 18 

physical phase separation 19 

• Safe – as there is no added chemical/solvents into the system 20 

• Sustainable – it doesn’t require extreme processing conditions and it’s a fully reversible 21 

process. 22 

 23 

Being a laborious, unpredictable and tedious process are some of the weaknesses reported 24 

for this method[92]. However, the attractive features highlighted above have made it a 25 

promising process, for which modifications and extensive research are being developed such 26 

that with expanded scientific understanding of the process and innovative technical 27 

developments, the process know-how and capability can greatly be improved specifically with 28 

regards to palm oil fractionation [101]. 29 

 30 
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A comparison was carried out between solvent and dry method of fractionation based on the 1 

best possible operations for both methods, and the following results emerged[91]: 2 

 3 

Table 2.1: Comparison between dry and solvent fractionation based on best possible operations 4 

Process 
Yield 

(%) 

IV 

(of Stearin) 

Entrained oil 

(% stearin) 

Solvent method (acetone) 10 – 11 ~8 ~5 

Dry method ~17 ~32 ~30 

 5 

The best possible operations considered were: 6 

• Solvent – Continuous tube crystalliser 7 

o Belt filter 8 

o Washing (with pure solvent) 9 

• Dry – Batch crystalliser 10 

o Membrane filter press 11 

o 25mm chamber width; 30 bar squeezing pressure 12 

 13 

As can be seen from the table above, it is confirmed that the solvent method gave product 14 

with a higher purity based on the IV value (to be explained later) and the % entrained oil; 15 

however, the dry method seemed to give a high product yield. Considerations for process 16 

improvement were also suggested in the study reported above and they are: 17 

• Counter-current crystallisation 18 

• Novel separation process 19 

• New solvent choice 20 

 21 

For the purpose of this research work, the focus will be on Dry Fractionation. Historically, 22 

processes such as hydrogenation and inter-esterification (chemical or enzymatic) are often 23 

adopted (in place of dry fractionation) in the industry to obtain the useful oil/fat products. 24 

However, due to the growing pressure (mostly health-related) against partially hydrogenated 25 
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fats (often implies the presence of unwanted trans-fatty acids) and demand for saturated fat 1 

products, dry fractionation has attracted more attention[7].  2 

 3 

2.3.5 Polymorphism and Crystal Morphology 4 

The size and shape of the formed crystals have a considerable effect on the physical phase 5 

separation that follows the crystallisation process hence they are functions of how the 6 

nucleation and crystal growth were controlled. A crystal property that influences the size/shape 7 

of a crystal is polymorphism, which is the property of a crystalline material to exhibit more 8 

than one physical form but with the same chemical properties and these forms are regarded as 9 

phases[102] of the material. Among the polymorphs of a particular material, there is one that 10 

is thermodynamically  stable while the others are metastable, and have the ability to undergo 11 

transition into the stable form which can be reversible (enantiotropic) or not (monotropic) 12 

depending on the conditions[103]. Polymorphs of the same crystalline material often exhibit 13 

different shapes hence are easily differentiated through microscopic view[26]; other adopted 14 

technique includes x-ray powder diffraction (XRPD)[104], DSC[105]. A previous study 15 

demonstrated the use of online XRPD for real-time monitoring of polymorphism during a batch 16 

crystallisation process[106] – this will be useful in capturing in situ transformations, thereby 17 

enhancing process control. 18 

 19 

Palm oil, like most triglycerides,  has two reported major polymorphs, α (flat plate), and β 20 

(needle), the latter being the most stable having a higher melting point; some intermediate 21 

forms have however been documented – β’
1, β

’
2, and β’

3 [107]. These polymorphs vary in 22 

thermal properties and structural packing (see Fig 2.9); it was reported that the α-polymorph 23 

crystallises at rapid cooling condition, but a transition to the β’ form occurs during its melting 24 

event, and this is inferred from the consecutive exotherm/endothermic peak observed in the 25 

thermal profile. X-ray diffraction pattern shows some differences in the short spacings for each 26 

polymorph (see Table 2.2).  27 
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 1 

Fig 2.9: DSC thermograms (a) and sub-cell structure (b) of triglyceride polymorphs[108] 2 

  3 

Table 2.2: X-ray diffraction short spacings for palm oil polymorphs[80, 104] 4 

Polymorph Short Spacing (Å) Sub-cell Structure 

α  4.13  Hexagonal (H) 

β’ 3.83 4.16 4.32 Orthorhombic/perpendicular (O┴) 

β 3.9  4.54 Triclinic/parallel (//) 

 5 

The obtained form is strongly dependent on the constituent triglyceride and the cooling 6 

conditions adopted[80]. However, it is assumed that the operational boundaries of the 7 

fractionation process are sufficient to allow the formation of the (β’); hence polymorphism is 8 

often regarded as a secondary issue[92]. For size/shape analyses, different techniques have 9 

been adopted including polarised light microscope (PLM) fitted with hot-stage system and 10 

electron microscope. Images from previous works showed that palm mid-fractions (mainly 11 

POP) were generally spherulitic in shape (Fig 2.10a) while those of HMFs (mainly PPP) were 12 

more plate-like (Fig 2.10b)[40, 109].  13 

 14 
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 1 
Fig 2.10: Electron micrograph of crystals of palm oil fractions; POP – spherulitic (a) and PPP – plate-like 2 

(b)[109] 3 

 4 

The crystal sizes are a function of cooling rate and crystallisation temperature (hence slurry 5 

concentration)[110]; previous studies have shown that increasing cooling rate reduced the 6 

crystal size – an increase of about 6oC/hr can reduce the crystal size by approximately half, 7 

crash-cooling (very fast rate) has resulted in amorphous clusters[40, 109]. Previous works have 8 

also shown that crystal size increased with crystallisation temperature and this was attributed 9 

to aggregation hence crystal growth[111]. In comparing olein and stearin crystals, studies have 10 

shown different morphologies at the same temperature; stearin crystals appear smaller than the 11 

corresponding olein crystals[7]. 12 

 13 

Large, stable crystals are preferred for efficient phase separation; too low temperature could 14 

result in too high slurry viscosity which would then restrict mass/heat transfer within the system 15 

thereby impeding crystal growth; this condition has been reported to favour the formation of 16 

the metastable crystal form (∝)[112]. Therefore, cooling process should be designed such that 17 

a balanced effect of crystal size and stability is achieved.  18 

 19 

2.3.6 Separation Process 20 

It has been established earlier that after the thermo-phase separation created with the oil 21 

system due to the cooling process, a physical process is required to separate the formed solid 22 

crystals (stearin) from the liquid-solid suspension which is basically a filtration process; the 23 

efficiency of this step is crucial as it greatly impacts the result product yield and purity; the 24 

stearin quality is determined by the amount of entrained olein present within the solid cake 25 

  

(b) 
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recovered (purity), while the olein quality is simply based on the amount recovered (yield) and 1 

crystal contamination (due to the shear-resistant property of some stearin crystals). The liquid 2 

fraction of the resultant slurry is reportedly distributed into three (3) locations[91]: 3 

• Solid solution with solid fraction 4 

• Un-crystallised fraction in bulk oil 5 

• Un-crystallised fraction entrained in the solid crystals 6 

 7 

To reduce the distribution into the third category, filtration process is addressed; therefore, 8 

the technology choice is based on minimising, as much as possible, the entrained olein in the 9 

solid cake. Three methods have been developed to this effect[91, 113]: 10 

• Centrifugation: LipofracTM or Lanza process with a detergent solution to wet crystals in 11 

an aqueous phase or Nozzle centrifuges 12 

• Vacuum filtration: Belt or belt filters 13 

• Pressing: Vertical hydraulic press and filter cloth or automatic membrane press 14 

 15 

These three methods have been categorised based on anticipated or desired process output 16 

as shown in the table below: (IV = iodine value, to be discussed later in the report)  17 

 18 

Table 2.3: Some process outputs from different Separation techniques for palm oil fractionation[113] 19 

 Centrifugation Vacuum Filtration Membrane Press 

IV Palm Oil 52 52 52 

IV Palm Olein 56 – 57 56 – 57 56 – 57 

IV Palm Stearin 36 40 – 42 30 – 32 

% Stearin Yield - 46 65 

% Olein Yield 76 72 82 

 20 

From the above information, it can be inferred that the membrane press gives the best 21 

product quality, and this is why it is becoming the most preferred method for dry fractionation 22 

processes[114]. 23 

 24 
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2.4 Technology 1 

Over the years, processes have been designed to operate with pretty much the same approach 2 

except with the development of more sophisticated facilities (like implementing automation – 3 

see Fig 2.11). For instance, it was reported that the current mechanical advancement in tablet 4 

compression involving the use of die is still based on the process patented by William 5 

Brockedon in 1843 implying that long series of disconnected operations and extensive material 6 

handling is required[115]. In the UK today, a large percentage of the chemical productions are 7 

done in the Batch mode[116], which is basically mixing chemicals in a massive vessel at 8 

specified conditions, pouring out the product into another, to be purified, separated, and 9 

recovered. As can be imagined, this would involve largely sized equipment to meet up with the 10 

required production scale, hence leading to a large footprint which in itself is a challenge due 11 

to the increasing awareness (and cost) of environmental pollution. 12 

 13 

Particularly, regarding the crystallisation process, many studies have been carried out, 14 

looking into the batch mode of operation and inefficiency has been reported on multiple 15 

accounts; some of which include long chain of operations, long process times, inconsistent 16 

product quality between batches, inadequate process control, scale-up difficulties, huge 17 

financial investment, large carbon footprints. Due to the batch-to-batch product variation, the 18 

particular batch that does not meet the desired product specifications is often discarded hence 19 

increased waste production becomes a concern. In other cases, additional downstream 20 

processes are often employed as corrective measures. Examples of such processes include 21 

milling, blending, and granulation, which are used to correct the particle size to the desired; 22 

these steps could be eliminated if the process was designed to meet product specifications the 23 

first time. Such processes are referred to as non-value added costs as they do not enhance the 24 

intrinsic quality of the product but simply incur additional operational cost to the production 25 

[1, 117, 118]. 26 

 27 
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 1 

Fig 2.11: Process reactors indicating little technology advancement in 500 years[119] 2 

 3 

Regarding palm oil crystallisation (or fractionation), the current plant set-up is multiple 4 

crystallisers connected in series, each serving the steps involved in the process – mixing, 5 

cooling, filtration, etc. The operation is designed such that every equipment in the set-up 6 

(particularly the filters) are in constant use, thereby minimising dead times. The crystallisation 7 

stage is said to the time-determining stage in the fractionation process due to its slow rate; it 8 

could take from 5 hrs to 3 days depending on the complexity of the triglyceride composition. 9 

High capital & production cost and long process times are few of the reported limitations to 10 

this multi-stage set-up. Though improvements to the crystallisers and separation technologies 11 

have been said to boost the product quality of dry fractionation products, the adoption of plug 12 

flow reactors have been highlighted as one of the technologies of interest due to its capability 13 

of enhance continuous operation, and reduce operation costs[92].     14 

 15 

2.4.1 Mixing Mechanism 16 

Mixing is very essential in a crystallisation process, in keeping the solid particles in suspension, 17 

avoiding concentration gradient along the crystalliser and enhancing mass & heat transfer as 18 

all these properties affect the crystallisation behaviour and eventually the crystal properties; 19 

hence a set-up that enhances uniform mixing is desirable.  20 

 21 

For a stirred tank crystalliser, mixing is done by rotation of the impeller, the speed of 22 

which is controlled by an overhead stirrer; the rotations can either produce a radial or axial 23 
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flow patterns depending on the configuration of the impeller (Fig 2.12). Mixing in this set-up 1 

is considered effective when the fluid particles are evenly circulated through the entire vessel 2 

including the remote areas and turbulence is required for this – fluid motion at a velocity that 3 

fluctuates in time in all three directions in space, and a state when inertial forces becomes 4 

dominant over viscous force; this flow condition is characterised by high Reynolds number 5 

(ratio of inertial to viscous forces)[120]. Combination of three mechanisms are involved in a 6 

turbulent mixing process – distribution (material transportation to all parts of the vessel), 7 

dispersion (break up of bulk flow into smaller eddies) and diffusion (molecular movement 8 

within the small eddies formed); all these mechanisms contribute to homogeneity within the 9 

system, and the time taken to attain this (mixing time), is a parameter used in assessing the 10 

mixing efficiency; mixing time can be measured by tracer injection (concentration response) 11 

or addition of small quantity of heated liquid (temperature response). In a stirred tank, mixing 12 

time can be estimated experimentally using variables such as vessel and impeller size, fluid 13 

viscosity, and stirrer speed, and this is shown in the expression for Reynolds number (Rei) 14 

below (the constant, 1.54 is specific to the Rushton turbine, different impeller types have 15 

different values)[121]; 16 
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Where Rei = Reynolds number; Si = impeller speed (s-1); Di = impeller diameter (m); ρ = 18 

fluid density (kg/m3); μ = fluid viscosity (Pa.s); tm = mixing time (s); V = tank volume (m3).  19 

 20 

Stirrer speed required to attain homogeneity (Sitm) increases with reducing Reynolds number 21 

(Rei) but approaches a constant value at high turbulent flow where impeller Reynolds number 22 

≥ 5000. Another parameter used to characterise mixing efficiency is the power required to drive 23 

the impeller at a given speed which is then dissipated into the fluid; due to frictional effect, the 24 

actual power dissipated is a function of the device efficiency[121]. This parameter is often 25 

expressed per unit volume of fluid in the tank hence giving the power density (Pd); it is a 26 

function of the tank & stirrer geometry, and fluid properties, this is shown in the expression 27 

below[122]; 28 
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Where Np = power number; VL = fluid volume (m3) 30 

 31 
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It is can be seen from the expression above that the power consumption shows a significant 1 

dependence on impeller diameter (Di) in that an 10% increase in diameter would increase the 2 

power requirement by over 60%. Power number is specific to different impeller types and is 3 

inversely proportional to the impeller Reynolds number (Rei) in the laminar region where 4 

viscous force is dominant, but becomes independent when turbulence is reached (≥ 103) where 5 

inertial force is dominant. Therefore, the eq(2.26) above is more applicable for turbulent flow 6 

regime, and it has been modified for flow within the laminar regime where k1 is a constant 7 

specific for different impeller types. 8 

L

ii

d
V

DSk
P

32

1=

        (2.29) 9 
 10 

Though turbulence (relating to high impeller speed, eq(2.27) is necessary to achieve 11 

effective mixing for homogeneity, it should however be noted that too high speed could lead 12 

to the formation of vortex and/or bubble formation. Hence to enhance high enough power 13 

density at optimum speed, impellers with relatively higher power number are preferred. Also, 14 

vertical baffles are often fitted into stirred tanks to minimise swirling hence adequate allowance 15 

for this should be factored in. A major point of concern for mixing in stirred tanks is related to 16 

the scale-up capabilities as it involves too many parameters which are dependent on one 17 

another; hence though good mixing may easily be achieved in a lab scale set-up, it becomes 18 

more challenging with increasing processing scale. One of the contributing factors to this is the 19 

drastic reduction in specific surface per unit volume with scale as this poses deleterious effects 20 

on heat and mass transfer[43, 123]. Since STC cannot be linearly scaled up (for reasons earlier 21 

stated), unwanted occurrences such as concentration gradient are often observed in 22 

crystallisation processes (especially in large-scale productions); hence extensive research are 23 

being carried out to develop innovative solutions to the scale-up issues relating to stirred tank 24 

systems. 25 

 26 
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 1 

Fig 2.12: Modelled flow patterns in a stirred tank, axial (a) and radial (b)[124] 2 

 3 

For an oscillatory baffled crystalliser, the interaction between the baffle movement and 4 

the oscillatory motion of the fluid in the crystalliser is what brings about the mixing effect; this 5 

is independent of the fluid net flow hence it is possible to maintain a good mixing even at low 6 

fluid flowrates thereby providing the capability to achieve near plug flow residence time 7 

distribution. This technology is considered innovative compared to related conventional 8 

systems such as the tubular reactor, where mixing is dependent on fluid velocity, and long tube 9 

lengths are required to achieve long residence times[125]. Extensive studies have been carried 10 

out regarding oscillatory flow patterns and transport behaviour involving different platforms 11 

such as furrowed channels[126], smooth-walled tubes[127], pulsed packed columns[128], but 12 

for the purposed of this research work, the focus will be on baffled column subjected to 13 

sinusoidal oscillation. The flow pattern (radial motion and axial dispersion) is shown in Fig 14 

2.13 below; the sharp edges of the baffles provide fully reversing fluid flow which accelerates 15 

and decelerates according to the sinusoidal velocity-time function; this leads to the formation 16 

of vortex rings that are swept through the centre of the column[129]. 17 

 18 

 

(a) (b) 
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 1 

Fig 2.13: Modelled mixing mechanism in an oscillatory baffled column[129] 2 

 3 

From previous studies carried out on batch oscillatory baffled reactors, the flow patterns 4 

observed were thought to be similar to that of a series of continuous stirred tank (CST) such 5 

that each cavity between baffles behaved like a stirred tank; when operated in the continuous 6 

mode where net fluid flow is incorporated, the flow patterns becomes closer to a plug 7 

flow[130]. The mixing in an OBC is controlled by regulating the amplitude (x0) and frequency 8 

(f) of the oscillatory movement, and it is also a function of the system geometry (such as column 9 

diameter (D), baffle spacing, orifice diameter of baffles).  Three dimensionless groups can be 10 

used to characterise fluid flow in an OBC, and these are listed below;  11 
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 13 

The net flow Reynolds number (Ren) is only applicable where fluid is being pumped at a net 14 

velocity (u) through the column; the oscillatory Reynolds number (Reo) describes the mixing 15 

intensity while the Strouhal number (St) is the ratio of the column diameter to the stroke length, 16 

giving information on the eddy propagation[131]. For design purposes, the optimum oscillatory 17 

Reynolds number (Reo) is estimated with respect to the net flow Re, using a term called velocity 18 

ratio (VR) which is the ratio of Reo to Ren; from this, the optimum operating amplitude and 19 

frequency can also be estimated. It is preferred that VR is always > 1 (i.e. Reo > Ren), to ensure 20 

that the oscillation dictates the mixing regime, not the fluid net flow. As is the case for stirred 21 

tank systems, turbulence is required here also to ensure good mixing, values of Ren > 50 and 22 

A = Start of up stroke 

B = Max velocity in up stroke 

C = Start of down stroke 

D = Max velocity in down stroke 
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Reo > 100 is considered the requirement to achieve proper mixing[132]. In stirred tank systems, 1 

plug flow is attained by using multiple stirred tanks connected in series, and the higher the 2 

number of tanks (N), the closer the system is to plug flow (tank-in-series model); and it was 3 

earlier stated that flow patterns in an OBC is observed to be similar to that a CST; hence N will 4 

be equivalent to the number of baffle cavities when the residence time distribution (RTD) gives 5 

a plug flow system. A previous study showed how VR can be used to examine RTD in an OBC 6 

using the tank-in-series model; it was reported that optimal RTD was attained at VR = 2.5 and 7 

a range of 2 ≤ VR ≤ 6 was the recommended range for close approach to plug flow[133]. 8 

 9 

It was reported in the study referred to earlier that operating at amplitude greater or equal to 10 

a value that gives a minimum value of D/uL (a group developed for the analysis of residence 11 

time distribution for plug flow with axial dispersion where D = dispersion coefficient, u = mean 12 

net flow velocity, L = length of vessel[134]) enhances good mixing while amplitude that gives 13 

the minimum D/uL facilitates plug flow condition[130]. It was also reported that at high 14 

amplitudes, eddies generated are large enough to cause strong axial dispersion thereby making 15 

radial flow pattern negligible.   16 

 17 

For design purposes, power requirement is a parameter used to rank column configurations 18 

and also used as a basis of comparison with other mechanisms (in this case, the stirred tank). 19 

The power density of an OBC is based on the pressure drop due to the net fluid flow through 20 

the baffled tube (standard equation for flow through an orifice) and due to the oscillatory flow 21 

(pressure enhancement ratio). Therefore, the overall power dissipated is a sum of the two flow 22 

equations; when expressed as a quasi-steady state condition where the power is averaged over 23 

time, it gives the below equation[135]: 24 
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     (2.30) 25 

Where Nb = number of baffles per column length (calculated as 1/baffle spacing); CD = 26 

orifice coefficient (taken as 0.6); S = baffle free area ratio; D and d = column and orifice 27 

diameter respectively (m) 28 

 29 
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2.4.2 Continuous Oscillatory Baffled Crystalliser (COBC) 1 

In addition to mixing, another key challenge in crystallisation processes is the ability to control 2 

the quality of product obtained; hence a major motivation in adopting a continuous process is 3 

the ability to control both mixing and heat transfer simultaneously; ensure consistent fluid 4 

mechanical conditions for reaching a steady state, which is when the properties of the process 5 

and product remain unchanged with time thereby ensuring consistency in the product quality, 6 

and in shorter time. In a crystallisation process, some of the properties that indicate steady state 7 

include solute concentration (i.e. supersaturation), size distribution and crystal yield. It was 8 

estimated that a typical crystallisation process attains steady state after about 7 – 10 residences 9 

time in a mixed-suspension mixed-product removal (MSMPR) set-up [28].  10 

 11 

To address these issues, a plug flow situation where all the components within the system 12 

are undergoing same condition at the same time is often desired; this is typically accomplished 13 

with the use of a continuous stirred stank reactors (CTSR) which is basically a series of stirred 14 

tanks of same size connected either in series or parallel. Another is the use of tubular reactors 15 

operating under turbulent flow conditions. These two methodologies are associated with high 16 

capital investments and deleterious process conditions. 17 

 18 

In view of this, the COBC is a typical example of the innovative technology developed to 19 

highlight the benefits of continuous processing as it concerns product quality and cost of 20 

production. It is a tubular system with series of inserted (or inbuilt) orifice baffles positioned 21 

at regular intervals (Fig 2.14); oscillatory motion of either the baffles or the fluid (depending 22 

on the set-up) is used to stimulate a uniform flow conditions through interactions between the 23 

fluid flow and the baffles. This movement is independent of the net fluid flow through the 24 

column; hence it is possible to operate at a low flowrate (i.e. longer residence time) while still 25 

maintaining uniform mixing through oscillation. This property enhanced by its unique 26 

configuration is what makes the COBC an attractive technology compared to its counterparts 27 

– CSTRs and tubular reactors – especially in the pharmaceutical and food industries where 28 

efficient production of consistent product quality is always a desired outcome. 29 

 30 

 Studies have been carried out to examine the capability of this technology in providing 31 

solutions to the pressing challenges with conventional batch processing. Results (which were 32 
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later validated) were obtained using a jacketed OBC – this is the batch-based set-up but with 1 

the same mechanism as the COBC; a comparison with the conventional stirred tank was made 2 

and the following was reported[1]:  3 

• 20% reduction in capital cost – for a new build  4 

• 33% reduction in operating (labour) cost  5 

• Unit operation reduction (milling eliminated) – 50% reduction in capital cost  6 

• Much shorter process time – 12mins vs. 9.67hrs  7 

• 10% reduction in solvent consumption  8 

• Higher productivity – to meet demand driven by lean production  9 

• Better process control and reduced space usage  10 

• Efficiency of downstream processes (filtration) is not compromised  11 

 12 

 13 

 14 

 15 

Fig 2.14: Schematic showing a typical horizontal configuration of a COBC 16 

 17 

Due to the restricted cross-sectional area, real-time process monitoring, and control is often 18 

a challenge in the operation of crystallisers; hence process analytical techniques (PAT) are 19 

continuously being developed and modified to address these challenges. A review carried out 20 

by Nagy et al outlined the application of modelling and statistical approaches to crystallisation 21 

process monitoring and control[136]; areas where significant advancements have been made 22 

include particle imaging, turbidity (solids concentration), FBRM (particle size distribution), 23 

Linear Motor 

(for oscillation) 

Product outlet 

(to filtration) 

Feed inlet 

(from feed vessel) 

Baffles  

(in-built) 

Ports  

(Monitor & sampling) 



 

   45 

PVM (particle imaging) and FTIR (solute concentration). Some of these will be used in this 1 

thesis study. 2 

  3 

2.5 Material and Process Analytical Techniques (PAT) 4 

The desired objective of a fractionation process is to efficiently isolate as much of the 5 

unsaturated TAGs as possible in the liquid phase (olein) leaving the solid phase consisting 6 

mainly of saturated TAGs (Stearin).  7 

 8 

Having highlighted the complexity associated with the (dry) fractionation process and the 9 

palm oil system itself, it is imperative that adequate analytical tools are available to enhance 10 

appropriate monitor and control for process and product optimisation. An overview of some of 11 

these analyses tools is shown below in Table 2.4. A knowledge of some properties/issues is 12 

essential in designing a viable process, some of these are explained below. 13 

 14 

Table 2.4: Some essential analyses required for the robust design of a palm oil fractionation process 15 

Analysis Information Method 

Fatty acid (FAC) 
Compositional 

analysis 

Gas chromatography (GC) 

Triglyceride 

(TAG) 

High performance liquid chromatography 

(HPLC) 

*Melting profile Thermal analysis Differential scanning calorimetry (DSC) 

Iodine value (IV) 
Measure of 

saturation 
Titration/IR spectroscopy 

Solid fat content 

(SFC) 
Purity and yield 

Nuclear magnetic resonance spectrometry 

(NMR) 

Differential scanning calorimetry (DSC) 

Crystal 

morphology 

Shape, size and 

polymorphism 

Polarised light microscope (PLM) 

Malvern Mastersizer 

 16 

2.5.1 Compositional Analysis - Chromatography 17 

Palm oil (RBD) is a large and complex material, and its exact composition varies from one 18 

batch to another, based on the source and the preparatory processing it had gone through. For 19 

this reason, information on the triglyceride (TAG) and fatty acid (FA) composition of the 20 

particular system to be fractionated and its products is necessary for process design. The 21 
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technique used to determine the FA composition is by conversion them to their corresponding 1 

methyl esters using direct methylation with sodium methoxide and methanol[137]. The formed 2 

methyl esters are then analysed in a gas-liquid chromatograph (GLC); peak retention times are 3 

used to identify the FAs while their concentrations are determined based on the percentage area 4 

under the peaks. Depending on the temperature program used for the analysis, the retention 5 

time could either increase or decrease[138] with increasing number of double bonds (double 6 

bond ≡ unsaturation), and the result obtained is reported based on the carbon number (CN) of 7 

the constituent fatty acids; sample results are shown in Fig 2.15 below. In addition, the TAG 8 

composition can be analysed with a high performance liquid chromatograph (HPLC) which 9 

uses similar technique as the GLC but with different reagents and accessories[139]; it separates 10 

the constituent triglycerides with the elution sequence based on the equivalent carbon number 11 

(ECN) and number of C = C double bonds – the triglycerides with the lowest ECN and highest 12 

number of double bonds are eluted first[140]. Alkyl bonded-phase column and non-aqueous 13 

mobile phase are often used in chromatography analysis of triglycerides; the latter is the due to 14 

lipophilicity of TAGs eliminating water-based solvents as options; acetone, acetonitrile, 15 

tetrahydrofuran, and methylene chloride are some of the considered options for mobile 16 

phases[141]. The particle size of the column packing, column length, mobile phase 17 

composition, injection volume, analysis time & temperature are some of the important 18 

considerations in liquid chromatography. For palm oil triglycerides, mobile phase of 19 

acetone/acetonitrile (62.5:37.5 v/v%) at 50 °C were reported to give the best separation 20 

results[142]. 21 

  These compositional analyses are carried out using standard procedures such as PORIM’s 22 

test[143] and AOCS official method Ce 1-62[144]. 23 

 24 
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 1 
Fig 2.15: A sample of glyceride composition of RBD Palm oil and its fractions determined by HPLC 2 

analysis [107] 3 

 4 

 5 
Fig 2.16: A sample fatty acid composition of palm oil and its products obtained from GLC analysis [145] 6 

 7 



 

   48 

Fig 2.15 shows that palm olein has more di-saturated than tri-saturated FAs while the palm 1 

stearin has more tri-saturated than monosaturated FAs. It can also be seen from Fig 2.16 that 2 

with decreasing crystallisation temperature (18°C → 9oC), the olein fraction became more 3 

unsaturated as shown by increasing percentages of C18:1 (44.0% → 46.1%) while the stearin 4 

fraction became more saturated as shown by increasing percentage of C18:0 (30.8%→36.0%). 5 

This confirms that low operating temperatures favour high solid (saturated fat) content which 6 

could then imply higher stearin yield; however issues like high slurry viscosity could become 7 

a point of concern. All these inferences demonstrate to the importance of compositional 8 

analysis on process/product design. 9 

 10 

Minor components 11 

Besides the TAGs that make up the bulk of palm oil fractions, palm oil may also contain some 12 

diglycerides (DAGs, Fig 2.17); they contribute  to the impurities of the end products (often end 13 

up in the olein fraction), and also affect (negatively) the crystallisation process -  reduced 14 

crystal growth rate and increased process time. The presence of DAGs in palm oil reduces its 15 

melting point which then causes a reduction in the solid fat content; however these effects were 16 

not generic as opposite observations were made for some other oil types. It was then concluded 17 

that the eventual effect of DAGs on the crystallisation process and the products is greatly 18 

dependent on the type (and amount) of DAG present in the system in use[146, 147]. However, 19 

they have been reported to have better metabolic characteristics than TAGs that are beneficial 20 

in the prevention and management of obesity[148] – a metabolic disease resulting from 21 

increase in body fat[149]. An enzymatic decomposition reaction using filamentous fungus of 22 

the Genus Penicillium (Lipase G "Amano" 50) has been reported to be able to decompose DGA 23 

into fatty acids and glycerol thereby causing an increase in the TAG concentration[150]; this 24 

however nullifies the benefit of having no chemical/solvent in the system for dry fractionation. 25 

 26 
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 1 
Fig 2.17: A typical structure of a diglycerides showing the bonds between glycerol and fatty acids[151] 2 

 3 

2.5.2 Thermal Behaviour - Calorimetry 4 

It has been established that the property on which the operating temperature range for 5 

fractionation process is based is the melting points of the different fractions within the system; 6 

hence a prior knowledge of the melting profile of the system is useful in designing the cooling 7 

process. A differential Scanning Calorimetry (DSC) is a thermo-analytical technique used to 8 

monitor the phase transitions of a material as a function of temperatures by detecting the 9 

associated heat changes[152] i.e. the difference in the heat flow to the sample and a reference 10 

(usually an empty aluminium pan comparable to the sample pan). The sample and reference 11 

are maintained at almost the same temperature throughout a measurement such that when the 12 

sample undergoes a phase transition, more (or less) heat will flow to the sample in order to 13 

bring the sample back to the reference temperature. The temperature program records the 14 

changes of sample temperatures linearly with time.  15 

 16 

This difference in heat flow corresponds to enthalpy change (dH/dt) since pressure is 17 

constant; its direction is an indication of the nature of the process involved. In an endothermic 18 

process (e.g. melting), energy is absorbed by the sample hence more heat flow to the sample is 19 

required to maintain the same temperature increase as that of the reference – enthalpy change 20 

(dH/dt) is positive; the opposite is the case for an exothermic process (e.g. crystallisation) 21 

where heat is released by the sample, hence less heat flow to the sample is required to maintain 22 

its temperature same as the reference’s – dH/dt is negative. The analysis output is a 23 

thermogram, a heat flux – temperature (or time) profile, a thermal curve (peak) that can be used 24 

to quantify the actual enthalpy required for the given transition by integration. The generic 25 

expression used for this calculation is given as ∆H = kA where ∆H is the enthalpy of the 26 
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transition, A is the area under the curve, and k is the calorimetric constant which is dependent 1 

on the instrument[153].  2 

 3 

In addition to melting and crystallisation processes, DSC can also be used to detect other 4 

events such as amorphous formation, glass-transition, polymorphism, etc. In addition to being 5 

useful in characterising phase transitions (temperature and enthalpy), other benefits of this 6 

technique are its high sensitivity allowing analysis of a small amount of sample (down to micro 7 

– scale), and fast measurement rates. The benefit of micro-scale analysis could also be seen as 8 

a limitation where larger scale sample representation is desired, so additional analyses such as 9 

x-ray scattering and microscopy are recommended as complementary techniques. 10 

 11 

A sample thermogram for palm oil is shown below in Fig 2.18; the oil sample was crash-12 

cooled to –30°C at 40 °C/min, held for 10 min and then heated to 80°C at 5 °C/min to obtain 13 

the melting profile; for the cooling profile, the sample was again cooled to -30°C at 5oC/min. 14 

the downward (exothermic) peaks represent temperatures at which the corresponding fractions 15 

crystallises; the first sharp peak at about 18°C indicates the crystallisation of high-melting 16 

fraction (Hm) while the second broader peak at about 0°C denotes the crystallisation of the low-17 

melting fraction (Lm). Previous works have shown that the exothermic peaks were only 18 

dependent of the chemical composition of the oil sample, not the cooling process[154, 155]. 19 

Broad peaks suggest a broad distribution of TAGs within the sample. The analysis could also 20 

be carried out in the reverse order, i.e. a heating process to analyse the melting profile of the 21 

oil sample first, also seen in Fig 2.18; the endothermic (upward) peaks are broader and more 22 

complex than the cooling thermogram which is again due to the wide distribution of TAGs 23 

present in the sample. Sometimes, exothermic peaks could also be present on a melting 24 

thermogram, and this is attributed to polymorphic transformation[156, 157].  25 

 26 

The actual peak temperatures on the thermograms are of little relevance to the fractionation 27 

process; the focus is more on the energy–temperature relationship that results from the 28 

observed profiles[94]. Effect of cooling rates on DSC crystallisation profiles was studied by 29 

varying the scanning rates used for the analysis; it was observed that the position of the 30 

exothermic peaks was dependent on cooling rate while the amount of heat flow (peak height) 31 

remained the same for all cooling conditions. It was also observed that the peaks shifted to 32 
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lower temperatures and widened with increasing cooling rate[7]; this was attributed to 1 

increased crystallisation rate and longer lag period required for the formed crystal to 2 

stabilise[158].  3 

 4 

 5 

Fig 2.18: DSC melting and cooling thermograms of palm oil between -30°C and 80°C [159] 6 

 7 

2.5.3 Iodine Value 8 

Iodine value (IV) is defined as the number of grams (g) of iodine absorbed by a 100g of fatty 9 

acids; it is used to represent the measure of unsaturation (presence of C = C double bonds) of 10 

edible oil & fats and forms an important parameter used for product quality control[160] in that 11 

the higher the IV of a fat or oil sample, the more unsaturated it is. Increasing interest in the 12 

health benefits of polyunsaturated fat consumption has driven the development of the analysis 13 

of fat unsaturation[161]. Besides its relevance in edible oil processing, IV values have also 14 

proven useful in other fields such as; 15 

• Oil quality of plant species[162, 163]  16 

• Insecticides effects on plants[164]  17 

• Quality of biodiesel sourced from vegetable oils[165]  18 

  19 
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Historically, the experimental methods used for IV analysis are titration-based methods such 1 

as Wijs[144], Hanus-Hubl[160], Hofmann-Green[166] and Rosenmund-Kuhnhenn[167]; all of 2 

these methods are based on the reaction of halogens with unsaturated fatty acids but vary in the 3 

reagents and catalysts involved in the reactions. The most widely used of these methods is the 4 

Wijs method and has been endorsed by AOCS as a standard method; it uses iodine 5 

monochloride (ICl) as its halogen source, which reacts with the fatty acid at the C = C site; the 6 

amount of iodine consumed by the halogenation reaction (1) is determined by adding potassium 7 

iodide solution to the product mix, which then reacts with the remaining unreacted ICl to form 8 

free iodine molecule (2); the iodine molecule is then titrated with standardised solution of 9 

sodium thiosulphate (3); the end point of the reaction is detected by a colour change from 10 

brown to a colourless solution. See reaction steps below: 11 

 12 

(1)                  C = C  +  ICl  → – C – C – 13 

 14 

(2)           ICl + KI → KCl  + I2 15 

 16 

 17 

(3)          I2 + 2Na2S2O4 → 2NaI + Na2S2O4 18 

 19 

However, there are many health & safety concerns associated with it, mainly because it 20 

involves the use of highly toxic and environmentally-unfriendly chemicals such as iodine 21 

trichloride (ICl3) which is referred to as Wijs reagent; other downsides with this method 22 

include: 23 

• Time consuming procedures 24 

• High consumption of costly solvents 25 

• Highly dependent on the skill of the analyst 26 

 27 

Consequently, efforts have been made to discourage its continuous use by developing 28 

alternative analytical methods and correlations; for instance, a previous work developed a 29 

calculation-based method based on the quantitative determination of the methyl esters of the 30 

constituent FAs of the oil sample – similar to the empirical method described above. When the 31 

H H 

Cl I 
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results were compared with that obtained from Wijs method for a number of oil types, a good 1 

correlation was observed[168]. Other methods that have been considered involved calibrating 2 

instruments such as Fourier Transform Infrared (FTIR) spectroscopy[169], differential 3 

scanning calorimetry (DSC)[170], nuclear magnetic resonance (NMR)[171] and etc.  4 

 5 

The spectroscopy technique involves the absorption of infrared radiation by the molecules 6 

being analysed which causes them to vibrate; vibrations that lead to a change in electric dipole 7 

moment are those that cause IR light absorption, and the absorption intensity is proportional to 8 

the square of the change in the dipole moment[172]; the results obtained from this technique 9 

are absorbance (or a transmittance) spectra, the peak position and height are corresponding to 10 

specific bonds and its concentration within the sample respectively. 11 

 12 

A number of studies have been done based on using this technique for oil & fats analyses; 13 

a study has used the absorbance ratio of oleifinic (assigned to 3030 cm-1) and aliphatic 14 

(assigned to 2857 cm-1) C-H stretching to determine the degree of unsaturation of fats and 15 

oils[173]; another study has used pure triglycerides to calibrate an IR spectrometer for IV 16 

determination, using peak regions of 3200 – 2600 cm-1 and 1600 – 1000 cm-1, corresponding 17 

to the C-H stretching and CH2 scissoring respectively[174].  18 

 19 

Analysis with IR spectroscopy is rapid, simple and cost-effective making it a promising and 20 

attractive technique[169]. Using the spectral region that corresponds to the presence of double 21 

bonds (which depicts unsaturation) as a reference, IR spectroscopy is a useful tool for 22 

qualitative and quantitative analysing of palm oil and its fractions; the greater the absorption 23 

in this region, the higher the IV value hence the more unsaturated the oil sample.  24 

 25 

2.5.4 Solubility 26 

As part of the considerations required for an optimum crystallisation process design, 27 

understanding of the temperature-concentration equilibrium relationship is essential, and this 28 

information can be obtained from a phase diagram, also referred to as solubility curve. As stated 29 

earlier, the solution system formed by palm oil melt is such that the high-melting fractions 30 

(HMFs) form the solute that is dissolved in the low-melting fractions (LMFs) which form the 31 
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solvent; this, coupled with its complex compositions, has led to a deviation from an ideal 1 

situation for palm oil[175]. Most previous related solubility studies were based on pure TAGs 2 

and made-up system compositions; only a few have focused on natural-occurring fat systems, 3 

for instance, solubility results using dilatometry technique have been reported for hardened 4 

groundnut oil in linseed oil[176]; also the solubility of milk fat in liquid oils using DSC 5 

technique has also been reported[177]. Hence, techniques for determining the solubility of fats 6 

include thermal methods (e.g. involving the use of DSC as highlighted above); another involves 7 

compositional approach[178] and pulsed NMR[175].  8 

 9 

An equation has been developed for the determination of the solubility of HMFs in LMFs, 10 

with the assumption that they form an ideal solution[179]: 11 
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 13 

Where x = solubility of HMF in LMF (mol/mol) 14 

ΔHfus = heat of fusion of HMF (kJ/mol) 15 

T,Tm = experimental and HMF melting temperature (K) 16 

R = gas constant (kJ/mol-K) 17 

 18 

This equation is referred to as Hildebrand equation and is used to depict ideality by plotting 19 

a graph of ln(x) against 1/T. This equation bears a resemblance to the Van’t Hoff equation 20 

which was developed to establish the linear relationship between solute concentration 21 

(logarithm of mole fraction, log x) and the inverse of equilibrium temperature (1/T); 22 

Hildebrand’s approach was the argument that log x against log T gives better correlation[180, 23 

181]. However the equation above is based on the linear relationship between ln (or log) x and 24 

1/T so it can be inferred that it takes its root from a combination of these two basic models 25 

(Van’t Hoff and Hildebrand). 26 

a linear relationship verifies ideal mixing behaviour (enthalpy of mixing is zero, and the 27 

volume remains unchanged with mixing[182]); the melting temperature (Tm) can be 28 

determined from the y-intercept of the graph. This equation has been used in a previous work 29 

on lipid systems; solubility (x) was determined using the compositional approach[175]. In 30 

conclusion, as there are no generic theoretical correlations, solubility analysis for a 31 

multicomponent melt is done experimentally, with little or no literature source for verification. 32 
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For this research work, calorimetry and turbidity analyses were considered, more detail is found 1 

later in the thesis. 2 

 3 

 4 

Inter-solubility 5 

Since dry fractionation process involves the absence of other chemicals/solvent, the solution 6 

being crystallised is just the palm oil melt composed of mainly triglycerides, i.e. both the solute 7 

and the solvent are TAGs having similar structural properties but differing in thermo-physical 8 

properties (such as melting points); this is very different from the solution involved in a basic 9 

cooling crystallisation where the solute is dissolved in an inert solvent, both varying widely in 10 

structural and other properties. This therefore constitutes to a deviation from the solution 11 

crystallisation and makes it often challenging to determine its solubility profile (temperature–12 

concentration equilibrium relationship). Due to the wide range of TAGs in palm oil, it is a 13 

common occurrence for some of the fractions (especially the HMFs) to have close melting 14 

points, and therefore crystallise together as one phase – this is referred to as a solid solution, 15 

some even crystallise as co-crystals (a unique crystalline structure formed by two or more 16 

components which could be ions, atoms, or molecules[183]) when formed as a metastable 17 

polymorph[94].  This occurrence is what is referred to Inter-solubility. The solid solution 18 

formed cannot be separated by a physical filtration process thereby compromising the product 19 

quality; it could also alter the crystal structure such that the slurry’s viscosity is considerably 20 

high enough to compromise the efficiency of the downstream (filtration) process. This 21 

constitutes one of the major challenges associated with the fractionation process since its 22 

primary aim is to separate the melt into its constituent fractions[92, 94]. 23 

 24 

Therefore, the cooling process adopted for a CfM must carefully be designed based on a 25 

compositional analysis of the melt and hence the triglyceride products of interest,  for instance, 26 

to ensure that fractions with close melting points selectively crystallise, a slow cooling rate 27 

should be considered[92]. It is has been reported that a high (and higher degree of) supercooling 28 

increases the probability of inter-solubility[94]; hence an obvious preventive measure would 29 

be operating at a low supercooling condition, i.e. higher crystallisation temperature and/or slow 30 

cooling rate. This would however be at the expense of long process times; some alternative 31 

solutions to counter inter-solubility are discussed below: 32 



 

   56 

• Seeding with PPP– this can facilitate crystallisation to occur within the metastable zone 1 

(see Fig 2.1) thereby enhancing a better control over nucleation and crystal growth rates. 2 

Since the process can then be carried out at a relatively higher temperature, the viscosity of 3 

the process fluid would be reduced hence improving the filtration efficiency (i.e. better 4 

olein yield and stearin purity). However, a shortcoming of this solution is that the now 5 

higher concentration of PPP in the melt would increase the percentage of PPP recovered 6 

with the mid-fractions (POP)[184].  7 

 8 

2.5.5  Solid Fat Content 9 

Solid fat content (SFC), as the name suggests is the percentage of a fat/oil sample that is in 10 

the solid phase at a particular temperature; it’s a property that changes consistently with 11 

temperature and determines the suitability of the sample for specific applications as it 12 

influences some physical properties of the product such as texture, firmness, mouthfeel, 13 

etc.[185]. Pulsed NMR spectrometry is currently the most common technique used for this 14 

analysis[186]; the direct-method measurements are based on the ratio of the magnetisation 15 

signal from both the solid and liquid phase of the sample. A pre-set heating/cooling/holding 16 

program is applied to the sample before the measurements are taken, and obtained results are 17 

based on calibration with three measurements (usually 0, 30, and 70%)[175]; selected programs 18 

are in accordance to official methods such as IUPAC 2.150[187], PORIM tests[188], MPOB 19 

p4.8[189]. The result obtained from this technique can either be reported as a SFC/time or 20 

SFC/temperature relationship, and it is closely related to the melting behaviour of the analysed 21 

sample.  22 

 23 

Previous related studies on palm oil and its fractions have confirmed a higher %SFC and 24 

melting temperature for palm stearin compared to the olein fraction; and this was attributed to 25 

the higher amount of saturated fat in the stearin fraction[145]. In another work based on 26 

isothermal crystallisation process, higher %SFC was observed at lower temperatures due to 27 

rapid nucleation rate brought about by a higher degree of supersaturation[7]. SFC can also be 28 

used to determine equilibrium conditions of a particular sample; this is taken as the temperature 29 

at which %SFC becomes zero; however, NMR measurements are reportedly inaccurate at low 30 

%SFC hence interpolations of readings at higher %SFC are employed to determine the 31 

temperature at which SFC is zero[190]. Since solubility information can be extracted from the 32 
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equilibrium conditions, it was reported that extrapolation of NMR data gave lower solubility 1 

values, compared to those obtained from using the compositional approach[175]. Besides the 2 

melting behaviour, NMR data can also be used to examine compatibility/miscibility of fat 3 

blends through the construction of iso-solid diagrams[191, 192]. Another common technique 4 

that is adopted for SFC analysis is calorimetry (i.e. DSC) and this was the adopted method in 5 

this research work. Here, the solid-liquid ratio of a fat sample is determined from the melting 6 

thermogram by partial integration of the curve[193]. More details regarding this method will 7 

be discussed later in the thesis. 8 

 9 

2.5.6 Crystal Size Distribution 10 

Besides the crystal morphology, the crystal size distribution (CSD) within the system is also 11 

important and should closely be monitored as it has been reported that separation efficiency 12 

hence product yield and quality are directly affected by CSD[194]. Various devices have been 13 

used to analyse the size distribution of fat crystals, most of which is based on either laser or 14 

optical techniques[195]; previous studies on palm oil crystal analysis have reported the use of 15 

Malvern master sizer (based on laser light diffraction)[196] for CSD and crystal count, laser 16 

particle counter (based on laser light scattering) for crystal size of vegetable shortenings[197], 17 

scanning electron microscope (SEM) for form and CSD of PPP crystals[198], etc. Other 18 

reported techniques include pNMR[199], rheo-optics[200], and optical thermal analysis[201]. 19 

However precise the measurements obtained from the analysis are, it is still not a good 20 

representation of the actual system if the analysis was not conducted in situ; hence for real-21 

time crystal study, online measurement techniques are preferred; a common technique adopted 22 

for this purpose is the focused beam reflectance measurement (FBRM) which is based on laser 23 

backscattering; it obtains information of crystal count, distribution[202], and also kinetics 24 

estimation[28]. It is reported to have the capability of detecting onset nucleation, in situ change 25 

in dimensions, concentration, and population[203]. Size Analysis with FBRM are reported as 26 

chord lengths[204]. 27 

 28 

Previous studies have shown that total palm oil crystal count increased with reducing 29 

process temperature and increasing process time, suggesting rapid nucleation rate and/or 30 

attrition of agglomerates[111]; whereas crystal growth was favoured at higher temperature due 31 

to less crystal count[205]. Mean chord length was also reported to increase with increasing 32 
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crystallisation temperature to an extent after which it began to decrease with temperature 1 

increase; this subsequent decreasing at high temperatures was said to be due to the increased 2 

breakage/attrition of the crystals while the initial reduced mean size at low temperatures was 3 

attributed to the increased nucleation rate of small nuclei[195]. In this same work, crystal 4 

melting was also analysed with FBRM, and a simultaneous decrease in fine particles and 5 

increase in coarse particles was observed; however, a sudden increase in fine particles was 6 

observed within a particular temperature range, and this was attributed to de-agglomeration of 7 

the HMFs by melting of the LMFs that supposedly links the agglomerated HMFs[206]. 8 

 9 

In conclusion, exploiting the physical and chemical properties of palm oil through well-10 

designed cooling profile and separation process, good quality products can be obtained. 11 

Though all these techniques provide useful monitoring information for optimum process 12 

development, the adoption of multiple tools is however essential in order to verify detections 13 

thereby minimising uncertainties. 14 

 15 

 16 
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CHAPTER 3- EXPERIMENTAL WORK 1 

 2 

This chapter provides detailed description of the methodologies adopted in the different 3 

studies carried out in this research. An overview of the experimental plan designed for this 4 

research is therefore shown below: 5 

 6 

Fig 3.1: An overview of the experimental plan followed during this research 7 

 8 

3.1  Initial Characterisation 9 

3.1.1 Composition 10 

The model compound, refined, bleached, and deodorised (RBD) palm oil used for this 11 

research work was sourced from AarhusKarlshamn (AAK) based in Hull, UK. The 12 

compositional analysis (fatty acids) provided by the company is shown in Table 3.1; from this 13 

data, it can be deduced that the saturation/unsaturation ratio of the oil sample is almost 50:50 14 

with palmitic acid (C16:0) constituting most of the saturated fats (44%) and oleic acid (C18:1), 15 

the unsaturated fat (38.4%). However, the triglyceride composition analysis of the palm oil was 16 

determined by liquid chromatography (see section 2.5.1 for more information regarding this 17 

technique). The HPLC system used (HP Agilent 1100 Series) was equipped with vacuum 18 

degasser (Model G1379A), a binary pump (Model G1312A), an autosampler (Model G1313A), 19 

and a UV (variable wavelength) detector (Model G1314A). The column used was a Nova-Pak 20 

C18 (3.9 x 150 mm) Waters packed with a particle size of 5 µm. The mobile phase was a mixture 21 

of acetone/acetonitrile in the ratio 63.5:36.5 and the flowrate was set at 1 ml/min. The injection 22 

volume was 10 µL of 5% (wt/vol i.e. 5g/100ml) oil in acetone. TAG peaks were identified 23 

based on the retention times of standards according to the results of Swe et al[207] and Haryati 24 

et al[208]. The percentage peak area was used to quantify the TAG components. The UV 25 
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wavelength of the detector was however set to 211 nm which is the characteristic wavelength 1 

for triglycerides[209, 210]. 2 

   3 

Table 3.1: Compositional data of RBD palm oil as received from the supplying company, 4 

AarhusKarlshamn (AAK) 5 

Composition % 

Fatty Acids 

C12:0 0.2 

C14:0 1.0 

C16:0 44.0 

C17:0 0.2 

C18:0 4.5 

C18:1 38.4 

C18:2 10.7 

C20:0 0.8 

C22:0 0.1 

Total 99.9 

Triglycerides 

trisaturated (SSS) 50.8 

Monounsaturated (SUS) 38.4 

Polyunsaturated (SUU) 10.7 

Other 0.1 

Total 100 

 6 

 7 

3.1.2 Thermal Profile 8 

To further analyse the feed sample, a cooling and melting profile (called thermograms) was 9 

obtained using a NETZSCH differential scanning calorimeter (model DSC 214 Polyma, 10 

NETZSCH, Germany) equipped with an intracooler cooling system operating between a 11 

temperature range of -70 to 600°C. Compressed air at a flowrates of 40 mL/min and 20 mL/min 12 

were used as the purge and protective gas respectively. 10–15 mg of sample was weighed into 13 

an aluminium pan and sealed with a pierced lid; an empty and sealed pan was used as a 14 

reference. The system was interfaced with a PC operating under Windows-based Netzsch 15 

Proteus© thermal analysis program version 7.0.1 for data acquisition and analysis. The sample 16 

was heated to 353K for 5 min, then cooled to 223K at the rate of 10 K/min; it was held at this 17 
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temperature for 5 min to allow complete crystallisation. The sample was then heated again to 1 

353K at the rate of 10 K/min to obtain the melting curve; the melting point (Tm) of the palm oil 2 

sample was taken as the temperature at the end of the curve, i.e. when melting is completed. 3 

Average of two measurements was determined. 4 

 5 

3.1.3 Iodine Value 6 

Here, relationship between different blends of olein/stearin system and iodine value was 7 

examined. A 785 DMP Titrino (from Metrohm UK Ltd) fitted with a 6.0451.100 Combined Pt 8 

electrode, a 6.2104.020 electrode cable, and a 6.3026.220 Exchange Unit was used for the 9 

titration experiment; it was interfaced with a PC which operated under Windows-based 10 

Metrohm Vesuv DL version 3.0.0.10 software for data acquisition. The method adopted is in 11 

accordance to the AOCS official methods.  12 

 13 

The titrant used was 0.1M sodium thiosulfate (Na2S2O3), the Wijs solution used was 0.1M 14 

iodine monochloride (ICl) in glacial acetic acid solution. All chemicals were ACS reagent 15 

grade, purchased from Sigma Aldrich, UK with purity of 95 – 99.7% and were used without 16 

further purification. The titrant was initially standardised with 0.625 g/l potassium iodate 17 

(KIO3) solution; the titre value obtained was then used in subsequent calculations for the IV 18 

determination. Also, blank values for the reaction solution (ICl) were determined before each 19 

sample was analysed, and these values were also used for subsequent calculations. Detailed 20 

information of the titration methods adopted is located in the appendices. 21 

 22 

Samples of olein (IV = 54.7 g/100 g Iodine) and stearin (IV = 36.0 g/100 g Iodine) were 23 

sourced individually from the supplying company, AAK. The two were blended in different 24 

proportions, to make up six blends of different, but known stearin/olein concentrations ranging 25 

from 0 to 100 wt% olein. The IV of each blend was then determined with the titration method; 26 

the formulas programmed into the titrator for IV determination are shown below: 27 

 28 

Titrant standardisation  
1

1

01

00

EPC

C
Titre =  29 
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Where: C00 = Weight of KIO3 (mg); C01 = 3.567 (equivalent weight of iodine); EP1 = 1 

Titration endpoint (mL of Na2S2O3 solution up to endpoint). 2 

Iodine Value of sample   
00

30
01131

C

C
CEPCIV −=  3 

Where: C31 = Blank value (mL of titrant); EP1 = Titration endpoint (mL of titrant); C01 = 4 

1.269 (equivalent weight of iodine); C30 = Titre value (from titrant standardisation); C00 = Oil 5 

sample weight (g). 6 

 7 

In addition, the iodine value of the feed palm oil was also determined using the titration 8 

method and the resultant conc – IV curve obtained from the above was then used to estimate 9 

the olein (and stearin) fraction of the palm oil feed. 10 

 11 

3.1.4 Solubility 12 

Due to the complexity and wide variations of the compositions of palm oil, it is essential to 13 

establish a concentration– temperature relationship of the fractions (broadly classified into 14 

olein and stearin). A solubility is relevant in providing useful information for the design of the 15 

crystallisation process with respect to supercooling. In this study, multiple techniques were 16 

considered and the resulting curves were compared with that reported in a previous study 17 

involving palm oil of similar compositions. The curve that was relatively most similar to the 18 

reported one was taken forward and used for further studies. The techniques considered were 19 

calorimetry (DSC) and turbidimetry. 20 

 21 

Calorimetry 22 

The Hildebrand equation was used as explained in section 2.5.4. The thermal profile of the 23 

palm oil sample was analysed with DSC system to obtain the endothermic peak for the melting 24 

process (see section 3.1.2 for detailed description of the thermal analysis). The melting 25 

temperature (Tm in K) of the stearin fraction and the corresponding enthalpy of fusion (∆Hfus in 26 

J/mol) were used to determine the solubility (mol/mol) at different temperatures. The latter 27 

corresponded to the area under the melting curve which was calculated by integration on the 28 

interface software. 29 

 30 
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 1 

 2 

Turbidimetry 3 

Here, blends of known olein/stearin concentrations were made up (same blends used for the 4 

iodine value determination) and a cooling/heating process was carried out consecutively on 5 

each blend at a constant cooling and heating rate of 0.5 oC/min from temperatures 60°C to 6 

20oC. The process was carried out in a 250 mL jacketed beaker, which was connected to a 7 

water bath (see details below in section 3.2.1) to control the jacket temperature; the experiment 8 

was stirred using a magnetic stirrer bar. Turbidity and temperature probes (HEL Group, UK) 9 

interfaced with a Windows PC were used to determine the cloud and clear point for each blend. 10 

The clear point of each blend was taken as the apparent solubility temperature of the stearin 11 

concentration in the blend. 12 

  13 
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3.2 Kinetics Study 1 

This study is in the following two parts. 2 

3.2.1 Metastable Zone Width 3 

The objective here is to examine the effect of cooling rate and mixing intensity on the 4 

nucleation properties of palm oil crystallisation with respect to the metastable zone width 5 

(MSZW) on a batch platform. Comparisons were also made between a stirred tank (STC) and 6 

an oscillatory baffled (OBC) crystallisers. 7 

The STC set-up (manufactured by Scott Glass, UK) consists of a 500 mL jacketed round-8 

bottom glass vessel of 100 mm internal diameter (ID), and using a stainless steel O-ring clamp, 9 

a 5-port glass lid was fitted on top of the vessel; the ports include a centre port which has an 10 

ID of 2.5 cm through which the stirrer shaft was fitted; the other ports are access for tools such 11 

as thermocouples, and other analytical probes. The stirrer shaft used for this set-up was a PTFE 12 

anchor stirrer with shaft and rotor diameters of 6 mm and 75 mm respectively; this was 13 

positioned into the vessel through the lid with a PTFE universal stirrer guide. The whole set-14 

up was mounted on a 65 cm long metal clamp stand, and held in place with a nickel-plated 15 

chain clamp; a heavy-duty metal bar was an additional support in order to offset the downward 16 

weight of the overhead stirrer.  17 

 18 

The overhead stirrer used to control the stirring speed was a Eurostar DS2 digital device 19 

(IKA-Werke®, Germany) fitted with a control dial of speed between 50 – 2000 rpm; this was 20 

connected with the stirrer shaft with a chuck key, and clamped in place above the vessel. In 21 

order to minimise vortex formation especially at high stirring speed, a four-leg stainless steel 22 

baffle ring, 9.5 mm wide and 165 mm long, was fitted into the vessel such that they were 23 

mounted against the wall; these baffles posed a restriction hence the stirrer shaft was positioned 24 

to allow a clearance of just about 10 mm from the bottom of the vessel. The schematic of the 25 

set-up is shown in Fig 3.2 below. 26 

 27 
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 1 

Fig 3.2: Schematic of STC set-up used for MSZW measurements 2 

 3 

 4 

Fig 3.3: Picture of the STC set-up used for MSZW measurements 5 

 6 
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The OBC set-up consists of a 500 mL jacketed glass column of 50 mm ID and about 25 cm 1 

length, with three neck side ports which was supported in a PTFE frame structure to minimise 2 

the effect of mechanical vibrations. A set of four PTFE orifice plate baffles joined together by 3 

stainless steel rods was fitted into the glass column; each baffle has an outer and orifice 4 

diameter of 46 mm and 24 mm respectively, and spaced 65 mm from one another. A XTA3806 5 

ServoTube linear motor (SCS Ltd) was used to effect an up-down movement of the baffles 6 

such that the content in the column moves in an oscillatory motion; the motor movement was 7 

regulated with a control box containing a XTL 230-18 amplifier and built-in functions to 8 

control the frequency (range 0 – 10 Hz) and amplitude (range 0 – 60 mm) of the oscillatory 9 

motion. The motor was mounted on a metal stand above the column, and connected with the 10 

baffles through a threaded aluminium rod. The schematic of the set-up is shown in Fig 3.4 11 

below. 12 

 13 

 14 

Fig 3.4: Schematic of OBC set-up used for MSZW measurements 15 

 16 
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 1 

Fig 3.5: Picture of the OBC set-up used for MSZW measurements 2 

 3 

To control the temperature of the content in the vessel (or column), the crystalliser was 4 

connected to a GP200-R2 water bath (Grant Inst. Cambridge Ltd) fitted with a heating 5 

circulator for pumping the heating or cooling water through the jacket of the crystalliser with 6 

silicone tubing; on the circulator are knobs that can be used to control and programme 7 

temperature profile. The temperature of the crystalliser content can be either controlled using 8 

the internal thermocouple within the bath that monitors the temperature of the water flowing 9 

through the jacket, or by connecting a TXPEP plastic external probe to the bath and using the 10 

probe to monitor the actual vessel content temperature; the former method would require an 11 

additional thermocouple to monitor and log the actual vessel temperature. The water bath was 12 

interfaced with an HP Compaq PC which operated under Windows-based Grant Labwise™ 13 

version 1.0 software for display, monitoring and logging of temperature data. Additional 14 

accessories used for temperature control were T-type thermocouples which were interfaced 15 

with the PC operating under Windows-based Temp Monitor_S2 version 1.0.16 software via a 16 

digital datalogger for data acquisition. 17 
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The two batch set-ups were used in comparison with each other based on their power 1 

dissipation rates. 2 

 3 

Turbidity measurements: HEL’s CrystalEyes system (HEL Group, UK) which consists of 4 

turbidity and temperature (PT100) probes, both encased in hard-wearing Hastelloy for 5 

protection and chemical compatibility was used for these measurements. The probes which are 6 

about 5 mm in diameter were inserted about two-third into the crystalliser vessel; the turbidity 7 

probe has an in-built near-infrared (NIR) light source that sends light from the solution into 8 

which it was inserted, back to the detector via an adjoined mirror; the turbidity value is then 9 

measured as a function of the intensity of light transmitted. The probe was assembled such that 10 

the gap between the light source and the adjoining mirror was between 4 – 5 mm, and it was 11 

positioned within the vessel in a way that the agitated particles perpendicularly cut through the 12 

light beam. The system was interfaced with an HP Compaq PC which operated under 13 

Windows-based HEL WinISO version 2.3.117.1 software for real-time display, logging and 14 

data analysis. Both probes (temperature and turbidity) were able to fit into the STC but only 15 

the turbidity probe could be fitted into the OBC due to access restrictions; hence a T-type 16 

thermocouple was used to monitor and log the temperature in place of the probe. 17 

 18 

The mixing intensity for each of the crystallisers was estimated based on power density 19 

calculations which is a function of the vessel configuration. Therefore operating conditions 20 

were set such that the power density was the same in both set-ups as equal basis of comparison. 21 

The equations used to estimate the power density in both set-ups are given below; and the 22 

required parameters are shown in Table 3.2. 23 

 24 
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Table 3.2: Parameters used to estimate power density (a representative function of mixing intensity) 1 

STC OBC 

Parameter (unit) Value Parameter (unit) Value 

Tank diameter – d (m) 0.1 Column diameter – D (m) 0.05 

Impeller diameter – Di 

(m) 
0.076 

Baffle orifice diameter – d 

(m) 
0.024 

Power number – Np 1 Baffle spacing (m) 0.065 

Fluid density – ρ 

(kg/m3) 
879 

Baffles per unit length – Nb 

(m-1) 
15.38 

Fluid volume – VL (m3) 0.00035 Baffle free area ratio – S  

 2 

For the STC, the stirrer speed (Si) was the variable while the centre-to-peak amplitude (x0) 3 

and frequency (ω) were the variables for the OBC; Goal Seek function in MS Excel was used 4 

to match the power densities. The actual amplitude of the oscillator was set to 2x0 because it 5 

was calibrated as peak-to-peak while that required for power density calculations are centre-6 

to-peak which are half the former, 7 

 8 

For the cooling rate effects, linear rates were used and were determined by controlling the 9 

temperature of the process fluid inside the vessel and the temperature of the coolant (in this 10 

case, the water in the water bath). By the means of the Labwise software, with which the water 11 

bath was interfaced, three temperature programs were developed and sent to the bath controller, 12 

to provide three different cooling rates; however, the STC and OBC exhibit different degree of 13 

heat transfer (from the jacket to the inside wall of the tank (or column) and eventually into the 14 

bulk of the fluid content; this is mostly due to the different mixing and size configurations 15 

(particularly, the jacket sizes). Due to this, and coupled with the fact that there is a delayed 16 

response between the bath controller and the temperature sensor, the set temperature programs 17 

do not reach their end temperatures within the specified time; hence an external PT100 probe 18 

connected to the water bath was inserted into the vessel in order to monitor and log the actual 19 

content temperature within the vessel; this was conditioned in the bath by changing the 20 

isothermal sensor from internal probe to external probe. 21 

 22 

 23 
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The procedures 1 

The required vessels were adequately cleaned and assembled as earlier described and shown 2 

in Fig 3.2 and Fig 3.4. It should however be noted that the experiments for each set-up were 3 

run consecutively not simultaneously. 4 

 5 

The palm oil feed which was in the semi-solid state (approximately 350 mL and 400 mL for 6 

the STC and OBC respectively) was added to the respective vessel with the use of a spatula 7 

and a glass beaker. Afterwards, the water bath was connected to the tank through the silicone 8 

tubing and the isothermal set-point temperature was set to 60°C in order to melt the oil in the 9 

tank; the oil was held at this temperature for about 30 mins, to ensure that it was completely 10 

melted. 11 

 12 

With all necessary probes and accessories fitted, and all analytical tools prepared, agitation 13 

was then applied (through stirring or oscillation) to the crystalliser at the required mixing 14 

condition, to ensure that the system is close to homogenous as much as possible. For the mixing 15 

intensity experiments, having set the stirrer speed (or oscillation) to give the required intensity, 16 

the water bath controller was programmed to a nominal cooling rate of 0.5 oC/min and it was 17 

maintained at this rate for all the mixing conditions examined. Turbidity measurements were 18 

then recorded as the temperature program proceeded. 19 

 20 

While for the cooling rate experiments, the bath controller was programmed consecutively 21 

to the different nominal cooling rates; all at a fixed mixing condition of 247 W/m3, i.e. 203rpm 22 

and 12.5 mm/1.5 Hz for the STC and OBC respectively. The mixing condition was fixed at this 23 

point because from observations during the previous set of experiments (effect of mixing 24 

intensity), it was the point that guaranteed good-enough mixing while still minimising vortex 25 

formation and foaming effects in the STC and OBC respectively.  26 

 27 

The temperature program with which the MSZW was analysed was a cooling–holding– 28 

heating cycle between the range of 20°C and 60oC; a sample profile is shown below (Fig 3.6); 29 

the hold period was kept constant for all cooling rates at 1 hr; it should be noted that the heating 30 

segment of each profile was set to also run at the same rate specified in the cooling segment. 31 
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Each experiments was repeated at least twice to enhance result accuracy. The mixing 1 

intensities and cooling rates examined are shown below (Table 3.3). 2 

 3 

Table 3.3: Operating conditions explored for MSZW analysis 4 

Cooling rate 

(oC/min) 

OBC STC Pd  

(W/m3) x0 (mm) ω(Hz) Si (rpm) 

Constant 

(1.0) 

10.0 

1.0 

108 38 

12.5 135 73 

15.0 163 127 

10.0 

1.5 

163 127 

12.5 203 247 

15.0 244 427 

 

0.25 

12.5 1.5 203 
Constant 

(247) 
0.5 

1.0 

 5 

 6 

Fig 3.6: A sample of temperature profile used for MSZW analysis 7 
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3.2.2 Kinetics Parameter Extraction 1 

In this part of the study, kinetics parameters that characterise the crystallisation of palm oil 2 

were estimated using existing empirical model equations. The aims of this are to evaluate and 3 

compare kinetics from a melt crystallisation extracted using models for both melts and 4 

organics; and to establish critical understanding of the various model approaches and their 5 

applications; and to assist the design and operation of continuous crystallisation. Three models 6 

were considered; the first two are from traditional melt crystallisation, while the last one is 7 

from solution crystallisation.  8 

 9 

Experimental data such as induction times of crystallisation (τ) and melting point (Tm) were 10 

required for these analysis and calorimetry (DSC) was the technique employed in obtaining 11 

these data.  12 

 13 

15–18 mg of palm oil sample was weighed into an aluminium pan and sealed with a pierced 14 

lid; an empty and sealed pan was used as a reference. The sample was heated to 353K at a rate 15 

of 10 K/min and held at this temperature for 10 mins. The sample was then cooled to the pre-16 

set end temperature (293 – 301K) at 20 K/min and held at each of the end temperatures for 17 

crystallisation to occur. Since the crystallisation is an exothermic process, the onset of the 18 

exothermic peak during the isothermal period was taken as the induction time (τ) and all were 19 

evaluated using the DSC 214 software. At the end of the crystallisation process, the sample 20 

was then heated back to 353K at 10 K/min to obtain the melting curves.  21 

 22 

Avrami Model: See section 2.2.2 for more information regarding this model. The value of 23 

x (in eq. 2.15) was estimated by integrating the isothermal crystallisation exothermic peak from 24 

the DSC measurement, as given by Fig 3.7 and eq. (3.3) where ΔHt is the heat of crystallisation 25 

(W/g) evaluated as the area under the crystallisation curve from the onset of the peak to time t 26 

using the DSC 214 software; ΔHtot is the total area under the curve. More detailed description 27 

of the methodology can be found elsewhere[211]. The kinetic parameters, n and k, were 28 

obtained from the slope and the intercept of the plot of [ln(-ln(1–x)] against ln(t) respectively. 29 

The unit of k here is the inverse of time to the power of n, depending on the index of 30 

crystallisation. 31 
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 3 

Fig 3.7: Determination of crystal solid fraction (x) from crystallisation exothermic peak obtained from 4 

DSC analysis[212] 5 

 6 

 7 

The Fisher-Turnbull correlation: See section 0 for more information regarding this model. 8 

Using the DSC data obtained, a plot of ln(dx/dt) against ln(1-x) will give a slope equal to n, 9 

and the value of A can be obtained from the intercept and the ΔGc evaluated from eq. (2.18) for 10 

the different end temperatures considered. Using these A values, the rate constant (kn) can 11 

therefore be estimated according to eq. (2.19). The unit of kn is the inverse of time (s-1). 12 

 13 

   14 

The MSZW (∆Tmax) results obtained from section 3.2.1 was used in this analysis. From a 15 

plot of ln() against ln(ΔTmax), the nucleation order (n) and the nucleation rate constant (kn) 16 

can be estimated from the slope and the intercept of the plot respectively and then compared 17 

with those from the two holistic models. For number basis, the unit of kn is the inverse of time 18 

(s-1).  19 

 20 

  21 
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3.3 Filtration Study 1 

When the crystallisation process is complete, there is need for physical phase separation, 2 

extracting the solid product (stearin) from the liquid product (olein), through a filtration 3 

process. The eventual yield and purity of the products are largely dependent on the efficiency 4 

of the filtration process. Process conditions are also controlled such that the products possess 5 

characteristics that are favourable for effective filtration.  6 

 7 

In this study, the effects of cooling rate and mixing intensity on filtration rate, purity and 8 

yield of the liquid product (olein) were examined in both stirred tank (STC) and oscillatory 9 

baffled crystalliser (OBC) – the set-up is shown in Fig 3.8(a) below and the conditions 10 

examined are shown in Table 3.4. For better temperature control, the filtration step was carried 11 

out in a hotbox (Fig 3.8b) where the temperature was maintained at 20oC, the end temperature 12 

of the cooling process. Vacuum filtration was adopted using a KNF N 810.3 FT.18 vacuum 13 

pump.  14 

 15 

 16 
Fig 3.8: Set-up used for the filtration study in this research (showing the STC, OBC, and hot box used for 17 

temp-controlled filtration) 18 

 19 

 20 

 21 
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Table 3.4: Experimental conditions explored during the  filtration study 1 

Cooling rate (oC/min) 0.25 – 1.0 

Cooling profile Linear 

Temperature range (oC) 50 - 20 

Working volume (mL) 400 – 450 

Mixing Intensity 

STC: 200 – 240 rpm 

OBC: 1.2 – 1.5Hz and 30mm 

 2 

At the end of the cooling process, weighed sample (~60 g) of the crystallised suspension 3 

was collected from the crystalliser vessel (through the outlet port) into a glass beaker, and 4 

immediately transferred to the Buchner funnel in the hotbox to begin the filtration step. 5 

Filtration was stopped when a dryland (i.e. no liquid on the top) of filtered cake was visible in 6 

the funnel. The olein (filtrate) and stearin (cake) were then weighed and analysed. 7 

 8 

Solid Fat Content: This was required in determining the true olein yield of the filtrate 9 

product and done by partial integration of the area under the melting curve obtained from a 10 

DSC at different temperatures; a detailed description of this method is found in literature[193] 11 

and the actual thermal program adopted for the DSC analysis is based on a previous study by 12 

Nassu & Gonçalves[213]. 13 

 14 

  15 
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3.4 Continuous Crystallisation 1 

3.4.1 Set-up 2 

After the completion of melt (palm oil) crystallisation in the batch set-ups (STC and OBC), 3 

the study then proceeded onto a continuous platform, Continuous Oscillatory Baffled 4 

Crystalliser (COBC), where a linear cooling profile was designed based on the tube 5 

configuration, and was used to formulate the temperature zones along the length of the column, 6 

this is a fundamentally different concept from conventional batch crystallisation. This was then 7 

adopted in the continuous crystallisation of palm oil.  8 

 9 

The COBC crystalliser consist of 11 straight sections of jacketed baffled glass tubes (each 10 

tube is 700 mm long and has a diameter of 15 mm) connected together in series with glass U-11 

bends which are also baffled. A glass piston drive assembly (Alconbury Weston Ltd, Stoke-12 

on-Trent, UK) was connected to the first glass tube in the series via collars & gasket fittings, 13 

and this was used to supply the oscillatory fluid motion in the crystalliser. The feed palm oil 14 

was held in a 20 L jacketed stirred tank and connected to the crystalliser via a peristaltic pump. 15 

Circulating water baths were connected to the jacket of the feed oil tank and also to the tube 16 

jackets, at strategic positions along the tube length of the crystalliser to achieve the desired 17 

temperature zones. Sampling collars were also fitted at the required locations. Fig 3.9 below 18 

shows the set-up of the COBC while Fig 3.10 shows the division of the tubes into temperature 19 

zones. 20 

 21 

The online monitoring of the evolution of concentration and crystal size distribution along 22 

the length of the crystalliser were achieved at the two strategic positions of a known distance 23 

apart, each (Jn7 & Jn10) with a turbidity (HEL Group, UK) and a particle imaging (Perdix, 24 

Netherland) probe respectively (see the positions of O in Fig 3.10). While the former provided 25 

data for MSZW and nucleation, the latter for crystal size distribution, thermocouples were 26 

inserted at four (4) different ports (O) to monitor and record the temperatures along the column 27 

length. The data obtained allowed the determinations of steady states (temporal and spatial), 28 

its stability between the two positions, together with the effects of operating parameters on 29 

these stabilities. The parameters examined are listed in Table 3.5 below: 30 



 

   77 

 1 

Fig 3.9: A picture of the set-up of the COBC used for looking into continuous crystallisation of palm oil in 2 

this research 3 

 4 

 5 

 6 

 7 

Fig 3.10: A schematic profile of the COBC set-up showing the temperature zones (colour-coded) and 8 

sampling/analysis ports 9 
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Table 3.5: The operating parameters examined during the study of continuous crystallisation of palm oil 1 

in the COBC 2 

 Cooling (oC/min) Flow (ml/min) Mixing (Hz)* 

High 1 76.68 2 

Medium 0.5 53.86 1 

Low 0.25 42.45 0.5 

Constant 
Low flow 

High mixing 

Low cooling 

High mixing 

Low cooling 

Low flow 

*The (peak-to-peak) amplitude was kept constant at 25 mm  3 

 4 

3.4.2 The Procedures 5 

The feed oil in the feed vessel (a 20 L jacketed glass stirred tank) was completely melted at 6 

65oC, after which it was pumped (at the selected flowrate) into and along the COBC column 7 

(made up of jacketed tubes) using a peristaltic pump; the pump had been initially calibrated to 8 

correlate the RPMs with flowrates (in ml/min) and the resultant equation was: 9 

( ) ( ) 18.341.11min/ −= rpmxmly       (3.4) 10 

 11 

The linear motor was used to oscillate the oil net flow along the length of the crystalliser at 12 

the pre-set amplitude and frequency. During this period, the temperatures of the tube walls 13 

(Shell-side) for the entire length were maintained at 50°C using the connected water baths 14 

(Grant Inst. Cambridge Ltd); the oil was being recycled back into the feed vessel, to create a 15 

continuous flow loop, but the high temperature of the feed tank ensured that the inlet oil into 16 

the column is completely melted. 17 

 18 

After about 45 – 60 min of pumping hot oil through the system – when most of the air 19 

bubbles in the bulk flow have been removed, the establishment of temperature zones of 20 

decreasing temperatures along the length of the COBC was then commenced, in this work, four 21 

temperature zones were used with zone 1 from 50°C to 40°C (red colour section in Fig 3.10); 22 

zone 2 from 40°C to 30°C (purple colour section); zone 3 from 30°C to 25°C (orange colour 23 

section) and zone 4 from 25°C to 20°C (yellow colour). The determination of how many zones 24 

to have depends on the solubility and the MSZW, generally the narrower the MSZW, the more 25 



 

   79 

the zones. Each zone required a water bath, running its pre-set cooling program. In addition 1 

another water bath was used for the feed vessel.  The temperature programs were designed such 2 

that they remained at the end temperatures until terminated.  3 

 4 

As the temperature zones are forming, crystallisation of palm oil starts, a small volume 5 

(based on the volumetric flow rate) of the hot feed containing both olein and stearin together 6 

other minor fractions enters the crystalliser and goes through the pre-set temperature zones 7 

from the “tropic summer” to “summer” temperatures and from “summer” to “autumn” exit 8 

temperatures where two phases are visible and are directed to a product tank for filtration. Since 9 

our primary focus is on the quality of the product, plus there are physical constraints in the lab 10 

to store too much product, hence the exit stream was diverted back to the feed tank where the 11 

full dissolution takes place. This process continues, executing the continuous crystallisation 12 

until sufficient data have been obtained. Each run lasted for 3 – 4 hours (depending on the 13 

conditions being considered). The bulk flow temperature, turbidity and particle imaging of the 14 

formed crystals were being monitored with the inserted probes and the data logged for further 15 

processing. Afterwards about 1 – 2 hours, the cooling temperature programs were terminated 16 

and the baths were set to heat the oil back to 50°C to melt all sections, this brings us back to 17 

the start. 18 

 19 

For the particle imaging, two Perdix light probes (ISPV-Mini, Netherland) were inserted 20 

into the COBC (which were positioned perpendicularly to the adjoining cameras) at the pre-21 

determined locations (Jn7 and Jn10). In order to reduce curvature effects, square flanges were 22 

specially made for hosting these probes. The signals from the probes were interfaced with a 23 

Windows-based PC which operated the ISPV software for real-time capturing of the crystal 24 

images; the images being captured are simultaneously analysed by algorithms built into the 25 

software, such as size distribution (equivalent diameter) and number counts – a screenshot of 26 

the software window is shown in Fig 3.11. However, there were some limitations, e.g. bubbles 27 

being counted as crystals, difficulty in zeroing the computed data for pre-nucleation periods 28 

(i.e. before crystal formation). Hence care was taken to minimise as much as possible the 29 

presence of bubble in the bulk flow; also data generated during the pre-nucleation period were 30 

discarded. 31 
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 1 

Fig 3.11: A screenshot of the ISPV software window used for image analysis by the Perdix Imaging 2 

system 3 

 4 

3.5 Statistical Analysis 5 

Analysis of Variance (ANOVA) with single factor was used to determine the significance 6 

of difference at P < 0.05. This provides the degree of confidence in data. 7 

Captured image 
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CHAPTER 4 – RESULTS: Initial Characterisation 1 

 2 

In this chapter, the results obtained from the analysis of the raw materials (i.e. feed palm oil) 3 

were outlined and discussed using relevant theories and references. The analyses included 4 

compositional, thermal, iodine value, and development of solubility curve. 5 

  6 

4.1 Composition Analysis 7 

The precise compositions of the starting material have significant impact on fractionation 8 

process, it is essential to establish the full picture of this, which in turn aids the product analysis, 9 

comparison and discussions. In addition to the assay of fatty acid of the palm oil provided by 10 

the supplying company, a liquid chromatography analysis was also carried out in order to 11 

determine the triglyceride composition of the oil system. The resulting chromatogram for the 12 

palm oil is shown in Fig 4.1, and the graphical representation in Fig 4.2 below; the % peak 13 

area is shown in Table 4.1; the TAG peaks were identified and assigned based on the presented 14 

chromatogram of TAG standards in a study carried out by Haryati et al[208] as shown in Fig 15 

4.3. In this reference study, refractive index detector (RID) was used for their HPLC analysis, 16 

instead of the UV detector that was used in this research; it has however been reported in 17 

previous studies that RIDs require long separation times (especially for long chain TAGs), 18 

while UV offers relatively faster separation[210]; this is why the peaks in the chromatogram 19 

obtained below are at lower retention times compared to the reference chromatogram.  20 

 21 

In view of this, the peaks were assigned based on the order of their appearance, using the 22 

PPO and OOP as the point of reference, since these two TAGs are the main content of palm oil 23 

as seen from their high relative % peak area (PPO, 14.2% and OOP, 15.7%); this is consistent 24 

with the FA composition provided, as shown earlier in Table 3.1, as it confirms the high 25 

content of palmitic acid (C16) and oleic acid (C18.1) in the assay. The extra peaks at the lower 26 

retention times (i.e. < 5.378 min) that could not be assigned were assumed to be partial 27 

glycerides components (e.g. diglycerides and free fatty acids). This compositional analysis 28 

gives an indication of the thermal properties of the oil system with respect to the melting and 29 

crystallisation characteristics (e.g. peak separation, temperature, transformation, etc.). For 30 

instance it is expected that solid fat product (stearin) should contain more saturated fats (e.g. 31 

PPP) and should have a higher melting point while the liquid product (olein) should contain 32 
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more unsaturated fats (e.g. OOO) and should have a lower melting point. The thermal analysis 1 

carried out on this fat system is discussed in detail in the next section. 2 

 3 

 4 

Fig 4.1: HPLC chromatogram obtained during the compositional analysis of RBD palm oil  5 

 6 

 7 

Fig 4.2: Graphical representation of HPLC chromatogram showing the assignment of the triglycerides 8 

present in the palm oil sample analysed 9 

 10 
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 1 

Fig 4.3: Reference chromatograms for standard TAGs (a) and palm oil (b) used for the peak assignment 2 

in the obtained chromatogram [208] 3 

 4 

 5 

 

(a) 

(b) 
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Table 4.1: Triglyceride composition of RBD Palm oil based on the % peak area of the peaks observed in 1 

the obtained chromatogram 2 

Triglycerides Ret. Time (min) 
%Peak 

Area 
Classification 

OOO 8.963 3.656 Tri-

unsaturated 

(4.87%) OOL 6.014 1.220 

PLO 7.421 7.838 
Monosaturated 

(33.15%) 
OOP 9.471 15.784 

OOS 12.161 9.528 

MPL 5.626 0.704 

Disaturated 

(30.35%) 

PPL 8.102 1.627 

PPO 10.217 14.199 

POS 13.163 9.804 

SOS 18.048 2.412 

SLS 16.650 1.608 

MMM 5.378 0.963 

Trisaturated 

(6.33%) 

MMP 6.967 2.109 

PPP 11.619 2.176 

PPS 15.122 1.081 

 Total 74.707  

Others 25.293  

 3 

  4 
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4.2 Thermal Profile 1 

The palm oil feed was analysed by DSC, using heating/cooling steps. The presence of multiple 2 

peaks is expected in a single thermogram (i.e. within one temperature step) for palm oil due to 3 

its multi-component property; these peaks are often classified into ‘high-melting peaks’ and 4 

‘low melting peaks’. The endotherms and exotherms obtained from thermal analysis of fats by 5 

DSC provide useful information on the range of TAG distributions and polymorphic 6 

transformations occurring due to temperature effects. 7 

 The cooling thermogram (Fig 4.4) obtained for the palm oil used in this research shows two 8 

distinct exothermic peaks which correspond to crystallisation events; the onset and end of the 9 

peak profile was likened to fat formation due to molecular diffusion, and the end of 10 

crystallisation due to crystal solidification respectively. The peak at the lower temperature (-11 

4.4°C) corresponds to crystallisation of the low melting fractions (LMFs); while the second 12 

one at 14.9°C is associated with the crystallisation of the high melting fractions (HMFs); the 13 

relatively broadness of the peaks is a reflection of the wide range TAG components present in 14 

each fractions A small shoulder was also observed at –29.4°C, which possibly corresponds to 15 

some of the unsaturated TAG components (e.g. OOP – cooling thermogram of its standard 16 

shows an exotherm between –22°C and –29°C[107]). It can be inferred that the LMFs 17 

represents the olein product, while the HMFs, the stearin products, according to a previous 18 

study carried out on palm stearin, where thermal analyses of the products from multiple cycles 19 

of re-crystallisations showed increased intensity in the peaks corresponding to the high melting 20 

fractions, and reduced intensity in the peaks for the low melting peaks fractions  (which 21 

eventually disappeared over time)[214].  22 

 23 

Linking this with the triglyceride compositions of palm oil discussed earlier in section 4.1, 24 

it was stated that the palm stearin product is expected to contain more saturated fats (such as 25 

tri-palmitic acid), which have higher melting temperatures, hence why the high temperature 26 

exothermic peak was related to the stearin product of palm oil. Conversely, palm olein is 27 

expected to contain more unsaturated fats (such as oleic acid), which have lower melting point 28 

hence why the low temperature exothermic peak was assigned to the olein product – to buttress 29 

this, a reported DSC thermogram of palm olein indicated that the high temperature peak was 30 

absent. It can therefore be concluded that thermal analyses, coupled with compositional 31 

analysis are useful techniques in providing information with regards to the TAG distribution 32 

of fat systems. 33 
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  1 

The melting thermogram of the palm oil feed (Fig 4.5) also shows two broad  endothermic 2 

peaks; the endothermic peak between 20°C and 45°C corresponds to the melting of the high 3 

melting fractions, while the low temperature endothermic peak (between -10°C and 10°C) 4 

corresponds to the low melting fractions. However, analysing melting thermograms is more 5 

complicated and less straightforward due to peak broadening and overlaps; it has therefore 6 

proven more useful in identifying polymorphic transformations, as opposed to using it to 7 

characterise the thermal profile[215], although melting thermograms of fats have also been 8 

instrumental in quantifying the amount of crystallisable fats (also known as solid fat content – 9 

see section 2.5.5) present in the sample, based on the obtained endothermic peaks[216] for 10 

instance, an exothermic peak was observed at ca. 15 °C, and this was attributed to polymorphic 11 

transformation during the melting process i.e. recrystallization of a  more stable form (see 12 

section 2.3.5 for more information regarding this). Hence according to Che Man & Swe, the 13 

peak at the low temperature region (between -10°C and 10°C)were attributed to the β2
ꞌ and α 14 

polymorphs, while the peak at the high temperature region was attributed to the β1
ꞌ and β1 15 

polymorphs [217] – also see section 2.3.5 for more information regarding polymorphs of palm 16 

oil; x-ray diffraction analyses will however be required to ascertain these polymorph 17 

assignments. Though polymorphism of palm oil is outside the scope of this research study, and 18 

was not investigated further, the information provided by these thermal studies would still 19 

prove essential in understanding some of the crystallization properties of palm oil as discovered 20 

in further studies. 21 

 22 

Again, linking this to the broad products classification of palm oil (i.e. stearin and olein), it 23 

can then be inferred that the solid product (taken as stearin) will crystallise as the α-polymorph 24 

while at the low temperature region (<10°C), but a conversion to the β-polymorph would 25 

expected when operating at higher crystallisation temperature (>20°C) with the transition 26 

occurring around 15°C – 20°C, based on the melting profile obtained. 27 
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 1 

Fig 4.4: Cooling DSC thermogram obtained for the RBD palm oil used in this research 2 

 3 

 4 

Fig 4.5: Melting DSC thermogram obtained for the RBD palm oil used in this research 5 

 6 
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4.2.1 Extended Thermal Studies 1 

In addition to using the DSC technique to characterise the thermal profile of the palm oil 2 

system, it is also useful to expand this study by examining the effects of some of the parameters 3 

adopted during the analysis. Such parameters include cooling/heating rates and repeated 4 

heat/cool cycles.  5 

 6 

DSC thermal analyses were carried out on the palm oil feed at different cooling rates 7 

between 1 °C/min and 10 °C/min, and the resulting thermograms are shown in  Fig 4.6; it can 8 

be observed that though the profile remains relatively similar, the exothermic peak 9 

temperatures (which represents the crystallisation events) reduced (from 18.8 °C to 14.5 °C for 10 

the HMFs and from 2°C to -3.9°C for the LMFs) when the cooling rate was increased from 1 11 

to 10 K/min, which indicates that cooling rate has an effect on the crystallisation events, which 12 

is as would be expected in any crystallisation process, since it has been established in previous 13 

crystallisation studies that increasing the cooling rate increases the rate of crystallisation rate 14 

(see more information on this in later section in 5.1.1). Also it was noticed that the peaks 15 

became broader with increasing cooling rate; this is an indication of a wide range of TAGs 16 

crashing out into the solid phase when the crystallisation process is rapid (i.e. fast cooling rate) 17 

which then require a longer relaxation period for the solid phase to stabilise in order to form a 18 

stable crystal product; conversely, when the crystallisation process is slow (i.e. lower cooling 19 

rate), the fractions have enough time to collate and crystallise into TAG groups of similar chain 20 

length and bond types thereby producing relatively sharper exothermic peaks [158]. However, 21 

a 4°C reduction in peak (crystallisation) temperature when the cooling rate is increased by 10-22 

fold may not be considered overly significant in the grand scheme of things with regards to 23 

crystallisation of palm oil; hence the more important conclusion to be drawn here is that the 24 

cooling rate programmed into the DSC profile for thermal analysis does have an effect on the 25 

resultant thermograms hence care should be taken that the appropriate analysis parameters are 26 

considered.  27 

 28 

Furthermore, DSC analysis involving repeated cycles of cooling and heating (melting) steps 29 

with cooling/heating rate kept constant, were also examined, and the resulting thermograms 30 

are shown in Fig 4.7; it can be observed that there were negligible differences between the first 31 

and second cycles, with respect to the corresponding peak temperatures and the required 32 

enthalpy changes in both the cooling and melting steps. This could imply that the thermal 33 
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history which the palm oil has been exposed to has limited impact on its crystallisation and 1 

subsequent melting behaviour. Therefore, thermal degradation of palm oil due to repeated 2 

exposure to high temperature might be less of a concern depending on the range of temperature 3 

considered, as it should be noted that only two cycles were considered in this analysis. 4 

 5 

 6 

 7 
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 1 

Fig 4.6: DSC Cooling thermograms showing the effect of cooling rate on thermal events (time-based (up) 2 

and temperature (down))  3 
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 1 

Fig 4.7: DSC thermograms showing the effect of repeated temperature cycles on thermal events, time-2 

based (a) and temperature-based (b) 3 

 4 
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4.3 Iodine Value 1 

Raw data of the result obtained from the titration experiments were sent to the PC through 2 

the operating software package; tables containing these data are located in the appendices. In 3 

order to verify the IV results obtained directly from the titrator, a manual calculation, based on 4 

the IV of the pure samples (olein and stearin) and the weight percent of their contributions in a 5 

particular blend, was carried out in accordance to a previous study[169] where x represents the 6 

weight fraction and subscripts o and s are olein and stearin. For instance, if the IV of pure olein 7 

and stearin are 54.04 and 35.96 respectively, for a blend, i that contains 40% olein and 60% 8 

stearin, the IV is calculated as thus: 9 

 10 

   
   

2100/19.43

6.096.354.004.54

gIg

xIVxIVIV ssooi

=

+=

+=

      (4.1) 11 

 12 

The graph below (Fig 4.8) shows the experimental IV determined by titration for the 13 

different blends considered and as expected, the IV increases with increasing olein 14 

concentrations due to higher degree of unsaturation (presence of C=C bonds); a good 15 

correlation with a coefficient of R2 = 0.9964 was observed. These experimental values showed 16 

good correlation with the calculated values. 17 

 18 

Using the same method, the IV of the palm oil feed was determined as 52 gI2/100g oil; hence 19 

using the fitting equation of the below graph, it can be estimated that the feed contains 0.837 20 

olein wt. fraction and 0.163 stearin wt. fraction. 21 

 22 

Given that it has been established that iodine value determination is based on the adopted 23 

halogen’s reaction with the carbon double bonds, taking a closer look at the molecular structure 24 

of a typical unsaturated triglyceride molecule (see Fig 4.9), it could be argued that the halogen 25 

could also break the C = O (in the carboxyl group), as opposed to be intended C = C bond. 26 

Firstly, the bond energy of C = O is stronger than the C = C (799 > 614 kJ/mol[218]) hence the 27 

C = C will be the easier bond to break. Also, beside the fact that the iodine value is a well-28 

established technique in the determination of the degree of unsaturation, the C = O is a common 29 



 

   93 

entity for all triglyceride molecules irrespective of whether they are saturated or not, hence 1 

there will be no trend to follow if it was the target bond by the halogen. 2 

 3 

 4 

Fig 4.8: Graphical representation of iodine values (g/100 gI2) obtained for blends with different Olein 5 

content (g/g) 6 

 7 

 8 

Fig 4.9: Simplistic structure of unsaturated TAG molecule, showing the C=C bond 9 
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4.4 Solubility 1 

Two following techniques were considered for the development of the solubility of stearin 2 

in olein for the palm oil sample used in this research study. 3 

4.4.1 Calorimetry 4 

According to Zhou & Hartel[175], the Hildebrand equation was used to determine the heat 5 

of fusion (∆Hfus) and melting temperature (Tm) from solubility (x) data at chosen temperatures 6 

(T), which were then compared with those obtained from DSC analyses; the x values were 7 

determined by gravimetric method and subsequent chromatography (for compositional 8 

analysis of the filtrate. However, for this study, the equation was used reversely, in that the 9 

∆Hfus and Tm data was obtained from the DSC analysis for the palm oil feed, and then plugged 10 

into the equation to determine the solubility values (x) at a range of chosen temperature (T) 11 

values.  12 

  13 

The melt profile of palm oil is shown in Fig 4.5, and the Hildebrand equation is shown in 14 

eq. (2.31). The parameters obtained from the interface software are shown below in Fig 4.10. 15 

The ‘peak-end’ temperature (when the profile returned to the base line) indicates the 16 

completion of the melting process, hence it was chosen as the melting temperature (Tm) of palm 17 

oil – previous studies have used similar approach in establishing the melting temperature of 18 

palm oil from DSC analyses due to the broadness of the endothermic peaks.[104, 175]. 19 

 20 

 21 
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 1 

Fig 4.10: Parameters obtained from the DSC thermogram required for solubility curve determination 2 

using Hildebrand equation 3 

 4 

To convert Tm from °C to K, 273.15K is added 5 

Tm = 45.7 + 273.15 = 318.8 K 6 

1/Tm = 0.00314 K-1  7 

To convert ∆Hfus from J/g to J/mol, it is multiplied by the molar mass of stearin which was 8 

taken as 830 g/mol (assuming C16:0 forms the bulk of the FA content) 9 

∆Hfus = 77.82 x 830 = 64590.6 J/mol 10 

R = 8.314 J/mol-K 11 

K 7768.9==


314.8

6.64590

R

H fus
 12 

 13 

Hence, ln(x) can be calculated at chosen temperatures, T from 10°C to 45oC. The table of 14 

results can be found in the appendices. The resultant solubility curve is given below. 15 

T
m

 = 45.7°C 

∆H
fus

 = 77.82 J/g  
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 1 

Fig 4.11: Modelled solubility curve of palm stearin (g/gblend) using Hildebrand equation  2 

 3 

4.4.2 Turbidity 4 

The clear point (Tcp) obtained for each blend after the cooling/heating process was 5 

determined as the temperature at which the % light transmittance from the turbidity probe 6 

reaches 100% during the subsequent heating process (more detailed explanation is provided in 7 

section 5.1.1). A sample profile is shown in Fig 4.12 and the resultant solubility curve is shown 8 

in Fig 4.13 with an exponential fit of 0.9855 confidence level. 9 

 10 

 11 
Fig 4.12: A sample turbidity/temperature profile of cooling → heating steps indicating clear point (Tcp) 12 

using in calculation for solubility curve determination 13 
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 1 

Fig 4.13: Solubility curve fitting using the clear points (Tcp) obtained from the turbidity measurements 2 

  3 

These two curves were then compared with a solubility curve of palm stearin in palm olein, 4 

generated from a previous study carried out on model lipid systems; it should however be noted 5 

that compositional method using chromatography technique was used in this referenced study 6 

but it was chosen as a reference due to the similarity of the palm oil composition used to  this 7 

present research[175]. From the comparison made (see Fig 4.14), the wide difference between 8 

the curve from the Hildebrand equation and the reference curve would be due to the fact that 9 

the equation was designed with the supposition that the two systems (olein and stearin in this 10 

case) form an ideal solution but due to the wide range of the TAGs present in palm-based fats 11 

& oils, (see HPLC chromatograms), there are bound to be aberrations from this ideal property. 12 

The stearin’s fatty acid content on purely palmitic acid (C16.0) could also have contributed to 13 

the variation. However, it could be seen that the curve from the turbidity analysis was closer to 14 

the reference, hence was chosen for further usage in this research; the slight difference would 15 

be attributed to the differing TAG compositions of the stearin and olein used in each studies.  16 

 17 

In view of this, the clear point (Tcp) of the palm oil feed was determined using the turbidity 18 

measurement and estimated as 45oC; hence using the fitting equation (Conc = 0.0002e0.1566T), 19 

the stearin concentration of the feed was estimated as 0.230 g/g; comparing this with the iodine 20 

value estimation of 0.163 g/g, a consistency can be inferred within reasonable margin of 21 

experimental error.  22 

 23 

y = 0.0002e0.1566x

R² = 0.9855
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 1 
Fig 4.14: Comparison of solubility curves obtained from the various analysis methods considered in this 2 

study, as well as a curve from a previous study used as a reference 3 
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CHAPTER 5 – RESULTS: Analyses in the Batch Mode 1 

 2 

In this chapter, the results obtained from the experiments carried out in the batch operation   3 

were outlined and discussed using relevant theories and references. The experiments included 4 

kinetics study, with respect to metastable zone width (MSZW) measurements and parameter 5 

estimation, and filtration study. 6 

 7 

5.1 Kinetics Study 8 

This was in two parts: Firstly, the effects of cooling rate and mixing intensity on metastable 9 

zone width of palm oil crystallisation was examined. Secondly, these MSZW data coupled with 10 

existing model equations were used to extract kinetics parameters to characterise the 11 

crystallisation process. 12 

5.1.1 Metastable Zone Width 13 

The turbidity system used for this analysis was designed to measure the intensity of light 14 

sent through the solution and back to the detector via a mirror; as the particles concentration 15 

increases, the light intensity drops, and turbidity increases. Hence the output signal of the 16 

turbidity decreases as the crystallisation process proceeded[219]; a sample output signal is 17 

shown in Fig 4.12. From this profile, the point where the turbidity signal picked up denotes the 18 

onset of nucleation; the maximum turbidity signal is an indication of complete crystallisation 19 

but it is subject to the maximum solid concentration the probe is designed to detect; the point 20 

where the signal returned to its set minimum during the heating segment denotes complete 21 

dissolution (i.e. melting) of the solid particles (i.e. stearin) and the oil is completely clear. 22 

 23 

For the MSZW analysis, % transmittance data was used, which is basically the inverse of 24 

the turbidity data. A pre-nucleation baseline temperature range was selected from the raw data, 25 

and the turbidity signal within this range was averaged and taken as the set minimum. The 26 

temperature at which the signal increased by 10% of this minimum value during the cooling 27 

step was taken as the nucleation temperature (Tnu), while the temperature at which it dropped 28 

back to 10% above the minimum during the heating step was taken as the dissolution 29 

temperature (Tds); MSZW was then calculated as the difference between Tnu and Tds. This 30 
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calculation method was based on a previous study[43, 220]. To convert the turbidity values to 1 

percentage transmittance, the below expression was used: 2 

 3 

1001
minmax

min 























−

−
−

II

II act

       (5.1) 4 
 5 

Where Iact = Actual turbidity value 6 

 Imin = Minimum turbidity value in the data set 7 

 Imax = Maximum turbidity value in the data set 8 

 9 

Effect of mixing intensity on MSZW 10 

At a constant cooling rate of 1.0 °C/min, a graphical representation of the MSZW results 11 

obtained at different mixing conditions in the STC and OBC are shown in Fig 5.1. A glance at 12 

these graphs and also at Table 5.1 show an average MSZW of 19 °C for the STC, and 20 °C 13 

for OBC for all the mixing intensities considered, which is within similar range reported in 14 

previous studies on palm oil crystallisation; the negligible change in the MSZW with mixing 15 

intensity indicates that the nucleation behaviour of palm oil is practically independent of the 16 

mixing conditions (with respect to power density, Pd) considered in both set-ups, because the 17 

nucleation temperature, hence the MSZW was generally similar for the range of mixing 18 

intensities considered. It could therefore be inferred that crystallisation of palm oil is more 19 

kinetically-controlled than mass transfer controlled; this is consistent with the fact presented 20 

earlier in this thesis (section 2.2) that crystallisation from melt (CfM) is dominated by heat 21 

transfer effects, and this is what differentiates it from the regular solution crystallisation which 22 

is dominated  mass transfer effects[45]. For instance, a decreasing trend in MSZW with 23 

increasing mixing intensity was reported in a related previous study based on L-glutamic acid 24 

(a typical API) which was attributed to increased mass transfer and reduced interfacial 25 

boundary layer[221], this goes further to reiterate the differences between API (solution) and 26 

palm oil (melt) crystallisation in this aspect.  27 

 28 

However, an inflection in the turbidity profile was observed during the heating step between 29 

30 °C and 40 °C (see orange circle in Fig 5.1), and this was consistently observed in subsequent 30 

turbidity data obtained through out this study; this could be attributed to the suspected 31 
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polymorphic transformation to a more stable crystal form that occurs during the melting 1 

process which is often characterised by a consecutive crystallization and melt event during 2 

thermal analysis (i.e. an exothermic peak indicating the crystallisation event, followed 3 

immediately by an endothermic peak indicating the melting event), as explained in sections 4 

2.3.5 and 4.2 with respect to the exothermic event observed in the DSC melting profile of palm 5 

oil. A zoomed-in view into this region showed that the inflection became relatively less defined 6 

with increasing mixing intensity (see Fig 5.2), which might indicate that crystallization of the 7 

more stable polymorph was already favoured at the higher mixing condition dismissing the 8 

need for polymorphic transformation into the stable crystal form during melting.To support 9 

this hypothesis, in a previous crystallisation studies carried out on L-glutamic acid, it was 10 

reported that the α-form (the less stable polymorph) was favourably crystallised in the stagnant 11 

zones (i.e. poorly mixed regions) within the crystallisation vessel (a stirred tank crystalliser 12 

was used in this referred study), which relates to low mixing condition, while the β-form (the 13 

more stable polymorph) was favourably crystallised at higher mixing intensity conditions[43]. 14 

Linking this to the thermal analysis discussed earlier, considering the temperature region where 15 

this inflection was observed in the turbidity heating profile (between 30°C – 40 °C), it can be 16 

inferred that the β-polymorph of palm oil solid product can be selectively targeted and obtained 17 

if the crystallisation process was carried out within this temperature region – recall it was 18 

highlighted in section 4.2 that the high temperature endothermic events observed between 20°C 19 

and 40 °C were attributed to the β1’ and β1 polymorphs.  20 

 21 

Alternatively, the inflection could also be said to be a function of the thermal history that the 22 

palm oil batch had been subjected to, as it should be noted that the same batch of palm oil was 23 

repeatedly used for all the experiments carried out in this section of the study; however from 24 

the profile obtained from repeated cool/heat cycles during DSC thermal analysis shown in Fig 25 

4.7, it was established that repeated heating/cooling events had little effect on the crystallization 26 

properties of palm oil in relation to nucleation temperature and corresponding energy change; 27 

though a more significant effect might have been observed if more cycles were examined 28 

and/or if the temperature range considered was wider such that deleterious effects to the 29 

chemical structure of the triglycerides chains/bonds becomes a concern. Therefore, it can be 30 

concluded that the hypothesis relating to the polymorphism was more likely responsible for the 31 

inflection observed in the heating step of the turbidity profile. This then suggests that mixing 32 

intensity plays an essential role in crystal polymorphs. This would however require further 33 
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investigation, but was not covered within the scope of this research study. Furthermore, it has 1 

been reported that CfM generally exhibit faster growth rates – between 10-4 and 10-6 m/s 2 

compared to 10-7 and 10-9 m/s for solution crystallisation[49]; this suggests rapid diffusion and 3 

integration (i.e. mass transfer) of the crystalline particles to the crystal surface, to which the 4 

similar structural property of both solute (stearin) and solvent (olein) could be attributed. Also, 5 

due to the fact that the viscosity of the resulting slurry becomes relatively high at low 6 

temperatures, the rate of heat transfer across the system could begin to diminish thereby 7 

becoming the rate-determining (i.e. controlling) factor[92]. Table 5.1 shows that the mean 8 

MSZW was 19.3±0.1°C in the STC and 20.2±0.2°C in OBC; this minimal difference observed 9 

between these two set-ups (1.0±0.2°C) attests to the previous observation explained above 10 

regarding the independence of the crystallisation behaviour of the palm oil on mixing 11 

conditions; the close nucleation temperatures (mean = 25.3±0.1°C) also confirms this 12 

inference. It can therefore be concluded that the mixing properties (intensity and mechanism), 13 

within the range considered, has little to no effect on the inherent properties of palm oil (a 14 

typical melt) crystallisation.  15 

 16 

 17 

Fig 5.1: MSZW profiles obtained for variable mixing intensities at constant cooling rate of 1.0 °C/min for 18 

STC (a) and OBC (b) 19 

 20 
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 1 
Fig 5.2: Zoomed-in view of MSZW profile for variable mixing intensity showing the inflection between 2 

30°C and 40°C   3 

 4 

Table 5.1: Results obtained for MSZW at variable mixing intensities at constant cooling rate 5 

Pd 

(W/m3) 
STC OBC 

Tnu Tds MSZW Tnu Tds MSZW 

37.5 25.7 44.9 19.2 25.0 45.3 20.3 

73.3 25.8 44.9 19.1 24.5 44.9 20.4 

126.6 
25.5 44.6 19.1 

25.3 45.4 20.1 

126.6 25.0 45.7 20.7 

247.3 25.5 44.9 19.4 25.4 45.2 19.8 

427.4 25.2 44.7 19.5 25.4 45.1 19.7 

 6 

 7 

Effect of cooling rate on MSZW 8 

The MSZW showed some dependence on cooling rates as shown in Fig 5.3 and Table 5.2; it 9 

was observed to increase from 17°C – 20°C for STC, and 17°C – 22°C for OBC with increasing 10 

cooling rate. This is consistent with related previous studies on crystallisation [40, 109], and 11 

has been attributed to a higher rate of supersaturation within a specified time scale, and longer 12 

relaxation period required for stable nuclei to be formed at fast cooling rates[222]. However, 13 

the relatively low sensitivity of the MSZW to change in cooling rate (that is the small 14 

magnitude of the difference of only 3 – 5°C when cooling rate was quadrupled) should be 15 

noted, and this is consistent with a previous study where the MSZW reportedly varied from 16 

13°C – 19°C (difference of 6°C) for cooling rates increasing from 0.2°C/min to 3°C/min 17 

(increased by over 10x) [109] – compare with a MSZW increase of 25°C when the cooling rate 18 

was increased from 0.5 °C/min to 3 °C/min in the crystallisation study of L-glutamic acid, 19 



 

   104 

which is a typical API[220]. This low sensitivity of the MSZW to change in cooling rate in the 1 

crystallisation of palm oil was attributed to the fact that the oil/fat system is already highly 2 

supersaturated by the time the cloud point (as detected by the turbidity probe) is reached such 3 

that majority of the crystallisable materials crystallises (crashes out) at the onset of nucleation 4 

indicating instantaneous nucleation mode (see the sharp drop in %transmittance from T < Tnu 5 

in Fig 5.3) which then implies that the equilibrium concentration (C*) at the cloud point is so 6 

low that the supersaturation (∆C = C – C*) at this point is approximately equal to the starting 7 

concentration (C). It is therefore probable that the range of cooling rates considered in this 8 

study (0.25 °C/min – 1.0 °C/min) is not wide enough to detect a significant variation in the 9 

metastable zone width of the palm oil crystallisation. This conclusion is consistent with the 10 

relatively small change in exothermic peak temperature when the cooling rate was increased, 11 

during the thermal analysis discussed in section 4.2.1. It should however be noted that the 12 

starting concentration of crystallisable material (that is TAG fractions that consist of saturated 13 

fats) present in the system also plays an important role on how cooling rate affects its nucleation 14 

behaviour; in other words, the solid fat content of the system to be crystallised is an essential 15 

factor in characterising the nucleation kinetics with respect to cooling rate; see section 2.5.5 16 

for more information on solid fat content. This was however not investigated further in this 17 

study, and will be recommended as a future work for this research. 18 

 19 

Regarding the inflection in the turbidity profile, which had been attributed to the 20 

polymorphic transformation of palm oil crystal forms, it was observed to be within similar 21 

temperature region as discussed earlier (30 – 40°C), but it was observed to have shifted to a 22 

higher % transmittance region for the 0.25 °C/min in the STC results; this can simply be 23 

attributed to the sensitivity of the turbidity probe at the time bearing in mind that the probe 24 

system is designed in such a way that it is unable to distinguish between real crystals and 25 

bubbles formed due to the high agitation in the vessel. It was stated earlier that the effect of 26 

cooling rate on the polymorphism is largely a function of the starting concentration – a previous 27 

study reported that the β crystal form was obtained for a higher starting concentration (40 – 45 28 

mg/mL) irrespective of the cooling rate adopted, while the α form was obtained at a lower 29 

concentration (15 – 30 mg/mL); but this study was based on the OBC system hence the results 30 

were attributed to the more uniform mixing achieved in the oscillatory baffled system, because 31 

a different result was said to be obtained in the stirred tank system where the α form was 32 

obtained but transformation to the β form was only obtained when a higher mixing condition 33 
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was applied [220]. This again strengthens the significant impact that mixing have on crystal 1 

polymorphism, and also buttress the role of starting concentrations.  2 

 3 

For results comparison between STC and OBC, the nucleation temperatures (Tnu) do not 4 

show any particular trend between these two set-ups, again echoing the inference drawn earlier 5 

regarding the negligible effect of varied mixing conditions on palm oil crystallisation with 6 

respect to nucleation temperature. However, the MSZW was observed to be generally higher 7 

in the OBC, which was actually more to do with variation in the dissolution temperature (Tds) 8 

as opposed to the nucleation. It is expected that the dissolution temperature should be 9 

unaffected by the operating conditions (i.e. cooling rate and mixing intensity), since the 10 

composition of the starting material remained unchanged; the dissolution temperature is meant 11 

to represent the saturated temperature, while the heating profile in the turbidity profile should 12 

represent the solubility curve of the system being analysed[223]; hence this discrepancy, which 13 

was more evident when the cooling rate was varied, suggests that the heating rate does have 14 

some impact on the solubility of the palm oil fractions; in the previous study referred to earlier, 15 

the heating rate adopted in the MSZW experiments was kept constant irrespective of what 16 

cooling rates were considered, but in this research, the heating rate was varied along with the 17 

cooling rates which may explain the observed discrepancies in Tds.  Having said that, it should 18 

however be noted that this theory of constant Tds is mostly applicable to systems consisting of 19 

pure solutes (i.e. single component systems), but palm oil is a multi-component system, each 20 

having different thermal properties (e.g. solubility) that would behave differently under 21 

different cooling rate conditions. For instance, in the referred study which involved a mixed 22 

system of POP and PPP, it was reported that high melting fractions (HMFs) separate from the 23 

solution at low cooling rates causing a higher Tds; whereas at higher cooling rate, both HMFs 24 

and mid-fractions co-crystallise and dissolve at lower temperature causing a lower Tds. In 25 

summary, it can be concluded that temperature has more effect than mixing on the 26 

crystallisation of palm oil, and its multicomponent property plays a major factor in 27 

distinguishing this process from the generic solution crystallisation.  28 

 29 

Given the apparent effect of heating rate on the dissolution temperature of palm oil, the true 30 

dissolution temperature (true-Tds, which would represent the kinetic solubility) can be taken as 31 

the dissolution temperature at 0 °C/min. This is determined as the y-intercept of the plot of 32 

obtained dissolution temperatures (Tds) versus the heating rates (which was the same as the 33 
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cooling rate used). See graphs in Fig 5.4. Using the equation of line for these graphs, the true 1 

dissolution temperatures (i.e. the kinetic solubility) of the palm oil used in this study can be 2 

extrapolated as 45.9°C and 48.3°C in the STC and OBC respectively. The higher value observed in 3 

the OBC could be attributed to the effect of mixing mechanism (stirring vs. oscillation) on the heat 4 

transfer across the crystallisation vessel; this was however not investigated further in this study. 5 

 6 

 7 

 8 

Fig 5.3: MSZW profiles at variable cooling rates at constant mixing intensity for STC (a) and OBC (b) 9 

 10 

Table 5.2: Results obtained for MSZW at variable cooling rates at constant mixing intensity 11 

ΔT/t 

(oC/min) 

STC (°C) OBC (°C) 

Tnu Tds MSZW Tnu Tds MSZW 

0.25 27.9 45.6 17.7 30.4 47.4 17.0 

0.5 26.2 45.6 19.4 25.2 47.2 22.0 

1.0 25.4 45.0 19.6 24.6 45.5 21.0 

 12 
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 1 

Fig 5.4: Plot of obtained dissolution temperature vs. heating rate used to determine the true dissolution 2 

temperature, for STC (a) and OBC (b) 3 
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Data Reproducibility 1 

In order to establish the reliability of the turbidity data obtained in this study, the experiments 2 

were repeated, maintaining the same batch of feed palm oil and operating conditions (i.e. same 3 

mixing intensity and cooling rate); this was also in order to examine if there was any 4 

(deleterious) effects of repeated thermal history on the crystallisation behaviour of the palm oil 5 

feed. From Fig 5.5 and Table 5.3, it can be observed that the nucleation and dissolution 6 

temperatures for each set of experiments are comparable to one another; though for the 0.25 7 

°C/min dataset in Fig 5.5a, the %transmittance at which the inflections in the heating step of 8 

the turbidity profile (earlier attributed to polymorphic transformation into a more stable crystal 9 

form, β, of palm oil) were observed to have varied between repeats, and this could be simply 10 

related to the sensitivity of the turbidity probe at the time of the experiments, since these 11 

inflections were still within the same temperature region for each set of experiments. From the 12 

data shown in Table 5.3 below, the standard error is <5% hence a confidence level of 98% can 13 

be assumed. All in all, it could be concluded that the turbidity data is quite reliable and that re-14 

using the same batch of palm oil through repeated cooling/heating cycles has no significant 15 

effect on the crystallisation kinetics results obtained with respect to nucleation temperature and 16 

consequent metastable zone width; this is consistent with the conclusion drawn in section 4.2.1 17 

above during the extended thermal analyses where repeated cool/heat cycles showed 18 

exothermic and endothermic events at similar peak temperatures and enthalpy changes for each 19 

cycles. 20 

 21 
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 1 

Fig 5.5: Turbidity profile for repeat experiments (cooling rates of 0.25 °C/min and 1.0 °C/min) 2 

demonstrating data reproducibility (mixing intensity = 203 rpm,) 3 

 4 

 5 
Table 5.3: Extracted turbidity data from repeated experiments as shown in Fig 5.5 6 

 0.25 °C/min 1.0 °C/min 

 Tnu Tds MSZW Tnu Tds MSZW 

1 27.9 45.6 17.7 25.5 44.9 19.4 

2 27.3 46.2 18.9 25.5 45.0 19.5 

3 27.9 45.6 17.7 25.2 45.1 19.9 

Average   18.1 ± 0.4   19.6 ± 0.2 

 7 

  8 
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5.1.2 Kinetics Parameter Extraction 1 

This section of work has been published in the International Journal of Engineering 2 

Research & Science (IJOER) – Vol.2, Issue 10. 3 

In this section, the aims of the study are to evaluate and compare the kinetics from a typical 4 

melt (i.e. palm oil) crystallisation and those obtained from the crystallisation of organics, using 5 

data extracted using empirical models; the study also aims to establish critical understanding 6 

on the various model approaches and their applications. 7 

Data Obtained for Model Analysis 8 

For the palm oil feed, it has been assumed that the solid phase is the stearin while the liquid 9 

phase is olein, and these are represented in the cooling and melting thermograms obtained from 10 

the thermal analyses carried out, as discussed earlier in section 4.2. The analyses referred to 11 

was carried out based on variable temperatures (i.e. changing with time), hence it is referred to 12 

as ‘Dynamic Thermal Analysis’ where the effect of cooling rate on the crystallisation behaviour 13 

of palm oil was established. Also, it is from this analysis that the melting point (Tm) of the palm 14 

oil feed was obtained (to be discussed later). 15 

Some of the other data required for the model analysis were also obtained from DSC analysis 16 

but in the isothermal mode, where thermal profiles obtained at specified end temperatures were 17 

explored. The isothermal crystallisation thermograms at different end temperatures between 18 

293 K and 301 K are shown in Fig 5.6 where the crystallisation enthalpy changes (that is 19 

exothermic events) are plotted as a function of time. The induction time (τ) is determined as 20 

the period from the beginning of the isothermal process to the time when the thermal trace 21 

deviated from the baseline due to crystallisation event i.e. exothermic peak onset (see 22 

annotation on Fig 5.6). It can be seen that the time taken for crystallisation to begin (i.e. 23 

induction time, τ) increased with increasing end temperatures, from ca. 20 min – 70 min when 24 

end temperature was increased from 20°C (293 K) to 28°C (301 K). This can be attributed to 25 

reducing degree of supercooling with increasing end temperature, in that the higher the end 26 

temperature, the closer to the equilibrium temperature the system becomes, thereby reducing 27 

the crystallisation driving force. In order to assess further the effect of end temperatures on the 28 

crystal properties, a batch of melted palm oil was cooled to the respective end temperatures, 29 

and the slurry was sub-sampled and analysed by light microscopy. Images obtained from the 30 
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polarised light microscope is shown in Fig 5.7, where show different crystal morphologies 1 

from samples collected after about 1 hr for the different crystallisation temperatures is 2 

observed; for instance, fully-formed spherulitic crystals were observed at 293 K, dendritic 3 

spherulites at 303 K and a developing spherulites at 298 K, which supports only one 4 

morphology at a given crystallisation temperature studied. the apparent ‘loosened’ crystal 5 

morphology observed at the higher temperature can be taken as a function of temperature on 6 

the crystal network of fat systems. 7 

 8 
Fig 5.6: Isothermal DSC thermograms showing induction times (τ) at different end temperatures 9 

 10 

 11 
Fig 5.7: Microscopic non-polarised images of palm stearin crystals obtained from crystallising at 293 K 12 

(a), 298 (c), and 303 K 13 

 14 

     
a b c 

τ = 43 min 
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Avrami Model 1 

Using the DSC isothermal crystallisation thermograms and the induction time analysis, a plot 2 

of the solid fraction (x) against time (t) is shown in Fig 5.8 which is the well-known sigmoid 3 

curve for isothermal fat crystallisation (x can also be referred to as the percentage of 4 

crystallinity). The changing gradient within each of the curve has been attributed to the stages 5 

involved in a crystallisation from the initial formation of nuclei, followed by a rapid growth of 6 

these nuclei to form crystals, then the slowing down by impingement due to colliding crystal 7 

faces[62, 224], as indicated on the right of the graph. The particular shape of this curve for each 8 

end temperature is a pointer to the crystallisation properties of each condition. The highlighted 9 

stages were relatively more defined at the higher temperatures (≥296 K) showing obvious “S” 10 

shaped curves, but the stages were not as obvious at the lower temperatures (≤296 K). this is 11 

due to the fact that nuclei formation and subsequent crystal growth occur at a faster rate at low 12 

temperatures such that the whole crystallisation process is completed within a short period of 13 

time; the short induction time observed earlier in the isothermal thermograms of the low end 14 

temperatures attests to this[7]. 15 

 16 

 17 

Fig 5.8: Percentage of solid fat fraction (x) per induction time (min) at different end temperatures 18 

 19 

It is therefore evident that crystallising at different end temperatures will show different 20 

mechanisms with respect to the crystallisation rate and also the crystal product properties, 21 

hence the Avrami theory has been used to assess this further. 22 
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By plotting ln[-ln(1–x)] against ln(t), x values between 25% and 75%[64] are shown as a 1 

function of the crystallisation time in Fig 5.9, a good linear relationship (R2 > 0.99) was 2 

obtained, indicating the applicability of the model to the fat system used in this study. The 3 

resultant n and k values from the gradient and intercept of this plot are shown in Table 5.4 for 4 

the different end temperatures considered. It can be seen from this table that the Avrami 5 

exponent (n) for the palm oil used in this study was relatively unaffected by the end 6 

crystallisation temperatures within the range considered, as it was relatively constant (2.5±0.2, 7 

P > 0.05 using ANOVA with single factor analysis). This implies that the crystallisation 8 

mechanism within the end temperatures considered, were relatively similar. The n value is an 9 

indication of the growth mechanism of the crystals formed according to  Kawamura[225] and 10 

Wright et al[226], which ranges from rod-like growth (from instantaneous nucleation) for n = 11 

1 to polyhedral (spherulitic) growth (three-dimensional) for n = 4, which then suggests that 12 

smaller n-values correspond to faster nuclei formation and eventual growth, while a larger n-13 

value is an indication on slower (and more complex) crystal formation . In this study however, 14 

the average n-value obtained is ≈ 3 hence the crystal growth mechanism can be taken as plate-15 

like (i.e. two-dimensional growth), bearing in mind that only a range of 8 °C (20 – 28 °C) was 16 

covered in this study. A related previous study where the considered temperature ranged from 17 

-10°C to 20°C, an increase in n-value with increasing temperature was observed, and the trend 18 

was reported as changing from rapid nucleation due to high supercooling (or supersaturation) 19 

at low temperature to periodic nucleation due to low degree of supercooling (or 20 

supersaturation) at high temperature[7]. It should also be noted that the small range of 21 

temperature considered in this study might be responsible for the similar morphology of 22 

crystals observed at the different temperatures by light microscopy, which were just differing 23 

in level of formation from fully formed spherulites to loosened dendritic ones (see Fig 5.7).  24 

 25 

Previous studies have however reported n values around or greater than 4 for palm oil 26 

crystallisation which was attributed to sporadic and heterogeneous nucleation. The difference 27 

between the n-values obtained in this study and the reported range for palm crystallisation 28 

could be due to differing triglyceride compositions of the palm oil sample used in the respective 29 

studies; also, the cooling rates used for the DSC analyses has also be highlighted as a possible 30 

determining factor (unpublished work by Toro-Vazquez et al[212]).For the overall rate 31 

constant (k) also shown in Table 5.4, it generally decreases with increasing end temperatures, 32 

indicating a slower crystallisation process at higher temperatures as expected[43]; this is a 33 
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function of the driving force of crystallisation which reduces with increasing end temperature, 1 

thereby slowing down the crystallisation rate. The sharp increase in the rate constant (k) from 2 

296 K to lower temperatures can be linked to possible polymorphic transition occurring at those 3 

temperature regions; this would however require further assessments such as x-ray diffraction 4 

technique, to ascertain the polymorphic forms of crystals at those temperature regions (this was 5 

not explored further in this study) . In summary, the rate constants (k) obtained from this work 6 

fall within the similar range as the previous work, suggesting similar crystallisation kinetics 7 

[227].  8 

 9 

It should be noted that the n-dependency of the unit of these k values (s-n) makes it 10 

impossible to compare with related values from other models; hence the trend of the k with 11 

respect to the end temperatures, as opposed to the actual values, is the key element from this 12 

model.  13 

 14 

 15 

 16 
Fig 5.9: Plot of ln[-ln(1–x)] vs. In(t) used to determine kinetics parameters in Avrami model analysis 17 

 18 
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The Fisher-Turnbull model 1 

The results discussed above give an indication of the overall crystallisation kinetics. In order 2 

to examine just the nucleation occurrence, the Fisher-Turnbull equation was used to estimate 3 

the activation free energy barrier (ΔGc) needed for the formation of stable nuclei. The related 4 

plot of (ln(Tτ) against 1/T(ΔT)2) and the calculated values of ΔGc together with the estimated 5 

nucleation rate constants (kn) using eq. (2.19 – 2.21) are shown in Fig 5.10 and Table 5.4 6 

respectively. Note that the melting temperature (Tm) used to calculate ΔT was taken as the peak 7 

end temperature of the melting curve shown in Fig 4.5 which was estimated as 45.7°C, using 8 

the thermal analysis software. The ‘peak-end’ temperature (when the profile returned to the 9 

base line) indicates the completion of the melting process, hence it was chosen as the melting 10 

temperature (Tm) of palm oil – previous studies have used similar approach in establishing the 11 

melting temperature of palm oil from DSC analyses due to the broadness of the endothermic 12 

peaks.[104, 175]. The plot shown in Fig 5.10 effectively displays the relationship between the 13 

energy barrier for nucleation (the vertical axis) and the inverse of supersaturation (the 14 

horizontal axis); the data indicates that the higher the crystallisation temperature, the higher the 15 

energy barrier (higher ΔGc) to be overcome, again due to the lower degree of supercooling at 16 

higher end temperatures, which is as expected[228].  17 

 18 

Fig 5.10 showed a good linear relationship, but a discontinued linearity was observed from 19 

about 298 K. This discontinuity can be attributed to the formation of crystals of different 20 

polymorphic states; according to Ostwald’s rule of stages[229], in that nucleation of the less 21 

stable polymorph (α) was favoured especially at low end temperatures (higher supersaturation) 22 

where nucleation rate is higher with less energy barrier[112] while the reverse is the case at 23 

higher temperature; hence it can therefore be inferred that the crystals formed at T ≥ 298 K is 24 

the β polymorph[230]; this trend is similar to results shown in previous studies by Chen et 25 

al[104] and Ng[215]. The features of the discontinuity and the different nucleation mechanisms 26 

leading to different polymorphs are also clearly shown in Table 5.4 where higher nucleation 27 

rate constants (kn) were extracted at lower end temperatures and vice versa; the corresponding 28 

n values (see equation 2.21) obtained here was ~1 hence the nucleation process can be taken to 29 

be first order.  30 

 31 
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 1 

Fig 5.10: Plot of ln(Tτ) against 1/T(ΔT)2 using to determine kinetics parameter from Fisher-Turnbull 2 

equation 3 

 4 

The property, ΔGd, being the activation energy for molecular diffusion, takes into account 5 

the impeded molecular movement due to increased viscosity at low temperatures; hence it is 6 

expected that the nucleation rate becomes more influenced by ΔGd as the end temperature is 7 

reduced[52]. This was however not explored further in this study. 8 

 9 

The Nyvlt model 10 

To extract non-isothermal kinetics from the Nyvlt model, the measurements of metastable zone 11 

width (∆Tmax) as a function of cooing rates (β) are required. The metastable zone width 12 

(MSZW) can be determined as the difference between the ‘dissolution’ and the crystallisation 13 

temperatures at each of the cooling rates. The results for stirred tank (STC) shown in Table 5.2 14 

were used for this analysis. By plotting ln() against ln(ΔTmax), the nucleation order (n) and 15 

the nucleation rate constant (kn) was evaluated according to eq. (3.8) and are also shown in 16 

Table 5.4. Values of n between 6.0 and 16 were reported for fat systems of different POP and 17 

PPP concentrations in a previous study[109]; the value obtained from this study (~9) is within 18 

the quoted range. The kn value obtained here (3.99 x 10-4 s-1) is a lot lower than those reported 19 

for solution crystallisation of some organics (e.g. adipic acid in a previous study[231]), and this 20 

may be attributed to the relatively slower rate of molecular growth to a stable nuclei for 21 
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triglyceride systems due to the high viscosity; a higher nucleation order (~9) also supports the 1 

influence of mass transfer on melt crystallisation[232]. 2 

Table 5.4: Kinetics parameters obtained from all the models considered in this study (Tm = 318.85K) 3 

 Avrami model Fisher-Turnbull model Nyvlt model 

Tc (K) n k x 1010 (s-n) ΔGc(kJ/mol) kn x 106 (s-1) n kn x 106(s-1) 

293 2.7 ± 0.2 2866 1.37 4188 

8.97 399 

295 2.3 ± 0.1 1646 1.63 4158 

296 2.2 ± 0.0 282 1.79 669 

297 2.5 ± 0.1 12 1.98 465 

299 2.3 ± 0.4 12 4.75 476 

301 2.7 ± 0.4 4 6.01 202 

 4 

 5 

Comparison of models 6 

Comparing the nucleation rate constants (kn) evaluated between the Fisher-Turnbull and the 7 

Nyvlt models, the Nyvlt (non-isothermal) nucleation rate constant is of similar order of 8 

magnitude to the Fisher-Turnbull (isothermal) values at the higher end temperatures (298 – 300 9 

K), while of an order of magnitude lower for the lower end temperatures. The values 10 

themselves match reasonably well for the cooling rates investigated, giving the fact that the 11 

model assumptions are widely different; where the Nyvlt model took a polythermal approach 12 

to estimate the kinetic parameters with the assumption that supersaturation rate corresponds to 13 

nucleation rate from the onset of nuclei formation and there is no growth in nuclei[34], while 14 

the Fisher-Turnbull model was based on isothermal conditions with homogenous nucleation 15 

being assumed in the crystallisation process. These two models can be used for estimating 16 

nucleation parameters for both melts and organics. 17 

 18 

The dependency of the k values on the growth mechanism (n) evaluated from the Avrami 19 

model together with the fact that it describes the overall crystallisation rate makes any 20 

comparison irrelevant. Furthermore the growth mechanism (n) from the Avrami model has a 21 

completely different definition from the apparent nucleation order predicted from the Nyvlt 22 

model which is dependent on the formation process of stable nuclei[87], once again no 23 

comparison is possible. 24 
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5.2 Filtration Study 1 

As stated earlier, the effects of cooling rate and mixing intensity on filtration rate, purity and 2 

yield on the olein product of palm oil crystallisation were examined.  3 

 4 

5.2.1 Filtration Rate  5 

This was determined as the average volume of filtrate (mL) collected in the measuring 6 

cylinder per unit time (min) of filtration; the calibrations on the cylinder with a stopwatch were 7 

performed for this measurement. Within the conditions examined, it was observed that the 8 

filtration rate increased slightly with increasing cooling rate (see Table 5.5). This was deemed 9 

opposite to the expected trend since it is an established fact that slower cooling produces larger 10 

crystals which should filter quicker than smaller crystals. Even though pre-filtration 11 

microscope images of the stearin crystals confirm larger size from slow cooling (see Fig 5.11), 12 

the peculiarity of fat crystals in comparison to typical brittle crystals should be brought to 13 

consideration here. The malleable property of the fat crystals makes it easily compacted into a 14 

clump of solid mass during the filtration process (see Fig 5.12b); at this point, crystal size 15 

becomes less influential in the filtration process. Hence the trend in the filtration rate with 16 

respect to cooling rate can be attributed to compaction/clustering of the fat crystals although 17 

these were not quantitatively examined. Moreover, it could also be argued that the range of 18 

cooling rate examined within the time scope is not wide enough to ascertain with confidence 19 

the effect of cooling rate on filtration. With respect to the effect of mixing, the higher mixing 20 

condition showed slower filtration and this was attributed to the wide crystal size distribution 21 

which encouraged oil entrapment. Break up of solid lumps at high agitation was reported as a 22 

contributing factor[233].   23 



 

   119 

 1 

Fig 5.11: Microscopic non-polarised images of stearin crystals crystallised at different cooling rates 2 

 3 

 4 

Fig 5.12: Sample pictures of isolated palm olein (a) and stearin (b) products after filtration 5 

 6 

5.2.2 Yield 7 

The yield of the filtrate product (olein) was determined based on a mass balance and the 8 

solid fat content (SFC) of the palm oil feed; from the DSC analysis, the resultant %solid curve 9 

is shown in Fig 5.13, hence at Tc = 20°C (being the end crystallisation of this study) the SFC 10 

of palm oil feed was estimated as 30% 11 

   
1.0oC/min 

0.5 oC/min 
0.25 oC/min 

(a) (b) 



 

   120 

 1 

Fig 5.13: Curve showing %Solid fat content (SFC) in the palm oil using in this research, using data 2 

obtained from DSC analysis (Tc = 20°C, SFC = 30%) 3 

 4 

A sample calculation on how the olein yield was calculated is shown below: 5 
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 7 

Whilst the olein yield did not vary significantly with cooling rate and vessel type, it could 8 

be observed that the yield was generally higher at the lower mixing condition, and this was 9 

attributed to the less oil entrapment at this condition (explained earlier). 10 
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5.2.3 Purity 1 

The product purity was determined by analysing the iodine value of the filtrate (olein) as 2 

this gave a measure of unsaturation of the oil sample – the purer the oil, the higher its iodine 3 

value. Detailed description of iodine value analysis can be found in section 3.1.3. From the 4 

results presented in Table 5.5, it can be inferred that none of the examined parameters had any 5 

significant effect on the olein purity (P > 0.05); this can be linked to the fact that the driving 6 

force of the crystallisation process which is the degree of supercooling (50 → 20oC) was kept 7 

constant throughout the study hence the measurement of unsaturated TAGs concentrated in the 8 

liquid product (olein) should remain unaffected. This inference agrees with reported results in 9 

previous studies by Ab Latip et al[149] and deMan[234] who reported insignificant difference 10 

in iodine value of the olein product within the range of cooling rate and mixing speed 11 

considered. The apparent low iodine values (IV of typical olein is 56 – 57; see Table 2.3) 12 

reported here would most likely be due to the quality of the reagents used for the analyses; to 13 

ascertain this, repeat analyses with a different batch of reagents would be recommended for 14 

future work. 15 

 16 

Table 5.5: Summary of results obtained from the filtration study carried out 17 

 High Mixing Low Mixing 

Cooling rate (oC/min) 1 0.5 0.25 1 0.5 0.25 

Vessel STC OBC STC OBC STC OBC STC OBC STC OBC STC OBC 

Av. filt. rate (ml/min) 0.93 1.39 0.85 1.22 0.65 1.03 1.45 1.53 1.15 1.40 0.92 1.81 

True olein yield (%) 68.23 75.70 76.01 75.69 59.94 76.90 79.83 78.41 78.09 77.60 72.56 74.73 

Oil entrapped in cake 0.43 0.36 0.36 0.36 0.48 0.35 0.32 0.33 0.34 0.34 0.39 0.37 

Olein purity (IV) 48.74 48.41 48.71 48.94 48.56 48.91 48.81 48.42 48.45 48.43 48.5 48.46 

 18 

 19 

In summary, the filtration of oil-based systems (in the case, palm oil) is a lot slower than 20 

that of the average organic solution crystallisation due to the viscosity of the oil system and the 21 

easy clustering of the fat crystals. Whilst cooling rate influenced the filtration properties, it had 22 

little effect on the purity of the filtered product (olein). Mixing however showed some influence 23 

on the overall filtration process and product yield.  24 

 25 
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CHAPTER 6 -  RESULTS: Analyses in the Continuous Mode 1 

 2 

In this chapter, the results obtained from the experiments carried out in the continuous 3 

operation were outlined and discussed using relevant theories and references. In order to 4 

effectively carry out a continuous crystallisation process, one of the prevailing huddles to 5 

overcome is the ability to monitor and control the process, particularly in a plug flow system 6 

such as the COBC where its tubular configuration limits the surface area available for the 7 

implementation of in-line process analytical tools (PAT). Hence, the experiments carried out 8 

in this section explored the effects of operation parameters – temperature ramps, flowrates and 9 

mixing intensity – on temporal and spatial steady state properties. 10 

 11 

In continuous crystallisation, the unsaturated solution is flowing through the COBC with 12 

pre-setup temperature zones of decreasing temperatures, supersaturation is built up gradually 13 

along the path, leading to nucleation and crystal growth all in flow. The operational principles 14 

and protocols are thus entirely different from these of traditional batch systems, leading to new 15 

concepts and parameters to be investigated, e.g. supersaturation profile, steady states of 16 

operation, crystal growth profile and so on. In the final part of this PhD study, the 17 

characteristics of steady states in the continuous crystallisation of palm oil in a COBC were 18 

investigated with respect to the effects of operating parameters – temperature ramping, net 19 

flowrate and mixing intensity. These effects were examined in relation to the solute 20 

concentration (supersaturation), mean crystal size (crystal growth rates) and nucleation 21 

temperature (nucleation kinetics). In the COBC, we have placed two turbidity probes (inferring 22 

solute concentration), two process image cameras (crystal size and number count) at two 23 

strategic locations, and four thermocouples (temperature) (Jn7 & Jn10 and T1 – T4 in Fig 3.10) 24 

along the length of the COBC, this would allow us to examine two types of steady states: the 25 

spatial (data from two locations at a known distance) and the temporal (data from either 26 

location at two different times). This information is essential not only for the purposes of 27 

stability, repeatability and reliability of the operation, but also for modelling, control and 28 

prediction. This work reported in this thesis is the first of its kind. Before presenting the results, 29 

there are a number of notices that must be given here.  30 

 31 
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Firstly, according to Table 3.5, three different temperature ramping of 0.25, 0.5 and 1 1 

oC/min were achieved by setting the appropriate cooling programmes on the water baths in 2 

each zone. This means that the time taken for the cooling process to get to the end temperatures 3 

of the zones was varied, while the feed rate was kept unchanged (e.g. at 1.0 oC/min, it will take 4 

20 min to cool from 50°C to 30°C at Jn7, and 25 min from 50°C to 25°C at Jn10, etc.) 5 

 6 

Secondly, due to the practicality of the physical setup, T3 and T4 in Fig 3.10 are not the 7 

actual temperatures for Jn7 and Jn10 respectively; these are estimated using the adopted 8 

flowrate and temperature difference along the tube length, with the assumption that the 9 

temperature changes linearly along the tube length; see below sample calculation. 10 

 11 

 12 

Inside cross-sectional area (𝐴) of COBC tube =  1.77 × 10-4𝑚2 (Tube inside diameter13 

=  15mm) 14 

If the temperatures are: 15 

T3 =  30𝑜𝐶 16 

T4 =  26𝑜𝐶 17 

Distance (𝐿) from T3 →  T4 =  0.7 +  0.3 + 0.7 =  1.7m 18 

For a flowrate (𝑄) of 42 ml/min (4.2 × 10-5𝑚3/min),  19 

Fluid velocity (𝑢) =
𝑄

𝐴
=

4.2 × 10-5

1.77 × 10-4
= 0.237m/min 20 

Time taken (𝑡) for flow to move from T3 →  T4 =
𝐿

𝑢
=

1.7

0.237
= 7.16 𝑚𝑖𝑛  21 

Therefore; 22 

Rate of temp change (�̇�) along the tube length =  
(T3-T4)

𝑡
=

30 − 26

7.16
= 0.56𝑜C/min 23 

Temp. at Jn7 =  T3- [(
𝐿T3→Jn7

𝑢
) × �̇�] = 30 − [

0.7

0.237
× 0.56] = 28.35𝑜𝐶 24 

Jn10 
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Temp. at Jn10 =  T4- [(
𝐿T4→Jn10

𝑢
) × �̇�] = 26 − [

0.7

0.237
× 0.56] = 24. 35𝑜𝐶 1 

 2 

Thirdly, when the concentration of solids formed is too high in the COBC, there are too 3 

many particles in the view field for the cameras to differentiate crystal images from the 4 

background; hence this was addressed in deciding which temperature range to operate at (50 5 

°C – 25 °C, as opposed to 20 °C used in the batch studies), such that clear images of solids are 6 

viewed at all experimental conditions. 7 

 8 

Fourthly, since the turbidity probes measure the percentage transmittances of light and do 9 

not give quantitative information on solute concentration, but qualitative data can still be 10 

extracted from the information provided by the turbidity analysis of the system. Hence, the % 11 

transmittance data was considered relatively to each other, in an attempt to extract the 12 

concentration trends with respect to steady state; this was however done with limited certainty 13 

bearing in mind the various contributing factors that could influence the light transmittance in 14 

a crystallisation vessel, some of which include bubble formation, minimum detectable particle 15 

size, measurement window, etc. It should also be noted here that turbidity probes are designed 16 

to detect a range of crystal size/density outside of which the signals become unreliable i.e. the 17 

% transmittance will still read 100% (which corresponds to clear solution) even if nucleation 18 

has already commenced but the crystal size/density is below the detectable range; in the same 19 

vein, the % transmittance will read 0% when the maximum detectable crystal size/density has 20 

been reached even if the actual size/density increases further. 21 

    22 

  23 
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6.1  General Trends 1 

6.1.1 Repeatability 2 

This section highlights the general effects of the examined parameters on the overall 3 

crystallisation properties and operation. Each experimental run was repeated at least twice; 4 

given the susceptibility of the measurement tools (turbidity and imaging light probes) to 5 

disturbances by bubbles and fouled windows; reasonable repeatability was observed in the 6 

obtained profiles for repeat experiments – see Fig 6.1 for sample repeat runs (experiments were 7 

run at the same temperature ramping, same flowrate, same mixing conditions but at different 8 

times).  The earlier-stated effects of bubble formation within the crystallisation vessel/column 9 

on the measurement tools were evident in the profiles shown. For instance, taking a look at the 10 

profiles on the right in Fig 6.1, a sudden drop in transmittance (top graph) was observed 11 

between 40 – 50 min, which corresponded to a sharp drop/increase in the  particle count at 12 

Jn10/Jn7 (bottom graph). This could be associated with bubble formation causing 13 

misrepresentation of events, in that the turbidity probe was analysing the bubbles as particles, 14 

while blocking the window for the imaging probe. 15 

 16 

6.1.2 Effect of temperature ramping 17 

Fig 6.2 below shows the profiles of the turbidity at Jn7 (blue dots) and Jn10 (green dots) – 18 

the top three graphs; the temperature ramping at T3 (yellow) and T4 (grey) – the top three 19 

graphs; the D50 taken as relative (not actual) mean sizes at Jn7 (blue curve) and Jn10 (green 20 

curve) – the middle three graphs; the crystal number counts at Jn7 (blue) and Jn10 (yellow) – 21 

the bottom three graphs. The profiles for three temperature ramps are given in the three graphs 22 

vertically from left to right. The flow rates were fixed at 42 ml/min for all ramping. 23 

 24 

The temperatures measured at T3 in Fig 6.2 decreased from 40 to 30 °C (the vertical axis 25 

on the right of the top three graphs), while from 40 to 25 °C at T4 that is located further away 26 

from T3. All the temperature ramps are smooth and repeatable, indicating the achievement and 27 

the reliability of the temperature zones. At the slowest ramping (0.25 °C/min), the decreasing 28 

slope in the temperatures were much longer than that at faster rates due to corresponding 29 

programme inputted into the water baths. At the ramping of 0.25 oC/min (the top left graph in 30 

Fig 6.2), the turbidity (% transmittance) remained unchanged for a while before dropping due 31 

to crystal formation (i.e. nucleation). At the fastest ramping (1.0 °C/min) however, the decrease 32 
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in the % transmittance was almost instant. This is expected for the set up applied since it could 1 

be associated with the established that crystallisation rate increases with increasing cooling rate 2 

due to the high supersaturation generated at this condition. This was also responsible for the 3 

temperature at which the turbidity system detected the occurrence of crystallisation (i.e. drop 4 

in % transmittance) which was taken as the nucleation temperature; it was observed that at the 5 

fast ramping, the nucleation temperature (ca. 28 °C) was lower than that observed at the slow 6 

ramping (ca. 34 °C) . However, the trends was observed to level off for the two rates of 0.25 7 

and 0.5 oC/min between 30 – 50 min (i.e. after the initial decrease), the reason for this is unsure, 8 

perhaps due to the tips of the turbidity being blocked or the presence of air bubbles in the flow, 9 

see section 6.1.1 and Fig 6.1 for the discussion on the effects of bubbles on the measurement 10 

signals.  11 

 12 

The moment when the turbidity signals drop refers to the occurrence of nucleation and this 13 

was corresponded by the sharp increase detected in the crystal number counts (the bottom three 14 

graphs). Generally the number counts were initially higher at Jn10 (the later position in the 15 

column) than that at Jn7 (the earlier position), this makes sense since more crystals are formed 16 

and/or more relatively larger crystals are expected as the oil feed flows through the tubes. The 17 

crystal count profiles for Jn7 were generally on the increase, before reaching close to steady 18 

points, while for Jn10, a decreasing trend was observed after the initial sharp increase. This 19 

might be an indication that crystal sizes are growing, while the numbers are going down; it 20 

could also be the crystals aggregating together, which is not an uncommon occurrence in fat 21 

systems. Furthermore, given that the initial increase observed in crystal count corresponds to 22 

spontaneous nucleation, observing this at both Jn7 and Jn10 locations suggests that the 23 

nucleation event occurred throughout both locations initially, but crystal growth (and possibly 24 

aggregation/agglomeration) took over at Jn10, again explaining the subsequent decline in 25 

crystal count observed at Jn10. Table 6.1 lists the nucleation temperatures (point at which the 26 

%transmittance reduces significantly at Jn7 i.e. < ca. 95%) for the different temperature 27 

rampings. The nucleation temperature reduces (i.e. wider MSZW) with increased ramping; this 28 

is expected as higher supersaturation rates are attained at faster cooling which implies that the 29 

onset supersaturation (due to supercooling) required for nucleation to commence increases with 30 

decreasing ramping, this is again expected as seen from previous studies[220].  31 

 32 
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The crystal size profile are the middle graphs; the mean crystal sizes at Jn7 and Jn10 1 

locations are more or less steady at the same magnitude for all the ramping considered; but the 2 

mean sizes at Jn10 were higher than that at Jn7, this is expected and will be discussed in more 3 

detail in section 6.2 . The ‘irregularities’ observed in the size trends before the nucleation 4 

commenced have been attributed to noise signals in the imaging tool due to system instability 5 

and should be discarded.  6 

 7 

6.1.3 Effect of flowrate 8 

Here, the temperature ramping was kept constant at 0.25 °C/min while the oil flowrate 9 

through the COBC was varied between 42 – 77 ml/min by adjusting the rpm of the feed pump; 10 

this then varied the net flow Reynolds number (Ren). Since the length of the crystalliser remains 11 

the same, varying (e.g. increasing) the oil flowrate would vary (e.g. reduce) the residence time 12 

of the oil inside the COBC. However, the duration of the run shown in the corresponding graphs 13 

was kept the same, hence the same time scales for the horizontal axes in the corresponding 14 

graphs shown.  15 

 16 

The turbidity and size profile are shown in Fig 6.3 below. At a high flowrate condition, the 17 

feed oil (and eventual crystal molecules) will take longer time to travel through the required 18 

temperature zones (compare 4.61 min from Jn7 to Jn10 at 77 ml/min with 8.33 min at 42 19 

ml/min); it is therefore expected that nucleation commenced further away from Jn7, at a 20 

location closer to Jn10 at the high flowrate of 77 ml/min, hence the nucleation and subsequent 21 

growth of crystals to stable sizes will occur to a lesser degree, and may have been outside the 22 

measurement window between Jn7 and Jn10. This is evident in the very gradual slope of the 23 

turbidity profile (decline in % transmittance) obtained for the high flowrate experiment (top-24 

right graph), compare with the relatively steeper gradient observed at the lower flowrate. Also, 25 

for a given ramp and mixing condition, the temperature at which the significant decline of the 26 

% transmittance commenced generally reduced with increasing flowrate (ca. 29 °C at 42 27 

ml/min and 34 °C at 77 ml/min – see  28 

 29 

Table 6.2); this is again following the presumption that extent of the crystallisation process 30 

(i.e. degree of de-supersaturation) is lower at high flowrate conditions. In addition, high feed 31 

flowrate through the column implied that the feed is spending shorter time within the 32 
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measurement windows (which were fixed for all the experiments carried out in this section), 1 

and it should be noted that certain length of induction time is required for nuclei to grow to the 2 

detectable sizes, and this time might not be readily provided at the high flowrate conditions. 3 

The eventual decline in the turbidity profile with time to ~0% at 77 ml/min could be attributed 4 

to some unplanned events such as fouling either on the tube walls (posing as seeds to induce 5 

further nucleation) or on the mirror of the turbidity probe (blocking the light transmittance). 6 

This was however not explored further in this research. 7 

 8 

With regards to the particle count profile particularly at Jn7 (blue trace in bottom graphs in Fig 9 

6.3), a significantly lower count was observed at the high flowrate condition, which buttress 10 

the notion of lower degree of de-supersaturation due to inadequate time available for nuclei 11 

growth to stable sizes. The count profile at Jn10 could be taken to be within similar range for 12 

all the flowrates considered, and this would support the statement made earlier, suggesting that 13 

a bulk of the nucleation events might have occurred at a location further way from Jn7, and 14 

closer to Jn10. Again, the eventual drop in the particle count at Jn10, below that of Jn7 (after 15 

an initial sharp increase) was observed, and this was earlier attributed to the occurrence of 16 

possible crystal agglomeration/aggregation, as explain in section 6.1.2. 17 

 18 

  The smaller mean size of crystals obtained at high flowrate are also indications of the reduced 19 

degree of de-supersaturation at this condition, as explained earlier. Regarding the relationship 20 

between the mean sizes at Jn7 and Jn10 for the high flowrate, a reverse trend was observed, 21 

when compared with the other flowrate conditions examined; the mean size at Jn10 appeared 22 

smaller than that of Jn7, which is opposite to what was observed to the other flowrate 23 

conditions; again, this can be attributed to the suggestion that nucleation commenced at a 24 

location closer to Jn10, while secondary effects (such as unintentional seeding by previously 25 

formed crystals) was responsible for the eventual crystal formation observed at Jn7, given the 26 

simulated forward↔backward fluid motion adopted in the mixing mechanism of the 27 

oscillatory baffled system.   28 
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6.1.4 Effect of mixing intensity 1 

Here, the effects of the oscillation intensity on the concentration and mean size profiles with 2 

respect to the steady state characteristics were examined at constant temperature ramping 3 

(0.25°C/min) and flowrate (42 ml/min). The oscillation intensity was varied by varying the 4 

oscillation frequency (ω) between 0.5 – 2 Hz, while amplitude (xo) was kept constant at 25 mm 5 

(peak-to-peak), thereby varying the oscillatory Reynolds number (Reo).  6 

 7 

It can be observed from the profiles in Fig 6.4 that the nucleation temperature was slightly 8 

lower at low mixing condition (top graphs), even though the supercooling, which is the driving 9 

force for crystallisation, was unchanged. Though negligible influence of mixing conditions on 10 

MSZW (for batch process) with respect to nucleation temperature was highlighted in section 11 

5.1.1, the above observation, coupled with the more gradual decline in % transmittance 12 

observed in the turbidity profile, and also the considerably low crystal count at 0.5 Hz 13 

(compared to 2 Hz) are all indications of a reduced nucleation rate at low mixing conditions. 14 

This trend of results were reported in previous studies, where it was established that high 15 

mixing conditions led to reduced MSZW (i.e. higher nucleation temperature) due to higher 16 

shear that drives molecules from the bulk solution to the crystal surfaces [43]. Consequently, a 17 

reduction in the average mean size was observed at high mixing and this would be due to higher 18 

shear rates favouring attrition and nucleation at high mixing conditions[43, 235]. Crystal size 19 

increase was observed along the tube length for all mixing conditions as the mean size at Jn10 20 

was consistently higher than Jn7. 21 

 22 

These inferences demonstrates the versatility of continuous crystallisation studies, and 23 

therefore the limitation of batch studies, as some time-based information that could not have 24 

been obtained in batch studies were readily obtained in this study.  25 

  26 
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Table 6.1: Nucleation temperature at varied temperature ramping 1 

Ramp (oC/min) Tnu (oC) 

1.0 27.9 

0.5 30.5 

0.25 34.4 

 2 

 3 

Table 6.2: Nucleation temperature at varied flowrate 4 

Flowrate (ml/min) Tnu (oC) 

42 34.4 

54 35.9 

77 29.6 

 5 

 6 

Table 6.3: Nucleation temperature at varied mixing 7 

Mixing intensity (Hz) Tnu (oC) 

2 34.4 

1 31.6 

0.5 31.7 

 8 

 9 

  10 
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6.2 Steady State Evaluation 1 

Some of the previous steady state studies that have been carried out on the continuous 2 

oscillatory baffled crystalliser (or reactor) i.e. COBC(R), or on similar set-up include fluid 3 

mechanics and mixing performances using fibre optics probes for in-line monitoring[236], 4 

continuous crystallisation of a model API where rapid turnaround in the production of the 5 

desired product was reported in comparison to batch processes[1], steady state characterisation 6 

of anti-solvent crystallisation of salicylic acid, where evolution of solution concentration and 7 

crystal size with time were investigated[237], to mention but a few. It is clear that a number of 8 

studies have been conducted on the COBC in an attempt to understand its operations, and how 9 

its unique configurations impacts processes and products.  10 

 11 

Apart from the last sited example of previous studies which is quite similar to the studies 12 

carried out in this section of the research, the novelty of this research is the fact that it attempted 13 

to characterise the steady state of the crystallisation of palm oil, an edible fat and oil product, 14 

using in-line analytical techniques to obtain essential real-time data. This is an area that had 15 

not been explored before now in regards to the combination of the adopted technology and the 16 

model system it was considered for. More studies have been done in the batch system but 17 

limited studies have been carried out in the continuous system which was also posed a 18 

challenge during this research as limited information are available for referencing and 19 

comparison. 20 

 21 

For the COBC set-up used in this study, extracting data at different times at Jn7 and Jn10 22 

individually allows the establishment of temporal analysis, while analysing the data at the two 23 

locations, Jn7 and Jn10, which are 2 metres apart enables the establishment of spatial 24 

characterisation. Crystal size data for a crystallisation period of 60 min are shown in 25 

corresponding tables (times correspond to x-axis of the graphical profiles shown earlier). The 26 

relation between size and % transmittance data are highlighted in spatial analysis where their 27 

evolutions along the tube length of the crystalliser (i.e. from Jn7 → Jn10) are discussed. 28 

 29 

  30 



 

   132 

6.2.1 Temporal Analysis 1 

The analysis of temporal steady states of crystal sizes involves looking at the size data at 2 

either Jn7 or Jn10 for different times. 3 

  4 

For different temperature ramps, it can be seen from Table 6.4 that the mean size at Jn7 5 

steadied at an average of 50.64 ± 0.19 μm at about t > 75 min for all the ramps considered, 6 

while that of Jn10 steadied at 62.10 ± 0.94 μm. Since the driving forces at Jn7 are smaller than 7 

that at Jn10, the increase of crystal sizes at Jn10 is expected. The temporal size steady states 8 

can be examined either every 15 min or over 60 min using the data in Table 6.4; the relative 9 

changes in crystal size were small, within 6% at Jn7 and 10% at Jn10 for the period of t90 to t120 10 

hence steady state was evidently achieved at both locations. Also the overall stability was 11 

reasonably good for the cooling times examined, with interval changes of ≤ 6% for both 0.25 12 

and 1.0 oC/min, between t90 and t120. 13 

 14 

Likewise, the temporal steady states of concentration are estimated by analysing the 15 

corresponding transmittance data shown in Table 6.5, and this can unveil some interest facts. 16 

Though it was observed that the turbidity profiles showed continuous decline in % 17 

transmittance with time, the relative change however reduced with time especially at 1.0 18 

°C/min where the change reduced from an average of 17% to >1.0% at both Jn7 and Jn10. This 19 

could suggest that though temporal steady state with respect to concentration might not have 20 

been reached within the process duration, it was approaching it. In addition, unplanned events 21 

such as secondary nucleation or even fouling of the probe mirror may also be contributing 22 

factors to the continuous decline if the turbidity profile. At 0.25 °C/min however, the changes 23 

in the %transmittance with time were relatively more erratic which would imply that temporal 24 

steady state was not achieved at this low ramping condition within the process duration. 25 

 26 

 27 

Table 6.6 links the change in % transmittance with the change of crystal size. With respect 28 

to Jn10, a 2.6% size increase required a 63% decline in % transmittance at 1.0 °C/min, while a 29 

3.1% size increase at 0.25°C/min required 54% decline between t90 to t120. This does not show 30 

any particular trend hence it can be concluded that temperature ramping has little effect on the 31 

size and concentration changes with time. Since the same operational duration was applied to 32 
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all, the consumption rate of solute concentration would in theory deliver the same growth rate 1 

for crystals.  2 

Table 6.4: Summary of size data at varied temperature ramping 3 

Ramp 

(oC/min) 
Location 

Mean size (μm) 

t60 t75 t90 t105 t120 

1.0 
Jn7 50.64 50.45 51.34 50.29 50.39 

Jn10 54.53 59.28 62.38 62.86 64.01 

 

0.5 
Jn7 53.14 51.94 50.76 50.57 50.06 

Jn10 58.82 58.38 59.25 62.40 68.00 

 

0.25 
Jn7 58.63 54.86 51.82 50.39 50.18 

Jn10 61.95 60.64 59.62 58.94 61.44 

Table 6.5: Summary of transmittance data at varied temperature ramping 4 

 5 

Ramp 

(oC/min) 
Location % Transmittance 

t60 t75 t90 t105 t120 

1.0 
Jn7 0.30 0.15 0.06 0.03 0.02 

Jn10 0.41 0.22 0.13 0.05 0.05 

 

0.5 
Jn7 0.71 0.51 0.31 0.17 0.04 

Jn10 0.74 0.60 0.44 0.26 0.15 

 

0.25 
Jn7 0.59 0.59 0.48 0.31 0.21 

Jn10 0.55 0.57 0.51 0.33 0.24 

 6 

 7 

Table 6.6: The relationship between % transmittance and size for different temperature ramping 8 

Ramp 

(oC/min) 
Location 

t90-120 

% Size Change % Transmittance 

1.0 
Jn7 1.9 0.67 

Jn10 2.6 0.63 

0.25 
Jn7 3.2 0.57 

Jn10 3.1 0.54 

 9 

 10 

  11 



 

   134 

The mean size data for different flowrates is shown in Table 6.7. As the residence time was 1 

reduced at high flowrate, smaller mean size was observed, which is expected since less time 2 

was available for the crystals to growth. The changes observed in the size data was reducing 3 

with time (e.g. within 3% for Jn7 and 5% for Jn10 between t105 and t120), and this might suggests 4 

that temporal size steady state was indeed achieved within the time period considered for all 5 

the flowrate conditions. A close look at the size profile in Fig 6.3 (middle graphs) indicated 6 

that the period where steady state was achieved was between ca. 100 – 130min time stamps, 7 

beyond which instability in the crystal sizes were observed, which then suggests that the steady 8 

state with respect to crystal size was lost outside the stated time window; the instability was 9 

also observed in the particle count profile beyond the stated time window (see bottom graphs). 10 

This occurrence is a real possibility in that the fat crystal density at this point may have been 11 

too high due to supercooling such that analysis window had been blocked and no real data 12 

could be obtained. This occurrence was also been reported in the previous study earlier 13 

mentioned where steady state was said to be lost due to high solid concentration that led to the 14 

blockage of the crystallizer[237]. 15 

 16 

The corresponding % transmittance data in Table 6.8; a continuous decline with time was 17 

observed, as the crystallisation process proceeded, which is again an indication that temporal 18 

steady state with respect to concentration was not achieved. Comparing the overall change in 19 

% transmittance (which to an extent is an indication of solute consumption), it can be observed 20 

that the decline was faster at the low flowrate than that at the high flowrate (average of 56% at 21 

42 ml/min vs 22% at 77 ml/min). This is as expected since the smaller mean size obtained at 22 

the high flowrate would correspond to lower solute consumption, indicating lower degree of 23 

crystallisation. For instance, between t90→120 at Jn10, the crystal size at 42 ml/min changed by 24 

3.1% and caused a 54% decline in %transmittance, while at 77 ml/min, a size change of 1.6% 25 

caused 22% loss of transmittance. Since all other operational parameters were kept unchanged, 26 

the highest flow rate of 77 ml/min is about 1.8 times faster than the lowest rate of 42 ml/min, 27 

so the change in % transmittance was accordingly reduced by ~2.4 times, matching up with 28 

about 1.9 times less growth (see Table 6.9). These numbers generally agree well with each 29 

other as the driving force (i.e. degree of supercooling) was the same for all flow rates conditions 30 

examined. It is clear that the temporal analysis can also be used to check and verify operational 31 

consistency. 32 

 33 
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Table 6.7: Summary of size data at varied flowrate 1 

Flowrate 

(ml/min) 
Location 

Mean size (μm) 

t60 t75 t90 t105 t120 

42 
Jn7 58.63 54.86 51.82 50.39 50.18 

Jn10 61.95 60.64 59.62 58.94 61.44 

 

53 
Jn7 49.26 47.14 47.49 48.17 48.06 

Jn10 55.97 52.81 53.30 54.29 53.99 

 

77 
Jn7 43.65 45.54 50.64 49.64 48.07 

Jn10 57.95 45.50 44.19 44.24 43.48 

 2 

Table 6.8: Summary of transmittance data at varied flowrate 3 

Flowrate 

(ml/min) 
Location 

% Transmittance 

t60 t75 t90 t105 t120 

42 
Jn7 0.59 0.59 0.48 0.31 0.21 

Jn10 0.55 0.57 0.51 0.33 0.24 

 

53 
Jn7 0.74 0.74 0.71 0.61 0.50 

Jn10 0.67 0.63 0.57 0.54 0.48 

 

77 
Jn7 0.95 0.94 0.86 0.75 0.67 

Jn10 0.89 0.92 0.87 0.81 0.68 

 4 

 5 

Table 6.9: The relationship between % transmittance and size for different flowrate 6 

Flowrate 

(ml/min) 
Location 

t90-120 

% Size Change % Transmittance 

42 
Jn7 3.2 0.57 

Jn10 3.1 0.54 

77 
Jn7 5.1 0.22 

Jn10 1.6 0.22 

 7 

  8 

  9 
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The mean size and the corresponding % transmittance data for different mixing conditions 1 

are given in Table 6.10 and Table 6.11 respectively. While other operational conditions 2 

remained unchanged, it is expected that an increase in mixing intensity would lead to smaller 3 

sizes due to attrition (breakage) effect brought about by the induced collision between crystals 4 

and also with the other solid entities such as baffles, tube walls, impellers, etc.[238]. The 5 

temporal analysis would provide some insights to breakage of particles; the change in crystal 6 

size with time was less than 7% for Jn7 (mean size = 51.44±0.96 µm), and 5% for Jn10 (mean 7 

size = 59.87±0.62 µm) between t90 and t120. This suggests that temporal steady state might been 8 

reached within this time period. However, looking at the size profile in Fig 6.4, the occurrence 9 

of temporal steady state was more evidently sustained at mixing condition of 1.0 Hz (between 10 

100 – 160 min compared with between 100 – 130 min for 2.0 Hz mixing condition); occurrence 11 

of steady state was more difficult to pinpoint for the 0.5 Hz mixing condition as the size profile 12 

continually changed with time. The crystal size at 2 Hz was consistently lower than that of 0.5 13 

Hz by a percentage ranging from 3 – 8% between t90 and t105. Overall, a ~6% reduction in the 14 

average mean size when the oscillation frequency was quadrupled (x4) indicates a rather lower 15 

attrition rate than expected. This might suggest that the deleterious effect of high mixing on 16 

physical crystal properties (e.g. size) is minimal in the oscillatory baffled crystalliser, compared 17 

to the conventional stirred tank crystallisers[220]. This could then be acknowledged as an 18 

attractive feature of this novel technology, with respect to fat crystallisation. 19 

 20 

Conversely, the transmittance data in Table 6.11 shows a higher rate of transmittance 21 

decline (which corresponds to solute consumption) at high mixing intensity – 56% for 2 Hz vs 22 

19% for 0.5 Hz between t90 and t120; also the actual % transmittance per time was consistently 23 

lower at the high mixing condition, indicating higher solute consumption since the more solutes 24 

are consumed, the higher the crystal density hence the more turbid the slurry is leading to a 25 

lower % transmittance. This suggests a higher degree of nucleation at the high mixing condition 26 

– also see considerably low crystal counts at the low mixing condition of 0.5 Hz (bottom left 27 

graph in Fig 6.4) to buttress this. The formation of more nuclei at high mixing may also be 28 

responsible for the 6% mean size reduction, as opposed to the attrition effects discussed earlier. 29 

Table 6.12 zooms into the data at the high and low mixing conditions; an ~8% mean size 30 

reduction (64 → 59 μm) vs ~61% decrease in % transmittance (84% → 33%) at t105, when 31 

oscillation frequency is increased from 0.5 → 2 Hz denotes that the effect of high mixing on 32 
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nucleation rate outweighs its effect on attrition rate with respect to palm oil crystallisation. This 1 

is an interesting discovery which again proves the novelty of this research. 2 

 3 

Table 6.10: Summary of size data at varied mixing intensity 4 

Frequency (Hz) Location 
Mean size (μm) 

t60 t75 t90 t105 t120 

2.0 
Jn7 58.63 54.86 51.82 50.39 50.18 

Jn10 61.95 60.64 59.62 58.94 61.44 

 

1.0 
Jn7 57.84 54.06 52.75 50.85 50.26 

Jn10 65.68 60.44 56.93 57.05 57.53 

 

0.5 
Jn7 65.25 57.69 55.23 51.82 49.70 

Jn10 88.97 69.01 62.54 63.96 60.79 

 5 

 6 

Table 6.11: Summary of transmittance data at varied mixing intensity 7 

Frequency (Hz) Location 
% Transmittance 

t60 t75 t90 t105 t120 

2.0 
Jn7 0.59 0.59 0.48 0.31 0.21 

Jn10 0.55 0.57 0.51 0.33 0.24 

 

1.0 
Jn7 0.85 0.86 0.81 0.71 0.59 

Jn10 0.78 0.78 0.71 0.69 0.59 

 

0.5 
Jn7 0.93 0.96 0.92 0.84 0.73 

Jn10 0.90 0.90 0.88 0.84 0.73 

 8 

  9 

Table 6.12: The relationship between % transmittance and size for different mixing intensity 10 

Frequency 

(Hz) 
Location 

t90-120 

% Size Change % Transmittance 

2 
Jn7 3.2 0.57 

Jn10 3.1 0.54 

0.5 
Jn7 10.0 0.20 

Jn10 2.8 0.17 

  11 
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6.2.2 Spatial Analysis 1 

Here, the size and transmittance data at the two locations, Jn7 and Jn10 at the same time are 2 

considered for each of the conditions examined.  3 

 4 

It is expected that crystal size increases along the length of the COBC from Jn7 to Jn10, and 5 

these were observed for all the temperature ramping considered – see Table 6.4, and the 6 

mean size data can then be used to evaluate rate of local crystal growth. Equally spatial data of 7 

% transmittance in Table 6.5 can be employed to estimate the rate of solute consumption. In 8 

theory, the crystal growth is fed by the concentration depletion, so analysing these two rates 9 

concurrently, should provide some insight on the events occurring along the tube length. 10 

Looking closely at Table 6.4, for t120, a 14 µm increase in crystal size along the tube length 11 

was fuelled by about 3% difference in % transmittance at 1 °C/min, while 11 µm increase in 12 

size was also met by about 3% difference in % transmittance. 13 

 14 

 It is expected that the faster the ramping, the faster the rate of supersaturation; so the 15 

consumption rate along the tube length at 0.25 °C/min should in theory be proportional to that 16 

at 1 °C/min i.e. if the difference in spatial % transmittance is 3% at 0.25 °C/min, it should be  17 

~12% at 1.0 °C/min). However, the disproportional data obtained here (e.g. the similar range 18 

of size increase and change in % transmittance from Jn7 → Jn10, at both rampings) suggest 19 

some other events other than crystal growth, such as agglomeration is responsible for the size 20 

increase along the tube length of the crystalliser, which is not a function of solute depletion but 21 

interactions between already-formed crystals. This agglomeration phenomenon (depicted in 22 

Fig 6.5) is reportedly common with fat crystals, and it is sometimes referred to as spherulitic 23 

growth which is where multiple crystals grow radially by aggregating together with a central 24 

nucleus to form what is called a spherulite [80]. It is clear that temporal analysis has not only 25 

led to the evaluations of local supersaturation and crystal growth rates, but also enable 26 

estimation and characterisation of local agglomeration, hence control and prediction.   27 

 28 

It is understandable that the method adopted in relating the % transmittance data to 29 

concentration trends is very crude, taking into account that bubbles formation could also affect 30 

the normal function of the turbidity probe. Nevertheless, there was a temperature difference of 31 

about 5 °C between Jn7 and Jn10, this would then suggest that agglomeration event had 32 
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occurred at one or both ramping conditions, more so at the faster rate (see slightly higher crystal 1 

size at t90→120 at Jn10 for 1.0 °C/min); sample images shown in Fig 6.6 obtained at the two 2 

respective rates, which supports this suggestion. The decreasing crystal count at Jn10 (bottom 3 

graphs in Fig 6.2) attests to the agglomeration theory. The difference in %transmittance 4 

between Jn7 and Jn10 was ≤10%, which might suggest that spatial steady state was reached 5 

with respect to solute consumption but the rate of size increase (agglomeration events) along 6 

this tube length was continually on the increase which led to some puzzling questions: what 7 

was feeding the agglomeration events? Should the consumption rate for individual crystal be 8 

different from agglomerates? There are no answers for these questions within the scope of this 9 

PhD work. 10 

 11 

Table 6.13: Spatial link between % transmittance and size for different temperature ramping 12 

Ramp 

(oC/min) 
Location 

t120 

Mean Size 

(µm) 
∆ (µm) % Transmittance ∆ (%) 

1.0 
Jn7 50 

14 
0.02 

0.03 
Jn10 64 0.05 

0.25 
Jn7 50 

11 
0.21 

0.03 
Jn10 61 0.24 

 13 

 14 

The data pairs between Jn7 and Jn10 at a specific time in Table 6.13 can be used to evaluate 15 

the local growth (or agglomeration) rate, knowing that the time difference between the two 16 

ports is 8.33 min at a flowrate of 42.45 ml/min; a sample calculation is shown below. At 28 °C 17 

(301K), the overall crystallisation rate constants estimated by the Fisher-Turnbull and the Nyvlt 18 

models in Table 5.4 are 202  10-6 and 399  10-6 /s respectively for the same compound at an 19 

isothermal condition, but the actual growth rates of crystals cannot be determined. Using the 20 

spatial measurements, the local growth rate of crystals can for the first time be evaluated, the 21 

value of 0.027 m/s over a temperature difference of 5 °C is within the range reported in a 22 

previous study for triglycerides which is considered relatively lower than most organic 23 

compounds[80].   24 
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6033.8

39.5001.64

m 64.01  Jn10at  sizeMean 

m 50.39  Jn7at  sizeMean 







=


−
=


=

=

=

t

s
G

 25 



 

   140 

For the flowrate experiments, at the lowest flowrate condition of 42 ml/min, the data in 1 

Table 6.7 showed a significant size increase (15 - 22% increase which translates to an average 2 

size increase of 10 µm between t90 and t120) from Jn7 to Jn10, but with a minimal change in % 3 

transmittance (3%). Meanwhile, at the fastest flowrate condition (77 ml/min), the crystal size 4 

could be considered more or less similar at both locations; from another point of view, it could 5 

be said that the crystal size decrease from Jn7 to Jn10 (average of ~11% decrease which 6 

translates to an average size decrease of 5 µm), while the % transmittance also remained fairly 7 

similar (1 - 6%). The absence of crystal size increase along the tube length (expectantly due to 8 

growth or agglomeration) at the high flowrate could be linked to the low residence time, such 9 

that relatively lesser time is available for crystals to grow while the driving force remained the 10 

same for all flow rates.  11 

 12 

This is consistent with inference drawn earlier for the high flowrate condition, in that the 13 

relatively high rate at which the feed oil was passing through the column of the crystalliser 14 

could have led to the possibility of a large portion of the nucleation/crystallisation event 15 

occurring at a location closer to the latter sampling point (i.e. Jn10). However, the 16 

crystallisation occurrence eventually detected at Jn7 could be a function of secondary events 17 

such as solid crystals formed initially at the latter location posing as seeds that facilitated the 18 

nucleation events at Jn7; the upstroke↔downstroke oscillatory motion of the net fluid flow 19 

would be contributory factor to this. The considerably higher crystal counts at Jn10 compared 20 

to Jn7 at high flowrate (bottom-right graph in Fig 6.3) attest to this conjecture that bulk of the 21 

crystallisation occurred at a location closer to Jn10. 22 

 23 

It is therefore obvious that high flowrate is not a desirable condition to promote appreciable 24 

crystal growth along the length of the crystalliser. Even though the velocity ratio (ψ) for the all 25 

the flowrates considered (3.5 – 6.2) were within the range recommended for close-to-plug flow 26 

mixing regime (see section 2.4.1 for more detailed explanation), lower flowrates are preferable 27 

for the formation of crystals of consistent mean size, and to allow adequate time for the 28 

promotion of crystal growth, but not too low to impede adequate heat and mass transfer (Ren > 29 

50 is advised[239]). Otherwise, a longer tube length (and perhaps very slow cooling conditions) 30 

will be required to counter the effect of the short residence time at high flowrate but this will 31 

lead to increased footprint and longer operation times, thereby increasing the production cost. 32 



 

   141 

Mixing effects on spatial size evolution as shown in Table 6.10 indicate evident size 1 

increase along the tube length from Jn7 to Jn10 for all mixing conditions; increase of 15 – 22% 2 

at 2Hz and 13 – 23% at 0.5Hz. Again the % transmittance evolution data in Table 6.11 showed 3 

negligible change (3% at 2 Hz and 4% at 0.5Hz). It is expected that increased frequency will 4 

discourage crystal growth (agglomeration) and promote attrition (breakage) instead, due to 5 

higher shear rate[235]. Though this was not evident in the individual Jn7 → Jn10 size 6 

differences (spatial size increase was observed even at high mixing), it was true in some 7 

instance e.g. the % size increase at t105 was higher at 0.5Hz – 23% vs 17% at 2 Hz. Also, 8 

reference should be made to the ~6% size reduction observed from t90 to t105 for both Jn7 and 9 

Jn10 when frequency was increased from 0.5 to 2 Hz. Overall though, the rate of size increase 10 

from Jn7 → Jn10 (agglomeration) was within similar order for the mixing conditions.  11 

 12 

The mixing effects was more evident when considering the % transmittance in relation to 13 

solute consumption (low transmittance = high solute consumption) where a ~59% decrease in 14 

transmittance was observed when frequency was increased by a factor of 4. Though this does 15 

not quite meet the proportional expectation (4x increase in frequency vs ~2.5x decrease in % 16 

transmittance), its relative significance demonstrate the pronounced effect of mixing on 17 

nucleation - see the low crystal count at low mixing in Fig 6.4 (bottom-left graph) to buttress 18 

this.  19 

For this study, the effect of mixing intensities was explored by changing the oscillation 20 

frequency between 0.5 – 2.0 Hz, while keeping the amplitude constant at 25 mm (peak-to-21 

peak). Even though the effect of oscillation amplitude was not examined in this study, it had 22 

been reported that too low amplitude could result in the blockage of the COBC column due to 23 

poor mixing of the crystal suspension; an optimum amplitude of 20 mm was reported as this 24 

led to uninterrupted process run for a duration of 180 min[237]. Comparing this to the 25 

amplitude of 25 mm used in this study, it can carefully be stated that it was within the optimum, 26 

range for the process since no blockage was experience throughout the experiment runs which 27 

lasted for >120 min in all instances.  28 

 29 

In general, the velocity ratio (ψ), which is the ratio of oscillatory Reynolds number (Reo) to 30 

net flow Reynolds number (Ren), ranged from 1.6 – 6.2, and could be said to still be within the 31 

recommended range for plug flow (see section 2.4.1); however the optimum mixing condition 32 
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with respect to crystal properties (i.e. size) would at ω = 1.0 Hz as the profile at this condition 1 

showed steady state of mean size being achieved and maintained for a reasonable length of 2 

time during the continuous crystallisation process; at a value of ψ = 3.1 which is not too far 3 

from the recommended optimal value of 2.5[133].   4 

 5 

 6 
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Fig 6.1: Turbidity and size profiles obtained from the study on continuous crystallisation showing repeatability
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Fig 6.2: Turbidity and size profiles obtained for varied temperature ramping in the COBC during continuous crystallisation
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Fig 6.3: Turbidity and size profiles obtained for varied flowrates in the COBC during continuous crystallisation
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Fig 6.4: Turbidity and size profiles obtained for varied mixing intensity in the COBC during continuous crystallisation 
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Fig 6.5: Rough schematic demonstrating the difference between crystal growth and agglomeration 

 

 

 
Fig 6.6: Sample online images of palm oil crystals within the COBC (from Perdix camera) showing the 

effect of temperature ramping 
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6.3 Conclusion 

Continuous crystallisation of palm oil (a typical melt system) was carried in a continuous 

oscillatory baffled crystalliser (COBC) where the effects of temperature ramping, flowrate 

(residence time), and mixing intensity (oscillatory Reynolds number) on the steady state 

properties were examined. It was observed that: 

 

• For all the temperature ramping considered, a temporal steady state size was observed at 

50.64 ± 0.19 μm and 62.10 ± 0.94 μm at Jn7 and Jn10 respectively, with an overall size 

change of 6 – 10% over a 30-min period. The corresponding % transmittance (relating to 

solute consumption) was continuously decreasing with time, but the overall change in % 

transmittance with time was within similar order of magnitude for all ramps considered. 

An overall size change of ~3% corresponded to ~56% change in % transmittance over a 

30-min period (a > 10-fold proportion). 

 

• There was evidence of crystal size increase along the tube length as seen from the consistent 

higher mean size of crystals at Jn10 by an average of 11 μm for the rampings considered. 

However, this was attributed to agglomeration as opposed to crystal growth due to the 

minimal change in the % transmittance (≤10%) along the tube length. The rate of this 

agglomeration event was on the increase with time but it was averaged at 0.027 μm/s.  

 

• Temporal steady state size was achieved for the flowrates examined with a 3 – 5% size 

change over last 15-min period considered. Lower mean size was observed at fast flowrate 

and this was attributed to the short residence time limiting the degree of crystallisation. The 

% transmittance also reflected this inference, such that its evolution with time also reduced 

by similar ratio by which the flowrate was increased. 

 

• While spatial size increase was observed from Jn7 to Jn10 at low flowrate as expected, the 

reverse was the case at high flowrate, and this was again associated with the short residence 

time. The spatial difference in % transmittance ranged from 1 – 6% hence was considered 

fairly insignificant. 
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• At the mixing intensities considered, temporal steady state of mean size was achieved with 

≤10% change for a 30-min period. A ~6% mean size reduction was observed when the 

oscillation frequency was increased by a factor of 4 – an attrition effect. Meanwhile, the 

corresponding transmittance data showed a ~59% decrease (i.e. increased solute 

consumption) – a nucleation effect. It was therefore concluded that mixing had more effect 

on the nucleation rate than the attrition rate. 

 

• Size increase between Jn7 and Jn10, with minimal % transmittance change was observed 

at all mixing conditions examined; also, the rate of size increase was within similar order 

of magnitude. Mixing effect was more prominent with respect to solute consumption (see 

above paragraph). 

 

• Note that this is the first time that temporal and spatial data of crystal sizes and solute 

consumption are obtained and analysed for different operating parameters. Carrying out 

these steady state analyses is an unchartered territory with respect to palm oil (a typical fat 

material) crystallisation and some interesting but useful correlations and discoveries were 

made. 
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CHAPTER 7- RECOMMENDED FUTURE WORK 

This research has covered extensively some of the fundamentals of melt crystallisation using 

palm oil as its model system through experimental studies and some mathematical 

manipulations; the application of a novel mixing technology – oscillatory baffled crystalliser – 

was successfully explored. However, during the course of the studies carried out, some 

questions arose that birthed the possibility of taking this research even further, and the collation 

of these form the below recommendations for future work. 

 

7.1 Extended studies on continuous crystallisation 

Over the course of this research, particular in the studies relating to continuous 

crystallisation, a number of fascinating discoveries were made, but time constraints limited the 

extent to which these discoveries were explored further, such that inconclusive inferences were 

drawn. One of these include the concept of fouling which was inferred as a possibility at the 

high flowrate considered. Another is the possibility of solute concentration feeding the 

agglomeration event. These are just a few of the wide range of studies that could be carried out 

on fat crystallisation in the continuous oscillatory baffled crystalliser, using this research as a 

building block   

  

7.2 Process Analytical Technology 

One of the major challenges faced during this research is the availability of an appropriate 

PAT tool for online quantitative measurement of solute concentration due to the peculiarity of 

the oil system being examined. This challenge became prominent during the continuous 

crystallisation study such that qualitative measurements were resorted to instead. The limitation 

of this approach is quite apparent, hence it could be given more consideration such that more 

appropriate PAT technique can be sourced and adopted to get more real-time measurements, 

making it easier to explain some of the mysterious observations and therefore draw more 

accurate conclusions. Some extensive work had been carried out previously in this regard, but 

mostly for other organic compounds[106, 240, 241]. Adoption of these studies to continuous 

fat crystallisation would be of great insight. 
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7.3 Extended filtration studies 

The filtration studies could be investigated further by exploring other parameters that 

influence the filtration (and product) properties, e.g. vacuum pressure, cake width/depth, media 

resistance, etc. Also, a filtration step can be incorporated into the continuous study by installing 

a suitable filtration mechanism to the exit of the COBC such that both the crystallisation and 

filtration process can run continuously. An example of a suitable mechanism is the membrane 

filter press (see Fig 7.1 below), as this can easily be connected to the COBC such that the 

crystallised suspension exiting the crystalliser can be pumped directly into the filter press to 

undergo the filtration process without any downtime. 

 

Fig 7.1: A picture of a typical membrane filter press (Source: ErtelAlsop) 

 

Whilst this would help validate some of the inferences drawn, it would also provide a more 

holistic understanding of the inter-dependence of crystallisation and filtration with respect to 

fat crystallisation. Furthermore, the latter would move the research closer to its ultimate goal 

of automating the entire solids particles manufacturing from synthesis to formulated products. 

 

7.4 Modelling 

In addition to experimental property measurements, steady states based on the evolution of 

parameters can be predicted through modelling and then compared with experimental results 

for validation; a common approach is the use of population balance model – it involves mass 

balance analyses based on the occurrences that make up the crystallisation process. A sample 
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model equation developed for steady state operation in a plug flow crystalliser is shown 

below[242]: 

0=+
L

n
G

x

n
u x









        (7.1) 

Where x = distance along the length of the crystalliser; ux = average net velocity of fluid 

flow; n = number density; G = crystal growth rate; L = crystal size.  

Results obtained and validation can also be compared with those of solution crystallisation 

to establish similarities and differences. 

 

7.5 Other fat systems 

This research was centred on a fat system (palm oil) with a particular feed triglyceride 

composition. Since studies on palm oil crystallisation was successfully carried out in the 

COBC, other fat systems (both palm oil from another source or a different type entirely, e.g. 

milk fat) should be explored such that the effect of triglyceride compositions on the 

crystallisation properties and resulting product quality can be established. For instance, the 

effect of chain length of the fatty acids that make up the triglycerides on the growth rate has 

been reported to be significant[80]; hence it would be useful to consider this with respect to the 

oscillatory mixing technology. This would also help to reaffirm the versatility of the oscillatory 

baffled technology with regards to melt crystallisation. 

 

7.6 Polymorphism 

It has been established through series of studies and techniques that palm oil fat crystals 

possess more than one polymorph; this was elaborated upon in section 2.3.5. Hence 

investigating how the parameters explored in this research influence the polymorphic 

behaviour of the palm stearin product would be a useful study in providing more information 

on the crystallisation process and the resulting product quality. Essentially, the dynamics of the 

COBC in relation to its effect on fat polymorphism can be explored. 
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APPENDICES 

APPENDIX A – Iodine Value 

Titration Methods 

There were two methods used for this experiment; one was for the standardisation of the 

titrant, sodium thiosulphate (Fig A1. 1) and another, for the actual titration experiment for 

iodine value determination (Fig A1. 2). 

 

 

Fig A1. 1 A screenshot of the titration method used for thiosulfate standardisation 
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Fig A1. 2 A screenshot of the method used for Iodine Value Determination of palm oil in this research 
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Titration Result Data 

The table below contains the data of results obtained from the titration experiment for the 

iodine value determination: 

 

Key: Conc (ol) = olein concentration; S_Size = sample size; BV = blank value; EP1 = titration 

end point; IV = iodine value; IV (calc.) = calculated iodine value 

 

 

Table A1. 1 Results data for IV determination of palm olein/stearin blends 

System Conc (ol) S_Size (g) BV (ml) EP1 (mL) IV IV (calc.) 

Olein 1.00 1.00 47.20 3.73 54.70 54.70 

Blend 0.85 1.06 47.42 5.84 52.32 51.89 

Blend 0.70 1.00 47.24 7.78 49.65 49.08 

Blend 0.55 1.00 47.61 10.28 46.96 46.27 

Blend 0.40 1.02 47.33 12.37 43.98 43.46 

Blend 0.25 1.00 47.20 14.93 40.6 40.65 

Blend 0.10 1.00 47.36 16.42 38.92 37.83 

Stearin 0.00 1.00 47.35 18.07 35.96 35.96 
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APPENDIX B – Solubility 

Calorimetry 

The table below shows the solubility data of stearin in olein using the Hildebrand equation. 

 

Key: xs = stearin fraction; xo = olein fraction; xt = total sample 

 

 

Table B1. 1 Solubility data obtained from Hildebrand equation 

T(oC) T (K) 1/T ln(x) xs (mol) xs (g) xo (mol) xo (g) xt (g) xs (g/g) 

10 283.15 0.00353 -3.076 0.046 38.305 0.954 806.957 845.26 0.045 

15 288.15 0.00347 -2.600 0.074 61.663 0.926 783.149 844.81 0.073 

20 293.15 0.00341 -2.140 0.118 97.664 0.882 746.453 844.12 0.116 

25 298.15 0.00335 -1.695 0.184 152.317 0.816 690.747 843.06 0.181 

30 303.15 0.00330 -1.266 0.282 234.097 0.718 607.391 841.49 0.278 

35 308.15 0.00325 -0.850 0.427 354.802 0.573 484.359 839.16 0.423 

40 313.15 0.00319 -0.447 0.639 530.651 0.361 305.120 835.77 0.635 

45 318.15 0.00314 -0.057 0.944 783.677 0.056 47.216 830.89 0.943 

Molar mass of olein was taken as 846 g/mol (assuming C18:1 forms the bulk of the FA content)  
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