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ABSTRACT

Crystallisation studies of methyl stearate from supersaturated dodecane, kerosene and toluene
solutions reveal strong evidence that solvent choice influences solubility and nucleation
behaviour. Solute solubility is less than ideal with toluene, kerosene and dodecane, respectively

exhibiting the closest behaviour to ideality, the latter consistent with the highest solvation.

Polythermal crystallisation studies using the KBHR mogel |[1-3], reveal a progressive

nucleation (PN) mechanism with crystallite interfacial tengigpf) values between 0.94-

1.55,1.21-1.91and 1.18-1.%for dodecane, kerosene and toluene, respectively. Nucleation

nuclei

rates at the critical undercooling lie betwde56 x 18 and 1.79 x 18

with the highest

mlL sec’
rates associated with crystallisation from kerosene solutions. Iso-supersaturation nucleation

nuclei
mL sec’

rates are the highest for dodecane ranging from 2.39"ai® 3.63 x 1t

Nucleation in toluene appears to be hinddreds relativéy higher interfacial tension which
is associated with nucleation rates about an order of magnitude less than those obtained for

dodecane.
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1. Introduction

The study of diesel and biodiesel fuel crystallisation is of importance to the fuels inalsstry
poor cold-flow properties of these mixtures can cause operability problems within vehicles
engines, pipelines and vehicle tanks under cold weather conditions due to the formation of

crystals at low temperatures. To date most research has focussed on the crystallisation within

diesel fuel|[4-15]which mostly comprises alkanes, with much less emphasis being placed to

the study of biodiesel fuel. First generation of biodiesel fuels are generally a mixture of both
saturated and unsaturated methyl esters from which the former represent an important
proportion of these solution and commonly contain methyl palmitate (C16:0) and stearate
(C18:0). The cold-flow behaviour of biodiesel is determined to a great extent by the amount of

saturated compounds present in its composition.

Some studies [16-19] have been carried out in order to characterise the cold-flow behaviour of

biodiesel fuel produced from different bio-resources, measuring certain properties such as:
cloud point (CP), pour point (PP) and cold filter plugging point (CFPP) and the effect of cold-

flow improvers on these properties. The fractionation of methyl esters crystallising from

biodiesel fuel mixtures produced from different bio-resources has also been adfressed [20-25]

However, up to now there has been a lack of fundamental studies on the nucleation of saturated

methyl esters, such as methyl palmitate and stearate.

As a baseline case, it is the aim of this study to deliver fundamental information on the
solubility and nucleation of methyl stearate measured as a function of solution environment. In
this, the solubility is assessed using the van’t Hoff analysis . This was combined with a

rigorous analysis of the associated nucleation data through the recent developed KBHR theory
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1-3]. This theory, outlined in section 2 of the paper, permits a first principle analysis of

nucleation kinetics and enables the derivation of key kinetic parameters and the

characterisation of the nucleation mechanism.

As in real-world operation biodiesel fuel is commonly mixed with traditional diesel fuel, three
different model solvents were chosen representing the variation in solvation environment, viz.

dodecane, toluene and kerosene.

2. Nucleation kinetics and mechanism
2.1. Classical nucleation theory (CNT) and its assessment

The classicaBD nucleation theorfCNT) provides a model for the prediction of the rate at
which nuclei of new crystalline phase are formed. This model given by expression (1) describe
the dependence of nucleation rgf¢ on two terms: a thermodynamic (exponential) which
accounts mainly for the effect of temperature, supersaturation (&ti@nd the effective
interfacial tension(y.sf) on the formation of nuclei ana “kinetic” one (pre-exponential)

which described the frequency with which molecules will attach to the nucleus. The interplay

of these two termsould determine a system’s nucleation behaviour.

] =K; eXp_[an3V3ff/(kT)3(ln 5)2] (1)

WhereK; is the nucleation rate constaky, is the nuclei numerical shape factor iém/3 for
spherical nuclei an82 for cubic nucleiy, is the volume occupied by a solute molecule in the

crystal, , ande is the Boltzmann constant.
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§s== 2)

Herex is the solution’s molar concentration and x, iS the equilibrium concentration.

Supersaturation can also be expressed as the relative supersat(atias given by

expressions (3)
c=S-1 ©3)

The analysis of nucleation kinetics can be performed by either the isothermal or polythermal
methodologies which both use the concept of solution state metastability to create the
supersaturation needed to promote nucleation. The isothermal method makes use of the kinetic
expressions derived from classical nucleation theoparticular, utilising the assumption that

the induction time(r) can be taken as being inversely related to the nucleatiorf/path

contrast the polythermal method assesses nucleation through establishing the effect of cooling

rate(q) on crystallisation temperaturé€g.).

2.1.1. The isothermal method

In this method, one can calculate key nucleation parameters including the interfacial tension
(y) and the critical nucleation cluster si@€), as a function of solution supersaturation and

temperature.

In this case, many experiments ideally should be carried out i.e. typically 5-10 rdiffere

supersaturations with ca. 80 repeaiteach chosen supersaturat [27]. The analysis of this
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data is though relatively simple as nucleation rates can be directly extracted by fitting a
probability distribution of the measured induction times. A comprehensive assessment that
guantifies the uncertainty associated with the parameters estimated using this methodology is

provided in the work presented by Xiao Y. bt.

2.1.2. The polythermal method

The polythermal approach continuously varies the solution supersaturation, and hence
induction time, upon cooling and assesses the balance between excess concentration generation
via the cooling ratend the material’s intrinsic nucleation rate. The effect that supersaturations

has on nucleation is implicitly evaluated over the whole width of the metastable zone. This is
defined, for the work presented here, as the difference between the equilibrium concentration
derived from van’t Hoff analysis and the solution concentration pertinent to the temperature at

which spontaneous crystallisation occurs.

The process involves driving the solution by cooling until the induction time is effectively zero.

i.e. the point at which spontaneous nucleation takes place. Under these conditions mass transfer
due to molecular diffusion can be expected to be rapid and hence the degree of statistical
variation would be much less than that for induction times measurements. The latter is typically
recorded for lower supersaturations, concomitantly larger cluster sizes and lower levels of

molecular diffusion.

In the polythermal case, experimental data is comparatively easy to collect using automated
temperature controlled solution turbidimetric methods. As nucleation is clearly of stochastic
nature, in our analysis all the determined parameters are presented with their corresponding

standard deviation using the most reliable experimental methodology developed in our
Page 6 of 47



previous work|[3]. In this, we & shown that typically five repeats at each cooling rate are
sufficient (Section 2 of the SM provided in refereﬁe [3]) to obtain reliable data to perform an

assessment using this approach.

The analysis of polythermal data can be much more complex than the isothermal case and could

be performed using a number of different available models, both em@?ﬁnd first

principles|[31-38]. The most widely used interpretatiodBif (q) data is using the empirical

Nyvlt expressions

W| However, given the empirical nature of the Nyvlit approach, Kubota
and Sangwal3] haves-interpreted these equations in order to derive more
physically meaningful parameters. An example of the application of these approaches is
provided by Mitchell N.A. et aI.Eq where key kinetic parameters were derived for

paracetamelethanol solutions.
2.1.3. Comparison between isothermal and polythermal methods

Figure (1) compares the different approaches used in each of the methodologies to collect
experimental data. Using a turbidimetric technique, in the isothermal method a clear
homogeneous solution is rapidly cooled to a given supersaturation where the solution is kept
until crystallisation is detected through the increase in the solution’s turbidity, after a given
induction time(z). On the other hand, in the polythermal method a solution is cooled
continuously at a given rate, until crystallisation is detected through the increase in the
solution’s turbidity. Although in the isothermal method the onset of crystallisation is monitored

at the same temperature (or supersaturation), this method is up to a certain extent inherently
polythermal as the solution has already gone through a number of different temperatures (or

saturations) during the initial rapid cooling to the chosen supersaturation. Although the two
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methodologies are apparently quite different, interestingly, they reach the same endpoint, e.g.
as shown in Camacho D.M. etal. (Table 9 CrystEngComm, ﬁaﬂpcleation parameters
calculated via the two methodologies are broadly equivalent. For clarity to the reader on how
to establish the corresponding supersaturations using either of the two methodologies, section
1 of the supplementary information (Sl) provides also a figure in which these method are

compared based on a plot of concentration vs temperature.

Due to the nature of crystallisation in methyl esters solutions, characterised for very narrow
metastable zones and very short induction times a polythermal method was used to collect

experimental data. Details of this methodology are provided in section 4.

2.2. The Kashchiev-Borissova-Hammond-Roberts (KBHR) approach

A first principles analytical polythermal approach, the Kashchiev-Borissova-Hammond-
Roberts (KBHR), comprises a set of model equations analytically derived starting from the
Kolmogorov-Johnson-Mehl-Avrami (KIJMA) expression. Such model is analogous to
“chemical reaction progress kinetic analysis” , in which reaction progress is monitored as

a function of a dynamically changing reactant concentration, which is akin to caouting
hundreds of separate initial rate experim [35]. A key outcome of the KBHR model is the
so called “rule of three” | which can be used to discriminate between two case nucleation

mechanisms, i.e.

Progressive nucleation (P [2] where new crystal nuclei are continuously formed in the

presence of the already growing ones. In this case the measured induction times are
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associated with both the nucleation and the growth processes until the crystals reach a size

where they are detectable optically via the turbidimetric technique.

Instantaneous nucleation (I [1] where all nuclei emerge at once at the beginning of the
crystallisation process to subsequently grow and develop into crystal. In this case, strong
nucleation sites will favour the nucleation process and therefore inductions times are only

associated with the time for these crystals to growth to a detectable size.

The expressions related to both the PN and IN mechanisms, analytically derive in the KBHR

approach, are presented belﬂv [2].
2.2.1. Progressive Nucleation

The general expression relating critical undercooling and cooling rate for this mechanism is

given by expressio()

a;

lnq=lnq0+allnuc—m (4)

The relative critical undercoolin@:.) is a dimensionless quantity associated with the critical

undercooling(AT,.) given by:

U = —— )
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Similarly, the critical undercoolingT,, which represents the solution’s metastability limit in

terms of temperature, is defined as:

AT. =T, T, (6)
whereT, andT, are the solution equilibrium and crystallisation temperatures, respectively.
Expression (4) describes the dependence of the number of crystals at the detect{d pdint

on cooling rate(q) whend = 0 i.e. the volume of single crystals is unaccounted(see

derivation in SM), thus the free parameteysa, andq, are given b;EIZ]

a, = 3 (7)

a, = b (8)
VKT,

= 9

do N, 2b 9)

Where,V the volume of the solution ardis given by]

_ knvgyegff (10)
kT, 22

In this expressiont is the molecular latent heat of crystallisation
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When equation (4) is derived by means of the relative volume of crygtalsthe parameters

qo , a, anda, are defined by

3nmd
= 11
% + md+1 (11)
b
= 12
%2 md+ 1 (12)
1
3 [[(n + 1)md + 1]1K,a"? K, K[ ) md+1) (13)
077l (n+1)2 (2p)n+Dmd+ig,

Here,d is the dimensionality of crystallites growth, i.e. 3 for spheres or cubes, 2 for disks or
plates and 1 for needles.andm > 0 are the crystallite growth exponents which are related
to the different growth mechanism [36]. The= 1 case corresponds to growth mediated by
diffusion of solute towards the crystallite or transfer of solute across the crystal/solution
interface. The n =2 case characterises growth controlled by the presence of screw
dislocations in the crystallite. The parameterranges between % and in = 1/2 is for
growth controlled by undisturbed diffusion of solute, amé- 1 is for growth by diffusion of
solute through a stagnant layer around the crystallite or for normal or spiral growth limited by

transfer of solute across the crystal/solution interface: At 1 the crystallite radius increases

linearly with time ] .k, (m3~%) is the crystallites” growth shape factor f’%’é.for

spheres, 8 for cubegH, for disks,4H, for square platesH is the fixed disk or plate

thickness), an@4, for needles 4, is the fixed needle cross-sectional ar&g)is the crystal
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growth rate constant, is the gamma function ant;,,; the relative volume of crystals at the

detection point
2.2.2. Instantaneous nucleation

In the case of IN the expression for the dependence of relative critical undercooling ng cooli

rate is given below
1
Ing =1Ingq, + (E) ln[ugnﬂ)m — u(()nﬂ)m] (14)

In this expressiom, > 0, u, > u, and the parametey, is given by

1

e ™ ani, (15)

D= [+ Dag,

Where C, is the concentration of nuclei at the time at which the instantaneous nucleated

crystallites are formed andis given by expression (16)
a=-2 (16)

If additionally, the undercooling at which all nuclei spontaneously appear is small enough so

that
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u(()n+1)m « u£n+1)m (17)
Equation (14) takes the form of a straight line given by
Ing=Ing,+ (n+ 1) Inu, (18)

In q vs u, line corresponding to expression (4) is only slightly curve, thus in a not too wide
experimentalj range it can be approximate to a straight [1, 2]. This linear relationship can
be analytically derived using an arbitrarily critical undercooling as shown in ref nce [2] and
is given by expressiori®). When comparing this expression with equation (18) then from the
slope of a line of the dependence of relative critical undercooling for crystalli§atipon the
cooling rate(q), the nucleation mechanism can be stablish using the “rule of three” :

slope > 3 = PN orslope < 3 =IN

Ing=lnQ+(3+ Srmd
na=nQ md + 1

+ waz) Inu, (19)

In expression (1Bw is a positive number an@ is a parameter related 4g

Both expressions (4) and (14) are subjected to the inequalities (20) as shown in the analytical
derivation in section 1 of the SM. Which means that this analysis is restricted to small enough

values of the critical undercoolir(@) for which the inequalities are satisfied

u<0lau<li (20)
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The critical radius of the nucles*) and the numbe{i*) of molecules in the critical nucleus

can be calculated from expressions (21) and (22) given in terms of the relative undercooling

2

or = ZYerrVo (21)
Au

. 2bKkT,

L (22)

The classical 3D nucleation rate model, given in terms of the parameters defined by the KBHR

approach is presented in equation)(23

J@b) = K]e(l:ub)uz (23)

Here K; is related to the attachment frequency of monomers to the nugféis the
concentration of nucleation sité6,), and the Zeldovich factar. The latter accounts for the

probability that a critical nucleus would become a crystal and not re-dissolve.

The atachment frequencyf”) is given by either expression (24) or (25) for attachment of

monomers controlled by volume diffusion or interface transfer respecly [38]
f*=&mnr'DX,; (24)

f* = Ew'dyA™X, (25)
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where¢ is the sticking coefficient) the diffusion coefficient of colliding building units; the
concentration of colliding building unitgy* the transfer frequency of building units from
adsorbed to integrated, the thickness of adsorbed surface layer Ahthe surface area of

nucleus.

The attachment of building units to the cluster is quite sensitive to changes in the temperature,
the effect being mainly due to the viscosity. This is particularly relevant when the attachment
of monomers is controlled by volume diffusion and nucleation occurs within a temperature

range in which the solution viscosity varies strongly With

It is important to highlight here that due to the nature of the derivation of the KBHR approach,

the assessment of polythermal data using this theory is subject to the following assumptions:

1. The supersaturation at which crystallisation is detected (MSZW) has to be sufficiently small,
so that the solution viscosity does not change significantly within the assessed range
2. The former will allow the assumption that the nucleation mechanism does not change within

the range of concentrations measured on cooling

A fuller description of this theory is provided in the Sl to this paper.

3. Materials and methods

3.1. Materials

Methyl stearate, dodecane and toluene were purchase®igoma-Aldrich. The purity of the

methyl stearate used was 96% and that of the two solvents was higher than 99%. No further
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purification was carried out. Kerosene was supplied by Infineum Ltd. (Milton Hill-Oxfordshire
UK). Its hydrocarbon composition is summarised in Table 1. Its n-alkanes chain length

distribution is given in Fig.2 of the SI.

3.2. Equipment and experimental procedure for polythermal data collection

Crystallisation experiments were carried out using the Avantium Crystasysiem. This
provides a multiple reactor facility with four separate Peltier heated aluminium blocks, each of
which has a capacity to hold four magnetically-agitated 1 mL solution vials. Each bldo& can
individually programmed to follow a given temperature profile during which the variations in

the solution turbidity are followed as a function of temperature.

Solutions of methyl stearate in three different solvents dodecane, kerosene and toluene were
preparedat solutions concentrations of 200, 250, 300 and 350 g of solute per litre of solvent
for the first two solvents, and 154, 192, 231 and 269 g of solute per litre of solvent for toluene.
In order to ensure accurate measurement of temperatures, calibration of the CPyatat 16

was required. Four vials containing each of the solvents were placed in each of the blocks
which were programmed to a specific temperature in the range of 20°C to -8°C. Whilst each
block was kept at a chosen temperature, measurements of the@wpexhture witht0.5°C
accuracy were carried out by positioning a thermocouple within each of the vials. The average
of the four temperatures readings obtained in each block was plotted against the programmed
temperature and fitted by a straight line represented by the expsasstoh87x + 2.20,y =

0.96x + 1.34 andy = 0.95x + 0.99 for dodecane, kerosene and toluene respectively. These
expressions were then used to correct the experimentally measured temperature values. The

temperature-calibration lines obtathare given in thé&l.
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The solutions were subject to heating and cooling cycles, with each cycle initiated by heating
the solutions up to 40°C where they were held for 1 h to ensure complete homogenization and
then cooled to -15°C where they were also held for 1 h to allow equilibration. This temperature
profile was applied at each solution’s concentration using four different rates 0.25, 1.0, 3.2 and

9.0 °C/min for dodecane and kerosene systems and 0.25, 0.5, 1.0 and 1.5 °C/min for toluene
solutions. The range of both concentrations and cooling rates for solutions of a given solvent
was chosen to ensure accurate temperature profiles. This was achieved by setting temperatures
profiles in which crystallisation was detected above -15 °C (lowest working temperature of the
Crystal 1&) and a sufficiently wide range of cooling rates in compliance with both the
equipment cooling power capacity and the methodology applied. For the solutions where
crystallisation was detected at lower temperatures a narrower cooling range had to be used due

to the decrease in the equipment cooling capacity observed at these temperature levels.

At each rate the temperature cycle was repeated five times to obtain average values for the
crystallisation and dissolution temperatufesandT,;,. These were estimated based upon the
points in the turbidity profile at which sudden changes in light transmittance are dé&tected
Fig. 2 shows a typical experimental profile together with a representative raw data set for one

of the experimental runs.

To assess the influence of the solute and solvent molecules polarity on the solubility of methyl
stearatejts dipole moment was calculated in vacuum using three different methods: semi-
empirical:AM1, Hartree-Fock:3-21G and DFT:B3LYP/6-31G* delivering values of 1.67 D,

1.54 D and 1.52 D respectively (Ken Lewtas, private communication, September 4th, 2015).

3.3. Data analysis
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3.3.1. Solubility

The polythermal data were used to establish the solubility for methyl stearate in dodecane,
kerosene and toluene solutions by extrapolation dffRe(q) lines to 0°C/min. The solubility

was modelled according to the van’t Hoff equation given by expressior26). This expression

is derived from the general expression of solid-liquid equilibrium assuming that specific heat
capacity (ACp) can be neglected. This assumption can be applied to the analysis of methyl
stearate solubility as according to previous I89p values does not change significant

within the temperature range studied here.

AHdiss + ASdiss

In(x,) = — BT R

(26)

The strength of the solutions’ chemical interactions was assessed by comparing the solubility with the

ideal model solid-liquid equilibrium given by expression (27)

AHpys  ASpys

RT R "

In(x,) = -

In these expressions is the mole fraction of the solute in the solution at saturafios the

solution temperaturedH ;¢ (ﬁ) AHpys (ﬁ) are the molal enthalpy of dissolution and

fusion respectivelyAS ;i (ﬁ) ASqu( ) are the molal entropy of dissolution and

_J
mol K

fusion respectively and (8.314 ﬁ) is the gas constant.
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A compounds molar solubility, can be related to the solubility of its ideal state through its
activity coefficient(Y) which is given by expression (28) obtained by equating the adtivity

at the solution’s equilibrium and that of its ideal state

(28)

An activity coefficient equal to 1 indicates the solution behaves ideally i.e. the enthalpy of
dissolution is equal to zero, as the energy needed to break solute-solute interactions added to
that of breaking solvent-solvent interactions is equal to the energy released when solute-solvent
bonds are formed. On the other hahagcivity coefficientis either lower or higher than 1 this

would indicate a solution will dissolve more or less of the expected solute concentration at
equilibrium respectively. For > 1 forces of attraction between like molecules would be
favour over those of unlike molecules. Fok 1 forces of attraction between unlike molecules
would be favour over those of unlike moleculBsviations from a solutions’ ideal behaviour

can be due either to enthalpic or entropic factors and this can be established by comparing the
solubility van’t Hoff model line with that of the ideal solution under the same temperature

range. If the slopes of the lines are different, dissolution would be both enthalpic and entropic

driven. If the lines are parallel this would indicate that dissolution is only entropically driven.

3.3.2. Nucleation kinetics

Using the KBHR approach the analysis of nucleation kinetics, from polythermal experimental

data, can be performed following the procedure in the flow chart given in Fig. 3 of the SI.
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4.Results and discussion

4.1. Solubility

The average values for the collected crystallisafiprand dissolutionT,;s; temperatures
together with the corresponding standard deviat{¢iiy) as a function of cooling ratg and
concentration are presented in the SI. An example of the linear depend&pemadf,;;;; on

q is given in Fig. 3. The saturation temperaty;eobtained from the extrapolation to 0°C/min

of T,i55(q) lines at each of the solution’s concentrations, are also shown in Table 1 of the SI.

The specific data points used to model the solubility according to the van’t Hoff equation are
given in Table 2. together with the corresponding enthalpy and entropy of dissolution and
mixing (AH,,;,) and (AS,,;,). The activity coefficients and their modelled dependence on

temperature are also provided. Methyl stearate entlialidy,) and entropy of meltindAS,,,)
K] K] : :

are 53.94(—) and 0.17(—) respectively. The subtraction of these values from those of
mol mol K

enthalpy and entropy of dissolution delivered the corresponding values of enthalpy and entropy

of mixing. Thecomparative van’t Hoff lines are given in Fig. 4.

van’t Hoff plots fit well to a linear model for all solutions studied. This indicates consistency
of structure of material, at the corresponding range of temperature. Activity coefficients are all
higher than one indicating that solute-solute interactions are stronger in all cases. However, the
significant lower values obtained in toluene together with the lowest enthalpy of mixing
suggest that in these solutions solute-solvent interactions are stronger than in the other two

solvent systems.
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The highest solubility is observed in toluene and decreases as function of solvent in the
following order: toluene > kerosene > dodecane. This is in the same order of
polarity/aromaticity. Fatty acid methyl esters are organic compounds with medium polarity due
to the presence in their chemical structure of both a COO-alkyl group and a non-polar long
hydrocarbon chain. The solubility trend could be justified in terms of the solvent polarity and
the like-dissolves-like rule of thumb i@ non-polar compound will be dissolved by non-polar
solvents and vice versa. Straight chain n-alkanes such as dodecane with a dipole moment of
around 0.07 ] are non-polar molecules which will have lower affinity with methyl stearate
whose dipole moment calculated in vacuum ranges between 1.52 and 1.67 D. On the other
hand toluene will show better affinity due to a higher dipole moment equal to O D [40]
Kerosene is expected to deliver solubility higher than that of dodecane but lower than that
observed in toluene due to its composition that comprises different types of hydrocarbons

molecules including aromatic species.

According to this, it could be expected that dipole-dipole interaction between methyl stearate

and toluene molecules are stronger. Additionally, it has been hypoth asiﬁed [40, 41] that the low

activity coefficients obtained in the case of toluene are likely to be , to a great dutei,

the polarising effect created by the delocalised electron cloud around the benz ring [41].
This could cause the distortion of the electron cloud around the solvent molecule inducing
temporary dipoles among solute-solvent molecules which can be quite strong interactions in
the case of the benzene ring, due to the effect of London dispersion es [40]. This effect
appears to be manifested through the very Adiy,;, in toluene solvent, consistent with the

high released of energy associated with the formation of these solute-solvent bonds.
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The noticeable dependence of activities on temperature for kerosene solutions can be evidenc
on the steep slope of the van’t Hoff line. Higher enthalpy and entropy of dissolution in this case

are likely to be due to the range of different compounds present in kerosene, especially the
aromatic molecules, which not only differ in size but will also complicate chemical interaction

with the solute.

4.2. Nucleation kinetics

The relative critical undercooling,. at the corresponding concentrations and cooling rates are
presented in Table 1 of the SI. For each of the four solution concentrations within each solvent

system a plot of cooling ratg (?) vs. relative critical undercooling, in In-In coordinates

was then constructed to obtain the slope of the straight line fitting these data points according

to expressions (18 and 19).

Fig. 5 presents an example of the plot obtained for a concentration of 250 g/L in dodecane and
kerosene solutions and for a concentration of 192 g/L in toluene salufiba best linear

fitting to thesedata is given by = 4.21 x + 13.41, y = 3.65x + 10.76 andy = 7.16 x +

24.13 respectively. The slope and the correlation coefficknof the best-fit straight line to

the data for each concentration within the three solvent systems are presented in Table 3.

In all cases the slopes of the lines are higher than 3, suggesting that crystallisation of methyl
stearate proceeds via tA&% mechanism. Thus, according to iBHR approach, equation)4
should describe the experimental data plottednig vs. u. coordinates. The values of

a,, a, and In g, parameters obtained, using OriginPro 8.5.1., are presented in Table 3. For each
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of the solution concentrations, within each solvent system these values along with the

correlation coefficients for the fitting of equation (4) to the experialame given.

The best-fit curves between the experiment#l) values and those calculated from equation
(4) were obtained by setting = 3. An example of such a curve for the concentration 6f 25
g/l in dodecane and kerosene solutions and for a concentration of 192 g/l in toluene solution is

presented in Fig. 6.

Even though a much lower range of cooling rates wad @@ the toluene solvent (0.25 to
1.5 °C/min compared to 0.25 to°*@/min for the other two solvents) the low valueskéf
suggest that both relationships given by equations (4) and @&pafollowed. Thus, in this
particular case further analysis could be undertaken lwngohumerically equation (8) in
the SM. The numerical solution of this equation would aliawleation kinetic parameters
to be obtained that would give a better fit regarding #ymeddence of the relative volume of
crystals on the relative critical undercooling. Comparison hié trend line with the
corresponding experimental data would provide an insigbtwhether this system can be
better analysed using this more rigorous approach when cedhfmathe constraints inherent
in the analytical solution. In particular, such constmaidéscribe only the early stages of
crystallisation over which concentration can be assutmedmain virtually unchanged and
hence the dependence6f andb on C andT can be effectively ignored. If this is the case

the solution viscosity could also be assumed to remain ihrtwachanged on cooling.

Nonetheless, the analysis was still performed for tolueh#isns for comparison with the

other two solvents.
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According to equation (81, equalsb, a dimensionless thermodynamic parameter defined by

equation (10) from which thg, s, can be calculated. The results obtainedrey, yield the
values ofq,, a parameter related through equationt¢dthe nucleation rate constaiit and

the numbew,,; of crystallites at the detection point.

The effective interfacial tensign ;s was evaluated from equation (10), usipg= 0.491 nm?
, the calculated equilibrium temperaturBs the shape factok,, = ?n for spherical

nuclei and the molecular latent heatof crystallisation estimated to b&06 x 10719,

1.16 x 1071% and9.94 x 1029 J for methyl stearate crystallising from dodecane, kerosene and
toluene respectively. These values were calculated assuming the enthalpy of dissolution
obtained from the solubility data can be equated to the enthalpy of crystallisation. In addition
to this, the critical nucleus radiu$ and numbei* of molecules were obtained from equation

(21) and (22 respectivelycalculated atu. levels obtained usinf}. values corresponding to

the extrapolation to 0°C/min df.(q) lines, at each of the four concentrations within each

solvent system. The results are given in Table 4.

The low values of the effective interfacial tension are an indication of a prevalence of
heterogeneous nucleatiod KN) mechanism for the nucleation of the methyl stearate

crystallites regardless of the solution environment and are within the same order of magnitude

of values reported earlier for n-alkarles [43-46].

The number of crystallites formed at the detection podigt, & a given crystallisation
temperature can be obtainggdperforming a mass balance using the van’t Hoff models derived
for each solvent system. Thus, using the corresponding values of mole fraction, the mass of

C18:0 per unit volume in solution with the solvent can be obtained by solving the mass
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parameter in the molar fraction relationship. The mass of C18:0 in the solid phase per unit
volume is therefore the difference between the mass of C18:0 in the initial solution and the
mass in solution at the corresponding crystallisation temperature. This value can be converted

to volume by dividing the mass of the solute in the solid phase by the corresponding density.

Finally, the number of nuclei per unit volume i, as a function of solvent and solution
concentration can be estimated from dividing the total volume of solid by the volume of a
single nucleus. The latter can be obtained using the values of the critical radius assuming

spherical nuclei.

Following this, the nucleation rate constakjsand nucleation ratg'scan be calculated from
equation (9) and (23) respectively usi¥ig= 1, the corresponding equilibrium temperatures

T,, values of the dimensionless thermodynamic parametad values of the parametgrfor

C18:0 as a function of solvent and concentration. A summary of these results is given in Table

4. The trend of these parameters is also shown in Fig. 4 8i.the

Fig. 7 provides a comparison of the trend of nucleation (Ajeésgether with the critical radius
(r*) on an iso-supersaturation basis.values were calculated using the interfacial tension

obtained for each of the solutidrencentration studied at the correspondingevels.

4.2.1. Nucleation at the detection point

Nucleation rates are observed to be higher in kerosene where the supersaturation levels at
which nucleation is detected are greater than in the other two solvents (Table 5.). The lowest

values of the rates obtained for toluene solvent can be associated with the higher interfacial
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tensions observed this casewhere the flatter nature of the slopes ofthg) lines show that
nucleation proceeds more progressively or is a more thermodynamically controlled .process
This is likely to be the result of the highest solubility of C18:0 in toluene which would favour
solute-solvent interactions over solute-solute ones. In addition to this, in toluene systems the
fraction (xf) of methyl stearate that remains in solution at the corresponding crystallisation
temperatures, are lower in comparison to those in the other two solvent systems (Table 4), as
crystallisation occurs at lower temperatures in this case. Thus, given that interfacial tensions
are inversely related tg, higher resistance to nucleation should be expected. In these solutions
a sufficient level of supersaturation is then required to overcome the free energy for nucleus
formation evidenced in the high levels @f which compares to those observed in kerosene

where nucleation rates are at least one order of magnitude higher that in toluene.

Given that lower levels of interfacial tensions were observed in kerosene followed by dodecane
solutions, it is likely thatn these solvents nucleation is controlled, either by the attachment
frequencyf™ or the concentration of nucleation sitgs This could indicate that either volume
diffusion or interface transfer of building units (molecules) would be rate limiting according to
expressions (24) and (29n the case of kerosene solvent, these conclusions are in lina with
higher range ofo at which higherx; values were observedn comparison to dodecane
solutions, allowing for both sufficient driving force nucleation and solute availability in

solution that would reduce interfacial tension.

Interestingly, although similar values of interfacial tension to those of kerosene systems were
obtained in dodecane solutions, the nucleation rates in the latter case where significantly lower

by one order of magnitude. Given the expectedelostrength of both solvent-solvent and
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solvent-solute intermolecular interaction, due to the non-polar nature of dodecane molecules,
the diffusion of solute molecules should not be rate limiting and therefore sufficient levels of
attachment frequency should be possible to reach. Based on these observations and accounting
for the definition of nucleation rate given by equation (23), it is likely that in these systems
nucleation rates are then hindered by the availability of nucleationCsitelsie to the lower
solubility of methyl steareate in dodecane that would allow a lower amount of solute per unit

volume.

4.2.2.Nucleation at the same levels of supersaturatiofo)

If the analysis is performed comparing nucleation parameters at equal levels of solution
supersaturation (Fig. 7), nucleation rates are higher in dodecane followed by kerosene and
toluene solvent. The differences between dodecane and both kerosene and toluene solutions
rates increase with an increaseanup to even one order of magnitude at supersaturations
higher than 80%. In general the critical nucleus radius is higher in toluene followed by kerosene
and dodecane solutions, although this trend changes at the lowest and highest solution
concentration studied in which kerosene solutions shows the highest and lowest values of this

parameter respectively.

Given that the critical nucleus radius are directly related to interfacial tension, these
observations confirm that interfacial tensions are rate limiting in toluene solvent over all the
range of supersaturations chosen. Interfacial tensions in kerosene are closer in magnitude to
those observed in dodecane solvent, while delivering nucleation rates closer in magnitude to
those observed in toluene solutions. The latter complement the discussion presented in the

previous section in the sense that this effect could be associated to the complex composition of
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kerosene, which comprises molecules of different types including paraffins, cycloalkanes and
aromatics, that could hinder the diffusion processes associated with molecular attachment into

the nucleus and therefore decrease the attachment freqyéncy

Interfacial tensions were observed to be the highest in kerosene at the lowest solution
concentration becoming closer to those observed in dodecane and below to those of toluene
solutions as solutions concentration increases. This could be associated with an increase in the
thermodynamic barrier to nucleation at lower concentrations where solute-solvent interactions

would be favoured.

In the case of dodecane solutions the lowest values of interfacial tensions are in line with a
more kinetically controlled process as discussed in section X4Thé& lower values of this

parameter can be associated with the lower solubility of C18:0 in dodecane that favour solute-
solute interactions. Likewise, attachment frequencies should be favoured by an easy de-
solvation process due to the low solute-solvent strength interactions indicating that nucleation

is likely to be hindered by the low values@ft

The differences in the tendency observed when nucleation is analysed at the detection points
in comparison to the sanaelevels suggests that the complex composition of kerosene solvent
significantly influence the nucleation process. In this case the role of thermodynamic and
kinetics is more interconnected due to the different type of intermolecular interactions that

would affect de-solvation and diffusion process as well as solubility.

A summary of the obtained solubility and nucleation kinetics parameters as well as some

conclusions related to each section are given in Table 5.
Page 28 of 47



5. CONCLUSIONS

The solubility and nucleation of methyl stearate crystallising from dodecane, kerosene and
toluene was studied. Solutions of C18:0 in all cases show lower solubility than that of an ideal
solution with the highest solubility obtained in toluene followed by kerosene and dodecane

solvents. The analysis showed that in all cases a progressive nucleation mechanism and
crystallite interfacial tensioQy,ss) values between 0.94-1.55, 1.21 - 1.52 and 1.18—:%88

for methyl stearate crystallising from dodecane, kerosene and toluene respectivielgtidluc

rates calculated using the obtained valueg.gf and the number of crystals at the detection

nuclei

point(N,,,) ranged between 4.56 x*fand 1.79 x 1

with the highest rates predicted

mL sec’

for methyl stearate crystallising from kerosene solutions. This trend changes when the analysis
is performed at the sanaelevels where nucleation rates were the highest in dodecane solvent.
This is effect is thought to be due to the complex nature of kerosene in which the interplay

between de-solvation, diffusion process and solubility plays a more important role.
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a Dimensionless molecular latent heat of crystallisation
a. Solution activity
A* Surface area of nucles?)

b Dimensionless thermodynamic parameter

C;ie Equilibrium nucleus concentratigim=3)

C, Concentration of nucleation sites or instantaneously nucleated crystafiités
f* Attachment frequency of monomers to the nucleus

J Nucleation rat€m=3s71)

K; Nucleation rate constaitn>s~')

k,, Nucleus numerical shape factor

n Crystallite growth exponent

N4.¢ Detectable number of crystallites

q Cooling rate(K s~ 1)

qo Parameter in the.(q) dependence for bothW andIN (K s™1)
Q Parameter in equation (10) relatedjgo

T Solution temperaturéx)

T, Crystallisation temperatur&)

Taiss Equilibrium dissolution temperatuf&’)

T, Solution saturation (or equilibrium) temperat(kg

AT, Critical undercooling for crystallisatiofk)

v, Volume of solute molecule in cryst@h?)

V Volume of solution(m?)

x Mole fraction of solute in solution

x. Equilibrium mole fraction
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X;iqeq: ldeal equilibrium mole fraction
X, Concentration of colliding building units

Z zeldovich factor

AH,,, Molal enthalpy of meltind/mol™1)

AS,,, Molal entropy of meltingJmol=1K~1)

AH,;. Molal enthalpy of dissolutio@fmol™1)
AS,;<s Molal entropy of dissolutioifmol™ K1)
AH,,;, Molal enthalpy of mixingJmol™1)

AS,,.; Molal entropy of mixingJmol™1K 1)

i* Number of molecules in critical nucleus

r* Critical nucleus radiugm)

o Relative supersaturation

o.ri¢ Critical relative supersaturation

u. Relative critical undercooling for crystallisation
Y Activity coefficient

Yess Effective interfacial tension of crystal nucleussif HEN (mJ m~2)
A Molecular latent heat of crystallisati@f)

p Density

& Sticking coefficient

w Positive number in expression (10)

w™ Transfer frequency of building units from adsorbed to integrated

LIST OF ABBREVIATIONS
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HEN Heterogeneous nucleation

HON Homogeneous nucleation

IN Instantaneous nucleation

KBHR Kashchiev-Borissova-Hammond-Roberts approach
MSZW Metastable zone width

PN Progressive nucleation

SD Standard deviation

3D Three dimensional
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Supplementary Information. Additional and more detailed materials are provided as a
supplement to the paper including: comparative schemes for the isothermal or the polythermal
method based on a concentration vs temperature profile, the full derivation of the set of
expressions that comprise tiBHR approach kerosene n-alkanes chain length distribytion
temperature calibration lines for the Crystal 16 unit , flow chart describing how to dpply
KBHR approach for the analysis of nucleation kinetics from polythermal experimental data
experimental crystallisatiofi. and dissolutiorT;;ss temperatures as a function of cooling rate

q andcomparative figures of nucleation kinetics parameters for methyl stearate crystallising

from dodecane, kerosene and toluene solvents at the experimental crystallisation temperatures.
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Tables and Figures

Table 1. Composition of Kerosene from 2D Gas Chromatography analysis perined by Infineum UK

Hydrocarbon Mass %

Paraffins unbranchgd alkanes 16.29
Iso-paraffins 23.04

Cycloalkanes Naphthenes 42.40
Alkyl Benzenes 7.60
Benzocycloparaffins 6.80

Aromatics Naphthalenes 3.43
Biphenyls/acenaphthenes 0.30

Fluorenes 0.15

Table 2. Solubility, enthalpy and entropy of dissolution and mixingfor methyl stearate in three different solvents,
together with corresponding activity coefficients. Parameters values tdined by modelling solubility data according to
the van’t Hoff plot. (The errors of the slope and the interceptor enthalpy and entropy of dissolution refer to the 95%
confidence interval)

molar AHdiss ASdiss AHmix ASmix Y
Solvent | T (°C) | fraction (ﬁ) ( K] ) (K]> ( KJ )20°c InY=aT +b
(xe) mol mol K mol mol K
18.70 | 0.132
dodecane | 2109 | 0.160 | 63554+10.860| 0.20+0.037| 9.61 | 003 | 2.01 | —0.013T + 0.96
22.18 | 0.186
24.12 | 0.210
17.25 | 0.123
19.21 | 0.149
Kerosene —o-ot—5773 69.80 +2.874 | 0.22+0.098| 1587 | 0.05 | 1.85| —0.022T + 1.06
22.01| 0.196
1.90 | 0.052
436 | 0.064
Toluene 504 T 0076 59.84 +3.785 | 0.19+0.014| 5.90 0.02 | 1.14 | —0.009T + 0.31
7.50 | 0.088
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Table 3. Slopes of the best linear fit to data points iln q vs.In u, coordinates and correlation coefficients; values of
the free parametersa4, a, and In q, obtained from the data fitting in In q vs.u, coordinates according to equation (%

and correlation coefficients (the errors of the slope and the free pameters refer to the 95% confidence interval)

Con. Slope of Iiﬁé:ar Nucleat!on a @ =b Ing ¢ (5) fift?izn,g
(g/L) Inu, vs.Inq fitting Mechanism| "1 2 0 0\ equation
(4)
dodecane
200 3.50 0.96 PN 3 | 7.44 x10%4+4.15x 16° | 9.29+0.26 | 10812.30 0.98
250 4.21 0.94 PN 3 | 2.19x10%+8.71 x 16 | 9.35+0.37 | 11548.60| 0.97
300 3.89 0.89 PN 3 | 1.39x10%+1.09 x 16* | 9.54+0.60 | 13936.82| 0.92
350 4.30 0.90 PN 3 | 3.30x10%4+1.69 x 10* | 9.10+0.55 | 8917.04 0.94
Kerosene
200 4,92 0.95 PN 3 | 5.21 x10*+1.46 x 16* | 8.98+0.37 | 7967.05 0.97
250 3.65 0.94 PN 3 | 1.32x10%+1.09 x 16* | 8.64+0.42 | 5639.21 0.95
300 4.22 0.99 PN 3 | 2.62x10%42.94x 16 | 8.70+0.09 | 5998.83 0.99
350 3.92 0.95 PN 3 | 2.39x10%4+1.03 x 10* | 8.6740.33 | 5847.80 0.97
Toluene
154 3.98 0.56 PN 3 | 1.76 x10%4+4.08 x 10* | 7.94+1.26 | 2815.71 0.57
192 7.16 0.94 PN 3 | 6.83x10%42.04x 10* | 9.59+0.64 | 14662.96 0.94
231 6.65 0.54 PN 3 | 7.09 x10%48.21 x 16* | 9.38+2.35 | 11823.57 0.55
269 6.42 0.79 PN 3 | 5.32x10%43.72x 10* | 9.38+1.26 | 11852.21 0.78

Table 4. Nucleation kinetics parameters and nucleation rates for riteyl stearate crystallising from three different
solvents at four different solution concentrations. The critical radius number of crystals at the detection point and
nucleation rates are calculated au, corresponding toT values obtained by the extrapolation to 0°C/min ofT.(q))
lines x, is the equilibrium solubility, u, the relative critical undercooling, x; is the fraction of methyl stearate that
remains in solution at the corresponding crystallisation temperatues o is relative supersaturation,y is interfacial
tension, r* is the critical nucleus radius,i* is the number of molecules in the critical radiusN 4 is the number of
crystals at the detection point and the nucleation rate

Solvent ( mol solute ) u, Xy o mJ\ | r*(nm) | i* N et nuclei

¢ \mol solution ¥ <W) ]< mL s )

0.132 0.010 0.10 0.32 0.94 0.84 5 | 2.43x16° | 6.70 x 10°

dodecane 0.160 0.013 0.12 0.37 1.35 0.99 8 | 2.07x10° | 9.04 x 108
0.186 0.011 0.13 0.38 1.16 0.98 8 | 2.57x16° | 1.06x 10Y

0.210 0.015 0.15 0.44 1.55 1.00 8 | 3.16x10° | 1.27 x 107

0.123 0.017 0.07 0.66 1.91 0.94 7 | 2.64x10° | 1.24 x 107

Kerosene 0.149 0.014 0.10 0.50 1.21 0.74 4 5.83x10° | 1.48 x 107
0.173 0.015 0.11 0.55 1.52 0.84 5 5.11x10° | 1.79 x 107

0.196 0.015 0.13 0.54 1.48 0.85 5 | 5.47x10° | 1.68x 10v

0.052 0.016 0.03 0.55 1.18 0.73 3 | 3.93x10° | 7.08 x 10¢

Toluene 0.064 0.016 0.04 0.49 1.86 1.17 14| 1.08x10° | 4.56 x 108
0.076 0.017 0.05 0.58 1.88 1.07 10| 1.87 x10° | 1.04 x 107

0.088 0.015 0.06 0.49 1.71 1.13 12| 1.64x10° | 6.53 x 108
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Table 5. Summary of parameters obtained through the combinedssessment of solubility, and nucleation kinetics of
methyl stearate in three different solventsY is the activity coefficient,AH 4;5, and AS 4;¢¢ are the enthalpy and entropy
of dissolution respectively AH,,;, and AS,,.;, are the enthalpy and entropy of mixing respectivelyy is the interfacial

tension, r*is the nucleus critical radius andJ is the nucleation rate

Assessed Assessed Conclusion
N Dodecane Kerosene Toluene
criteria parameters
Solubility level Lowest Intermediate Higher All systems behave less than ideal
activities are higher than one. Howev
Y (20°C) 2.01 1.85 1.14 higher values in dodecane followed
kerosene solutions indicate either sol
KJj solute or solvent-solvent interactions §
AH yi5s (m) 63.55 69.81 59.84 favoured in these systems. Solute-sol\
Solubility K] interact'ions are similar to those of s'ol'u'i
AS giss (_) 0.20 0.22 0.19 solute in toluene solutions as activiti
mol K close to 1, this is further supported by |
KJj lowest enthalpy of mixing. The highe
AH i (ﬁ) 9.61 15.87 590 values of both enthalpy of dissolution aj
mixing in kerosene solution eviden
AS,. ( KJ ) 0.03 0.05 0.02 strong dependence of activities
mol K temperature.
Relatively higher values of interfaci
Rangeo 0.32-0.44 0.50-0.66 0.49-0.58 tensions in toluene seem to hind
nucleation in this solvent. Althougd
Rangey(m—ﬁ) 0.94-1.55 1.21-1.52 1.18-1.88 | interfacial tension values are close
m dodecane and Kkerosene solutio
Nucleation nucleation in the former is one order
Ranger* (nm) 0.84-1.00 0.74-0.94 0.73-1.17 | magnitude lower. This could indicate I
available nucleation sites in the
. 6.70 x 10° 4.56 % 10° solutions, due t.o the low solubility d
nuclei . — . -
RangeJ (E) 197 5 167 (1.24- 1.79) x 107 04 % 167 methyl stearate in dodecane.

*These results are presented together with those obtained for thessessment of morphology and crystal growth
Kinetics, for the same solutions’ systems, in Camacho D.M. et al., Morphology and Growth of methyl stearate as a
function of crystallisation environment, Cryst. Growth Des., (2017), 1563-575
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Fig. 2 a) Typical experimental profile using Crystal 168 by applying the polythermal method. b) Representative
turbidity profile in transmittance vs. temperature coordinates obtined by the application of a polythermal method
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Fig. 3 Crystallisation T, and dissolutionT 4;5; temperatures as a function of cooling ratey for solution concentrations
of 250 g/L for methyl stearate crystallising from dodecane andétosene solvents andf 192 g/L for methyl stearate
crystallising from toluene solvent
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Fig. 4 van’t Hoff plot for methyl stearate in three different diesel type solvents. Solid lines represent experimental
solubilities and the dashed line the ideal solubility. Experimentatolubilities were obtained by extrapolation to 0°C of
T 4iss(q) lines & four different solution’s concentrations
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Fig. 6 Increase in relative critical undercooling with the naturallogarithm of cooling rate. The points represent the
data for crystallisation of methyl stearate in solution with a) dodeane 250 g/L b) kerosene 250 g/L and c) toluene 192
g/L; the line illustrates the best fit according to equation (4)
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Fig. 7 Tendency of critical radius(r*) and nucleation rates(J) as a function of supersaturation(e) for C18:0 growing
from dodecane, kerosene and toluene solvents using parametetarived for the range of concentrations studied.
Concentration increases from left to right and from top to bottom
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