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Abstract

Biodiesel is a diesel-related fuel manufactured from vegetable oils, recycled grease,
or animal fats. It is technically competitive with, or offers technical advantages when
compared to, conventional diesel fuel. However, the freezing and gelling behaviour
of many biodiesel formulations are potentially limiting their applications. It is known
that the use of additives is an efficient way to improve the cold flow properties of

formulated, so it is very important to clarify the mechanism and effect of additives.

Molecular cluster modelling work has been explored to study the effect of additives
on crystallization temperature, meta-stable zone width and solubility. A new method
has been developed for the prediction of crystallisability through the comparison of
structural variability of molecular clusters of pure naphthalene, pure biphenyl, and
naphthalene in the presence of biphenyl and vice versa. The approach has been
validated through the experimental determination of crystallization temperatures and

meta-stable zone width.

The predicted growth morphologies of methyl stearate have been derived through
attachment energy calculations and the resulting surface chemistry of the
morphological habit faces characterized. Molecular simulations using grid search
methods combined with experimental observed images were used to investigate the

solvent-mediated effect on crystal habits of methyl stearate.

Tubidometric studies employing a 100ml batch crystallizer operating in a polythermal
mode confirmed the change of crystallization temperature and the meta-stable zone
width of methyl stearate with or without additives. Related crash-cooling studies
enabled the characterization of crystallization kinetics with or without additives

through examination of set points as a function of supersaturation.



List of Figures

Figure 1.1: Transesterification Reaction.

Figure 1.2: Molecular structure of triglyceride and biodiesel, (a) Fats and oils
have quite big molecules with a spinal of glycerol on which three
fatty acids are bonded; (b) Transesterification: fatty acids are
removed from the glycerol and each is bonded with
methanol/ethanol; (c) Products are 1 mole glycerol and 3mol of
fatty acid methyl ester.

Figure 1.3: Schematic illustrative route-map presenting the main components
involved in this thesis.

Figure 2.1: The unit cell and lattice parameters of the two dimensional pattern.

Figure 2.2: Three-dimensional unit cell, crystallography axes a, b, ¢ and the
lattice parameters a, b, c, a, p, V.

Figure 2.3: Crystallographic directions.

Figure 2.4: Some important planes in the cubic system along with their Miller
indices.

Figure 2.5: The reference axes used to characterise the seven crystal
systems.

Figure 2.6: The 14 Bravais lattices. Note that the lattice points are exaggerated
in size and are not atoms. The monoclinic lattices have been drawn
with the b-axis vertical, to emphasise that it is normal to the plane
containing the a- and c- axes.

Figure 2.9: Supersolubility curve and regions.

Figure 2.10: Meta-stable supersaturation against temperature for several types
of nucléation process.

Figure 2.11: The process of nucléation from disorder molecules to embryos
and then to nuclei.

Figure 2.12: Free-energy change for homogeneous nucléation showing the
relationship between nucleus and free energy.

Figure 2.13: Free energy changes as a function of cluster size and
supersaturation. Curve (a) at low supersaturation and curve (b) at
high supersaturation.

Figure 2.14: Effect of supersaturation on the nucléation rate.

Figure 2.15: Nucléation on a foreign particle for different wetting angles.
Figure 2.16: a-c Two-dimensional nucléation.

Figure 2.17: Attachment of a growth unit into a kink site.

Figure 2.18: Development of a growth spiral from a screw dislocation.

Figure 2.19: Representation of the equilibrium form of a crystal: the Wulff plot.



Figure 2.20: PBCs (solid arrows, A, B, and C) and an F face {100}, an S face
{110}, and a K face {111} in PBC (HP) theory.

Figure 2.21: Distinct adsorption sites for additives and impurities: (a) kink, (b)
step, (c) ledge.

Figure 2.22: The relationship between lowest energy and equilibrium atomic
separation.

Figure 2.23: Energy minimization of facetted molecular clusters for a and }
polymorphic forms of L-glutamic acid showing that the meta-stable
form is more stable at small cluster size (a) non-optimized
structures; (b) minimized structures;(c) optimized structures.

Figure 2.24:Schematic structure of turbidity probe.

Figure 3.1: Ex situ optical DICM images of {111} NaCl crystal surfaces grown
from a water solution with CdCI2 added as impurity: (a) typical
{111} surface; (b) ex situ DICM optical image of a {111} surface
showing bunch patterns close to the edges of the face. These
undulated steps are not observed at the centre of the crystal

surface.

Figure 3.2: AFM images of (111) NaCl crystal surfaces grown from an
aqueous NaCl solution with CdCI2 added as impurity, showing: (a)
monomolecular steps; the step height is about 0.3 nm. Each
monomolecular step consists of one Na+ layer plus one CI- layer;
(b) atomic resolution structure. The oriented patterns of the single
bright spots refer to the positions of single ionic species. The
observed interatomic distances are 0.4 nm.

Figure 3.3: Optical image of epitaxial CdCI22NaCI-3H2) crystals: (a) needle-
like patterns, assigned as a twin pair (made) consisting of a (non-
visible) crystal with its basal(OOQIl) plane parallel to the (111)
substrate surface and a (visible) twin inclined with respect to that
plane; (b) hexagonal plates presenting non-twinned
CdCI22NaCl'3H2) crystals with their basal (0001) plane parallel to
the (111) NaCl surface.

Figure 3.4: Typical examples of three growth shapes of NaBr03 crystals
grown from the solutions doped with acetic acid (1.15mol %). (a)
{100} (cubic habit), after growth of 17min. (a) indicates {100}. A

growth temperature is 33°C, In(C/C,)=0.14 . (b) {111}
(tetrahedral habit), after growth of 24min. (b) indicates {111}.
Growth temperature is 30°C, IN(C/C,)=0.09 . (c) {100} and

{111} (intermediate habit), after growth of 8h (a) and (b) indicated
{100} and {111}, respectively. Growth temperature is 50°C,

In(C/C,) = 0.01.

Figure 3.5: Morphodrome of NaBr03 (a) grown from pure solution; (b) in the
presence of acetic acid of 1.15mol%.

Figure 3.6: Photographs of TCC as-grown crystals: (a) pure (b) 10 mol%
Co(ll)-doped and (c) 5mol% urea-doped.

Figure 3.7: Powder X-ray diffraction curves of TCC crystals: (a) pure and (b)
10mol% Co(ll)-doped.



Figure 3.8: T-IR spectra of TCC crystals: (a) pure and (b) 10mol% Co (ll)-
doped.

Figure 3.9: SEM of TCC crystals: (a) pure, (b) 1mol% Co(ll)-doped, (c) 5mol%
Co(ll)-doped, (d) 10mol% Co(ll)-doped and (e) 1mol% urea-doped.

Figure 3.10: Molecular formula of a-lactose (a) and representative habit of
single crystal obtained from water (b).

Figure 3.11: Photographs of representative La-FI20 crystals with increasing
supersaturation in the absence of (@) and in the presence of (b)
10% (w/w) of a structurally related additive (p-cellobiose).

Figure 3.12: Photographs showing the evolution of the crystal habits as a
function of the proportion of structurally related additives: p-
cellobiose (a) and a-glucosamine hydrochloride (b), with

corrected: J3nl =1.4.

Figure 3.13: Evolution of the crystal lengths along the 3 main axes as a
function of the proportion of structurally related additives: p-
cellobiose (a) and a-glucosamine hydrochloride, crystal length (b).

Figure 3.14: Hypothetical substitution of a a-galactose molecule in the
structure of La-H20 simulating the probable adsorption
mechanism along b and -b directions.

Figure 3.15: Possible adsorption of a glucosamonium unit in the crystal
structure of La-H20 by replacement of galactose unit (a) or the

glucose unit (b).

Figure 3.16: SEM images of a parecetamol crystal: (a) pure parecetamol; (b) in
the presence of 4 mol% acetanilide; (c) in the presence of 4 mol%

metacetamol.

Figure 3.17: Representation of the crystal structure of paracetamol
(acetaminophen).

Figure 3.18: lllustration of the interactions with origin paracetamol
(acetaminophen) molecule and the molecule defined by the
1 1

symmetry operator “X + ? ?—y v Z .

Figure 3.19: Scanning electron photomicrographs of DPH crystallized from
methanol in the presence of the following concentrations of
PMDPH: upper left, Ogl'; upper right, 1gl’; lower left, 5gI'%; lower
right, 7gl"\

Figure 3.20: Specific surface areas of DPH crystallized from methanol
containing various concentrations of PMDPH. Each data point is
the mean value of two separate batches.

Figure 3.21: SEM images of ammonium sulphate crystals obtained in low-
temperature experiments from pure solution (left) and in presence

of 100ppm Al" (right).

Figure 3.22: Induction times for secondary nucleation for pure ammonium
sulphate solutions and in presence of aluminium ions.



Figure 3.23: The growth kinetics of ammonium sulphate - in pure solution at
different residence times and in the presence of Ali+ at 2h
residence time.

Figure 3.24: Nucleation rates measured in the pure and impure system.

Figure 3.25. The growth-retarding effect of impurities on the crystallization
kinetics of ammonium sulphate.

Figure 3.26: Simplified scheme of the general relationship between relevant
crystallization parameters.

Figure 3.27: Growth kinetics of PE in pure aqueous solution and in agueous
solution containing formic acid from batch runs at 30°C.

Figure 3.28: Growth isotherms of {100} (a) and {110} (b) forms of sucrose
crystals in pure and raffinose doped solutions.

Figure 3.29: The dissolution profiles of untreated carbamazepine sample and
carbamazepine crystals obtained from alcohol solutions in the
absence or presence of various additives.

Figure 3.30: SEM of (a) untreated cambamazepine, and those grown in
alcohol in the presence of (b) no additive, (c) 0.1%w/v PEG4000,
(d) 0.1% w/v PVP K30, (e) 0.1%w/v Tween 80.

Figure 3.31: Longitudinal growth rates as a function of supersaturation at
different additive concentrations. Vertical bars indicate standard

deviations.

Figure 3.32: Longitudinal growth rate constant vs additive concentration.
Vertical bars indicate standard errors estimated when applying a
least-square fit to the longitudinal growth rate data. The datum
point for seeds A at 5 wt% was completely the same as that for

seeds B.

Figure 3.35: Longitudinal distributions of product crystals of hydroquinone
obtained form unseeded batch cooling crystallization, (b) Lateral
distribution of product crystals of hydroquinone obtained form
unseeded batch cooling crystallization.

Figure 3.36: Molecular structures of compound 1 and the structurally related
additives.

Figure 3.37: Crystal packing of compound 1 polymorphs: (a) form A viewed
along the c-axis; (b) form B viewed down the b-axis; and (c) form C
viewed parallel to the c-axis. Hydrogen bonds are represented by
the aqua dashed lines. The circled areas indicate the growth units
of each form.

Figure 3.38: Influence of additives on the transformation behaviour of
compound 1 at 30°C.

Figure 3.39: Mappings of phenyl benzoate molecule (blue) onto a salol
molecule (red) according to similar chemical strucuture fragments.
Two examples from the set of possible mappngs are illustrated.

Figure 3.40: The turbidity plot for wax and inhibitor 1(C16) mediated wax
solution at 0.10C/min, showing 7'twand 7°A<(.



Figure 3.41: The turbidity plot for wax and inhibitor 1(C22) mediated wax
solution cooled at at O.rC/min, showing 7'™(and7'/m.

Figure 3.42: The effect of inhibitor alkyl chain length on crystallization
temperature and MSZW. The inhibitor family is represented by
inhibitor 1 and inhibitor 2, with the chain length in parentheses.

Figure 3.43: Optical micrographs of CZ3 precipitates, (a) Precipitate formed
from a solution with CZmole fraction of 0.344. Crystals consist of
thin, overlapping plates, (b) Precipitate formed from a 0.344 molar

fraction of 7.0x10 " PA-18. Flere, the crystals form a highly
branched tree-like structure. The scale bar spans 100pm and
applies to both images.

Figure 3.44: Top and side views of the final configuration from a simulation of
eight C2ZB molecules (black) adsorbed onto a random PAl
(19%)/PA 18 (81%) copolymer (blue), which is in turn adsorbed
onto the (010) surface of a CZB crystal (surface layer depicted in

grey).

Figure 3.45: (a) n-alkane crystals obtained from K2 solution containing
500pprn EVA. (b) crystal size distribution corresponding to the
crystals of (a).

Figure 3.46: Effect of esters synthesized from 2-ethyl hexanoic acid (EH) and
branched alcohols on the Tcof Palme.

Figure 3.47: Comparative effect between linear and branched acids having 8
carbon atoms (C8 and EH) with two different branched alcohols on
Tcof Palme.

Figure 3.48: Dependence of induction period for instability (as determined by
pour point) of rapeseed oil methyl ester on the concentration of

some selected additives.

Figure 3.49: Effect of ozonized vegetable oils on cloud point (*) and pour
point (O0) of biodiesel prepared from different vegetable oils.

Figure 4.1: Formula of methyl stearate
Figure 4.2: Formula of methyl palmitate
Figure 4.3: Formula of ethyl stearate
Figure 4.4: Formula of monostearin

Figure 4.5: Formulas of additives produced by Infineum, (a) 18A18; (b) 16A16;
(c) 16B16

Figure 4.6: Molecular structure of naphthalene.
Figure 4.7: Molecular structure of biphenyl
Figure 4. 8: Schematic flow diagram of the flow system

Figure 4.9: Photographs of the connection of pipes with water bath and
distribution of pipes: (a) Photograph of pipes behind reactor; (b)
Photograph of the connection of pipes with bath.

Figure 4.10: Photographs of old and new turbidity probes: (a), (b) old turbidity
probes; (c), (d) new turbidity probe used in the experiments.

Vil



Figure 4.11: Prototype cell for observation of methyl stearate in methyl oleate

Figure

Figure

4.12: Photographs of the cold room facilities at Infineum used to

observe the crystals of methyl stearate and methyl palmitate: (a)
external view; (b) sample preparation area; (c) microscope for
observing crystal habit

4.13: The procedure describing the formalism associated with the

crystal morphology prediction from basic crystallographic
principles.

Figure 4.14: Schematic diagram showing how the lattice energy can be

Figure

partitioned between the slice and the attachment energies within a
limiting spherical zone: C is the central molecule, A is a molecule
outside the slice and S is a molecule inside the slice [130, 138,

139].

4.15: Schematic representation of the methodology for cluster

modelling used.

Figure 4.16: Schematic diagram summarizing the overall approach used to

Figure

Figure

calculate specific surface energies of crystal surface in the
presence of solution.

4.17: Schematic diagram presenting initial step of system search

method, cleaving surface from bulk crystallographic structure.

5.1 Energy minimization using the module of geometry optimization in

Material Studio.

Figure 5.2: Different projections of predicted morphology of naphthalene based

Figure

Figure

Figure 5.5:

Figure

Figure

on attachment energy calculations.

5.3: Conformations of molecular clusters for: (a) pure naphthalene

containing 5 molecules; (b) pure naphthalene containing 17
molecules; (C) pure naphthalene containing 57 molecules.

5.4 Conformations of molecular clusters for. (a) naphthalene with

5.6:

biphenyl in the centre of the cluster containing 5 molecules; (b)
naphthalene with biphenyl in the centre of the cluster containing 17
molecules; (¢) naphthalene with biphenyl in the centre of the
cluster containing 45 molecules.

Rwp parameter, calculated as a function of cluster size (a), and of
the number of step-shifts from the molecular cluster centre (b)
reflects the change of the cluster atomic coordinates from the
original crystallographic positions, corresponind to different sized
clusters of pure naphthalene: (m) 11 molecules within the cluster; (
9) 21 molecules within the cluster; (A) 243 molecules within the

cluster.
Rwp parameter, calculated as a function of cluster size reflects the

change of the cluster atomic coordinates from the original
crystallographic positions for naphthalene doped by biphenyl.

5.7: The variance of torsion angle of central biphenyl within the

naphthalene cluster plotted as function of cluster size.

viii



Figure 5.8: Distance between hydrogen atoms in the molecule of biphenyl
calculated with Material studio, (a) original molecule; (b) molecule
after geometry optimization.

Figure 5.9: Energy minimization using the module of geometry optimization

Figure 5.10: The non-bond energy change with the torsion angle varied from -
180 to 180 degree with step-angle of 10 degrees.

Figure 5.11: Different projections of predicted shape of biphenyl based on
attachment energy calculations.

Figure 5.12: Conformations of molecular clusters for: (a) pure biphenyl
containing 5 molecules; (b) pure biphenyl containing 23 molecules;
(c) pure biphenyl containing 35 molecules.

Figure 5.13: Conformations of molecular clusters for: (a) biphenyl with
naphthalene in the centre of the cluster containing 5 molecules; (b)
biphenyl with naphthalene in the centre of the cluster containing 23
molecules; (¢) biphenyl with naphthalene in the centre of the
cluster containing 57 molecules.

Figure 5.14: Rwp parameter, calculated as a function of cluster size (a), and of
the number of step-shifts from the molecular cluster centre (b),
reflects the change of the cluster atomic coordinates from the
original crystallographic positions, corresponding to different sized
clusters of pure biphenyl: (H) 9 molecules within the cluster; ()
39 molecules within the cluster; (A) 211 molecules within the

cluster.

Figure 5.15: Rwpparameter, calculated as a function of cluster size reflects the
change of the cluster atomic coordinates from the original
crystallographic positions, for biphenyl doped by naphthalene.

Figure 5.16: Torsion angle variance parameter within the molecular cluster of
pure biphenyl correlated to cluster size calculated using Equation

4-7).

Figure 5.17: Average torsion angle distributions corresponding to the radius of
shell from central molecule within a molecular cluster for pure

biphenyl: (m) 19 molecules within the cluster with VAR=50.59; (*)
109 molecules within the cluster with VAR=38.66; (A ) 211
molecules within the cluster with VAR=36.08.

Figure 5.18: Torsion angle variance parameter within molecular cluster of
biphenyl doped by naphthalene correlate to cluster size calculated

using Equation (4-7).

Figure 5.19: Comparison of Rwp parameter plotted as a function of cluster size
for all these four types of molecular cluster: (-) pure biphenyl; (-)
biphenyl doped by naphthalene; (-) naphthalene doped by
biphenyl; (-) pure naphthalene .

Figure 5.20: Conformational variation plotted as a function of number of
molecules within clusters for pure biphenyl cluster and cluster of
biphenyl doped by naphthalene: (m) pure biphenyl; () biphenyl
doped by naphthalene.

Figure 6.1: Details of crystallographic unit cells for the two polymorphs of
methyl stearate (a) A2/a; (b) Pnab

IX



Figure 6.2: Plot of lattice energy and contributions to lattice energy profiles as
a function of summation limit: (B) van der Waal force; (©)

Coulombic force.

Figure 6.3: Plot of lattice energy and contributions to lattice energy profiles as
a function of summation limit: (A ) van der Waal force; (O)
Coulombic force.

Figure 6.4: Molecular clusters containing 7 (a), 17 (b), and 59 (c) molecules of
monoclinic form and 7 (d), 17 (e), and 59 (f) orthorhombic form of
methyl stearate created.

Figure 6.5: Energy calculations of molecular clusters for monoclinic (V) and
orthorhombic (©) polymorphic forms of methyl stearate.

Figure 6.6: Crystal orientation charts derived from the unit cell geometry and
used for the morphological characterization of the ‘as grown’
crystals: (a) monoclinic form; (b) orthorhombic form.

Figure 6.7: Different projections of predicted shape of methyl stearate
(monoclinic) based on attachment energy calculations: (a) from the
z-axis, (b) from the b-axis.

Figure 6.8: Different projections of predicted shape of methyl stearate
(orthorhombic) based on attachment energy calculations: (a) from
the z-axis, (b) from the b-axis.

Figure 6.9: The images of methyl stearate in methyl oleate at different
temperatures, (a) 2.5% methyl stearate in methyl oleate at 0°C; (b)
2.5% methyl stearate in methyl oleate at -1X; (c) 2.5% methyl
stearate in methyl oleate at -2°C.

Figure 6.10: Images of methyl stearate crystallizing from different solvents: (a)
30% methyl stearate in toluene at 3X; (b) 10% methyl stearate in
dodecane at 5X; (¢) 10% methyl stearate in methyl oleate at 10X.

Figure 6.11: Images of methyl palmitate in toluene at different temperatures:
(@ 30% methyl palmitate in toluene at -7X; (b) 20% methyl
palmitate in toluene at -11°C.

Figure 6.12: Images of methyl palmitate crystallizing from different solvents:
(@ 30% methyl palmitate in toluene at -7X; (b) 2.5% methyl
palmitate in methyl oleate at -9°C.

Figure 6.13: Comparisons between morphorlogical predictions for monoclinic
(@ and orthorhombic (b) methyl stearate and experimentally
observed crystal shapes grown from toluene (d), dodecane (e) and
methyl oleate (f). Crystal orientation chart of monoclinic methyl

stearate (c).

Figure 6.14: Comparison between predicted morphologies of methyl stearate
and habits of methyl palmitate grown from toluene: (a)-(c);
comparison between morphologies of methyl stearate and methyl
palmitate both grown from toluene (d).

Figure 6.15: Crystal images of 10% methyl stearate in dodecane at 10X
showing the roughening edges of side faces and agglomeration of

crystals



Figure 6.16: Predicted morphologies modified by solvent-mediated: (a) 20%
methyl stearate in toluene; (b) 50% methyl stearate in toluene; (c)
10% methyl stearate in dodecane.

Figure 6.17: Morphology of methyl stearate observed from y direction.

Figure 7.1: Sample turbidimetric profile for polythermal cooling crystallization of
IOOg/l methyl stearate in methyl oleate: function of temperature vs

turbidity

Figure 7.2: Plot of dissolution and nucleation on-set temperature/cooling rate
for methyl stearate in methyl oleate: (a) concentration of methyl
stearate in methyl oleate is 100g/l; (b) 150g/l; (c) 200g/l; (d) 250q/I.

Figure 7.3: Plot of dissolution on-set temperature/cooling rate for methyl
stearate in methyl oleate solution showing gradient equations

Figure 7.4: Plot of nucleation on-set temperature/cooling rate for methyl
stearate in methyl oleate solution showing gradient equations

Figure 7.5: Solubility (*)and crystallization (ii)curves for methyl stearate in
methyl oleate at an extrapolated 0°C/min cooling rate.

Figure 7.6: Van't Hoff plot for methyl stearate in methyl oleate comparing the
solubility profile as a function of temperature determined
experimentally through solution turbidometric analysis and
extrapolated to a 0°C/min solution cooling rate at the 100ml scale
against the theoretical ideal solubility profile for methyl stearate
obtained from thermodynamic calculation based on DSC
measurement of methyl stearate heat of fusion. The axis
represents logarithm of equilibrium mole fraction of methyl stearate
in solution against reciprocal of system absolute temperature. The
experimental data has been interpolated to selected data points of
best linear fit.

Figure 7.7: The kinetic parameters corresponding to different concentrations of
nucleation can be determined using the Nyvit method as the
MSZW was plotted vs the cooling rate in logarithmic coordinates.
The order of nucleation was determined as the slope of the linear
plot: (¢) 100 g/l methyl stearate in methyl oleate; (A) 150g/I
methyl stearate in methyl oleate; (M) 200g/l methyl stearate in
methyl oleate; (¥) 250 g/l methyl stearate in methyl oleate.

Figure 7.8: Induction time is the time between reaching constant
supersaturation and appearance of first nuclei of methyl stearate.

Figure 7.9: Interfacial tension was calculated from the slope of the line
induction time vs supersaturation for two different concentrations

Figure 7.10: Size of the critical nucleus as a function of temperature and
supersaturation at the concentration of 100g/l reveal to be high at
high temperature and low supersaturation

Figure 7.11: Plot of dissolution and nucleation on-set temperature/cooling rate
for additives at different concentrations: (a) I8A18, (b) 16Al18 (c)

18B18, (d) 16B16, (e) 16B18.

Figure 7.12: Plot of dissolution and nucleation on-set temperature/cooling rate
for methyl stearate in the presence of 5 additives at 0.5% in methyl

oleate at the concentration of 100g/l

X



Figure 7.13: Plot of dissolution and nucleation on-set temperature/cooling rate
for methyl stearate in the presence of 5 additives at 1.0% in methyl
oleate at the concentration of 100g/l

Figure 7.14: Plot of dissolution and nucleation on-set temperature/cooling rate
for methyl stearate in the presence of 5 additives at optimized
concentration in methyl oleate at the concentration of 100g/1

Figure 7.15: Turbidimetric profile for polythermal cooling crystallization of pure
methyl stearate and methyl stearate with 18A18 in methyl oleate at
the concentration of 100g/l at 0.25°C/min: function of temperature

vs turbidity

Figure 7.16: Turbidimetric profile for polytherrnal cooling crystallization of pure
methyl stearate and methyl stearate with 18B18 in methyl oleate at
the concentration of 100g/l at 0.25°C/min: function of temperature
vs turbidity

Figure 7.17: Turbidimetric profile for polythermal cooling crystallization of pure
methyl stearate and methyl stearate with 16B16 in methyl oleate at
the concentration of 100g/l at 0.25°C/min: function of temperature
vs turbidity

Figure 7.18: Turbidimetric profile for polythermal cooling crystallization of pure
methyl stearate and methyl stearate with 16B18methyl oleate at
the concentration of 100g/l at 0.25°C/min: function of temperature

vs turbidity

Figure 7.19: Comparison of induction time for pure methyl stearate, methyl
stearate with 1% ethyl stearate

Figure 7.20: Comparison of induction time for pure methyl stearate, methyl
stearate with 1% monostearin

Figure 7.21: Comparison of induction time for pure methyl stearate, methyl
stearate with 1.5% 18A 18

Figure 7.22: Comparison of induction time for pure methyl stearate, methyl
stearate with 2% 16A16.

Figure 7.23. Comparison of induction time for pure methyl stearate, methyl
stearate with 5% 16A18 at different bottom temperatures

Figure 7.24: Comparison of induction time for pure methyl stearate, methyl
stearate with 1% 18B18 at different bottom temperatures

Figure 7.25: Comparison of induction time for pure methyl stearate, methyl
stearate with 1.5% 16B16 at different bottom temperatures

Figure 7.26: Comparison of induction time for pure methyl stearate, methyl
stearate with 1% 16B1 Sat different bottom temperatures

Xl



List of Tables

Table 11 Cold flow properties of biodiesel (B100) derived from various
feedstock lipids and alcohols”.

Table 2.1 The seven crystal system.

Table 2.2 Bravias lattice.

Table 2.3 The order of the Hermann-Mauguin symbols in point groups.
Table 2.4: Rotation, inversion and screw axes allowed in crystals.
Table 2.5 The crystallographic space group letter symbols.

Table 2.6 Symmetry elements in space group symbols.

Table 2.7 Polymorph of calcium carbonate, carbon and silicon dioxide and the
space group corresponding to these different polymorphs.

Table 2.8 Crystallization composition and processing variables.
Table 2.9 Induction time for nucleation of water vapour.
Table 2.10 Shape Factors for Various Geometries.

Table 3.1 Ranking of inter-atomic hydrogen bonding interactions for
paracetamol. The calculated lattice energy was -27.91 kcal mol'l

Table 3.2 Lattice energies calculated from sets of charge distribution and force
fields3.

Table 3.3 Low-temperature characteristics of diesel fuels in relation to
chemical structure of additive.

Table 3.4 Crystal size as obtained from optical microscopy pictures.

Table 3. 5 PP of polymeric compounds miscible with palm oil methyl esters.
Table 3. 6 The CFPP of Rapeseed Methyl Ester with Additives A, B and C.
Table 4.1 Crystallographic Data of Methyl Stearate

Table 4.2 Crystallographic information of Naphthalene cell parameters
Table 4.3 Crystallographic Data on unit cell parameters of biphenyl [130]

Table 4.4 Experimental matrix giving solution concentrations x cooling rate at
which crystallisation run were carried out on all solution systems

tested

Table 5.1 Slice energy and attachment energy for the important habit faces of
naphthalene based on attachment energy calculations

Table 5.2 Slice energy and attachment energy for the important habit faces of
biphenyl

Table 5.3 Dissolution and nucleation with standard deviation (in brackets)
onset temperatures and corresponding MSZW measurements for

four solutes in toluene at 600g/I.

xiii



Table 6.1 Intermolecular interaction strengths (kcal mol']) corresponding to the
different molecular distance calculated using Habit98.

Table 6.2 Contributions of different types of atoms in the molecule of
monoclinic methyl stearate to the lattice energy.

Table 6.3 Contributions of interactions between atoms in the molecule of
monoclinic methyl stearate to lattice energy.

Table 6.4 Intermolecular interaction strengths (kcal mol corresponding to the
different molecular distance calculated using Habit98.

Table 6.5 Contributions of different types of atoms in the molecule of
orthorhombic methyl stearate to the lattice energy.

Table 6.6 Contributions of interactions between atoms in the molecule of
orthorhombic methyl stearate to lattice energy.

Table 6.7 List of miller indices of methyl stearate based on BFDH rule.

Table 6.8 Slice energies and attachment energies for the growth faces of
methyl stearate.

Table 6.9 Assignments of the bonds to slice energy or attachment energy for
particular face of methyl stearate crystal.

Table 6.10 Slice energy and attachment energy for the growth faces of methyl
stearate.

Table 6.11 Assignment of the bonds to slice energy or attachment energy for
particular faces of methyl stearate crystal.

Table 6.12 Crystal size, aspect ratio and thickness of methyl stearate in three
solvents.

Table 6.13 Calculated attachment energies for dominant crystal habit faces of
monoclinic methyl stearate together with recalculated attachment
energies from solvent-mediated surface energies in 80% toluene
solvent, 50% toluene solvent and 90% dodecane solvent.

Table 6.14 Aspect ratio of face (002) and (011) for morphologies of methyl
stearate simulated in different solvents.

Table 7.1 Dissolution and nucléation with standard deviation in the bracket
onset temperatures and corresponding MSZW measurements for
methyl stearate in methyl oleate.

Table 7.2 The order of nucléation was determined for four concentrations of
methyl stearate in methyl oleate solution as the slope of the linear
relationship log (MSZW) vs. log (b) and the error of the least

square fit was shown.

Table 7.3 Nucléation order and nucléation rate constant for methyl stearate in
methyl oleate.

Table 7.4 Induction time of 100g/ methyl stearate in methyl oleate for two
bottom temperatures.

Table 7.5 Critical nucleus size in terms of spherical radius in the crystal
nucleus were calculated as a function of temperature and
supersaturation at the concentration of 100g/l.

XV



Table 7.6 Dissolution and nucléation onset temperatures and corresponding
MSZW measurements for methyl stearate crystallizing from methyl
oleate in the presence of additives at the concentration of 100g/l.

XV



Table of Contents

ACKNOWIEAQEMENTS. ... e 1

ADSTIACT. ... "
LISt Of FIQUIES...euiiii e e e e e e eeaaes

LiSt Of TabI@S ..o X"*

Table Of CONTENTS.....ooii s XVi

CHAPTER L et e e e e e e e 1

INEFOTUCTION . ... e e e e e s e 1

1.1 Industrial BaCKgrouNnd...............cooiiiiiiiiiiiiiiiieeeee e 2

1.1.1 BIOQIESEL .. 2

1.1.2 Cold flow properties of BiodieSel.........ccccceevviiiiiiiiiieeeeinnnnes 5

1.2 Thesis AIMS and ODJECHIVES.......uuuuiiiiiiiiiiiiiiiiiiiirieeiieeeneeeeerrneerneeenneee 6

1.3 ProjeCct Management.........c.uuuiiiiiiieeee e 7

1.4 TheSIS LAYOUL.....ccooiiiiiiieieiee e, ®

CHAPTER 2 e e e 11

Crystallization Science: Crystallography, Crystal Chemistry,
Crystallization Process, Crystal Morphology and

CharaCteriSatiON. ... 11
2.0 INtrOAUCTION. ...ttt 12
2.2 Crystals and Crystal StruCtUIeS.........oeevvviviviiieiiiiiiieeieeeeeeeeeeeeeeeeeee 12
2.2.1 Lattice, directions, planes and unit cells.............................. 12
2.2.2 Crystal system and Bravais lattiCe.............occciviiiiiieiinnnnne. 15
2.2.3 Point symmetry and point groUpP......ccceeeeeeeeveeiiiiiiiieeeeeeseeennnns 19
A S o T- o 3o | €0 U 1 o F USSP 19
2.2.5 Defects in Crystal............uueeueiiiiiiiiiiiiiii i 21
2.3 Crystal CREMISIIY....cciiiiiiiiiie e 22
2.3.1 Size and shape of molecule...........ccoooooiiiiiiii, 22
2.3.2 Inter-atomic binding fOrCes.......ccccoeiiiiiiiiii 23
2.3.3 Polymorph, solvates, co-crystal and salts..................cccoeee 24
2.4 Crystallization PrOoCESS.......cccuuiiiiiiiiieeieeeeiie e 26

XVi



2.4.1 SOlUDINtY..cooeee 26

2.4.2 SUPErSAtUratioN........ccceviiiiiiiiiiiiiiiiieie et 29

2.5 NUCIEALION. ...t 32
2.5.1 Homogeneous NUCIEatioN..........ccccceeeviiiiiiiiiiieiie e 33
2.5.2 Nucléation KIiNetiCS..........ceeiiiiiiiieiiiiii e 37
2.5.3 Heterogeneous nucléation.......................c.cc, 38
2.5.4 Secondary NUCIEAtION............ceevvevieiiiiiieiieeeeeeeeeeeeeeee e 39
2.5.5 Empirical approach for nucléation kinetics......................... 41
2.5.6 INAUCHION tIM @ ...oiiiiiiiiiiie e 41
2.5.7 Ostwald ripening and the step rule.........ccccceeiiiiiiiiiienceenn. 43

2.6 Crystal GrOWEN.......oooiiiie e 44
2.6.1 Two dimensional growth theory..........ccccviiiiiiiiicieeeeiiin, 44
2.6.2 Continuous growth model.........ooooieeiiiii, a7
2.6.3 Burton-Cabrera-Frank model.............cccccoooiiiiiiiiis 47
2.6.4 Factors affecting crystal growth...............o, 49

2.7 Crystal Morphology.........ecoiiiiiiiiee e 50
2.7.1 Forms of polyhedral crystals..............ueuveiiiiiiiiiiiiiiiiiiiiiiiennee. 51
2.7.2 Equilibrium shape of a crystal..........cccccooiiiiiiiiiiiis 51
2.7.3 Structural fFOrm ... 52
2.7.4 Growth fOrmS.. ... 55

2.8 Habit Modification by IMPUNtIES........cceevviiiiiiiiiiiiieiiieeeeeeeeeeeeee 56
2.8.1 Adsorption on crystal surface.......ccccceeviiiiii 57
2.8.2 Impact on thermodynamics and KineticS.............cccoeeeeeeen. 58

2.9 Molecular ModeliNg........cueeveiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 60
2.9.1 FOICE fIelUS..ueeiiiiieeiiiiieee e 60
2.9.2 MINIMISALION.....coi ittt 61
2.9.3 Conformation SearChing......ccccccouiiiviiiiiiieeei e 62
2.9.4 Molecular orbital theory.......ccccooiiiiiiiiii e, 63
2.9.5 Molecular cluster modelling......ccccooeeeeiiiiiiiniiis 63
2.10 Crystallization Characterization............cccceeeeeieiiiieiiiiiiiee e, 66
2.11 CONCIUSIONS. ..ciiiiiiiiiitiee ettt e e e 67
CHAPTER 3 .o 68

XVii



Effect of Additives on Crystallization ProCess.........ccccuevvevviivievieieenennenne. 68

3.1 INEFOAUCTION . .. e e e 69
3.2 Effects of Additives on crystallization properties..........ccccccvvvueeennnns 69
3.2.1 Effect of additives on crystal morphology........cccccccevinnnen 69
3.2.1.1 Inorganic additiVes...........ccceeeieiieeiiiiiiiiiee e, 69

3.2.1.2 Organic additiVES..........ccevrrvuiiiieee e, 74

3.2.2 Influence on nucléation and crystal growth kinetics........... 80

3.2.3 Influence on the transformation of polymorphic crystals ....87

3.2.4 Molecular modelling study on the effect of additives......... 88

3.3 Cold flow Improver AdditiVES........cooevviiiiiiii e, 89

3.3.1 Effect of additives on fuelS........cccccovviiiiiiiiiieeen 90

3.3.2 Effect of additives on biodiesel............ccccceeeeiiiiiiiin. 95

3.4 CONCIUSIONS ..ot 99

CHAPTER 4 . e e s 100

Materials and MethOdS. .........ooviiiiiiiie e 100

4.1 INTTOTUCTION. ...eeiiiiiiie ittt e e e 101

4.2 MATEIIAIS. ...ceiiieiieeiee e 101

4.2.1 Methyl stearate.........ccoovviiiiiiiiiiiccieees e 101

4.2.2 Methyl palmitate.........cooee i, 102

4.2.3 Ethyl stearate and monostearin...........cccccceeeiiii. 103

4.2.4 Synthesised additiVes........ccccceeiiiiiieeees 103

4.2.5 Naphthalene.........cccooooi i, 104

4.2.6 BIphenyl......ooo 105

4.3 Experimental and Computational Methods............cccccceiiiiiiiiinnnns 106

4.3.1 Experimental methodsS.........coooooiiiiiiiieie e, 106
4.3.1.1 Development of a 100ml automated

crystallization System...........ccceeiiiieiiiiiiiiiic e, 106

4.3.1.2 Slow cool procedure........cccceeeeeeeiiiiiiiiiiiiiie e, 109

4.3.1.3 Crash cool procedure..........ccccvuurrmremrnmrniiiniiiininnnenns 110

4.3.1.4 Development of the inversemicroscope................. 110

4.3.1.5 Observation of crystals in cold room..................... 111

4.3.2 Computational methods. ... 113

XVl



4.3.2.1 Morphological prediction..........cccccceeeieieeeiieiiiiiiinnn. 113

4.3.2.2 Molecular cluster modelling.........ccocvveviviiiiiiiiiennnnn. 116
4.3.2.3 Modelling morphology modified by solvent using
the systematic search method............cceevviviiiiiiiinnnneee. 118
v A @0 o] [ U] (o] o KT 121
CHAPTER 5 .ttt et e et e e e e s 122

Development and Validation of a New Molecular Modelling
Methodology for Predicting the Influence of Additives on

Nucleation and on the Early Stages of Crystal Growth................ 122
5.1 INtrodUCHION. ..o 123
5.2 Modelling StUdIES.....coiiiiiiieece e 123
5.2.1 Molecular modelling of pure naphthalene and
naphthalene in the presence of biphenyl........................... 123
5.2.1.1 Structural analysis and morphological prediction
of naphthalene...........ccco e 123
5.2.1.2 Cluster construction and calculation of Rwp........... 125
5.2.2 Molecular modelling of pure biphenyl and biphenyl in
the presence of naphthalene............cccccoiiines 130
5.2.2.1 Structural analysis and morphological prediction
Of DIPhenyl. ... 130
5.2.2.2 Cluster construction and calculation of Rwp
conformational varianCe..........cccueuveveeveeeieeeeeieeieenennen 132

5.2.3 Discussion: comparison of the change of atomic
coordinates and torsion angles within molecular

CIUSTEIS e 139
5.2.3.1 Cluster structural stability........c.ccccovviiiiiiiiiiin 139
5.2.3.2 Cluster disorder..........cccvvimieiieiiiiiiieeeeeee e 139
5.2.3.3 Implication for crystallisation ability of
COMPOUNGS...uiiiiiiiie i 140
5.3 Experimental validation...............ceueiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 141
5.4 CONCIUSIONS ...ttt e e 143
CHAPTER B ..o et a e e e e e en e 144
Molecular Modelling of Crystal Structure, Morphology and Habit
MOAITICATION ... 144
6.1 INErOTUCTION. ....eiiiiieeeieie ettt 145

6.2 Lattice energy and Intermodular & Inter-atomic Bond
Analysis for Methyl Stearate.............cocoeoee 146

XIX



6.2.1 Monoclinic methyl stearate...........ccooeeiiiiiiiiiniiiiiriieeenns 147

6.2.1.1 Bond analysSiS.......ccccccciieeiiiiiiiiieicie e 147
6.2.2 Orthorhombic methyl stearate............cccccciiiiiiieiriieiiiinnnnn, 149
6.2.2.1 Bond analysSiS.......coooiieiiiiiiiein 149
6.3 Polymorphic Cluster Stabilities for Methyl Stearate...................... 152
6.4 Morphological PrediCtion...........ccceeeeiiiiiiii e 154
6.4.1 Miller indices of methyl stearate............c.oeovvvviiiiiiiienene, 154
6.4.2 Monoclinic methyl stearate..........cccccceeeiiiiiiiiiiciccee e 156
6.4.3 Orthorhombic methyl stearate..............cccovvvviiiiiiiieneens 157
6.5 Solvent-Mediated Effect on the Morphology.......cccccevvvvviiiieeennnee. 159
6.5.1 Observed crystal morphologies of methyl stearate as
observed through cold room studies..........ccccoeeevvveiiiinnnnnnn. 159
6.5.1.1 Effect of temperature on habit modification of
methyl stearate.........coeveveiiiiiiiiiiiiiieeeeeee 159
6.5.1.2 Effect of solvent on habit modification of methyl
S R AIALE .. i 160
6.5.2 Observed morphologies of methyl palrnitate observed
through the cold room studiesS...........ccevvviiiiiiiiee e, 162
6.5.2.1 Effect of temperature on habit modification of
methyl palmitate..........ccooeveiii 162
6.5.2.2 Effect of solvents on habit modification of
methyl palmitate..........ccccueeviiiiiiiiiiiieee 163
6.5.3 Habit comparison between experimental and simulated
JATA ..o 164
6.5.4 Comparison of morphology between methyl stearate
and methyl palmitate..........ccccoiiii e 167
6.5.5 Crystal growth mechanism of methyl stearate
crystallized from SOIULION........ccooiiiiiiiie e, 169
6.5.6 Modelling solvent effect on crystal habit............................ 170
6.6 CONCIUSIONS.. .o 172
(O o N e I PP REERR 174
Crystallization Kinetics Studies Using Turbidmetric Detection.......... 174
488 R g (0T (U1 1T o PP PPPPPPPPPPPP 175
7.2 Study of Polythermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions..........cccccceeiiiiiinnnnes 175
7.2.1 Experimental resultS.......c.cccooiiiiiiiii 175

XX



7.2.2 Solubility and crystallization CUrves.........cccuvvveeveeeeenenennns 180

7.2.3 Nucleation order and nucleation rate constant as a

function of concentration...........ccccevvevviiii 183
7.3 Study of Isothermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions...........ccccoeeeeiiiiiiiinnn, 185
7.4 Study of Nucleation Kinetics for Methyl Stearate Crystallizing
from Methyl Oleate in the Presence of Additives...........c............ 187
7.4.1 Experimental reSUltS.........ovvvviviiiiiiiiiiiiiiiiieeeeeeeeeeee 188
7.4.2 Factors of the additives effect on MSZW and
crystallization temperature..........ccccceeeeeieeieiieeiiice e, 1g1
7.4.2.1 Concentration of additives..........ccceevvvvieiieiieiiennnnn, 191
7.4.2.2 Types of additiVes.........ccceeeeiiiiiiiiiiiiii e, 194

7.4.2.3 Effect of excessive additives on nucleation and
dissolution temperaturesS.......cccceeeeveeeveveeeiiiiiiiie e, 197

7.5 Study of Isothermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions in the Presence of

AGAITIVES . ..o 199
7.6 CONCIUSIONS....coiiiiie e 205
CHAPTER 8 ..o e e e e e e e a e e e eeens 207
Conclusions and Suggestions for Future WorK...........cccceevvevviiiiiieeeennn. 207
8.1 Conclusions Arising from this Study........cccooooiiiiiiiiiiiiies 208
8.1.1 Modelling of molecular clusters........cccccvvviiiiiiiierieiiiin. 208

8.1.2 Morphological prediction and investigation of observed
habit and solvent-mediated effect on habit........................ 208

8.1.3 Nucleation study of pure methyl stearate and with 8

AAAILIVES. .. 209
8.2 Recommendation for future Work............ccccceeieniiiiiiiiiiiee e 210
RETEIENCE. ..o 211
2N 0] 0 1= o [0 1SRN 222

XX



CHAPTER 1

Introduction

Summary:

The background perspective supporting this reseach and an overview of reseach
progress are presented in this chapter. A whole area of the study, combined with a
thesis route-map, is also provided.
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1.1 Industrial Background

1.1.1 Biodiesel

Biodiesel can be obtained from transesterified vegetable oils or animal fats and is
an alternative diesel fuel which can be used as a fuel in direct-injection
compression-ignition engines. Biodiesel consists of a range of methyl esters (or
ethyl ester depending on the use of methanol or ethanol in the preparation stage)
from C10to C2, sometimes referred to as FAME (fatty acid methyl esters)[1-3]. The

most common methyl esters are:
- Methyl Palmitate C,/H302
- Methyl Stearate Ci9H302
- Methyl Oleate C,9H30 2
- Methyl Linoleate C19H340 2
- Methyl Linolenate CI19H3202

Important fuel properties such as viscosity, gross heat of combustion and cetane

rating compare well between methyl esters and petroleum middle distillate [2, 4, 5].

Biodiesel fuel, it is made from used vegetable oil, methanol and sodium hydroxide.
The vegetable oil is the feedstock, the methanol is used up in the convention of the
molecules and the sodium hydroxide is the catalyst that makes the reaction
happen. Vegetable oil is a triglyceride. Sources of triglyceride feedstocks that can
be used in biodiesel manufacture include rapeseed oil, palm oil, sunflower oil,
tallow, soybean oil, used kitchen oil, castor oil, jatropha oil and peanut oil. In
Europe the main oil used is rape-seed oil, producing biodiesels known as rape-
seed methyl ester (RME) or sunflower methyl ester. In Asia the main crop used for
biodiesel production is palm il and jatropha oil, whereas in USA corn is the main
feedstock crop. Under steady-state conditions the combustion of methyl esters can
significantly reduce exhaust emissions of smoke, particulates, unburned

hydrocarbons, carbon dioxide and to a lesser degree carbon monoxide [6-8],

Methyl esters of fatty acids obtained from transesterified vegetable oils or animal

fats are suitable for use as a fuel in direct-injection compression-ignition engines

2
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and therefore are an attractive alternative to the petroleum-based fuels traditionally
used in such engines [1-3]. Important fuel characteristics such as viscosity, gross
heat of combustion and cetane rating compare well between methyl esters and
petroleum middle distillates [2, 4, 5]. Methyl esters have relatively high flash points
in comparison to petroleum distillates, for instance the flash point of methyl soyate
is 154°C whereas the flash point of petroleum diesel distillates is in the range of 52-

96°C [9], Thus methyl esters are easier to store than petroleum distillates.

Biodiesel is most commonly produced through reacting natural triglyceride oil (e.g.
vegetable oil or animal oil) with a primary alcohol (most usually methanol) over an
alkali catalyst. This process is known as transesterification and the products of the
reaction are a mixture of methyl esters and glycerol which can be extracted as a

valuable co-product. The structural formula equation for the reaction is given below:

catalyst i
1triglyceride + 3 alcohol --—-met et 3 ester alcohol + 1glycerine

G cherOI (Fatty Acid Methyl Ester:
FAMF1

Figure 1.1: Transesterification Reaction [10]

Biodiesel is technically competitive with diesel fuels. Advantages of biodiesel
include biodegradability, safer handling, inherent lubricity, reduction of most
regulated exhaust emissions, renewability, domestic origin, and compatibility with
the existing fuel distribution infrastructure. While many of the fuel properties of
biodiesel are comparable to petroleum-based diesel fuel (hydrocarbon fuels),
improvement of its low-temperature flow characteristics still remain one of the
major challenges when using biodiesel as an alternative fuel for diesel engines.
Therefore, the comprehension of crystallisation properties in the winterization
processes, i.e. nucleation and growth kinetics, thermodynamics, morphology, habit

and polymorph are very important to the development of technology to enhance

fuel cold flow properties.
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Figure 1.2: Molecular structure of triglyceride and biodiesel [10], (a) Fats and oils have quite
big molecules with a spinal of glycerol on which three fatty acids are bonded; (b)
Transesterification: fatty acids are removed from the glycerol and each is bonded
with methanol/ethanol; (c) Products are 1 mole glycerol and 3mol of fatty acid

methyl ester [2]

The crystallisation process converts materials from a homogenous solution into
three-dimensional crystals. The presence of chemical species in solution, in
addition to the solvent, can have a pronounced effect on the crystallization kinetics
and crystal habit even if present in trace amounts. This effect results from the
differing effect the impurities have on the various crystallographic faces of a crystal
[11], The facial growth rates may be increased, decreased, or remain the same in
the presence of additives [12, 13]. The effect of additives on crystallization kinetics
can be viewed from experimental measurement of methyl esters with and without

additives, and the effect on crystal habit can modelled via molecular modelling

technique based on crystal structure information.
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/.1.2 Cold flow properties of Biodiesel

In spite of its many advantages, the cold weather will impact the application of
biodiesel in moderate temperature climates (see Table 1.1). Cold weather
performance of diesel fuels is determined by measuring the tendency of a fuel to
solidify or gel at low temperatures. Cloud point (CP) is defined as the temperature
at which crystals in an oil or fuel appear [14], At temperatures below the CP,
crystals continue to grow and agglomerate eventually causing operability problems
[14]. The cold filter plugging point (CFPP) test was developed to predict more

accurately low-temperature limits [14].

Table 1.1 Cold flow properties of biodiesel (B100) derived from various feedstock lipids and
alcohols3[14]

Lipid Alcohol cp pp cEPP LIFT
°C)  (°C) (°C) (°C)
Canola ail Methyl 1 -9
Coconut oil Ethyl 5 -3
High oleic (HO) sunflower oilb Methyl -12
Linseed ail Methyl 0 -9
Olive ail Methyl -2 -3 -6
Palm oil Methyl 16 13
Rapeseed oll Methyl -2 -9 -8
Ethyl 2  -15
Safflower oil Ethyl -6 -6
Soybean oil Methyl 0 -2 -2 0
Ethyl 1 -4
Isopropyl -9 -12
n-Butyl -3 -7
2-Butyl -2 -15
Soybean oil/ tallow' Methyl 2 1
Tallow Methyl 17 15 9 20
Tallow Ethyl 15 12 8 13
Used cooking oild Methyl -1
Used hydrogenated soybean 0il0 Ethyl 7 6
Waste grease' Ethyl 9 -3 0 9

Source: Clark et al., 1983; Dunn and Bagby, 1955; Foglia et al., 1997; Fukuda et al., 2001;
Gonzalez Gomez et al., 2003; Kalligeros et al., 2003; Lang et al., 2001; Lee et al., 1995;
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Masjuki et al., 1993; Neto da Silva et al., 2003; Peterson et al., 2000; Peterson et al., 1987
Wu et al., 1998; Zhang and Van Gerpen. 1996.

aCP= cloud point; PP= pour point; CFPP= cold flow filer plugging point; LIFT= low-
temperature flow test.

bOlelc acid content=77.9wt% before conversion of biodiesel.

1 viv soybean oil methyl ester/tallow methyl ester.
Jotal saturated fatty acid methyl ester contents 9.2wt%.
eFlydrogenated to iodine value=65g 121 00g oil.

'Free fatty acids ~9wt%before conversion to biodiesel.

Biodiesel made from feedstocks containing large concentrations of long-chain
saturated fatty acids will have very poor cold flow properties [14]. FAME is found in
the majority of biodiesel fuels, and is easy to gel around 0°C. Due to this
disadvantage of biodiesel, many approaches were developed to improve the cold

flow properties of biodiesel:

* Blend with petrodiesel: Cold flow properties of FAME and fatty ethyl esters
in blends of petrodiesel can be improved and the higher the percentage of
petrodiesel, the more FAMEs exhibit better cold flow properties.

» Carry out the transesterification of the oils or fats with long or branched
alcohols.

* Reducing the total concentration of high melting components through the
crystallization fractionation of the fuel.

» Through the use of cold flow improver additives.

In this study, the effect of cold flow additives on crystallization behaviour of methyl

esters will be investigated, and the mechanism of cold flow additives will be

explored.

1.2 Thesis Aims and Objectives

Due to cold flow properties of biodiesel mentioned above, the use of cold flow
additives on clod flow behaviour will be assessed in this work. The aims of this PhD
thesis centre around the following research questions: can molecular scale tools,
such as molecular and crystallographic modelling and process analytical methods

be used to assess the nucleation, growth and habit modification of long-chain

methyl esters?



Additive tffect on the Crystallization of Alkyl Methyl Ester

Answer above question, the effects of additives will be examined through the use of

both experimental and molecular modelling techniques.

The objectives of this study were to determine the crystallization kinetics and

crystal morphology of methyl esters with and without additives.

* The crystal nucléation kinetics of methyl esters will be confirmed with the

measurement of meta-stable zone and induction time.

e The induction time and meta-stable zone of methyl esters will be

measured under the condition of polythermal and isothermal cooling.

» The measurement of induction time of methyl esters with different
additives will be used to appraise the effect of additives on nucléation and

growth kinetics.

Prediction of crystal shape and modification of crystal shape with additives will be
carried out using the HABIT98 [15] and SHAPE [16] programs.

« The effect of solvent on crystal morphology of methyl stearate will be
examined using the SYST-SEARCH [17] program.

» Optical microscopy using in the ccld room facilitated at Infineum will be

used to investigate the modification of crystal morphology by solvents.

The mechanism of additives on habit modification will be investigated from the
results of cluster modelling work. Cluster modelling work will be validated using two

simple aromatic hydrocarbon materials: naphthalene and biphenyl.

1.3 Project Management

The PhD work was carried out at the University of Leeds, UK and Infineum Ltd, UK.
The work was partly financially supported by Infineum and the Institute of Particle

Science and Engineering at University of Leeds.
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The PhD work was supervised by professor Kevin J. Roberts and Robert
Hammond at University of Leeds, UK as well as Dr lain More and Dr Ken Lewtas in

Infineum Ltd.

The crystallization experiments were carried out using the equipments and the
instruments of the crystallization laboratory in the Institute of Particle Science and
Engineering at the University of Leeds. The observation of crystal images using the

cold room was performed in Infineum and aided by Dr Ken Lewtas and Dr Stuart
Taylor.

The habit modification of methyl stearate was performed using SYST-SEARCH

with the help of Dr. Vasuki Ramachaddran at University of Leeds.

Turbidity probe for experiment designed and built in collaboration with Steve

Caddick and Tarsem Hunjan etc.

1.4 Thesis Layout

The structure of this PhD thesis is summarised in Figure 1.3. The thesis contains 8

chapters.

This chapter (chapter 1) presents an overview of the manufacture, advantages and
disadvantages of biodiesel as an alternative of fuels bring into focus the use of cold
flow additives on improving cold flow behaviour of biodiesel and how this

perspective leads to the research question and how the associated project is

managed and delivered.

Chapter 2 discusses the fundamental knowledge of the nature of the
crystallography, crystallization process notably nucléation and crystal growth,
crystal morphology and habit modification by impurities, molecular modelling

methods and characterization techniques.
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Chapter 3 reviews the literatures related to the effects of inorganic and organic
additives on nucléation, growth and crystal polymorphism transformation and cold

flow additives on cold flow behaviour of diesel fuels and biodiesel.

Chapter 4 provides information about the materials, naphthalene, biphenyl, methyl
stearate and synthesised additives together with computational and experimental

methods used in this study.

Chapter 5 describes a molecular cluster modelling approach and the application of
the methodology to crystallisability of naphthalene and biphenyl together with the
experimental results of slow cooling crystallization of naphthalene and biphenyl.
Chapter 6 details the intermolecular interactions and predicted morphologies in
vacuum for both two polymorphs of methyl stearate and habit modification of
methyl stearate in the presence of different solvents through experimental

observation and molecular modelling method.

Chapter 7 provides details of the experimental nucléation kinetics measurements of
pure methyl stearate in methyl oleate and examines the effects of synthesised

additives on nucléation behaviour of methyl stearate in methyl oleate.

Finally, chapter 8 summaries the outcome from this work and makes suggestion for

future development of this work.
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CHAPTER 2

Crystallization Science:
Crystallography, Crystal Chemistry,
Crystallization Process, Crystal

Morphology and Characterisation

Summary:

A summary of the fundamentals the nature of crystallography and crystal science
supporting the formation of crystals and crystal growth is presented.
n
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2.1 introduction

This chapter focuses on the scientific and practical basis understanding the theory
of crystallization in relation to the structure, crystallization and morphology of
crystals. First of all, the study of the crystal lattice, unit cell is introduced. After
describing the basis of crystals, crystal chemistry and space groups of different
crystals are described. Following is the introduction of the fundamental theories on
crystal nucléation and the crystal growth mechanism and crystal morphology. The
next section covers the history and the method for crystallization modelling. Finally,

the methods for characterizing crystallization process are given.

2.2 Crystals and Crystal Structures

Crystals are solids that possess long-range 3-D order. The arrangement of the
atoms at one point in a crystal is identical (expecting localised mistakes or defects
that can arise during crystal growth) to that in any other remote part of the crystals.
Crystallography describes the ways in which the component atoms are arranged in

3-D within the crystals and how the long-range order is achieved.

2.2.1 Lattice, directions, planes and unit cells

Crystals are solids in which the molecules, atoms or ions are arranged in an
ordered repeating pattern extending into three dimensions. This repeating pattern
is known as lattice. In two-dimensional design, the repeating pattern is a wallpaper
pattern repeating in all directions [18]. The pattern in three-dimensions is

correspondingly built up on space-lattice. The position of lattice point can be

defined by the vector P(uv):

P(uv) =ua+ vb (2-1)

where u and v are integers describing the position of other lattice points on the
plane, vectors a and b specify the direction and magnitude of the translation from
one point to the next along a row of points. The vectors (a and b) and the angle

(y ) between them are termed lattice parameters (see Figure 2.1).

12
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Figure 2.1: The unit cell and lattice parameters of the two dimensional pattern [19],

Three-dimensional lattices use the same nomenclature as the two-dimensional
lattices described above. If any lattice point is chosen as the origin, the position of

any other lattice is defined by the vector P (uvw):

P(uvw) = ua+ vb+ wc (2-2)

where a, b, c are the basic vectors, and u, v and w are positive or negative integers

or rational numbers.

©

Figure 2.2: Three-dimensional unit cell, crystallography axes a, b, ¢ and the lattice
parameters a, b, ¢, a, p, y [18].

The crystal axes form the edges of a parallelepiped which is known as a unit cell
[20]. Each crystal consisted of a repetitive stacking of unit cells and each unit cell

contained lattice parameters such as a, b, and ¢ (shown in Figures 2.1 and 2.2).

The reciprocal lattice, corresponding to the direct lattice, is helpful to express
the geometry of the three-dimensional patterns of scatter radiation diffracted for
example by X-rays, electrons and neutrons. The direct lattice occupies real space,
whereas the reciprocal lattice occupies the reciprocal space in which a vector

within the reciprocal lattice is perpendicular to the crystal faces of the direct unit

cell [19].

13
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A notation [uvw] is needed to specify the crystal directions where the atoms
locate in the crystal. Note that the symbol [uvw] includes all parallel directions, just
as (hkl) specifies a set of parallel planes [19] see below. The directions specify
three indices which define the coordinates of a point within the lattice. The index u

gives the coordinates in terms of the lattice repeat a long the a-axis, and the same
with the v and w. Negative values of u, v and w are written u (pronounced u bar),

v (pronounced v bar), w (pronounced w bar) [19].

[001]

[010]

The notation <uvw> is another way to express a family of related directions. In

cubic crystal the symbol <100> represents the six directions [100], [100], [010],

[010], [001], [001],

The faces of a crystal can be represented in terms of the axial intercepts. Miller
indices are usually used as a system of notation for faces of crystal or planes
within a crystal or a space lattice [20]. In 1839 W.H. Miller suggested that each
face of the crystal could be represented by indices h, k, and |, defined by

b

h= - (2-3)
Y]

where X, Y, and Z are the intercepts of the intercepts of the plane on the axes x, v,

z of the unit cell with length parameters a, b and c [21].

14
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Miller indices, (hkl), represent not just a crystal face or lattice plane, but the set of
all identical parallel lattice planes. The values of h, k and | are the reciprocals of the
fractions of a unit cell edge, a, b and c respectively, intersected by an appropriate

plane [19], This means [20]:

(1) Pinacoids are forms in which each plane intersects a single axis and is parallel

to the other two.

(2) Prism and domes each have planes cutting two axes and lying parallel to the

third.

(3) Pyramids have planes cutting the a-, b- and c-axes (see in Figure 2.4)

Figure 2.4: Some important planes in the cubic system along with their Miller indices [20],

2.2.2 Crystal system and Bravais lattice

To assign a given point in a lattice or atom in a structure, its coordinates are
related to the crystal axes. The crystal systems are a series of crystal structures
according to the axial system used to describe the lattice. Seven different crystal
systems, each with specified equality or inequality of lengths and angles, have

been used to describe the geometry arrangement.

15
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The three reference axes are labelled a, b and c, and the angles between the
positive direction of the axes are a, B and y, where a lies between +b arid +c, p
lies between +a and +c, and y lies between +a and +b, (Figure 2.5). The angles
are chosen to be greater or equal to 90° except for the trigonal system, as
described below. In figures, the a-axis is represented as projecting out of the plane
of the page, towards the reader, the b-axis points to the right and the c-axis points

towards the top of the page. The arrangement is a right-handed coordinate system

[191-
Table 2.1 The seven crystal system [19]
Crystal Family Crystal System Axial relationships
Isometric Cubic g = == m=“§:§=g;lb
Tetragonal Tetragonal a=btc ,a=RB-y~ 90°
Orthorhombic Orthorhombic a"b”c,a-B-y-90°
Monoclinic Monoclinic a*b*c,a=90° B*9Q°, y=90°
Anorthic Triclinic a*b*c,a*90°, Ba90° y* 90°
Hexagonal Hexagonal a-bi=-c,a=R8=90°, y=120°
Trigonal or = = o= = =2 %o
Rhombohedral a=///c,a'=R"=90° y'=\20°

(hexagonal axes)

Figure 2.5: The reference axes used to characterise the seven crystal systems [19]

16
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Fourteen possible three-dimensional lattices, called Bravais lattices, are pictured in
Figure 2.6 [19], and listed in Table 2.2 [19]. Bravais lattices are sometimes called
direct lattices. Bravais lattices are defined in terms of conventional crystallographic
bases and cells. The rules for selecting the preferred lattice are determined by the

symmetry of the lattice. In brief, the main conditions are [19]:

() The three basis vectors define a right-handed coordinate system, that is, a (or x)

points out of the page, b (ory) points to the right and c (or z) is vertical.

(i) The a, b and c basic vectors for a cubic lattice are parallel to the three four-fold

symmetry axes.

(i) The basis vector ¢ for the hexagonal lattice parallel to the unique six-fold
symmetry axis; a and b are along two-fold symmetry axes perpendicular to ¢

and at 120° to each other.

(iv) The basis vector c for the tetragonal lattice is taken along the unique four-fold

symmetry axis; a and c lie along two-fold symmetry axes perpendicular to each

other and c.

(V) The basis vectors a, b and ¢ for an orthorhombic crystal lie along three mutually

perpendicular two-fold symmetry axes.

(vi) The unigue symmetry direction in monoclinic lattices is conventionally labelled

b; a and c lie in the lattice net perpendicular to b and include an oblique angle.

(vii) A rhombohedral lattice is described in two ways. If described in terms of a
hexagonal lattice, c lies along the three-fold symmetry axis, with a and c
chosen as for the hexagonal system. In terms of rhombohedral axes, a, b and
c are the shortest non-coplanar lattice vectors symmetrically equivalent with

respect to the three fold axis.

(viii) A triclinic cell is chosen as primitive.

From Table 2.2, it can be noted that if the lattice which has points only at corners is
primitive, it should be given the symbol P. In the monoclinic system, there is a cell
with a lattice point in the centre of the face opposite the ¢ axis, then the cell is
given the symbol C [20]. Cells with body-centred points are labelled I, and those

with all faces centred are labelled F [20], R as a symbol is given to the

rhombohedral cell.

17



Haiyang Jiang, PhD Thesis Chapter 2 August 2012

Primitive cubic (cP) Faco corrtrod cubic (cP)

b

Primitive orthorhombic r*e*ly-c entrad orthorhombic
(oP) g
Body-oentrgi cxtblc (c/)
Baso centred Facet-centred
(b) orthorhombic (oC) orthorhombic (oP )
(a) Primitiv« tatragonal (fP) Docly-centred totiagonal (//)
Rhombohadral (/>/?) Primitive hexagonal (/>/»>

Figure 2,6: The 14 Bravais lattices. Note that the lattice points are exaggerated in size and
are not atoms. The monoclinic lattices have been drawn with the b-axis vertical,
to emphasise that it is normal to the plane containing the a- and c- axes [19].

Table 2.2 Bravias lattice [19]

lattice symbol tautice parameters
b y-c, ayi VO ,
R/ 90° vy f- 90°;

Crystal system

Triclinic aP a

Monoclinic primitive mP ajibyte, a=90-,
fljiwr. y= 90";
Monodinic centred Hit'
Orthorhombic primitive oP djfbyir,a- A=y= 90°
(rtli<»rhombic C -face-centred oC
Orthorhombic body-centred al
Orthorhombic face-centred oF
Tetragonal primitive tp a=b/lc,a=//=y= 90"
Tetragonal body-centred ti
Trigonal (Rhotnbohedral) HR a—b —c,ar =y
(primitive cell);
< =//yr a'= If = 90",
'/ = 120° (hexagonal cell)
Hexagonal primitive hP a—b c.a= g=90"
Y« 120’
Cubic primitive cP a—b=c a= /=y —90°
Cubic body-centred cl
Cubic face-centred cF
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2.2.3 Point symmetry and point group

All crystals can be classified in terms of the collection of symmetry elements that
can be attributed to the shape. Besides the external symmetry of crystals, there is
also an internal symmetry located around the atoms, on or around lattice points.
The symmetry operators are described here by the International or Hermann-
Mauguin symbols. The order in which the symmetry operators are written is
governed by specific rules, given in Table 2.3. The places in the symbol refer to
directions. The first place or primary position is given to the most important or
defining symmetry element of the group, which is often a symmetry axis. Symmetry
axes are taken as parallel to the direction described [19]. A solid can belong to one
of an infinite number of general three-dimensional point groups. However, if the
rotation axes are restricted to those that are compatible with the translation
properties of a lattice, a smaller number, the crystallographic point groups are

found. The operators allowed within the crystallographic point groups are: the
centre of symmetry, 1, the mirror operator, m the proper rotation axes 1, 2, 3, 4

and 6, and the improper rotation axes, 1, 2, 3, 4 and 6 [19].

Table 2.3 The order of the Hermann-Mauguin symbols in point groups [19]

Crystal system Primary Secondary Tertiary
THclinic - - -
Monaclinij; [01d], unique
axis h
(001], unique
axis ¢
Orthorhombic [100] [0101 [0011
Tetragonal 1001] [100], [010] [1101, [110]
Trigonal, Rhombohedral [HU [1i0], [01IMiOIL
axes
Trigonal, Hexagonal axes [001] (100], [010], [110]
Hexagonal [0011 [100], [010], [MO] 11707, [120], [210]
Cubic [100], [010], |(X)1] [111][1111[111], [111] [1101,11101, [0i 1],
[oil], [Tai], [ion

.2.4 Space group

combination of the translation inherent in the 14 Bravais space lattices with the

symmetry elements present in the 32 crystallographic point groups, together with a
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new symmetry element, the screw axis, allows all possible three-dimensional
repeating crystallographic patterns to be classified [19]. The resulting 230
combinations are the crystallographic space groups. There is a different type of
symmetry operation for the position of points, which is called translation
symmetry. Screw axes are rototranslation symmetry elements, formed by a

combination of rotation and translation [19].

A screw axis of order n operates on an object by a rotation 2/r/// counter clockwise

and then translation by a vector n parallel to the axis [19]. If the rotation component
of the operator is applied n times, the total rotation is equal to 21t , and the removal
is represented by the vector nt simultaneously [19]. In order to maintain the lattice

repeat, it should be expressed as [19]:
nt=pT (2-4)

where p is an integer, and T is the lattice repeat in a direction parallel to the rotation

axis [19]. Thus:
t=(p/n)'f (2-5)

The unique screw axes are list in Table 2.4 [19].

Table 2.4: Rotation, inversion and screw axes allowed in crystals [19]

Rotation
axis, n Inversion axis, n Screw axis, n,,
1 1 (centre of
symmetry)
2 2 (m) 2,
3 3 3, 32
4 4 4] 42 4~
6 6 6] N2 63 64 65

The space groups outline the total number of three-dimensional patterns, and each
group can be termed as a unique symbol and number. The space group symbol
contains two sections: (a) a capital letter, expressing the lattice that underlies the
structure, and (b) a series of characters that represent the symmetry elements of

the space group (see Tables 2.5 and 2.6).
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Table 2.5 The crystallographic space group letter symbols [19]

Letter Number of lattice
symbol  Lattice type points per unit cell Coordinates of lattice points
/ Primitive 1 000
4 4-face centred 2 0,00 0.'A4
B fl-face centred 2 00.( 540, %
C C-face centred 2 000 4.40
1 Bodly centred 2 L0 %K
F All-face centred 4 U0U 34340 0 3% 3% 34035
R Primitive 1 0.00
(rhombobedral axes)
Centred rivombohedral 3 0(10; A A3A 3434 A (obverse setting)
(hexagonal axes) 000, AN 3 3 A (reverse setting)
H Centred hexagonal 3 000: 34340, %%0

Table 2.6 Symmetry elements in space group symbols [19]

Symbol Symmetry operation

m Mirror plane

a Axial glide plane J_[OH)). |(K)1]

h Axial glide plane _L [0OI], [100]

c Axial glide plane X 1100], (010)
X [110). [110]

X [1001. 1010), (lit)]
X [ITO], [120],[5Toj [HO]

n Diagonal glide plane X [(MIL; |100]; [0101
Diagonal glide plane X {1 10); [011); [IOI]
Diagonal glide plane X 1110); [011% 1I011

d Diamond glide plane X |0Ol]; [100]; [O10]
Diamond glide plane X [1T(Qj; [011J; [101]

Diamond glide plane X !110]; (0111 [1011

1 None

2.3.4.6 n-fold rotation axis

1 Centre of symmetry

5(= in). 3, 4. > //-fold inversion (roioinversion) axis
2],3, 324, ti-fold screw (nitotranslation) axis, n,
n2- 6],

61, 64, 65

2.2.5 Defects in crystal

Comments

reflection

Glide vector a/2

Glide vector b/2

Glide vector c/2

Glide vector c/2

Glide vector c/2, hexagonal axes

Glide vector c/2, hexagonal axes

Glide vector /j(at h); '4(b+c); 7i(a-fcl

Glide vector '/ifiH-b+r)

Glide vector 7j(-a+b +c); '4(n-b+c);
14(a4d b-c)

Glide vector 'A (aXb); '4(bxc); K(tu4-c)

Glide vector 'Aioibicl; !4(za-t h+c);
W (atb4-c)

Glide vector W (-a+b+c); W (£n-b ic):
K (aib-c)

Rotation counter clockwise of 36(r'//i

360°//i rotation counter clockwise followed
by inversion

360 /» right handed screw rotation counter
clockwise followed In translation by (p/niV

In actual crystals, defects are always present and their nature and effects often

play an important role in understanding the properties of crystals. There are several

types of imperfections in metallic crystals [20]:
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(1) when structures contain defects in all atomic sites of the structure, this defect is
known point defect. The point defects include vacancies, interstitials, schottky

defects and fenkel defects in ionic crystals.

(2) If a plane of atoms enlarges half way through a crystal, the edge of such a
plane is a defect in the form of a line, and is known as a dislocation. There are
two kinds of dislocation, one is called as edge dislocations and the other is screw
dislocations. An edge dislocation [22] is illustrated in Figure 2.7, which is a cross
section of a crystal lattice [23], The dislocation is labeled at point A in Figure 2.7,
half of a vertical row in the middle of the lattice is missing, and this row of atoms is
missing in each plane of the lattice parallel to the page [23]. The other type of line
defect is screw dislocation in three dimensions illustrated in Figure 2.8 [23], The
process of the screw dislocation can be imagined that the crystal was cut along the
line BC going towards point A, and then the cut was pushed up until point B was
displaced one lattice unit higher at the edge along the cut [23]. This resulted in a
ledge running from A to B [23], Because the screw dislocation is very important in

crystal grow, it will be detailed in Section 2.6.

Figure 2.8: An edge dislocation Figure 2.7: A screw dislocation in a

in two dimensions [22], simple cubic crystal. The screw
dislocation AD is parallel to BC (D is
not visible) [23],

2.3 Crystal Chemistry

2.3.1 Size and shape of molecule
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The first of the molecular properties is atomic size which refers to the distance that
the furthest electrons are from the nucleus. Each atom has a nucleus inside and
electrons moving around the nucleus, so the size of an atom depends on the
distance between the nucleus and outermost electrons, and the radii for the atom
can be divided into the types of interatomic forces: ionic, covalent, metallic and van
der Waals. Due to different strengths of bonding, the distance between electrons

and nucleus will be varied [24]:

(1) Two factors affect the atomic size: electron repulsive force and covalent bond.
For ionic atoms, the loss and attainment of electrons can determine the
change of repulsive force, and greater repulsion means electrons move away
from the nucleus and the size will increase. Due to type of force, the covalent
radii are smaller than the ionic radii for the same elements. The reason for this

case is that covalent bonds result in electron sharing.

(2) Because metallic atoms can be readily compressed by ligands in various
directions and ionic charges are essentially absent in metals, also the atomic
radii are very much larger than the ionic radii. The atomic size will decrease

slight when the co-ordination is decreased.

(3) Van der Waals radii for atoms can be derived from molecular structures by
determining the closest distance of approach between adjacent molecules.
Although the radii are larger than covalent radii, Van der Waals radii can’t be

regarded as having the same degree of constancy as the ionic, covalent and

metallic radii.

Atomic shape is also an important chemistry property. An atom consists of a
nucleus and electrons zooming around the nucleus. The molecular orbit is used to
describe where the electrons move. The shape of these orbital changes
correspond to a principal quantum number, so although the total shape of the atom
is round, different electrons in different shaped orbits is important to investigate

how atoms can be put together by bonds.

2.3.2 Inter-atomic binding forces

As discussed above, the atomic sizes are varied with the type of inter-atomic bond.

These forces can be divided into four distinct types [25]:
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(1) The ionic, electrovalent, heteropolar or polar bond, the force of electrostatic
attraction which operates between oppositely charged ions. First of all, due to

different ionization potential, the ions of elements could be taken into account.

(2) The covalent or homopolar bond, the normal chemical valency bond between
the two atoms which share the electrons in the molecules. In the covalent bond
system, the atoms of the element can be the same or different, such as H2 F2,

and C02.

(3) The metallic bond, the inter-atomic force responsible for the cohesion of metal
systems in the solid state. A metal can be regarded as an assemblage of
positive ions immersed in a gas of free electrons. Attraction between positive
ions and the electron gas provide the strength for the coherence of the
structure, and a free mobility of this electron gas under the influence of the

electrical or thermal stress is responsible for the high conductivity.

(4) The van der Waals or residual bond, a weak force of inter-atomic attraction
operating between all atoms and ions in all solids. Because the van der Waals
forces appear between the uncharged atoms or molecules, it is weak

compared with the ionic, covalent and metallic bonds.

(5) The hydrogen bond is a special one-dimensional dipole-dipole interaction
resulting from F-H, O-H and N-FI dipolar covalent bonds. The formation of the
hydrogen bond is due to the partially positive hydrogen attracting the partially
negative atom such as F, O and N. The energy of a hydrogen bond is smaller

than the energy of covalent and ionic bonds, but much larger than the energy

of van der Waals bond.

It can be concluded that the molecular binding forces play an important role in the

properties of molecular solids, i.e. atomic size, molecular structure and thermal and

electrical conductivity.

2.3.3 Polymorph, solvates, co-crystal and salts
Because different inter-atomic bonds involved, there are some phenomenon
happening for crystal form:

(1) Polymorph, means the solid materials have more than one crystal form or
structure. Different polymorphs of a given material have identical chemistry

properties, but will present different physical properties, i.e. solubility, melting
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point. The different environmental conditions could be the main reason
responsible for the formation of polymorphism, i.e. solvent effect, impurity
involved in the growth of polymorphs, the level of supersaturation for the
crystallization process. Dimorphous and trimorphous substances are
commonly known [21], for example the polymorphs of calcium carbonate,

carbon and silicon dioxide were shown in Table 2.7.

Table 2.7 Polymorph of calcium carbonate, carbon and silicon dioxide and the space group
corresponding to these different polymorphs.

Polymorph
Calcium Calcite Aragonite Vaterite
carbonate (trigonal/rhombohedral (orthorhombic) (hexagonal)
)
Carbon Graphite (hexagonal) Diamond (cubic)
Silicon dioxide Cristobalite (cubic) Tridymite Quartz (trigonal)
(hexagonal)

(2) Solvate, which is a stable solute species with solvent molecules in the crystal
lattice is formed by solvation, an interaction of the solvent molecule with solute
molecules or ions of the solute. Because of the different type of molecule, the

interactions are varied, i.e. hydrogen bonding, ion-dipole, and Van der Waals

forces.

(3) Co-crystal is a crystal that contains two or more molecules corresponding to the
different compounds in the crystal lattice. Compared with a pure form of
crystal, the co-crystal exhibits different properties. The interaction in the co-

crystal lattice is the hydrogen bond.

(4) Like co-crystals, salts are also defined as multicomponent crystals, but the
characterization of degree of proton transfer is different from co-crystals [26], It
is reported that there is more or less complete proton transfer in salts, whereas

little or none in co-crystals [26].

As discussed above, the main reasons for these different forms are different
environmental crystallization conditions. The crystallization composition and

processing variables are listed in Table 2.8 [27].
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Table 2.8 Crystallization composition and processing variables [27]

Composition type Process variables'l

Polymorpty~~~ Salts/ Themel Antisolvent Evaporation Slurry conversion Other variables

SOlvates Co-Crystals

oSohent/  » Counferon Heating rale Ant-sovent » Rate of « Solventtype o Miving rate

Solvent type fype evaporation

combinations

oDegreeof ' Acidbase  « Coolingrate  + Rateofanti- Evaporationtime o Incubation ~« Impellr design

SUpersaturatioo - rato Solvent addition temperature

| Addtive tpe o Sohvent/  «Maximm o Tenperature o Camierges o Incubation o Crystalization
Salvent temperatre ~ of antisolvent fime Vessel design
combinations adition (incluing

capillaries, etc)
» Additive o Degregof o Incubation « Time ofenti- + Surface-volume « Thermal cycling
conoentraion  Super-saturation  temperaturefs)  solvent adition - ratio and gradients
* Additive type * incubation tune
and concentration
' pH
* lone strength

A\pplicable to all types of screens.

2.4 Crystallization Process

2.4.1 Solubility

Crystallization is a separation and purification method for manufacturing a large
range of materials. Crystallization may be defined as a phase transition in which
crystals are obtained from the solution. Solutions may be homogeneous mixtures
of two or more substances. In general, solutions are normally liquids; however,
solutions may include solids and even gases. Because solubility occurs under

dynamic equilibrium, a variety of solubility models are all based on the equation of

phase equilibrium.
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A fundamental notion in thermodynamics is the state of a system, defined by the
ensemble of state variables, such as volume, pressure, temperature, number of

molecules, etc. Their functional dependence is called state function.

f AN\

dxj + 4y (Ix, + ...+

Va*. A,.,,,,. VA2 J

favl (2-6)

el + ..
V o IIXi VA
is independent of the order of differentiation [28].

It can be readily shown that the Gibbs free energy of an ideal mixture (as in ideal
gases) exceeds the value for the same unmixed material at constant T and p by an

amount:

AG = RTY,nA\nxA (2-7)

Thus the chemical potential fIA=d[AG)/dnA of species A is given by:
JUA=fi°’A+ RT\nxA 29

IF a mixture (or solution) exhibits non-ideal behaviour, the departure from ideality

may be expressed in terms of the relative activity aA which is defined by:

fiA=//" + RT\naA (2-9)
Comparison of equation (2-8) and (2-9) shows that, for an ideal mixture,
aA=xA (2-10)

The conditions for a solution of material A to be ideal is that its chemical potential

in the solution is the same as that of the pure substance in the solid state, so that

fIA(V) = jUA+ RI 11l ciA 211)
Division by T and differentiation with respect to temperature gives:

a a : .
Ao a:]l R Inci, (2-12)
dr_, Zloarpey dT

Now it is a familiar relation that [29]
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2-13
dT v' y ( )

So, if the solute and solvent did form an ideal solution, the solubility could be

predicted from the van’t Hoff equation[21 ]

where x is the mole fraction of the solute in the solution, T is the solution

temperature (K), Tj is the fusion temperature (melting point) of the solute (K),
AH fis the molar enthalpy of fusion of the solute (J mol ") and R is the gas

constant (8.134 J mol 'K ") [21].

Also in an ideal solution, the equation holds [29]

A lnxA AL (2-15)
dT RT2

xA=x,exp{-AHf/RT) (2-
16)

If 111,v,is plotted against reciprocal temperature for an ideal solution, a straight line

of slope ((-AHt/R) is obtained with an upper limit of In X, = Oat the melting
point Tm .

Since:

AH T,AS, (2'17)

The Equation (2-14) can be written,

Alir AS,
I A —+— L
RT

(2-18)

Because the van't Hoff equation is used for ideal solutions, when the solution is

non-ideal, the following equation could be used [21]:
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MX — (2-19)
RT R

where AH D is the molar enthalpy of dissolution, ASn is the molar entropy of
dissolution.

Also, the reformed van’t Hoff equation for non-ideal solution can be expressed with

introducing the activity coefficient:

I\ all, x X
Hxy)=-Y~ — - - (2-20)

The activity coefficient for real solution can be approximated using the UNIFAC

method.

Broul [30] tested a number of polynomials in predicting the solubility of 70 solutes

(inorganic salts) and proposed the solubility equation was:
logx = A+ BT 1+ ClogT (2-21)
where: X is concentration expressed as a mass fraction

7'is the solution temperature (K)

A,B,Care constants.

2.4.2 Supersaturation

Because solubility provides the concentration at which solid solute and the liquid
solution are at equilibrium, the importance of solubility is that it can be used to
calculate the maximum yield of product crystals. Ostwald [31] appears to be the
first to specify this condition exactly by using the terms “meta-stable” and “labile".
He points out that the principle is inherent in the reports of many other
investigators. In effect, a supersaturated solution or supercooled melt will not adjust
spontaneously to the equilibrium condition unless the supersaturation or
supercooling exceeds certain more or less definite limits. This range of stability is
designated as being “meta-stable”. Beyond this limit lies the “labile” region where
the meta-stable condition is relieved automatically by the spontaneous generation
of nuclei of the proper crystallizing phase. Within this limit any appropriate “seed”

wili, of course, cause instantaneous crystallization. The supsaturation curve may be
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called the solubility curve of particles of critical size, while the solubility curve is that
of particles of infinite radius. A schematic representation of these conditions is

given in Figure 2.9 [32],

Figure 2.9: Supersolubility curve and regions [32]

Thus the phase diagram can be divided into three principle regions [21].

« The stable zone, where solution is unsaturated and crystallisation is not

possible.

» The meta-stable zone lies in between the solubility and supersolubility
curve. Solution is supersaturated, but spontaneous crystallisation is
improbable and the solution will remain supersaturated if left undisturbed.
However, nucleation can be induced by seeding. At the limit of the meta-
stable zone (supersaturated curve) crystallisation may occur spontaneously
or may well be induced by seeding, agitation or mechanical shock.

 The labile zone is where the solution is supersaturated. Spontaneous

crystallisation is probable but not inevitable.

Supersaturation is the driving force for the crystallization and can be expressed in

dimensionless form as

a
=In" (2-22)
RT a
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where // is the chemical potential, c is the concentration, a is the activity, Yy is the

activity coefficient, and * represents the property at saturation.

The solution supersaturation can be expressed in a variety of ways. Firstly the
supersaturation can be expressed in terms of the concentration driving force

(behind nucléation) [21]:
Ac=c-cC (2-23)
where: cC is the solution concentration at a specific temperature,

C is the equilibrium concentration at that temperature.

Superstauration can also be expressed in terms of a supersaturation ratio:

5=4-- 2-23
L (2-23)

Alternatively, a relative supersaturation can be expressed as:
g=n-=5-\. (2-25)
c

The supersaturation property can also be expressed instead as supercooling, i.e.
can be defined in terms of solution temperatures, O as opposed to solution

concentrations:
A0=9'-6. (2-26)

Supercooling and supersaturation can then be related by:

_(clcls

Ac AO (2-27)

\

It is the free energy imbalance that is the result of supersaturation which is the

driving force for crystal growth [33].
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2.5 Nucleation

Gibbs [34] was the first to realize that the formation of the new phase requires as a
necessary prerequisite the appearance of small clusters of building units (atoms or
molecules) in the volume of the supersaturated ambient phase (vapour, melt or
solution). He considered these nuclei as small liquid droplets, vapour bubbles or
small crystallites, or in other words, as small complexes of atoms or molecules
which have the same properties as the corresponding bulk phase with the only

exception being their small linear sizes.

Crystallization from solution could be considered as a two-step process. Crystals
are created, firstly when nuclei are formed (first step ‘birth of new nuclei) and then
grow to larger sizes. The driving force of nucleation and crystal growth is

supersaturation, which can generally be obtained by a change in temperature
(cooling in the case of a positive gradient dC /dv of the solubility curve or

heating in the case of a negative gradient), by removing the solvent (usually by
evaporation), or by adding a drowning-out agent or reaction partner [33], Because
a supersaturated solution is not at equilibrium, the system attempts to achieve
thermodynamic equilibrium through nucleation and the growth of nuclei. If there is
neither solid foreign particles nor crystals of its own type in the solutions, nuclei can
be formed only by homogeneous nucleation. If foreign particles are present in the
solutions, nucleation is facilitated and the process is known as heterogeneous
nucleation. Both homogeneous and heterogeneous nucleation take place in the
absence of solution-own crystals and are collectively known as primary nucleation

[33], This occurs when a specific supersaturation, known as the meta-stable
supersaturation ACnw, is obtained in the system. However, in semi-commercial
and industrial crystallizers, it has often been observed that nuclei occur even at
very low supersaturation AC < ACrM when solution-own crystals are present

(e.g., in the form of attrition fragments or added seed crystals) [33], Such nuclei
are known as secondary nuclei. However, it should be noted that a distinction is
made between nucleation resulting from contact, shearing action, breakage,
abrasion, and needle fraction [35]. Figure 2.10 illustrates the dependence of

supersaturation on several types of nucleation process plotted against solubility.

32



Additive Effect on the Crystallization of Alkyl Methyl Ester

r—+

0 /iy

z y%y /.

g y [ | Metastable zone

gp width for nucléation
msecondary

% - primary,

8 eterogeneous

o r«p mprimary,
homogeneous

Temperature T

Figure 2.10: Meta-stable supersaturation against temperature for several types of nucléation
process [33],

2.5.1 Homogeneous nucleation

The classical nucleation theory dates back to the work of Volmer and Weber [36,
37], who were the first to argue that the nucleation rate should depend
exponentially on the reversible work of the formation of a critical cluster and was
later extended by authors such as Becker and Doring [38], Farkas [39], Zeldovich
[40], Frenkel [41], and others [42], In order for a new phase to appear, an interface
must be formed, which (in the absence of impurities or suspended foreign material)
occurs by small embryos in the new phase being formed within the bulk meta-
stable phase [33], These embryos are formed due to spontaneous density or
composition fluctuations, which may also result in the spontaneous destruction of
such an embryo. Primary nucleation is believed to be initiated in a series of
bimolecular collisions that forms an aggregate of embryos of the dissolved

material.

N+A—A

A +A—-A3

A, + A<#f§>AHI

Embryos below a critical cluster size (/' ), are unstable and may detach, however

embryos that exceed the critical cluster size may become stable nuclei and will

grow [43-45],
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Figure 2.11: The process of nucléation from disorder molecules to embryos and then to
nuclei [45].

That continues until the critical size. The rate of nucleus formation by this

mechanism is given by an Arrhenius type of expression [23]:

f
Bo= Aexp O (2-28)
y kTJ

Because there is no molecular association in the meta-stable solution and very few

embryos, embryos can only grow or shrink as a result of single-molecule events,

which can be described by the rate constants kA and kn. The value k sis the rate

constant of addition and kD that of decay of units from a cluster. Because addition

is a random process if supersaturation is sufficiently high, more and more
elementary units can join together and create increasingly large nuclei known as

clusters. The reversible work necessary to form such a cluster is given by a
balance of the free enthalpy AGv, that is gained (being proportional to the
condensed matter and, thus, to the volume of the cluster) and the tree-surface
enthalpy AG, needed to build the new surface. The change in positive free-
surface enthalpy AG, increases with the interfacial tension”, between the solid

crystal surface and the surrounding solution, as well as with the surface of the

nucleus. The enthalpy is to be added to the system and is therefore positive. On

the other hand, the change in free-volume enthalpy AGYV during solid phase

formation is set free and is thus negative. The magnitude AG, of this enthalpy is

proportional to the volume of the nucleus and increases with increasing
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energy RT\n S , where S=a/a or in ideal systems,S = C'/C" , when the
concentration C of the elementary units changes to the lower equilibrium

concentration C = C —AC [33].

The free energy change of the formation of the new phase is the sum of the free
energy change for the formation of the nucleus surface and free energy change for

the phase transformation, thus:
AG = AG + AGv- pi;a +allAGyv (2-29)

Here, (7 is the surface tension, and P and a are the area and volume shape
factors, respectively. For a spherical nuclei, the area factor P = /r, and the volume
factor is a = 71/6 based on the diameter, d, of the nuclei. So Equation (2-29) for
the spherical nuclei becomes:

4
AG = Am 13+ -3m ‘A G (2-30)

From Figure 2.12, it is clear that for clusters of solute with a size smaller than

critical sizer to grow requires an increase in free energy. The critical sizer is

related to the surface tensioner and the free energy change AGV

rc=-2a/AGv (2-31)

rcis critical size when — =8mr+4m-2AGy=0
dr

An expression for the critical nucleus size may be obtained by differentiating the
above equation with respect to the size and setting the differential to zero at which

point the critical cluster size with diameter Dccan be calculated, thus:.

2SSF yv (2-32)
3VSF k,, T In<r

where VSF=0.52 and SSF=3.14 for spherical nucleus, Yy is interfacial tension, kB
is the Boltzman constant, 1.3805x1023 Tis the temperature and cris the solution

supersaturation.
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Figure 2.12: Free-energy change for homogeneous nucleation showing the relationship
between nucleus and free energy [21].

Figure 2.13 shows the dependence of AGail on the relative supersaturation d. As

the supersaturation increases, both the energy barrier and the value of the critical
size decrease. Finally, as the supersaturation increases, the valve of the energy
barrier becomes so small that spontaneous and rapid nucleation happens. The rate
of nucleation is defined as the rate at which clusters grow through the critical size

and so become crystals [46].

Figure 2.13: Free energy changes as a function of cluster size and supersaturation. Curve
(a) at low supersaturation and curve (b) at high supersaturation [46],
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2.5.2 Nucléation kinetics

The rate of nucléation, defined as the number of clusters that grow further than the

critical size and so become crystals, is given by the equation:

"_AG"

J = JOexp (2-33)
V

where AG” is the critical free-energy change, kB is the Boltzmann constant.

It has been observed that the solubility of small crystals varies with solution
concentration. The resulting equation that represents this behaviour, known as the

Gibbs-Thompson equation, is [35]:
In(C/C*)=inA=2avskTr (2-34)
From Equations (2-30) and (2-31):

1/7Y7" A47ror2

(2-35)
AG w ;f "
Hence, from Equations (2-34) and (2-35):
> 16no\>

ACY (2-36)

3(kT\nS)2
and from Equation (2-35):

16/rcrV

J = /)exp (2-37)

3KkiT i{\nS)2

It is clear that three variables affect the nucléation rate, and the supersaturation
(Figure 2.14) and temperature have a positive effect, however, the surface energy
has a negative effect. The importance of the level of supersaturation is
demonstrated by the calculation of the induction time [21] for the formation of

nuclei in supercooled water (Table 2.9).
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Supersaturation, 5

Figure 2.14: Effect of supersaturation on the nucléation rate [21].

Table 2.9 Induction time for nucléation of water vapour [23]

Supersaturation, S Time
1.0 Infinity
2.0 10(" years
3.0 | O’ years
4.0 0.1seconds
5.0 I() " seconds

2.5.3 Heterogeneous nucléation

Because it is hard to remove all dust and extraneous material from the solution,
and the supersaturation is always too high in the homogeneous nucléation, it is
obvious that homogeneous nucléation is not ordinarily an important phenomenon in
industrial crystallizers. Thus heterogeneouos nucléation and secondary nucléation
are generally the most important contributors to new particle formation.
Heterogeneous nucléation is termed as the crystallization of dust of solute on

suspended dust particles or apparatus surface [35],

Nucléation in a heterogeneous system generally occurs at a lower supersaturation
than a homogeneous system, the free energy barrier is lower in the case of a
heterogeneous system [23]. Volmer [37] found that the decrease in free energy

depended on the contact (or wetting) angle of the solid phase:
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(2-38)

(2-39)

Thus, the supersaturation for nucleation in a heterogeneous system is lower than
the homogeneous system. The shaped heterogeneously formed cluster on a solid
substrate is often approximated by that of spherical cap with wetting angle O, which

is defined from 0 to 180° by the equation:

(2-40)

in which ys and ycs are respectively the specific surface energies of the
substrate/solution and cluster/solution. The limiting case of 0=0 is referred to as a
complete wetting and at 0=180 one speaks for complete non wetting with the latter

corresponding to cases of homogeneous nucleation.

Figure 2.15: Nucleation on a foreign particle for different wetting angles [33],
Figure 2.15, which shows a foreign particle in a supersaturated solution illustrated

a spherically shaped n-molecules sized crystalline cluster formed by

homogeneously

2.5.4 Secondary nucleation

Secondary nucleation results from the presence of crystals in the supersaturated
solution. Larson described secondary nucleation by six somewhat arbitrary

mechanisms, one of which is by far the major source of nuclei in mixed
suspensions [35].

Initial breeding as described by Strickland-Constable [47] results from crystalline

“dust” adhering to large seeds introduced into batch crystallizers. This would occur
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only if the seeds were dry and were directly introduced into the crystallizer.

Because this occurs only in seeded systems, we will not discuss it further [35],

Nucleation by some sort of fracture process occurs in systems that produce
crystals that break easily, where the suspension is very dense, and where the
suspension is subjected to violent agitation or high-velocity pumping. The
crystalline product usually has a rounded appearance because of the high fracture
and usually shows a deficiency of crystals in the large size range. The damage is
usually done by impact with the impeller or sharp changes in the flow path.

Fracture from crystal-crystal interactions probably does not occur [35],

Nucleation by attrition is merely fracture of a lesser degree and results from
crystal-crystal interaction at high suspension densities as well as from crystal-
apparatus contact. The crystal product may or may not exhibit obvious damage,
but visible damage is usually slight. This and fracture nucleation can only be
reduced by reduced agitation or pumping, by reduced suspension density, or by

soft linings and covering on the crystallizer walls and impeller [35].

Needle breeding occurs because of dendritic growth on crystals. While reduced
agitation and suspension density reduce this phenomenon, it is best controlled by
reducing the driving force for growth. That is supersaturation, or using appropriate
additive to change the crystal habit or tendency to form dendrites [35],

Nucleation by fluid shear results when the fluid velocity relative to the crystal
velocity is large and some of the “adsorbed layer” is removed. The adsorbed layer,
being nearly entirely solute, will nucleate if the clusters are sufficiently large. Sung,
Estrin, and Youngquist [48] have shown shear produced nuclei must ordinarily be
exposed to a much higher supersatuation than the one in which they were
produced, in order to grow. As a consequence, it would not be expected that

nucleation by fluid shear represents an important source of nuclei.

The most important source of nuclei in mixed suspension is the source that is
described as contact nucleation, and results when crystals contact the agitator,

pump, flow lines or other crystals [35].
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2.5.5 Empirical approach for nucléation kinetics

A general theory for the prediction of nucléation rates does not exist, so several
correlations based on the power model have been found to explain most of the

experimental data satisfactorily by Nyvit [21]:
J =k Ac" (2-41)
where the nucléation rate J is written in terms of the nucléation rate constant

and the maximum possible supersaturation Acrm.

Note that the solution is now cooled at a constant rate (t\) and the temperature at

which the first crystal appears isTx. It can be assumed that the nucléation rate at

the meta-stable limit can be approximated as:

J= (2-42)
vdt)
The maximum supersaturation is given by:
Re,, =L at, (2-43)
at

Combing the equations for nucleation and supersaturation rate and presenting the

result in term of logarithms one gets an expression for dependence of the
maximum under-cooling on the cooling rate.
10%

c
log(h)=(m- I)log— + logk, + wlogA/mm (2-44)
at

where b is the cooling rate (-dt/dt). Thus, a plot of the cooling rate and the
maximum possible supercooling will give the apparent order m and the rate

constant kn' This method has been applied successfully on more than 25

substances [49].

2.5.6 Induction time

The rate of nucleation can also be determined by observing the time elapsed
between the creation of supersaturation and the formation of a new phase. This

time lag, generally referred to as an ‘induction period’, is considerably influenced
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by the level of supersaturation, state of agitation, presence of impurities, viscosity,
etc. This time is a measure of the ability of the system to remain in meta-stable

equilibrium.

The existence of an induction period in a supersaturated system is contrary to
experience from the classical theory of homogeneous nucleation, which assumes
ideal steady-state conditions and predicts immediate nucleation once

superstaturation is achieved. The induction period may therefore be considered as
being made up of several parts. For example, a certain ‘relaxation time’,tr, is
required for this system to achieve a quasi-steady-state distribution of molecular
clusters. Time is also required for the formation of a stable nucleus, tn, and then for
the nucleus to grow to a detectable size, / So the induction period,tiihl, may be

written as:

(2-45)

There are two methods for the theoretical determination of the induction time (T)
used so far and these two were proposed by Kashchiev [50], The first one is based
on the assumption that the event that brings the system out of its meta-stable
equilibrium (mono-nuclear mechanism), whilst the second method depends on the
presumption that the formation of a statistically large number of nuclei and their
growth to detectable size are responsible for the breakdown of the meta-stable

equilibrium (poly-nuclear mechanism). Kashchiev [51] proposed a general formula
for determination of tnadwhich is valid for any number of nuclei appearing and
growing in the parent phase. This formula could be used for 1-D, 2-D or 3-D

growth.

.= YV +{a/a,IG-'f- (2-46)

where V is the nucleus volume, J and G are the nucleation and the growth rates,

a is the ratio between the macroscopic volume of the new phase and the volume

of the liquid phase, (2 is taking into account the shape of the nuclei. As seen, in

the case of 3-D growth:

r,, =VJV +(a/adC T (2-47)

42



Additive Effect on the Crystallization of Alkyl Methyl Ester

The induction period has frequently been used as a measure of the nucléation
event, making the simplifying assumption that it can be considered to be inversely
proportional to the rate of nucléation and therefore depends on the driving force,

the temperature and the interfacial tension.

Inr = |nB+(16«7V.W— L_x (2-48)

3A; V(Incx)!

where ris the induction time, Y is the interfacial tension, <7is the supersaturaion,
v is the molecular volume, and knis the Boltzmann constant equal to 1.3805x10

/K.

2.5.7 Ostwald ripening and the step rule

It was found long ago that when the new phase has several (at least two)
modifications, one of which is thermodynamically stable and the others are meta-
stable phases is often (but not always) observed first. A typical example is the
crystallization of zeolites [52], It appears that the first zeolite which crystallizes is
not stable when it is left for some time in the reaction vessel in contact with the
solution at the temperature of growth. After some time it dissolves into the mother
solution and a new more stable type of zeolite crystallizes at the expense of the
first one. The second type can also dissolve and a third type of zeolite nucleates

and grows. These different forms are the polymorphs discussed in Section 2.3.

It was Wilhelm Ostwald [53] who first compiled the available observations which
describe the evolution of an inhomogeneous structure over time and gave his
famous empirical rule according to which the thermodynamically meta-stable phase
should nucleate first. Then at a later stage the meta-stable phase should be
transformed into a thermodynamically stable phase under given conditions
(temperature and pressure). Thus the formation of the new stable phase should
take place by consecutive steps from one phase to another with increasing
thermodynamic stability. The first theoretical interpretation of this phenomenon
which is known as Ostwald’s step rule, was given by Stranski and Totomanow [54]
in terms of the steady state nucleation rate. They showed that more often the
meta-stable phase should have a higher nucleation rate provided the system has

not been transferred very far below the transformation point.
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2.6 Crystal Growth

The crystal, with its regular atomic construction, is the most commonly
encountered state of solid materials. The three properties of a crystal, external
form, perfection, and homogeneity, are directly related to how the crystal grows.
Individual crystals of the same species and atomic construction may have different
properties. The growth of crystals in a supersaturated solution is a very complex
process that has not been well understood up to now. The reason for this is that
many subsequent steps have to take place before a growth unit from the bulk
solution is incorporated into the crystal lattice. Only a few of these steps are
sufficiently understood to allow predictive calculation of growth rates. Moreover, a
variety of growth units (atoms, molecules, ions, hydrated solute molecules, dimers,
trimers, polymers, clusters, etc.) exists depending on the crystallizing system and
the solvent, which complicates the situation even more. When dealing with crystal
growth of an ionizing solute, the following steps can be distinguished according to
Mullin [21]:

m  Bulk diffusion of solvated ions through the diffusion boundary layer

m  Bulk diffusion of solvated ions through the adsorption layer

m Surface diffusion of solvated or unsolvated ions

*  Partial or total desolvation of ions

* Integration of ions into the lattice

m  Counter-diffusion through the adsorption layer of the water released

m  Counter-diffusion of water through the boundary layer

2.6.1 Two dimensional growth theory

When a crystal surface is exposed to a supersaturated environment, the flux of
growth units (atoms, ions, molecules) to the surface exceeds the equilibrium flux so
that the number of growth units joining the surface is greater than those leaving.
This results in growth of the surface. The ability of a surface to capture arriving
growth units and integrate them into the crystal lattice is, among other things,
dependent upon the strength and number of interactions that can form between the
surface and the growth unit [55], The interfacial kinetic mechanisms of a particular

crystal surface which is ‘flat’ rather than rough is described by steps. The critical

44



Additive Effect on the Crystallization of Alkyl Methyl Ester

step in the growth of crystals having perfect or nearly perfect surfaces is the
formation of a cluster of atoms sufficiently large to constitute a stable nucleus
which will grow to form a new layer [29]. One way to describe the birth of a step is
to use what is called two-dimensional nucléation theory. The same logic and
derivation can be applied to the nucléation of a two dimensional circular nucleus on
a flat surface. Molecules will be continually absorbing on the surface diffusing and

desorbing.

In two-dimensional growth, before grow can occur, a monolayer island nucleus,
usually called a ‘two-dimensional nucleus’, must come into existence on an existing
layer (Figure 2.16 (a)). This island becomes the source of new steps and kink sites
at which additional units can join the surface. Subsequent crystal forming elements
will tend to incorporate at sites where attractive forces are greatest, i.e. they will
migrate towards the energetically favourable kink sites (Figure 2.16 (b)). The step-
growth will advance until the whole plane is completed (Figure 2.16 (c)) and a new
two-dimensional nucleus has to be generated before growth can advance. This
two-dimensional growth mechanism is also known as the ‘birth and spread’ model;
after nucleation (‘birth’) of a monolayer island it can grow (‘spread’) laterally across
the surface. Two-dimensional growth is only expected to occur at relatively higher
supersaturation since it is difficult to generate a nucleus on an already existing flat

crystal surface.

If 2-D nucleation occurs on the surface it is treated as a cylindrical embryo of

radius/'and heighta corresponding to one growth unit the critical nucleus size is:

* _ yrf
I (2-49)
* «'la

where ymis the energy per growing unit on the edge of the cylindrical nucleus and

all the other parameters being the same as for bulk nucleation. Correspondingly,
the change in the Gibbs free energy associated with the formation of the nucleus

with critical size on the surface will therefore be:

2-50
kTo ( )

Once a surface nuclei is formed, there are two models explaining how the nuclei

spread to form a complete layer. According to the mono-nuclear model it spreads
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across the surface at an infinite velocity and the surface must then await the
formation of another surface nuclei. Since the rate-determining step is the
formation of a surface nuclei, the growth rate will be expressed as [23]:

G=CIPAINB)jl exp ~©?2 (2-51)

T 2\n{S)

(a)

Figure 2.16: a-c Two-dimensional nucléation [21].

Equation (2-51) predicts the growth rate of a face is proportional to the area of that
face. This model is known as the mono-nuclear model. This description suggests
that larger faces grow faster than smaller faces, which is not consistent with
experimental observation. If it is assumed that the two dimensional nucleus does
not spread quickly and the growth layer is formed by formation of sufficient two-
dimensional nuclei to give complete coverage of the surface. This theory, called
the poly-nuclear model, predicts the growth rate will increase when the nucléation

rate is increased. The growth expression would therefore bo:

( C3 )EiX -C2

i (2-52)
UilnCvrlJ T 2\n(S)
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Between the extremes of the mono-nuclear model, in which the spreading velocity
is infinite, and the poly-nuclear model, in which it is zero, is a model called the birth

and spread model suggested by O’hara and Reid [56] which is:

(2-53)

It also assumes that nuclei can form at any location; including incomplete layers
and that there is no intergrowth between the nuclei. Because all models depended
on two-dimensional surface nucleation failed to predict growth taking place at low
supersaturations this led Frank to propose that dislocations having a screw

component act as a continuous source of layers on the surface of a crystal.

2.6.2 Continuous growth model

In molecular terms, assuming the surface is rough and has many kink sites [33],
continuous growth may occur, provided that thermodynamic barriers do not impede
it [33], so the growth unit will integrate at a site of the lowest energy for its
orientation depicted in Figure 2.17. If the crystal surface, on a molecular scale,

becomes smoother, it is more difficult for crystal growth.

Ledge

Figure 2.17: Attachment of a growth unit into a kink site [33],

2.6.3 Burton-Cabrera-Frank model

A crystal surface is, in particular for high surface energies, absolutely smooth and
thus does not provide any integration site for an arriving growth unit. In practice,
crystals have lattice imperfections preventing such ideally smooth surfaces. The

basis for a model in which the steps are self-perpetuating was put forward by Frank
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[57], He assumed that the presence of spiral dislocations (see Figure 2.18), which
end somewhere on the crystal surface, create steps know as a screw dislocation,

and are thus a continuous source of favourable integration sites.

Figure 2.18: Development of a growth spiral from a screw dislocation [21].

Molecules adsorb on the crystal surface and diffuse to the top step of the two
planes of the screw dislocation. The surface becomes a spiral staircase. After a
layer is complete, the dislocation is still present; it is just a layer higher. The appeal
of Frank's idea was that surface nucléation was not required for growth and that
growth could occur at infinite rate at low supersaturation. Burton et al. [58]

formularized this concept in a growth model in which surface diffusion was

assumed to be the determining rate.

Descriptions and derivations of the Burton-Cabrera-Frank (BCF) growth equation

can be found in Nyvilt et al. [59]and O’hara and Reid [56], The resulting kinetic

expression is given below:

G =Kj(S - DIn(s)tanh (2-54)
T\n(s)

At low superstaturations, the equation reduces to a form in which the growth is

proportional to the supersaturation to the second power while at high

supersaturation, growth is linear with supersaturation. The BCF theory tells us that

crystal growth rates vary from a parabolic dependence on supersaturation to a

linear dependence as the supersaturation increases. This model is called the BCF
surface diffusion model because diffusion on the crystal surface is considered to be

the rate-controlling step. While this is true in vapour growth, it is often not true in
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solution growth where diffusion from the bulk solution to the crystal-liquid interface

can often be the limiting rate step [23],

Bennema and Gilmer [60-62] revised the BCF theory with regard to growth from
solutions, and their calculations confirm the role played by surface diffusion. One
important result that is predicted by these types of models is that as the relative
velocity between a crystal and the solution is increased, the growth will increase to
a maximum value and then will remain the same. This maximum value is the value
obtained when only surface diffusion limits growth. In the literature, this is known
as a growth limited by interfacial attachment kinetics. When the crystal growth rate
can be changed by changing the hydrodynamic conditions, it is known as a mass

transfer limited growth.

2.6.4 Factors affecting crystal growth

The temperature of the system has a significant effect on the growth rate, as it can
not only affect the relative rates of the diffusion and surface integration steps, but
also the relationship between growth kinetics and temperature. High temperature is
useful for diffusion-controlled growth, and high diffusion velocity will increase the
mass transfer from the laminar sub-layer to the crystal surface. The rate of
precipitation usually increases at high temperature, while the crystal size, shape
and type can all change with temperature. Because the high agitation speed can

increase the velocity of diffusion, the agitation speed should also be a factor in

crystal growth rate.

Impurities usually cause a reduction in the growth rate of crystallization due to
blocking of kink sites, thereby leading to smaller crystals than required. Although
impurities can sometimes enhance growth rates, due to a reduction in interfacial
tension, the impurities will also increase the surface nucleation rates. The

mechanism of impurities on solute will be introduced in a later section.

The solvent effect can also lead to a change in crystal growth rates. One
mechanism by which this may occur is as a consequence of the effects of solvent
on mass transfer of the solute via changes in solution viscosity, density and
diffusivity [63], Another mechanism is via changes to the structure of the interface
between crystal and solvent, as with some impurities [63], The higher solubility in

the solute-solvent system may result in a rougher interface and larger crystal

growth rates.
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2.7 Crystal Morphology

The external appearance of the crystals is also of great importance and is referred
to as the crystal habit, crystal shape, or crystal morphology. These terms are often

used interchangeably; however, crystal habit is used most often.

Crystal habit refers to the external appearance of the crystal. A quantitative
description of a crystal means knowing the crystal faces present, their relative
areas, the lengths of the axes in the three directions, the angles between the
faces, and the shape factor of the crystal. Shape factors are a convenient
mathematical way of describing the geometry of a crystal. If the size of a crystal is

defined in terms of a characterization dimension L, two shape factors can be

defined: the volume shape factor (a) and the area shape factor (/J)
V = aC (2-55)

A=pi: (2-56)

Values of shape factors for common materials and geometries are available in the

literature [21, 64]. Shape factors for common geometries are given in Table 2.10

Table 2.10 Shape Factors for Various Geometries [23]

Body A R F=all}
Sphere 0.524 3.142 6.00
Tetrahedron 0.182 2.309 12.7
Octahedron 0.471 3.464 7.35
Six-sided prism 2.60 11.20 431
Cube 1.00 6.00 6.00
Prism 10.00 2.00 5.00

Platelet 0.20 2.80 14.00
Needle 10.00 42.00 4.20
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2.7.1 Forms of polyhedral crystals

Polyhedral crystals bounded by flat faces can exhibit various Tracht and Habitus
because they result from the interconnection of internal structural factors and the
external factors involved during crystal growth. Among all of the various
morphologies exhibited by crystals, it is the problem of variations in Tracht and
Habitus exhibited by polyhedral single crystals that has attracted the deepest

concern. Polyhedral single crystals are expected when crystals grow by the spiral
growth mechanism under a driving force of A///A:1 . There are four approaches

adopted to understand the polyhedral form of crystals.

The first is the prediction of the Habitus made from the characteristics of the crystal
structure, entirely neglecting the effect of growth conditions. This is called the
“structural form” or “abstract form”. The second approach is to predict the Habitus
thermodynamically when the crystal reaches the equilibrium state. This is called
the “equilibrium form”. The third is a method of analyzing the factors that may have
an effect by correcting the Habitus and Tracht shown by real crystals and their
growth conditions. Investigations of this type may be referred to as “growth forms”.
It should be noted that, whereas structural and equilibrium forms may be described
as singular, growth forms are plural. The fourth method is to analyze the growth
forms based on the observation of surface microtopographs of crystal faces,

possible now that molecular information relating to growth form is available.

2.7.2 Equilibrium shape of a crystal

The equilibrium form of a crystal is that of its minimum energy. This is called the
Wulff condition and indicates that the area of faces present will be such as to
minimize the Gibbs free energy of the crystal. Gibbs [65] considered that a crystal,
which has a regular structure for which anisotropy is the essential property, should,

at equilibrium, take a form such that the total surface area times the surface free

energy is at a minimum.

Gibbs [66] proposed that when the total surface energy times the surface area is at
a minimum, the following concepts emerged: Curie’s concept [67], which

considered that the normal growth rates of crystal faces are proportional to the
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surface free energies; and Wulff's plot, indicating that the equilibrium form is
obtained by connecting inscribed lines drawn at cusps on a raspberry-shaped polar
diagram, on which points at distances proportional to the surface free energy from
the center of a crystal are plotted. A Wulff plot is a polar plot of the surface free
energy as a function of orientation, and a generalization for equilibrium form from

the Wulff plot can be stated as:

jtj'i = constant (2-57)

(001,

(110)

Figure 2.19: Representation of the equilibrium form of a crystal: the Wulff plot [68]

The equilibrium form is not just polyhedral in type, bounded by low-index crystal
face [69], it may take a form bounded by flat and curved faces, depending on the
given conditions. Unfortunately, the observed habit of crystals grown from solutions

is often quite different from the prediction by the Wulff condition.

2.7.3 Structural form

The early investigation of crystals led to interest in the relation of crystal
morphology with internal structure. A simple correlation was noticed by Donnay
and Harker [70] between the interplanar spacing of a crystallographic plane, d .,

and its area on an average crystal. If the reticular densities of crystal faces are
recalculated by expanding the symmetry elements involved in the thirty-two point
groups to those in the 230 space groups, most of the discrepancies between the

predicted forms determined from the Bravais empirical law and those that are
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actually observed disappear. This is an extension of the Bravais (Friedel) empirical
law by Donnay and Harker [70], which is known as BFDH (Bravais-Friedel-Donnay
and Harker) law. This approach assumes that the binding energy between crystal
planes is inversely proportional to the interplanar spacing, i.e. the closer the

molecules, the larger are their interaction energies. From this it follows that the

growth rate vM of the (hkl) face is proportional to the inverse of the distance

between the (hkl) planes in the crystal structure, ljdm . Thus, the relative growth

rates of a series of faces can be assessed purely on the basis of the known crystal
structure.

ha 2-58
«HK ( )

Polyhedral crystal forms are defined by faces (planes) and edges (zones). One
treatment that focuses mainly on the zones is the periodic bond chain (PBC) theory
by Hartman and Perdok [71]. They developed a theory that related crystal
morphology to its internal structure on an energy basis. They concluded that the
morphology of a crystal is governed by a chain of strong bonds [called periodic
bond chains (PBC)}, which run through the structure. The period of these strong
bond chains is called the PBC vector. PBCs containing only an integer fraction of
composition are partial PBCs, but these are not considered in HP (Hartman-

Perdok) theory. Crystal faces are divided into three types:
1 K-faces (kinked), not parallel to any PBC vector;
2 S-faces (stepped), parallel to at least one PBC vector;

3 F-faces (flat), each of which is parallel to at least two PBC vectors.

A K face corresponds to a rough interface, an F face to a smooth interface, and an
S face to a face having an intermediate nature between that of the K and F faces.
Further, a K face grows by the adhesive-type growth mechanism, an F face grows
either layer-by-layer or a spiral growth mechanism, and an S face appears by the
piling up of growth layers advancing on the neighbouring F face. Therefore, an F
face develops to a large size in order to control Habitus and Tracht in a real crystal,
the K face will disappear from the crystal surface, and the S face will be

characterized by striations only, if it appears on a crystal.
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Figure 2.20: PBCs (solid arrows, A, B, and C) and an F face {100}, an S face {110}, and a K
face {111} in PBC (HP) theory [72],

Another advantage of the PBC theory is its ability to predict not only the bulk
morphology of a polyhedral crystal, but also the morphology of growth layers
developing on F faces. When growth layers are polygonal, the step direction is
assumed to be defined by the PBC. These predictions cannot be made by the

BFDH law, and also sometimes the results from BFDH model are different from

that observed.

The attachment energy of a crystal face is the difference between the
crystallization energy and the slice energy. For an F face the attachment energy
can also be expressed as the bond energy of bonds belonging to the PBC's that
are not parallel to the face. The attachment energy of an S face will require the
formation of at least one stronger bond than an F face and a K face will require at
least one stronger bond than an S face. The attachment energy model (AE) was
developed by Hartman and Bennema [73] on the basis of the PBC model. The
concept of the AE model requires the determination of the lattice and slice

energies (energy released upon the formation of a slice of thickness duw) in

Equation (2-59) for calculation of the attachment energy in each important

crystallographic direction.

E.. =\{E,-E,, AH,M+2RT)-+E,,,m (2-59)
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The assumption is made that the attachment energy is proportional to the growth
rate (R) and that the larger attachment energy will lead to larger growth rate and
hence less important face in the morphology. This assumption has been shown to

be valid for a number of growth theories [15].

A major weakness in the calculations described above is that they can only be
used to represent vapour grown crystals. In crystals grown from solution, the
solvent can greatly influence the crystal habit as can small amounts of impurities.
Several investigators [74, 75] accounted for discrepancies between observed
crystal habit and those obtained using attachment energies by assuming
preferential solvent (or impurity) adsorption on crystal face. The impurity (or
solvent) can slow the growth rate of a face by stearically hindering the attachment

of additional molecules.

2.7.4 Growth forms

The Tracht and Habitus exhibited by real crystals vary greatly depending on the
perfection of the crystals and the growth environment and conditions [33], The
structural and equilibrium forms of crystals are predicted assuming that the crystal
is perfect and that the ambient phase is isotropic. It is possible to analyze what
sorts of growth environment and conditions may influence crystal forms using the
structural form and the equilibrium as criteria. Growth forms are used to describe
real crystals containing lattice defects growing in a real ambient phase. The growth
forms of polyhedral crystals appear as a result of different normal growth rates R of
different crystal faces or among different, crystallography equivalent, faces. Crystal
face with large R will disappear; only those with small R will survive. There are four

factors which may affect the growth forms [33]:

*  The structure of the ambient phases, i.e. the differences in the melt phase,
solution phase, and vapour phase, and the difference of the solute-solvent

interaction energies in solution growth.

m The factors inducing anisotropy into the ambient phase: flows in solution,
such as laminar or turbulent flow, convection induced by temperature

difference, concentration difference, or difference in surface tension.

* Anisotropy in interface roughness and in a roughness transition.
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*  Anisotropy distribution of active centres for growth, such as lattice defects,

which contribute to growth.

It is known that the relative growth rates of different crystal surfaces can be
particularly susceptible to the conditions prevailing in the growth medium. Crystal
growth is a thermally activated process in which growth rates increase with
temperature according to a Arrhenius relationship. One consequence of this is that
growth tends to become diffusion controlled with increasing temperature. In
addition to these global kinetic effects, specific morphological changes can occur in
both solution and melt growth due to the selective adsorption of non-crystallizing
components on a particular crystal surface. So in order to control the crystal habit,

we should focus on the solvent, impurities, and the growth mechanism of growth.

2.8 Habit Modification by Impurities

In many instances, small amounts of impurities have dramatic effects on crystal
growth, morphology, and nucleation. In industrial crystallization operations in
particular, the presence of impurities, synthesis by-products, and corrosion
products can influence the crystallization process, negating improvements that can
be made wusing normal operating parameters such as temperature,
supersaturation, and residence time. Because of the complexity of the process,
however, the exact mode of operation of these impurities on the molecular level is
still, by and large, obscure. In this chapter, the effect of impurities on crystal

morphology and habit will be presented.

The presence of chemical species in solution, in addition to the solute and solvent,
can have a pronounced effect on the crystallization kinetics even if present in trace
amounts. Indeed, the solvent itself can have the marked effect [35]. The presence
of impurities is detrimental to the desired objectives of a crystallization process, but
some times the presence of impurities is essential. The classic example is the
crystallization of gypsum from phosphoric acid in the wet phosphate acid process.
Here some of the impurities present in the phosphate rocks are essential in order
to obtain the desired crystal size and habit. As crystallization is essentially a

molecular recognition process occurring on a grand scale; impurity influence can

56



Additive Effect on the Crystallization of Alkyl Methyl Ester

be rationalized in terms of intermolecular interactions. Since the interactions of
impurities at the interface play a role in all aspects of crystallization, emphasis is
placed on describing the structure and environment at the interface, and explaining
its impact on crystal shape. In particular, emphasis is placed on utilizing theories of
crystal growth and adsorption to understand how impurities affect the growth

process.

2.8.1 Adsorption on crystal surface

The shape of a crystal is determined by the relative growth rates of individual faces
of a crystal, and could be influenced by the presence of impurities. The mechanism

of the action of impurities on the growth occur when they are adsorbed on the

crystal faces.

Impurities can form in a wide range of substances with adsorbate on the crystal

varying from ions, atoms, molecules and from macromolecules to clusters.

For non-ionic impurities, the adsorption may be described using the Langmuir

isotherm; the loading O, depends on the Henry coefficient, Heim, of the impurity

and its mole fraction, Yy n, in the mother liquor [33]:

(Etm )y:in
\ + &Henil /)le

(2-60)

or

(2-61)

The change of crystal morphology is based on the difference in adsorption
energies on different faces. The molecules of impurities will be adsorbed on the

crystal surface into kinks, steps and faces (see Figure 2.21).

Davey [76] has summarized and recalculated data for several organic and
inorganic impurities on a variety of crystals, pointing out the different adsorption

locations and disturbances of growth kinetics.

The action of ionic impurities is different from the non-ionic impurities, because two
additional obstacles to adsorption have to be taken into account. The crystal habit
in an electrolytic solution is charged when the pH or the stoichiometry of the lattice

ions is varied. At a glance, with the multicomponent adsorption of H , OH , and the
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surplus lattice ion, there is a positively or negatively charged crystal face depending
on the solution conditions and an electrical double layer is formed [33], When the
impurities come up against such a charged interface, additional action due to the

electrostatic repulsion or attraction has to be overcome.

Figure 2.21: Distinct adsorption sites for additives and impurities: (a) kink, (b) step, (c) ledge
[33]

2.8.2 Impact on thermodynamics and kinetics

The adsorbed impurities on crystal growth can influence the thermodynamics and
kinetics, so the impact of impurities can be investigated from the thermodynamic
and kinetic changes. Because the adsorption and crystal growth are both highly
specific to the single faces of a crystal, the impurity may influence every single
face, too. In general, an impurity can accelerate, decrease or totally suppress the
growth of a crystal face. In addition, the impurity has an impact on the growth
mechanism, so it is important to learn which of these contrary effects predominates

from the considerations which of the thermodynamic and kinetic effects prevails.

2.8.2.1 Impact on thermodynamics

The important thermodynamic parameter in the BCF, B+S, and PN model, which is
altered notably through the adsorption of an impurity, is the interfacial energy, ya

[33], Setting up the Gibbs adsorption equation in such a way that the excess of the
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solvent is zero, the effect of the adsorbing species on the intorfacial energy yd

with the coverage f in moles per unit area of the surface, reads [33]:
(2-62)

When the Langmuir adsorption isotherm is applied with the maximum coverage of

impurities, r niax, Equation (2-62) becomes [33]:

(2-63)

The equation shows that the interfacial energy decreases with increasing the
impurity adsorbed, thus, the rate of growth increases. The reduction in the
interfacial energy causes a decrease in the Gibbs free enthalpy to form nuclei, so
that at a given supersaturation, the number of nuclei in the polynuclear and birth

and spread models increases.

2.8.2.2 Impact on kinetics

Based on the location of the adsorbed impurity, different models describe the
growth kinetic effects that result in an impeded step velocity. For the reversible
adsorption on kink sites, Blisnakow and Kirkova [77] have proposed a model for

the growth rate of a crystal face:
Vio = % (M6, )+ v D, (2-64)

With O\ the loading of the impurity on available kink sites and vinp,v0, andv,nj,

the face growth rate in the presence, in the absence, and in the case of complete
coverage with impurity, respectively [33]. The model will be valid, if the impurities
incorporated into the crystal lattice as is the instance for “tailor-made" additives or if
the mobility on the surface decreases with increasing molecular mass of the
adsorbate. Due to the crystal habit modification by impurities, it is important to
investigate the mechanism of impurity for habit modification from the change of

thermodynamics and kinetics.
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2.9 Molecular Modeling

A molecule may be defined as a collection of atoms linked by bonds. Molecules are
always moving, modifying shape and, sometimes, losing and gaining pieces
through rearrangement and reaction. However, due to the complexity and levity of
molecules, it is hard to obtain the molecular information in the real circumstance. In
some ways, molecular modelling is a useful tool which can be used to obtain
information about molecules. The behaviour of molecules can be investigated with
the molecular energy which is calculated using simple mechanical models. There
are some ways to calculate energy such as conformation searching, molecular
dynamic simulation and molecular orbital theory, but they are all time consuming

and limited.

2.9.1 Force fields

Because it is hard to calculate the free energy G directly, the molecular mechanics
model gives a value for ‘energy’ by adding up strain in all of the bonds and the Van

der Waals and Columbic interactions of all the atoms [78]. This quantity can be
called Emi , the molecular mechanics energy which can be reflected by the

internal energy of a molecule U [78].
The standard equations of thermodynamics for energy can be defined as [79]:
H=U+ PV (2-65)

For a simple molecular mechanics model without external pressure, the equation

can be simplified,
AH = AU « AEmi (2-66)

Based on the Equation (2-65) for free energy and AS ~ 0, the change in molecular

mechanics energy, AEm t, equals approximately the change in free energy.

AG = AH - TAS (2-67)

The molecular mechanics energy, Emiis made up of a number of components
[78],

(2-68)
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Ehikh- the energy in every bond

E - the energy in every angle

E\dw the energy of all the Van der Waals interactions

- the energy of torsion angle

Yorsion

These equations, together with the data (parameters) required to describe the
behaviour of different kinds of atoms and bonds, is called a “force field”. The
molecular mechanics “force field” relates the motions and energies of motions of
atoms within the molecule. The force field is used to govern how the parts of a
molecule relate to each other, that is how each atom or group of atoms is affected

by its environment, and how these forces contribute to the structure of the
molecule. Force fields provide an empirical way of calculating Em i, especially best

for ‘organic’ systems.

2.9.2 Minimisation

The energy can be removed from a molecule, driving it to a low energy
conformation. This process is called energy minimization, which can give
unstrained conformations. Minimisation is the process of making small adjustments
to a molecule geometry [78]. The process of minimisation is illustrated for a

diatomic molecule in Figure 2.22.
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Potential
Energy

Figure 2.22: The relationship between lowest energy and equilibrium atomic separation [70].

The process of movement of position will continue until all possible small changes
to the structure increase the energy of the structure. However, this process
becomes quite complicated due to the large degree of freedom which a molecule
will have, and the decision to move the direction is important in the process of
minimisation. Different characteristics of molecules and force fields will use
different minimisation algorithms to solve the problem, and can be divided into non-
derivative and derivative methods. If a molecule is rigid, then there may only be
one minimum in the potential energy surface, and so minimisation is all that is
required to get an idea of its properties [78], However, most molecules have a
measure of flexibility and so some form of conformation searching is essential to

obtain meaningful results [78],

2.9.3 Conformation searching

It is very important to find out which conformation has the lowest energy of all in
the molecular modelling work and this problem may be solved by conformation

searching.

Conformation searching is a crucial step in most molecular mechanics studies.

Because it will not confirm the conformations of a molecule which is under
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consideration to represent the lowest energy, without the conformation search.
Some automated methods of searching conformation were used to determine the

low energy conformations [78]:

» Systematic Search: check through all possibilities - reliable, but slow.

* Monte Carlo Search: make use of information gathered as the search
proceeds much faster and is often the method of choice.

* Molecular Dynamics: not an ideal method for conformation searching,
unless many experimental data are available.

* Genetic Algorithms.

» Distance Geometry.

* Rule-based Methods: very rapid method of generating a reasonable

structure, but not necessarily the global minimum.

2.9.4 Molecular orbital theory

Due to the complexity of the equations which describe the molecular structure,
guantum mechanics is involved in the calculation of the energy minimisation. The
molecular orbital is made up of the parts of the atomic orbitals which can be
classified as one-electron atoms and multi-electron atoms. So the basis for the

molecular orbital theory is the atomic orbital theory.

The molecular properties are based on the knowledge that the atoms can be
calculated with Ab initio molecular orbital methods (GAUSSIAN, CADPAC,
GAMESS, Spartan, etc.), only used for fairly small systems [78], Semi-empirical
molecular orbital methods (MOPAC) are faster than ab initio but less accurate [78],
AM1 and PM3 are the most sophisticated models in general use, superseding

MNDO, MINDO/3,CNDO and numerous others [78],

2.9.5 Molecular cluster modelling

Over the recent years, it has become possible to glean information about crystal
nucleation and growth of crystals by a variety of experimental and computational
techniques at nanometre scale. Computational methods being developed, such as
molecular dynamics, have obtained some results on the aggregation of solute

molecules and molecular clustering in solution. Most experimental studies [80, 81]
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of structures of supersaturated solutions at the onset of crystallization support the
existence of molecular clusters. Experiments have yielded some information on
cluster size and structure [82-84] and modelling by molecular simulations has been
conducted [84], Hence, clusters provide a way to envisage the nucléation
mechanism, and the molecular behaviour during nucléation and growth of the new

phase can be investigated directly and in detail.

Compared with conventional approaches for measuring nucléation rates, the
advantages of the study of clusters modelling are that the problem of heterophase
contaminants can be avoided. Besides, in the condition of small volumes and rapid
cooling rates, this method can be applicable to solid-state transformation at high
nucléation rate. The existence of clusters was pointed out by Davey et al. [85] and
the molecular clusters were observed in systems such as methanol and ethanol as
shown experimentally using neutron scattering data. The birth of molecular
clusters, reported by some recent theoretical results, has resulted in the

combination of Coulomb repulsion and attraction [86-88],

The existence of clusters in the solution prior to the formation of crystals [89],
although classic homogenous nucléation theory assumes the formation of clusters
takes place before nucléation. Hence, a general hypothesis is assumed that
molecular clusters in supersaturated solutions assemble as the various forms of
shapes and arrangements [90], with clusters existing with the molecular packing

mirroring the crystal packing for corresponding polymorphs in the system [85].
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)

Figure 2.23: Energy minimization of facetted molecular clusters for a and p polymorphic
forms of L-glutamic acid showing that the meta-stable form is more stable at
small cluster size (a) non-optimized structures; (b) minimized structures;(c)
optimized structures [91].

This hypothesis was used by Pencheva et al. [91] to create clusters of molecules
which initially are representative of the molecular organisation within the bulk of a
fully crystalline, solid form of the material in question. Hence in the approach
adopted here the underlying hypothesis is that the molecular organisation within
clusters of solute molecules, which form in solution during fluctuations leading to
nucléation events, is similar to that in the solid phase that emerges from the
solution via crystallization. However, there is another hypothesis describing the

shape of molecular cluster as spherical in shape [80, 81].

The case study by Pencheva et al et al. [91] on two well-known and contrasting
hydrogen-bonded compounds: L-glutamic acid (L-GA) and D-mannitol (D-M)
reflected the relationships between size, shape and polymorphic form. The
molecular cluster work was validated through the calculation of the energies of the
molecular clusters of different sizes, created using the POLYPACK program, by
applying Momany force-field parameters and plotted as a function of cluster size
(see Figure 2.23) for both polymorphic forms of L-glutamic acid for non-optimized,
minimized and relaxed structures. The thermodynamic stabilities of L-glutamic acid
corresponding to different polymorphs which can be determined; hence the

polymorph selection can be confirmed during the nucléation process.
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2.10 Crystallization Characterization

Crystal characterization refers to the physical and chemical properties of crystal,
i.e. composition, concentration, morphology and structure. To learn the crystal
characterization is helpful to study and control the crystallization process. A whole
spectrum of techniques from exotic physical methods to classical analytical

chemistry is employed in characterization [92].

An optical microscope and balance may be the most fundamental instruments for
determining crystal characterization and besides these, the following methods

could be used for crystal characterization in this research:
m  Turbidimetric method

The turbidimetric method can be used to detect on-set of crystals in the solution
through the detection of the reduction in light transmittance. The light came from
the LED photosensing diode in turbidity probe illustrated in Figure 2.24, and was
reflected back via a mirror at the bottom. This method has been widely used to
measure the nucléation and dissolution temperatures and induction time [52, 93,

94],

Figure 2.24:Schematic structure of turbidity probe.

m  Thermal methods

The phase transfer will lead to generation or absorption of heat, so thermal
analysis can be used to assess this change. In this project, differential scanning

calorimeter (DSC) was used to measure the heat of diffusion.
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2.11 Conclusions

This chapter has discussed and reviewed the fundamentals underpinning crystal
science, especially basic crystal structure and crystallography, -crystallization
process, methods for simulating crystal morphology and techniques characterizing
the crystallization. This chapter reviewed the molecular modelling method

combined with the historical work on cluster modelling.
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CHAPTER 3

Effect of Additives on Crystallization

Process

Summary:

Literature review of the effects of additives on crystallization process: nucléation,
growth and polymoph transformation and cold flow additives on clod flow behaviour
of diesel fuels and biodiesel.
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3.1 Introduction

In this chapter, a selection of previous research work into the effect of additives on
the crystallization process is presented. This included both inorganic and organic
system and particular attention is given to studies of -crystallization with

conventional and biodiesel fuels.

3.2 Effects of Additives on crystallization properties

3.2.1 Effect of additives on crystal morphology

The morphology of crystals grown from solution could be changed if appropriate
additives are added. There is so much work to indicate the effect of the additives

on the habit, in spite of inorganic or organic additives.

3.2.1.1 Inorganic additives

After an addition of small amount of CdCI2 as additive, the shape of NaCl crystal
grown from the solution changed, and the (111) faces became the dominant face
instead of the normal (100) morphology (see Figure 3.1) [95]. From the optical
microscopy, atomic force microscopy and surface X-ray diffraction (SXRD)
observation, it can be seen that the (111) surface became smooth without surface
reconstruction. Optical and AFM observations showed that the growth of
octahedral crystal faces proceeds by monomolecular and higher steps. Steps
originate from 2D nucleation starting from the edge of the crystal as well as from
spiral growth. In situ SXRD observation showed the (111) NaCl surface was similar

to its bulk face truncated along the (111) plane.

Figure 3.1: Ex situ optical DICM images of {111} NaCl crystal surfaces grown from a water
solution with CdCI2 added as impurity: (a) typical {111} surface; (b) ex situ
DICM optical image of a {111} surface showing bunch patterns close to the
edges of the face. These undulated steps are not observed at the centre of the

crystal surface [95],
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Figure 3.2: AFM images of (111) NaCl crystal surfaces grown from an aqueous NaCl
solution with CdCl2 added as impurity, showing: (@) monomolecular steps; the
step height is about 0.3 nm. Each monomolecular step consists of one Na+
layer plus one CI- layer; (b) atomic resolution structure. The oriented patterns of
the single bright spots refer to the positions of single ionic species. The
observed interatomic distances are 0.4 nm [95],

Figure 3.3: Optical image of epitaxial CdCI2-2NaCI-3H2 crystals: (a) needle-like patterns,
assigned as a twin pair (made) consisting of a (non-visible) crystal with its
basal(0001) plane parallel to the (111) substrate surface and a (visible) twin
inclined with respect to that plane; (b) hexagonal plates presenting non-twinned
CdCI2-2NaCl-3FI20 crystals with their basal (0001) plane parallel to the (111)
NaCl surface [95],

The effects of additive (acetic acid, 1.15%) on the habit modification of NaBrO.,
crystals have been investigated (see Figure 3.4) [96], The plot in Figure 3.5

(named morphodrome) of growth temperature against supersaturation showed that
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the additive influences on the shape changes were more important in the low

supersaturation range than in the high supersaturation range.

Figure 3.4: Typical examples of three growth shapes of NaBrO3 crystals grown from the
solutions doped with acetic acid (1.15mol %). (a) {100} (cubic habit), after
growth of 17min. (a) indicates {100}. A growth temperature is 33°C,

IN(C/C )= 0.14. (b) {111} (tetrahedral habit), after growth of 24min. (b)

indicates {111}. Growth temperature is 30°C, IN(C/C,) =0.09. (c) {100}
and {111} (intermediate habit), after growth of 8h (a) and (b) indicated {100}
and {111}, respectively. Growth temperature is 50°C, IN(C/C.) =0.01[99,

o cukk"' kahir
A letrahciintt habit
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Figure 3.5: Morphodrome of NaBr03 (a) grown from pure solution; (b) in the presence of
acetic acid of 1.15mol% [96]

The effect of inorganic Co (ll) and organic (urea) impurities on the properties and

crystalline perfection of tri (thiourea) copper (I) chloride (TCC) single crystals grown
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at 30°C using slow evaporation grown technique (SEST) is investigated [97], The
photographs of TCC, Co (ll) and urea-doped as grown crystals are shown in Figure

3.6 [97],

Figure 3.6: Photographs of TCC as-grown crystals: (a) pure (b) 10 mol% Co(ll)-doped and
(c) 5mol% urea-doped [97].

The powder XRD and FT-IR (Figures 3.7 and 3.8) results indicate the additives
caused a small change in intensity and vibration patterns, respectively. SEM (see
Figure 3.9) reveals a defect structure and the presence of Co in the doped TCC

crystal results in more scatter centres than of the undoped specimen.

Figure 3.7: Powder X-ray diffraction curves of TCC crystals: (a) pure and (b) 10mol%
Co(ll)-doped [97],
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Figure 3.8: T-IR spectra of TCC crystals: (a) pure and (b) 10mol% Co (Il)-doped [97],

Figure 3.9: SEM of TCC crystals: (a) pure, (b) 1mol% Co(ll)-doped, (c) 5mol% Co(ll)-doped,
(d) 10mol% Co(ll)-doped and (e) 1mol% urea-doped [97].
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3.2.1.2 Organic additives

After an addition of six structurally related additives, four additives led to significant
morphological changes. Among the six structurally related additives tested in the
study, sucrose and p-glucuronamide were shown to have no effect on the crystal
shape of alpha-lactose (La-H2), whereas the other additives (a-galactose and p-
cellobiose) proved to be habit modifiers (see Figure 3.11). In the presence of a-
glucosamine-HCI, crystals became strongly elongated (see Figure 3.12), due to the
larger length increases along the b direction. By contrast, the use of maltitol, a-
galactose or p-cellobiose induces that “flattened” morphologies to be obtained, in
connection with the dominant length increases along the direction. Depending on
the nature of the additive from molecular simulation in Figures 3.14 and 3.15,
crystal habit varies from “elongated” along the b direction or "flattened” along the

axis [99],

Figure 3.10: Molecular formula of a-lactose (a) and representative habit of single crystal
obtained from water (b) [98]

Figure 3.11: Photographs of representative La-H20 crystals with increasing supersaturation
in the absence of (a) and in the presence of (b) 10% (w/w) of a structurally
related additive (p-cellobiose) [98]
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Figure 3.12: Photographs showing the evolution of the crystal habits as a function of the
proportion of structurally related additives: (B-cellobiose (a) and a-glucosamine

hydrochloride (b), with corrected; J3int = 1.4 [98],

Length ratios o Lb/la Lengths

Figure 3.13: Evolution of the crystal lengths along the 3 main axes as a function of the
proportion of structurally related additives: 3-cellobiose (a) and a-glucosamine
hydrochloride, crystal length (b) [98].

Figure 3.14: Hypothetical substitution of a a-galactose molecule in the structure of La-H20
simulating the probable adsorption mechanism along b and -b directions [98],
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Figure 3.15: Possible adsorption of a glucosamonium unit in the crystal structure of La-H20
by replacement of galactose unit (a) or the glucose unit (b) [98],

The effect of additives on the morphology of paracetamol crystal has been
investigate by Thompson [99] and Hedriksen [100], Atomic force microscopy (AFM)
and scanning electron microscopy (SEM) (Figure 3.16) are used to investigate the
influence of two structurally related impurities of paracetamol on its crystal
morphology by Thompson [99]. Their work also monitored the effect of impurities

on the morphology of specific face (001)

©

Figure 3.16: SEM images of a parecetamol crystal: (a) pure parecetamol; (b) in the presence
of 4 mol% acetanilide; (c) in the presence of 4 mol% metacetamol [99],
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SEM images in Figure 3.16 indicated the characteristic tabular habit of pure
paracetamol crystals was only moderately altered by the presence of acetanilide,
but the crystals adopted a columnar habit when grown in the presence of
metacetamol. On a microscopic level, AFM revealed that Uie surface features of
pure paracetamol crystals were steps ranging from 1to 21 nm in height [99],
whereas crystals grown with acetanilide possessed thin, branched steps of
approximately 20 nm in height, so it is suspected that the branched appearance of
the steps was due to the adsorption of acetanilide molecules onto terraces or steps
during growth, causing pinning and bending of growing steps. The presence of
metacetamol during growth resulted in steps of approximately 15 nm in height
interspersed with holes, and also induced the formation of the defects in the crystal

surface [99].

The crystal structural approach [100] was used to explain the observed additive
uptake, the morphological changes and the inhibition of nucléation. The crystal
structure of pure axetaminophen displays a hydrogen bonded network, from which
is derived a mechanistic interpretation of the abilities of additive molecules to

influence crystal growth [100].

Figure 3.17: Representation of the crystal structure of paracetamol (acetaminophen) [100]

From the Table 3.1 and Figures 3.17 and 3.18, it can indeed be seen that hydrogen
bonding plays a significant role in the crystal structure of acetaminophen. The inter-
atomic bonding strengths and atom-atom contributions were calculated using
HABIT. Based on the analysis of the molecular structure with additives, the effects

of the additives are interpreted by considering the ability of each additive to dock on
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to the crystal surface by adsorption, to block the uptake of paracetamol molecules

on the crystal surface and/or the crystal lattice [100],

Figure 3 18- lllustration of the interactions with origin paracetamol (acetaminophen) molecule

I
and the molecule defined by the symmetry operator “x + —, ——y , 2" [100]

Table 3.1 Ranking of inter-atomic hydrogen bonding interactions for paracetamol. The
calculated lattice energy was -27.91 kcal mol ' [100]

u Y, w z Atom A Atom B Distance Energy
W (kcal mol
i
1 0 1 4 02 H5 1.8 -5.76
1 0 0 4 01 H6 2.05 -2.55

Note: ‘Distance’ is the intermolecular distance between the interacting atoms A and B for the
intermolecular interaction between atom A on the central molecule [0001] and atom B in the molecule
defined by [UVWZ], where U,V,W are multiples of the unit cell dimensions and Z refers to the

symmetry number defining the molecule in the unit cell. Here Z —4(.V + 1/2,1/2 —y, z) .

The effect of crystallizing phenytoin (5.5-diphenylhydantoin; DPH) from methanol
under defined conditions in the presence of various concentrations of additive, 3-
propanoyloxymethyl-5, 5- diphenylhydantoin (PMDPH; a cited prodrug of DPI-)) was
investigated [101]. The presence of 3gl' (8.9mmol') or more of PMDPH in the
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crystallization media caused the DPH crystals to develop into long, thin plates

(Figure 3.19), the extent of which depended on the PMDPH concentration.

Concomitant with the habit thinning of DPH crystals was a slight decrease in mean

particle size and an increase in specific surface area of crystals (Figure 3.20).

Figure 3.19:

Figure 3.20:

Scanning electron photomicrographs of DPH crystallized from methanol in the
presence of the following concentrations of PMDPH: upper left, Ogl'; upper
right, 1g12; lower left, 5gl ’; lower right, 7 gl1[101],

»

ow [— 2 < 4 S
{fMDPHf in SOLUTW>N,fl/f

Specific surface areas of DPH crystallized from methanol containing various
concentrations of PMDPH. Each data point is the mean value of two separate

batches [101],
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3.2.2 Influence on nucléation and crystal growth kinetics

The evaluation of the effects of additives on ttie nucléation and crystal growth
kinetics is very important for the control of the crystal form and crystallization

process.

Rauls investigated the influence of additives on the crystallization kinetics of
ammonium sulphate [12]. Figure 3.21 presented habit modification and change of
growth rate in the presence of Al'Mhe meta-stable zone of ammonium sulfate with
impurities became wider than the pure ammonium sulphate (see Figure 3.22). All
crystal additive systems investigated had an optimal concentration where growth
rate and crystal size had a maximum and the nucléation rate a minimum. Further
the increases of additive concentration above this optimal value decreased growth

rates and crystal size at increasing nucléation rates [12].

Figure 3.21: SEM images of ammonium sulphate crystals obtained in low-temperature
experiments from pure solution (left) and in presence of 100ppm A r (right)

(12]

Figure 3.22: Induction times for secondary nucléation for pure ammonium sulphate solutions
and in presence of aluminium ions [12]
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The results from Figures 3.23 and 3.24 indicated that all impurity levels in the
system reduce kinetic coefficients for crystal growth and suppress nucléation by
adsorption on the crystal surface [12]. The retarding effect of aluminium on two
faces of ammonium sulphate are presented in Figure 3.25, and finally the effects of

additives on nucléation and growth kinetic parameter can be seen in Figure 3.26.

50 puro
pom O with AI'
o 100-
e O 10 ppm
8 300 ppm
o 50 (o}
600 ppm
/ " —F — —
00 05 1.0 15 20

Supersaturation y/ky

Figure 3.23: The growth kinetics of ammonium sulphate - in pure solution at different
residence times and in the presence of Al3f at 2h residence time [12],

Figure 3.24: Nucléation rates measured in the pure and impure System [12]

k

106 nm/s

Figure 3.25: The growth-retarding effect of impurities on the crystallization kinetics of
ammonium sulphate [12]
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Figure 3.26: Simplified scheme of the general relationship between relevant crystallization
parameters [12].

The growth kinetics of PE in aqueous solutions appear to be strongly affected by
the presence of some additives (see Figure 3.27) [13]. In particular, the growth rate
of highly pure crystals may be up to three orders of magnitude higher than that of
the pure grade (98 wt. % purity) commercial product. The presence of additives,
absorbed on the crystal surface, may cause complete blocking of the growth
process for supersaturation values below the critical value. The inhibiting effect of

additives decreases with temperature, the adsorption process being obstructed.
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Figure 3.27: Growth kinetics of PE in pure aqueous solution and in aqueous solution
containing formic acid from batch runs at 30°C [13].
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Experimental growth kinetics of the most important F forms of sucrose crystals, has
been investigated at T=40°C in the presence of varying raffinose concentrations

(102,

«K »0* «X »0’

Figure 3.28: Growth isotherms of {100} (a) and {110} (b) forms of sucrose crystals in pure
and raffinose doped solutions [102],

The isotherms (Figure 3.28) obtained from pure and impure solutions

(c =0.5and 1.0%) clearly show that raffinose not only dramatically slows down

the growth rate of the first three forms, but also spreads the parabolic law over the

whole explored 0 range. Moreover, only {100} isotherm does not show dead zones.

Carbamazepine (CBZ) crystals were grown from pure ethanol solutions containing
various impurities [103]. The results in Figure 3.29 indicated that the highest
dissolution rate and the lowest dissolution rate were obtained for the samples
recrystallized from alcohol in the presence of PVR and untreated cambamazepine

particles, respectively.

Figure 3.29: The dissolution profiles of untreated carbamazepine sample and
carbamazepine crystals obtained from alcohol solutions in the absence or
presence of various additives [103].
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Figure 3.30: SEM of (a) untreated cambamazepine, and those grown in alcohol in the
presence of (b) no additive, (c) 0.1%w/v PEG4000, (d) 0.1% w/v PVR K30, (e)
0.1%w/v Tween 80 [103],

The scanning electron micrograph (SEM) (Figure 3.30) studies showed that the
presence of the additives in the solutions growth medium affected the morphology
and size of carbamazepine [103]. It exhibited different shapes corresponding to the
different additives involved in the cambamazepine, and it seemed that the shape

was modified by PEG400.

The solubility of hydroquinone, growth rates and the habit of hydroquinone crystals
and the meta-stable zone width of hydroquinone solutions were studied
experimentally with and without pyrogallol as an additive. The following conclusions

may be derived [104].

(1) The meta-stable zone width was increased by the presence of pyrogallol. This
suggests that primary nucleation of hydroquinone is reduced by the presence

of pyrogallol.

(2) The longitudinal and lateral growth rates increased linearly as the relative
supersaturation was increased. The longitudinal growth rate (see Figures

3.31and 3.32) was reduced by the presence of pyrogallol and the ratio of
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reduction did not depend on supersaturation. The lateral growth rate (see

Figures 3.33 and 3.34) did not seem to be affected by the additive.

The effect of pyrogallol on the longitudinal growth rate was reasonably
explained by the Kubota-Mullin model. According to the Kubota-Mullin model,
the crystal growth rate in the presence of impurity (or additive) is decreased by
the pinning effect caused by the additive species adsorbed on the step lines at

kink sites. The growth rate in the presence of additive is described as a

] I fxKC ~
function of additive concentration, Cimas, G, = Gw 1“T“R-C_
+ .
im Yy

where GIO is the longitudinal growth rate for the pure solution, a is the impurity

(additive) effectiveness factor, and the K is the Langmuir constant for additive

adsorption.

Figure 3.31: Longitudinal growth rates as a function of supersaturation at different additive

concentrations. Vertical bars indicate standard deviations [104] .

Figure 3.32: Longitudinal growth rate constant vs additive concentration. Vertical bars

indicate standard errors estimated when applying a least-square fit to the
longitudinal growth rate data. The datum point for seeds A at 5 wt% was
completely the same as that for seeds B [104],
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Figure 3.33: Lateral growth rates as Figure 3.34: Lateral growth rate
a function of supersaturation at constant vs additive concentration.
different additive. Vertical bars Vertical bars indicate standard errors
indicate standard deviations g [104], estimated when applying a least-

squares fit to the lateral growth rate
data in Figure 3.34 [104],

Figure 3 35: Longitudinal distributions of product crystals of hydroquinone obtained form
unseeded batch cooling crystallization, (b) Lateral distribution of product
crystals of hydroquinone obtained form unseeded batch cooling crystallization

[104],
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3.2.3 Influence on the transformation of polymorphic crystals

The solution-mediated phase transformation of the meta-stable A form of an active
pharmaceutical ingredient (1) to the stable B form is investigated in 2-propanol. The
studies show that the rate of transformation is sensitive to the tailor-made additives
and that the presence of certain inhibitors reduced the rate of transformation in
Figure 3.38 [105]. Molecular modelling studies are undertaken to investigate the
incorporation of these structurally related additives into the crystal lattice, and it is
observed in Figure 3.37 that the build-in approach used in morphology predictions
for additive-host systems can be applied to evaluate the extent of additive

incorporation [105].

RS2 R S 4

Figure 3.36: Molecular structures of compound 1 and the structurally related additives [105],

Figure 3.37: Crystal packing of compound 1 polymorphs; (a) form A viewed along the c-axis;
(b) form B viewed down the b-axis; and (c) form C viewed parallel to the c-axis.
Hydrogen bonds are represented by the aqua dashed lines. The circled areas
indicate the growth units of each form [105],
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In Figure 3.38, it can be seen that both impurity RS1 and RS4 slightly reduced the
transformation rate, while the transformation of compound 1in the presence of RS2
and RS3 of the meta-stable A form to the stable form is hindered, particularly RS2,

where a trace amount of form B is observed after 30 h [105],

[105],

3.2.4 Molecular modelling study on the effect of additives

Computational work of atomistic simulation is utilized to model the crystal and
evaluate the effect of the additives on the crystal morphology, nucleation and

growth kinetics.

A new model to predict crystal morphology that depends upon concentration of
additives in the bulk liquid was developed [106]. In this method, the procedure of
adsorption of additives on crystal surfaces were simulated to predict the crystal
morphology of salol in the presence of three different impurities: phenyl benzoate,

benzophenone and benzhydrol.

Table 3.2 Lattice energies calculated from sets of charge distribution and force fields3[106]

QM method force field £htt (kcal/mol)
PM5 Dreiding -27.35
Universal -38.04
AMI Dreidmg -25.88
Universal -38.90
COMPASS -27.26

aThe force field parameters were applied as implemented in Cerius2
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Figure 3.39: Mappings of phenyl benzoate molecule (blue) onto a salol molecule (red)
according to similar chemical strucuture fragments. Two examples from the
set of possible mappngs are illustrated [106].

Charge distributions and optimum molecular conformation of all four compounds
were determined by semi-empirical quantum mechanical methods AM1, PM5, and
MNOd. The smallest error was found when the PM5 method was used, so the PM5
optimized molecules were favoured [106], The new approach was based upon the
concept of adsorption sites, and Figure 3.39 illustrated the mapping of phenyl
benzoate onto salol, indicating that a set of possible mappings for each impurity
molecule exists [106]. The model was successfully applied to predict the ratio of
growth rates of the faces (020) and (111) with the additives of phenyl benzoate,

benzophenone, and benzhydrol.

3.3 Cold flow Improver Additives

As a method to improve the cold flow properties of petrodiesel, cold flow improver
additives have been recognized for more than 40 years. Many additives can affect
the wax crystal nucleation, growth, or agglomeration. Exact chemical structures are
very important to additives and the most effective additives are often composed of
low molecular weight co-polymers or long chain function groups similar in melting
point to the n-alkanes found in petrodiesel. These additives include a variety of
polymers such as ethylene vinyl acetate co-polymers, fumarate vinyl acetate co-
polymers, carboy-containing interpolymers, styrene-maleic anhydride co-polymers,

polyoxyalkylene compounds, and co-polymers with long chain alkyl groups from
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fatty alcohols as pendant groups [14]. Cold flow improver additives mitigate the
effect of wax crystals on diesel fuels by changing the shape, size, froth rate and

degree of agglomeration of the crystals produced.

3.3.1 Effect of additives on fuels

At low temperatures the oil mixtures are easy to crystallise from the liquid phase,
so the technique based literature, especially the patent literature, shows a rather
widespread interest inpour depressant additives for diesel fuels. The effect of
additives on cloud point, filter ability, and solid point was investigated by Lebedev

and Berezina [107].

Table 3.3 Low-temperature characteristics of diesel fuels in relation to chemical structure of
additive [107]

Temperature, °C
Fuel composition cloud filter- solid
point ability point
Fuel from medium-sulfur crudes

Without additives -1 -1 -6
with unsaturated naphthalene-ester (600 mol.wt.)" -2 -10 -40
with copolymer of ethvlene and vinyl acetate (1800 mol.wt.) -1 -11 -32
with polyoxypropylenediol (500 mol. wt.) -1 -1 -5
with polyoxypropylenediol (2000 mol.wt.) -1 -2 -5
with polyoxypropylenediol (750 mol.wt.) -2 -1 -6
with polyoxypropylenediol (3000 mol.wt.) -1 -2 -7
with polyoxypropylenediamine (1000 mol.wt.) -3 -1 -5
Fuel from low-sulfur crudes
Without additives -4 -9 -10
with unsaturated naphthalene-ester (600 mol.wt.) -6 -27 Below -
60
with copolymer of ethylene and vinyl acetate -5 -20 -35
with polyoxypropylenediol (2000 mol.wt.) -3 -9 -11
with oolvoxvpropylenediol (3000 mol.wt.) -4 -9 -11
with polyoxypropylenediamine (1000 mol.wt.) -4 -10 -12

The data in Table 3.3 indicated that the depressant additives can decrease the
crystallization temperature of fuels at low temperatures and the type of additives

used for improving cold flow properties.

The additives can decrease the crystallization temperature and increase the
dissolution temperature (see Figures 3.40, 3.41 and 3.42), and the mechanism of

the additives worked was explained by Hennessy et al [108], This work was
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supported with optical turbidometric methods and in-situ combined small and wide-

angle X-ray scattering (SAXS/WAXS) techniques [108],

Figure 3.40: The turbidity plot for wax and inhibitor 1(C16) mediated wax solution at
O.rC/min, showing T m(and T /m [108],

Figure 3.41: The turbidity plot for wax and inhibitor 1(C22) mediated wax solution cooled at
at 0.1°C/min, showing T@®sand Tng [108],

In Figures 3.40 and 3.41, the crystallization temperatures of wax crystal wore
decreased through the addition inhibitor 1 (16), while there was no effect on
crystallization temperatures of wax crystals with inhibitor 1 (22). The effects of
additives on crystallization temperatures and MSZW were presented in Figure 3.42,
it can be found that inhibitors 2 decreased the crystallization temperatures of model
oil significantly. The c-axis of the wax is determined by the longest chain length of
the crystallizing wax mixture, the a and b axes were determined by the inhibitor
family used and the inhibitor efficiencies were determined by the chain lengths of

the alkyl chains protruding from the inhibitor backbone [108],
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£23 crystallisation temperature

Figure 3.42: The effect of inhibitor alkyl chain length on crystallization temperature and
MSZW. The inhibitor family Is represented by inhibitor 1 and inhibitor 2, with

the chain length in parentheses [108].

In addition to decreasing the crystallization temperature of wax, inhibitors can alter
the crystal morphology. For example, the morphology has been observed to
change from the usual plate-like shape to highly branched microcrystalline meshes
with additives, this was observed by Flutter [109]. These mesh forms were defined
as bands formed by nucleation via a meta-stable phase ahead of the inhibition

growth front [109].

(@ (b)
Figure 3.43: Optical micrographs of CZ23 precipitates, (a) Precipitate formed from a solution
with CZmole fraction of 0.344. Crystals consist of thin, overlapping plates, (b)

Precipitate formed from a 0.344 molar fraction of 7.0X 10 ' PA-18. Here,
the crystals form a highly branched tree-like structure. The scale bar spans
100pm and applies to both images [109]
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Molecular dynamic simulations have be used to model the nucleation and growth of
methane hydrate from a liquid water film together with the suppression of the
growth through the addition of polyvinyl pyrrolidone [110], The All simulations were
performed with the package named DL_POLY, and this method was applied to
predict the activity of polymers [110]. The layer of alkane molecules was added on
top of the inhibitors (see Figure 3.44), then the average energy of the added
molecules were calculated to compare the effectiveness of inhibitors. A high value
for the average energy represented that little energy was released when the layer

is added, ans so should indicate slow crystal growth [110].

Figure 3.44: Top and side views of the final configuration from a simulation of eight C28
molecules (black) adsorbed onto a random PAI (19%)/PA18 (81%) copolymer
(blue), which is in turn adsorbed onto the (010) surface of a CBcrystal (surface

layer depicted in grey) [110].

The crystallization behavior of n-alkanes has been well investigated with and
without additives [111]. The crystal morphology of pure n-alkanes exhibit different
forms based on the length and evenness: monoclinic (even-carbon n-alkanes with
n>26), triclinic (even-carbon n-alkanes with n<26), or orthorhombic (odd-carbon n-
alkanes) structure, n-alkane mixtures crystallize as orthorhombic or hexagonal
phase. The cooling rate can also determine the shape of crystals and fast cooling
rate will induce needle-shape crystals, whereas slow cooling rates will induce plate-
shaped crystals. The effect of additive ethylene-vinyl acetate co-polymer (EVA) on
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wax crystallization has been concluded [111] and the important results of these

experiments are as follows [111]:

(1) In ethylbenzene the EVA co-polymer enters the growth sites with the same
probability as the n-alkane units, whereas in kerosene there is a preference for

EVA co-polymer to enter the growth site over the n-alkane units.

(2) The n-alkane crystals grown from pure solutions were found to be needle-
shaped with a length of about 5mm, but addition of EVA was found to lead to the
formation of platelets associated with a log-normal crystal size distribution
(Figure 3.45)

(3) The mean crystal size decreased with increase of the concentration of additive
(Table 3.4) and the mechanism of additive action differed between the two

solvents studied.

(ED (b)

Figure 3.45: (a) n-alkane crystals obtained from K2 solution containing 500ppm EVA. (b)
crystal size distribution corresponding to the crystals of (a) [111],

Table 3.4 Crystal size as obtained from optical microscopy pictures [111]

Paraffin solutions Mean crystal Standard

size (run) deviation
El J- 100 ppm of EVA n 3
El J- 250 ppm of EVA 14 3
El -p 500 ppm of EVA 8 3
El -p 1000 ppm of EVA 7 8
K2 ~E250 ppm of EVA 7 3
K2 -p 500 ppm of EVA 9 3
K2 -p 750 ppm of EVA S 2
K2 -p 1000 ppm of EVA 4 1

94



Additive Effect on the Crystallization of Alkyl Methyl Ester

3.3.2 Effect of additives on biodiesel

2-ethylhexyl-2ethylhexanoate (EMEU) mixed with FAME was demonstrated to lower
the crystallization temperature from tests carried out several different methyl
hexadecanoate (Figures 3.8 and 3.9) [112].

Figure 3.46: Effect of esters synthesized from 2-ethyl hexanoic acid (EH) and branched
alcohols on the Tcof Palme [112].

Figure 3.47: Comparative effect between linear and branched acids having 8 carbon atoms
(C8 and EH) with two different branched alcohols on Tcof Palme [112]

Twelve polymers and surfactants were used to investigate the effect of additives on
the pour point of palm oil methyl esters. Seven out of the twelve compounds tested
were found to be miscible in palm FAME due to the similar polarities of the solute
and biodiesel (Table 3.5). Poly (maleic anhydride-alt-1 -octadecene) was found to

be able to improve the PP of palm oil methyl esters from 12 to 6°C when 2 wt-%
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was added. The cloud point was reduced from 12.9 to 8.1°C, and the cold filter

plugging point was reduced from 12 to 7°C [113],

Table 3. 5 PP of polymeric compounds miscible with palm oil methyl esters [113]

Additives Porcontago of PP
additive r c]
[wt 26 of
methyl esters]

Polyoxyethylene{2) cetyl other o 12
1 12
2 1>
Polyoxyethylene{10) cetyl other o 12
1 12
2 1z
Poly(styrene-co-maleic anhydride) o 12
1 1z
2 12
Roly(othylene glycol) distearate o 12
1 iz
2 12
Poly(octadecyl methacrylate) o 12
1 12
2 12
Pofy(l decono) o 12
1 12
2 iz
Rolyfmaleic anhydride -a/t-1- o 12
octadecene)
oS
6

Eight palm oil samples were studied to test the effect of cold flow additives on
improving cold flow behaviour, including palm olein (POo), super olein (SOo0), palm
oil methyl esters (POME), palm kernel oil methyl esters (PKOME), mixture of
POME and POo at 21 ratio (POMEPOO0), mixture of POME and SOo at 2.1 ratio
(POMESOQO0), mixture of PKOME and POo at 2:1 ratio (PKOMEPOo0), and mixture
of PKOME and SOo at 2:1 ratio (PKOMESOo0). The additives used were Tween 80,
dihydroxy fatty acid (DHFA), acrylated polyester pre-polymer (APP), palm-based
oligomer (PP), a mixture of DHFA and PP at 11 ratio (DHFAPP), castor olil
ricinoleate (COR) and an additive synthesized using DHFA and 2-ethylhexanol
(DHFAEH). All the additives used showed satisfactory results, with greater
reduction in the pour points and cloud points in POME, PKOME, POMEPOO,
POMESOo0 and PKOMESOo. The biggest reduction in pour point was found to be
about 7.5°C (addition of 1.0% DHFA to POMEPOO0) and the biggest reduction in
cloud point was found to be about 10.5°C (addition of 1.0% DHFA and 1.0% PP to
POME). It is suggested that the additives, particularly DHFA and PP, could be used

to improve the cold flow stability of palm oil products and hence be effective

additives [114].
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Co-polymers have also been produced to lower the pour point of biodiesel. For
example, a methacrylate copolymer has been devised to be a cloud point

depressant of FAMEs by Majerczak [115].

A patent has presented a co-polymer additive for improvement of the low-
temperature behaviour, especially of the cold filter plugging point, of fatty acid
esters of monohydric alcohols, especially of rapeseed oil methyl ester. As an
example, the target was to lower the CFPP from -15°C to -22°C in the case of

rapessed oil methyl ester [116].

The following additives were used to test the effect on CFPP of rapeseed methyl
ester[117]:

A: an ethylenel/vinyl acetate co-polymer having a vinyl acetate concentration of

about 37wt% and a number average molecular weight of about 2,700;

B: a 3:1(wt:wt) mixture of additive A and an ethylene/vinyl acetate co-polymer
having a vinyl acetate concentration of about 13.5 wt% and a number average

molecular weight of about 5,000;

C: a mixture containing the same compounds as B but where the wt: wt ratio is

13:1.

Additive A, B and C were each dissolved in samples of the same rapeseed methyl

ester fuel and the cold filter plugging point (CFPP). The results are shown in Table

3.6.

Table 3. 6 The CFPP of Rapeseed Methyl Ester with Additives A, Band C [117]

CFPP(°C)
Additive Treat Rate (ppm Al)
500 1000
A -14 -16
B -13 -14
C -15 -18

Note: "ppm Ah refers to the active ingredient of the cold flow additive in ppm by weight, i.e., without

regard to any amount of carrier solvent

In comparison, the CFPP of the untreated fuel was -9°C. It is therefore seen that

additives A, B and C each improved the filterability of the fuel as measured by the
CFPP test [117],
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Several investigations have been carried out to improve the low-temperature flow

properties of neat biodiesel prepared from different vegetable oils by using

chemical additives [118-120], The stabilization factor, induction period, increases

with increasing additive concentration between 0.01 and 0.1% by weight (Figure

3.48) [121].

The role of the additive molecules is to bind the saturated ester

components, thereby suppressing the onset of three-dimensional nucléation.
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Dependence of induction period for instability (as determined by pour point) of
rapeseed oil methyl ester on the concentration of some selected additives
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Effect of ozonized vegetable oils on cloud point (w) and pour point (a) of
biodiesel prepared from different vegetable oils [122]
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The protruding polar groups was found to be the main reason for the pour-point
depressants to improve cold flow properties for conventional diesel fuels. However,
vegetable oils and their FAMEs do not have polar groups. Therefore, to design
effective pour-point depressants for biodiesel, polar structures ideally need to be
introduced into their structure. Scoriano et al. [122] investigated the effect of 1%
(by weight) of ozonized sunflower oil, soybean oil, palm oil and rapeseed oil on the
cloud points and pour points of biodiesel prepared from different vegetable oils
(Figure 3.49). The data reveals that these additives are effective in decreasing the

pour point.

3.4 Conclusions

This chapter reviewed the effect of additives on crystallization process: nucleation,
crystal growth, morphology and phase transformation including inorganic and
organic additives. This chapter also detailed the effect of additives on crystallization
temperatures of petrodiesel and biodiesel. However, it can be seen that the use of
monomer cold flow additives have not been studied in much detail, so the effect of

that kind of additive will be explored in this thesis work.

99



CHAPTER 4

Materials and Methods

Summary:

The crystal and molecular structures of the materials studied in this thesis work,

together with an overview of the experimental and computational methods used are
highlighted.
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4.1 Introduction

This chapter describes the materials examined in this research and the
methodologies used for their examination. The former were: naphthalene, biphenyl,
methyl stearate methyl palmitate and eight additives used for improving cold flow
properties of methyl stearate. Naphthalene and biphenyl were selected carefully as
illustrative systems for the development of the molecular cluster work since they do
not manifest intermolecular hydrogen bonding as is the case for methyl stearate.
Because methyl stearate is one of the main components in biodiesel, it was used
as a model material to study the effect of additives on nucléation behaviour such as
crystallization, dissolution temperatures and induction time. The additives selected
for the nucléation study have a similar alkyl chain length to methyl stearate. Both
methyl stearate and methyl palmitate were selected to study the effects of solvents

(toluene, dodecane and methyl oleate) on crystal size and morphology.

All the compounds excluding additives used for case studies in this work were
molecular crystals, in which the crystal chemistry is dominated by van der Waals
interactions and for which there are no strong columbic interactions. The crystal
structures of all the compounds except for methyl palmitate were available in the

Crystal Structure Database (CSD).

4.2 Materials

4.2.1 Methyl stearate

Methyl stearate (CIH302 M.W. = 298.51) normally occurs in the form of a
colourless crystal. It melts at 39HC; it is insoluble in water, but can dissolve in
organic solvents such as toluene and methyl oleate. Because methyl stearate
crystals tend to agglomerate at low temperatures, there is very little literature

reporting the crystal shape of methyl stearate.

The crystal structure of methyl stearate was first analyzed by Aleby [123], and then
another form of methyl stearate was reported by Macgillavry [124], The crystal

structure information is shown in Table 4.1.
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Figure 4.1: Formula of methyl stearate

Table 4.1 Crystallographic Data of Methyl Stearate

Space Space Length a Length b Length ¢
group group
Name number A A A
Methyl A2/a 15 5.61 7.33 106.6
stearate 1
Methyl Pnab 60 5.61 7.35 95.15
stearate 2
Name Angle Angle Angle Cell polymorph
volume
a R Y
(A3
Methyl 80° 116.78° So° 3910 Monoclinic
stearate 1
Methyl §°° 80° 90° 3930 Orthorhombic
stearate 2

The materials used for experimental purposes were purchased from the Sigma-
Aldrich Co Ltd., having purity of 96% or 97%. The solvent, methyl oleate was
purchased from the Alfa Aesar Co Ltd, having a purity of 75%.

4.2.2 Methyl palmitate

Methyl palmitate (CIMj,t(\ M.W. = 270.45) is also a colourless crystal. It melts as
35°C; it is insoluble in water, but can be dissolved in methyl oleate, toluene and
doecane.

The crystal structure of methyl palmitate has not been reported so far. Due to
similarities between the molecular structures of methyl stearate and methyl

palmitate, we have studied the crystal structure of methyl palmitate based on that

of methyl stearate.
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The material for the experiments was purchased from the Alfa Aesar Co Ltd,

having a purity of 97%.

4.2.3 Ethyl stearate and monostearin

Ethyl stearate (CH402 MW. = 312.53), and monostearin (C2H40 4
M.W.=358.56) were used as additives to decrease the crystallization temperature

of methyl stearate.

Figure 4.4: Formula of monostearin

The ethyl stearate was purchased from Avocado Research Chemicals Co. Ltd,
having a purity of 99%; and the monostearin was purchased from TCI.UK having a

purity of 65%.

4.2.4 Synthesised additives

There were six dialkyl additives molecule were synthesised based around to
different core motif using dialkyl (A) and salt link (B) respectively by Infineum. Ltd.
The name of these additives are: 16A16, 16A18.18A18, 16B16, 16B18 and 18B18,
the formula corresponding to each synthesised additives were shown in Figure 4.5.

Here, 16 means the number of carbon in this alkyl group is 16.
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@ (b)

(c)

Figure 4.5: 2D molecular diagrams of additives produced by Infineum, (a) 18A18; (b) 16A16;
(c) 16B16

4.2.5 Naphthalene

Naphthalene (C,,Ha) is a simple polycyclic aromatic hydrocarbon (see Figure 4.6),
and conformationally rigid. The crystal structure of naphthalene was sourced from
CSD (ref code NAPHTA[125]). Naphthalene (M.W. =128.17) normally occurs in the
form of white flake like crystals with a strong odour of coal tar. It melts at 80.26°C
and the solubility of naphthalene is about 32.91% (mole fraction) in toluene at

30°C, about 14.15% in n-hexane and 18.25% in cyclohexane at 30°C[126].

Table 4.2 Crystallographic information of Naphthalene cell parameters

Space Space a b c
group group A
naphthalene P2,/a 14 8.235 6.003 8.658
Z Angle Angle Angle Cell volume polymorph
a B Y (Aa
2 90.00° 122.92° 90.00° 360.656 Monoclinic
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Figure 4.6: Molecular structure of naphthalene [127]

As one of the most common materials used in the manufacture of plastics, resins,
fuels and dyes, naphthalene has been studied in many aspects by many
researchers. The simulation of naphthalene properties such as crystal morphology

[128] and the modified morphology in the presence of biphenyl [129] has been

carried out.

The material used for experimental purposes was purchased from Fisher Scientific
Ltd., having a purity of 99.0%. The solvent, toluene, used for re-crystallization of
naphthalene was purchased from the Sigma-Aldrich Co Ltd, having a purity of 99.3

vol. %.

4.2.6 Biphenyl

Biphenyl ( C,,f/I0) shown in Figure 4.7 is an aromatic hydrocarbon which

crystallises in the monoclinic space group P2,/a. The crystal structure of biphenyl,
sourced from CCDC (ref code BIPHEN[130]), is shown in Table 4.3. Biphenyl
(M.W. =154.21) forms colourless crystals. It melts at 69.2°C, and the solubility of
biphenyl is about 16.08% (mole fraction) in n-hexane at 30°C, about 39.56% in
carbon tetrachloride and 24.71% in cyclohexane at 30°C [126]. The molecular
structure of biphenyl is flexible, and the equilibrium angle in the gas phase with the

lowest energy was 44.4+1.2° found by Almenningen et al [131],
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Figure 4.7: Molecular structure of biphenyl

Table 4.3 Crystallographic Data on unit cell parameters of biphenyl [130]

Space Space a b c
Name oup 9O (A) (A (A)
Biphenyl P2./a 14 8.120 5.640 9.470
z Angle Angle Angle Cell volume polymorph
a B Y (A3
2 90.00° 95.40° 90.00° 431.771 Monoclinic

Biphenyl is used mainly in the chemical industry, in the manufacture of textiles and
dyes and of other chemicals. It is also used as a heat transfer agent and to

produce PCBs. The material used for experimental purposes was purchased from

Fisher Scientific Ltd., having a purity of 99.0%.

4.3 Experimental and Computational Methods

4.3.1 Experimental methods

4.3.1.1 Development of a 100ml automated crystallization system

This rig (in Figure 4.9) is mainly used for carrying out the crash cool experiments,
and it can also be utilised for slow cool experiments. The equipment employed
includes a 100ml reactor and two Julabo water baths. The two water baths were
placed at the same level, one was heating water bath, the temperature of the other
one can be controlled by the Julabo computer program. Behind the reactor, there

are many metal pipes with electronic valves which were utilised to decide which
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bath would be used, and the valves were controlled with an electronic box which
was switched manually. When the solutions in the reactor needed to be heated, the
hot water bath was run, and the fluid from the hot water bath flowed through the
pipe, at the same time, the temperature in the cooling water bath decreased to
around 0°C. At this point the hot bath was switched off and the cooling bath
switched on after the temperature of solution was stable, and when the fluid in
cooling bath flowed through the pipe to reactor, the temperature of the solution in

the reactor decreased rapidly.

Figure 4. 8: Schematic flow diagram of the flow system

@ (b)

Figure 4.9: Photographs of the connection of pipes with water bath and distribution of pipes:
(a) Photograph of pipes behind reactor; (b) Photograph of the connection of

pipes with bath.
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Control of the reactor temperature was achieved by using the Julabo computer
program which monitored reactor temperature. A turbidity probe was employed
within the reactor to measure the solution turbidity and hence crystallization and

dissolution on-set points, and the LABVIEW computer program was used to

monitor the turbidity.

However, the original turbidity probe used (in Figure 4.10 a and b) was somewhat
fragile and tended to be easy to break and could corrode due to the plastic fibre, so

a new turbidity probe (Figure 4.10 ¢ and d) was developed.

Figure 4.10: Photographs of old and new turbidity probes: (a), (b) old turbidity probes; (c), (d)
new turbidity probe used in the experiments.
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4.3.1.2 Slow cool procedure

A solution was prepared by adding the appropriately weighed solute and solvent,
using a balance with accuracy of +/- 0.01g, to the crystallizer before heating the
mixture to approximately 10°C above the saturation temperature and the
temperature maintained constant for 30 minutes in the crystallizer to ensure that all
the crystal embryos had been fully dissolved. The concentration of methyl stearate
in methyl oleate was chosen at: 100g/l, 150g/l, 200g/ and 250g/I, and the content of

8 additives in the solute is from 0.5% to 5.0%.

Besides the system of methyl stearate, four solutions of pure naphthalene, pure
biphenyl, naphthalene doped by biphenyl and biphenyl with naphthalene were also

prepared in toluene at concentration of 600g/l, and the content of additive in solute

is 19%.

Table 4.4 Experimental matrix giving solution concentrations x cooling rate at which

crystallisation run were carried out on all solution systems tested

Concentration ofpure  Cooling  Concentration of methyl Cooling  Content of

methyl stearate in rae  stearate with 8 additives in rate additives
nmethyl oleate (°C/rin) nmethyl oleate CC/mir)
@P P
01 01 0.5%
100 0.25 100 0.25 1%
05 05 2%
01 20
150 0.25
05
01
200 0.25
05
01
250 0.25
05
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The solution was then cooled down with various cooling rates to a temperature at
which the crystals begin to form. The beginning of the of crystallization process of
crystallization and hence the temperature of crystallization was determined from the
sudden rise of the turbidity readings. The dissolution temperature is expected to be
approximately constant at different cooling rates as it is a thermodynamic system-
dependant parameter. However, it could also be evaluated from the turbidity data
as a drop in the turbidity readings. The experiment was repeated with cooling rates
of 0.1, 0.25, 0.5°C/min. The dissolution (Tdss) and crystallization (Ta) temperature
as a function of the cooling rate enables determination of the meta-stable zone
width (MSZW) as the difference (Tdss Ta) at cooling rate approaching zero as it is
the minimum possible difference between these two temperatures. The experiment
was repeated with different starting concentrations. To assess the error from the
operation in the process, the slow cooling experiments for each solution were
repeated more than three times, and the standard deviations of dissolution and

nucleation temperatures calculated.

4.3.1.3 Crash cool procedure

Once the meta-stable zone width had been determined using the slow cool
crystallization technique, crash cool studies were performed so that the lower
temperature to which the solution was cooled down to fall within the meta-stable
zone. The solution was prepared in the same way as described in the slow cool
procedure, cooled down to a certain lower temperature and maintained at this
temperature until the crystallization started. The beginning of the crystallization
process was detected using turbidity measurements. The elapsed time between
achieving a level of supersaturation and the first appearance of crystals was
measured. This time is called the induction time. The induction time was measured
for different end temperatures and hence different supersaturations. The induction

time data were then used to determine the interfacial tension between the crystal

and the mother liquor.

4.3.1.4 Development of the inverse microscope
Due to low crystallization temperatures, the dense solution of methyl stearate in

methyl oleate and associated problems of solid/liquid separation, it can be very

difficult to observe ex-situ the crystal shape of methyl stearate in the solution.
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Hence, an inverse microscope system was developed to observe the shape of
crystals in-situ within mother liquid and at the low temperatures associated with

their formulation.

Figure 4.11: Prototype cell for observation of methyl stearate in methyl oleate

The crystallization set-up employed in this study includes an Olympus optical
polarizing microscope integrated with a CCD camera, a PC using image capture
and analysis software, a 0.5 pi 2mm patt length sealed UV cuvette crystallization
cell and Haake F3 re-crystallizing temperature controlled water bath. Using this
crystals appear during solution cooling and settle at the bottom of the cell. A CCD
Lumenera Infinity 3.3 megapixel camera, 2080 x 1536 resolutions, 1/1.8" CCD
Colour Chip was used for this crystallization set-up. The image capture and
analysis system was used to capture crystal images and record video clips during
the crystallization process. The UV cuvette crystallization cell was submerged in a

shallow tank of water whose temperature was accurately controlled using the water

bath.

4.3.1.5 Observation of crystals in cold room

Pictures of methyl stearate and methyl palmitate crystals were also taken in the
cold room at Infineum. The cold room was almost 10m in flow area and has the
capability to decrease its temperature to -20°C. Crystals of methyl stearate and

methyl palmitate were formed in a sample bottle as the temperature decreases.
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©

Figure 4.12: Photographs of the cold room facilities at Infineum used to observe the crystals
of methyl stearate and methyl palmitate: (a) external view; (b) sample
preparation area; (c) microscope for observing crystal habit

The microscope (see Figure 4.12 (c)) used for this observation is an Olympus

BX51 with a digital imaging capability. The specifications of the microscope are
shown below:

m centering telescope for phase contrast diameter 30mm;
m  360° rotatable analyzer slider (U-AN360-3);

m polarizer slider for reflected light illuminator with U-AN360-3 connection

parts;

112



Additive Effect on the Crystallization of Alkyl Methyl Ester

m 5 megapixel colorview lllu digital camera with analysis docu software and
imaging workstation. The objective lenses used are 10x and 20x

magnification.

Methyl stearate and methyl palmitate were dissolved in toluene, methyl oleate and
dodecane. The concentrations of solutions were from 5% to 50%. The temperature
was decreased from 10°C to -10°C at the cooling rate of TC. The crystals of
methyl stearate or methyl palmitate were crystallized with the decrease of

temperature, and the crystals were taken from the bottle to the cell, placed on the

microscope and examined.

4.3.2 Computational methods

4.3.2.1 Morphological prediction

The simulation of crystal morphology from first principles data is a routine
procedure (Figure 4.13) involving the use of several computer programs. The
program HABIT98 [15] employs of a structural description of the crystal that makes
use of the atom-atom approximation method to determine the interactions between
molecules within the crystal. The program uses atomic-coordinate information to
build up a three dimensional model of the molecular crystal by applying a list of
symmetry operators from the appropriate space group. The atomic coordinates of
the crystal which have been minimized can be obtained from constructing the
molecule using Materials Studio [132]. The molecular geometry obtained from
crystallographic data can be used to calculate the partial atomic charges using the
semi-empirical quantum mechanics program MOPAC [133]. A number of faces
which are most likely to be dominant in the crystal morphology was selected using
the software Materials Studio [132] based on the geometrical BFDH principle [134]
which states that the larger the inter-planar spacing dhk, the more morphologically

important the crystal (hkl) face will be. The lattice energy (EKY) was calculated

from the 3D periodic model of the crystal structure by atom-atom summation of the
interactions between a central molecule and all the surrounding molecules out to a
distance where the intermolecular interactions become negligible using a particular

force-field function. Given that there were n atoms in the central molecule and n'

atoms in each of the N surrounding molecules then the crystal lattice energy (h,
)was calculated using the expression [135].
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(4-1)

Lt=1 i=l /=1

where V. is the interaction energy between atom i within the central molecule and

atom j in the kh surrounding molecule. The interaction energy between two non-
bond atoms i and j was calculated through the atom-atom method using a number

of intermolecular potential functions such as the Lennard-Jones 6-12 potential.

i Mi
+-
Dr,

(4-2)

where A and B are parameters specific to particular atom-atom interaction, g, and
g are the fractional charges on atom i and j separated by distance r and D is the
dielectric constant. The potential function of Momany was chosen [136] because it
is suitable for the calculation of lattice energy of hydrocarbons, carboxylic acids,

amines and amides.

The atom-atom method used considered each interaction to be a sum of
constituent atom-atom interactions. The applicability of the potential function for the

particular system studied was tested through comparison of the calculated value of

Eir with the experimental lattice energy calculated from the enthalpy of

sublimation and given by:
Vv = AH, - 2RT (4-3)

where V represents the experimental lattice energy, AH 3his the enthalpy of
sublimation and 2RT represents a correction factor for the difference between the
gas phase enthalpy and the vibrational contribution to the crystal enthalpy.

The attachment energy ( E J is related to the Ea through the slice energy (Ed)

which is the energy released upon the formation of a slice of thicknessd M. The

relative (hkl) surface growth rate was predicted from the assumption the slowest
growing face was the one with lowest attachment energy. The resulting predicted
crystal morphology was simulated using the Wulff classical polar plot by assuming

the growth rate is directly proportional to the attachment energies.

E at A E i (4-4)
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R (4-5)

The slice and attachment energies were calculated using HABIT98 [15] by
summing pair-wise the potential energy involved in the intermolecular interactions
between a central molecule and all molecules within and outside the slice,

respectively, a slice of thickness dhh as shown in Figure 4.14.

Crystallographic information

Atomic charge calculation

MOPAC

Lattice energy calculation/ atom-atom
method/ Materials studio or HABIT98

Dominant (hki) faces- "Relative face growth

confirmed by

Materials Studio )
Plot crysta habit

Figure 4.13: The procedure describing the formalism associated with the crystal morphology
prediction from basic crystallographic principles.

These calculations have been successfully used to predict the crystal morphology
of a wide range of organic crystals revealing reliable correlation between observed
and simulated crystal shape [128, 137, 138],

Fiaure 4 14' Schematic diagram showing how the lattice energy can be partitioned between
y the slice and the attachment energies within a limiting spherical zone: C is the
central molecule, A is a molecule outside the slice and S is a molecule inside

the slice [128, 137, 138].
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4.3.2.2 Molecular cluster modelling

The early stages of the crystal growth process were modelled using crystal cluster
calculations. The methodology used is summarized in Figure 4.15. Molecular
clusters for pure naphthalene, biphenyl, naphthalene doped in biphenyl and
biphenyl doped in naphthalene can be constructed and analyzed using this
approach. One molecule of biphenyl was substituted for a molecule of naphthalene
at the centre of the molecular cluster using INTERCHEM [139], then molecular
clusters of naphthalene doped by biphenyl were constructed. The molecular
clusters of biphenyl doped by naphthalene were constructed as the same

procedure with the creating of molecular clusters of naphthalene doped by
biphenyl.
The modelling was based on the assumptions below:

m Inter-molecular and intra-molecular geometry optimization molecules,
clusters can be modelled using empirical force fields and the atom-atom
method based on in-vacuo simulations at OK
The shape of the molecular clusters can be assumed to be as the spherical

clusters.
m  Solution environmental effects are ignored.

Spherical molecular clusters of different sizes were constructed using HABIT 98
[15] and the optimized structures of clusters were created using the Materials

Studio [132] molecular modelling software.

The original and optimized structures of clusters were used to calculate an Rwp
parameter defined in Equation (4-6) [140], the values of Rwp as a function of
cluster size were calculated using a specially written visual Basic in Excel into
which the coordinates of the original and optimized clusters were imported. Rwp
originated from crystallography, and it is a measure of the agreement between the
crystallographic model and the experimental X-ray diffraction data. In this study, it
is used to assess the extent the cluster structure has change after optimizationThe
R wp parameter calculated as a function of the number of step-shifts calculated using
a specially written visual Basic in Excel from the centre of the molecular clusters

was used to model the change of the cluster's atomic coordinates from the original

crystallographic positions.
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Crystallography structure information downloaded from database

V

Figure 4.15: Schematic representation of the methodology for cluster modelling used.

(4-6)

where x.y and z are the coordinates of all cluster atoms, N is the number of atoms,
the optimized atomic coordinates are marked with superscript ‘opt. The Rwp
parameter was expected to be close to zero for structures which did not undergo a
significant change in terms of atomic position when optimized This change reflects
the degree of the return of the perturbed system into equilibrium, so this parameter
can be used as a measure of the crystallinity for the structure of the relaxed cluster
and can be related to the ability of the system to crystallize. . It is well understood,
at least intuitively, that the change after optimization will not be homogeneous in
the entire cluster structure, especially for lager cluster sizes. The bulk of the
structure will most probably behave differently from the surface layer and the latter,
of course, will differ depending on the cluster size. The results from the calculations

can be used to assess the ease or otherwise of the crystallization process.
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For conformational flexible molecules the degree of conformational disorder was
also assessed through the calculation of variance parameter defined in Equation

(4-7) and given below:

N -\ (4-7)

where 1] is the torsion angle within the cluster, Teeml the torsion angle of a

molecule within the bulk of the crystal structure, N is the number of molecules in
the cluster. A higher value of the VAR parameter means a higher degree of
disorder within the relaxed cluster. The coordinate of each atom within the

optmized molecular cluster was imported into the Excel, then each of the torsion

angles 7 corresponding to individual molecule was calculated using a specially

written visual Basic program in Excel according to the atomic coordinates of the

molecules within the clusters.

4.3.2.3 Modelling morphology modified by solvent using the systematic

search method
The influence of growth solvent on crystal habit due to the interactions between

solute and solvent at surfaces of the crystals was predicted using systematic (grid-
based) search method [78, 141], as shown in Figure 4.16. The overall approach
involves the modelling of heterospecies binding on 2-D crystal habit surfaces
related to solvent binding. The interaction energy of different solvent moledule
types on the crystal surfaces associated with crystal grown form solution was
calculated using the method developed for the prediction of solvent-mediated
growth morphology [142] study a computer program developed by Hammond [17]
was used to assess In this, the competitive interaction between the methyl stearate

solute and various growth solvent was predicted and the solvent-mediated growth

morphologies calculated.

118



Additive Effect on the Crystallization of Alkyl Methyl Ester

Figure 4.16: Schematic diagram summarizing the overall approach used to calculate specific
surface energies of crystal surface in the presence of solution.

In this approach, a selected crystal surface was cleaved from the bulk
crystallographic structure (see Figure 4.17), and then the solvent or host molecule
was arranged in the position on the cleaved surfaces, and translated in two
dimensions, with a step size equal to 1.0A for both the host molecule and solvent
molecules and oriented by rotation about principal axes with an angular step size of
20° Then the binding energies of the solute and solvent molecule to the selected
surfaces were calculated by treating the interfacial probe molecules (either a
methyl stearate solute molecule or toluene/dodecane solvent molecule). There are
two in-plane translations in the cleaved surface and a third translation

perpendicular to the cleaved surface. For the two in-plane translations the step size
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is selected in fractional coordinates. For the translation perpendicular to the surface

the translation step is specified in angstrom units.

Figure 4.17: Schematic diagram presenting initial step of system search method, cleaving
surface from bulk crystallographic structure.

Finally, the specific interaction energies of solvent for per unit area,U wml , for the

probe dodecane or toluene solvent molecules, and similarly, U wlule, the specific

interaction energies of solute for the probe solute molecule were calculated from

the most stable energies (U sovent ) and (U sote)y derived from the output file of the

systemmatic search method using equation (4-8):

U et ZJ(';“P;"“ where &M (4-8)

Wa
Inthis ZT isthe number of solvent molecules per reticular area, V , is the

volume of the unit cell, (I is the d spacing and N k is Avogadro’s number.

These two specific surface energies were used to calculate the total interaction
energies for the solutions using Equation (4-9) together with the mole fraction (n) of

each component in the system:
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U gduin = ,IsU sdw, + HIV due (4-9)
The final solution binding energy for each face was used to reduce the
vacuum specific surface energy (y”,""™). and then the crystal/solution interfacial
energies, y* , ,was calculated via

sol,,ion vacuum _ , j (4-10)
/ hki / hki solution

Numerical values of surface energies can be estimated using attachment energy

calculations [73] thus,

2Vt:ellbI A

So the attachment energy (E ”*"id") modified by solvent can be derived,

ol / A7 o7~
resolution r ? vacuum Acell Aril — p*vacuum R rj .
E a, = Ea , -——- /- U solution ~ L an y u (4 12)
. K&
¢ W

In this equation, Z is the number of solute molecules in the unit cell. The modified

attachment energy can be used to predict the solution-mediated crystal growth

morphology.

4.4 Conclusions

This chapter provides a general description of the crystal and molecular structures
of the materials used in this PhD thesis. The chapter summaries all the
experimental and computational methods used in the work. The experimental
crystallization kinetic studies involved both slow and crash-cool runs resulting in
the determination of the MSZW, induction time and critical nucleus size. The
methodologies for observing the crystal habit of methyl stearate and methyl
palmitate are also described. The basic computational method for crystal
morphology prediction using attachment energy method is summarized here
together with the simulation method of molecular clusters for studying the structural
stability and variability. Finally, details about the systematic search method for

investigating of solvent-mediated effects on crystal morphology are presented.
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CHAPTER 5

Development and Validation of a New
Molecular Modelling Methodology for
Predicting the Influence of Additives

on Nucleation and on the Early Stages

of Crystal Growth

Summary:

This chapter describes a development and validation of a novel methodology for
predicting the influence of additives on the nucléation and early stages of crystal
growth for naphthalene, biphenyl, naphthalene with biphenyl and biphenyl with
naphthalene, involving the examination of structural stability and variance.
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5.7 Introduction

In this chapter a methodology to predict the influence of additives on nucléation
and early stages of crystal growth was described. This has been validated against
experimental studies on the crystallization of a model system: naphthalene,
biphenyl and the when in the presence of each other as impurity synthesis. This
section of the work programme is designed to address the following issues: to
validate molecular cluster modelling work using naphthalene and biphenyl as model
materials and to investigate the relationship between the change of atomic

positions and MSZW for pure solute and solute doped by additives.

In this work, two well-known bicyclic aromatic compounds: naphthalene and
biphenyl are used as model materials to test the simulation work and the
measurements of nucléation and dissolution temperatures of naphthalene and

biphenyl are used to validate the cluster modelling work.

5.2 Modelling Studies

5.2.1 Molecular modelling of pure naphthalene and naphthalene in

the presence of biphenyl

5.2.1.1 Structural analysis and morphological prediction of
naphthalene

The configurations from Figure 4.6 shows that the molecule of naphthalene is rigid

due to no torsion within the molecule of naphthalene. So the conformation did not

change after energy minimization, with the lowest total energy of the naphthalene

molecule shown in Figure 5.1.

The result of crystal lattice energy, -19.89kcal mol ’, calculated using HABIT98 was
consistent with calculated lattice energy -19.4kcal mol'l from the literature [129],
The morphology simulated was the same as the predicted morphology which has
been published [129], It was found that (001) is the dominant face. The results of

slice energy and attachment energy corresponding to different important faces
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were shown in Table 5.1, and the predicted shape of naphthalene was presented in

Figure 5.2.

Figure 5.1: Energy minimization using the module of geometry optimization in Material
Studio

Table 5.1 Slice energy and attachment energy for the important habit faces of naphthalene
based on attachment energy calculations

Face chki Slice energy Attachment energy
(A (kcal mol)) (kcal mol')
001 7.14 -13.93 -5.96
1 1-1) 4.63 -7.29 *12.60
1 10) 4.44 -7.80 -12.09
2 0-1) 4.02 -6.90 -12.99

Figure 5.2: Different projections of predicted morphology of naphthalene based on
attachment energy calculations
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5.2.1.2 Cluster construction and calculation of Rwp

Molecular clusters of naphthalene and naphthalene with biphenyl constructed as a
function of cluster size using HABIT98 [15] based on the approach shown in Figure
4.15, the molecular packings in three different sized clusters are shown in Figures
5.3 and 5.4. The clusters were constructed with the increasing radius from the
central molecule, so the clusters are approximately spherical, and the molecular

cluster size is expressed as the number of molecules within the cluster.

©
Figure 5.3: Conformations of molecular clusters for: (a) pure naphthalene containing 5

molecules; (b) pure naphthalene containing 17 molecules; (C) pure
naphthalene containing 57 molecules;
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©

Figure 5.4: Conformations of molecular clusters for: (a) naphthalene with biphenyl in the
centre of the cluster containing 5 molecules; (b) naphthalene with biphenyl in
the centre of the cluster containing 17 molecules; (c) naphthalene with biphenyl
in the centre of the cluster containing 45 molecules.
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An Rvp parameter was calculated using Equation (4-7). This parameter reveals how
far from the original crystallographic positions the coordinates of the cluster atoms
of different sized clusters of naphthalene have moved after cluster geometry
optimization. If there is no change in the atomic coordinates, the value of Rwpwill be
equal to 0, so when the value of Rwp increases, it means that the atomic
coordinates of clusters change. The results from these calculations (Figure 5.4 (a))
showed that the change of the atomic coordinates was minor for large cluster sizes
due to the lower values of Rwp corresponding to larger cluster. When the cluster
size became less, however, the value of Rwpincreased, reflecting a more significant
change of the atomic position after the relaxation of the cluster. All the molecular
clusters were scanned, and the calculations of Rwp parameter were carried out for
different shells starting from the cluster centre and going out to the cluster surface
(Figure 5.4(b)) corresponding to three sized clusters, and it can also be seen that
the value of Rwpincreased at the same shell for small cluster compared with those
of larger cluster, so it demonstrated that the change of atomic coordinates for

smaller cluster are more significant than that of larger cluster.

@
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Distance between central molecule and shell molecule

(b)

Figure 5.5: Rwp parameter, calculated as a function of cluster size (a), and of the number of
step-shifts from the molecular cluster centre (b) reflects the change of the cluster
atomic coordinates from the original crystallographic positions, corresponind to
different sized clusters of pure naphthalene: (m) 11 molecules within the cluster;
(*) 21 molecules within the cluster; (A) 243 molecules within the cluster.

number of molecule

Figure 5.6: Rwp parameter, calculated as a function of cluster size reflects the change of the
cluster atomic coordinates from the original crystallographic positions for
naphthalene doped by biphenyl.
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The value of an Rwp parameter is calculated to evaluate the change of atomic
coordinates after the addition of biphenyl compared with a pure naphthalene cluster
of the same size. The trend of the Rwp parameter of naphthalene with biphenyl
decreased with the increase of cluster size, the same with that of pure naphthalene
and pure biphenyl shown in Figure 5.6, and the values are larger than the results
for pure naphthalene clusters through the comparison of Rwp corresponding to
values of base line in Figures 5.5 (a) and 5.6. This indicates that the doped system
is more disordered and may have a higher energetic barrier to crystallization when
compared to the pure system. The latter might be expected to result in a higher

MSZW.

Figure 5.7: The variance of torsion angle of central biphenyl within the naphthalene cluster
plotted as function of cluster size.

In Figure 5.7, it can be seen that the torsion angle of biphenyl in the centre of
naphthalene clusters decreased with the increase of cluster size. This trend
illustrated that the variance of biphenyl decreased due to more restrictions on

biphenyl molecule when the cluster size increased.
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5.2.2 Molecular modelling of pure biphenyl and biphenyl in the

presence of naphthalene

5.2.2.1 Structural analysis and morphological prediction of biphenyl

Biphenyl is known as a flexible molecule due to the torsion angle within the
molecule, and from Figure 5.8, it can be seen that the torsion angle changed from
0.113° to 47.522 “after the geometry optimization in which the total energy of the
molecule decreased to its lowest value (see Figure 5.8). It demonstrated that the
deformation happens when the geometry is changing, so the molecule of biphenyl
is definitely flexible. The torsion angle was varied from -180 to 180 degrees with a
step-size of 10 degrees and the torsion energy was calculated using the Dreiding
molecular mechanics force-field in a module named Conformers program in
Materials Studio [132], The non-bond energy is highest at a 0 degree torsion angle,
as seen in Figure 5.9, and the equilibrium angle carrying out the geometry
optimization is 44 degrees which is similar to the published data [131]. In Figure
5.10, it can be seen that the molecular structure in crystal lattice is most unstable
confirmed from the highest value of non-bond energy when the torsion angle is 0°.
But because the packing force, the structure of biphenyl within crystal lattice is the

unstable structure.

Figure 5.8: Distance between hydrogen atoms in the molecule of biphenyl calculated with
Material studio, (a) original molecule; (b) molecule after geometry optimization
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Figure 5.9: Energy minimization using the module of geometry optimization

Figure 5.10: The non-bond energy change with the torsion angle varied from -180 to 180
degree with step-angle of 10 degrees.

The lattice energy of biphenyl, -19.31kcal mol'l, calculated using Momany [136]
force field parameters is very close to the values of experimental lattice energy, -
20.7kcal mol'], from the literature reported [143], The predicted crystal morphology

using the attachment energy method revealed that (001) face with (110) face are
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the major side faces. These results are in agreement with the literature reporting

predicted morphology and attachment energies [143],

Table 5.2 Slice energy and attachment energy for the important habit faces of biphenyl

Face dhi Slice energy Attachment energy
(A) (kcal/mol) (kcal/mol)

001 9.43 -14.46 -4.85

1 10) 4.63 -7.76 -11.55

111 4.24 -6.48 -12.83

(200 4.04 -5.71 -13.61

(201 3.85 -5.76 -13.55

Figure 5.11: Different projections of predicted shape of biphenyl based on attachment
energy calculations

5.2.2.2 Cluster construction and calculation of Rwp conformational
variance

The molecular clusters of biphenyl and biphenyl doped by naphthalene constructed
using HABIT98 as a function of cluster size, the molecular packings in three

different sized clusters are shown in Figures 5.12 and 5.13.
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Figure 5.12: Conformations of molecular clusters for: (a) pure biphenyl containing 5

molecules, (b) pure biphenyl containing 23 molecules; (c) pure biphenyl
containing 35 molecules.
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Figure 5.13: Conformations of molecular clusters for: (a) biphenyl with naphthalene in the
centre of the cluster containing 5 molecules; (b) biphenyl with naphthalene in
the centre of the cluster containing 23 molecules; (c) biphenyl with
naphthalene in the centre of the cluster containing 57 molecules.

Compared with rigid molecules of naphthalene, biphenyl presented more significant

change after relaxation through the comparison of the values of Rwp between pure
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naphthalene and biphenyl as illustrated by the higher base line variance compared
to pure naphthalene; however the trend in the value of Rwpis similar to the results

from the calculation of naphthalene.

@

(b)

Figure 5.14: Rwp parameter, calculated as a function of cluster size (a), and of the number of
step-shifts from the molecular cluster centre (b), reflects the change of the
cluster atomic coordinates from the original crystallographic positions,
corresponding to different sized clusters of pure biphenyl: (m) 9 molecules
within the cluster; (¢) 39 molecules within the cluster; (A) 211 molecules within
the cluster.
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It can be found in Figure 5.14 (a) that the values of Rwp decreased with the
increase of cluster size, and the values of RWat the same distance from central
molecule for smaller cluster are larger compared with those of larger cluster shown
in Figure 5.14 (b), so it was confirmed that the molecules within smaller cluster are
always unstable compared with the molecules within larger cluster. The values of
Rwpfor biphenyl doped by naphthalene shown in Figure 5.15 decreased with the
increase of cluster size, and it was smaller than the results for pure biphenyl

clusters in Figure 5.14 (a).
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Figure 5.15: Rwpparameter, calculated as a function of cluster size reflects the change of the
cluster atomic coordinates from the original crystallographic positions, for
biphenyl doped by naphthalene.

Because the molecules of biphenyl are flexible, after relaxation of the molecular
cluster it would be expected that the molecules within the cluster would change
conformationally and this change was analyzed via calculation of the torsion angle
distribution for all these biphenyl clusters. This involved the calculation of a
variance parameter as a function of cluster size and the position of the molecule in

the molecular cluster using Equation (4-7).
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Figure 5.16: Torsion angle variance parameter within the molecular cluster of pure biphenyl
correlated to cluster size calculated using Equation (4-7).

The conformational variance studied as a function of cluster size is shown in Figure
5.16, as expected, for bigger clusters the variation was less compared with smaller
sized clusters. Because small cluster sizes allow for much more freedom within the
molecular conformation as most of the molecules are exposed at the surface and
hence, there are less inter-molecular bonds to restrain these molecules. The
calculations revealed that when the cluster size increased, the cluster became less
disordered, because the molecules dissolved in solution are more disordered than
those in the crystal. Because the clusters are approximately spherical, so the
average torsion angle at the same shell was plotted as a function of the radius of
shell within one cluster shown in Figure 5.17. It can be seen that the torsion angle
decreased when radius increased, because the interior of the cluster are restricted
from moving freely due to the inter-molecular interactions holding the molecules
together, and there was more freedom of molecule when the radius increased
within one biphenyl cluster. It can also been that the average torsion angles of
smaller cluster were larger than those of larger cluster at the same radius within the
molecular clusters, and the torsion angle of biphenyl in crystal lattice is zero, so it
reflected that the properties of cluster got close to those of real crystals when the

size increased.
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Figure 5.17: Average torsion angle distributions corresponding to the radius of shell from
central molecule within a molecular cluster for pure biphenyl: () 19 molecules
within the cluster with VAR=50.59; () 109 molecules within the cluster with
VAR=38.66; (A) 211 molecules within the cluster with VAR=36.08.

number of molecule

Figure 5.18: Torsion angle variance parameter within molecular cluster of biphenyl doped by
naphthalene correlate to cluster size calculated using Equation (4-7).

The conformation variation of biphenyl with naphthalene shown in Figure 5.18,
decreased with the increase of cluster size and showed the same trend with the
value for the pure biphenyl cluster; however it was found that the variance became

larger when the naphthalene was added to the centre of the naphthalene cluster.
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5.2.3 Discussion: comparison of the change of atomic

coordinates and torsion angles within molecular clusters

5.2.3.1 Cluster structural stability

To examine the effect of additives on the MSZW and solubility of solutes, the
calculation of change in atomic coordinates and the conformational variation for
these four clusters types: pure naphthalene, pure biphenyl, naphthalene doped by
biphenyl and biphenyl doped by naphthalene was carried out and the results

compared.

number of molecules

Figure 5.19: Comparison of Rwp parameter plotted as a function of cluster size for all these
four types of molecular cluster: () pure biphenyl; (A) biphenyl doped by
naphthalene, (¥v) naphthalene doped by biphenyl; (m) pure naphthalene .

In Figure 5.19, it can be seen that the values of Rwp for the pure biphenyl clusters
are the greatest, and decreased when naphthalene was added to clusters of
biphenyl. Compared with the values for pure biphenyl, the molecular clusters of
pure naphthalene manifested the lowest values of Rwp, and Rwp increased with the

addition of biphenyl to clusters of naphthalene.

5.2.3.2 Cluster disorder

The conformational variation within the clusters also relates to the disorder of
cluster structure, so VAR can be used to qualify the degree of disorder in the
solutions. It was known that the degree of disorder is measure of solubility in the
solutions, so VAR can be used to investigate the change of solubility of biphenyl

when naphthalene was added.
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Figure 5.20: Conformational variation plotted as a function of number of molecules within
clusters for pure biphenyl cluster and cluster of biphenyl doped by naphthalene:
(m) pure biphenyl; () biphenyl doped by naphthalene.

In Figure 5.20, pure biphenyl presented lower VAR than the values of biphenyl
doped by naphthalene. This is consistent with the clusters of biphenyl doped by
naphthalene being more disordered than those of pure biphenyl, so it can be
predicted that the solubility of impure biphenyl with naphthalene is larger than that
of pure biphenyl.

S.2.3.3 Implication for crystallisation ability of compounds

From the definition of the R*p parameter introduced before, it can be seen that the
R»p parameter characterizes the difference in the atomic coordinates of the
molecular cluster before and after optimization, and can be used as a measure of
crystallinity for the relaxed structure of clusters and to relate to the experimentally
determined meta-stable zone width (MSZW). It is because the MSZW is the
difference between the crystallization curve and solubility curve, and R»(, parameter
reflects the change from an ordered structure to a disordered structure. From the
comparison in Figure 5.19, It can be predicted that the MSZW of pure bipheny! will
be largest, and MSZW of biphenyl doped by naphthalene will be the second largest
one. Pure naphthalene's MSZW will be the smallest, and MSZW of naphthalene
with biphenyl will be larger than that of pure naphthalene, however It will be lower

than that of biphenyl doped by naphthalene. The simulation results of MSZW will
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be compared with the experimental results of MSZW from the slow cooling

experiments.

5.3 Experimental validation

The dissolution and crystallization temperatures of these four solutions are
presented in Table 5.3. Analysis of the standard deviations data in parentheses in
the Table revealed that the experimental data are solid and reliable due to the low
values of standard deviation. The dissolution and nucleation temperatures of these
four solutions at three cooling rates are presented in Table 5.3, and dissolution and
nucleation temperatures were extra plotted to O cooling rate. It can be seen that
MSZW of pure biphenyl in toluene is the largest, and MSZW of pure naphthalene in
toluene is the lowest. MSZW of biphenyl in toluene decreased when 1% of
naphthalene was added, however MSZW of naphthalene increased when 1% of
biphenyl was added. Compared with the MSZW predicted from simulation results of
Rvp parameter, the trend of experimental MSZW is consistent with the simulation
results (in Figure 5.19). It can also be seen from Table 5.3 that the dissolution
temperature of biphenyl with 1% naphthalene is lower than that of pure biphenyl at
6009/l in toluene, so the solubility of impure biphenyl is larger than that of pure
biphenyl in toluene. This result is in agreement with prediction of solubility

determined from the calculation of conformational change (in Figure 5.20).

141



Haiyang Jiang, PhD Thesis Chapter 5 August 2012

Table 5.3 Dissolution and nucléation with standard deviation (in brackets) onset
temperatures and corresponding MSZW measurements for four solutes in
toluene at 6009/l

Cooling rate Crystallization Dissolution MSZW
Compound (°C/min) Temperature Temperature (§(®)
O (°C)

0 30.0 311 11

Naphthalene 01 29.5 (0.047) 31.0 (0.09) 15

0.25 28.6 (0.54) 31.0 (0.08) 2.4

0.5 27.3 (0.41) 30.8 (0.31) 3.5

1% Biphenyl 0 29.3 30.5 1.2

ir?aphthalene 0.1 20.1 (0.14) 30.5 (0.05) 14

0.25 28.5 (0.26) 30.4 (0.04) 19

0.5 28.0(0.35) 30.5 (0.14) 1.9

0 15.9 18.3 24

Bipheny! 0.1 15.6 (0.38) 18.3 (0.49) 2.7

0.25 14.6 (0.17) 18.0 (0.28) 3.4

0.5 13.8 (0.25) 18.0 (0.50) 4.2

1% 0 15.1 16.7 16

Naphthalene 01 148 (0.14) 168 (0.14) 20
in Biphenyl

0.25 14.0 (0.10) 17.0 (0.20) 3.0

0.5 13.2 (0.14) 17.2 (0.19) 4.0

From the analysis of experimental results of dissolution and nucléation
temperatures for the model systems, the simulation work can be validated through
the agreement with experimental results, so the cluster modelling work can be
applied to predict MSZW for similar systems that do not exhibit hydrogen bonding
and investigate the effect of additives, i.e. cold flow additives for methyl stearate,
on MSZW and solubility.
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5.4 Conclusions

This chapter details the molecular modelling work applied to predict MSZW and the
effect of additives on MSZW for molecular clusters. Naphthalene and biphenyl are
used as the model materials to examine the change of atomic coordinates and
conformational structures. Molecular clusters of pure naphthalene, pure biphenyl,
naphthalene doped by biphenyl and biphenyl doped by naphthalene were built as a
function of cluster size using HABIT98, and the structural variability and
conformational variance of these molecular clusters have been calculated, so the
crystalisability of these four molecular clusters can be qualified through the
comparison of structural variability and the effect of naphthalene on solubility of
biphenyl can be predicted. The results of MSZW and solubility were determined
from polythermal experiments for pure naphthalene, pure biphenyl, 1%
naphthalene in biphenyl and 1% biphenyl in naphthalene in the solvent of toluene.
The experimental data confirmed the effect of naphthalene on the crystalisability of
biphenyl and vice versa in agreement with the predicted MSZW from molecular
cluster modelling work. So the molecular cluster method was validated and can be

applied to investigate the effect of additives on MSZW and solubility.
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CHAPTER 6

Molecular Modelling of Crystal
Structure, Morphology and Habit

Modification

Summary:

The lattice energies, inter-molecular and inter-atomic interactions of both two
polymorphs for methyl stearate together with predicted morphologies in vacuum
were determined. The effects of solvents on crystal habit of methyl stearate were

confirmed through the experimental observation and simulation.
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6.1 1ntroduction

HABIT98 [15] is a computer program designed to aid in morphological
investigations and bond analysis of the internal structure of molecular materials.
This program can be used for predicting crystal morphology, investigating the
effects of tailor-made additives on crystal morphology, calculating intermolecular

interactions in crystals.

HABIT98 [15] operates in two modes: LATT, FULL. LATT mode is used for the
calculation of lattice energy and FULL mode is used to predict the crystal

morphology. The input files for the calculation are listed below:

* The cssr file including crystallography information, i.e. unit cell (a, b, c,
alpha, beta and gamma), the coordinates of the atoms in one asymmetric
unit.

» The charge file including the charges of each atom in the unit cell calculated
with the computer program MOPAC 1133].

* The symmetry file containing the symmetry operators to apply to approach
asymmetric units in the unit cell.

* A growth face list generated using BFDH for which to calculated the slice
and attachment energies and produce an attachment energy based model
of crystal morphology.

The force field was selected based on the type of the materials and the
intermolecular bonds, and in this work the Momany [136] force field was selected
as Momany [136] since the model materials do not have any hydrogen bonding.
The output file from the calculation was made up of attachment energy
corresponding to the growth face. According to the attachment energy, the relative
distance between the (hkl) planes in the crystal structure can be evaluated, and

then the plot of crystal shape is obtained using SHAPE [16].

The bond analysis mode (formerly called debug mode) can be used to discover the
strength and direction of the intermolecular bonds, the dominant forces contributing
to the lattice energy, and important atom-atom interactions. If the first mode used,
the intermolecular interactions between all possible central molecules in the unit
cell and the surrounding molecules will be written to file. This allows each
intermolecular interaction to be identified in terms of its position in the crystal. The
bonds between the central molecule and a second molecule can be identified as

the intermolecular distance. If the second mode used, a list of all important atom-
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atom interactions in thee whole crystal sphere will be written to the output file. The
output file from the second mode is useful in assessing which atoms dominate the
crystal energetically, with the partition data providing additional information about

which potential types are important.

HABIT98 was used to predict the crystal morphology and analyse the
intermolecular interactions for methyl stearate, however there were no data
reported in the literature with which to compare the results for methyl stearate, so
the biphenyl and naphthalene were used as the test materials to validate the

program and these validation studies were reported in Chapter 5.

6.2 Lattice energy and Intermolecular & Inter-atomic Bond

Analysis for Methyl Stearate

It is known that methyl stearate has two polymorphs (see Table 4.1, Figure 4.1).
Figure 6.1 shows the space group and the packing in the unit cell for two

polymorphs of methyl stearate.

@ (b)

Figure 6.1: Details of crystallographic unit cells for the two polymorphs of methyl stearate (a)
A2/a; (b) Pnab
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6.2.1 Monoclinic methyl stearate

6.2.1.1 Bond analysis

The calculated lattice energy for the monaoclinic polymorph of methyl stearate is -
35.12 kcal/mol, and shows excellent agreement with previously calculated values
and the experimental sublimation enthalpy [144] (-37.79kcal/mol), which suggest

that the force field selected in the simulation is appropriate.

Figure 6.2: Plot of lattice energy and contributions to lattice energy profiles as a function of
summation limit: (m) van der Waal force; (¢) Coulombic force.

The plots from Figure 6.2 show that the van der Waals and coulombic
intermolecular energies converge rapidly with increasing summation limiting radius
and it can be seen that van der Waals force is the dominant intermolecular
interaction. The number of non-zero intermolecular bond clearly increases rapidly
with the increasing the summation limiting radius, however there are only three
types of strong intermolecular interactions which have energies in the range -5.39
to -3.75 kcal/mol, so only the first three intermolecular bonds are significant in

terms of energy as shown in Table 6.1.

147



Haiyang Jiang, PhD Thesis Chapter 6 August 2012

Table 6.1 Intermolecular interaction strengths (kcal mol ') corresponding to the different
molecular distance calculated using Habit98

Bond

- O®© QO O o 9

«Q

k
I

m

It can ae concluded that the mosl

Multiplicity Distance
[Al
16 4.63
16 4.60
16 5.61
8 23.58
26.50
16 7.33
16 9.17
16 9.18
16 27.18
16 24.84
16 9.23
16 9.23
8 25.82

van der
Waals
-5.35
-5.60
-3.55
-0.57
-0.49
-0.52
-0.23
-0.23
-0.25
-0.25
-0.19
-0.16
0.12

Coulumbic

force
-0.04
0.32
-0.20
-0.12
0.00
0.04
-0.03
-0.02
0.00
0.02
-0.03
0.02
0.25

Total

-5.39
-5.28
-3.75
-0.69
-0.49
-0.49
-0.26
-0.25
-0.25
-0.24
-0.21
-0.14
0.37

Percentage
(%)
31.58
30.93
21.97
4.04
2.87
2.87
152
1.46
1.46
141
1.23
0.82
-2.17

important atom-atom interactions are between

pair of aliphatic hydrogen-aliphatic carbons, and aliphatic hydrogen and aliphatic

carbon make the biggest contribution to lattice energy as detailed in Table 6.3 and

6.4. From the simulation results on atom-atom interactions, it can be explained that

the crystallization properties of methyl stearate are similar to those for long chain

alkenes due to the fact that the largest contributions to lattice energy are from

aliphatic hydrogen-aliphatic carbon, and aliphatic hydrogen and aliphatic carbon.

Table 6.2 Contributions of different types of atoms in the molecule of monoclinic methyl

Note: H-aliphatic h
hydroxyl oxygen.

Atom

H
C1
Cc2
02
01

Totals

stearate to the lattice energy

Attractive Repulsive
energy energy
(kcal/mol) (kcal/mol)
-19.87 10.13
-15.69 5.46
-1.21 0.36
-1.33 0.67
-0.50 0.07
-38.60 16.69

Coulombic

(kcal/mol)

-1.80
1.33
-0.78
152
0.28
0.56

148

Total

(kcal/mol)

-11.54
-8.90
-1.63
0.86
-0.14

-21.35

y

Percentage

54.05%
41.67%
7.63%
-4.02%
0.67%
100%

drogen, Cl-aliphatic carbon. C2-carbonyl carto”® 2~b anyl oxygon Ol
yarog p y ))// Xyq Ul
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Table 6.3 Contributions of interactions between atoms in the molecule of monoclinic methyl
stearate to lattice energy.

Typel Type2 Attractive Repulsive van der
energy Energy Waals Percentage
(kcal/mol) (kcal/mol) (kcal/mol)
H H -10.93 6.49 -4.44 20.23%
H c1 -15.58 6.05 -9.53 43.42%
H Cc2 -0.90 0.37 -0.53 2.41%
H 02 -1.05 0.79 -0.26 1.18%
H 01 -0.35 0.06 -0.29 1.32%
c1 C1 -7.00 2.14 -4.86 22.14%
C1 C2 -0.71 0.17 -0.54 2.46%
Cl 02 -0.81 0.36 -0.45 2.05%
Cl 01 -0.29 0.05 -0.24 1.09%
C2 C2 -0.16 0.02 -0.14 0.64%
C2 02 -0.37 0.12 -0.25 1.14%
Cc2 01 -0.14 0.01 -0.13 0.59%
02 02 -0.16 0.03 -0.13 0.59%
02 01 -0.12 0.01 -0.11 0.50%
01 01 -0.05 0.00 -0.05 0.22%
TOTALS -38.62 16.67 -21.95 100%

6.2.2 Orthorhombic methyl stearate

6.2.2.1 Bond analysis

The lattice energy for orthorhombic methyl stearate is -34.25kcal/mol, in excellent
agreement with previously calculated values and the experimental sublimation
enthalpy [144] (-37.79kcal/mol). The results from Figure 6.3 show that the van der
Waals and coulombic intermolecular energies converge rapidly with the increasing
summation limiting radius for the orthorhombic form, and it can be seen that the
van der Waals interactions are the dominant intermolecular interactions operating
in the crystal lattice. Again three dominant types of intermolecular bonds which

have energies in the range from -5.37 to -3.56 kcal/mol.
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Figure 6.3: Plot of lattice energy and contributions to lattice energy profiles as a function of
summation limit: (A) van der Waal force; (+) Coulombic force.

Table 6.4 Intermolecular interaction strengths (kcal mol'l) corresponding to the different
molecular distance calculated using Habit98

Bond Multiplicity Distance  van der Coulombic  Total Percentage
[A] Waals (%)

a 16 4.64 -5.31 -0.06 -5.37 32.3
b 16 4.61 -5.22 0.10 -5.11 30.7
c 16 5.61 -3.22 -0.24 -3.56 21.4
d 16 7.35 -0.51 0.02 -0.49 2.95
e 8 24.93 -0.32 -0.03 -0.35 211
f 8 24.93 -0.28 -0.04 -0.32 1.93
g 16 25.26 -0.30 0.00 -0.30 181
h 16 9.18 -0.24 -0.02 -0.26 1.56
i 16 9.19 -0.24 -0.02 -0.26 1.56
i 16 25.37 -0.24 0.00 -0.24 1.44
k 16 9.25 -0.19 -0.02 -0.21 1.26
[ 20 9.25 0.16 0.01 -0.15 0.9

aliphatic hydrogen-aliphatic carbons, and aliphatic hydrogen and aliphatic carbon
that make the greatest contribution to lattice energy as summarised in Tables 6.5

and 6.6. However, compared with the monoclinic form, the aliphatic carbon and the
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pair of aliphatic hydrogen-aliphatic carbons from the orthorhombic form make a

greater contribution to the lattice energy.

Table 6.5 Contributions of different types of atoms in the molecule of orthorhombic methyl
stearate to the lattice energy

Attractive  Repulsive Coulombic Total percentage
Atom energy energy (kcal/mol)  (kcal/mol)
(kcal/mol) (kcal/mol)
hi -20.49 11.54 -0.88 -9.83 46.90%
C1 -15.65 5.50 0.40 -9.74 46.48%
c2 -1.24 0.41 -0.57 -1.40 6.65%
02 -1.25 0.55 0.77 0.07 -0.32%
01 -0.52 0.11 0.35 -0.06 0.29%
totals -39.15 18.10 0.08 -20.97 100%

Note: H-aliphatic hydrogen, Cl-aliphatic carbon, C2-carbonyl carbon, 02-carbonyl oxygen, 01-

hydroxyl oxygen.

Table 6.6 Contributions of interactions between atoms in the molecule of orthorhombic
methyl stearate to lattice energy

Typel Type2  Attractive  Repulsive  van der
energy energy Waals Percentage
(kcal/mol)  (kcal/mol)  (kcal/mol)

H H -11.43 7.75 -3.68 17.47%
H cl -15.74 6.32 -9.42 44.73%
H C2 -0.97 0.48 -0.49 2.33%
H 02 -0.99 0.63 -0.36 1.71%
H 01 -0.42 0.14 -0.28 1.33%
C1 C1 -6.91 2.08 -4.83 22.93%
C1 C2 -0.70 0.18 -0.52 2.47%
C1 02 -0.75 0.29 -0.46 2.18%
c1 01 -0.28 0.05 -0.23 1.09%
c2 c2 -0.16 0.02 -0.14 0.67%
c2 02 -0.37 0.12 -0.25 1.19%
Cc2 01 -0.13 0.01 -0.12 0.57%
02 02 -0.15 0.02 -0.13 0.62%
02 01 -0.11 0.01 -0.1 0.48%
01 01 -0.05 0.00 -0.05 0.24%
TOTALS -39.16 18.10 -21.06 100%
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6.3 Polymorphie Cluster Stabilities for Methyl Stearate

A novel method of molecular cluster analysis has been validated through the
experimental determination of MSZW for a number of model systems in chapter 5.
The molecular clusters (in Figure 6.4) of methyl stearate were constructed using
the same general approach as for clusters of naphthalene. The energies of the
molecular clusters containing different numbers of molecules, created using
HABIT98, were calculated by applying Dreiding force-field parameters using
Materials Studio [132] and plotted as a function of the number of molecules within
the cluster for both polymorphic form of methyl stearate. It can be seen that the
monoclinic form would be predominant from smaller clusters to larger clusters
(Figure 6.5), so it was confirmed that the monoclinic form should be the more
stable structure than that of the orthorhombic form.
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Figure 6.4: Molecular clusters containing 7 (a), 17 (b), and 59 (c) molecules of monoclinic
form and 7 (d), 17 (e), and 59 (f) orthorhombic form of methyl stearate created.

Figure 6.5: Energy calculations of molecular clusters for monoclinic (T) and orthorhombic
() polymorphic forms of methyl stearate.

Because the total energies of molecular cluster for monoclinic form are always
higher than those for orthorhombic form in Figure 6.5, the monoclinic form is the

stable form in the solution or crystals.
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6.4 Morphological Prediction

6.4.1 Miller indices of methyl stearate

Based on BFDH (Bravais, Friedel, Donnay and Flarker) rule, the miller indices of
methyl stearate for both two polymorphs were presented in Table 6.7. It can be
found that the miller indices and d-spcing of monoclinic and orthorhombic methyl
stearate were very close, and the faces from (002) to (024) in Table 6.7 were
selected to calculate the attachment energies of methyl stearate for the prediction
of morphology. The crystal orientation chart according to the face list in Table 6.7
were plotted in Figure 6.6 to compare the images between experimental data and
simulation results. From the crystal orientation in Figure 6.6, it can be found that it
was difficult to identify the phase of methyl stearate because the faces were very

similar.

@ (b)

Figure 6.6: Crystal orientation charts derived from the unit cell geometry and used for the
morphological characterization of the ‘as grown’ crystals: (a) monoclinic form;
(b) orthorhombic form.
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Table 6.7 List of miller indices of methyl stearate based on BFDH rule

Multiplicity

(monoclinic)

N

N NN DA DD DD DA DM DS DM DD

N

Cthkl
(monocline)

(A)
47.6
7.3
7.1
4.3
4.2
41
3.9
3.7
3.6
3.0
2.96
2.9
2.7
2.6
2.6

25
24
24
2.4
24

24
2.3

2.3
2.3
2.2
2.2
2.2

2.2
21
21

hkl

002
011
(0 13)
111
112
1 13)
02 0)
(0 2 4)
(12 0)
(12 1)
(12 2)
(12 3)
(200)
201
202)

(203)
(20 4)
(206)
211
212)

2 13)
031

(13 1)
(13 2)
(13 3)
220
221

22 3)
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Multiplicity

(orthorhombic)

o 00 o »~ b~ PV

N

A N N 00 00O 00O & b~

dhkl

(orthorhombi)
(A)
47.6
7.3
7.2
4.5
4.4
4.4
3.6
3.6
31
31
31
31
2.8
2.8
2.8

2.8
2.8
2.8
2.6
2.6

2.6
2.5

2.2
2.2
2.2
2.2
2.2

2.2
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6.4.2 Monoclinic methyl stearate

The slice energies and attachment energies corresponding to individual face for
monoclinic methyl stearate were calculated using Equation (4-4), and the results
were presented in table 6.8. The predicted morphology of monoclinic methyl

stearate are plotted in Figure 6.7.

Table 6.8 Slice energies and attachment energies for the growth faces of methyl stearate

Multiplicity dhid Slice energy Attachment
Growth A (kcal/mol) energy
direction (kcal/mol)
002 2 47.6 -33.53 -1.59
011 4 7.3 -20.61 -14.51
1-1-1) 4 45 -12.86 -22.26
(020 2 3.7 -8.85 -26.27
024 4 3.6 -8.32 -26.80

Table 6.9 Assignments of the bonds to slice energy or attachment energy for particular face
of methyl stearate crystal

a b c
Face (SL) (ATT) (SL) (ATT) (SL) (ATT)
(002) 16 0 16 0 16 0
(011) 0 16 16 0 16 0
(112) 8 8 8 8 0 16
(020) 0 16 0 16 16 0
(024) 0 16 0 16 16 0
(12-2) 0 16 8 8 0 16
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Figure 6.7: Different projections of predicted shape of methyl stearate (monoclinic) based on
attachment energy calculations: (a) from the z-axis, (b) from the b-axis.

The values of attachment energies in Table 6.8 revealed that the attachment
energy of (002) face is lowest, so the (002) face is the dominant face according to
the relationship between attachment energy and growth rate. The number of
intermolecular-bond contributions to the slice energy reflects the morphological
importance in Table 6.9, and it can be seen that the (002) face is the most
important face. The results from the morphological prediction in Figure 6.6 revealed
that (002) is the most important face and much bigger than other faces, and the
crystal shape is thin and plate-like.

6.4.3 Orthorhombic methyl stearate

The slice energies and attachment energies corresponding to individual face for

orthorhombic methyl stearate were presented in table 6.10. The predicted

morphology of monoclinic methyl stearate are plotted in Figure 6.8.

Table 6.10 Slice energy and attachment energy for the growth faces of methyl stearate

Multiplicity dhid Slice energy Attachment
d(iar(reoc\;\i/;[)hn @ (kcal/mol) energy
(kcal/mol)
(002) 2 47.57 -32.80 -1.45
(011) 4 7.33 -19.60 -14.66
(111) 8 4.45 -11.58 -22.67
020 2 3.68 -8.01 -26.25
0249 4 3.08 -8.13 -26.13
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Table 6.11 Assignment of the bonds to slice energy or attachment energy for particular faces
of methyl stearate crystal.

Face a b c
(SL) (ATT) (SL) (ATT) (SL) (ATT)
(002) 16 0 16 0 16 0
(011) 0 16 16 0 16 0
(111) 8 8 8 8 0 16
(020) 0 16 0 16 16 0
(024) 0 16 0 16 16 0
(120) 0 16 8 8 0 16
(121) 0 16 8 8 0 16
@
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The values of attachment energies in Table 6.10 revealed that the (002) face is
dominant for the crystal of orthorhombic methyl stearate. The number of
intermolecular-bond contributions to the slice energy in Table 6.11 reflects the
morphological importance, because these values confirmed that the attachment
energy of (002) was lowest. It can be seen from Figure 6.7 that the most important
face is the (002) face, and the shape of orthorhombic methyl stearate is plate-like
as well. Although there are two polymorphs for methyl stearate, the crystal shape
of the monoclinic form is close to the orthorhombic form, and the only difference is
the multiplicity of the (111) face. It may be because the structures of the two
polymorphs are similar, the predicted morphologies for both two polymorphs are

close.

6.5 Solvent-Mediated Effect on the Morphology

6.5.1 Observed crystal morphologies of methyl stearate as
observed through cold room studies

6.5.1.1 Effect of temperature on habit modification of methyl stearate

Nucléation and crystal growth are driven by supersaturation, and the
supersaturation is controlled by temperature in cooling crystallization. The crystal
size is determined by nucléation and crystal habit is decided by crystal growth, so
the temperature has a significant effect on the size and morphology of methyl

stearate.

@ (b)
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Figure 6.9: The images of methyl stearate in methyl oleate at different temperatures, (a)
2.5% methyl stearate in methyl oleate at 0°C; (b) 2.5% methyl stearate in
methyl oleate at -1°C; (c) 2.5% methyl stearate in methyl oleate at -2°C.

The crystal habits displayed in Figure 6.9 showed the effect of temperature on
crystal morphology and size of methyl stearate crystals in methyl oleate. It can be
found that the number of crystals in solution increased, however only a few crystals
grew, so the nucleation played an important role during the crystallization process.
Because nucleation was the most important, the morphology didn’t change too

much.

6.5.1.2 Effect of solvent on habit modification of methyl stearate
Due to the different solubility and crystallization temperatures of methyl stearate in
methyl oleate, dodecane and toluene, the variety of supersaturation of methyl

stearate in different solvents will lead to different nucleation rates.

@
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Figure 6.10: Images of methyl stearate crystallizing from different solvents: (a) 30% methyl
stearate in toluene at 3°C; (b) 10% methyl stearate in dodecane at 5°C; (c) 10%
methyl stearate in methyl oleate at 10°C.

The images in Figure 6.10 presented the effect of solvents on crystal habit and
size, and the effect of solvents on crystal size, aspect ratio and thickness was
assessed through the results in Table 6.12, It can be found that the crystals in
toluene were larger than those in dodecane and methyl oleate, and thicker than
those in dodecane and methyl oleate because the crystals in toluene were more
optical. It can be concluded that due to the huge difference of molecular
structures between toluene and methyl stearate, the nucleation of methyl stearate
were depressed by toluene. Compared with the number of crystals in dodecane
there were more crystals in methyl oleate due to the high solubility of methyl steare
in methyl oleate, and the supersaturation of methyl stearare in methyl oleate was
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higher. The high supersaturation of methyl stearate in methyl oleate led to high
nucléation rates, so the growth rates of methyl stearate in methyl oleate was lower

than those in dodecane, and the shapes of methyl stearate in methyl oleate will be
smaller than shapes in dodecane.

Table 6.12 Crystal size, aspect ratio and thickness of methyl stearate in three solvents

In-plane dimensions Crystal thickness
Solvents Largest dimension Aspect ratio 1-5
(pm)
Toluene 227 0.59 4
Dodecane 198.4 01 3
Methyl oleate 72.6 0.67 1

Note: The thickness of crystals were expressed by: 1 smallest; 2 smaller; 3 medium; 4
thicker; 5 thickest.

6.5.2 Observed morphologies of methyl palmitate observed through the
cold room studies
6.5.2.1 Effect of temperature on habit modification of methyl palmitate

The effects of temperature work on the shapes of methyl palmitate as well. It can

be found that the size of palmitate crystals decreases with a decrease in

@
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(b)

Figure 6.11: Images of methyl palmitate in toluene at different temperatures: (a) 30% methyl
palmitate in toluene at -7°C; (b) 20% methyl palmitate in toluene at -11°C.

Although there is no big change in the shapes of methyl palmitate with the
decrease of temperature of solution, the size of methyl palmitate was modified
significantly and the number of crystals increased obviously at from -7°C to -11°C.
From the analysis of the effect of temperature on crystal size of methyl stearate
and methyl palmitate, it can be seen that the control of temperature is very key to
nucleation, and it can be found that nucleation played an important in the

crystallization process of methyl palmitate as well.

6.5.2.2 Effect of solvents on habit modification of methyl palmitate

Methyl palmitate exhibits better shape in toluene than that in methyl oleate (in
Figure 6.11), and the spiral can also be seen clearly, and it is obvious that the
crystal size of methyl palmitate in toluene is larger than that in methyl oleate. The
effect of toluene on growth morphology of methyl palmitate is better than methyl
palmitate in methyl oleate from these images and the same effect was also found
for methyl stearate, so it can be concluded that methyl oleate is more effective on
nucleation behaviour of long chain methyl ester due to the similarity of molecular
structure. However toluene is more effective on growth morphology of long chain

methyl esters.
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(0)

Figure 6.12: Images of methyl palmitate crystallizing from different solvents: (a) 30% methyl
palmitate in toluene at -7°C; (b) 2.5% methyl palmitate in methyl oleate at -9°C.

6.5.3 Habit comparison between experimental and simulated data

The dominant faces were both calculated to be (002) face in the predicted crystal
shapes of two polymorphs of methyl stearate with smaller (011) and (111) shown in
Figure 6.13 (a), (b), and the map of in-plane faces based on BFDH was shown in
Figure 6.13 (c).
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(d)
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Figure 6.13: Comparisons between morphological predictions for monoclinic (a) and
orthorhombic (b) methyl stearate and experimentally observed crystal shapes
grown from toluene (d), dodecane (e) and methyl oleate (f). Crystal orientation
chart of monoclinic methyl stearate (c).

In Figure 6.13 (a) and (b) , the angle between (011) and (111) for monoclinic and
orthorhombic methyl stearate is 126° and 128° respectively, and this difference is
caused by lower aspect ratio between (011) and (111) for monoclinic methyl
stearate. In the images of experimental observation, it can be seen that the
dominante face of methyl stearate grown from different solvents was still (002)
face, and the experimentally obersered crystal shapes of methyl stearate were
plate-like shape in agreement with simulated results, however some faces
disappeared when the crystals were grown from these three solvents. In Figure
6.13 (d), it can be found that (002), (020) and (213) were main faces of methyl
stearate in toluene. In Figure 6.13 (e), (002), (020) and (200) were main faces of
methyl stearate in dodecane. In Figure (f), (002), (020) and (111) were main faces
of methyl stearate in methyl oleate. In Figure 6.13 (d) the spiral on the crystal
surface were observed clearly, so the growth mechanism of methyl stearate is

birth and spread.

6.5.4 Comparison of morphology between methyl stearate and methyl
palmitate

Compared with the predicted morphologies of methyl stearate, the observed habits
of methyl palmitate in toluene were very close to the results of simulation shown in

Figure 6.14.
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(d)

Figure 6.14: Comparison between predicted morphologies of methyl stearate and habits of
methyl palmitate grown from toluene: (a)-(c); comparison between
morphologies of methyl stearate and methyl palmitate both grown from toluene

(d).
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In Figure 6.14 (a)-(c), it can be found that the predicted morphologies of methyl
stearate are very similar with the shapes of methyl palmitate grown from toluene,
the habit of methyl stearate grown from toluene are very close to that of methyl
palmitate from toluene as well in Figure 6.14 (d). It can be concluded that the
crystal structure of methyl palmitate may be very similar with the crystal structure of
methyl stearate through the similarity between these two morphologies.

6.5.5 Crystal growth mechanism of methyl stearate crystallized from

solution

All the images of methyl stearate and methyl palmitate crystals in different solvents
at different temperatures were presented in Appendix, and the crystal growth
mechanism of methyl stearate in these three solvent systems can be assessed
through these images in cold room. The top face (002) is always the most
important face of crystals, so it can be concluded that the (002) is slow growing
face and the crystal growth mechanism of this face is BCF due to the clear screw
dislocation on this face. The growth rates of the side faces: hkO and hkl faces were
much faster than (002), so there were some differences of side faces between the
predicted morphologies and crystal habit in different solvents, and the faces were
grown by BCF or continuous growth. The crystal images of methyl stearate in
Figure 6.15 presented the roughening edges of side faces, and the screw

dislocation of side faces were shown in Figure 6.10 (a).

Figure 6.15: Crystal images of 10% methyl stearate in dodecane at 10°C showing the
roughening edges of side faces and agglomeration of crystals

Due to different supsaturation in different solvents, the growth mechanism of side
faces of methyl stearate may be BCF growth in large crystals or continuous growth
in small crystals.
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6.5.6 Modelling solvent effect on crystal habit

From the observation of crystal habit of methyl stearate and methyl palmitate in
different solvents in the cold room, the effects of solvents on growth morphology
were presented. A rough analysis of these effects was carried out using the
SYSTEM SEARCH program, and the interactions between the molecular pairs of
methyl stearate and toluene, methyl stearate and dodecane are calculated. Table
6.13 summarized the calculated results from simulations and the interaction
energies and modified attachment energies are presented. In Table 6.13, it can be
seen that the attachment energies of methyl stearate with respect to the three
major faces were reduced due to the interaction energy of solvent, and had the
biggest effect on the (002) face. The predicted morphologies of methyl stearate in
different solvent systems were plotted, and it can be seen that there is no

significant change of habit from Figure 6.14, except the thickness of crystals.

Table 6.13 Calculated attachment energies for dominant crystal habit faces of monoclinic
methyl stearate together with recalculated attachment energies from solvent-
mediated surface energies in 80% toluene solvent, 50% toluene solvent and
90% dodecane solvent.

Calculated attachment Interaction energy
Face energy in vacuum (ki moll
(k] mol'l1) 20% MS 50% M S 10% M S
(toluene) (toluene) (dodecane)
(00 2) -1.59 -3.00 -3.16 -3.53
(0 11) -14.51 -2.64 -2.79 -2.91
a 11 -23.32 -2.58 -2.76 -3.01
Calculated attachment Attachment energy in different solvent
systems (kJ moll)
Face energy in vacuum
20% M S 50% M S 10% M S
(ki moll
(toluene) (toluene) (dodecane)
(00 2) -1.59 -0.84 -0.80 -0.71
(0 11 -14.51 -13.85 -13.81 -12.78
11 -23.32 -22.68 -22.63 -22.56

The morp lologies of methyl stearate in Figure 6.16 are very similar to those
predicted from morphology in a vacuum; however it had been found that the
thickness of habit is changing with the change of solvent system. The predicted

morphologies of methyl stearate were plotted from the same orientation, and the
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aspect ratio in Table 6.14 show that the thickness of crystal in vacuum is largest.
The aspect ratio is ration between (002) and (011), so the higher value of aspect
ratio means the crystal becomes thinner. The increase of methyl stearate in toluene
led to the decrease of thickness of crystals, and the addition of dodecane led to the
decrease of thickness of crystals compared with the thickness of crystals in

vacuum.

Table 6.14 Aspect ratio of face (002) and (011) for morphologies of methyl stearate
simulated in different solvents

Aspect Morphology Morphology in Morphology in Morphology in
i in vacuum toluene
ratio toluene (20% M S) dodecane
(50% MS) (10% MS)
9.12 16.49 17.26 18.00

(b)
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©

Figure 6.16: Predicted morphologies modified by solvent-mediated: (a) 20% methyl stearate
in toluene; (b) 50% methyl stearate in toluene; (c) 10% methyl stearate in
dodecane.

Figure 6.17: Morphology of methyl stearate observed from vy direction.

6.6 Conclusions

This report details a modeling study applied to investigate the morphology and
intermolecular and atom-atom bond for methyl stearate (two polymorphs). The
morphology and bond analysis were calculated with AE mode and HABIT98
software. The van der Waals force, increasing with the limited radius, is the
dominant interaction for methyl stearate. The number of non-zero intermolecular
bonds for methyl stearate increased with the limited radius; however, there are
three types of intermolecular interactions which are much bigger than other bonds.
From the atom-atom bond analysis, it can be seen that the pair of aliphatic
hydrogen-aliphatic carbons, and aliphatic hydrogen and aliphatic carbon make the
biggest contribution to lattice energy. The calculated lattice energies of methyl
stearate are close to the experimental sublimation enthalpies from the literature.

The calculations of total cluster energies for both two polymorphs revealed that the
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monoclinic form are stable form. The predicted morphologies for two polymorphs

are nearly the same, and it may be caused by the huge d-spacing of the (002) face.

This chapter provided photographs of methyl stearate and methyl palmitate in
different solvent systems and different temperatures from the cold room laboratory,
and the experiment observation validates the morphological prediction that the
shape of methyl stearate is a plate-like. The effects of solvents and temperatures
on crystal habit and crystal size of methyl stearate and methyl palmitate were

examined from the results of image analysis.

The system search method provided rough analysis on the solvent-mediated effect

on morphologies of methyl stearate.
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CHAPTER 7

Crystallization Kinetics Studies Using

Turbidmetric Detection

Summary:

The nucléation kinetics of methyl stearate without and with additives in methyl
oleate were examined involving measurements of the solubility, meta-stable zone
width and induction times.

174



Additive Effect on the Crystallization of Alkyl Methyl Ester

7 .1 Introduction

The nucléation process is important for the crystallization behaviour of methyl
stearate in methyl oleate, and the aim of this chapter is to repeat investigations of
the effect of additives on the nucléation process of methyl stearate crystallising in
methyl oleate. One traditional way of describing the nucléation process is an
empirical relationship derived by Nyvlt [59] relating the measured metastable zone
width (MSZW) to the solution cooling and heating rate. A series of important
nucléation parameters such as nucléation order and nucléation constant can bo
derived from this relationship. The MSZW is a key characteristic of the nucléation
process, and it can be obtained from the experiment carried out using the
polythermal mode. Induction time to nucléation is inversely proportional to the rate
of nucléation, and it can be measured from crash cooling experiments from which
classical homogeneous nucléation theory can be used to estimate the interfacial
tension between the crystalline nucleus and solution, from which the critical nucleus

size can be calculated using classical nucléation theory.

Hence, this chapter will provide the results from slow and fast cool crystallization of
methyl stearate in methyl oleate. The slow cool experimental results were
associated with the empirical relationship to determine MSZW, and the MSZW of
methyl stearate in the presence of 8 additives was also determined. The effects of
additives on the crystal nucléation rate of methyl stearate in methyl oleato were

assessed from the induction time obtained from the crash cool experiments.

7.2 Study of Polythermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions

7.2.1 Experimental results

Figure 7.1 shows the optical turbidity profile for methyl stearate in the solution of
100g/l methyl oleate carried out using the turbidity probe. The region at which
there is a vertical line on the left represents a drop in turbidity at crystallisation
temperatures corresponding to the cooling process, whereas the single vertical line
represents an increase in turbidity at the dissolution temperature corresponding to
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the heating phase of the operation. The distance in between the two regions
represents the MSZW.

v+ 0.111
m Series2
Series3

Figure 7.1: Sample turbidimetric profile for polythermal cooling crystallization of 100g/l

methyl stearate in methyl oleate: function of temperature vs turbidity

Table 7.1 Dissolution and nucléation with standard deviation
temperatures and corresponding MSZW measurements for methyl stearate in
methyl oleate.

Concentration

@)

100

150

200

250

Cooling rate

01
0.25
0.5
01
0.25
0.5
01
0.25
0.5
01
0.25
0.5

Nucléation
temperature
O

12.8 (0.15)
12.2 (0.12)
11.7 (0.15)
16.2 (0.00)
15.6 (0.11)
15.1 (0.12)
18.2 (0.09)
17.9 (0.11)
17.5 (0.18)
20.3 (0.14)
19.9 (0.21)
19.5 (0.05)

Dissolution

temperature

(°C)

17.0 (0.04)
16.7 (0.11)
16.7 (0.17)
19.6 (0.08)
19.6 (0.08)
19.5 (0.15)
21.7 (0.06)
21.7 (0.04)
21.7 (0.09)
23.6 (0.05)
23.6 (0.17)
23.5 (0.16)

in the bracket onset

MSZW

(°C)

4.2
4.5
5.0
3.4
4.0
4.4
3.5
3.8
4.2
3.3
3.7
4.0

The MSZW was measured at four concentrations and 3 cooling rates are listed in

Table 7.1, the dissolution and nucléation temperature at 0°C/min are shown in

Figure 7.2. To avoid the error during the experimental process, the slow cooling
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experiments were repeated more than three times, the standard deviation of
nucleation and dissolution temperatures were calculated and shown in brackets in
Table 7.1 this revealed that the experimental data are reliable due to the low

standard deviation.

For high concentration or high cooling rate of solutions, the data is hard to

reproduce, so the experiments were carried out for several times. The data shown

in Table 7.1 took the average from the raw data.

@
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b)

©

(d)

Figure 7.2: Plot of dissolution and nucléation on-set temperature/cooling rate for methyl
stearate in methyl oleate: (a) concentration of methyl stearate in methyl oleate
is 100g/l; (b) 150g/l; (c) 200g/l; (d) 250g/.

The temperatures of dissolution and crystallization were plotted versus the cooling
rates in Figure 7.2. It was found that the crystallization temperatures scatter more

considerably compared to dissolution temperatures, which is expected as the
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dissolution temperature is a thermodynamic parameter, whilst the crystallization
temperature is influenced by the kinetics. The MSZW for methyl stearate in methyl
oleate can be seen to increase with the higher cooling rate and decrease with the

higher concentration.

7.2.2 Solubility and crystallization curves

The relationship between solution concentration and MSZW can be established
from constructing the solubility and crystallization curves. After extrapolation the
plots of crystallization and dissolution temperatures as a function of the cooling
rate, i.e. at extrapolated 0°C/min, the kinetic limits for crystallization and dissolution
temperature at each concentration can be evaluated. Plotting the solution
concentration versus dissolution temperature at an extrapolated 0°C/min cooling
rate gives the solution solubility curve at the system kinetic limit, the same with the
plot of solution concentration versus nucleation temperature. For methyl stearate in

methyl oleate solution the graphical analysis is given below:

23.5- T * ——
23.0- y=23.64184-0.26531 x

22.5-

22.0- y=21.7

2ts- — —Dissolution 100y
2i.0 4 — —Dissolution 1509/l
20.5- — —Dissolution 200g/1
20.0- y=19.64184-0.26531x  —Dissolution 250/l
195
190
185

18.0

gnea™ o =°

178 y=16.99082-0.67347x
1701

16.5

Cooling rate (°C/min)

Figure 7.3: Plot of dissolution on-set temperature/cooling rate for methyl stearate in methyl
oleate solution showing gradient equations
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Figure 7.4: Plot of nucléation on-set temperature/cooling rate for methyl stearate in methyl
oleate solution showing gradient equations

From the y intercepts taken from the equations of the interpolation lines shown in
Figures 7.3 and 7.4 the solubility and the crystallisation curves at the kinetic limit

(extrapolated 0°C cooling rate) have been plotted in Figures 7.5:

Figure 7.5: Solubility (*)and crystallization (mJcurves for methyl stearate in methyl oleate at
an extrapolated 0°C/min cooling rate.

The distance between the two curves represents the meta-stable zone width at the

kinetic limit. The trend of MSZW for methyl stearate in methyl oleate solutions at
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kinetic limit is the same as that from the plot of dissolution/ nucléation versus

cooling rates, MSZW decrease at higher concentration.

To evaluate the solution ideality of methyl oleate studied the ideal solubility profile
for methyl stearate is plotted as a function of temperature (reciprocal of
temperature) and the experimental solubility plot for the methyl oleate solution

studied experimentally is given in Figure 7.6

UT/K)

Figure 7.6: Van't Hoff plot for methyl stearate in methyl oleate comparing the solubility profile
as a function of temperature determined experimentally through solution
turbidometric analysis and extrapolated to a 0°C/min solution cooling rate at the
100ml scale against the theoretical ideal solubility profile for methyl stearate
obtained from thermodynamic calculation based on DSC measurement of methyl
stearate heat of fusion. The axis represents logarithm of equilibrium mole fraction
of methyl stearate in solution against reciprocal of system absolute temperature.
;I_'he ef>_<perimenta| data has been interpolated to selected data points of best
inear fit.

It can be seen that for methyl stearate in methyl oleate all the dissolution
temperatures at the kinetic limit fit satisfactorily onto a linear gradient, and the trend
in figure 7.6 presents that methyl stearate behaves very close to ideality and it is
demonstrated that methyl stearate may behave slightly greater than ideal, i.e. at a
given temperature the equilibrium concentration of methyl stearate in methyl oleate
may be slightly higher than that predicted by the ideal solubility model. This
suggests that methyl stearate solute-solute interactions are slightly weaker than the

solute-solvent interactions that methyl stearate form with methyl oleate. Base on
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the Equation (2-18), the slope ( ' /k) and intercept (— ) of the plot of Inr
R R

versus T ' can be experimentally derived solubility data. So the value of

is 0.00329.

7.2.3 Nucléation order and nucléation rate constant as a function
of concentration

The MSZW for each cooling rate was determined and plotted versus the cooling

rate in logarithm scale for the three systems as shown in Figure 7.7. According to

Nyvit's equation [59] (see Equation 2-48), the main kinetic parameters, the

nucléation order and nucléation rate constant can be derived.

The linear plot of log(/>)/log(A/r) will yield a gradient whose slope will be equal

to the nucléation order m, and the intercept for this plot will be equal to

dc*
(in-1) 10 g + logkn. (7-1)

Thus this term can be rearranged to obtain the nucléation constant kn, but the

term should be calculated first. The slope of the solubility curve can be

evaluated from the fit equation of the curve, and the slope is approxiomated at

each concentration via employing the following formula:

, y(x+h)-y(x)
slope = - (7-

2)

where: h is a small increment, set at 0.1 °C, y(x+h) is the equilibrium concentration
at 0.1 0.1°C above the nucléation temperature, y(x) is the nucléation concentration
(c*).

The nucléation order decreases with increasing the concentration but it does not
have very high values generally for the four concentrations of methyl stearate in

methyl oleate studied, which determines high rate dependency of the MSZW. The

nucléation rate constant increases with the increase of the concentration:
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Figure 7.7: The kinetic parameters corresponding to different concentrations of nucléation

can be determined using the Nyvlt method as the MSZW was plotted vs the
cooling rate in logarithmic coordinates. The order of nucléation was
determined as the slope of the linear plot: (+) 100 g/l methyl stearate in methyl
oleate; (A) 1509/l methyl stearate in methyl oleate; (m) 2009/l methyl stearate
in methyl oleate; () 250 g/l methyl stearate in methyl oleate.

Table 7.2 The order of nucléation was determined for four concentrations of methyl stearate
in methyl oleate solution as the slope of the linear relationship log (MSZW) vs.
log (b) and the error of the least square fit was shown

Concentration (g/l) Linear plot relationship Error of the fit
100 Y=-12.25119+7.40356X 0.97
150 Y=-11.13939+7.27273X 0.99
200 Y=-8.81858+5.92896X 0.99
250 Y=-8.82807+6.30977X 0.99

Table 7.3 Nucléation order and nucléation rate constant for methyl stéarate in methyl oleate

Concentration (g/1) de Nucléation order Nucléation rate
- (glil°c) .
dt (min) constant
100 155 7.40 114E-13
150 233 127 3.84E-14
200 311 593 6.49E-12
250 388 6.04 143E-12
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7.3 Study of Isothermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions

Figure 7.8: Induction time is the time between reaching constant supersaturation and
appearance of first nuclei of methyl stearate.

The saturated solution of methyl stearate in methyl oleate prepared in advance was
rapidly (crash) cooled (cooling rate >1) to a given temperature within the MSZW
which was determined using a new turbidity probe and maintained at isothermal
conditions until the turbidity rose quickly indicating the onset of crystallization.

The relationshipe between induction time and supersaturation was used to
calculate the interfacial tension using Equation (2-48). In Equation (2-48), the
__
"T'Onof

were fitted with a straight line, as shown in Figure 7.9 and (rom its slope the

molecular volume of methyl stearate, equal to 490A3 The data In(tl vs

interfacial tension can be derived to 1.79x10-"j/m 2 for concentration t00g/l,

and then the determined interfacial energies were used to calculate the size of the
critical nucleus shown in table 7.5 at one concentration using Equation (2-36). It
can be seen that the critical nucleus size increase with the decrease of

supersaturation.
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Table 7.4 Induction time of 100g/l methyl stearate in methyl oleate for two bottom

temperatures
Concentration 100g/I
Bottom temperature 13.70 14.25 14.70 15.00
O
Supersaturation ratio 1.88 1.73 161 1.53
Induction time 18.3 51.7 55 80
(mins)
Induction time 1500 3100 3300 4800
(secs)

Figure 7.9: Interfacial tension was calculated from the slope of the line induction time vs
supersaturation for two different concentrations

Table 7.5 Critical nucleus size in terms of spherical radius in the crystal nucleus were
calculated as a function of temperature and supersaturation at the concentration

of 1009/l
Critical nucleus
Temperature Supersaturation size
°C) radius, A

100g/I
13.70 1.88 14.12
14.25 1.73 16.23
14.70 161 18.66
15.00 1.53 20.87
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The result shows, as expected, that high critical nucleus size will be associated with

high temperature and low supersaturation (Figure 7.18).

Figure 7.10: Size of the critical nucleus as a function of temperature and supersaturation at
the concentration of 100g/l reveal to be high at high temperature and low
supersaturation

7.4 Study of Nucleation Kinetics for Methyl Stearate
Crystallizing from Methyl Oleate in the Presence of
Additives

Eight additives were used to assess the effect on MSZW and nucleation
temperature in this study. Besides two simple additives: ethyl stearate and

monostearin (Figures 4.3 and 4.4). There are six types of industrial additives from

Infineum:
16A16
16A18
18A18

« 16Bl6
« 16B18
- 18B18
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7.4.1 Experimental results

The results from slow cooling experiments in the presence of eight additives at a
concentration of 100g/l of methyl stearate in methyl oleate are shown in Table 7.6.

There are several kinds of additives in the experiments qualifying the effects of

additives contents on MSZW.

Table 7.6 Dissolution and nucléation onset temperatures and corresponding MSZW
measurements for methyl stearate crystallizing from methyl oleate in the

presence of additives at the concentration of 100g/l

Mass
Additives ratio
Pure MS
0.5%
1.0%
18A18
1.5%
2.0%
1.3%
16A16

Cooling
rate

(°C/min)
0.0
0.1

0.25
0.5
0.0
0.1

0.25
0.5
0.0
0.1

0.25
0.5
0.0
0.1

0.25
0.5
0.0
0.1

0.25
0.5
0.0
0.1

0.25
0.5
0.0

Nucléation
temperature

188

(°C)
13.0
12.8
12.2
11.7
12.7
12.5
11.9
11.3
11.3
11.0
10.4
9.7
9.4
9.2
8.7
8.2
9.3
91
8.5
8.1
13.3
13.0
12.1
11.3
135

Dissolution
temperature
(°C)
17.0
17.0
16.7
16.7
171
17.0
171
16.8
171
17.0
171
16.8
17.2
17.0
17.0
16.6
17.0
17.0
17.0
16.9
17.2
17.0
16.7
16.2
17.1

MSZW

(°C)

4.0
4.2
4.5
50
4.4
4.5
52
55
5.8
6.0
6.7
7.1
7.8
8.0
8.3
8.4
7.7
7.9
8.5
8.8
3.9
4.0
4.6
4.9
3.6



16B18

16A18
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2.0%

5.0%

0.5%

1.0%

0.5%

1.0%

2.0%

5.0%

0.5%

1.0%

0.1
0.25
0.5
0.0
01
0.25
0.5
0.0
0.1
0.25
0.5
0.0
01
0.25
0.5
0.0
01
0.25
0.5
0.0
01
0.25
0.5
0.0
01
0.25
0.5
0.0
01
0.25
0.5
0.0
01
0.25
0.5
0.0
01
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13.2
12.4
11.7
135
131
12.4
11.3
10.7
105
10.1
9.5
101
10.1
9.5
9.45
12.2
12.0
11.7
11.3
11.8
11.6
11.2
10.8
10.0
10.0
9.6
9.4
7.9
7.7
7.2
6.8
10.7
10.5
10.1
9.5
9.6
9.4

17.0
16.8
16.5
17.3
17.0
17.0
16.2
17.6
17.3
175
16.9
17.4
17.2
17.2
16.7
16.9
16.9
16.8
16.7
17.0
16.9
16.8
16.5
17.1
17.0
17.0
16.8
17.2
17.0
17.0
16.5
16.1
16.1
15.9
15.9
16.7
16.5

3.8
4.4
4.8
3.8
3.9
4.6
4.9
6.9
6.8
7.4
7.4
7.3
7.1
7.7
7.3
4.7
4.9
51
5.4
52
54
5.6
5.7
7.1
7.0
7.4
7.4
9.3
9.3
9.8
9.7
54
5.6
5.8
6.4
7.1
7.1



Haiyang Jiang, PhD Thesis Chapter 6 August 2012

0.25 9.0 16.7 75
0.5 8.4 16.3 7.9

0.0 7.4 16.8 9.4

2.0% 01 7.4 16.7 9.3

0.25 7.2 165 9.4

0.5 7.1 16.2 9.1

0.0 11.4 18.2 6.8

18E318 0.5% 01 11.2 182 7.0
0.25 10.7 18.2 7.5

0.5 10.3 181 7.8

0.0 132 172 4.0

Ethyl 10.0% 01 131 171 4.0
stearate 0.25 12.3 17.0 4.7
0.5 121 16.8 4.7

0.0 14.0 17.4 3.4

0.1% 01 13.7 17.3 3.6

Mono 0.25 131 16.9 3.8
stearin 05 125 16.7 4.2
0.0 13.7 171 3.4

1.0% 01 13.4 17.1 3.7

0.25 12.9 16.8 3.9

0.5 12.2 16.7 45

From Table 7.6, it can be seen that the effect of additives is determined by the
types and contents of additives in the solution and it is apparent that 16A16, ethyl
stearate and mono stearin did not substantially change the MSZW of methyl
stearate. This difference would be caused by the function group of additives and
ethyl stearate and mono stearin are obviously small compared with other additives
increasing MSZW. Although these five additives affect MSZW and the
crystallization temperature of methyl stearate in methyl oleate, the degrees of
MSZW increased are varied due to different molecular structures of additives, so

two factors on the additives effect will be explored.
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7.4.2 Factors of the additives effect on MSZW and crystallization

temperature

7.4.2.1 Concentration of additives

As can been seen from Table 7.6 the concentration of additives in methyl stearate
plays an important role on the effect on MSZW revealing MSZW to increase with
the increase of additives from 0.5%. The relationship between MSZW and the
concentration of additives for 18A18, 16A18, 18B18, 16B16 and 16B18 are shown
in Figure 7.11. Because there is a significant effect of the additive concentration on
the MSZW, these studies can be very important for the application of biodiesel to

determine the optimized concentration in the solute.

B Nucléation pure
methyl stéarate

* Dissolution pure
methyl stéarate

A Nucléation 0.5%
18A18

v Dissolution 0.5%
18A18

< Nucléation 1.0%
18A18

» Dissolution 1.0%
18A18

¢ Nucléation 1.5%
18A18

¢ Dissolution 1.5%
18A18

* Nucléation 2.0%
18A18
Dissolution 2.0%

Cooling rate ( C/min) 18A18

@
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Cooling rate (°C/min)

(b)

©

192

‘v A «®

Nucléation for 0.5% 16A18
Dissolution for 0.5% 16A18
Nucléation for 1.0% 16A18
Dssdutionfor1.0%16A18
Nucléation for 2.0% 16A18
Dissolution for 2.0% 16A18
Nucléation for 5.0% 16A18
Dissolution for 5.0% 16A18
Nucléation pure methyl stéarate
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FigUre 7.11: Plot of dissolution and nucléation on-set temperature/cooling rate for additives

at different concentrations: (a) 18A18, (b) 16A18, (c) 18B18, (d) 16B16, (e)
16B18.
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The effects of the concentration of additives on MSZW are presented in Figure
7.11, and these effects vary due to their abilities increasing MSZW and solubility in
methyl oleate. In Figure 7.11 (&), nucleation temperatures of methyl stearate
decrease from with the increase of 18A18 from 0.5% to 1.5%, however MSZW did
not change with the increase of concentration from 1.5% to 2.0%, so 1.5% can be
seen as the optimized concentration of 18A18 in methyl stearate. This optimized
concentration can be used as the reference data of 18A18 used as the cold flow
additives of methyl stearate. In Figure 7.11 (b), nucleation temperatures of methyl
stearate did not change too much adding 0.5% and 1.0% 16A18. However, the
nucleation temperatures decreased significantly when the concentration of 16A18
increased from 2.0% to 5.0%. The limited concentration of 16A18 was set as 5.0%,
so the optimized concentration of cold flow additive was 5.0% for 16A18. From
Figure 7.11 (c), it can be seen that both nucleation and dissolution temperatures
change at the contents of 0.5% 18B18, although nucleation temperature did not
decrease too much, MSZW was enlarged due to the increase of dissolution
temperature. Due to the poor solubility of 18B18 in methyl oleate, the nucleation
temperature did not change too much when the contents of 18B18 was more than
0.5%, so it is not a very effective additive for cold flow improvement. In Figure 7.11
(d), it can be seen that the nucleation temperatures decreased significantly from
0.5% to 2.0% of 16B16, and the optimized concentration of 16B16 is 2.0% due to
the higher nucleation temperature of methyl stearate with 16B16 at 5.0%. In Figure
7.11 (e), the optimized concentration of 16B18 in methyl stearate was 0.5%,
because the nucleation temperatures did not change very much when the contents

increased from 0.5% to 1.0%.

From the discussion of Figure 7.11 (a)-(e), the optimized quantity of additives in
methyl stearate was found and these data can be used to explore which additive is

most effective on nucleaticn temperature depression.

7.4.2.2 Types of additives

From the raw data in Table 7.6, it can be seen that different additives present
different effects on nucleation and dissolution temperatures of methyl stearate.
First, ethyl stearate, monostearin and 16A16 can’'t be used as the cold flow
additives decreasing nucleation temperatures, because the MSZW of methyl
stearate didn’t change significantly in the presence of these three additives.

Second, 18A18, 16Al18 and 16B16 can work on nucleation temperatures
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significantly at different contents. Third, the nucléation temperatures of methyl
stearate did not decrease very much in the presence of 18B18 or 16B18 at lower
contents and the nucléation temperatures did not change with the increase of

additives in methyl stearate.

n Nucléation pure methyl stéarate
¢ Dissolution pure methyl stéarate
a Nucléation 0.5% 18B18
v Dissolution 0.5% 18B18
4 Nucléation 0.5% 16B16
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Cooling rate (°C/min)

Figure 7.12: Plot of dissolution and nucléation on-set temperature/cooling rate for methyl
stearate in the presence of 5 additives at 0.5% in methyl oleate at the
concentration of 100g/l
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Figure 7.13: Plot of dissolution and nucléation on-set temperature/cooling rate for methyl
stearate in the presence of 5 additives at 1.0% in methyl oleate at the
concentration of 100g/l
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Figure 7.14: Plot of dissolution and nucléation on-set temperature/cooling rate for methyl
stearate in the presence of 5 additives at optimized concentration in methyl
oleate at the concentration of 100y/l

Figures 7.12, 7.13 and 7.14 present the comparisons of the effects of 5 additives of
different contents on nucléation and dissolution temperatures of methyl stearate in
methyl oleate. When the contents of additives in methyl stearate are 0.5% shown in
Figure 7.12, the lowest nucléation temperature of methyl stearate was caused by
16B18, and the decrease of nucléation temperature of methyl stearate with 18A18
was smallest. The dissolution temperature increased in the presence of 18B18 and
it decreased in the presence of 16B16. When the quantity of additives was
increased from 0.5% to 1.0%, the lowest nucléation temperatures of methyl
stearate was confirmed in the presence of 16B16, and methyl stearate with 16A18
have the least decrease of nucléation temperature. The dissolution temperature of
methyl stearate with 16B16 decreased a little. In Figure 7.14, the nucléation and
dissolution temperatures of methyl stearate in the presence of additives at
optimized concentration are presented. Both 16A18 and 16B16 are most effective
for decreasing nucléation temperatures of methyl stearate at optimized
concentration and the smallest effect on nucléation temperature of methyl stearate
was caused by 18B18, however there were greatest effects of 18B18 on the
dissolution temperature of methyl stearate. From the comparison in Figure 7.14,
the best additives (16A18 and 16B16) improving cold flow properties of methyl

stearate in methyl oleate are found, and the optimized concentration of additives
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are confirmed. From the difference of molecular structure between methyl stearate
and additives, it can be found that the increase of chain length of alkyl group was
useful for nucleation depression especially for the dialkyl additives compared with
monostearin and ethyl stearate due to C18 alkyl group in methyl stearate. The
solvation played an important role on nucleation and dissolution temperature of
methyl stearate, it can be seen that the changes of nucleation temperature were
more significant for methyl stearate in the presence of 16B16, 18B18 and 16B18
than those for methyl stearate with 16A18 and 18A18 when the concentration of
additives in solute is 0.5%. However with increase of salt link additives, the
solubility of methyl stearate decreased, so the effect of 16B18 and 18B18 was less
significant than that of 18A18 and 16Al18 at the optimized concentration of
additives in methyl stearate. This trend can be caused by the interaction between
solute and additives molecules, different inter-molecular interactions resulted in the
difference of nucleation temperature decrease, so the investigation of inter-
molecular interactions between solute and additives should be done through

molecular modelling methods, i.e. cluster modelling methods.

7.4.2.3 Effect of excessive additives on nucleation and dissolution
temperatures

As mentioned above, there is an optimized concentration for the use of additives,
this means that nucleation temperatures will increase or decrease a little when the

guantity is higher than the optimized concentration.

Temperature
Figure 7.15: Turbidimetric profile for polythermal cooling crystallization of pure methyl

stearate and methyl stearate with 18A18 in methyl oleate at the concentration
of 100g/l at 0.25°C/min: function of temperature vs turbidity
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Figure 7.16: Turbidimetric profile for polythermal cooling crystallization of pure methyl
stearate and methyl stearate with 18B18 in methyl oleate at the concentration
of 100g/l at 0.25°C/min: function of temperature vs turbidity
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Figure 7.17: Turbidimetric profile for polythermal cooling crystallization of pure methyl
stearate and methyl stearate with 16B16 in methyl oleate at the concentration
of 100g/l at 0.25°C/min: function of temperature vs turbidity
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Figure 7.18: Turbidimetric profile for polythermal cooling crystallization of pure methyl
stearate and methyl stearate with 16B18methyl oleate at the concentration of
100g/l at 0.25°C/min; function of temperature vs turbidity

From the turbidimetric profile in Figures 7.15, 7.16, 7.17 and 7.18, it can be seen
that although more additives were added to methyl stearate, the nucléation
temperature actually increased. This problem may be caused by the nucléation of
additives with high molecular weight when there are sufficient additives in methyl
oleate. The interaction between the molecule of methyl stearate and the molecules
of additives will block the nucléation of methyl stearate, so the nucléation
temperature will decrease. However, if the amount of additives increases, these
additives will nucleate in methyl oleate before the nucléation of methyl stearate.
Due to higher nucléation temperatures of methyl stearate with excessive additives,
the determination of optimization concentration of additives in methyl stearate is

very important for the use of cold flow additives.

7.5 Study of Isothermal Crystallization for Methyl Stearate
Crystallizing from Methyl Oleate Solutions in the

Presence of Additives

In the previous nucléation study of methyl stearate with 8 additives, it can be

concluded that ethyl stearate, monostearin and 16A16 can’t affect the nucléation
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temperature and MSZW of methyl stearate and the other 5 additives can influence
the nucléation temperatures. The measurements of induction period of methyl
stearate with 8 additives in methyl stearate at the concentration of 100g/l will
investigate the influence of additives on induction time and nucléation rate of

methyl stearate.

From the results of the slow cooling experiments, there were no significant effect
on nucléation temperatures and MSZW of methyl stearate with ethyl stearate,
monostearin and 16A16. In Figures 7.19, 7.20 and 7.22, it can be seen that when
the bottom temperatures of methyl stearate with ethyl stearate, monotearin and
16A16 were around 14.25°C close to the bottom temperature of pure methyl
stearate in methyl oleate, the induction time of methyl stearate with additives did

not increase too much.

Temperature for pure MS
Temperature for MS with ethyl stearate

Figure 7.19: Comparison of induction time for pure methyl stearate, methyl stearate with 1%
etnyi stGcircitG
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Figure 7.20: Comparison of induction time for pure methyl stearate, methyl stearate with 1%
monostearin

-Temperature for pure MS
Temperature for MS with C18 diamide

Time(s)

Figure 7.21. Comparison of induction time for pure methyl stearate, methyl stearate with
1.5% 18A18
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Temperature for pure MS
Temperature for MS with C16 diamide

Figure 7.22: Comparison of induction time for pure methyl stearate, methyl stearate with 2%
16A16.
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Figure 7.23: Comparison of induction time for pure methyl stearate, methyl stearate with 5%
16A18 at different bottom temperatures
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Figure 7.24: Comparison of induction time for pure methyl stearate, methyl stearate with 1%
18B18 at different bottom temperatures
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Figure 7.25: Comparison of induction time for pure methyl stearate, methyl stearate with
1.5% 16B16 at different bottom temperatures

203



Haiyang Jiang, PhD Thesis Chapter 6 August 2012

1-120

Terrperatire for pire IVBat 14°C
Terrperatire forirrpire IVBat 13.i7C
Terrperatirefa inpcre IVBat 13C
Terrperatire for irrpire IVBat 1282fC
Terrperatire for irrpure NB at 12.4"C
Tutidty fa pue MSat 14°C
Tutidty fa irrpire MSat lad’C
Tutidty fa inpire NB at 1GfC
Tnbidtyfa irrpire NBat 1283C
Tutidty fa inpire MSat 124°C

8000 10000 12000

Time(s)

Figure 7.26: Comparison of induction time for pure methyl stearate, methyl stearate with 1%
16B18at different bottom temperatures

The optimized quantity of additives has been confirmed previously, so the quantity
of additives added in methyl stearate is the optimized concentration for the
measurements of induction time. From Figures 7.21, 7.23, 7.24, 7.25 and 7.26, it
can be seen that only methyl stearate with 1.5% 18A18 crystallized at the bottom
temperature which pure methyl stearate crystallized in the crash cooling
experiment, but the induction time of methyl stearate with 18A18 increased more
than 1 hour compared with the induction time of pure methyl stearate in methyl
oleate. In Figure 7.23, it can be seen that when the temperature was higher than
10LC, methyl stearate with 5 16A18 cant crystallize. But when the temperature is
at 10 C or 9.9 C, methyl stearate crystallized rapidly. Because 16A18 has a great
effect on MSZW of methyl stearate, methyl stearate can crystallize at low
supersaturation and this will be helpful for the growth of methyl stearate crystals. In
Figure 7.24, the turbidimetric value of methyl stearate with 1% 18B18 decreased to
around 70% in the isothermal process then this value decreased sharply. This
result could be caused by the low solubility of 18B18 in methyl oleate, 18B18
crystallized first. But due to the low quantity of 18B18, there were not too many
crystals in the solution, the turbidimetric value can’'t decrease to 0% then methyl
stearate crystallized. The results from the crash cooling experiments fit those from
the slow cooling experiments, showing 18B18 is not a good additive for methyl
stearate in methyl oleate due to the low solubility of 18B18 in methyl oleate. In
Figure 7.25, 16B16 presented similar effects on induction time of methyl stearate

as 16A18. Methyl stearate with 1.5% 16B16 did not crystallize when the bottom
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temperature was higher than 9.26°C. In Figure 7.26, the bottom temperature at
which methyl stearate with 1% 16B18 crystallised was 12.83°C, and methyl
stearate can not crystallise when bottom temperature was higher than 12.83°C.
From these figures shown above, it can be seen that 16A18 and 16B16 are still the
most effective additives inhibiting nucleation as discovered from the slow cooling

experiments.

7.6 Conclusions

This chapter details the results from slow and crash cool crystallization runs. There
are two aims for slow cool experiments, one is to study the kinetics of the
nucleation process by calculating the order of nucleation and nucleation constant
using the Nyvlt relationship and MSZW for pure methyl stearate in methyl oleate
and the other is to examine the effect of 8 additives on MSZW and crystallization
temperatures of methyl stearate. It has been found from the slow cool experiments
that the MSZW, nucléations order decrease and nucleation constant increases with
the increase of the solute concentration. The effects of additives on nucleation
behaviour of methyl stearate in methyl oleate are detailed from two aspects:
content of additives in methyl stearate and types of additives. It has been
discovered that 16B16 and 16A18 are most effective on decreasing nucleation
temperatures of methyl stearate at optimized concentration, and the chain length of
alkyl group and salvation are very important to the actions of additives on
nucleation dissolution temperatures of methyl stearate. Compared with the effects
of polymer additives reviewed in Chapter 3, it can be found that the effects of
polymer additives are more significant than monomer additives, however monomer
additives are better than polymer additives through the aspects of economy and
environmental protection. The crash cool experimental results revealed values for
the interfacial tension and critical nucleus size at 100 g/l at different bottom
temperatures and the effect of additives on induction are evaluated. From the
experimental data of induction, it can be found that 16A18 and 16B16 are still the
most effective additives inhibiting nucleation in agreement with the findings from
the slow cool experiments. The real case has been studied in this chapter, and the
great impact of additives on the use of biodiesel has been found. As mentioned in
chapter 1, the limitation of the use of biodiesel is poor cold flow property of
biodiesel, however it has been found that the depression of nucleation temperature

by cold flow additives can enlarge the use of biodiesel. Through the experiment
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data and assess of 8 additives, the structure and amounts of additives in methyl
stearate are very critical to nucleation temperatures of methyl stearate in methyl
oleate, the amount control of additives should be carefully. The indication of the
selection of additives has been revealed in this study, and the experimental data
can also be used to validate the molecular cluster work on pure and impure methyl

Stearate system.

The real case has been studied in this chapter, and the great impact of additives on
the use of biodiesel has been found. As mentioned in chapter 1, the limitation of
the use of biodiesel is poor cold flow property of biodiesel, however it has been
found that the depression of nucleation temperature by cold flow additives can
enlarge the use of biodiesel. Through the experiment data and assess of 8
additives, the structure and amounts of additives in methyl stearate are very critical
to nucleation temperatures of methyl stearate in methyl oleate, the amount control
of additives should be carefully. The indication of the selection of additives has
been revealed in this study, and the experimental data can also be used to validate

the molecular cluster work on pure and impure methyl stearate system.
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CHAPTER 8

Conclusions and Suggestions for

Future Work

Summary:

This chapter summarizes all the findings and outcomes from the research together
with suggestions for future work
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8.1 Conclusions Arising from this Study

This PhD project aims at providing a new molecular method to study the nucléation
behavior of materials through the information of crystallography, and the evaluation
of effects of additives on nucléation properties of methyl stearate together with the

prediction and experimental observation of morphologies of methyl stearate.

8.1.1 Modelling of molecular clusters

Examination of molecular clusters of different sizes for naphthalene, biphenyl,
naphthalene doped by biphenyl and biphenyl doped by naphthalene was carried
out. The calculation of structural variability and the conformational variance
revealed the comparison of crystallisability and solubility. From this analysis, it can
be found that MSZW of biphenyl are the greatest, and the MSZW of naphthalene is
smaller than that of biphenyl. The influence of naphthalene on the crystallisability of
biphenyl and vice versa was determined from the analysis of structural variability.
From the comparison of conformational variance of biphenyl and biphenyl doped by
naphthalene, it was predicted that the solubility of biphenyl was increased in the
presence of naphthalene due to an increase in the degree of disorder. The
simulation results were demonstrated from the slow cool experiments of pure
naphthalene, pure biphenyl, 1% biphenyl in naphthalene and 1% naphthalene in
biphenyl in the solvent of toluene at 600g/l, so the molecular cluster work was

validated.

The molecular clusters of methyl stearate for two polymorphs were also
constructed as a function of cluster size, and the monoclinic methyl stearate was
regarded to be more stable than the orthorhombic methyl stearate from the

calculation of cluster energies of clusters of different sizes.

8.1.2 Morphological prediction and investigation of observed

habit and solvent-mediated effect on habit

The van der Waals force, increasing with the limited radius, is the dominant

interaction for methyl stearate. The number of non-zero intermolecular bonds for
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methyl stearate increased with the limited radius, however there are three types of
intermolecular interactions which are much bigger than other bonds and this result
is totally different from naphthalene. From the atom-atom bond analysis, it can be
seen that the pair of aliphatic hydrogen-aliphatic carbons, and aliphatic hydrogen
and aliphatic carbon make the greatest contribution to lattice energy. The
calculated lattice energies of methyl stearate are close to the experimental
sublimation enthalpies from the literature. The predicted morphologies for two
polymorphs are almost the same, and it may caused by the huge d-spacing of the
(002) face. The experimental observation of methyl stearate in the cold room
validated the morphological prediction that the shape of methyl stearate is plate-
like.

The influences of solvents and concentration of solution on crystal habit and sizes
of methyl stearate and methyl palmitate were determined from the image analysis
of the crystal photographs taken in the cold room. The system search method was
applied to investigate the effect of solvent on the morphology of methyl stearate
and it was found that crystals of methyl stearate became thinner in the presence of
toluene and dodecane compared with the predicted morphology of methyl stearate

in a vacuum.

8.1.3 Nucléation study of pure methyl stearate and with 8

additives

The slow cool experiments were aimed at studying the kinetics of the nucléation
process by deriving the order of nucléation and nucléation constant using the Nyvit
relationship and MSZW. It has been found from the slow cooling experiments that
the MSZW nucléation order decreased and nucléation constant increased with the
increase of the solute concentration. The MSZW can also increase with the
increase of cooling rate at the constant concentration. It can be found that methyl
stearate solute-solute interactions are slightly weaker than the solute-solvent
interactions that methyl stearate form with methyl oleate through the comparison of

ideal solubility from van der Hoff equation and experimental solubility.

The data from the slow cool crystallization of methyl stearate with 8 additives in
methyl oleate revealed that most of the additives reduced the crystallization

temperatures of methyl stearate except ethyl stearate, monostearin and 16A16.
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The main reason for this difference is possibly that the large and complex alcohol
group of the other 5 additves will block the nucleation of the cluster of methyl
stearate in methyl oleate. The deep discussion on the influence of the other 5
additives on nucleation and dissolution temperatures of methyl stearate in methyl
oleate was carried out, and it was summarized that there were two factors, the
content and types of additives in methyl stearate, changing the nucleation
behaviour of methyl stearate. Finally, it was found that 16B16 and 18A18 are most
effective on decreasing nucleation temperatures of methyl stearate at optimized
concentration, and the chain length of alkyl group and salvation are very important
to the actions of additives on nucleation dissolution temperatures of methyl
stearate. The crash cool experimental results revealed values for the interfacial
tension and critical nucleus size at 100g/l at different bottom temperature, and the
effect of additives on induction were evaluated. From the experimental data of
induction, it can be found that 16A18 and 16B16 are still the most effective
additives inhibiting nucleation in agreement with the findings from the slow cool

experiments.

8.2 Recommendation for future work

A new molecular modelling method has been developed in this PhD project,
however it still needs the application of synthonic engineering and the investigation
of effects of additives on crystallization nucleation properties of methyl stearate and
methyl palmitate. The synthonic work will be applied to molecular clusters of
naphthalene and biphenyl and the intermolecular interactions within clusters can be
viewed and defined. The molecule of effective additives will be built and inserted
into the centre of a molecular cluster of methyl stearate and methyl palmitato and
the relationship between structural variability and crystallisability will be

investigated.

A rough analysis of solvent-mediate effect on crystal habit of methyl stearate and
methyl palmitate has been carried out, however the effect of solvents on thickness
and size of individual face still needs to be explored. The effect of additives on
morphology of methyl stearate and methyl palmitate needs to be investigated

through experimental work and grid search program.
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Appendix

10% methyl stearate in methyl oleate at 10°C

50% methyl stearate in toluene at 10°C
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10% methyl stearate in dodecane at 5°C

2.5% methyl stearate in methyl oleate at 0°C

2.5% methyl stearate in methyl oleate at -1°C
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2.5% methyl stearate in methyl oleate at -2°C

20% methyl stearate in toluene at -2°C

50% methyl palmitate in toluene at -1°C
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10% methyl palmitate in dodecane at -2°C

5% methyl palmitate in methyl oleate at -4°C

40% methyl palmitate in toluene at -6°C
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30% methyl palmitate in toluene at -7°C

2.5% methyl palmitate in methyl oleate at -8°C
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2.5% methyl palmitate in methyl oleate at -9°C

30% methyl palmitate in toluene at -11 °C
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