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ABSTRACT

The solubility and crystallisability of a range of binary mixtures of n-hexadecane (C;¢Hs4) and n-octadecane
(Cy18H3g), as the predominant alkanes present in hydrotreated vegetable oil (HVO), from three representative fuel
solutions (dodecane, toluene and kerosene) is presented. The dissolution (saturation) and crystallisation (su-
persaturation) points of the solutions are measured using poly-thermal methods utilising turbidometric detection
over four concentrations from (192 g/1 to 400 g/1). The data reveals the existence of more soluble, less stable
crystal structures that form from the alkane mixtures, when compared to the stable triclinic crystal structures
formed from the single solute component solutions. An increased carbon chain length results in lower solubility
for all three solvents and the solvent type is not found to have any significant effect on the solid forms produced
from the mixtures. van’t Hoff analysis reveals the solvent type to influence the solute solubility with the closest
to ideal behaviour being dodecane followed by kerosene and toluene, respectively. This finding is further sup-
ported by the calculated dissolution enthalpies and activity coefficients, which are the lowest in dodecane fol-
lowed by kerosene and toluene. Larger values of activity coefficients are observed for compositions with molar
fraction (y) = 0.1, 0.5-0.7 C;gHszg which reflect the complex multi-phase formation in the solutions when

compared with the more simple binary melt crystallisation system.

1. Introduction

A global concern towards greenhouse gas emissions and their im-
pact on the environment has led to an ever-increasing use of sustain-
able, bio-derived feedstocks in fuel oils. By 2020, 10% of biofuel will be
shared in transport as a blend component with the traditional fossil oil
according to the target set by the European Union (EU) [1]. This second
generation of biofuel has been intensively investigated by the EU due to
its advantages regarding its compatibility with diesel fuel and its very
high cetane number which can boost the fuel properties [2]. This bio-
fuel can be produced by one- or more-step catalytic hydrotreating of
different triglyceride containing vegetable oils (HVO) with typical
production of a mixture of paraffins, namely C;s5Hs3,, Ci16H3s, C17H3g
and C18H38 [3].

Technologically, the cold flow properties (notably its cloud and
pour points) of hydrocarbon fuels, such as diesel and HVO are un-
desirable due to the high crystallisation temperatures of the long-chain
alkanes within the fuel. The high molecular weight alkanes become

supersaturated during cooling, which results in the precipitation of less
soluble flat plate-like wax crystals, which can aggregate together to
form an impermeable mass that can melt together and block a vehicle's
fuel filter, causing low operability of vehicles in cold climate regions.
Conventional additives can inhibit nucleation and partly destabilise the
fast-growing faces of these wax crystals and produce more compact
habits in which the crystals are usually tabular in shape and reduced in
size, respectively. However, the consequence of variance distribution of
carbon number blending with 10% HVO? into the traditional diesel [4]
(Fig. 1) effects the carbon number chain distribution of the fuel fraction
leading, in turn, to changes in the crystallisation behaviour and, po-
tentially, the solid form that results. This outcome provides the in-
centive to obtain an improved fundamental knowledge of the crystal-
lisation behaviour of blended HVO/diesel fuels in order to understand
and mitigate any negative impact of HVO addition on the resulting cold
flow properties of the fuel.

Since the studies of Miiller [5-8], there has been much research into
the crystalline structures of a wide range of alkanes (C,H,, ). Full
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List of symbols

C,Ha, 4o alkane

Ci6H3s N-hexadecane

CigHsg  N-octadecane

Cp Heat capacity

MO11 Monoclinic structure, space group (P2;/a)

Mgci Monoclinic structure with conformational defects, space
group (Aa)

n Number

Odci Orthorhombic structure with conformation defects, space
group (Pnam)

O; Orthorhombic structure, space group (Pcam)

0O, Orthorombic structure, space group (Pca2;)

q Cooling rate (°C/min)

R Ideal gas constant (J/K.mol)

Ry Rotator phase with orthorombic structure, space group
(Fmmm)

Ry Rotator phase with orthorombic structure, space group
(R3m)

R Rotator phase with triclinic structure

Ry Rotator phase with monoclinic structure

Ry Rotator phase with monoclinic structure

T Solution temperature (°C)

T, Crystallisation temperature (°C)

Tey Crystallisation temperature at the kinetic limit/equili-
brium crystallisation temperature (°C)

Taiss Dissolution temperature (°C)

T Equilibrium saturation temperature (°C)

T, Triclinic structure, space group (P1)

x Molar solubility

x;deal Molar solubility in ideal state

y Mol fraction C18H38 in C16H34

a Activity of the solid phase

ag Activity of the solute in solution

T Melting point (°C)

AH; Enthalpy of fusion (kJ/mol)

AHyss Molar enthalpy of dissolution (kJ/mol)

ASgiss Molar enthalpy of dissolution (kJ/K.mol)

ASy Entropy of fusion (kJ/K.mol)

y Activity coefficient

crystal-structure determination from single crystals of Co3Hys, C3sH74
and C;gHsg, was carried out by Smith [9], Shearer [10], Nyburg and
Luth [11], respectively. Further research relating towards lattice para-
meter measurements was performed by Retief [12,13], Nyburg and
Potworowski [14], Luth [15] and Craig [16]. The latter confirmed the
unit cell parameters as measured using high resolution synchrotron
powder X-ray diffraction (PXRD), from C;3Hog to CgoHioe for even
parity alkanes: triclinic (P1) for [12 < CnH2n + 2 < 26] to monoclinic
(P2;/a) for [28 < C,Hs, 42 < 36] to orthorhombic (Pca2;) for (C3¢Hy4,
CyeHos, CsoHi02 and CgoHpoz). Odd parity alkanes were confirmed to
have the Pbem orthorhombic structure. It has also been found that
disordered (rotator) phases are present between the liquid phase and
the lower temperature ordered crystal phases, associated with rota-
tional molecular positional disorder around the long molecular axis of
the alkane molecules [17-20]. For even number alkanes, rotator phases
were only observed in the longer chain systems with, C,Ha, +2>20, with
their stability being highly dependent on chain length [17,20]. The
most common rotator phase has been found to be R; structure, space
group (Fmmm), which occurs in odd alkanes, C;1H,4 through CysHso,
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Fig. 1. Representative alkane distribution curves in traditional diesel fuel ()
and the blended fuel with 90% diesel + 10% HVO (@). This shows the variance
distribution of carbon number blending with 10% HVO into the traditional

diesel [3,4] highlighting an enhancement in the C;cHs4: C1gHsg content.

and solid solution mixtures of even and odd alkanes within this range
[18,19].

The known phase behaviour for binary mixtures in the range of
CgH15-CogHsg was summarised by D. Mondieig et al. [21] for systems
with An = 1 and 2. This revealed a number of additional phases by
mixing — R; at high temperature and the ordered phases of Odci, Mdci,
Mdcp, and Op forms at low temperature, shown in Table 1.

The solubility of alkanes has been widely studied, with a large
amount of experimental data collected, regarding solutions containing
either one or two solutes, which create pure crystals of the independent
components [22-27]. However, studies of systems that form mixed
crystals, i.e. solid solutions in a solvent environment, have been very
limited, e.g. Gerson [28] and Floter [29] who studied mixtures of
Co0Hy42:CosHye in dodecane and n-heptane solutions, respectively. Both
studies examined the saturation temperatures as a function of varying
mixture composition, observing a clear pattern in saturation tempera-
tures and the formation of different solid-solution phases. However, the
phases of the solid solutions formed were not clearly defined in these
studies. Early synchrotron diffraction work by Cunningham et al. [30]
and Gerson et al. [31-33] suggested the existence of complex phase
behaviour with triclinic, and up to three orthorhombic phases.

A recent PhD study [34] by one of the authors has provided some
insight into phase behaviour understanding of C;¢Hs4:CigHsg binary
mixtures and a subsequent ternary system in kerosene solutions. Ex-
amination of the binary C;¢Hsz4:Ci1gHsg equilibrium phase diagram

Table 1

Crystallographic characteristics of pure alkanes [21]. Subscripts ‘dc’, ‘i’ and ‘p’
represent conformational defects, even parity and odd parity, respectively.
MO11 is one of the M(hkl) phases; where (hkl) describes the plane formed by
the methyl end groups in the referential of the orthorhombic subcell.

Phase ChHap +2/CoHaon + 2 Range Crystal System Space Group Z

R; 9 < nNygq < 25 and neyey = 22,24 Orthorhombic 4
Ry 22 <n<26 Trigonal 3
R 28 Triclinic - -
Ry 28 Monoclinic - -
Ry 23,25 Monoclinic - -
T, 8 < Neyen < 24 Triclinic 1
MO11 Neyen = 26 Monoclinic 2
O; Nodd Orthorhombic 4
Odci Nodd = 23 Orthorhombic 4
Maci Noaq = 25 Monoclinic 4
0, 36 Orthorhombic 4
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revealed that the R, phase was observed most for mixture compositions
and stabilized at a wide temperature range. However, examination of
the phase diagram for the tertiary system of C;¢H34:C1gHag in kerosene
solution revealed a distinctly different phase behaviour, in which the R;
phase was only observed over a small composition range and the more
ordered phases of T}, (P1) and O,, (Pca2,) were found to be predominant.

In this paper the crystallisation behaviour with respect to solubility
and crystallisability of mixtures of C;¢H34 and C;gH3g as a model system
of HVO blended fuels in solution environment is investigated with the
associated solid form phase behaviour which is analysed with the help
of previous X-ray studies [34]. Three solvents, aliphatic (dodecane),
aromatic (toluene) and aliphatic-aromatic mixture (kerosene) were se-
lected in order to gain an understanding of this behaviour when the
mixed crystals are crystallised from solutions with components found in
typical diesel fuel and to investigate the associated solution chemistry
effects.

2. Materials and methods
2.1. Materials

Dodecane (99% pure), toluene (=99.3% pure), C;¢Hs4 (99% pure)
and C;gHsg (99% pure) were supplied by Sigma-Aldrich. Kerosene (99%

pure) was obtained from Infineum Ltd.; the composition, as determined
by gas chromatography [35].
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2.2. Experimental apparatus

Crystallisation experiments were performed using the Technobis
Crystal 16® system [36]. This system comprises sixteen wells that are
split into four blocks, consisting of four wells each. Each block is in-
dependently temperature-controlled to allow different temperature
profiles to be set simultaneously with the use of Peltier elements and an
external cooling device. Each well can hold a magnetically stirred 1 ml
disposable glass vial. A laser beam passes through the vials in order to
determine turbidity and provide information about the cloud and clear
points of up to 16 solutions and turbidity data are recorded as a func-
tion of the temperature.

2.3. Experimental procedure

2.3.1. Solution preparation

All solutions were prepared at four solution concentrations for each
solvent used, (192, 231, 269, 308 g/1), (300, 350, 400, 450 g/1), and
(231, 269, 308, 350 g/1) for solvents of dodecane, toluene, and kero-
sene, respectively. For each solvent, eleven compositions of the
Cy6H34:C1gH3g binary mixtures in 10% molar increments were weighed
using a weighing scale that could measure with + 0.1 mg accuracy.
Once the samples containing both C;¢H34 and C;gH3g had been formed,
the mixtures were placed in a shaker with an external temperature
control system (F32 Julabo temperature bath), at 55 °C for 30 min in
order for a melt to form. After this stage, a Fisherbrand 100-1000 pl
micropipette was used to add the respective solvent to each
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Fig. 2. Representative poly-thermal data: Temperature and transmission profiles against the time as used for measuring the crystallisation and dissolution for the
solution; (b) Temperature turbidity plot of a solution highlighting the observation of on-set points for crystallisation (Tc) and (Tdiss); (c) Plots of Tdiss and Tc as a
function of cooling rate (q) with the corresponding best linear fits are also given; (d) Concentration/temperature plot highlighting the MSZW between the solubility
and supersolubility curves. (All data is for y = 0.5 of C;gH3g in kerosene, where y is the mole fraction of the longer alkane C;gHsg in CiHza).

667



X. Tang et al.

concentration sample. The resulting mixtures were placed in the same
shaker, at 55 °C for 30 min under a shaking rate of 150 rpm, in order to
form a homogeneous liquid solution. The solutions were then filled into
the 1 ml vials and a standard small magnetic stirrer was added to each
vial.

2.3.2. Poly-thermal measurements and analysis

The 1ml solutions were subject to different cooling and heating
cycles. Each temperature cycle began by heating the solutions to 40 °C,
before being held at this temperature for one hour to ensure that
complete homogenisation had taken place and was then subsequently
cooled at a set rate to —15 °C. This temperature was then held for an
hour to allow equilibration, followed by an increase in temperature
back to 40 °C at the specified rate. This temperature profile was per-
formed for each concentration of each composition at rates (q) of 0.25,
1, 2 and 3.2 °C/min for both the cooling and heating segments of the
temperature cycles with constant stirring at 300 rpm. Each temperature
cycle was performed five times to obtain mean and standard deviation
(STD) values for the crystallisation and dissolution temperatures.

The crystallisation (T;) and dissolution temperatures (Tys) were
estimated based upon the turbidity profile, where sudden changes in
light transmittance were detected. The values of transmittance ranged
from 100%, for a homogeneous liquid solution, to 0%, for a fully
crystallised solution. T. was taken as the onset point where the light
transmittance dropped approximately 10% from 100% and Ty, was
taken as the point where the light transmittance reached 100% for all
measurements. The poly-thermal data was used to extrapolate both
T.(q) and Ty (q) lines back to a cooling rate of 0°C/min so that the
crystallisation temperatures at the kinetic limit (7;;) and equilibrium
saturation temperatures (T;) could be determined, respectively.

Table 2
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3. Results

Examples of poly-thermal heating-cooling and turbidity profiles
used for the temperature cycles are displayed in Fig. 2(a) and (b),
highlighting the determination of Tg;ss and T,. The equilibrium solubi-
lity (T.) and supersolubility (T.;) temperatures obtained from extra-
polation of Ty and T, back to 0°C/min are given in Tables 2-4 to-
gether with their MSZW for C;6H34:C1gH3g binary mixtures in solution
of dodecane, toluene and kerosene, respectively. Examples of the linear
regression plots of T. and Tg;ss Vs. q together with their STD values from
five repeats and the resulting solubility-supersolubility curves are given
in Fig. 2(c) and (d), respectively. The full list of Tg4;s and T. together
with calculated MSZW values for all cooling rates in dodecane, toluene
and kerosene can be found in Tang et al. [35]. No literature data is
available on the solubility in the ternary system studied. All the solu-
tions measured in this study showed high repeatability from five re-
peats of cycling experiments with low standard deviation values.

4. Data analysis and discussion
4.1. Saturation temperature

The saturation temperatures (T;) calculated for the model system of
Cy6H34:C1gH3g binary mixtures in the three solvents were used to form
plots of T, vs. molar composition. The resultant patterns in four con-
centrations of each solvent are quite consistent [35] and indicate that
this effect is largely independent of concentration over the range stu-
died. An example plot using dodecane and kerosene at 308 g/1 and
toluene at 350 g/l is shown in Fig. 3. The same trend of saturation
temperature vs. composition over the three solvents suggests that
structural behaviour is not dependent on the solvents used in this study.
Under this condition the varying solubility is caused by compositional

Solubility (T;) and supersolubility (T.;) data of C;¢H34:C1gH3g mixtures in dodecane solvent, together with the calculated equilibrium MSZW (AT) over four con-
centrations (192-308 g/1). STD values from 5 recycles of repeats are also presented. y is the mole fraction of the longer alkane C;gH3g in CygHsa.

Con. (g/D) Teq CC) STD T, (°C) STD AT(°C) STD Con. (g/1) Ty (CC) STD T, (°C) STD AT(°C) STD

y=0 y=0.1

192 —8.87 0.32 —-4.49 0.11 4.37 0.58 192 —13.56 0.07 —7.87 0.11 5.68 0.16

231 -6.11 0.44 -2.80 0.15 3.32 0.47 231 —-11.27 0.08 —5.40 0.11 5.87 0.14

269 -3.72 0.49 -1.02 0.34 2.70 0.04 269 -9.27 0.07 —-4.11 0.09 5.16 0.12

308 —2.46 0.66 —0.03 0.10 2.43 0.29 308 —-8.21 0.05 -3.00 0.08 5.21 0.09

y =02 y =03

192 —13.04 0.06 —8.80 0.07 4.24 0.12 192 —11.82 0.07 —7.86 0.10 3.96 0.15

231 —10.61 0.07 -8.41 0.15 2.21 0.21 231 -9.50 0.08 -7.69 0.14 1.81 0.21

269 -9.11 0.07 -7.11 0.06 2.00 0.11 269 -7.63 0.11 —-6.73 0.14 0.90 0.21

308 —7.42 0.08 —5.86 0.14 1.56 0.17 308 —6.34 0.04 —5.89 0.09 0.45 0.12
=04 =05

192 —10.38 0.10 -5.05 0.05 5.33 0.12 192 -6.18 0.24 -1.71 0.11 4.47 0.15

231 —8.54 0.10 —-3.14 0.06 5.41 0.16 231 —4.65 0.13 0.15 0.07 4.80 0.11

269 —6.63 0.06 -2.16 0.05 4.47 0.04 269 -3.35 0.19 1.73 0.09 5.08 0.27

308 —5.34 0.08 -0.73 0.11 4.61 0.14 308 —2.45 0.18 3.01 0.12 5.46 0.27

y =0.6 y =07

192 -2.77 0.15 —0.54 0.03 2.23 0.18 192 -0.36 0.13 1.62 0.06 1.98 0.12

231 -1.55 0.20 1.65 0.08 3.21 0.25 231 0.88 0.30 3.39 0.16 2.51 0.25

269 0.00 0.05 3.13 0.13 3.12 0.14 269 2.75 0.24 5.05 0.07 2.30 0.27

308 1.30 0.12 4.10 0.02 2.81 0.12 308 3.67 0.16 6.57 0.08 2.90 0.15

y =038 y =09

192 2.20 0.10 2.71 0.12 0.52 0.15 192 3.94 0.18 4.29 0.09 0.36 0.26

231 3.98 0.06 4.95 0.23 0.98 0.26 231 5.17 0.23 6.18 0.08 1.01 0.30

269 5.41 0.04 6.16 0.09 0.75 0.12 269 6.74 0.10 7.63 0.07 0.89 0.16

308 6.41 0.06 7.75 0.08 1.35 0.13 308 7.50 0.24 9.29 0.14 1.79 0.31

y=

192 4.47 0.50 5.68 0.09 1.22 0.52

231 6.53 0.46 7.42 0.19 0.88 0.59

269 7.87 0.31 9.05 0.13 1.19 0.36

308 9.47 0.02 10.17 0.15 0.70 0.13
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Table 3
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Solubility (T,) and supersolubility (T;;) data of C;¢H34:C1gH3g mixtures in toluene solvent, together with the calculated equilibrium MSZW (AT) over four con-
centrations (300450 g/1). STD values from 5 recycles of repeats are also presented. y is the mole fraction of the longer alkane C;gHsg in CqgHza.

Con. (g/1) Ty CO) STD T, (°C) STD AT(°C) STD Con. (g/1) Ty (°C) STD T, CO) STD AT(°C) STD
y=0 y=0.1

300 —5.42 0.40 —-4.20 0.15 1.22 0.53 300 —-10.63 0.23 —7.56 0.12 3.07 0.31
350 -3.92 0.32 -2.71 0.11 1.22 0.40 350 —-9.51 0.26 —6.44 0.42 3.07 0.46
400 —3.44 0.27 —2.04 0.35 1.39 0.26 400 —8.74 0.06 -5.16 0.20 3.59 0.20
450 —-2.26 0.39 -1.09 0.11 1.17 0.39 450 —7.66 0.25 —4.44 0.13 3.23 0.22
y =02 y=0.3

300 -12.78 0.06 -9.29 0.10 3.49 0.12 300 —-11.97 0.21 —-9.56 0.13 2.41 0.22
350 —11.16 0.06 -7.92 0.10 3.24 0.12 350 —10.45 0.10 —8.34 0.06 211 0.15
400 —10.03 0.12 —-6.95 0.05 3.08 0.10 400 —9.45 0.20 -7.26 0.13 2.19 0.19
450 -9.17 0.09 —6.05 0.12 3.13 0.17 450 -8.15 0.10 —6.55 0.09 1.60 0.11
y =04 y =05

300 -9.92 0.11 —5.47 0.13 4.45 0.18 300 —6.01 0.11 —1.46 0.09 4.55 0.05
350 —8.84 0.09 —4.33 0.07 4.14 0.03 350 -4.79 0.08 —0.44 0.07 4.36 0.12
400 —7.47 0.09 -2.80 0.05 4.67 0.11 400 —4.09 0.16 0.50 0.03 4.59 0.16
450 —6.65 0.12 —-2.40 0.12 4.25 0.21 450 —3.43 0.14 1.24 0.04 4.67 0.16
y=0.6 y =07

300 —3.65 0.13 0.09 0.15 3.74 0.19 300 -1.07 0.31 1.98 0.15 3.05 0.18
350 —2.46 0.18 1.35 0.10 3.80 0.14 350 0.15 0.26 3.04 0.08 2.88 0.23
400 -1.21 0.09 2.29 0.07 3.50 0.06 400 1.04 0.20 3.97 0.03 2.93 0.18
450 —0.47 0.08 2.69 0.12 3.16 0.18 450 2.14 0.11 4.78 0.05 2.64 0.15
y =038 y =09

300 1.16 0.21 3.11 0.13 1.95 0.21 300 2.67 0.28 4.18 0.17 1.51 0.43
350 2.65 0.24 4.45 0.15 1.80 0.29 350 3.65 0.25 5.65 0.20 2.01 0.33
400 3.32 0.27 5.14 0.03 1.82 0.27 400 4.64 0.23 6.41 0.11 1.77 0.13
450 3.93 0.46 6.25 0.08 2.32 0.47 450 5.68 0.27 7.34 0.11 1.66 0.30
y=1

300 4.22 0.20 5.29 0.38 1.07 0.40

350 5.21 0.19 6.66 0.12 1.45 0.27

400 6.23 0.49 7.78 0.14 1.55 0.50

450 7.18 0.31 8.58 0.12 1.40 0.26

effects, which are a strong function of intermolecular forces between
the solute molecules in the solution. Hence, solubility will highly de-
pend on the thermodynamic stability of the solid phase as well as the
molecular chain length in the solution. Similar effects have been seen in
other binary alkane systems, notably the CyoHy42:CooHyg System [28].
The increase in T, for the pure components C;6H34 and C;gHsg shows
that the solubility of the solution decreased as the chain length in-
creased, even though both components crystallised in the same struc-
ture, triclinic (Tp). The higher chain length increases the total van der
Waals intermolecular interactions due to the increase in the number of
—-CH;, chain groups, which increase the lattice energy [37]. Thus, more
energy is required to break the lattice packing, decreasing the solubility
and so increasing the saturation temperature. This result, not surpris-
ingly, has been noted by a number of alkane solubility studies [23,28].
If the assumption was made that the solid structure of all the
Cq6Hs34:C1gH3g binary mixtures was triclinic, then, ideally, T, could be
determined by linear regression vs. composition (dashed lines in Fig. 3).
The large decrease of T, from the ideal line over 0.1<y<0.6 of C;gHzg is
evidence of the presence of some more soluble phases with less stability
than the hypothetical solid-solution. Whilst from 0.7,<y<1.0 of C;gHzsg,
T, are very close to the ideal line with slightly lower values. This be-
haviour can be understood with respect to the ternary phase diagram of
Cy6H34/C18Hsg/kerosene at a concentration of 308 g/1, as determined
using in-situ synchrotron powder X-ray diffraction [34]. The resolved
structures of the examined compositions are given at the bottom of
Fig. 3. Hence, it will be clear to illustrate the trend of T, vs. y, between
0.1<y<0.3 of C1gH3g the highly disordered rotator phase (R;) is present,
which causes the large decrease in T, due to its low stability. After that,
until composition of CgHzg reached y = 0.5, a higher stability crys-
talline orthorhombic phase (O,) was observed corresponding to a
higher T,. Once y = 0.7 of C;gH; was in the mixture, the longer chain
alkane component predominated the solid solution into the intrinsic

669

triclinic cell of C;gHsg. The decreased T, seen for the mixtures in tri-
clinic structure compared to the pure component triclinic structures is
due to the difference in chain length, which increased lattice disorder
and therefore decreased saturation temperature. The remaining region
of 0.5<y<0.7 of C;gH3g has not as of yet been defined from the XRD
studies. Within this region the T; increases linearly with composition in
C1gHsg, which could be either of the relatively less dense orthorhombic
phase as y = 0.5 or higher density triclinic crystal structures as y = 0.7.

Overall, saturation temperatures reflect the higher stability of al-
kanes in the triclinic structure when compared to the binary mixture
solid solutions in orthorhombic cells (R;/O;,), as on heating the former
dissolve at high temperatures. This is consistent with previous calcu-
lations of the crystal lattice energies, which show the triclinic phases to
be more stable than the orthorhombic structures [38]. The close values
of T, from composition y = 0.5 (Op) and 0.7 (T},) of C;gHsg, suggests a
decreased importance in terms of lattice stability between the triclinic
and orthorhombic structures. This effect can be explained by the end
group interactions of —-CH; between the alkane chains becoming less
significant as a function of increasing chain length as the interchain
groups of —CH,, attraction dominates.

4.2. Solution thermodynamics

4.2.1. Assessment of solubility and solution activity

According to Raoult’s law, if the identical solid-form of the solute is
crystallised in the solution as in the supercooled melt, (a,) the activity
of the solute in solution equals the activity of the solid phase (a).
Furthermore, in an ideal solution the activity can be considered to be
equal to the solution concentration (X;4q), as given by Eq. (1):

a = a5 = Xideal (@)

In a non-ideal solution the activity can be determined through the
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Solubility (T;) and supersolubility (T;;) data of C;¢H34:C1gH3g mixtures in kerosene solvent, together with the calculated equilibrium MSZW (AT) over four con-
centrations (231-350 g/1). STD values from 5 recycles of repeats are also presented. y is the mole fraction of the longer alkane C;gHsg in CqgHazg.

Con. (g/1) Ty CO) STD T, (°C) STD AT(°C) STD Con. (g/1) Ty (°C) STD T, CO) STD AT(°C) STD
y=0 y=0.1

231 —5.66 0.33 -3.35 0.08 2.30 0.30 231 —11.28 0.22 —6.24 0.10 5.04 0.22
269 —4.28 0.24 —-1.85 0.07 2.44 0.23 269 —9.63 0.28 —4.57 0.10 5.06 0.30
308 -2.76 0.19 —0.50 0.09 2.26 0.24 308 —7.88 0.17 —-3.34 0.07 4.54 0.16
350 -1.80 0.53 0.70 0.09 2.49 0.58 350 -7.00 0.18 —-2.18 0.05 4.81 0.16
y=02 y =03

231 -12.56 0.05 —8.48 0.07 4.08 0.11 231 —-11.14 0.07 -9.29 0.10 1.85 0.15
269 -10.41 0.08 —6.44 0.06 3.97 0.14 269 —-9.23 0.08 —7.68 0.14 1.56 0.21
308 —8.92 0.07 —-4.90 0.06 4.02 0.11 308 -7.78 0.11 —-6.10 0.14 1.68 0.21
350 -7.70 0.05 —-4.12 0.04 3.58 0.04 350 -6.39 0.04 -5.19 0.09 1.20 0.12
y =04 y =05

231 —9.44 0.03 —4.05 0.09 5.39 0.08 231 —5.85 0.14 -0.95 0.08 4.90 0.21
269 -7.59 0.09 —-4.07 0.20 3.52 0.14 269 —4.46 0.08 0.52 0.03 4.98 0.07
308 —6.18 0.08 —2.24 0.23 3.94 0.20 308 -3.59 0.09 1.73 0.07 5.33 0.11
350 -4.89 0.08 —0.84 0.05 4.05 0.10 350 —-2.59 0.05 2.92 0.05 5.52 0.04
y =0.6 y =07

231 —3.08 0.21 1.17 0.09 4.24 0.27 231 -0.77 0.19 2.67 0.12 3.43 0.20
269 -1.55 0.23 2.73 0.12 4.28 0.28 269 0.61 0.12 4.05 0.09 3.44 0.20
308 —0.56 0.18 3.66 0.06 4.22 0.22 308 2.15 0.32 5.37 0.13 3.22 0.41
350 0.46 0.09 5.03 0.05 4.57 0.11 350 3.41 0.17 6.64 0.08 3.23 0.17
y =038 y =09

231 1.26 0.54 4.07 0.09 2.81 0.47 231 3.56 0.22 5.56 0.14 2.00 0.36
269 3.43 0.14 5.59 0.08 217 0.15 269 5.43 0.18 7.20 0.08 1.77 0.22
308 4.24 0.19 6.88 0.09 2.64 0.24 308 6.70 0.23 8.29 0.03 1.59 0.25
350 5.62 0.40 8.14 0.03 2.52 0.41 350 7.71 0.24 9.56 0.08 1.85 0.18

=1

231 5.06 0.21 6.85 0.13 1.79 0.29

269 6.44 0.39 8.44 0.10 2.00 0.39

308 7.89 0.27 9.47 0.06 1.58 0.26

350 9.20 0.22 10.66 0.11 1.46 0.26
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Fig. 3. Equilibrium saturation temperature (7;) as a function of composition (y)
for the C;6H34:C1gH3g binary mixtures in three solvents: (ll) dodecane and (A)
kerosene at concentration of 308 g/l and (V) toluene at 350 g/1. The dashed
lines represent the linear regression of T, based on the assessment of solid so-
lution behaviour without any change in the underlying crystal structure, i.e.
triclinic. Structural phases obtained from in-situ synchrotron X-ray diffraction
analysis are also given with corresponding composition [34].

experimentally measured molar solubility (x) and the activity coeffi-
cient (y), leading to the expression:

(2)

a=yx

The activity coefficient (y) of the solute in the saturated solution can

therefore be calculated using the relationships described by Egs. (1) and
(2), thus:

— Xideal
x 3

The concept of an ideal solution is predicated on the assumption
that for a given solute in an ideal solution, the interaction of solute
molecules with other solute molecules is the same as with solvent
molecules. Under this assumption and that the contribution of heat
capacity C, is negligible over the range of temperatures used, which is a
common simplification used that introduces only a very minor error
[39,40], the ideal solid-liquid equilibrium model can be expressed
through the van’t Hoff equation (Eq. (4)):
InGx) = ﬂ[l-i]

RI|T 1,

C)]
where the melting point (7;,) and the corresponding enthalpy of fusion
(AHy) of the 11 different compositions for the C;6Hz4:C1sH3g mixtures
solute were obtained from DSC measurements [34].
At the melting point (T;,), the enthalpy of fusion (AH;) can be related
to the entropy of fusion (ASy) by Eq. (5):
AHy

AS; = —~
T 5)

Therefore, Eq. (4) can be rewritten as:

AH;  AS;

1 =
n() RT R

(6)

In a non-ideal solution the deviation from ideality can be accounted
for by modification of the right hand side of the van’t Hoff expression,
allowing the solubility to be written as:
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_ AHdiss
RT

ASdiSS

In(x) = R

@
Where AHy; and ASy;ss are the enthalpy and entropy of dissolution,
respectively.

Using this expression, by plotting In(x) versus 1/T, the temperature
dependence molar solubility of a “single solute” (experimental data) is
described by an enthalpic term obtained from the slope —%), re-
ferred to as the van’t Hoff enthalpy of solution. All thermodynamic data
is referenced to standard state conditions.

The calculated activity coefficients were fitted with respect to the
variation in temperature, by:

In(y)=mT + ¢ 8)

where m and c are constants.

4.2.2. Solution thermodynamics analysis

van’t Hoff analysis provides further indication of the solution be-
haviour in terms of solvent and compositional effects. The van’t Hoff
plots fit well by linear regression for all solutions studied. This indicates
a consistent heat of fusion as a function of solution concentration,
corroborating that the solid-state form of the crystallising solute was
the same within the corresponding range of temperature. Example plots
for selected C;¢Hs34:CigH3g mixtures in three solvents are shown in
Fig. 4. The enthalpy (AHg;y) and entropy (ASy;ss) of dissolution values
calculated from van’t Hoff analysis are summarised in Table 5.

The results from Fig. 4 indicate that non-ideal behaviour was ob-
served for all the three solvents, but the solutions showing behaviour
most closely to an ideal solution were those in dodecane solvent,
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followed by kerosene and then toluene. This is due to the non-polar
alkane mixtures, which are more soluble in an alkane, non-polar sol-
vent, and so the binary mixtures have the highest solubility in dode-
cane. Kerosene is a mixture of alkane and aromatic components;
therefore it shows the next highest solubility. Due to toluene being
aromatic in nature the alkane mixtures are least soluble in this solvent
environment. The ideality plots also show that the pure component
solutions are closer to ideal solutions than the binary equimolar mix-
ture, as the solution plots are much closer to the ideal plots for the pure
component solutions.

It should be noted that an increased solubility in kerosene and do-
decane solutions follows a decline in the slope of the curve and hence a
reduction in van’t Hoff enthalpy of dissolution (AHg;,). This behaviour
was observed in most of the compositions as seen in Table 5, however,
exceptions are observed in y = 0.3 of CigHsg with higher AHgy in
dodecane as compared with kerosene and toluene. The enthalpy of
dissolution differences occur between the solute-solute (solid-state) and
solute-solvent (solvation) intermolecular interaction energies. If we
assume that all crystal structures formed are independent of the solvent
used then the lowest solubility system would require the highest sol-
vation energy and as such, the highest dissolution energy. For the three
solvents used, toluene would show the highest dissolution enthalpy,
whereas dodecane would show the lowest dissolution enthalpy, as
shown in Table 5. Thus, the abnormal behaviour of y = 0.3 of C;gHsg in
dodecane with high AHg; can be related to different phase formation
occurring in comparison to the other solvents at this composition; this is
also seen with a steeper slope of solubility plot for this solution
(Fig. 4b). Apart from this abnormal point in Table 5, AH, and ASg;s

-0.4
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toluene and kerosene. (a) Pure C;6Hz4. (b) y = 0.3 of C;gHzg. (¢)

y = 0.5 of CygHzg. (d) Pure C;gH3g. Symbols (O Ideal, ll Dodecane, A Kerosene, ¥ Toluene).
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Thermodynamic parameters derived from the poly-thermal method solubility data for all compositions of the C;¢Hz4:C18H3g mixtures in dodecane, toluene and

kerosene solvents.

y: CrgHag AHgigs (kJ mol~1) ASgiss (kJmol ™1 K™1) AHgys (kJ mol 1) T (°C) y
Dodecane Kerosene Toluene Dodecane Kerosene Toluene Dodecane Kerosene Toluene

0 50.12 49.9 68.66 0.17 0.17 0.24 45.78 19.05 1.18-1.14 1.20-1.17 1.59-1.42
0.1 45.97 49.17 63.75 0.16 0.17 0.22 32.13 16.79 1.81-1.61 1.84-1.64 2.41-2.02
0.2 52.65 43.43 62.91 0.18 0.15 0.22 34.63 17.35 1.53-1.24 1.45-1.34 1.94-1.66
0.3 75.21 46.34 66.34 0.27 0.16 0.23 33.60 18.26 1.63-1.24 1.39-1.26 1.93-1.62
0.4 54.64 51.91 62.72 0.19 0.18 0.22 33.70 19.47 1.81-1.57 1.79-1.53 2.32-1.95
0.5 50.26 54.00 79.62 0.17 0.18 0.28 32.97 20.67 2.14-1.87 2.07-1.82 2.84-2.32
0.6 51.01 56.02 80.41 0.17 0.19 0.28 34.13 21.99 2.08-1.82 2.13-1.87 2.83-2.30
0.7 49.38 54.02 79.12 0.16 0.18 0.27 35.34 23.36 2.13-1.91 2.10-1.87 2.86-2.36
0.8 49.99 53.73 73.21 0.17 0.18 0.25 44.36 24.69 1.61-1.55 1.64-1.55 2.17-1.90
0.9 50.74 55.85 72.53 0.17 0.19 0.24 48.21 26.76 1.41-1.39 1.44-1.38 1.84-1.64
1 55.68 59.29 69.06 0.18 0.20 0.23 53.11 28.6 1.20-1.17 1.22-1.19 1.52-1.40

AHg,s obtained from previous DSC analysis [34]. All data is referenced to standard state.

were highest in the mixture sample with y = 0.6 C;gH3g in all three
solvents, which indicates a phase transition might occur at this point.
Correlating to the T, trend observation, it could be illustrated by the
transition from Op to Triclinic at y = 0.6 C;gHazs.

Activity coefficients (y) were calculated for each composition of the
C16Hs34:C1gH3g binary mixtures in all three solvents over the range of
concentrations used. All values are greater than one, see Table 5,
showing that the solutions had less than ideal behaviour, suggesting
that association of alkane molecules was more favoured in these solu-
tions [41]. Fig. 5 reveals a consistent trend in the activity coefficients as
a function of composition for all three solvents, with the highest de-
viation being observed in toluene due to the lower solubility. For all
three solvents, the highest activity coefficients are seen for the possible
orthorhombic and triclinic structures, between the region of 0.5<y<0.7
CqgHsg binary mixture. This behaviour indicates that the large devia-
tion from ideality is not solvent dependent but reflects differences in the
crystal structure of the precipitated phase. Notably, the experimental
solubility is much lower in this as of yet undefined structural region
than the R; phase, perhaps related to the higher stability of the more
ordered phases (O,/Tp) forming in the adjacent regions of the phase
diagram.

4.3. Assessment of crystallisability

The assessment of crystallisability, giving an indication as to the
extent a solution can be undercooled, was carried out from the calcu-
lation of equilibrium Meta-stable zone width (MSZW), by the expres-
sion:

MSZW = T,—-T, ©)

Variations in the crystallisability of the solutions, as assessed from
the MSZWs, as a function of composition were observed, (Fig. 6). The
trends in these were found to be analogous to those found in the so-
lubility data with a strong correlation to the known solid-state struc-
tures. For example, relatively lower values of MSZW were present for
the solutions containing the pure single components as well as for the
binary mixtures ranging from y = 0.8 to 1 of C;gH3g, where solid-so-
lution behaviour within the triclinic phase region might be anticipated.

Maxima in the observed MSZWs were observed for the y = 0.1 and
0.5 of C1gH3g in the binary mixture for all three solutions. In this region
the effect at y = 0.1 is consistent with the smaller quantity of the longer
C1gH3g molecules disrupting the crystallisation of Ci6Hz4 within the
triclinic phase, where the shorter c-axis of the latter cannot easily ac-
commodate the longer C;gHzg molecule without chain folding [42]. As
shown in Fig. 6, these maxima correspond to the phase transition points
between Ti6 — R; and O, — Ty5 regions, respectively. As these two
mixtures had relatively low saturation temperatures, the resultant

greater MSZW could be explained by the relatively lower temperature
of crystallisation corresponding to a larger nucleation barrier.

A number of conclusions can be drawn from this data. Firstly, the
crystallisability as a function of solvent is mostly equivalent for the 3
solvents studied with dodecane solutions, in general, crystallising easier
than toluene and kerosene solutions. There are two regions where this
appears not to be the case. At the higher C;4Hz4 (y = 0.1) content and
also where the C;¢Hs4 and CigHsg are roughly equimolar (0.4<y<0.5).
In both cases this effect probably reflects a combination of the high
solubility for these compositions and the inhibition of C;¢H34 crystal-
lisation by the longer C;gH3g homologue. Also, at y = 0.1 the closeness
in chain length between solute and solvent (C;5Ho¢) may cause solvent
inhibition of the crystallisation process due to solid-solution formation.

Also, the crystallisability is higher towards the higher C;gH3g con-
tent. Here the C,gHsg lattice can more easily accommodate the shorter
Cy6H34 chain length in contrast to the C;¢Hs4 higher content end of the
binary mixture where the longer chain length can only be incorporated
by incipient chain folding of the longer homologue [42]. An exception
to this general trend seems to occur in the region of the phase diagram
where the less stable rotator phase results from crystallisation. This, in
turn, appears to crystallise, not surprisingly, much more easily than in
the region where the much more stable triclinic phase is formed.

Activity coefficient
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Fig. 5. Activity coefficient (y) as a function of composition for the
Cy6H34:C1gH3g binary mixtures in three solvents: (l) dodecane and (A) kero-
sene at a concentration of 308 g/1 and (V) toluene at 350 g/1. Structural phases
obtained from the in-situ synchrotron X-ray diffraction analysis are given with
the corresponding composition [34].
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Fig. 6. Equilibrium MSZW patterns as a function of composition for
C16H34:C1gH3g binary mixtures in three solvents: (ll) dodecane and (A) kero-
sene at a concentration of 308 g/1 and (V) toluene at 350 g/1. Structural phases
obtained from the in-situ synchrotron X-ray diffraction analysis are given with
the corresponding composition [34].

. Conclusions

This work has reported the solubility and metastability of
C16Hs34:C1gH3g binary mixtures in three solvents, dodecane, toluene and
kerosene, as measured using poly-thermal analysis, as a function of
composition, solution concentration and cooling rate.

Equilibrium saturation temperature analysis suggests that structural
behaviour of the alkane solutions is independent of the solvents and
concentrations used in this study. Also, as the carbon length of alkanes
is increased, the solubility decreases due to an increased van der Waals
interaction. Furthermore, less stable crystal structures form from the
binary mixtures when compared to the single component solutes C;¢Hs4
and C,gHsg. These structures were found to be consistent with the ro-
tator (Rp), orthorhombic (Op) and triclinic (T,) phase regions. These
structural changes provide the significant decrease in T, values observed
in the solutions containing C;gH34:C1gH3g binary mixtures. This con-
clusion is further indicated by the van’t Hoff analysis with AHy;;, and
ASgis being found to follow the trend dodecane < kerosene <
toluene.

Although non-ideal behaviour was observed for all solutions within
C16Hs34:C1gH3g binary mixtures, the solubility is found to be in good
agreement with activity coefficients with higher solubility in dodecane
and the closest to the ideal condition, followed by kerosene and to-
luene. Furthermore, the activity coefficient is found to reflect the non-
identical phase formation in solution crystallisation as the high devia-
tion value was observed from C;gHzg molar composition of 0.5<y<0.7
in all three solvents.

Measurement of crystallisability as a function of solute composition
and solvent were found to mirror the solubility data as evidenced by a
high dependency of the measured MSZWs on the known solid form
formation behaviour, the composition and solution effects.

Overall, a comprehensive study of the solubility of HVO blended
diesel fuel representative solutions was completed, with fundamental
knowledge on solution saturation temperature, MSZW and activity
being obtained. Along with the corresponding paper relating towards
the nucleation kinetics of these solutions, a foundation for the im-
provement of HVO blended diesel fuel cold flow behaviour has been
built.
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