
Crystallisation of a multiparaffinic wax in

normal tetradecane under high pressure
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Abstract

The Wax appearance temperature as well as the amount and composition of wax precipitation were determined as a function of pressure in

a synthetic complex system tetracosane C (multiparaffinic commercial wax). Measurements were performed by using two different

experimental techniques:
-

001

doi

*

82/
A high pressure microscopy apparatus for the solid–liquid phase boundary measurement.
-
 A filtration apparatus coupled to a chromatographic analysis of the partially frozen mixtures for the determination of the solid phase

behaviour.
Experimental results were compared with the values calculated by a predictive model.

The influence of pressure on wax formation is shown to be as important as the influence of temperature and the model used can provide an

excellent description of the melting behaviour over a wide pressure range.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The solubility of high molecular weight paraffins in

aromatic or naphthene base oil solvents decreases drasti-

cally with a decrease in temperature. Hence, when waxy oils

flow through cooled pipelines, the wax precipitates and

deposits on the pipe walls. This is a huge problem in the oil

industry because wax deposition blocks the sub-sea

pipelines, restricting the flow.

The prevention of wax formation at high pressures during

exploitation, transportation and refining process represents a

major challenge for the Petroleum Industry. To limit the

costs and avoid drastic economic consequences a better

knowledge of the waxy solid phase behaviour has to be
6-2361/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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considered. In order to evaluate the risk of wax deposition

and to design techniques to prevent or to remove waxy solid

deposits it is essential to be able to measure and predict the

conditions of appearance of waxes under high pressure. It is

also very important to take into account the influence of the

pressure on the evolution of the composition of the

paraffinic solid phase.

As the appearance of waxes is mainly caused by a

decrease in temperature most of thermodynamic models

have been designed to predict the wax appearance

temperature and the influence of temperature on the wax

content of stock-tank oil [1–5] fuels [6–8] or synthetic

mixtures [9,10] at atmospheric pressure. Therefore an

additional work has to be developed to accurately predict

multiphase equilibrium of these complex mixtures at high

pressure.

In this work a commercial multiparaffinic wax

dissolved in tetradecane, previously studied at atmospheric
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temperature [11], was investigated under pressure. In

particular the melting curve was measured from atmos-

pheric pressure to 100 MPa by an optical technique [12].

The behaviour of the solid phase with the pressure was also

investigated up to 50 MPa by filtration [13].

All the results obtained were successfully predicted with

a thermodynamic model [14] able to describe multiphase

equilibrium.
2. Experimental

2.1. Cloud point apparatus

Melting temperatures of pure long-chain n-alkanes are

usually measured with high pressure differential calori-

meters [15–17] or by volume change measurements [18].

However, as the degrees of freedom increases in mixtures

in accordance with the phase rule, the calorimetric peak

associated to the phase transition flattens out as the

number of components increases and the solid–liquid

phase change measurement becomes inaccurate. Further-

more, as the abruptness of the volume change decrease

with the number of components in mixtures, volume

change methods are ineffective for complex mixtures. The

best and most reliable technique available seems to be the

microscopy of transmitted polarised light known as Cross

Polar Microscopy. For the purpose of studying complex

systems, such as the system here reported, an optical

apparatus has been designed to visually determine the

solid–liquid phase transitions under high pressure using a

polarising microscope [12]. The apparatus is made up of a

high pressure cell in which two transparent windows make

possible to observe the system under pressure up to to

100 MPa with a cross-polarisation microscope. Its optical

as well as the geometric size of the cell allow the

observation of crystals of 2 mm in length in a sample

volume of 30 mm3.

The temperature of the system in the high pressure cell

is thermoregulated by the flow of a heat-carrying fluid

with a stability of 0.01 K over a temperature range of

between 243 and 373 K. The pressure is achieved by a

high pressure pneumatic pump connected to a tank in

which a mobile piston can move. The pressure probe is

placed directly on the circuit with the studied system and

is connected to a manometer ensuring an accuracy of

0.02%. To avoid crystallisation beyond the optical cell,

the tank and the tubing are kept in an oven with air

circulation mantaining its temperature above the melting

point of the fluid.

In order to avoid the problem related to the sub-cooling

effects during a phase change between the single liquid

phase and the two phases liquid–solid region, the melting

point was determined by measuring the disappearance of the

last crystal of solid (wax disappearance temperature, WDP)

during an heating process.
2.2. Solid–liquid equilibrium filtration apparatus

The characterisation of the fluid behaviour below the

wax appearance temperature as a function of pressure is

obtained by isobaric filtration method through a filter

system. The apparatus, which has been described previously

in detail [13], is essentially made up of two stainless steel

autoclave cylinders separated by a filtration disc of sintered

steel of 3 mm porosity and closed at their extremities by

pistons which separate the sample studied and the

compression oil. The porosity is in agreement with the

different observations made by microscopy on crystal size.

The main advantage of the cell is that the first piston can be

dismantled making easier the recovery of both the solid

residue and the liquid phase. To ensure satisfactory thermal

uniformity within the fluid, the cell is fully immersed in a

refrigerated thermostat bath, which is agitated and thermo-

regulated by a thermostat with a stability of 0.02 K. The

measurements can be performed up to a maximum pressure

of 50 MPa achieved by a twin-body volumetric pump

operating with compression oil. This pump is able to impose

the pressure on both sides of the filtering system leading to

an isobaric transfer of the liquid through the filter.

The pressure is measured by two probes placed in the

compression oil circuit ensuring the measurement of the

pressure within the sample with an accuracy of 0.05 MPa.

Both the liquid phase and the solid residue, which

comprises solids and entrapped liquid, are analysed by gas

chromatography using a Hewlett–Packard 6890 fitting with

an on-column injector and a 60 m!0.32 mm ID OV-5 (dfZ
0.5 mm) capillary column. To assess the real wax content

and compositions of the wax, it is necessary to determine the

quantities of liquid trapped. A mathematical correction

based on the system investigated is employed as described

in a previous work [19].

Then the studied wax was supplied by PROLABO and is

commercially called 52–54 8C. The linear alkane used as

solvent is the normal tetradecane supplied by Aldrich with a

purity of more than 99%. The composition of the mixture

studied, determined by gas chromatography, is given in

Table 1.

2.3. Results

The wax disappearance temperatures were measured

with the optical cell from 0.1 to 100 MPa every 20 MPa.

The results are reported on Table 2 and illustrated in Fig. 1.

The wax disappearance temperature increases almost

linearly with pressure. If the melting curve is assumed

linear the calculation of the slope gives a value of

0.19 8C MPaK1 showing that the influence of the pressure

cannot be neglected. This value is lower than the values

obtained for pure alkanes [20–22]. This phenomenon

reflects, through the Clapeyron equation, a decrease of the

molar volume change (vLKvS) and then the presence of an

excess volume in both solid and liquid phase.



Table 1

Composition (mass %) of the system studied [11]

Feed composition (mass %)

Solvent 83.66

Wax content 16.34

Composition of the wax

n-C20 0.05

n-C21 0.59

n-C22 3.74

n-C23 10.81

n-C24 17.68

n-C25 16.79

n-C26 13.95

n-C27 9.3

n-C28 6.93

n-C29 5.15

n-C30 3.86

n-C31 2.59

n-C32 1.19

n-C33 0.47

n-C34 0.22

n-C35 0.12

n-C36 0.08

n-C37 0.05

n-C38 0.04

n-C39 0.03

n-C40 0.02

n-C41 0.02

n-C42 0.01

PNA 6.32

Fig. 1. Melting curve of the studied system: experimental and calculated

values.
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The measurements in the equilibrium filtration cell aim at

obtaining the composition of the phases in equilibrium and

the fraction of solids in the mixture for pressures between

0.1 and 50 MPa at a constant temperature of 293.05 K. The

composition of the solid deposit (mass %) as well as the

percentage of total paraffins crystallised is given in Tables 3

and 4. Fig. 2 has been plotted to represent the percentage of

total paraffins crystallised in function of the pressure. The

results at high pressure follow the expected trend with an

increase of the total amount of paraffins crystallised with

increasing pressure. As it is more interesting to consider the

behaviour of the paraffin individually, Fig. 3 describes the

percentage of crystallisation for each paraffin with

pressure. It denotes that the percentage of crystallisation

of the five heaviest components of the mixture becomes

rapidly close to 100% whereas for the lightest and

intermediate compounds the rate of solidification seems to

remain constant. The data presented clearly indicate that
Table 2

Wax appearance temperature: experimental data and calculated points

Pressure

(MPa)

0.1 20.2 39.9 59.8 80.2 100

Experimental

(K)

300.15 303.98 307.55 311.55 315.62 318.95

Calculated

(K)

302.2 305.6 308.8 312.0 315.2 318.4
the pressure influence on the solid phase formation

and behaviour cannot be neglected and has to be regarded

as a parameter as important as the temperature as shown

in Fig. 4.
3. Modelling

Most of the works dealing with wax precipitation

modelling are based on various hypothesis concerning the

nature of the solid phases. While Ungerer’s type models

consider the solid phase as a single or multiple pure solid

phases [23] Erickson’s type simplify the approach by

treating the solid solution as an ideal solid phase [2,4].

However, it is has been observed [24–29] that usually the

wax crystallise in a single orthorhombic solid phase below

the melting temperature even if several solid phase can

appear at lower temperature.

As the orthorhombic phase cannot be treated as an ideal

solution the employed model for the representation of wax–

fluid equilibrium, based on the assumption of a single

orthorhombic solid phase, rests on a Gibbs excess energy

model. The Wilson equation was used to describe the non-

ideality of the solid phase through the equation:

f S
i ðP0Þ Z xS

i g
S
i ðP0Þf

S0

i ðP0Þ

where the fugacity of the pure solid at the same pressure and

temperature f
S0

i ðP0Þ can be related to the pure subcooled

liquid fugacity f
L0

i ðP0Þ from the change of free energy

between the pure solid and the liquid at temperature T [30].

From the knowledge of f
S0

i ðP0Þ the variation in the fugacity

with pressure can be evaluated in a process at constant

temperature by integration of the solid molar volume:

ln f S
i ðPÞ Z ln f S

i ðP0ÞC
1

RT

ðp

P0

�VS
i dP



Table 3

Percentage of total paraffins crystallised and composition (mass %) of the solid phase versus pressure at 293.05 K

P (MPa) 0.1a 10 20 30 40 50

% Paraffins

crystallised

34.31a 41.60 50.73 59.80 66.01 70.90

Solid phase

composition (%)

(a)

n-C20 0.00 0.01 0.01 0.01 0.01 0.01

n-C21 0.02 0.06 0.05 0.05 0.05 0.07

n-C22 0.28 0.56 0.56 0.66 0.77 0.98

n-C23 2.20 3.15 3.50 4.21 4.94 5.64

n-C24 8.20 9.74 10.73 12.57 13.88 14.49

n-C25 13.24 14.72 15.59 17.27 17.91 17.50

n-C26 16.43 16.37 16.60 17.40 17.18 16.15

n-C27 14.10 12.83 12.54 12.63 12.11 11.18

n-C28 12.23 10.37 9.87 9.72 9.18 8.41

n-C29 9.94 8.04 7.53 7.33 6.87 6.28

n-C30 7.73 6.06 5.63 5.45 5.09 4.66

n-C31 4.75 3.82 3.51 3.43 3.21 2.93

n-C32 2.38 1.98 1.81 1.75 1.64 1.50

n-C33 0.97 0.80 0.73 0.71 0.66 0.61

n-C34 0.43 0.36 0.31 0.31 0.29 0.27

n-C35 0.22 0.18 0.16 0.16 0.15 0.14

n-C36 0.14 0.12 0.10 0.10 0.09 0.09

n-C37 0.10 0.08 0.07 0.07 0.07 0.06

n-C38 0.06 0.06 0.05 0.05 0.05 0.05

n-C39 0.04 0.04 0.04 0.04 0.04 0.04

n-C40 0.03 0.02 0.02 0.02 0.02 0.03

n-C41 0.02 0.01 0.01 0.01 0.01 0.01

n-C42 0.01 0.01 0.01 0.01 0.01 0.01

Impurities 6.48 10.62 10.57 6.02 5.78 8.90

a From Ref. [11].

Table 4

Percentage of crystallisation for each paraffin of the system at 293.05 K versus pressure

P (MPa) 0.1a 10 20 30 40 50

(a)

n-C20 0.00 4.17 4.80 5.34 6.22 7.88

n-C21 0.81 3.29 3.48 4.45 4.66 9.24

n-C22 2.39 5.33 6.85 9.90 12.75 20.38

n-C23 6.52 10.80 15.18 22.09 28.75 39.89

n-C24 14.78 21.09 29.18 40.64 49.76 61.23

n-C25 25.90 35.13 46.06 59.46 68.13 76.69

n-C26 39.20 49.32 60.97 72.98 79.49 85.02

n-C27 51.01 60.34 70.96 80.33 85.02 88.81

n-C28 59.58 67.39 76.52 83.83 87.43 90.41

n-C29 64.94 70.99 79.49 85.17 88.04 90.76

n-C30 67.22 71.96 79.07 84.71 87.54 90.26

n-C31 65.79 72.84 79.13 84.72 87.54 90.18

n-C32 68.63 72.32 78.09 83.58 86.45 89.35

n-C33 67.94 71.11 77.08 82.54 85.32 88.36

n-C34 65.93 69.31 74.51 80.49 83.83 86.65

n-C35 62.88 66.99 72.41 79.20 81.93 86.25

n-C36 62.08 64.78 69.24 76.12 79.35 84.54

n-C37 57.76 61.05 65.61 73.02 77.91 82.85

n-C38 51.14 57.96 63.63 69.98 73.30 81.51

n-C39 48.46 53.15 58.27 67.49 70.69 82.04

n-C40 44.03 46.35 53.86 60.27 68.49 81.44

n-C41 38.93 47.53 52.19 60.62 70.31 85.45

n-C42 33.13 38.89 45.23 52.05 72.98 86.51

a From Ref. [11].
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Fig. 2. Percentage of paraffins crystallised in the system versus the pressure

at 293.05 K: experimental and calculated values.

Fig. 4. Comparison of both the pressure and temperature effects on the

quantity of solid deposit.
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which according to Schaerer [31] may be taken as

proportional to the subcooled liquid molar volume:

V
S0

i Z �bV
L0

i

A value of 0.9 is used for complex systems to take into

account the solid phase excess volume of the mixture.

The evaluation of liquid and vapour fugacity coefficients

under high pressure requires the use of an equation of state

(EOS). Since the non-ideality of liquid solutions made up of

asymmetric components is well described with an excess

Gibbs energy model at atmospheric pressure [9,10], a

mixing rule which combines an equation of state with a GE

expression is used to describe the fugacity in the fluid

phases.

Among the various EOS/GE mixing rules available the

LCVM [32] was chosen because it yields a good prediction

of high-pressure vapor–liquid equilibrium of asymmetric

light/heavy hydrocarbons systems [33]. Due to the superior

description of the pure compounds fugacities the equation of
Fig. 3. Evolution of the percentage of each paraffin crystallised with the

pressure at 293.05 K.
state SRK corrected by the volume translation of Peneloux

[34] was used with LCVM [35]:

P Z
RT

ðV 0 KbÞ
K

aðTÞ

V 0ðV 0 CbÞ
with V Z V 0 CC

a Z
a

bRT

� �
Z

l

Av

C
1 Kl

Am

� �
GE

RT

� �

C
1 Kl

Am

X
i

xi ln
b

bi

� �
C

X
i

xiai

where Am, Av and l are constant. The excess Gibbs free

energy GE of the liquid mixture is calculated using the

original UNIFAC group contribution method [36].

Based on this model, a procedure for the prediction of

fluid–solid equilibrium of light gases—heavy hydrocarbons

systems under pressure was successfully developed and

applied to binary mixtures and multicomponents synthetic

systems [14] and recently to real petroleum fluids [37,38].
3.1. Prediction

The composition presented in Table 1 is used to

characterise the aromatics and the saturated non-crystal-

lisable (naphthenic and branched alkanes) pseudo-com-

pounds. Tetramethyl heneiscosane is used to describe the

PNA fraction in order to reproduce the average molecular

weight of the system [11].

As shown on Fig. 1 there is an excellent agreement

between experimental and calculated value demonstrating

that the influence of the pressure on the wax disappearance

temperature is well described.

As demonstrated in Fig. 2 the model slightly overpredicts

the fraction of crystallised paraffins at low pressures that can

be related to an overestimation of the wax appearance

temperature for the same pressure.



Fig. 7. Calculated and experimental percentage of crystallisation for each

paraffin of the system at 50 MPa and 293.05 K.

Fig. 5. Calculated and experimental solid phase composition at 10 MPa and

293.05 K.
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This observation already made for other complex

systems [38] indicates that the problem is not on the

pressure dependence but on the relation between the

fugacities of the fluid and solid phases in the model.

The comparison between experimental and calculated

solid phases composition can be found in Figs. 5 and 6. The

impact of the pressure on the paraffin behaviour is well

quantified but these results do not provide an explanation for

the overprediction of the solid deposit data. Indeed because

the heavy fraction crystallises as a single solid solution the

composition of the solid phase does not change drastically

with both pressure and temperature.

For the purpose of understanding the model limitations it

is more informative to represent the percentage of crystal-

lisation of each paraffin at 50 MPa as shown in Fig. 7. These

results indicate that the approach used overestimates the

crystallisation of the intermediate and heaviest n-alkanes.

Since for this kind of fluid intermediate alkanes represent

the majority of the components, this leads to an over-

estimation of the solid deposit.
Fig. 6. Calculated and experimental solid phase composition at 50 MPa and

293.05 K.
Finally the behaviour of the liquid phase with the

pressure has been investigated. Fig. 8 shows the C14 fraction

in the liquid phase. We can notice that the model provides a

good description of this dependence but with the same

problems as encountered during the solid phase description.

The composition of the heavy fraction within the liquid

phase is again perfectly represented by the model in the

entire range of pressure.
4. Conclusion

The influence of the pressure on the precipitation of the

heavy molecules in a complex system composed with a

solvent C14Ca commercial wax has been studied in this

work. Two different apparatus have been employed to

determine accurately the wax disappearance temperatures

up to 100 MPa and the solid phase amount and composition

at a temperature of 293.05 K up to 50 Mpa (Fig. 9).

The results obtained show an increase on the system wax
Fig. 8. Calculated and experimental percentage (mass) of the C14 in the

liquid phase versus the pressure at 293.05 K.



Fig. 9. Calculated and experimental liquid phase composition at 0.1 and

40 MPa and 293.05 K.
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appearance temperature of about 19 8C at 100 MPa. It is

clear from our results that the influence of the pressure on

wax formation is as important as the influence of the

temperature.

The model used can provide an excellent description of

the melting point of the system on the whole range of

pressure. The behaviour below the cloud point is also well

described with a slight overestimation of solid phase

fraction at the low pressures.
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[22] Ruffier-Méray V, Brucy F, Béhar E. Proc Multiphase ’97, BHR Group

1997.

[23] Ungerer P, Faissat B, Leibovici C, Zhou H, Behar E, Moracchini G,

Courcy JP. Fluid Phase Equilib 1995;111:287–311.

[24] Craig SR, Hastie G, Roberts KJ, Gerson AR, Sherwood JN, Tack RD.

J Mater Chem 1998;8:859–69.

[25] Dirand M, Chevallier V, Provost E, Bouroukba M, Petitjean D. Fuel

1998;77:1253–60.

[26] Chevallier V, Provost E, Bourdet JB, Bouroukba M, Petitjean D,

Dirand M. Polymer 1999;40:2121–8.

[27] Chevallier V, Petitjean D, Bouroukba M, Dirand M. Polymer 1999;40:

2129–37.

[28] Gerson AR, Roberts KJ, Sherwood JN. Am Inst Chem Eng Symp Ser

1991;284:138–42.

[29] Gerson AR, Roberts KJ, Sherwood JN, Taggart JN, Jackson G. J Cryst

Growth 1993;128:1176–81.

[30] Prausnitz JM. Molecular thermodynamics of fluid phase equilibria.

Englewood Cliffs, New Jersey: Prentice-Hall; 1969.

[31] Schaerer AA, Busso CJ, Smith AE, Skinner LB. J Am Chem Soc

1986;77:2017.

[32] Boukouvalas CJ, Spiliotis N, Coustikos Ph, Tzouvaras N, Tassios DP.

Fluid Phase Equilib 1994;92:75.

[33] Boukouvalas CJ, Magoulas KG, Stamataki SK, Tassios D. Ind Eng

Chem Res 1997;36:5454.
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