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Abstract

The performance of a thermodynamic wax precipitativodel strongly depends upon
the n-paraffin thermophysical properties used. hdeo to estimate them, several
correlations have been proposed, and their valaes & great impact on both calculated
wax disappearance temperature (WDT) and amount &f yrecipitated at each
temperature (WPC). The main goal of this work igtaluate the correlations available
for the relevant thermophysical properties aiming aghieving a reliable wax
precipitation modelling. The methodology used imesl the direct comparison of the
correlations with the values of pure n-paraffin gedies, and indirect evaluation by
their use in the estimation of wax disappearanoepézatures, the amount of wax
precipitated at each temperature, and DSC expetaheaurves. This study
contemplates two thermodynamic approaches for foargirecipitation: the solid
solution (SS), which considers the formation of @oeéd solution; and the multisolid
phase model (MS), that assumes that each solict puassists of a pure component.

Keywords: n-paraffin properties, wax precipitation, corredas analysis.

Introduction

Wax precipitation is a common problem in oil indystin order to predict it several
thermodynamic models were proposed in the last &@rsy There are two main
approaches to describe the solid phase. The fpptoach proposed considers the
formation of one solid solution [1-4], later evalgi to models that allow multiple solid
solutions [5,6]. The second approach is based erhyfpothesis that the solid phase is
formed by several independent pure solid phases [7]

For the use of these thermodynamic models, dataeloeral thermophysical properties,
such as temperatures and enthalpies of fusion fagdlid-solid transition, are required.
If the thermodynamic model represents the liquidgeghby a fugacity coefficient, it is
also necessary to know the critical properties. sEh@roperties are used in the



calculation, e.g., of wax disappearance temperafdfBT) and the amount of wax
precipitated at each temperature (WPC).

A large amount of experimental data for the praperdf pure n-alkanes is found in the
literature, and over the years, several correlatisare proposed relating them with the
carbon numbers of n-alkanes. Some of these caaelatere directly developed for
wax precipitation models, like the correlations gweed by Pedersen and Skovborg
(1991) [3], that modified the correlations for si$iolid enthalpy of transition and heat
capacities differences between solid and liquidspeaused by Won (1986) [1], with
factors fitted to reproduce experimental wax priaipn data of North Sea oils.
However, most works attempted to keep the promedfethe pure n-alkanes on their
modelling.

Some authors [8-12] suggest the use of differentetations depending upon carbon
chain sizes. Ji. et al. (2004) [10] and Tabatabsgad and Khodapanah (2009) [13]
also proposed the use of different correlationsofdd and even carbon numbers. The
argument is based on experimental data, since ngeknthalpies variations as a
function of carbon atom number show an odd-evesceffl4-16].

Another aspect of the n-alkanes rich phase behasitine existence of several solid
phases that can be divided into four main groupgator, triclinic, monoclinic and
orthorhombic [17,18]. Rotator phases permit molacubtation. This behavior is not
present in other phases, that will be called hedered phases. Despite of the existence
of several solid-solid transitions, thermal effeate prominent only on rotator-ordered
phase transition [14,19]. Thus, this phase tramsitnust be considered in order to
reproduce a calorimetric curve. However, most tloetynamic models disregard this
transition. Won (1986, 1989) [1-2] ignored the daplid transition. Coutinho and
Stenby (1996) [4] and Coutinho (1998) [5] assunied the precipitation usually occurs
at a temperature bellow the solid-solid transititmis the wax would present an
orthorhombic structure. We refer to this approastsalid solution (SS). The approach
proposed by Heidemann (2005) [6] enables, howeawar,solid structures: the rotator
and the orthorhombic.

In the present work, the solid-solid transitionlveié considered only for the multisolid
phase model (MS). In this case the solid phasesassemed to be pure, and are
considered in a rotator form when the temperatsrabiove the solid-solid transition
temperature for that component, or otherwise imimorhombic phase. The solid-solid
transition on SS model and the possibility of fotiora of multiple solid solutions are
being studied in order to consider these partidigarin future model developments.

Matheson and Smith (1985) [20] reported that arckae difference of around 22% is
the limit to form a continuous series of solid s$mn. However, for n-paraffins with
low molecular weight, little size differences midlead to the formation of eutectic
systems, as observed by Mondieig et al. (2004) {@d}he octane + decane mixture.
On the other hand, in order to form a eutecticesysin mixtures of n-paraffins with
large molecular weight, this difference has to lymicantly larger, as observed by
Petitjean et al. (2002) [22] for pentacontane-pewgane and for pentacontane-tricosane
mixtures and also by by Gilbert et al. (1996) [&8] eicosane-hexatriacontane mixture.
Hence, the mixtures chosen in this work to represea SS approach have small



differences in the size of its components, while MS approach will be applied to
mixtures with large differences among chain sizes.

The aim of this work is to select the best setséerbles) of correlations for the
thermodynamic modeling of wax precipitation, coesidg both the solid solution and
the multisolid phase approaches. For this purposetaf experimental data will be
selected for benchmarking, and the correlationailéet below are evaluated using the
various thermodynamic models here adopted.

Thermodynamic modeling

The criterion for solid-liquid thermodynamic eqgbiium is the equality of the
fugacities of each compound in the solid and liguidises. Solid-liquid equilibrium of
pure components can be calculated by Equatiorhél)relates the fugacities on liquid
and solid phases with the thermophysical propedigaire components [24].
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wherefl-ﬁ,ure(P, T)is the fugacity of pure componentn the solid phase at reference
pressure P and temperaturef;ﬁ;ure(P, T) is the fugacity of pure componenin the
liquid phase A H; andAtH; are the fusion enthalpy and solid-solid transitmthalpy

of component; Tl.f andT{ are the fusion and solid-solid transition tempenes;A’ Cp;
is the difference in specific heat capacity betwsehd and liquid phases of pure
component; and R is the gas universal constant.

(1)

Taking the liquid as the reference phase, thetmartcoefficient is defined by Equation

(2).
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whereK; is partition coefficient of componeittx’ andx; are the molar fraction of
component in the liquid and solid phaseg; andy} are the activity coefficients of
componenti in the solid and liquid phaseg); is the fugacity ratio between pure
component in solid and liquid phasegy* is the fugacity coefficient of pure component

l; andgELLis the fugacity coefficient of componernin the liquid solution.



Equationg1) and(2) are fundamental to describe the wax precipitatorboth MS and
SS approaches.

Additionally, in the SS approach a flash algorithwith the Rachford-Rice equation
(Equation(3)) is required for modeling the equilibria.

z;(K; — 1)
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wherez; is the global composition of componemnd S is the solid phase ratio.

On the other hand, in the multisolid approach asflalgorithm is required, because the
solid phases are supposed to be pure. Howeves, riegquired a stability analysis to
describe the precipitation of each component. Bladbility criterion is expressed by
Equation (4) [25].

f(P,T,2) = f£(P,T) =0 (4)

According to this model, if the fugacity of the pucomponent in the solid phase
(f°(P,T)) is lower than its fugacity in the liquid mixture global composition
(f.(P,T,2)), it will exist as a pure solid phase.

The equations exposed on this section, togethér wéss balance equations are able to
predict the precipitation phenomena for both apgineas.

The modeling of calorimetric curve was explainediprevious work [26], and follows
in Equation (5) (MS) or Equation (6) (SS).

DSCtheoretical = <_ Z.AipH- Si — Z . AitH. Si
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where DSCipeoretical 1S the value of the calculated calorimetric curw?H is the
entalphy of the solid-liquid transition of compohénAtH is the entalphy of the solid-
solid transitionCpl andCp; are the specific heat capacities of componénthe liquid
and solid phasesMW; is the molecular weight of component and AT is the



temperature variation, considering a reference &atpre; (1/1s) refers to a heating or
cooling rate oAT per second, correspondent to 1K/s in this paper.

Since all the solid phases are pure in the MS agprahe ternx{S is analogous t§; in
multisolid phase model, which means the amountobfl . The solid-solid transition
enthalpy in the MS model is taken into account owmlgen the system is at a
temperature bellow the solid-solid transition terapere of a given substance.

The solid-solid transition will not be accounted when using the SS approach. Hence,
in this approach the transition enthalpy is congdeas the sum of fusion and solid-
solid transition enthalpies for any precipitation.

The termAYH in Equations (5) and (6) is related to the saiighld transition enthalpy
that does not occur necessarily at the fusion teatypes of pure component. Therefore,
the fusion enthalpy has to be corrected as shov&aguation(7).
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In this work, the liquid phase will be representsdFlory Free Volume combined with
UNIFAC residual term as suggested by Coutinho aedtsy (1996) [4]. In this model,

the free-volume term was calculated as a functibthe van der Waals volume and
molar volume of each component. The van der Waalisnve was calculated from the
correlation proposed by Motoc and Marshall (1985j]] and the molar volume was
obtained from the correlations proposed by Won §)98] or Marano and Holder

(1997) [28], depending on the selected correlagiosemble.

Wilson activity coefficient model will be used ftre solid phase in the SS approach, as
introduced by the same authors [4]. The interaciarametersi(;) of Wilson model
were calculated as a function of the sublimatioathd the component with smaller
carbon chain, as proposed by Coutinho and Ster886(14].

The comparison between properties predicted byeladions and the experimental
values were quantified by the mean absolute eM#H), as shown in Equation (8).
This same Equation was used for WDT, WPC and solidpositions comparison.

Tl.pt exp d

Yot (8)

whereX is the property of interestipt is the number of data points and the superscripts
exp andmod stand respectively for experimental and modeled.

The evaluation criterion to choose the best catimiaset for replication of calorimetric
curves is different from the above. Since the expental calorimetric curve is usually
not reported along with the mass of the sampleditext comparison of curve points is



not possible. An objective function was developedur previous work [26] for this
comparison and is shown in Equation (9).

” exp mod” ” exp mod ” (9)
Fopi = peak ~— !peak valley ~ valley
obJj number of peaks 0. number of valleys
1752 et~ Thmeare]
intermediate intermediate
+0.02 +p

number of intermediate points

where f,,; is the objective functiorll;77,, T, andTyye o oqiace @€ respectively

the peaks, valleys and intermediate points (tentperavalues) of an experimental
calorimetric curveT eor, Tingd,, andTi caiate are respectively the peaks, valleys,
and intermediate points of the modeled calorimetucve. Finally, the parametgr
refers to the penalty applied to the objective fiomc when the number of peaks
predicted is different from the number reportedelperimentsp is equal to 1.5 times
the difference between these numbers.

Thermophysical properties correlations evaluated

Several correlations can be found in literaturetéonperatures and enthalpies of fusion
and solid-solid transition. Those evaluated in tingk are reported in Table 1.

Table 1 — Correlations evaluated and their source.

Properties Origin of Correlations Considered
Fusion Temperature [1,5,7,8,10, 11, 13, 29, 30]
Solid-Solid Transition Temperature [4,5,8,9, 10, 11, 30]
Fusion Enthalpy [1-3, 5, 7-11, 13, 29, 30]
Solid-Solid Transition Enthalpy [4,5,8,9, 11, 30, 31]

The choice of correlations for calculating the hesgtacity difference between the solid
and liquid phases of pure componeoﬁCpi) has small effect on the ratio between

solid and liquid fugacities, as pointed out by Gheiret al. (2012) [31]. For this reason
we have not included’ Cp; as a property to be evaluated in the present work.

Correlations comparison through pure components prperties

The correlations for the temperatures and enthalpidusion and solid-solid transition
presented in this article were compared to experialevalues. Table 2 presents
calculated values for fusion temperature, and ats®,comparison with experimental
data found in the literature. This comparison wamed by mean absolute error
(Equation (8)).



Table 2 — Deviations from experimental data fromltterature and MAE of correlations used for fussio
temperature prediction, in K.

Exp. Values [1] [7] 5] @] [30] [10] [29] [11] [13]

CiHze  24351° 706 3126 6.05 4465 862 115.03 2522 7.06 2.6
CisHee  283.07° 507 1482 057 12038 -0.03 0.02 9.37 -2.02 0.04
CoHaz  30958° 95 1058 -025 025 002 -0.17 7.05 -0.92 5.37
CoHse  326.65° (15 1076 037 -0.16 001 -0.04 7.23 0.12 -0.03
CoHe  338.65° (79 1349 .0.03 -022 -0.07 0.13 855 0.79 17.28
CoHes 34235 (79 1478 -168 -0.29 -029 027 9.07 2.65 19.12
CasHre 347200 (75 16094 665 -04 -059 -046 9.94 1.38 -0.47
CeeHza 34905 107 1800 -8.76 -0.08 029 0.87 10.63 1.41 22.33
CiHee 35410 (g9 2105 -2451 -1.01 -0.77 0.7 11.75 0.11 23.51
CsoHiz  365.30" 17 2987 -118.92 -9.55 -0.02 -0.04 16.24 -0.14 19.49

CooHizo  375.00 533 3885 -335.11 -39.89 2.3 213 21.64 1.92 1.39
MAE 1.60 20.04 45.72 19.72 1.18 10.85 12.43 1.68 10.15

2DIPPR [32];° Garneret al. (1931) [33]:° NIST [34]; “Seyeret al. (1944) [35].

The same procedure was carried out for solid-stiahsition temperature, fusion
enthalpy, and solid-solid transition enthalpy, présd in Table 3 to 5.

Table 3 Deviations from experimental data fromlitezature and MAE of correlations used for the
prediction of solid-solid transition temperatune K.

Exp. values [41 [51 [8] [30] [10] [9] [11]

a

CisHs,  270.93 123 053 277 067 033 487 1.03
b

CoHs  309.4 100 91 63 95 935 6.7 935
C

CosHs,  320.0 05 01 31 04 26 01 05

CaHez 332.2¢
CasHyy  344.7

06 06 46 20 40 01 24

26 31 22 07 47 29 00
MAE - 30 27 38 27 21.0 29 195

Finkeet al., (1954)[36]; ® Schaerekt al. (1955)[37]; ®Barbillonet al. (1991)[38]; ¢ Garneret al.
(1931) [33]

Table 4 Deviations from experimental data fromlitezature and MAE for the prediction of fusion
enthalpy, in kdJ/mol.

ClOH22 ClSH32 C20H42 C25H52 C3OH62 C32H66 C36H74 C4OH82 CSOH 102 CGOH 122 MAE

Exp. 28.77 34.6° 69.9° 57.7° 68.8° 76.6° 88.8° 133" 185° 187° -
values

(1] -87 1.3 -17.7 111 167 156 172 -140 -320 -8.7135
(2] 5.3 03 -236 0.1 0.4 -28 58 -40.8 -70.0 -53 9.81
[38] -184 -16.1 -43.0 -22.3 -248 -29.1 -344 -716 600 -184 456
71 -21.3 -21.3 -50.6 -323 -37.2 -425 -49.7 -889 822 -21.3 59.0
(5] 9.8 01 -234 -08 -04 -26 -14 -280 -80 -9.819.3
(8] -9.9 00 -234 -08 -04 -26 -14 -280 -80 -9.9193




[30] -9.7 01 -234 -05 0.4 -1.6 05 -250 0.0 9.7 519.

) -38 101 -50.6 -32.3 -37.3 -426 -49.8 -89.0 -#28.-38 56.2

[0 -1122 21 -234 -08 -04 -26 -14 -280 -80 .21 196

[29] -136 -75 304 57 -41 69 -88 -428 -69.0 3.6l 234

[11] 17 00 -304 57 41 -69 -88 -428 -69.0 -1.721.4

[13] -21.3 -214 -50.6 -32.3 -37.3 -426 -49.8 -89.0 8&#2 -21.3 59.1
2DIPPR [32]:° Lourdinet al. (1992)[39]; “Hammami and Mehrotra (199B)0].

Table 5 — Deviations from experimental data fromliterature and MAE for the prediction of solidkdo
transition enthalpy, in kd/mol.

CosHsz  CsoHez  CzsH7z MAE
Experimental values 26.5° 36.5° 41.1° -

[31] -134 211 -235 193
[l 1.3 -2.0 02 1.2
(4] 251 -346 -39.0 329
(5] 2.1 -4.3 -6.2 4.2
(8] 2.0 3.2 -1.7 2.3
(30] -1.8 -5.0 -6.8 4.5
[10] -176  -16.2 219 186
[11] -1.3 1.9 -4.1 2.4

2Barbillonet al. (1991)[38]; ° Garneret al. (1931)[33].

The lowest MAE obtained for each property are shawmable 6. Despite of the fact
that n-paraffins have been a subject of study fanynyears, there is still a lack of
experimental data for heavier n-alkanes, what nmeayse the selection of correlations
that does not represent these components very well.

Table 6 — Correlations with the lowest mean avedmaation MAE) in comparison with experimental
data found in the literature.

Property Origin of Equation with lowest MAE
Fusion temperature [30]
Solid-solid transition temperature [30]
Fusion enthalpy [1]
Solid-solid transition enthalpy [9]

Correlations evaluation through Wax Dissolution Tenperature

The individual analysis of a correlation is onlyspible by the comparison between
calculated and experimental data of pure compondmtsevaluate their adequacy for
the prediction of wax disappearance temperaturetlEm@mount of wax precipitated at
each temperature, it is necessary to collect tlzem,in the present work this is done by



evaluating ensembles of correlations proposed Bferdnt authors, including the
properties listed in Table 1 and Cp;, as presented in Table 7. For ensemble A, the
correlation forA” Cp; was of Pedersen and Skovborg (1991) [3].

Table 7 — Evaluated correlations ensembles.

Correlation ensembles Origin

A Equations with lower deviations
from experimental pure
component data (Table 6)

[13]
[11]
[31]
[41]
[29]
[42]
[10]
[43]
9]
[30]
(8]
[44]
[5]
[7]
(3]
(1]

- I @ m m O O @

O v O 2 3 rm X «

Not all works explicit the correlations used foll #he properties. In such cases,
whenever required, a correlation from ensembletBAat contains equations with lowest
mean average deviation in comparison with experiateshata for pure compounds —
will be used.

The mixtures selected for WDT comparison, their positions and experimental wax
dissolution temperatures are presented in Tabde 8% model and Table 9 for MS.

Table 8 — Mixtures selected for WDT comparison 9yrSodel.

% molar Mixture 1 Mixture 2 Mixture 3
CeH1a - - -
CieHzs 73.00 - -
Ci7H36 - 25.00 -
CigHzs 27.00 - 48.00
CioHa0 - 75.00 15.00
CoHaz - - 37.00

C28H58 - - -



CaiHaa - - -
WDT (K) 2 292.00 302.00 304.00
Jiet al. (2004) [10]

Table 9 — Mixtures selected for WDT comparison b$ Model.

% molar Mixture 4 Mixture 5 Mixture 6
CeH1a 75.40 79.30 -
CieHas 24.60 - 34.00
Ci7Has - 20.70 -
ClSH38 - - -
C19H40 - - -
C20H42 - - y
CagHss - - 32.00
Cy1Hgq - - 34.00

WDT (K) 275.00° 274.00° 348.95

2 Jiet al. (2004) [10];° Paunovic and Mehrotra (2000) [45]

A comparison between experimental WDT data andegaéstimated by the MS and SS
models using the various correlations ensembles c@ased using Equation (8) to

estimate the deviations. Three mixtures with conepts of similar size (Table 8) were
chosen to evaluate the SS model, while for the M8lehanother three mixtures with

larger size differences among their componentslélapwere selected.

Table 10 and 11 shows WDT calculated with correfeti ensembles A to Q for
Mixtures 1 to 3 and and for Mixtures 4 to 6, regpety. Values outlined in these tables
are within the reproducibility value (3.5 K) forgliid-solid transition established by
ASTM D4419-90 (2015) [46].

Table 10— Calculated WDT for Mixtures 1, 2 and 3 by SS elod

Mixture 1 Mixture 2 Mixture 3 Mixture 1, 2
and 3
Correlations  WDT MAE WDT MAE WDT MAE MAE
Ensemble

A 289.53 2.47 302.12 0.12 300.13 3.87 2.15

B 284.68 7.32 299.56 2.44 291.12 12.88 7.55

C 292.15 0.15 303.10 1.10 303.76 0.24 0.50

D 290.87 1.13 303.26 1.26 302.83 1.17 1.19

E 289.35 2.65 301.92 0.08 301.72 2.28 1.67

F 280.51 11.49 294.26 7.74 293.35 10.65 9.96

G 291.30 0.70 303.34 1.34 301.16 2.84 1.63

H 289.83 2.17 301.84 0.16 301.92 2.08 1.47

| 289.19 2.81 301.80 0.20 296.64 7.36 3.46

J 291.86 0.14 303.73 1.73 302.27 1.73 1.20

K 289.09 2.91 301.83 0.17 301.26 2.74 1.94

L 289.70 2.30 301.67 0.33 301.49 2.51 1.71

M 291.14 0.86 303.32 1.32 301.15 2.85 1.68



N 288.94 3.06 302.01 0.01 301.42 2.58 1.88
@) 273.14 18.86 288.39 13.61 287.43 16.57 16.35
P 289.19 2.81 301.80 0.20 296.64 7.36 3.46
Q 291.17 0.83 303.32 1.32 301.17 2.83 1.66

Table 11 — Calculated WDT for Mixture 4, 5 andy6\dS model.

Mixture 4 Mixture 5 Mixture 6 Mixtures 4,
5and 6
Correlations  WDT MAE WDT MAE WDT MAE MAE
Ensemble
A 265.63 9.37 269.57 4.43 349.29 0.34 4.71
B 239.71 35.29 241.09 32.91 343.68 5.27 24.49
C 273.31 1.69 272.62 1.38 348.61 0.34 1.14
D 269.07 5.93 273.17 0.83 346.71 2.24 3.00
E 267.16 7.84 271.10 2.90 347.85 1.1 3.95
F 250.12 24.88 254.07 19.93 339.49 9.46 18.09
G 266.89 8.11 270.57 3.43 348.31 0.64 4.06
H 264.32 10.68 272.37 1.63 349.28 0.33 4.21
| 239.71 35.29 241.09 32.91 344.98 3.97 24.06
J 271.84 3.16 275.91 1.91 345.86 3.09 2.72
K 267.54 7.46 271.71 2.29 347.91 1.04 3.60
L 268.42 6.58 272.42 1.58 349.66 0.71 2.96
M 267.00 8.00 270.71 3.29 348.26 0.69 3.99
N 266.87 8.13 271.22 2.78 348.61 0.34 3.75
(@] 264.32 10.68 272.37 1.63 332.79 16.16 9.49
P 239.89 35.11 241.34 32.66 344.89 4.06 23.94
Q 267.20 7.80 270.91 3.09 348.32 0.63 3.84

As shown in Table 10, only ensembles B, F, andrQ/lature 1 and again F and O for
Mixture 2 predicted a WDT outside the reproducibitriteria [46]. A larger number of
ensembles predict a WDT outside ASTM reproducipilitterval for Mixture 3: A, B,
F, I, O, and P.

Ensembles B, F, I, O, and P have in common fusiotihadpies correlations that
generate estimates that are lower than experimelatal (see Table 4 together with
Table 7). Fusion enthalpy correlation from ensentbjevas proposed by Lira-Galeana
et al. (1996) [7] for petroleum cuts, being mentionedthy authors that components of
same molar mass might present a variety of fusnthadpies, and this is the reason why
fusion enthalpy correlation suggested by Won (198§)is not appropriate, since it
overestimates the amount of precipitated wax belllogv cloud point temperature for
petroleum mixtures. Thus, fusion enthalpy correlafrom ensemble O was not able to
produce good estimates when it was applied to affparmixtures. Fusion enthalpy
correlation from ensemble F was developed by EseBeanolina (2006) [29] with the
intention of being “multi-conceptual”’, being settleas the average of previous
correlations found in literature. From results mé@d in Table 10, it is possible to state
that this correlation is not suitable for n-panaffinixtures.

Furthermore, fusion temperatures equations fronmerabtes B, F, and O generate
values well below the experimental ones (see Tabbdgether with Table 7). Ensembles
F and O are those that generated results withatigedt errors for Mixtures 1, 2, and 3.
Tabatabaei-Nejad and Khodapanah (2009) [13] ndtadthe most sensible input data



for WDT evaluation is fusion temperature, what magtify the great difference
between WDT predicted by ensembles F and O froneraxyental values.

From Table 10, that presents MAE for WDT resultgegponding to Mixtures 1, 2 and
3 and considering SS approach, it is possible txlode that ensembles A, C, D, E, G,
H, J, K, L, M, N, P, and Q were inside the repradility interval for liquid-solid
transition [46]. However, only Ensembles C, D, dd & were able to predict WDT
values inside the reproducibility interval for Mixes 4, 5 and 6, considering the MS
approach, as presented in Table 11. Thus, thesanditess will be selected for further
analysis. Ensemble A was also kept, because ieptesorrelations that predict pure n-
alkane properties closest to experimental values.

As presented in Table 1MAE for MS model predictions of WDT calculated for
Mixtures 4 and 5 were significantly higher than thees computed for Mixtures 1, 2,
and 3 by SS model, and Mixture 6 by MS model. Tleenot many data available in
the literature concerning experimental WDT valuess rf-paraffin mixtures with great
size differences among their components, what esditlte evaluations options.

Additionally, ensembles with high®AE (B, F, I, O, an P) for MS model are the same
that generated the worst results for SS model. dr@sembles, as stated before,
possess correlations that predict low values ferofu enthalpies. Ensembles B, F, and
O also underestimate significantly fusion tempemualues.

The evaluation of the best correlation ensembleSBr model continues in the next
section by comparing predicted WPC.

Evaluation of the correlations by the amount of wax precipitated at each
temperature (WPC)

Table 12 presents the mixtures selected for WPCpeoison. For all the mixtures

studied decane acts as a solvent. Mixture 7 is oset further by 3 other n-paraffins
with consecutive carbon atoms numbers from tete@o®$o hexacosane while mixtures
8 to 10 contain a larger number of alkanes withseontive carbon numbers. Mixtures
11 and 12 have bimodal distributions of n-alkanék wome difference in carbon chain
size between the two groups.

Table 12 — Mixtures selected for WPC comparisoisBymodel.

% Mixture Mixture Mixture Mixture Mixture Mixture
molar 78 8® 9b 10° 11° 12°
CioH22 80.00 80.02 80.09 80.06 80.02 80.01
CugHag - - 2.48 3.00 4.75 7.09
CiaHao - - 2.35 2.57 4.07 6.09
CogHaz - 6.41 2.23 2.21 3.49 5.22
CoiHaa - 4.39 2.12 1.89 3.00

CoHas - 3.00 2.02 1.62 2.57



CZ3H48
CZ4H50
CZSHSZ
CZGH54
CZ7H56
CZSHSS
C29H60
C30H62
C31H64
C32H66
C33H68
C34H70
C35H72
C36H74

7.71
6.62
5.68

2.05
1.40
0.96
0.65
0.45
0.30

0.21
0.14

1.92
1.83
1.74
1.65
1.58

1.39
1.20
1.03
0.88
0.76

0.65

0.56

0.48

0.41
0.35
0.30
0.26
0.19
0.19

0.56
0.48
0.41
0.35
0.30

0.61
0.53
0.45

2 Paulyet al. (2004) [47];° Paulyet al. (1998) [48]:° Dauphinet al. (1999) [49].

No WPC data for mixtures that would theoreticakdgult in pure solid phases (with

components of great size differences) were founderature. For this reason, the best

correlation ensemble used by MS model will not balged in this section. It was
observed that MS approach applied to Mixtures T2ainderestimates WPC, what is
consistent with findings reported by Esmaeilzadelal. (2006) [42]. These authors

concluded that the SS approach better represeatsyiems that contain consecutive

carbon atoms among their components, and that Biendldel underestimates WPC.

Figure 1 presents the wax precipitation curves (WBE€nerated by SS model for
Mixtures 7 to 12 with correlations ensembles ADC)J, and L, where WP is the weight
fraction of crystallized paraffins, i. e., the magssolid divided by the total mass of the

system.
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Figure 1 — WPC comparison between experimentalegaiind values calculated using SS approach with

Correlations Ensembles A, C, D, J, and L. (a) Migtd. (b) Mixture 8. (c) Mixture 9. (d) Mixture 10e)
Mixture 11. (f) Mixture 12. ® : Experimental data)([47]; (b) and (c) [48];(d), (e) and (f) [49== -« =
Ensemble A; Ensemble (====++  Ensembl€m= - Ensemb - — - Ensemble L).

For Mixtures 7 to 10, the correlation ensemble Adoced poor agreement with
experimental data, predicting a larger amount etipitated solid than experimentally
observed. Ensemble L leads to the lowd#E for Mixtures 7 to 12, as it is show in
Table 13, which presents MAE calculated for Mixgieto 12, comparing experimental
and calculated data.

Table 13 — Comparison of WRGAE (multiplied by 16) using the SS approach (Equation (8)) using
Ensembles A, C, D, J, and L for Mixtures 7 to 12.

320

Ensemble A C D J L
Mixture 7 2.29 0.58 0.49 0.60 0.46
Mixture 8 3.86 2.91 2.46 2.29 1.89
Mixture 9 2.86 2.29 2.08 2.14 1.62
Mixture 10 2.75 2.22 2.02 2.07 1.77
Mixture 11 1.74 2.16 1.71 1.90 1.20
Mixture 12 0.87 2.33 1.44 1.92 0.90
Mean 2.40 2.08 1.70 1.82 1.31

Regardless of the correlation ensemble used, S&®aqp using Wilson for the solid
phase overestimated the amount of solid precipitbde Mixtures 8, 9 and 10, what is
in agreement with the observations made by Coutetlab. (2006) [50]. Wilson model
was proposed for the solid n-paraffin phase by @botet al. (1996) [51], with the



premise that the interaction energy between a &mja short molecule is the same as
the interaction between two short molecules. Chwtat al. (2006) [51] mentioned that
this simplification was valid when the difference size is not very significant,
otherwise, the extremities of the long n-alkanel wiénd and further interactions
between the molecules will arise. Thus, interagtibatween components of Mixtures 8
to 10 were probably neglected, resulting in higlmaounts of solid precipitated.

Ensemble C was the one with poorest WPC predictionMixtures 11 and 12, and
ensemble L the one with the best results for atke@d mixtures.

A comparison of predicted solid compositions wasoahade. Figure 2 presents the
comparison of solid compositions predicted by erdeni that produced the best
results for Mixtures 7 to 12. The comparison ofdicted solid compositions for other
ensembles is available at Supporting Information.
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Figure 2 — Comparison of solid phase compositionegeted by SS model with experimental data for
Mixture 7 to 12 with Correlations L. (a) Mixture [47]. (b) Mixture 8 [48]. (c) Mixture 9 [48]. (d)
Mixture 10 [49]. (e) Mixture 11 [49]. (f) Mixture Z [49]. (a) Experimental® {GHy,; W CyHsg; &

CosHso ¢ CoeHss. Modeled compositions=—— gH,y; === CoHsoy == = CosHsyy == = CoeHsa (D)
Experimental:® GoH,,; B CyoHyp & CyaHag, # CyeHsg, # CogHeo. Modeled compositions=——  ,gH,»;
"""" CooHaz; = = CogHag, =+ CyeHsa; - CogHeo- () Experimental ®  gHyo; B CigHag, & CyHay,
+ CyHsp, # CyHse Modeled compositions=—— j@Hpy; === CigHzg, — = CouHagy — - CogHso;

CyHse. (d) Experimental ®  H,o B CigHag & CosHag, # CoHse, * CaHesr = CasH7zz. Modeled
compositions: = GgHyp; e CioHag, — - CoaHagy — - CorHsg; CaiHesy — - CasHra(€)
Experimental:® GoH,,; B CigHsg; & CyiHag # CasHeg, # CigHys. Modeled compositions=—— gH,,;
"""" CigHzgy — - GyHas — - CaaHeg, CseHza (f) Experimental: ® GoHz, B CigHzg 4
CoHaz # CagHzo, # CieHza Modeled compositions = jgH5y; === CigHag, =— = CyoHayy — -
CasH7o; CaeH7a

Ensemble A was the one with worst predictions ofGMBr Mixture 7. They also lead
to poor results for solid composition, as it canskeen in Figure 2 and Table 14, which
shows the errors for the comparison between cadbailaand experimental solid
compositions of Mixtures 7 to 12.

Table 14 — Comparison of solid composition generditg SS model with experimental data (Equation
(8), with MAE multiplied by 16), in conjunction with Ensembles A, C, D, J, antbtMixture 7 to 12.

Ensemble A C D J L
Mixture 7 1.71 1.21 1.25 1.30 0.23
Mixture 8 0.87 7.20 0.43 0.44 0.60
Mixture 9 1.81 1.83 1.81 1.76 1.39
Mixture 10 1.27 1.15 1.12 1.08 0.95
Mixture 11 2.13 2.25 2.09 2.12 1.74
Mixture 12 3.60 4.20 3.85 4.02 3.20
Mean 1.90 2.97 1.76 1.79 1.35

According to Table 14, the best predictions for twemposition of Mixture 7 were

obtained by ensemble L, followed by ensembles CanAnsemble L was the one that
predicted a decane composition closest to zercsist@mt with experimental data of
Mixture 7. Correlations used for fusion temperat@&imation of this ensemble
underestimate this property for decane, as canbBereed in Table 2. This fact may
have led to an error compensation between the $®agh employed and the values
predicted by the correlations that are distant frexperimental data of pure
components.



Ensembles A and C were the ones with worse pred&tof solid compositions for
Mixtures 8 to 10. The best results were obtainedihyembles D (best prediction for
Mixture 8), J, and L (best prediction for Mixtur@sand 10).

Ensemble L had better predictions of WPC and smitipositions for Mixtures 11 and
12 (Table 13 and 14). Worse predictions were obthiby ensemble C, which only
predicts the phenomena properly at higher tempestiEnsemble A obtained good
results of WPC for Mixtures 11 and 12, the oppositavhat happened for the other
mixtures. As it was previously exposed, Mixtures drid 12 present two groups of
consecutive n-paraffins, with a significant sizéetence between the two groups.

From Tables 13 and 14 it is possible to statetti@SS approach obtained better results
with ensemble L, followed by ensembles D, and 3,Vil°C and solid compositions.
Ensemble A had the worse results for Mixtures Z@pand Ensemble C for Mixtures
11 and 12. The correlation ensembles analysis agifitinue through comparison of
calorimetric curves with Ensembles D, J, and LidesEnsemble A, that will be kept
in the evaluation because it contains correlattbas provide the best description of the
experimental data of pure components.

Correlations evaluation by calorimetric curves

Six calorimetric curves were selected to evaluéie ¢apability of the correlations
ensembles together with SS and MS approaches licatepthem. The composition of
the selected Mixtures is reported on Table 15.

Table 15 — Mixtures selected for calorimetric csreemparison by SS and MS approaches.

% molar Mixture Mixture Mixture Mixture Mixture Mixture
132 14° 15°¢ 16¢ 17¢ 18°¢
CigHa4 - - - 50.00 34.00 -
CigHas 10.00 - - B _ )
CooHas2 90.00 - - - - -
CooHus { 15.00 - - - -
CosHas - 85.00 - - - -
CoHso - - 26.52 - - 83.30
CaeHsa - - 73.48 - - -
CagHse - - - 32.00 -
CagHg2 ’ ’ ’ ’ ’ 16.70
Cy1Hs4 - - - 50.00 34.00 -

2Fuet al. (2011) [52];° Nouaret al. (1997) [53];° Oliveira (1998) [54] Paunovic and Mehrotra (2000)
(1999) [45].



Calorimetric curves for Mixtures 13, 14 and 15 weredeled by the SS approach since
these mixtures present components with similarssiggure 3 presents the comparison
between experimental curves and the modeled onmeg essembles A, D, J, and L.
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Figure 3 — Comparison of calorimetric curves getegtdy SS approach to experimental data. (a) Méxtur
13. (b) Mixture 14. (c) Mixture 15. Experimentaltddy (a) Fu et al. (2011) [52], (b) Nouar et 4R¥8)
[53], and (c) Oliveira (1998) [54, —®— Experimentalree; = - - Ensemble As====+ Ensemble D;
= :Ensemble J=== Ensemble L.

It can be noticed that experimental curves on EgBrhave two prominent peaks,
related to liquid-solid and solid-solid transitiofs2-54]. The calculated DSC curves
have fewer peaks than the experimental ones. Téssexpected, since a premise for the
SS approach adopted here is the direct transitmm fiquid phase to an ordered solid
phase. The consideration of solid-solid transitonSS model and the possibility of
formation of multiple solid solutions are being died in order to consider these
particularities in future works.

The peaks positions did not differ very much fromecensemble to another, having
inclusive an overlap of ensembles D and J for Mixtd4 (Figure 3(b)). Another

highlight is the position of the calculated curyescomparison with the experimental
ones. The calculated peaks are at higher tempesatinian the experimental for Mixture
13, whose DSC essay was performed with a cooliteg eand the calculated curves for
Mixtures 14 and 15 are at lower temperatures then experimental ones, whose
experimental curves were measured on heating. ddrisbe explained since in a DSC



measurement, the phase transition does not ocawahthermodynamic equilibrium,
what may cause a delay in the position of thermienes when compared to the
calculated, due to kinetic effects neglected inrtizelel.

In order to compare the performance of ensembld3, A, and L, we used the objective
function was calculated by Equation (9). Resules@esented in Table 16.

Table 16 — Objective functions calculated by Eqra(®), comparing modeled calorimetric curves by SS
approach with Ensembles A, D, J and L with expenitalkones for Mixtures 13 [52], 14 [53] and 15 [54]

Ensemble A D J L
Mixture 13 1.6340 2.5697 2.5623 1.5063
Mixture 14 8.1964 8.1924 8.1927 8.2480
Mixture 15 1.6650 2.6148 2.6064 2.4630
Mean 3.8318 4.4590 4.4538 4.0724

The best description of the calorimetric curves aealsieved with Ensembles A and L
for the SS approach.

According to Petitjean et al. (2002) [22], only tuises with great size differences
among its components result in eutectic mixtures. this reason, Mixtures 16 to 18
were selected for the next study, using MS moddleifT calorimetric curves are
presented in Figure 4.
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Figure 4 — Comparison of calorimetric curves getgetdby MS approach with experimental data. (a)
Mixture 16. (b) Mixture 17. (c) Mixture 18. Experémtal data of (a) and (b) [45], and (c) [5 —#*—
Experimental curve; —®*= Experimental curvi= . = Ensemble *:#***Ensemble D;=— -
Ensemble .=== Ensemble L.

The experimental calorimetric curve of Mixture lIi@gents two peaks, and the curve of
Mixture 17 has three, all related to the solid-icjtransition of their components, as

proposed by Paunovic and Mehrotra (2000) [45]. €hesthors observed that despite
the size difference among components of Mixturesad® 17, the solid phases are not
pure, what may explain the discrepancy in the mosinf the second peak of Mixture 16

(from higher to lower temperatures), and secondthind peaks of Mixture 17.

Paunovic and Mehrotra (2000) [45] observed two peatk the calorimetric curve of

pure octacosane, related to solid-liquid and ssdilild transitions. However, the solid-
solid transition of octacosane was not observed Nbxture 17, neither on the

experimental nor on the calculated curve. Theremaasolid-solid transition prediction,

since the correlations estimate these temperataresitions as varying from 328K

(ensemble D) to 332K (ensemble L). These temperatare above the solid-liquid
transition for octacosane (second peaks of Figuré). In other words, when

octacosane precipitates, this component is already temperature below that of the
solid-solid transition, crystallizing directly frothe liquid to the orthorhombic phase.

The calorimetric curve of Mixture 18 presents 3kseaelated, from right to left, to the
solid-liquid transition of GyHs,, the solid-liquid transition of £Hso, and solid-solid
transition of tetracosane. Tetracontane may prassaif in an orthorhombic or rotator
form [17,18]. However, the transition temperatucafculated by the correlations vary
from 350 K (ensemble J) to 356 K (ensemble L), @albigher than the wax appearance
temperature, occurring the direct transition fraquild to orthorhombic phase.

According to Mondieiget al. (2004) [21], tetracosane presents two rotator amel
triclinic phases. However, the thermal effect frootator-ordered phase transition is
preponderant [14,19]. Therefore, only one solidéstreinsition is observed in Figure 4
(c). The curves calculated with ensemble L predictely the solid-liquid transition for
tetracosane since the temperature of solid-sdiusttion estimated by the correlation is
320K for this ensemble, above the precipitationgerature. Other ensembles (A, D,
and J) presented a third peak, because they estigudid-solid transition at lower
temperatures, between 316 and 317 K, which arewbéhe precipitation of this
component.

Although ensembles A, D, and J predicted the ssigd transition for tetracosane, they
were not able to predict its temperature propeflye difference observed might be
related to the fact that the tetracosane solid gohasnot pure, and as the DSC
measurement was made in heating, this transitionaoeur at a temperature above the
one that would be observed for a pure component.

Table 17 compares results obtained by Ensembld3, A, and L with MS approach,
through Equation (9) for Mixtures 16 to 18.



Table 17 — Objective functions calculated by Eqrat{9), comparing modeled calorimetric curves by
MS approach using ensembles A, D, J, and L witiearmental ones for Mixtures 16 and 17 [45], and
Mixture 18 [54].

Ensemble A D J L
Mixture 16 9.8927 8.9344 8.0273 9.4017
Mixture 17 7.7210 7.2780 6.3289 7.1274
Mixture 18 1.8910 1.0693 0.9591 4.1916
Mean 6.5016 5.7605 5.1051 6.9069

Ensembles D and J were those with minimum averadaevfor objective function
calculated by Equation (9), in comparison with e@kpental calorimetric curves for the
MS approach. Ensembles D and J were those withenasults for the SS approach,
considering the value of objective function in twenparison of the calorimetric curves.
The results here reported show that the successafrelation ensemble performance is
highly dependent upon the thermodynamic approaetl (S or SS).

The performance of the correlations for pure conepts was the starting point
of the procedure here proposed. In this first shepbest correlations were collected in
ensemble A. However, we have tested in the nexi #te performance of other
correlations to predict properties that are impdria the study of wax precipitation. In
this case, as there are other effective paramietén® models used, we were testing if a
compensation of errors could lead to the besttesul

This way, the comparisons using the MS model wemportant to test the
hypothesis of pure solids and also to check ifgregliction of the activity coefficients
of the liquid phase are good enough. As set A vaashe best choice for MS this means
that either the solids are not pure or the modetius calculate the activity coefficients
of the liquid phase is not perfect. Further, bytitgsthe SS model that eliminates the
hypothesis of pure solid, we evaluated the preafictif activity coefficients of solid and
liquid phases. As set A was not the best for alisteising SS as well, one may conclude
that at least the model used for the liquid pha#ledses not perform perfectly, even if
there are quite more studies for liquids than @dids in the literature.

Hence, the main message that we want to convelyaisthe problem is still
open. This way, in this paper we show that the risodeed to be improved. Meanwhile
we also showed the sets of correlation that gieeltbst results in each case with the
currently available tools.

Conclusions

Around 60 correlations for prediction of n-paraffi)nroperties were evaluated, in order
to select those that lead to better predictionshefwax precipitation using both the
solid solution (SS) and multisolid (MS) approachédter the comparison with
thermophysical properties of pure components, treetations were combined in 17
ensembles. The performance of these ensembles wasaged comparing the



prediction of wax disappearance temperature (WDAWount of wax precipitated
(WPC), compositions of solid phase and calorimetigves, with SS and MS
approaches.

After WDT comparison, it was concluded that ens@wmbivith correlations that
generated lower values of temperature and enthaldysion were those with worst
predictions: B [13], F [29], and O [7].

For WPC curves by SS approach, the best ensemisid. \\&, followed by ensembles
D [55], and J [9]. For calorimetric curves using t8S approach, the best predictions
were obtained by Ensembles A (equations with miNGBXE in comparison with
experimental data of pure components), and L. Atter comparison of calorimetric
curves by the MS approach, ensemble J producedoélse results. Therefore, the
successful performance of a correlation ensemblemseto depend upon the
thermodynamic approach used (MS or SS) due to cosapen of errors.

Although an extensive study of correlations wasejainis hard to determine which one
is the best ensemble for all situations. Obsertimgensembles quoted above, it can be
noticed that ensembles A, D, J and L produced geasdlts. Thus, their use is
recommended in the prediction of the n-paraffincgi¢éation phenomena, by SS and
MS approaches.
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List of Symbols

Cp — specific heat capacity

AH — enthalpy variation

f — fugacity of component in solution
f — fugacity of pure component
fonj— Objective function

K — equilibrium constant

MW — molecular weight

n — number of carbon atoms
npt — number of points

P — pressure

R — gas universal constant

S - solid phase ratio



T — temperature
X — molar fraction
X — generic property

z — feed composition

Greek Letters

y — activity coefficient

¢ — fugacity coefficient of pure component

¢ — fugacity coefficient of component in solution

Y — fugacity ratio between pure components in satid liquid phases

Subscripts

I — component number

Superscripts

exp — experimental

f — fusion

L — liquid

mod — thermodynamic modeled
p — precipitation

S —solid

t — solid-solid transition

tot — total
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