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Abstract

In this paper, we report densities at two temperatures (303.15 and 323.15) K and
at atmospheric pressure (p = 0.1 MPa) of the binary mixtures containing dimethyl
disulfide and a linear alkanol (methanol, ethanol, 1-propanol or 1-butanol). The
isothermal vapour-liquid equilibrium for these systems was also determined at the same
two temperatures while the pressure range for vapour-liquid equilibrium measurement
depends on both the mixture and temperature considered. The vapour-liquid equilibrium
data were found thermodynamically consistent. From experimental data excess
volumes and excess Gibbs functions were obtained and correlated with composition
using the Redlich-Kister polynomial expansion and the Wilson equation, respectively.
The valuescalculated for both excess propertieswere positive. The excess volumes,

unlike the excess Gibbs functions, increase with the length of the n-alkanol chain.

Keywords:n-Alkanols; Dimethyl disulfide; Isothermal vapour-liquid equilibrium;

Volumetric behaviour.



1. Introduction

In the evolution of the oil industry [1-6],the fractional distillation has been one
of the most important processes. This physical separation technique, based on the
different volatility of the compounds into the mixture, has since been the key step
applied to crude oil refining. During the refining, the petroleum industry products are
generally subjected to hydrotreating steps. These steps involve treating petroleum feeds
in the presence of a hydrotreatment catalyst to remove certain heteroatoms in the
petroleum fractions. Of all the hetero-elements in crude oil, the sulfur has the most
important effects on refiningprocesses[7-10]. Hydrotreatment catalysts are used to
convert organosulfur components to hydrogen sulfide gas (H,S), a process known as
hydrodesulfurization (HDS). However, these catalysts are active in hydrotreatment
operations only in metal sulfides form. Therefore, the sulfurization of these catalysts,
before being used, is an important step to obtain the maximum of their performances in
HDS. Several practical experiments prove that the sulphurization procedure has an
important effect on stability and activity of an hydrotreatment catalyst [11,12].Hallie et
al. [13] reported on these hydrogen sulphurization procedures which are performed
directly in hydrotreating reactors. These different techniques of catalyst sulfidation were
compared and the results show that sulphurization with a liquid feed supplemented with
a spiked feedstock having the property of decomposing at low temperature is the best
sulphurization technique [14]. Dimethyl disulfide (DMDS) is the most frequently used
compound as sulfurizing agent due to its lower cost and higher sulfur content (68%)
[15].Worldwide, there are many hydrotreating units, which produce transportation fuels
containing between 500-3000 parts per million (ppm) sulfur. Nowadays, the stringent,
reduced-sulfur specifications between 10 and 15 ppm, are considered as a difficult

challenge[16].In view of this increasingly stringent environmental requirements for



sulfur content in fuels, there are much research effort has gone into improving refining
procedures. For this reason, it will be necessaryto increase the physicochemical
properties databases of sulfur compounds used in the refining of crude oil. Among these
properties, we were concentrating on the volumetric and vapour-liquid equilibrium

behaviour.

In the present study, we reportexperimental results (densities and vapour
pressures) for the binary systems: dimethyl disulfide + linear alcohol (methanol,
ethanol, 1-propanol or 1-butanol). Densities were measured at two temperatures (303.15
and 323.15 K) and at atmospheric pressure (p = 0.1 MPa). Vapour pressures (isothermal
vapour-liquid equilibrium)were determined at the same temperatures and at variable
pressure range. From the experimental data we have obtained the corresponding
excessmolar volumes and excess Gibbs functions. These excess properties have been
correlated using the Redlich-Kister expansion [17] for excess molar volume and
theWilson equation [18] for excess Gibbs function. A literature survey shows that some
works related with this study have been performed. Zudkevitch et al. [19] measured the
isothermal VLE of dimethyl disulfide + methanol mixture at the temperatures 310.95
and 336.35 K. Uusi-Kyyny et al. [20] determined the isothermal VLE of the dimethyl
disulfide + ethanol system at T = 343.15 K. Recently, we have measured the isobaric

vapour liquid equilibrium of these systems at p=40.000 and 101.325 kPa [21].

2. Experimental section

2.1. Chemicals used

Chemicalspecifications are given in Table 1. Due to the high mass purity of these

chemicals no further treatment of purification was employed. The water content of the



Table 1 Chemical description

Compound CAS No. Source Ma:s;lir“ir?;: o Ar%neilﬁljés con:{a\ﬁ?rppm
Dimethyl disulfide 624-92-0 Aldrich 0.995 GC 364
Methanol 67-56-1 Sigma-Aldrich 0.998 GC 148
Ethanol 64-17-5 Acros 0.998 GC 133
1-Propanol 71-23-8 Sigma-Aldrich 0.998 GC 195
1-Butanol 71-36-3 Sigma-Aldrich 0.999 GC 187

®As stated by the supplier

pure compounds was measured in our laboratory using the Karl-Fischer method with an
automatic titrator (Crison KF 1S-2B).

2.2.  Apparatus and procedure

The densities of the pure liquids and binary mixtures have been measured using
an Anton Paar DMA 5000 densimeter. The cell temperature is controlled by an
integrated Peltier thermostat at £ 0.005 K. The apparatuswas calibrated using ultra-pure
water supplied by the GmbH SH calibration service, and dry air. The uncertainty of
density measurements is 0.05 kg-m™.Mixtures were prepared by mass using a Sartorius
Semimicro balance CP225-D. The uncertainty of the mass determination was 0.01 mg.
In order to avoid variations in composition by evaporation, the samples were prepared
immediately prior to performing measurements and were kept in airtight stopper glass
vials. Taking into account the uncertainty in the water content of puresubstances and

mass determination, the uncertainty in the mole fraction was estimated to be 0.0005.

The vapour pressures of the pure compounds and the phase equilibria of the
binary mixtures was performed using a dynamic ebulliometer (Fischer Labodest),
previously described [21,22], equipped with a Cottrell pump. It is an ebulliometer with
recirculation of both phases, after leaving the separation chamber the vapour phase is

condensed and returned to the liquid phase. The equilibrium pressure was measured by



means of a Digiquartz215A-102 pressure transducer with an uncertainty of 0.05 kPa.
An Automatic Systems Laboratories (model F25) thermometer with a PT100 probewas
employed to determine the equilibrium temperature with an uncertainty 0f0.02 K.Once
the equilibrium was established, samples of both the liquid and condensed vapour
phasewere taken. The corresponding compositions were determined by densitometry,
previously the calibration curves density-composition were obtained. The estimated

uncertainty in mole fraction is 0.002.

3. Results and discussion

3.1.  Pure compounds

In this section, we report data of densities, p,at p= 0.1 MPa and vapour
pressures, p°,forthepure liquids: dimethyl disulfide, methanol, ethanol, 1-propanol and

1-butanol. The working temperatures were 303.15 and 323.15 K.

Table 2 Comparison between experimental and literature values of the pure compounds
properties at the working temperatures. Liquid density, p, at pressure p= 0.1 MPa, and

vapour pressure, p°.2

plkgm? p° / kPa

Compound T=303.15K T=32315K T=303.15K T=32315K

Exp. Lit. Exp. Lit. Exp. Lit. Exp. Lit.
. - 4.916 [24]° 12.39 [24]°

Dimethyl disulfide 1051.136 1051.38 [23] 1028.496 4.925 12.490

4.924[25] 12.44[25]
Methanol 781.808  781.627[26] 762.615 762.581[26] 21.888 21.914 [26] 55.735 55.684 [26]
Ethanol 780.778  781.221[26] 763.601 763.613[26] 10.465 10.555[26] 29.545 29.660 [26]
1-Propanol 795538  79558[27]  779.082  779.11[27] 3.800 3.8526[28] 12.185 12.10[29]
1-Butanol 801.918  801.94[27] 786.607  786.30[27] 1.225 1.200[30] 4.505  4.548[29]

®For density measurements, standard uncertainties are u(T) = 0.005 K, u(p) = 1 kPa, and
the combined expanded uncertainty is Uc(p) = 0.05 kg-m™ with 0.95 level of confidence
(k = 2). For VLE measurements, standard uncertainties are u(T) = 0.02 K and u(p) =
0.05 kPa. ® These densities have been already published in reference [21]. ¢ Correlated

vapour pressures values.



The experimental values are given in Table 2 and they are compared with the
literature [23-30]. Due to the high number of references for methanol and ethanol, we
have chosen for them recommended data from REFPROP (version 9.0) [25]. In general
terms, a good agreement is observed.The average deviation in density is 0.02 %, the
biggest deviation (0.06 % or 0.44 kg-m™) is shown by the density values of ethanol at T
= 303.15 K. On the other hand, the average deviation in vapour pressure is 0.66 %, the
biggest deviation (2 % or 0.025 kPa) is observed for the vapour pressure value of 1-
butanol at T = 303.15 K; it must be taken into account that this value is near to the
lowest vapour pressure measurable in our equipment.These deviations between
experimental and literature values are close to the corresponding experimental

uncertainties.

3.2.  Binary mixtures

3.2.1. Volumetric properties

The densities, p, for the binary mixtures containing dimethyl disulfide and
methanol, ethanol, 1-propanol, or 1-butanol have been measured at T = 303.15 and
323.15 K and at p= 0.1 MPa. These values, which are collected in Table S1 of the
supplementarymaterial, were used to calculate the corresponding excess molarvolumes,
VE, from the following equation:

VE - iximi(l-lj (1)
i=1 P Pi

where x;, M;, and p; are respectively, the mole fraction, the molar mass, and the density
of component i, the densities of the components are in the same physical state as the
mixture [31], andp is the density of the mixture. The calculated excess molar volumes

are also collected in Table S1.



The excess molar volumes have been correlated with composition using the
Redlich-Kister expansion [17]:

VE = xx, > A - xp) (2)

i=0
being x; the mole fraction of component i, and A; the adjustable parameters, which have
been determined using the least square method. These values and the corresponding

standard deviations are shown in Table 3.

The excess molar volumes, VE, as function of the dimethyl disulfidemole
fraction at temperatures 303.15 and 323.15 K are plotted in Figs. 1 and 2,
respectively. These VE plots are not symmetrical, they are slightly shifted to the rich
region in dimethyl disulfide. The VF values increase in the sequence methanol < ethanol
< 1-propanol < 1-butanol, that is, the longer the aliphatic chain of 1-alkanol the greater
excess molar volume. The VE maximum values are also shifted to dimethyl disulfide

following thesamesequence. Moreover, for allthe mixturesthe excessmolar volume

Table 3 Parameters of the Redlich-Kister equation, A;, and standard deviations, o(VF).

T/K Ao 10?3/ As 10?3/ Ay 10?3/ As 10‘;/ o(VF)x 10%
m”-mol m”-mol m”-mol m®-mol m®mol?
Dimethyl disulfide (1) + methanol (2)

303.15 0.2719 0.0691 -0.0610 -0.0239 0.0008
323.15 0.3955 0.0705 -0.0398 0.0401 0.0011
Dimethyl disulfide (1) + ethanol (2)

303.15 0.3927 0.1143 -0.0720 0.0675 0.0010
323.15 0.6642 0.2825 -0.1157 0.0017
Dimethyl disulfide (1) + 1-propanol (2)

303.15 0.5542 0.1895 -0.0488 0.1396 0.0013
323.15 0.9157 0.2869 0.0275 0.3469 0.0019
Dimethyl disulfide (1) + 1-butanol (2)

303.15 0.6605 0.2511 0.0921 0.1947 0.0015

323.15 1.0967 0.3735 0.3062 0.5422 0.0025
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Figure 1. Excess molar volumes, VE, as a function of the mole
fraction, x;, at p = 0.1 MPa and at T = 303.15 K for the binary
mixtures dimethyl disulfide (1) + alkanol (2): () methanol; (@)
ethanol; (A) 1-propanol; (V) 1-butanol.
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Figure 2. Excess molar volumes, VE, as a function of the mole
fraction, x;, at p = 0.1 MPa and at T = 323.15 K for the binary
mixtures dimethyl disulfide (1) + alkanol (2): () methanol; (@)
ethanol; (A) 1-propanol; (V) 1-butanol.



increases with temperature,this increase is similar for the mixtures containing ethanol,

1-propanol and 1-butanol and slightly higher than for the mixture with methanol.

3.2.2. Vapour-liquid equilibrium

The isothermal VLE for the binary systems dimethyl disulfide with methanol,
ethanol, 1-propanol, or 1-butanol have been determined at the temperatures 303.15 and
323.15 K. Experimental data (T, p, X, y;) are listed in Table S2 of the supplementary
material. These values were correlated with the Wilson model [18] based on the

following basic equations:

GE = RT (X1|n}/1 + X2|n}/2) (3)
Xk Ak
Iny; = —In| X xiA; |+1- Y <X 4)
| (J' : ”J < T XjAy
j
Vj Aij = i
Aij = JO exp(- JJ (5)
i RT

in the above equations: GFis the excess Gibbs function; Ris the universal gas constant;T

Is the equilibrium temperature, x;, % and V;" are, respectively, the liquid mole fraction,
the activity coefficient and the liquid molar volume of component i. A; are the
dimensionless model parameters, and (A4; - Ai) denotes the adjustable Wilson
parameters expressed in J-mol™.These latter parameters have been obtained
byminimizing the following objective function [34] in terms of experimental and
calculated pressures:

2
£ 2 pexp _ pcal ©)
= pexp



Taking into account the non-ideality of the vapour phase and the variation of the Gibbs
energies of the pure compounds with pressure, the calculated pressure, p®, have been

determined as follows [33,34]:

(Vi° - Bii)(p - Dio)— @ - vi)? psj

RT

2 [e]
p®? = _leiﬂfi Pi exp (7)
i=

dij = 2Bjj — Bjj — Bj;(8)

where Bjiand Bjare the second virial coefficient of component iand the cross second
virial coefficient, respectively. These values were estimated using the Tsonopoulos
method [35-37]. The other symbols have been previously described.

The correlation results, Wilson parameters and deviations for pressure, Ap, and
vapour phase mole fraction, Ay, are shown in Table 4.The biggest deviations, Ap =
0.038 kPa and Ay=0.0060, indicate that the correlation for these systems is adequate and
that the newly measured VLE data are reliable. According to the test proposed by Van
Ness et al. [38] described by Fredenslund et al. [39], the experimental data are
consistent if Ay<0.01 and as can be sighted in Table 4, all the regarded systems satisfy
this condition.

The pressure-composition diagrams, p-Xi-y1, both experimental and calculated
from the Wilson equation are plotted in Figs. 3-6 along with previous isothermal VLE
results [19, 20]. All the systems, at the two working temperatures, present an azeotrope
whose coordinates (pa;, X14,) are listed in Table 5; the azeotropic coordinates have
obtained taking into account that the pressure-composition diagram must present an

extremumand the composition of bothphases must be equal. As thetemperature
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Figure 4.p-x;-y; diagrams for the binary mixture dimethyl disulfide
(1) + ethanol (2): (O, @) experimental data at T = 303.15 K; (L,
M) experimental data at T = 323.15 K; (——) Wilson correlation;
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Figure 5.p-x;-y;1 diagrams for the binary mixture dimethyl disulfide
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increases, the azeotrope moves to lower dimethyl disulfide compositions. For a given
temperature, the same effect is observed decreasing the carbons number of the n-
alkanol. A direct comparison between our experimental results and previous VLE and
azeotropic data is not possible because the temperatures don’t match. However, as it
can be seen in Figs. 3 and 4, and in Table 5 our VLE and azeotropic results are

consistent with previous information reported for these systems.

Table 4Parameters of the Wilson equation, Ajj-4ii, average deviation in pressure, Ap,

and average deviation in vapour phase composition, Ay.

T/K Ao 1 Imol™  Apy-Ap, 1 J-mol™ Ap / kPa Ay
Dimethyl disulfide (1) + methanol (2)

303.15 1443.76 7200.31 0.038 0.0037
323.15 1036.97 7927.86 0.031 0.0041
Dimethyl disulfide (1) + ethanol (2)

303.15 1392.33 6475.81 0.020 0.0043
323.15 1412.56 5625.98 0.023 0.0026
Dimethyl disulfide (1) + 1-propanol (2)

303.15 1576.84 5033.78 0.021 0.0060
323.15 1400.69 4559.38 0.029 0.0029
Dimethyl disulfide (1) + 1-butanol (2)

303.15 1572.70 4880.46 0.025 0.0033
323.15 1611.80 4046.10 0.026 0.0044

From the correlation of VLE data, we have calculated the excess Gibbs
functions, GF, for the investigated systems and the values are given in Table S2. The
plots of these excess functions versus liquid composition are presented in Figs. 7-8. All
mixtures showpositiveGE values over the whole composition. The excess Gibbs
functions show the maximum values close to the equimolecular composition. At a given
temperature, the excess Gibbs function decreases with the increase in the carbon chain

length of linear alcohols. Except for the system containing methanol, the temperature



effect on GF is small, decreasing slightly with temperature. On the other hand, for
dimethyl disulfide + methanol system, the GF maximum value increases with increasing
temperature from 1308.5 J mol™at T = 303.15 K to 1353.8 J mol™ at T = 323.15 K.
Thermodynamically, all the studied systems show positive deviations from ideal
behaviour over the entire composition range, although for excess molar volume these
deviations are not too high. Excess properties could be explained on one hand
considering energetic factors, the predominance of the weakening interactions (dipole-
dipole interactions in dimethyl disulfide and hydrogen bonding in the alcohols) among
molecules in the pure liquids during the mixing process over the heteroassociation
between unlike molecules [40] leads to positive values. On the other hand, the structural
factors also play an important role, especially in excess molar volume, it can be taken
into account the worst interstitial accommodation with increasing chain length of the

alkanol that leads to higher VF values.

Table 5Azeotropicpressure, paz,and composition, X; z,.%

System T/K Pa; / kPa X1 a2

303.15 22.9 0.135

] o 310.95 [19] 33.0 0.1253
Dimethyl disulfide (1) + methanol (2)

323.15 57.7 0.121

336.35 [19] 96.2 0.0882

303.15 12.3 0.307

Dimethyl disulfide (1) + ethanol (2) 323.15 33.0 0.255

343.15 [20] 78.1 0.199

Dimethyl disulfide (1) + 1 12) 303.15 6.8 0.617

ime isulfide (1) + 1-propano

Y Prop 323.15 18.3 0.544

) o 303.15 5.2 0.888
Dimethyl disulfide (1) + 1-butanol (2)

323.15 13.4 0.836

& Standard uncertainties areu(T) = 0.02 K, u(p) = 0.05 kPa,u(x,) = 0.002.
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4. Conclusions

This work reportedexperimental density data for binary mixtures containing
dimethyl disulfide with C1-C4 n-alkanols at p = 0.1 MPa, and atT=(303.15 and 323.15)
K. For these systems and temperatures, the isothermal vapour liquid equilibrium was
determined and azeotropes were observed. From density values, theexcess molar
volumes were calculated and fitted by a Redlich-Kister polynomial. The phase
equilibrium was correlated using the Wilson equation and the excess Gibbs energies
were obtained. Positive deviations from ideality were obtained both the volumetric and
the phase behavior. The results showed that the declining of the interactions in the pure
compounds is more important than the attraction between different molecules in these

mixtures.

Acknowledgments

This research was supported by Gobierno de Aragon (Grant E31_17R), Fondo de
Desarrollo Regional “Construyendo Europa desde Aragén™ and the Ministry of superior
education and scientific research of Tunisia. The authors would like to thank their

financial assistance.



References

10.

11.

Dawe, R.A.: Modern Petroleum Technology, Vol. 1, Upstream, 6™ Ed. Institute of
Petroleum (2002)

Meyers, A.R.: Handbook of Petroleum Refining Processes, 3" Ed. McGraw-Hill
Education (2003)

Treese, S.A.,Pujado, P. R., Jones, D. S. J.: Handbook of Petroleum Processing, 2™
Ed. Springer (2015)

Speight, J. G.: The Chemistry and Technology of Petroleum, 4™ Ed. CRC Press
(2006)

Gary, J. H.,Handwerk, G. E., Kaiser, M. J.: Petroleum Refining: Technology and
Economics, 5™ Ed. CRC Press (2007)

Leffler, L.W.: Leffler, Petroleum Refining in Nontechnical Language, 4™ Ed.
PennWell Books(2008)

Hoffert, W.H., Wendtner, K.. Reaction of sulphur, hydrogen sulphide, and
mercaptans with saturated hydrocarbons. J. Inst. Pet. 35, 171-192 (1949)
Vistisen, P.@., Zeuthen, P.: Reactions of organic sulfur and nitrogen compounds
in the FCC pretreater and the FCC unit. Ind. Eng. Chem. Res. 47, 8471-8477
(2008)

Stratiev, D. S., Shishkova, I., Tzingov, T., Zeuthen, P.: Industrial investigation
on the origin of sulfur in fluid catalytic cracking gasoline. Ind. Eng. Chem. Res.
48, 10253-10261 (2009)

Sapei, E., Pokki, J. P., Uusi-Kyyny, P., Keskinen, K. I., Alopaeus, V.: Isobaric
vapour—liquid equilibrium for binary systems containing benzothiophene. Fluid
Phase Equilib. 307, 180-184 (2011)

Little, D. M.: Catalytic Reforming, Penn Well Publishing Company (1985)


https://www.wiley.com/en-us/Modern+Petroleum+Technology%2C+Volume+1%2C+Upstream%2C+6th+Edition-p-9780470850213
https://www.bookdepository.com/publishers/Pennwell-Books

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Topsege, H., Clausen, B. S., Massoth, F. E.: Hydrotreating Catalysis Science and
Technology, Springer-Verlag: New York (1996)

Hallie, H.: Experience reveals best presulfiding techniques for HDS catalysts.
Hydrodesulfurization catalysts. Oil Gas J. 20, 69-74 (1982)

Koseoglu, O. R., Bourane, A.: Integrated hydrotreating and oxidative
desulfurization process, Saudi Arabian Oil Company (2014)

http://www.reactor-resources.com (2013).

Koseoglu, O. R.: Integrated hydrotreating and isomerization process with aromatic
separation, United States Patent Application (2013)

Redlich, O., Kister, A. T.: Algebraic representation of thermodynamic properties
and the classification of solutions. Ind. Eng. Chem. 40, 345-348 (1948)

Wilson, G.M.: Vapor-liquid equilibrium. XI. A new expression for the excess free
energy of mixing. J. Am. Chem. Soc. 86, 127-130 (1964)

Zudkevitch, D., Forman, A. L., Deatherage, W. G.: Vapor-liquid equilibrium in
binary mixtures of ortho-dichlorobenzene + N-methyl-2-pyrrolidone and methanol +
dimethyl disulfide. AIChESymp. Ser. 86, 47-61 (1990)

Uusi-Kyyny, P., Sapei, E., Pokki, J. P., Pakkanen, M., Alopaeus, V.: Vapor-liquid
equilibrium for dimethyl disulfide + butane, + trans-but-2-ene, + 2-methylpropane,
+ 2-methylpropene, + ethanol, and 2-ethoxy-2-methylpropane. J. Chem. Eng. Data
56, 2501-2510 (2011)

Ben Mahdoui, N., Artigas, H.,Lafuente, C., Hichri, M., Khattech, I.: Isobaric vapor—
liquid equilibrium for the binary systems dimethyl disulfide + C1-C4 n-alkanol at

40.000 and 101.325 kPa. J. Chem. Eng. Data62, 2037-2043 (2017)


http://www.reactor-resources.com/
http://pubs.acs.org/author/Ben+Mahdoui%2C+Najla
http://pubs.acs.org/author/Artigas%2C+H%C3%A9ctor
http://pubs.acs.org/author/Lafuente%2C+Carlos
http://pubs.acs.org/author/Hichri%2C+Monia
http://pubs.acs.org/author/Khattech%2C+Ismail

22.

23.

24.

25.

26.

27.

28.

Anton, V., Lopez, M. C., Giner, B., Lafuente, C.: Phase equilibrium of binary
mixtures of n-hexane + branched chlorobutanes: experimental results and group
contribution predictions. J. Chem. Eng. Data 59, 3017-3024 (2014)

Haines, W.E., Helm, R.V., Bailey, C.W., Ball, J. S.: Purification and properties of
ten organic sulfur compounds. J. Phys. Chem. 58, 270-278 (1954)

Von Niederhausern, D. M., Wilson, G.M., Giles, N.F.: Critical point and vapor
pressure measurements for 17 compounds by a low residence time flow method. J.
Chem. Eng. Data 51, 1990-1995 (2006)

Scott, D. W., Finke, H. L., Gross, M. E., Guthrie, G. B., Huffman, H. M.: 2,3-
Dithiabutane: low temperature heat capacity, heat of fusion, heat of vaporization,
vapor pressure, entropy and thermodynamic functions. J. Am. Chem. Soc.72, 2424-
2430 (1950)

Lemmon, E. W., Huber, M. L., McLinden, M. O.: NIST Standard Reference
Database 23: Reference Fluid Thermodynamic and Transport Properties-
REFPROP, Version 9.0, National Institute of Standards and Technology, Standard
Reference Data Program, Gaithersburg (2010)

Iglesias-Silva, G. A., Guzman-Loépez, A., Pérez-Duran, G., Ramos-Estrada, M.:
Densities and viscosities for binary mixtures of n-undecane + 1-propanol, + 1-
butanol, + 1-pentanol, and + 1-hexanol from 283.15 to 363.15 K at 0.1 MPa. J.
Chem. Eng. Data 31, 2682-2699 (2016)

Safarov, J., Verevkin, S. P., Bich, E., Heintz, A.: Vapor pressures and activity
coefficients of n-alcohols and benzene in binary mixtures with 1-methyl-3-
butylimidazolium octyl sulfate and 1-methyl-3-octylimidazolium tetrafluoroborate.

J. Chem. Eng. Data 51, 518-525 (2006)



29.

30.

31.

32.

33.

34.

35.

36.

Wysoczanska, K., Calvar, N., Macedo, E.A.: (Vapour + liquid) equilibria of alcohol
+ 1-methyl-1-propylpiperidinium triflate ionic liquid: VPO measurements and
modelling. J. Chem. Thermodyn. 97, 183-190 (2016)

Grygorian, Z. L., Kazoyan, E. A., Markaryan, Sh. A.: Thermodynamics of liquid-
vapour phase equilibrium in dimethyl sulfoxide - alkanolsystems in the range of
293.15 - 323.15 K. Russ. J. Phys. Chem. 89, 1790-1794 (2015)

Privat, R., Jaubert, J.-N.: Discussion around the paradigm of ideal mixtures with
emphasison the definition of the property changes on mixing. Chem. Eng. Sci. 83,
319-333 (2012)

Silverman, N., Tassios, D.: Prediction of multicomponent vapor-liquid equilibrium
with the Wilson equation: effect of the minimization function and of the quality of
binary data. Ind. Eng. Chem. Proc. Des. Dev. 23, 586-589 (1984)

Smith, J. M., Van Ness, H. C., Abbott, M. M.: Introduction to Chemical
Engineering Thermodynamics, 5" Ed. McGraw-Hill Education (1996)

Villa, S., Garriga, R., Pérez, P., Gracia, M., Gonzalez, J. A., de la Fuente, I. G.,
Cobos, J. C.: Thermodynamics of mixtures with strongly negative deviations from
Raoult’s law: Part 9. Vapour-liquid equilibria for the system 1-propanol + di-n-
propylamine at six temperatures between 293.15 and 318.15 K. Fluid Phase Equilib.
231, 211-220 (2005)

Tsonopoulos, C.: Empirical correlation of second virial coefficients. AIChE J. 20,
263-273 (1974)

Tsonopoulos, C., Heidman, J. L.: From the virial to the cubic equation of state. Fluid

Phase Equilib. 57, 261-270 (1990)



37. Tsonopoulos, C., Dymond, J. H.: Second virial coefficients of normal alkanes, linear
1-alkanols (and water), alkyl ethers, and their mixtures. Fluid Phase Equilib. 133,
11-34 (1997)

38. Van Ness, H. C., Byer, S. M., Gibbs, R. E.: Vapor-liquid equilibrium: 1. An
appraisal of data reduction methods. AIChE J. 19, 238-244 (1973)

39. Fredenslund, A., Gmehling, J., Rasmussen, P.: Vapour-Liquid Equilibria Using
UNIFAC, Elsevier: Amsterdam (1977)

40. Almasi, M.: Thermodynamic properties of binary mixtures containing N,N-dimethyl
acetamide + 2-alkanol: experimental data and modeling. J. Chem. Eng. Data 59,

275-281 (2014)



SUPPLEMENTARY MATERIAL

Volumetric behaviour and vapour-liquid equilibrium of

dimethyl disulfide + n-alkanols binary mixtures

Najla Ben Mahdoui *°, Manuela Artal ®, Carlos Lafuente ®*, Monia Hichri?

% Université de Tunis EL Manar, Faculté des Sciences, Département de Chimie,
Laboratoire des Matériaux, Cristallochimie et Thermodynamique Appliquée,
LR15ES01, 2092 Tunis, Tunisia.

® Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Zaragoza,

50009 Zaragoza, Spain.

* Corresponding author, e-mail: celadi@unizar.es



mailto:celadi@unizar.es

Table S1
Experimental densities,p and calculated excess molar volumes,VE for the dimethyl

disulfide(1) + 1-alkanol (2) systems at p = 0.1 MPa and at the working temperatures.®

VEx 108/ 3 VEx 108/

-3 -
bel plkgm mmol™ X1 p/lkgm me-mol™

Dimethyl disulfide (1) + methanol (2) at T = 303.15 K

0.0000 781.808 0.6353 994.210 0.0666
0.0378 802.980 0.0071 0.6992 1006.041 0.0609
0.1106 839.060 0.0180 0.7999 1022.904 0.0455
0.2057 878.572 0.0353 0.9141 1039.770 0.0220
0.3271 919.701 0.0543 0.9501 1044.675 0.0120
0.4110 943.552 0.0616 1.0000 1051.136

0.5036 966.452 0.0676

Dimethyl disulfide (1) + methanol (2) at T=323.15 K

0.0000 762.615 0.6353 971.797 0.0965
0.0378 783.431 0.0088 0.6992 983.531 0.0890
0.1106 818.823 0.0287 0.7999 1000.296 0.0677
0.2057 857.640 0.0555 0.9141 1017.087 0.0361
0.3271 898.164 0.0805 0.9501 1021.995 0.0214
0.4110 921.685 0.0913 1.0000 1028.496

0.5036 944.315 0.0986

Dimethyl disulfide (1) + ethanol (2) at T = 303.15 K

0.0000 780.778 0.6021 967.928 0.0991
0.0560 802.994 0.0098 0.7048 991.584 0.0904
0.1139 824.617 0.0244 0.7984 1011.726 0.0718
0.2142 859.315 0.0475 0.8982 1031.854 0.0426
0.3162 891.369 0.0733 0.9508 1041.944 0.0241
0.4047 916.973 0.0894 1.0000 1051.136

0.5111 945.419 0.0982

Dimethyl disulfide (1) + ethanol (2) at T = 323.15 K

0.0000 763.601 0.6021 946.119 0.1705
0.0560 785.279 0.0164 0.7048 969.342 0.1592
0.1139 806.374 0.0379 0.7984 989.208 0.1304
0.2142 840.142 0.0792 0.8982 1009.271 0.0721

0.3162 871.401 0.1175 0.9508 1019.346 0.0370



Table S1.Continuation

X plkgm? \n/;xmlé):{ X1 plkgm?® \n/;xmlé):{

0.4047 896.338 0.1466 1.0000 1028.496
0.5111 924.087 0.1665

Dimethyl disulfide (1) + 1-propanol (2) at T = 303.15 K
0.0000 795.538 0.6094 959.857 0.1423
0.0525 811.178 0.0118 0.7108 984.358 0.1308
0.1132 828.807 0.0323 0.8048 1006.529 0.1054
0.1928 851.313 0.0606 0.9125 1031.308 0.0611
0.3107 883.505 0.0985 0.9538 1040.685 0.0363
0.4164 911.286 0.1272 1.0000 1051.136
0.5103 935.259 0.1397

Dimethyl disulfide (1) + 1-propanol (2) at T = 323.15 K
0.0000 779.082 0.6094 938.494 0.2349
0.0525 794.254 0.0220 0.7108 962.431 0.2191
0.1132 811.330 0.0563 0.8048 984.163 0.1828
0.1928 833.106 0.1039 0.9125 1008.632 0.1099
0.3107 864.262 0.1673 0.9538 1017.971 0.0669
0.4164 891.202 0.2119 1.0000 1028.496
0.5103 914.517 0.2311

Dimethyl disulfide (1) + 1-butanol (2) at T = 303.15 K
0.0000 801.918 0.6197 952.724 0.1725
0.0549 815.025 0.0205 0.7046 974.140 0.1637
0.1120 828.678 0.0439 0.8031 999.294 0.1391
0.2002 849.860 0.0788 0.8988 1024.135 0.0940
0.3049 875.149 0.1185 0.9505 1037.819 0.0530
0.4133 901.564 0.1511 1.0000 1051.136
0.5123 925.964 0.1673

Dimethyl disulfide (1) + 1-butanol (2) at T = 323.15 K
0.0000 0.6197 931.991 0.2870
0.0549 799.243 0.0343 0.7046 952.767 0.2749
0.1120 812.370 0.0754 0.8031 977.163 0.2459
0.2002 832.733 0.1360 0.8988 1001.530 0.1701

0.3049 857.051 0.2027 0.9505 1015.087 0.1001



Table S1.Continuation

) VEx 10% ) VEx 10%
X1 plkgm’ m*-mol™ X1 plkgm’ m*-mol™
0.4133 882.514 0.2536 1.0000 1028.496
0.5123 906.099 0.2777

& Standard uncertainties areu(T) = 0.005 K,u(p)= 1 kPa, and u(x;) = 0.0005, and the combined

expanded uncertainty isU.(p)= 0.05 kg-m™ with 0.95 level of confidence (k = 2).



Table S2

Isothermal VLEfor dimethyl disulfide(1) + 1-alkanol (2) systemsat the working
temperatures. Experimental data: equilibrium pressure, p, liquid-phase, x;, and vapor-
phase, y;,mole fractions. Calculated properties:activity coefficients, » and excess Gibbs

function,GE. 2

p/ kPa X1 Vi 7 7 Gt/ J-mol™

Dimethyl disulfide (1) + methanol (2) at T = 303.15 K
21.880 0.0000 0.0000
22.430 0.0336 0.0526 7.532 1.004 179.6
22.700 0.0611 0.0940 6.471 1.011 313.7
22.885 0.0796 0.1011 5.892 1.018 397.9
22.930 0.1941 0.1516 3.694 1.095 823.8
22.775 0.2281 0.1634 3.305 1.128 921.9
22.660 0.2756 0.1713 2.873 1.183 1039.3
22.490 0.3305 0.1803 2.489 1.259 1147.7
22.250 0.4223 0.1907 2.025 1.425 1267.0
21.970 0.5437 0.1964 1.619 1.757 1308.5
21.610 0.6455 0.2082 1.387 2.206 1239.2
21.395 0.6743 0.2166 1.333 2.381 1201.3
20.360 0.8116 0.2317 1.134 3.836 895.3
19.715 0.8490 0.2414 1.093 4.588 770.4
17.410 0.9177 0.2754 1.034 7.049 482.1
12.955 0.9657 0.3672 1.007 10.850 223.6
9.990 0.9818 0.4882 1.002 13.061 123.3
7.285 0.9926 0.6705 1.000 15.036 51.5
4.925 1.0000 1.0000

Dimethyl disulfide (1) + methanol (2) at T = 323.15 K
55.735 0.0000 0.0000
56.680 0.0276 0.0424 6.763 1.002 146.9
57.300 0.0549 0.0745 5.946 1.008 282.0
57.550 0.0790 0.0943 5.353 1.015 393.3
57.710 0.1276 0.1236 4.423 1.038 596.3
57.205 0.2241 0.1558 3.231 1.109 921.9
56.810 0.2767 0.1695 2.798 1.164 1059.4
56.410 0.3210 0.1755 2.507 1.219 1154.5

55.310 0.4452 0.1937 1.928 1.435 1323.7



Table S2. (Continuation)

p / kPa Xy Vi " % GE/Jmol?
54.240 0.5589 0.1985 1.583 1.751 1353.8
53.675 0.6245 0.2096 1.434 2.020 1315.0
52.575 0.7094 0.2144 1.280 2.540 1198.6
50.765 0.8011 0.2285 1.151 3.536 977.9
48.770 0.8547 0.2458 1.091 4.579 794.5
34.080 0.9622 0.3528 1.009 10.471 262.4
29.455 0.9743 0.4238 1.005 12.072 184.0
20.910 0.9895 0.5900 1.001 14.808 78.3
15.645 0.9965 0.8063 1.000 16.460 26.6
12.490 1.0000 1.0000

Dimethyl disulfide (1) + ethanol (2) at T = 303.15 K
10.465 0.0000 0.0000
11.075 0.0362 0.0820 5.510 1.003 162.2
11.705 0.0904 0.1703 4.524 1.016 380.5
11.890 0.1158 0.1961 4.158 1.026 473.1
12.105 0.1550 0.2322 3.684 1.046 604.4
12.220 0.1895 0.2563 3.337 1.067 708.7
12.290 0.2238 0.2686 3.044 1.093 802.2
12.330 0.2886 0.2969 2.598 1.154 952.0
12.340 0.3193 0.3073 2.425 1.190 1010.9
12.300 0.3540 0.3157 2.253 1.235 1068.4
12.240 0.4290 0.3317 1.947 1.357 1159.4
12.205 0.4782 0.3424 1.784 1.458 1194.3
12.145 0.5330 0.3493 1.631 1.599 1209.7
12.005 0.5878 0.3573 1.501 1.778 1199.4
11.885 0.6703 0.3683 1.339 2.158 1132.7
11.630 0.7519 0.3882 1.212 2.761 999.9
11.435 0.8029 0.4050 1.147 3.357 878.4
11.130 0.8560 0.4202 1.089 4.327 714.7
9.310 0.9487 0.5161 1.016 8.445 313.0
7.895 0.9735 0.6180 1.005 11.059 172.2
6.600 0.9873 0.7322 1.001 13.231 85.6
4.925 1.0000 1.0000



Table S2.(Continuation)

p / kPa Xy Vi " % GE/Jmol?
Dimethyl disulfide (1) + ethanol (2) at T = 323.15 K

29.545 0.0000 0.0000
30.855 0.0376 0.0738 4.999 1.003 169.8
31.980 0.0872 0.1426 4.197 1.014 371.3
32.475 0.1223 0.1753 3.751 1.028 499.3
32.745 0.1524 0.2000 3.429 1.043 599.8
32.915 0.1869 0.2201 3.113 1.063 704.7
32.975 0.2232 0.2394 2.832 1.090 803.6
33.055 0.2595 0.2595 2.592 1.121 891.1
32.930 0.3212 0.2734 2.259 1.186 1014.0
32.845 0.3535 0.2816 2.114 1.227 1065.5
32.670 0.4293 0.2998 1.832 1.345 1152.5
32.400 0.4870 0.3123 1.662 1.460 1186.5
32.085 0.5386 0.3252 1.533 1.589 1193.0
31.755 0.5916 0.3335 1.421 1.754 1175.6
31.175 0.6696 0.3438 1.285 2.084 1103.2
30.550 0.7282 0.3641 1.202 2.436 1009.8
29.785 0.7811 0.3760 1.138 2.878 893.9
27.705 0.8622 0.4181 1.062 3.974 650.5
23.605 0.9311 0.5029 1.018 5.769 369.4
20.005 0.9626 0.6018 1.006 7.172 213.1
16.225 0.9843 0.7625 1.001 8.540 93.4
12.490 1.0000 1.0000

Dimethyl disulfide (1) + 1-propanol (2) at T = 303.15 K
3.800 0.0000 0.0000
4.505 0.0373 0.1771 4.539 1.002 147.8
5.090 0.0755 0.2899 4.039 1.009 287.3
5.420 0.1163 0.3787 3.598 1.022 423.3
5.885 0.1629 0.4273 3.183 1.042 562.7
6.020 0.1912 0.4528 2.968 1.058 639.3
6.325 0.2469 0.4953 2.611 1.097 772.6
6.545 0.3070 0.5257 2.300 1.151 890.7
6.665 0.3635 0.5477 2.062 1.217 977.5
6.760 0.4203 0.5665 1.863 1.299 1041.2



Table S2.(Continuation)

p / kPa Xy Vi " % GE/Jmol?
6.820 0.5046 0.5891 1.626 1.461 1091.1
6.845 0.5614 0.6003 1.496 1.607 1093.8
6.855 0.6200 0.6169 1.381 1.802 1069.0
6.470 0.8890 0.7102 1.047 4.509 524.2
6.185 0.9328 0.7605 1.019 5.931 346.9
4.925 1.0000 1.0000
Dimethyl disulfide (1) + 1-propanol (2) at T = 323.15 K

12.185 0.0000 0.0000

13.625 0.0370 0.1355 3.931 1.002 141.2
14.450 0.0669 0.2095 3.625 1.006 247.6
15.565 0.1127 0.2873 3.227 1.018 3974
16.405 0.1576 0.3497 2.901 1.035 529.1
17.010 0.2031 0.3891 2.623 1.058 647.5
17.405 0.2483 0.4288 2.388 1.088 750.4
17.825 0.3120 0.4567 2.112 1.141 870.4
18.035 0.3635 0.4822 1.928 1.195 946.1
18.225 0.4363 0.5051 1.711 1.294 1020.2
18.295 0.4963 0.5281 1.565 1.400 1051.8
18.390 0.5633 0.5469 1.427 1.552 1054.5
18.275 0.6150 0.5627 1.338 1.704 1031.9
18.215 0.6695 0.5756 1.256 1.909 983.7
17.945 0.7531 0.6077 1.152 2.360 856.8
17.545 0.8283 0.6416 1.081 3.014 681.6
16.625 0.8992 0.6962 1.031 4.065 454.3
15.290 0.9493 0.7797 1.009 5.332 250.5
12.490 1.0000 1.0000

Dimethyl disulfide (1) + 1-butanol (2) at T = 303.15 K

1.225 0.0000 0.0000

1.765 0.0301 0.3250 3.959 1.001 107.3
2.345 0.0707 0.5165 3.588 1.006 242.6
3.060 0.1255 0.6350 3.167 1.020 408.6
3.415 0.1599 0.6840 2.941 1.033 503.1
4.025 0.2443 0.7503 2.483 1.078 703.2
4.275 0.2954 0.7730 2.259 1.116 802.3



Table S2.(Continuation)

p / kPa Xy Vi " % GE/Jmol?
4.490 0.3486 0.7957 2.059 1.167 887.7
4.660 0.4079 0.8067 1.869 1.238 961.0
4.795 0.4619 0.8221 1.720 1.319 1007.2
4.835 0.5146 0.8302 1.593 1.419 1032.5
4.950 0.5517 0.8363 1.513 1.505 1038.2
5.010 0.5899 0.8435 1.439 1.610 1033.1
5.085 0.6397 0.8500 1.351 1.779 1008.9
5.105 0.6889 0.8550 1.275 1.997 964.2
5.110 0.7282 0.8591 1.220 2.223 912.3
5.120 0.7750 0.8644 1.162 2.578 830.1
5.130 0.8083 0.8665 1.125 2.917 756.8
5.150 0.8428 0.8722 1.090 3.381 666.3
5.150 0.8718 0.8791 1.065 3.904 577.6
5.140 0.9166 0.8930 1.031 5.118 414.3
5.140 0.9480 0.9188 1.014 6.499 277.7
4.925 1.0000 1.0000
Dimethyl disulfide (1) + 1-butanol (2) at atT = 323.15 K

4.505 0.0000 0.0000

6.430 0.0492 0.3329 3.439 1.003 170.9
8.635 0.1294 0.5262 2.880 1.021 415.3
9.625 0.1775 0.5944 2.611 1.039 541.9
10.445 0.2298 0.6456 2.362 1.066 662.6
11.255 0.2879 0.6755 2.128 1.105 775.8
11.930 0.3653 0.7076 1.871 1.177 892.2
12.195 0.4063 0.7243 1.756 1.224 937.6
12.505 0.4641 0.7378 1.614 1.307 982.1
12.705 0.5134 0.7544 1.508 1.394 1001.4
12.825 0.5481 0.7595 1.442 1.467 1004.2
12.935 0.5834 0.7707 1.380 1.554 997.8
13.105 0.6296 0.7826 1.307 1.690 974.6
13.240 0.6883 0.7930 1.226 1.912 919.5
13.300 0.7346 0.8088 1.170 2.144 854.3
13.410 0.7771 0.8192 1.126 2.418 776.2
13.420 0.8084 0.8315 1.097 2.673 706.7



Table S2.(Continuation)

p / kPa Xy Vi 7 % GE/Jmol?
13.450 0.8441 0.8422 1.068 3.040 613.9
13.390 0.8728 0.8575 1.047 3.416 528.1
13.320 0.9178 0.8840 1.022 4.228 371.1
13.100 0.9574 0.9195 1.006 5.306 207.4
12.490 1.0000 1.0000

& Standard uncertainties are u(T) = 0.02 K,u(p) = 0.05kPa,u(x,) = 0.002, and u(y,) = 0.002.
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