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Fan Zhan@”® Pascal ThéveneuElise El Ahmaf, Xavier Canef, Chien-Bin Sod,

Christophe Coquelét

MINES ParisTech, PSL - Research University, CTRAt® Thermodynamique des

Procédés, 35 rue Saint Honoré, 77300 Fontainebfeance
PPROCESSIUM, CEI 3, 62 Boulevard Niels Bohr, 6960Bevrbanne, France

Abstract

An improved apparatus based on the static-anaiygthod for reliable vapor-liquid
equilibrium (VLE) data measurement is presentedthis work. It has been applied to
investigate systems containing organic sulfur commois. New sampling mechanisms were
combined with ROLSIM capillary samplers to achieve on-line samplingoth vapor and
liquid phases in a pressure range between 0.1 @il Phase samples were directly sent to
a gas chromatograph for composition analysis. Tipeipenent was tested against other
commonly used experimental methods in this pressurge on thenfbutane + ethanol) and
(diethyl sulfide + ethanol) systems. The obtainatadvere correlated by Wilson model and
compared with existing data. The improved apparafissshown comparable performances to
existing methods, while showing some advantagesh sas completePTxy phase
measurements and less product consumption. Afeewvdtidation step, additional VLE data
for binary systems of interest, (diethyl sulfidex-butane) and (1-pentanethiol + 1-pentanol),

were reported and modeled in this work.

Key words: in-situ sampling, ROLY{ capillary sampler, gas chromatography analysig, lo

pressure, organic sulfur compounds



1. Introduction

Accurate knowledge of phase diagrams is of gregbitance in chemical engineering.
It serves as the basis for separation processrdésig. distillation and extraction) and ensures
a proper selection of equipment and operating d¢mmd. Experimental data and
thermodynamic models are part and parcel of unaiedstg phase behavior and
thermodynamic properties; hence high-quality experntal data and reliable techniques

continue to be highly regarded in industries [1].

Organic sulfur compounds, such as thiols and sdfidare commonly found as
impurities in crude oils, as well as in productsnir petroleum refining processes [2]. As the
regulations for sulfur contents in market fuels gedting stricter [3], the sulfur removal
processes need to evolve accordingly. However, rerpatal data for organic sulfur
compounds are rare, especially for those havingtively long carbon chains (> 3C). We
assume there is a lack of adapted techniques fgooMaquid Equilibrium (VLE)
measurement using analytic methods like gas chagregbhy. Moreover, dealing with sulfur
component, which can be toxic, in a laboratory escadeds appropriate apparatus design to
ensure operation security without losing data aoyr The suggested solution consists in

using equipment based on the “static-analytic” roéth

In this work, we focus on the development of newipopent for experimental
acquisition of VLE data at low pressure. In effesipst experimental data for systems
containing organic sulfur compounds (> 3C) are imitlow pressure (from sub-atmospheric
pressures to several bar). In this pressure region/iterature survey has revealed that the
most commonly used technique is the total-pressug@surement method [4,5], which is also
known as the “static-synthetic’ method. By meagyrine equilibrium pressure of a multi-

phase mixture of known global composition at isatie conditions, one may deduce phase



compositions by using material balance [6]. Withg@imtase sampling, the static-synthetic
method requires thermodynamic models to performen@tbalance calculations. The chosen
thermodynamic models therefore may influence thgeamental results. At pressures around
or under 1 bar, glass dynamic circulation stillsgsknown as ebulliometers) are widely used.
They are able to provide complete VLE da@axy). Some authors suggested using stainless
steel [7-10], instead of glass, to extend the appbns up to several bar. Although these
apparatuses have shown promising results, they switk typical limitations of circulation
stills, such as large system volume and condeneeling duty. They act as feasible

alternatives only in selected applications.

The “static-analytic” method consists of taking gdes from all coexisting phases in an
equilibrium cell, and analyzing sample compositi¢dls Thus, both vapor and liquid phase
compositions are experimentally determined. Contparigh the static-synthetic method, the
static-analytic method does not require data reolictia thermodynamic models. In-situ
sampling from a closed cell dispenses with phasrilation and condensation which are vital
for a circulation still. Thus, chemical consumptiand operation risk may be reduced by the
static-analytic method. For these reasons, thestaalytic method seems more suitable for

VLE measurements involving organic sulfur compounds

Since the publication of the first static-analyggparatus designed in our laboratory [11],
development has been made to extend its applicatiangier et al. [12] used a variable
volume cell in order to measure simultaneously \Wd#&ta and volumetric properties. Baba-
Ahmed et al. [13] suggested an apparatus for measnts under cryogenic conditions (down
to 77 K). The equilibrium cell was thereafter radasd by Houssin-Agbomson et al. [14].
Guilbot et al. [15] described in detail the Rapich-One Sampler-Injector (ROL3Y)
allowing in-situ withdrawals of microliters of presamples. It has been used for numerous

measurements afterwards [16-19]. The sampling @radhieved through the ROLY|



sampler, as long as the cell pressure exceedoththe carrier gas for gas chromatograph
(GC), usually around 3 bar. At pressures lower tBdrar, the lack of pressure driving force
would make this sampling mechanism fail, as thei@amgas would enter the cell and
contaminate the contents. Consequently, measuremerder 3 bar have always posed

sampling difficulties for our laboratory.

In order to develop an experimental apparatus adapi organic sulfur compounds and
to cover the pressure gap under 3 bar, we haveogpedpnew sampling mechanisms for
ROLSI™ capillary sampler to allow in-situ phase sampliigoressures lower than 3 bar. The
improved static-analytic apparatus is capable aisugngPTxyequilibrium data from 0.1 up
to 10 bar. In this work, the newly developed apperas presented while highlighting the
modified samplers. The latter is validated by meaguVLE data of two well-documented
binary systemsnftbutane + ethanol) and (diethyl sulfide + ethan®he obtained data are
correlated through the Wilson equation [20] witha8®-Redlich—-Kwong equation of state
(SRK EO0S) [21] for vapor phase, and compared wits¢ determined by other experimental
methods in the open literature. After the validatstep, additional VLE data are reported for
two binary systems containing organic sulfur commutsu (diethyl sulfide h-butane) and (1-

pentanethiol + 1-pentanol). The newly measured alaalso correlated by Wilson model.

2. Description of the apparatus

The “classic” static-analytic apparatus described by LaugierRiction [11] acts as the
starting point for our development. The essentmdfiguration of the classic static-analytic
type apparatus is retained. The equilibrium cefiststs of a sapphire tube tightly sealed by
two titanium flanges at the top and bottom. Iteinal volume is approximately 100 mL.

Three valves connected to the cell permit loadoligcharging, degassing and evacuation



operations. The equilibrium cell is immersed inharimo-regulated liquid bath (LAUDA
Proline RP 3530 C). A variable-speed stirrer indside cell accelerates the mass transfer
between phases and reduces the time needed tova@dkdgilibrium. In order to ensure
accurate temperature measurements in the equiibrell and to check for thermal gradients,
temperature is measured at the top and bottomdtatigough two 10Q platinum resistance
thermometer probes. Pressures are measured bypiteesure transducers (General Electric,
model UNIK 5000) of which the maximum absolute ptess are 0.35 bar, 1 bar and 10 bar,
respectively. The pressure transducers are maadaat a constant temperature (353 K
throughout this work) by means of a PID regulaMMEST instrument, model 6100). Both
temperature and pressure signals from the sensergsamsmitted to a data acquisition unit
(Agilent 34972A) which is linked to a computer f@cord. Sample analysis is carried out by
a gas chromatograph (Perichrom, model PR-2100)ppqdi with a thermal conductivity
detector (TCD). Peak integration and analysis rfopmed using the data acquisition software

WINILAB III (Perichrom, France).

Two ROLSI™ capillary samplers are installed to perform in+siampling. The samples
are firstly sent to a thermo-regulated transfee limd then swept to the GC by carrier gas for
composition analysis. To carry out phase samplirqgressures lower than 3 bar, we made the

following adaptations, respectively for liquid amabor phases.

For liquid phase, a small cylindrical chamber (P& yrilled in the bottom flange. The
chamber is equipped with a piston and connectatigcequilibrium cell through a capillary
(see Figure 1). A small amount of liquid phase banwithdrawn via suction, and then
compressed after the valve, V6 closed, in order to generate the pressure rdyiorce
required to sample through the liquid ROLSIsampler (LS). The pressure exerted for
compression can be regulated via a manometer. fsfking the desired number of samples,

the remaining liquid in the PVT chamber is pushedkbinto the equilibrium cell. The



assembly of PVT chamber and RO capillary sampler is the subject of a patent régen

submitted [22].
[Figure 1]

Vapor phase sampling under 3 bar is achieved bgusi6-port sample injection valve
(6PV). The 6-port valve is connected to the tranifee, and is thermo-regulated. Prior to
sampling, it allows the vacuum pump to evacuatestraple loop (SL, dashed line in Figure
1). A vapor phase sample is then taken througtvaber ROLSI™ sampler (VS) via vacuum
and swept to GC by switching to carrier gas cirbafa The 6-port valve is not used for vapor

phase sampling, when the cell pressure is aboverédssure of carrier gas.

The main innovative modification in this improvegparatus, compared with the classic
version, is to isolate a small amount of liquid gdan the PVT chamber and compress it for
sampling. Piston movement is carefully controlled énsure that the isolated liquid is
representative of that in the equilibrium cell. Bignificant impact on equilibrium has been
perceived after withdrawing this quantity from tiguid phase. Considering sample volume
(usually less than GL per sample) taken by ROLY! capillary sampler for analysis, the
compressed liquid allows a sufficient number of gka® to obtain a representative mean
value for the composition, as well as check foreegpbility. After sampling, the remaining
liquid can be flushed back to the equilibrium cllthout disturbing the established
equilibrium. Further testing was conducted to \atiédthe performance of the liquid sampling
system. Under some equilibrium conditions, aftding once the PVT chamber and obtaining
repeatable liquid phase compositions, we emptiedPMT chamber and repeated the liquid
sampling procedure to take more samples. Despitding the PVT chamber with

independent charges, we could still ensure liqomposition repeatability within £1%.



The main advantage of compressing the liquid phastad of sampling via vacuum as
for the vapor phase, is the possibility to conth@ generated pressure driving force. As liquid
is denser and more viscous than vapor, the presBwiag force may be insufficient for
sampling via vacuum, especially under sub-atmospleenditions. With the proposed liquid

sampling system, viscous fluids such as aminedbearasily dealt with.

3. Experimental

The validation of the improved apparatus is coneldidty carrying out isothermal VLE
measurements for two well-documented binary systding selected test systems;butane
+ ethanol) and (diethyl sulfide + ethanol), wereyously measured using a variety of
different methods (see Table 1), so that the perdoice of the improved apparatus can be
compared with existing methods. We focus mainlttepressure range in which the classic

static-analytic type apparatus is unable to perfsampling, i.e. lower than 3 bar.

[Table 1]

After the validation step, two binary systems dérest, (diethyl sulfide f-butane) and
(1-pentanethiol + 1-pentanol), are investigatedthiermal data for the system (diethyl sulfide
+ n-butane) were previously measured by the statithgyic method at 317.60 K [25]. This

data set serves as a double check on our apparatus.

All the details concerning the chemicals used aegsgnted in Table 2.

[Table 2]

3.1. Calibration

The temperature probes were carefully calibrateginagy a 25Q reference platinum

resistance thermometer (TINLEY Precision InstruraenThe reference thermometer was



calibrated by the Laboratoire National d’Essaisrigyabased on the 1990 International
Temperature Scale (ITS 90). The three pressursdumers were calibrated against a digital

pressure balance (Desgranges & Huot 24610).
The following GC columns were used to analyze thramositions of samples:

- HayeSep T, 100/120 mesh (length 1.6 m, diametern2, fnom Restek France)
maintained at 413 K for the systemlfutane + ethanol)

- Porapak Q, 50 / 80 mesh (length 2.1 m, diametern2, fmnom Restek France)
maintained at 493 K for the systems (diethyl selfid ethanol) and (diethyl sulfide +
n-butane)

- 10% Squalane, 80 / 100 mesh (length 2 m, diametem® from Restek France)

maintained at 423 K for the system (1-pentanethiblpentanol)

The TCD of gas chromatograph was repeatedly cédibrdy injecting known amounts of

each pure compound via a syringe into the injector.

The uncertainty estimation procedure is describedAppendix. Both measurement
repeatability and calibration uncertainty have beensidered. We report all the expanded

uncertainties\y, coverage factdc = 2) for experimental data in Section 5.
3.2. Experimental procedures

The equilibrium cell and its loading lines were evated. About 15 mL of the less
volatile component was introduced via a syringee Tiquid was degassed by periodically
removing vapor phase through an overhead valvelewtaating to the desired temperature.
Meanwhile, adequate stirring was maintained intheecell. The lighter component was then
loaded via a thermal press to a pressure leveksponding to the pressure of the first

measurement. Phase equilibrium was assumed tohibevad while temperature and pressure



readings stabilized for at least 30 minutes. Faheayuilibrium condition, at least 5 samples
of both vapor and liquid phases were withdrawn amélyzed to ensure composition
repeatability within £1%. The lighter component when further introduced to measure the

next equilibrium condition.

4. Data correlation

The y-¢ approach was considered for VLE data correlatidre Wilson equation [20]
was chosen for liquid phase, while the SRK equatibstate [21] was used for vapor phase.
The pure compound properties used for modelingpagsented in Table 3. All calculation

was performed with the software Simulis Thermodyitarf26].

[Table 3]

Wilson interaction parameters; § and/,;) were fitted on the data obtained through our

improved apparatus, by minimizing the objectivection (OF):

OF = Z <|Pexp—Pcal| + |Yexp_YCal|) (1)

Pexp Yexp

The fitted Wilson interaction parameters are presgmvith the experimental data in the next

section.

5. Results and discussion
5.1. Test systems

5.1.1. n-Butane + ethanol

The experimental data and correlation results tier dystemr{-butane + ethanol) are

given in Table 4. The isothermBky diagram is plotted in Figure 2, along with exigtitata.
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The obtained results have also been expressedis t& relative volatilitya;,, an important
index for the design of a distillation column [29nd presented versus liquid phase

composition in Figure 2.

[Table 4]

[Figure 2]

As observed from Figure 2, good agreement is obsebetween the measurements of
this work and those performed by other methodsbéth liquid and vapor compositions. As
the main objective is to validate the sampling nami$ms below 3 bar, few points at higher
pressures were measured. However, with the interagtarameters fitted on the data
measured in this work, the entire isotherm (as a®lihe azeotropic point) is well represented

(see Table 5).

[Table 5]

The proposed apparatus is able to cover the emtessure range of the test system,
from 0.4 to 5 bar. Although the static-syntheticasirements conducted by Holderbaum et al.
[23] were capable of covering the same pressureggerarexperimental vapor phase
compositions were not available. Soo et al. [18jdua classic static-analytic apparatus similar
to that of Valtz et al. [16], and yielded vapor pbainformation. However, without the
proposed modifications at the time, the measuresnemte restricted to pressures between
4.0 and 5.0 bar. The improved apparatus has shoevalility to provide the desird@Txy
data for the entire pressure range. Prior to the measurements, at least two apparatuses
were necessary to cover the entire pressure ravigile essential information, such as the

vapor phase compositions, would still be missingrassures lower than 4 bar.
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Rapidity of data acquisition using the proposedaagius is comparable to that of the
classic version. Measurements were conducted undetinuous mode by consecutive
loading of the lighter component after each equitm condition. Only the static-analytic
approach outputs data at a faster rate, but it doégprovide experimental information on

vapor phase and requires proper selection of theéynmamic models.

5.1.2. Diethyl sulfide + ethanol system

The experimental data and correlation resultsHerdystem (diethyl sulfide + ethanol)
are given in Table 6. The isothernfaky diagram and the relative volatility versus liquid

composition are plotted in Figure 3, along with éxésting data.

[Table 6]

[Figure 3]

The entire pressure range of 0.5 — 0.9 bar cammbered by both experimental methods.
One observes, from Figure 3, that the data measqwyrdbth methods are in good agreement.
The maximum pressure azeotrope has been identfiftegldifferences between the calculated
data and the experimental ones are generally dlmdbe experimental uncertainties (see
Table 6). The deviations of the calculated datenfour data and those given by Ref. [24] are
very similar (see Table 5). Our apparatus has shemmmparable performance with circulation
still at sub-atmospheric pressures, while the loggrsumption of chemicals is an advantage
for measurements with toxic or expensive componeMisreover, it is easier to handle

systems containing gaseous or viscous componeatstatic cell than in a circulation still.
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5.2.Newly investigated systems

5.2.1. Diethyl sulfide +n-butane system

The experimental data and correlation resultstfersystem (diethyl sulfide r-butane)
at 317.62 K and 343.13 K are given in Table 7. ®whermalPxy diagram is plotted in

Figure 4, along with the existing data.

[Table 7]

[Figure 4]

Measurements were performed not only under thespresof GC carrier gas (usually
around 3 bar), but also extended up to 7.3 bar.det@ measured by the proposed apparatus
at 317.62 K are in good agreement with those obthlny Dell’Era et al. [25] at 317.60 K.
The deviations of the calculated data from botla datts are also similar (see Table 5). We
notice that Dell'Era et al. [25] providddTxy data measured by the static-synthetic method,
instead ofPTxdata as the authors of Ref. [4,5] did. However,wapor phase compositions
are computed (through SRK EoS [21]) rather tharegrgentally determined. In practice, the
vapor phase volume needs to be minimized so tlaglbbal composition is close to the

liquid phase composition, as pointed out by Dickale[30].

Additional data were measured at 343.14 K and taise by Wilson model with

satisfactory results (see Table 5).

5.2.2. 1-Pentanethiol + 1-pentanol system

The experimental data and correlation results fe $ystem (1-pentanethiol + 1-
pentanol) at 372.75 K and 392.72 K are given inl@&bh The isothermaPxy diagram is

plotted in Figure 5, along with the existing data.
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[Table 8]

[Figure 5]

To the best of our knowledge, no VLE data for thetem (1-pentanethiol + 1-pentanol)
were available in the open literature. The r&ixydata are well correlated by Wilson model.
The deviations are generally similar to those olgdifor the other 3 systems (see Table 5).
The maximum pressure azeotropes are captured httboiperatures. They are computed
through Wilson modelP = 0.468 bary; = 0.831 at 372.75 K arfd = 0.882 barx; = 0.771 at

392.72 K.

6. Conclusion

In this work, we presented a new apparatus capslppeoviding reliable and complete
VLE data PTxy from 0.1 up to 10 bar. It was applied to investéy systems containing
organic sulfur compounds (especially those haviwey @ carbons). The apparatus is based on
the static-analytic method. Starting from a classafiguration, improvements have been
made for both vapor and liquid samplers to permisitu sampling and GC analysis even at
pressures lower than that of the carrier gas. @oatis operation ensured that data can be

measured in a relatively short time.

The improved apparatus was tested against two \bisystems: rf-butane + ethanol)
and (diethyl sulfide + ethanol). The experimengalults were correlated by Wilson model and
compared with the available data. Good agreemews heen observed between the obtained
data and those measured through commonly used iequeal methods. In the past, a

complete phase diagram of these two systems waud required at least two measurement
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techniques, while the comparison showed that the aygparatus alone is sufficient to yield

the complete phase diagram.

Once the apparatus was validated, two systems tefest were then investigated:
(diethyl sulfide +n-butane) and (1-pentanethiol + 1-pentanol). Theaiobtl data were

correlated by Wilson model, leading to satisfact@asults.

The improved apparatus addresses an identified @HcR/LE data for systems
containing organic sulfur compounds. However, ippligation can be extended to other
systems within the same pressure range (under )0 Wath the growing demands for
accurate VLE data in this range, the presentedrapmaprovides a solution to industries
seeking process design and optimization using é@xpatal thermodynamics. Additional

experimental data measured through the new appandiitbe published in future papers.

Appendix: Uncertainty Estimation

To estimate the uncertainties in temperature, presgnd composition, we have
followed the guidelines of NIST [31]. Both measumh repeatability and calibration

uncertainties are taken into account.

The mean of a series of independent observations bea considered as a good
approximation to the value of the measurafid The standard uncertainty)(due to this

calculation, also known as “repeatability”, is deteed by the recommended expression:

1
urep(e) = \/N(N—l) ?]=1(8i - Havg)z (A.1)
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where the subscripep denotes repeatabilityy is the number of observatiort,is the result

of ith observation, anf.gyis the mean ol observations.

The standard uncertainty arising from calibratiogf) is estimated by considering two
sources: referencesg) and polynomial regressioniy) between the displayed values and
those given by the reference. The former is praViole the reference manufacturer, while the
latter is evaluated statistically. The measuremesililtd is calculated through the polynomial
of which the coefficients are “uncertain” and degem on each other. The standard
uncertaintyueq(d) can be estimated through the law of propagationnafertainty which is

based on a first-order Taylor series approximadiotine polynomial:

aai aaj

Upeg(0) = J < aaT]: )2 u2(a) + 2 5K B () (6_1’) u(ay, a;) (A.2)

wheref is the polynomial of degrée, a is the ith order coefficient of the polynomfalu(a)
is the standard uncertainty of the coefficiantandu(a; &) is the covariance associated with
a anda. All u(a) andu(a;, &) can be estimated by calculating the covarianceixnabm the

calibration data.

The combined standard uncertainty of the measureresultd, designated bwyc(9), is

obtained from:

uc(6) = \/ufep(H) + U, (0) = \/uﬁep(H) + Ul (0) + Ufeg (0) (A.3)

The combined standard uncertainiyis then multiplied byk = 2, leading to the overall

expanded uncertaintyj with a level of confidence of approximately 95%.
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Nomenclature

List of Symbols

a = coefficient of the polynomidl(in Appendix)

f = polynomial correlating the displayed values #mase given by the reference during

calibration step (in Appendix)

k = coverage factor for uncertainty estimation

K = degree of the polynomi&lin Appendix)

N = number of independent observations (in Appendix)

P = pressure (bar)

T = temperature (K)

u = standard uncertainty (see Appendix)

u(a, a) = covariance associated wahanda; (in Appendix)

U = overall expanded uncertainty

v = liquid molar volume

x = mole fraction in liquid phase

y = mole fraction in vapor phase

Greek letters

a1/ = relative volatility of component (1) versus compat (2)

y = activity coefficient



6 = measurand (in Appendix)

J = Wilson interaction parameter

¢ = fugacity coefficient

w = acentric factor

Subscripts

1 = relative to component (1) of binary system

2 = relative to component (2) of binary system

c = relative to combined uncertainty (in Appendix)

avg= relative to arithmetic mean (in Appendix)

cr = relative to critical point

cal = relative to calculated data

calib = relative to calibration (in Appendix)

exp= relative to experimental data

ref = relative to reference (in Appendix)

reg = relative to polynomial regression (in Appendix)

rep = relative to measurement repeatability (in Appghdi

18
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Table 1. Test systems measured via the proposedrapp and previously performed

measurements

Table 2 Chemical sample

Table 3 Critical pressurd®{), critical temperatureT;), acentric factord) and liquid molar

volume ) at 298.15 K of the involved compounds

Table 4. Experimental data and correlation redoltdhe n-butane (1) + ethanol (2) system

measured via the proposed apparatus

Table 5. Deviations of calculated data from expenital data for the four binary systems

measured by the proposed apparatus and by othbodset

Table 6. Experimental data and correlation resigisthe diethyl sulfide (1) + ethanol (2)

system measured via the proposed apparatus

Table 7. Experimental data and correlation redoitshe diethyl sulfide (1) #-butane (2)

system measured via the proposed apparatus



Table 8. Experimental data and correlation redoltshe 1-pentanethiol (1) + 1-pentanol (2)

system measured via the proposed apparatus



Table 1

Improved apparatus

Previous experimental methods

Test System T (K) P (bar) Method Datatype P (bar) Ref.
ZtE;::)r;e ’ 52322 04=50 Classic static-

s Py  40-50  [19]

diethyl sulfide 31315 0509 Slrouiation Py ~ 05-09  [24]

+ ethanol

still




Table 2

Purification Analysis
Chemical name Source Initial purity  method Final purity method
n-Butane Air Liquide 0.995 vol. None -- SM
Ethanol Fischer Chemical 0.9999 mol. None -- SM
Diethyl sulfide  Sigma-Aldrich 0.98 mol. None -- SM
1-Pentanol Sigma-Aldrich 0.99 mol. None -- SM
1-Pentanethiol  Sigma-Aldrich 0.98 mol. None -- SM

& Supplier method



Table 3

Compound n-butane Ethanol Diethyl sulfide 1-Pentanol 1-Peethiol

Py @ (bar) 37.96 61.37 39.60 39.09 34.70

T (K) 425.12 513.92 557.00 588.15 598.00
w? 0.200 0.649 0.295 0.579 0.321

v® (cm¥mol)  101.40 58.63 108.36 108.54 124.53

@ from Ref. [27]
P calculated through DIPPR correlation [28]



Table 4

a C

Xiop  U() ,Q'rﬁb?; Yieo  U(y) ,l;'rﬁb?; At ey
T=323.22 Kd; A1p =1414.3 J/mol &, = 8536.9 J/mol

0 -- -- 0 -- -- 0.294 -- --

--€ -- -- 0.272 0.009 6 0.413 -- --

- € -- -- 0.423 0.008 6 0.526 -- --
0.014 0.001 9 0.568 0.009 5 0.702 -0.019 -0.015
0.032 0.001 11 0.743 0.007 5 1.205 -0.014 -0.016
0.053 0.002 8 0.819 0.005 5 1.713 -0.009 0.000
0.078 0.003 9 0.863 0.004 6 2.208 -0.003 0.009
0.109 0.004 10 0.892 0.003 5 2.718 0.000 0.019
0.205 0.006 7 0.924 0.003 6 3.720 0.001 0.031
0.323 0.008 9 0.938 0.002 6 4.320 0.002 0.014
0.544 0.009 8 0.943 0.002 6 4.734 -0.002 -0.020

@ U(P) = 0.002 bar foP < 1 bar;U(P) = 0.003 bar foP > 1 bar
® Ay = Yiep - Yica

CAP = Pexp - Pcal

dU(mM =0.02K

® Liquid phase compositions were below the detedfioeshold of the TCD.



Table 5

Binary system T(K) AADy:® AARD P (%) Ref.
n-butane (1) + ethanol (2) 323.22 0.006 0.8 thiskvor
323.25 0.004 1.4 [19]
323.75 -- 0.4 [23]
diethyl sulfide (1) + ethanol (2) 343.13 0.006 0.7  this work®
343.15 0.003 0.4 [24]
diethyl sulfide (1) +n-butane (2) 317.62 0.004 1.2 this work
317.60 0.001 1.0 [25]
343.14 0.002 0.5 this wofk
1-pentanethiol (1) + 1-pentanol (2) 372.75 0.007 5 0. this work®
392.72 0.005 0.3 this wofk

& Average absolute deviation:

N
AAD y, = (1/N)Z 1(|y1 expi — Y1 cal ll)
1=
b Average absolute relative deviation:

N
AARD P (%) = (100/N)Z_ 1(|Pexpi — P i|/Pexpi)
i=
¢ Data set used for parameter fitting



Table 6

a
Xiop  U() ,Q'rﬁbj’; Yieo  U(y) ,Q'rﬁbj’; ny A 4P (ban
T=343.13 Kb; A12=497.6 J/mol &1 = 4778.8 J/mol

0 -- -- 0 -- -- 0.720 -- -
0.027 0.001 12 0.069 0.002 6 0.753 0.001 -0.004
0.063 0.002 6 0.139 0.004 5 0.798 0.000 0.005
0.110 0.003 6 0.204 0.006 6 0.825 -0.001 -0.001
0.148 0.004 9 0.244 0.006 6 0.848 0.000 0.004
0.243 0.006 6 0.317 0.007 6 0.871 0.003 -0.001
0.321 0.007 6 0.362 0.008 6 0.878 0.009 -0.002
0.368 0.008 6 0.375 0.008 6 0.883 0.003 0.001
0.444 0.008 5 0.407 0.008 6 0.877 0.008 -0.003
0.649 0.008 6 0.483 0.008 5 0.847 0.016 -0.005
0.761 0.006 5 0.541 0.009 5 0.811 0.022 -0.002
0.902 0.003 10 0.660 0.008 5 0.707 0.002 0.009
0.964 0.002 10 0.811 0.005 5 0.608 -0.002 0.017
0.979 0.001 10 0.885 0.004 5 0.563 0.006 0.009

1 -- -- 1 -- -- 0.497 -- -

4 U(P) = 0.002 bar
PU(T) =0.03 K



Table 7

a
Kep UKD i View UG gt 0 Ay 4P (ban)
T =317.62 K% 115 = 346.0 J/mol & = 1053.6 J/mol
0.090  0.003 6 0.009  0.001 5 3.909  0.001 0.006
0.268  0.007 6 0.024  0.001 5 3.233  0.000 0.005
0.461  0.009 5 0.042  0.002 5 2551  -0.002  0.000
0.678  0.008 5 0.079  0.003 5 1.719  -0.003  -0.040
0.847  0.005 5 0.157  0.005 5 0.991  -0.007 -0.036
0.973  0.001 6 0.507  0.009 5 0.354 -0.013  -0.003
1 -- -- 1 -- -- 0.190 -- --
T = 343.14 K 415 = 304.0 J/mol &z = 994.4 J/mol
0.088  0.005 6 0.014  0.001 5 7.323  0.002  -0.044
0.225  0.006 5 0.030 0.001 5 6.308  0.001  -0.022
0.383  0.008 5 0.051  0.002 6 5206 -0.001 -0.033
0.608  0.008 5 0.096  0.003 5 3.717 -0.002  0.000
0.805  0.006 5 0.186  0.006 5 2231 -0.006 -0.033
0.969  0.002 6 0.604  0.009 5 0.806  0.001 0.001
1 -- -- 1 -- N 0.497 -- --

4 U(P) = 0.002 bar foP < 1 bar;U(P) = 0.003 bar foP > 1 bar
PU(T) =0.03 K



Table 8

a
Kep UKD i View UG gt 0 Ay 4P (ban)
T =372.75 K% 115 = 384.2 J/mol & = 2970.6 J/mol

0 -- -- 0 -- -- 0.243 -- -
0.056  0.002 6 0.197  0.006 5 0.283  0.011  -0.001
0.130  0.004 8 0.351  0.008 6 0.323 0.010  -0.003
0.203  0.006 7 0.452  0.009 5 0.357 0.010 -0.003
0.321  0.008 7 0.560  0.009 6 0.401  0.009 0.000
0.543  0.009 6 0.685  0.008 5 0.442  0.005  -0.004
0.838  0.005 6 0.834  0.005 5 0.466  -0.002  -0.002
0.942  0.002 6 0.925  0.002 5 0.461  0.000 -0.001

1 -- -- 1 -- -- 0.451 -- -

T =392.72 K 115 = 243.6 J/mol & = 2868.5 J/mol

0 -- -- 0 -- -- 0.534 -- -
0.052  0.002 6 0.147  0.004 5 0591  0.007  -0.004
0.123  0.004 6 0.280  0.007 6 0.658  0.004  -0.004
0.209  0.006 6 0.392  0.008 6 0.723  0.000  -0.002
0.390  0.008 7 0.550  0.009 6 0.814  0.003 0.000
0.584  0.008 6 0.670  0.008 7 0.861  0.008  -0.003
0.828  0.005 10 0.819  0.005 6 0.882  0.008 0.002
0.865  0.004 7 0.849  0.005 5 0.877  0.008 0.001
0.940  0.002 9 0.920 0.003 5 0.859  0.004 0.001

1 -- -- 1 - -- 0.831 -- --

aU(P) = 0.002 bar
PU(M =0.03K



Figure 1. Flow diagram of the proposed apparatBd/: &-port sample injection valve; C:
carrier gas; EC: equilibrium cell; GC: gas chrongasph; LS: liquid ROLSM sampler; MS:
magnetic stirrer; PP: platinum resistance thermemptobe; PT: pressure transducer; PVT:
PVT chamber for liquid phase sampling; SL: Sammep; Vi: valve; VP: vacuum pump; VS:

vapor ROLSIM sampler; VSM: variable speed motor.

Figure 2. (A) IsothermaPxy diagram for the VLE of the-butane (1) + ethanol (2) system.
(B) Relative volatilitya, plotted versug;. (o) Data measured in this work at 323.22 K; (A)
Data from Holderbaum et al. [23] measured by st&fitthetic method at 323.75 K;)(Data
from Soo et al. [19] measured by classic statidydicamethod at 323.25 K; (—) calculated
by Wilson model. Error bars: expanded uncertaintesdculated from composition

uncertaintiesk = 2).

Figure 3. (A) IsothermaPxy diagram for the VLE of the diethyl sulfide (1) thanol (2)
system. (B) Relative volatilityy;, plotted versusg. (o,e) Data measured in this work at
343.13 K; (,m) Data from Sapei et al. [24] measured by circatatstill at 333.15 K; (—)
calculated by Wilson model. Error bars: expandecketminties calculated from composition

uncertaintiesk = 2).

Figure 4. Isothermdpxy diagram for the VLE of the diethyl sulfide (1)+butane (2) system.
(o) Data measured in this work at 317.62 K and 343.14 K; (o) Data from Dell’Era et al. [25]
measured by the static-synthetic method at 317.6Qvapor phase compositions were

calculated through SRK EoS [21]) ; (—) calculatgdsilson model.



Figure 5. IsothermaPxy diagram for the VLE of the 1l-pentanethiol (1) 4pdntanol (2)
system. ¢,e) Data measured in this work at 372.75 K and 392.72 K; (—) calculated by

Wilson model.
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