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1. Introduction

One of the challenges concerning the use of natural gas or petroleum is the presence of sulfur compounds
and, in particular of mercaptans (thiols) in large quantities. These sulfur components need to be removed. In the
gas processing industry, mercaptans are removed by the acid gas removal (hydrogen sulfide and carbon dioxide)
operation unit [1]. After this treatment, some mercaptans not removed are concentrated in hydrocarbon
condensates and are therefore present in the fractionation train composed of a series of distillation columns: de-
butaniser, de-propaniser, and de-ethaniser. We can also mention that mercaptans are not the only contaminants;
it is possible to found traces of HyS, CO,, CS;, COS, sulfides, disulfides, N2, H,0, and MeOH [2]. In the petroleum
industry, desulfurization operation units are also considered [3], and sulfur removal represents a major economic
challenge for the petroleum refining industry [4]. The knowledge of equilibrium properties and phase diagrams is
essential. For example, a better understanding of how the organic sulfur compounds are distributed during all of
the steps of the production of natural gas processing fractionation systems is very important for the design of the
distillation column.

One of the solutions is to measure the thermodynamic properties of hydrocarbons and mercaptans systems in
the temperature and pressure conditions of the process. For example, the vapor-liquid equilibrium (VLE) study of
the phase equilibria of a system allows us to classify them following the van Konynenburg and Scott [5]
classification. In their classification, van Konynenburg and Scott described at least 5 types of diagrams for a binary
mixture. The classification of the phase diagram of a binary system: hydrocarbon-sulfur compound provides
information on the interaction between the two molecules. It can also be helpful for the selection of a
thermodynamic model to be used for the data treatment. It is difficult to obtain experimental reliable
thermodynamic data such as VLE data for a system containing sulfur compounds like hydrogen sulfide and
mercaptan because of their acute toxicity and high volatility. The Centre of Thermodynamics of Processes (CTP) of
Mines Paris, during the last years, has studied and measured VLE data of numerous binary and ternary systems
involving hydrocarbons and mercaptans [6-9].

In this paper, the binary system studied is composed of isobutane and ethyl mercaptan (ethanethiol), and VLE
data are measured from 298 to 343 K. To correlate the data, the classical Peng Robinson Equation of State (PR78
EoS) [10] is used, and the results are compared with two calculations obtained with two predictive models: PPR78
[11] and PSRK UNIFAC [12].

To the knowledge of the authors, no vapor-liquid equilibrium data of the isobutane and ethyl mercaptan binary
system were found in the open literature using ThermolLit (NIST Literature Report Builder for Thermochemical
Property Measurements [13]). The study of this system was made to fill the gap in the literature on this binary
system. In Table 1, the literature studies on binary systems with sulfur compounds and butane (isobutane (iCas)
and n-butane (nCys)) is reported. In 2020, we measured new VLE data concerning the n-butane and ethyl
mercaptan binary system (Boonaert et al. [8]). We can also observe that there is a lack of experimental VLE data
for binary systems with isobutane, except with HS. This is one of the reasons why we present in this paper new
VLE data concerning the binary system isobutane and ethyl mercaptan. We can also mention that further
experimental measurements must be done in the future to complete the matrix presented in Table 1. In addition,
these new experimental data can be used to feed databases, for example, the NIST database or the Dortmund
Data Bank (DBB), but also to improve thermodynamic models used in process simulators.

2. Materials and Methods
2.1. Materials

The chemical compounds used for the experimental measurements are presented in Table 2. Isobutane has a
certified purity of 99.95 vol%, and ethyl mercaptan has a certified purity of 99 vol%.
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Table 1: Literature matrix of data for VLE of binary systems containing butane and sulfur compounds (in red: the system
chosen for this study).

Sulfur compound Cas number nC, iCsq
H,S 7783-06-04 [14-17] [16,18]
MM 74-93-1 [19] [20]
EM 75-8-1 [8,21] ND?
nPM 107-03-9 [22] ND
IPM 75-33-2 ND ND
nBM 109-79-5 ND ND
IBM 513-44-0 [23] ND
tBM 75-66-1 [24] [24]
DMS 75-18-3 [25] [25]
EMS 624-89-5 ND ND

DMDS 624-92-0 [26] [26]
COS 463-58-1 [23] ND
CS; 75-15-0 ND ND

H2S: hydrogen sulfide, COS: carbonyl sulfide, MM: methyl mercaptan, EM: ethyl mercaptan, CSz: carbon disulfide, nPM: n-propyl mercaptan IPM: isopropyl
mercaptan, nBM: n-butyl mercaptan, IBM: isobutyl mercaptan, tBM: tert-butyl mercaptan, DMS: dimethyl sulfide, EMS: ethyl methyl sulfide, DMDS: dimethyl
disulfide, nCa: n-butane, iCa: isobutane.

aND: No Data found.

Table 2: Presentation of the compounds used for this study (purities and suppliers).

Chemicals Cas number Purity (GC?) Supplier
ethyl mercaptan (EM) 75-08-1 >99 vol% Acros
isobutane (iCy) 75-28-5 99.95 vol% Air Liquide

2GC: Gas Chromatograph

The critical temperatures (T¢), pressures (Pc), and acentric factors (w) for isobutane and ethyl mercaptan are
given in Table 3. The properties are the ones given by the Simulis Thermodynamics™ software from PROSIM
(France).

Table 3: Properties of isobutane and ethyl mercaptan pure components from Simulis Thermodynamics™.

Component Formula T (K) P.(MPa) w
isobutane CsH1o 407.80 3.64 0.183521
ethyl mercaptan/ethanethiol CoHeS 499.15 5.49 0.187751

2.2. Methods

An experimental technique based on the static analytic method is used in this study. The equipment was
previously presented and described by Boonaert et al. [8], Zhang et al. [27], and Théveneau et al. [28]. A flow
diagram of the experimental apparatus is presented in Fig. 1.
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VSM

Figure 1: Flow diagram of the low-pressure apparatus, from Zhang et al. [27]: “EC: Equilibrium Cell, GC: Gas Chromatograph, LS:
Liquid sampler, VS: Vapor sampler, Vi: Valves, PP: Platinum probe, VSM: Variable Speed Motor, MS: Magnetic stirrer, SL: Sample
loop, C: Carrier gas flow, PVT: a chamber for the liquid phase sampling, PT: Pressure Transducer, VP: Vacuum pump, 6PV: 6-port
sample injection valve”.

Since the apparatus has already been described in previously submitted papers, only a brief description is
presented here. The approximate volume of the equilibrium cell is 100 cm3 with a sapphire tube to see the
mixture. The equilibrium cell is immersed in a Lauda Proline RP 3530C liquid bath (+ 0.01 °C). To reach the vapor-
liquid equilibrium faster, a magnetic stirrer is activated. A Keller pressure transducer is used (Pmax = 0.1 MPa) to
measure the pressure. The pressure transducer is calibrated with a numerical standard (Desgranges & Huot, n°
24610, France). The accuracy was estimated to be + 200 Pa after calibration. Two 100 Q platinum resistance
thermometer probes are used to measure the temperature at the upper and lower flanges of the equilibrium cell.
The gradient of temperature between the vapor and liquid phases is determined and controlled. A 25 Q
reference platinum probe (Tinsley, France) is used to calibrate the platinum probes. The accuracy of the two
platinum probes is evaluated to be within + 0.02 K. Two ROLSI® capillary samplers are used to sample vapor and
liquid phases. To carry out a sample at low pressure (Pmax < 0.3 MPa, the approximate pressure of the GC carrier
gas), two special systems were developed by Zhang et al. [27]. For the sampling of the liquid phase, the
modification of the sampling device composed by a PVT chamber and ROLSI® capillary sampler is the subject of a
patent [29].

The methodology followed to obtain VLE data is described in Fig. 2. The following section also describes the
methodology in more detail:

First, the equilibrium cell is placed under vacuum. Then it is immersed in the bath, set to work at the desired
temperature. The stirring of the equilibrium cell is activated. The ethyl mercaptan is then introduced through the
V1 valve (with a sufficient volume to be able to take a liquid sample). The isobutane is introduced through the V2
valve. When the cell is at equilibrium, therefore P and T constants, several samples are taken out by the capillary
samplers, at least four times for the liquid and vapor phases, respectively. Then, additional isobutane is
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introduced, and the previous steps are repeated to cover the entire molar fraction range of isobutane. Finally, the
last step concerns the emptying of the equilibrium cell and its cleaning with nitrogen. The equipment is put under
vacuum to begin measuring a new isotherm of the binary system.

EC under vaccum
and desired
temperature

Introduction
EM

Introduction
iC,

Wait for
equilibrium

Liquid and vapor
sampling (x4)

Repetability
check

Enough
PTxy data

Cleaning EC

Figure 2: Flowchart of the experimental methodology to measure VLE data of isobutane and ethyl mercaptan binary system;
EC: equilibrium cell, EM: ethyl mercaptan, iC4: isobutane.

The gas chromatograph is equipped with a packed column (2-meters long RT XL sulfur, sulfinert tubing,
100/120 Mesh, 2 mm ID column). Samples are analysed by the Thermal Conductivity Detector (TCD), calibrated by
injection of known volumes of each chemical using a GC syringe. The relative mole numbers accuracies are + 3.2 %
for ethyl mercaptan and + 1.9 % for isobutane, respectively. Eq. 1 is used to estimate the uncertainty of the
mixture composition of each component.
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where uiib(xi) is the uncertainty from calibration of x;, x; is the molar fraction of component i, and n; is the number
of moles of component j.

For a binary system, Eq. 2 is considered.

z 2
Uequip (X1) = x,(1 — xl)\/(u;nl)> + (u(n2)> o

1 n;

where “2 s the mole number relative uncertainty.

13

The maximum calibration uncertainty on mole fraction is given at x5 = 0.5: umax(x) = 0.0082. Type B uncertainty
is considered. For each experimental data, between 4 to 8 samples are carried out for each phase. Therefore, the
reported data is the average of these samples. The values are reported along with relative standard deviation
(noted urep(xi)). The final uncertainty on the molar composition (u(x;)) is obtained considering Eq. 3.

u(xi) = \/ucalib (xi)z + Urep (xi)z (3)

3. Results and Discussion
3.1. Experimental Results and Modeling

The experimental molar fractions of isobutane in the liquid phase (x1) and vapor phase (yi1) at different
pressures (between 0.08 and 1.02 MPa) and at 298, 313, 328, and 342 K are presented in Table 4.

The PR78 EoS involving the original alpha function with the classical van der Waals mixing rules is applied to
correlate the experimental data. The software used is Simulis Thermodynamics™ developed by PROSIM (Toulouse,
France). The calculations are based on a bubble pressure algorithm. The objective function (F), given in Eq. 4, is
minimized to adjust the binary interaction parameter (BIP) at each temperature. The adjusted binary interaction
parameters and the objective function (F) obtained are presented in Table 5.

N N
Z(Pexp - Pcal)2 + Z(yexp - ycal)zl (4)
1 1

Where N is the number of data points, Pey is the experimental pressure, Pca is the calculated pressure, Yexp is
the experimental gaseous molar fraction, yea is the calculated gaseous molar fraction.

F_1oo
N

The experimental and modeling VLE data are presented in Fig. 3, i.e., the experimental pressure as a function
of the isobutane mole liquid (x1) and vapor (y1) fractions at each temperature. The relative volatility (ai2) according
to the isobutane liquid molar fraction (x1) at each temperature is presented in Fig. 4. We can classify this system as
type | according to van Konynenburg and Scott classification [5].

The relative volatilities displayed in Fig. 4 followed an exponential type trend and allowed us to validate the
quality of the experimental data (Mathias, 2017 [30]). The binary interaction parameter (k;) as a function of the
temperature is plotted in Fig. 5. Eqg. (5) gives the temperature dependency of the BIP kj between 298 and 343 K.

k;j = —8.7702 X 107 T2 + 5.5334 X 1073T — 8.3410 x 107! (5)
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Table 4: Experimental liquid (x1) and vapor (y1) mole fractions of isobutane in the system isobutane (1) + ethyl mercaptan (2)

with their uncertainties u(x1) and u(y).

P (MPa) n? X4 u(xq) n? \2 u(y1)
298.00 K
0.080 7 0.0120 0.0010 5 0.1109 0.0020
0.149 6 0.1379 0.0063 5 0.5655 0.0054
0.178 5 0.2078 0.0032 5 0.6610 0.0073
0.208 6 0.3011 0.0073 6 0.7352 0.0039
0.240 5 0.4357 0.0082 6 0.7957 0.0032
0.279 6 0.6273 0.0072 6 0.8634 0.0025
0.331 5 0.8836 0.0029 6 0.9514 0.0010
313.01K
0.501 5 0.8878 0.0033 5 0.9466 0.0011
0.477 7 0.8261 0.0028 5 0.9228 0.0014
0.443 5 0.7077 0.0039 6 0.8789 0.0021
0.379 4 0.4926 0.0067 6 0.8027 0.0032
0.141 6 0.0200 0.0013 5 0.1492 0.0024
0.208 5 0.0994 0.0041 5 0.4632 0.0048
0.257 5 0.1742 0.0042 5 0.5918 0.0046
0.316 5 0.2948 0.0040 5 0.7017 0.0040
327.98 K
0.456 5 0.2912 0.0049 5 0.6585 0.0043
0.360 5 0.1555 0.0032 5 0.5180 0.0048
0.278 5 0.0723 0.0043 5 0.3383 0.0043
0.528 5 0.4302 0.0072 6 0.7438 0.0036
0.610 5 0.6073 0.0081 5 0.8230 0.0028
0.690 5 0.8091 0.0066 8 0.9031 0.0017
0.726 5 0.8864 0.0024 5 0.9408 0.0012
342.98 K
1.019 5 0.8828 0.0021 5 0.9355 0.0012
0.989 5 0.8419 0.0028 7 0.9144 0.0015
0.891 5 0.6798 0.0048 5 0.8403 0.0026
0.414 5 0.0761 0.0025 6 0.3115 0.0041
0.637 5 0.2784 0.0061 6 0.6001 0.0046
0.749 5 0.4333 0.0057 5 0.7177 0.0039

2n: number of samples

Expanded uncertainty (k=2) u(T)= 0.02 K, u(P)= 0.0002 MPa

Table 5: Binary interaction parameter (ki2) and F (from Eq. 4) at 298, 313, 328 and 343 K.

T (K) k1z F
298.00 0.0360 0.0006
313.01 0.0388 0.0008
327.98 0.0372 0.0004
342.98 0.0321 0.0006
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Figure 3: Pressure as a function of isobutane mole fraction in the isobutane + ethyl mercaptan binary system at different
temperatures; o: 298 K, A: 313 K, m: 328 K, +: 343 K. Dashed line: calculated with PR78 EoS and classical mixing rule with

parameters from Table 4.
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Figure 4: Relative volatility of the isobutane + ethyl mercaptan binary system according to the isobutane molar fraction. e: 298
K, A: 313 K, m: 328 K, +: 343 K. Dashed line: calculated with PR78 EoS and classical mixing rule with parameters from Table 4.
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Figure 5: Evolution of kij according to the temperature; error bar = 0.003.
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3.2. Consistency test and comparison with two predictive models

Information about the agreement between model and experimental are calculated using Mean Relative
Deviation (MRDU), and the biasU, as defined in Egs. 6 and 7. These indicator values are presented in Table 6.

100

Ucal - Uexp
MRDU = — _—
N

(6)

Uexp

100 Uexp — Ucal

BiasU = N (7)

Uexp

Where U is the calculated pressure (P) or the calculated gaseous molar fraction (y1) and Uexp is the
experimental pressure or the experimental gaseous molar fraction.

Table 6: MRDU (from Eq 6), BiasU (from Eq 7), and van Ness test (from Eqs 8 and 9) between the experimental VLE isobutane
+ ethyl mercaptan data and PR78 EoS modeling at 298 K, 313 K, 328 K, and 343 K.

Van Ness Test
T (K) BiasP % MRDP % BiasY % MRDY %
Ay AP
298.00 0.65 -0.65 -0.77 0.77 0.96 0.77
313.01 -0.04 0.04 0.13 -0.13 0.51 0.83
327.98 -0.05 0.05 0.36 -0.36 0.62 0.57
342.98 0.72 -0.72 0.71 -0.71 0.75 0.47

As suggested by Boonaert et al. [8], the van Ness test [31] is a good way to check the consistency of the
experimental measurement. This test is defined following Egs. 8 and 9. The test consists of the estimation of
vapor molar fraction and pressure deviations.

AP = @ PEsz - Pcal| (8)
N Pcal
100

Ay = T |yexp - ycall (9)

To pass the van Ness test, AP and Ay must be lower than 1. In Table 6, the results of the test are available. We
can see that our data passes the van Ness test. This result, therefore, also validates the consistency of our data.

As there is no data in the open literature for comparison with our results, we have considered the VLE
predictions obtained with the two most popular predictive models: PPR78 [11] and PSRK UNIFAC [12]. The MRDU
and the biasU between our data and predictions for the two predictive models are presented in Table 7. We can
observe a relatively good agreement between the predicted and experimental data. The best predictions are
obtained with the PRSK UNIFAC model.

4. Conclusion

For this study, an experimental technique based on the static-analytic method was used to measure new VLE
data of the isobutane and ethyl mercaptan binary system. The experimental work was carried out between 298
and 343 K and up to 1 MPa at the temperature and pressure range of the process of natural gas fractionation
systems. The relative volatility and the van Ness test were used to check the quality and the consistency of the
experimental data. The measured data were also compared to the predictions of two predictive models, and a
good agreement was observed using the PSRK UNIFAC and PPR78 models.
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Table 7: MRDU (from Eq 6) and BiasU (from Eq 7) between the VLE isobutane + ethyl mercaptan data and the two predictive
models: PPR78 and PSRK, at 298 K, 313 K, 328 K and 343 K.

T (K) BiasP % MRDP % Biasy % MRDy %

PPR78 EoS

298.00 -9.27 9.27 -8.78 8.78

313.01 -5.19 5.19 -4.10 4,10

327.98 -3.73 3.73 -1.54 1.54

342.98 -1.98 1.98 -0.62 0.62
PSRK EoS

298.00 5.72 -5.72 3.61 -3.61

313.01 4.27 -4.27 4.37 -4.37

327.98 3.22 -3.22 2.30 -2.30

342.98 1.81 -1.81 1.56 -1.56

Nomenclature

Latin letters
F: objective function
k: binary interaction parameter
n: number of moles (mol)
N: number of data
P: pressure (Pa)
T: temperature (K)
u: uncertainty
U: pressure (P) or gaseous molar fraction (y)
x: molar fraction

y: gaseous molar fraction

Greek letters

a: relative volatility

w: acentric factor

Subscript
c: critical
cal: calculated
calib: calibrated
exp: experimental
i component i
j: component j

rep: repeatability
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