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Abstract: This work reports high-quality isothermal vapor-liquid equilibrium data
for ethane + ethanethiol (or ethyl mercaptan) at 303 K, 323 K and 343 K and
pressures up to 6.25 MPa. A sapphire-tube equilibrium cell with an online
micro sampler and GC-TCD are employed to measure equilibrium phase
concentrations at specific temperatures and pressures. Peng Robinson
equation of state with classical alpha function is found adequate for data
treatment and thermodynamic modelling.
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1 Introduction

Worldwide total energy requirements are increasing whereas fossil resources
are depleting. With the pressure of producing and processing more oil and gas,
unique challenges are arising from processing and environmental protection point
of view. One particular challenge concerns the presence of significant quantities of
sulphur compounds in the produced oil and gas resources. The distribution of
organic sulphur compounds such as mercaptans is a major concerns for the pro-
cessing equipment and the products [1]. Measurement of reliable thermodynamic
data is also a significant endeavour because of its wide applications in the broader
areas of science, technology and environment [1-3].
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Because all of these sulphur compounds are highly toxic and volatile, it's very
difficult to obtain reliable thermodynamic data: solubilities or gas-liquid equilibria
(GLE), vapour-liquid equilibria (VLE), liquid-liquid equilibria (LLE), physical
properties, etc. Centre Thermodynamique des Proécdés at MINES ParisTech in
Fontainebleau is one of the few places where highly toxic and difficult to measure
systems can be studied to produce reliable data. We have reported numerous
studies [1, 2, 4-10] with reliable thermodynamic data on sulphur species in the
context of oil and gas systems. Gas Processors Association has commissioned
several earlier studies to provide reliable thermodynamic data to its members;
for example GPA research report RR-228 presents sulphur species distribution in
selected natural gas systems, however their studies are usually restricted to GPA
membership. Our study provides isothermal VLE data for (ethane + mercaptan)
binary system at 303 K, 323 K and 343 K and pressures up to 6.25 MPa.

Production of hydrocarbons having significant quantities of sulphur species
were considered uneconomically in the past. However, with the demand and
developments in gas engineering practices, exploitation of high-sulphur reserves
is often viable. The global production of sour natural gases is on rise in several
countries; Canada is the second largest producer of natural gas in the western
hemisphere after the United States, having 57.9 trillion SCF of proven natural gas
reserves as in 2009. About 30 percent of total natural gas production of Canada is
sour with an average of about 10 percent sulphur species ranging from traces to
about 80 percent of well head gases. Canada is producing about one quarter of all
elemental sulphur being the largest sulphur producing country of the world [1, 4].

Strong desire and stringent legislations for environmental protection are forcing
the hydrocarbon industry to develop more efficient practices either by improving
existing processes or developing new ways. The engineering solutions require the
reliable phase equilibrium information of systems involving hydrocarbons and
sulphur compounds in order to develop and extend thermodynamic models.
These models can be used for process design and optimization.

The current study reports isothermal VLE data from 303K to 343K and from
0.97 MPa to 6.25 MPa. Experimental data are measured using a well-documented
high-pressure static view cell equipped with an online micro-sampler and a
GC-TCD [1, 4, 6]. Peng Robinson equation of state with classical alpha function
[11, 12] and NRTL activity coefficient model [13] are used for thermodynamic
modelling with success [11].

2 Experimental Section

The experiments used research grade chemicals listed in Table 1. Liquid was
degassed in-situ in the equilibrium cell which was added first and then ethane
gas was loaded. Table 2 shows the list of chemicals used in this work along with
their minimum purity and suppliers; no further purification of the products was
required.
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Table 1 Global experimental uncertainties on VLE data.

Measurement/Sensor Uncertainty Remarks
Pressure <+1kPa Druck pressure transducers
Temperature =+0.02K Pt. 100 2 sensors
GC for ethane <+025% TCD calibration with a gas-tight syringe
TCD for ethyl mercaptan =+05% TCD calibration with a liquid syringe
Compositions (x, y) <+05% with plunger

TCD calibration with standard syringes

Table 2 Purities and suppliers of the chemicals used in this work.

Chemicals Purity (GC) Supplier
Ethane 99.9 vol% Air Liquide
Ethylmercaptan =99 vol% Sigma Aldrich

The experimental setup used for VLE measurements involving sulphur
species and hydrocarbons is based on analytic-static technique with a local
phase agitator to facilitate fast equilibration; it is explained by our earlier work
[1]. In summary, the equilibrium cell consists of a sapphire tube, held between
two stainless steel flanges with suitable o-rings. Each flange contained valves
for loading and cleaning the cell. A vertical multiple phase magnetic agitator is
installed in the centre of the sapphire tube for both phases. The stirring assembly
is protected with a suitable corrosion resistant cover to withstand for corrosive
environment. The agitation assembly is magnetically coupled to an external
agitation motor, which is capable of producing desired level of agitation inside
the cell.

Two calibrated 100 Q platinum resistance thermometer sensors (Pt-100) are
used to measure equilibrium temperatures at the lower and upper parts of the
cell. The temperature measurements at two locations enable to examine and
void temperature gradients in the cell. The equilibrium pressures are measured
thanks to two calibrated Druck pressure transducers (PTX 611); one for lower
and other for higher pressure ranges. Both pressure transducers are maintained
at constant temperature (higher than maximum temperature of study) by means
of an air thermostat, which is controlled by a PID regulator (WEST instrument,
model 6100). The schematic diagram of experimental setup is presented in
Figure 1 [1].

The online sampling is carried out for each phase using the online capillary
samplers. Two samplers were vertically mounted on the equilibrium cell, one for
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(d) Schematic diagram of the experimental setup using two online samplers.

Figure 1 The experimental setup based on “analytic-static” technique for VLE studies with
two online capillary samplers [1].

Descriptions:- CDC: Central desktop computer, DS: Degassed solution, DT: Displacement transducer,
EC: Equilibrium cell, G: Gas cylinder, GC: Gas chromatograph, GR: Gas reserve, LB: Liquid bath, LS:
Liquid sampler, LSC: Local sample controller, LV: Loading valve, MR: Magnetic rod, MP: Multiple
phase agitator, PN: Pressurized nitrogen, PP: Pt temperature sensor, PT: Pressure transducer (L: Low
pressure and H: High pressure), SA: Stirring assembly, SD: Stirring device (motor), ST: Sapphire tube,
SV: Separation valve, TR: Temperature controller, VP: Vacuum pump, VS: Vapor sampler, VVCS:
Variable volume cell for solution.

liquid phase and the other for vapour phase. Each micro sampler is a compact
device without any dead volume which consists of a capillary with internal diam-
eter less than 0.2 mm. The sampler is made from corrosion resistant material and
is vertically installed on upper flange of the equilibrium cell. The aperture is con-
trolled by electromagnetic means in order to open and close it for specified and
controllable time periods. Both the aperture opening time and its frequency can
be controlled by local sampling control (LSC) unit on the setup. Figure 2 shows
the cross-sectional view, flow diagram, and various parts of the online capillary
sampler used for phase sampling.
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Figure 2 Cross sectional view, flow diagram, and various parts of the online capillary
sampler used for phase sampling [1].

The sampling chamber of the online sampler is connected to a GC-TCD through
its injector and column in such a way that the carrier gas (Helium) is circulated
through the analytical circuit. The sample is transferred from equilibrium cell to the
sampling chamber because of positive pressure difference between them. Since
the flow rate (and pressure) is kept constant inside the analytical circuit around
300 kPa, therefore the minimum pressure requirement inside the equilibrium cell
is around 0.5 MPa. The sampling chamber, sample transfer lines and GC injec-
tor, all are heated to ensure vaporization of the sample. Because of its universal
suitability, a thermal conductivity detector (TCD) is used for analyses. The TCD
continuously measures the difference of the thermal conductivity of the carrier
gas, passing through the analytical column (containing the sample) and over the
TCD filament and thermal conductivity of carrier gas in TCD reference (without
any sample). Figure 3 shows the flow circuit and various parts of the analytical
loop for online sample analysis using GC. GC was equipped with a 4-meter long
packed column Porapack Q column. At equilibrium conditions, each composition
was determined 6-8 times for each phases and average values are reported as
experimental data at the specific temperatures and pressures; the data are pre-
sented in Table 3.

The uncertainties associated with the mole fraction determination are less than
1% for both species, 0.03 K for temperature, 0.4 kPa for pressure.

3 Data Correlation and Results

The critical temperatures (Tc) and pressures (Pc) and acentric factors (w) for pure
ethane and Ethylmercaptan are provided in Table 4.

The experimental VLE data of (ethane + Ethylmercaptan) system were cor-
related using Peng Robinson equation of sate with the classical van der Waals
mixing rules (model 1) and with MHV1 mixing rule involving NRTL activity
coefficient model (model 2). Original alpha function is considered [14]. In the
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Figure 3 Flow diagram and various parts of the analytical loop for online sample analysis
using GC. Description of parts:- C: Analytical pcacked column, I: Injector, O: Oven,
RS: Online sampler, TCD: Thermal Conductivity Detector [1].

¢-¢ approach, we need a mixing rule; ¢ is fugacity coefficients. The first mixing
rule used to calculate the vapour- liquid equilibrium is the van der Waals mixing

rule (Eq. 1).
a= szixj“z‘f
i
b= xb,

Where a;; = \[a;a (1—kij), kij is the binary interaction parameter. The MHV1
(modified Huron-Vidal) mixing rule was proposed by Michelsen [12] where the
attractive parameter is calculated by equation 2.

, N\ GH(T,P,x
a:b ZXiﬂ_g xﬂn(ﬁ)ﬁ.M (2)
i bi 7 i b UHl

M
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Table 3 Experimental and calculated VLE data of (ethane (1) + ethyl mercaptan (2)) system.
U(T) =0.03 K, U(P) = 0.4 kPa and u__ (x,y) = 0.0043.

Experimental data Calculated data
Model 1 Model 2

Pop/MPa Xiexp Yiep X Vi X Yo
303 K

1.056 0.133 0.887 0.135 0.910 0.143 0.911
1.588 0.225 0.921 0.222 0.937 0.231 0.938
2.223 0.361 0.938 0.351 0.952 0.355 0.953
2.762 0.507 0.940 0.497 0.959 0.490 0.960
3.392 0.705 0.934 0.732 0.967 0.716 0.967
3.915 0.856 0.965 0.889 0.976 0.886 0.976
323K

5.445 0.857 0.935 0.894 0.945 0.895 0.946
4.611 0.711 0.931 0.718 0.941 0.722 0.941
3.977 0.574 0.932 0.565 0.936 0.567 0.936
3.184 0.412 0.918 0.403 0.928 0.402 0.927
0.531 0.035 0.643 0.040 0.672 0.039 0.672
1.320 0.123 0.839 0.132 0.857 0.130 0.857
2.386 0.272 0.899 0.274 0.912 0.272 0.911
343 K

0.707 0.034 0.495 0.039 0.557 0.028 0.554
1.668 0.121 0.771 0.133 0.794 0.106 0.788
2.924 0.261 0.848 0.270 0.867 0.239 0.859
4.195 0.419 0.877 0.430 0.892 0.428 0.884
4.978 0.538 0.886 0.546 0.898 0.567 0.891
6.254 0.879 0.876 0.771 0.893 0.795 0.886

Each composition is sampled 8 times to determine liquid and vapour phase compositions; the relative
standard deviation is often less than 1 %.

Table 4 Thermal properties for ethane and Ethylmercaptan pure component (Source
Simulis™ Thermodynamics).

Component T/K P /MPa Acentric factor ®
Ethane 305.32 4.872 0.099493
EthylMercaptan 499.15 5.490 0.187751
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The reference pressure is P = 0 and molar co-volume (b) is calculate like Van der
Waals mixing rule Eq (1). Michelsen recommends a value of q,=-0.53.

The excess Helmholtz free energy is calculated by the NRTL [13] activity coef-
ficient model (Eq. 3).

T:

xlExp(—a-- ]’l]

Gh J JERT
RT T LN ®

ji
%,i
j ZxkExp(—ak,i )
p RT

And 7, =0 and a,; = 0. The adjustable parameters are ¢, 7, and 7, . But with our
system the recommended value of ., ;15 0.3.

Binary interaction parameter of these two models were adjusted on experimen-
tal data considering the objective function as follows:

100| ¢ <
F= W z(xexp ~Xeal )2 + z(yexp _]/cal)2 (4)
1 1

Tables 5 and 6 present the values of the binary interaction parameters for the
two models used for the data treatment and the values of the objective function
(Eq 4).

In Figure 4, we present the experimental data and modelling results for PR EoS
(model 1); it is obvious that agreement between calculations and experimental

Table 5 Adjusted k; and objective function values for model 1.

T/K : F (Eq. 4)
303 0.0696 0.009
323 0.0627 0.007
343 0.0553 0.035

Table 6 Adjusted NRTL binary interaction parameters and objective function values for

model 2.
T/K 7,/cal.mole" 7,/cal.mole" F (Eq. 4)
303 843 -241 0.008
323 580 -106 0.007
343 -87 611 0.026
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Figure 4 Experimental VLE data, x, = liquid-phase mole fraction of ethane and y, = vapour-
phase mole fraction, for (ethane + ethyl mercaptan) system. Points are experimental data at
three isotherms: o 303 K; o 323; A343 K. Solid Lines are calculations using Model 1, dashed
lines are calculations using Model 2.

data is acceptable for the VLE of the studied mixture but the model has some dif-
ficulties to correlate correctly the region close to the critical point. Moreover, some
deviations are observed for the vapour composition.

Figure 5 shows the evolution of the relative volatility for the measured tem-
peratures as a function of ethane composition. A very good agreement between
the experimental relative volatility and the calculated values using PR EoS can
be observed. Similar to PR EoS (model 1), NRTL calculations (model 2) are found
adequate for the purpose of this work. Figures 6 and 7 show the evolution of BIP
with temperature for both models.

In order to quantify the quality of the fit of PR EoS to the experimental data, the
mean relative absolute percentage deviations (MRD) and the bias on liquid and
vapour mole fractions were calculated. They are all listed in Table 7. The expres-
sions of MRD and bias are defined by Egs. (5) and (6) as follows:

_ @ ucal - uexp

MRD(U)= _— 5)
. 100 Ucal - Uexp

b U)=— _
ias(U) N 2 U, (6)

where U represents x, or y, and N is the number of data points; we repeated
each compositional analysis for 8 representative samples at each point.
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Figure 5 Relative volatility for (ethane + ethyl mercaptan) system. Points are experimental
data at three isotherms: o 303 K; o 323; A343 K. Solid Lines are calculations using Model 1,
dashed lines are calculations using Model 2.
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Figure 6 Temperature-dependent binary interaction parameter regressed over the
experimental data.
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Figure 7 Temperature-dependent NRTL binary interaction parameter regressed over the
experimental data (4): al2, (*): a21. Dotted lines: tendency curves.

Table 7 MRD and Bias values for liquid and vapour phase compositions.

T/K Bias (x)/% MRD(x)/% Bias(y)/% MRD(y)/%
Model 1 (PR EoS)

303 -0.5 25 -2.1 2.1

323 -3.2 4.3 -1.7 1.7
343 -3.3 7.4 -3.8 3.8
Model 2 (NRTL)

303 -1.7 34 -2.2 2.2
323 -2.7 3.8 -1.7 1.7
343 6.5 9.1 -3.0 3.0

4 Conclusion

In this paper, new VLE data of the (ethane + ethanethiol) binary system are
presented. Experimental measurements were performed at three isotherms using a
sapphire-tube cell under static conditions with online sampling and phase analysis
using a GC-TCD. The uncertainties are 0.03K for temperature, 0.4 kPa for pressure
and 0.0043 for phase compositions in mole fraction. The experimental data were
correlated using PR EoS combined with the classical van der Waals mixing rules
and with NRTL model both showing adequacy. This system can be classified as a
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type I or type II according to Scott and van Konynenburg [15] classification. With
increase of impurities such as organic sulphur species in hydrocarbon resources,
this work is very important as it’s extremely difficult to work with these species
due to safety issues.
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