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Abstract

Vapor-liquid equilibrium measurements for the binary system CO,+CO are reported at 253, 273, 283 and 298 K, with estimated
standard uncertainties of maximum 9 mK in temperature, maximum 3 kPa in pressure, and maximum 0.001 in the mole
fractions of the phases in the mixture critical regions, and 0.0003 in the mole fractions outside the critical regions. These
measurements are compared with existing data. Although some data exist, there are little trustworthy literature data around
critical conditions, and the measurements in the present work indicate a need to revise the parameters of existing models. The
data in the present work have significantly less scatter than most of the literature data, and range from the vapor pressure of
pure CO, to close to the mixture critical point pressure at all four temperatures. With the measurements in the present work,
the data situation for the CO,+CO system is improved, enabling development of better equations of state for the system. A
scaling law model is fitted to the critical region data of each isotherm, and high accuracy estimates for the critical composition
and pressure are found. The Peng-Robinson EOS with the alpha correction by Mathias and Copeman, the mixing rules by

Wong and Sandler, and the NRTL excess Gibbs energy model is fitted to the data in the present work.
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1. Introduction

According to leading authorities regarding the future of
the global energy system, like IEA [3], large amounts of CO,,
have to be captured, transported and stored in order to fa-
cilitate a cost-effective transition to sustainable energy pro-
duction and consumption needed to avoid excessive anthro-
pogenic climate change. Hence, there has been a renewed
interest in the properties of CO, with relevant impurities. As
discussed in Refs. [4, 5, 6, 7], there are great need for data
on these systems as there are still many critical knowledge
gaps, and even small amount of impurities may drastically
alter the properties of CO,-rich mixtures [7, 8]. For instance,
cricondenbar may increase and density change compared to
pure CO,, which could lead to increased compressor work
and costs [9, 8]. Hence, for the realization of future robust
and cost-efficient processes for CO, capture, transport, and
capture (CCS) processes, precise fluid models built on high-
quality data must be developed.

Similar to what was noted in our previous work [2] for
C0,+0,, the modeling of the thermodynamics of CO,+CO
have been restricted by the lack of high quality data and
lack of consistency between the available data sets, for in-
stance during the development of the EOS-CG equation of
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state (EOS) [5, 6]. CO is produced in oxygen-lean processes
and can in CCS be found in captured CO, from e.g. refineries
and pre-combustion processes, in concentrations up to 0.2%
[10]. Alarge part of existing literature data is rather old, and
there are significant gaps in the critical region and at higher
temperatures [4, 5, 6, 7].

In the work presented here, new VLE data were experi-
mentally produced for the CO,+CO system. Four isotherms
at 253.15, 273.16, 283.30 and 298.16 K have been mea-
sured, spanning the upper part of the VLE temperature re-
gion of this binary system. The pressure of the new data
points ranges from 1.97 to 12.6 MPa. The new data points
cover gaps and regions of inconsistencies in available litera-
ture data, for instance close to critical conditions and at the
technological important temperatures above 273 K. The mea-
surements are compared with existing data and EOSes Fur-
thermore, a cubic EOS is fitted to the data at each isotherm,
and the parameters of the models are regressed such that the
EOS can be used over the full temperature range of the mea-
surements.

The measurements of the current work were performed
using a fit-to-purpose setup [11] constructed in order to per-
form precise phase equilibria measurements on mixtures and
at conditions expected in CCS [7, 12]. The setup was con-
structed as part of the BIGCCS/CO,Mix project [8, 13]. In
addition to the new data on CO,+CO reported in the current
paper, this facility has also been used to measure phase equi-
librium data on CO,+N, [1], CO,+0, [2], CO,+CH, [14]
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and CO,+Ar [15]. As in the previous work, new data are
reported in accordance with journal and IUPAC Guidelines
Chirico et al. [16], including uncertainty estimates according
to a detailed analysis [17, 1, 2].

Section 2 of this paper presents the experimental facility
and methods used, and Section 3 presents the uncertainty
analysis pertaining to the new data. The new data are pro-
vided and analyzed in Sections 4 and 5. The analysis includes
model fitting. Conclusions of the work are provided in Sec-
tion 6.

2. Experimental apparatus

2.1. Description of setup

The apparatus used for the VLE measurements in the present

work was described and validated in Ref. [1], and a sum-
mary was presented in Ref. [2]. The measurements were per-
formed using the isothermal analytical method with a vari-
able volume cell (100 cm®), where samples of the two co-
existing phases were taken at constant equilibrium temper-
ature and pressure. To compensate for the pressure drop
caused by sampling, a bellows was expanded upon each sam-
pling, lowering the volume of the cell. The temperature of
the cell was measured using two Fluke model 5686 stan-
dard platinum resistance thermometers (SPRTs), placed in
the flanges of the cell. The pressure of the cell was measured
indirectly using an array of 4 absolute pressure sensors, Keller
type PAA-33X, with a differential pressure sensor, Rosemount
type 3051 with 1199 diaphragm. For details regarding the
measurement chain, please refer to Ref. [1]. Almost all as-
pects of the experimental setup were unchanged compared to
in Ref. [2], and only the differences will be presented here.
A diagram of the cell and apparatus is shown in Fig. 1.

2.2. Calibration

The calibration of the temperature and pressure sensors
was performed in-house. The temperature sensors were cali-
brated against fixed point cells according to the International
Temperature Scale of 1990 (ITS-90). The pressure sensors
were calibrated against a dead weight tester calibrated re-
cently. In addition, the use of two temperature sensors and
multiple pressure sensors would have exposed sudden changes
in any of the sensors. Details concerning the estimated tem-
perature and pressure measurement uncertainties are given
in Section 3.2 below, and discussed in detail in Ref. [1].

The gas chromatograph (GC) was calibrated against ref-
erence gas mixtures prepared in-house using our custom built
apparatus for gravimetric preparation of mixtures. Details
about the calibration gas mixtures and the calibration can
be found in Section 3.3 below. Both in the VLE experiments
and in preparing the reference gas mixtures the same source
gases of pure CO, and CO were used. The manufacturer’s
specification of the purities of these source gases are given
in Table 1. No additional analysis of the specified purities of
these gases was performed.

2.3. Experimental procedures

The experimental procedures used in Ref. [2] were also
followed in the present work. This can be summarized as stir-
ring the cell contents to equilibrium (stable pressure and tem-
perature), visual confirmation of the presence of the phase
boundary, settling of the phases after the stirrer stopped, and
sampling of the liquid and vapor phases after flushing the
sampling capillaries. Normally, 7 samples were taken from
each phase. For further details regarding the experimental
procedure and the duration and criteria of each step, please
see Section 2.3 in Ref. [2].

As the experiments involved carbon monoxide, which is
toxic by inhalation, additional HSE precautions were carried
out. The experimental rig was designed with safety in mind,
and measures to avoid and contain leaks of gas components
into the surrounding air were in place from before. In addi-
tion to the standard gas sensors and alarms, the operators of
the experimental rig used supplied air respirators to ensure
that they were not exposed to carbon monoxide through in-
halation in the event of a unexpected leak. To the best of
our knowledge, there did not exist air respirators that could
filter carbon monoxide from the air surrounding the opera-
tor, and it was therefore essential that the air respirator was
supplied with fresh, filtered breathing-quality air through air-
hose from outside the area where carbon monoxide could be
present.

3. Uncertainty analysis

3.1. Definitions

The terms and definitions in the “GUM” [17] are used
in the uncertainty analysis. The uncertainties are evaluated
as standard uncertainties, with symbol u(y), where y is the
estimate of the measurand Y. The propagation of the stan-
dard uncertainties in input quantities X; into a final calcu-
lated value Y is described by the combined standard uncer-
tainty, with symbol u.(y).

3.2. Pressure and temperature

A thorough analysis of the uncertainty of the pressure
and temperature measurements was performed in Ref. [1],
where VLE measurements of the CO,+N, system were per-
formed. The same methodology was used for the measure-
ments in the present work, the only difference being that the
density used in the hydrostatic pressure calculations was cal-
culated using EOS-CG [5, 6] for CO,+CO instead of CO,+N,.
Only the resulting uncertainty estimates are given here. The
details of the uncertainty analysis methodology can be found
in Ref. [1].

The uncertainty components contributing to the standard
uncertainty for the measured pressure p at VLE were summa-
rized in Table 2 in Ref. [2], and the resulting standard un-
certainties in the pressure measurements are shown in Tables
5 and 6. The only change to the uncertainty components in
Table 2 in Ref. [2] is the standard uncertainty of the vapor
density used in the hydrostatic pressure calculation, u(p;),
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Fig. 1. Figure from [1, 2]: Principal diagram of cell and ancillary apparatus. LS,VS: Liquid and vapor phase Rolsi'™ samplers, respectively. SM:

Rolsi™ controller. M: Gear for rotating permanent magnet below cell, which rotates stirrer inside cell. Gear connected to electric motor outside bath. Tg4:
Top flange SPRT. Ty5: Bottom flange SPRT. Absolute pressure sensors, p;, where i =1,2,3,4, with full scales 1, 3, 10 and 20 MPa, respectively. Differential
pressure sensor py.
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which was estimated to be 1-1072 - p; for of C0,+CO in
EOS-CG [5, 6]. Similarly, Table 3 in Ref. [2] and Tables 5
and 6 show the contributors to and the resulting standard
uncertainty in the measured temperatures T.

As seen from Tables 5 and 6, the standard uncertainty in
the pressure stimated to be below 0.03% of the mea-
sured pressu@&milarly, the standard uncertainty in the
temperature was estimated to be below 9 mK, and the vari-
ation in temperature had been less than 1 mK for each data
point.

The measurements of the CO, vapor pressure at each tem-
perature provided an additional check of the temperature
and pressure sensors, when compared with values calculated
with the Span-Wagner EOS for CO,. With reference to Ta-
bles 5 and 6, the measured CO, vapor pressures were con-
sistent with the calculated values when the expanded uncer-
tainty was counted for both in the measurements and the
calculated values from the EOS.

3.3. Composition

The VLE phase composition analysis and uncertainty esti-
mation were performed in the same manner as in Refs. [1, 2],
with the methodology applied to CO,+CO samples instead of
CO,+N,/0O,. A summary will be provided here, with refer-
ence to Refs. [1, 2] for further details.

The composition analysis was performed using the same
GC as in Refs. [1, 2], with its calibration performed using

gravimetrically prepared reference gas mixtures using a custom-

built rig in our laboratories [18].

For the measurement method utilized in the present work
and in Refs. [1, 2], it could be stated that the composition
uncertainty stemmed from a range of sources, including the
impurities of the gases used to prepare the reference mix-
tures, the uncertainty in the molar masses, inaccuracies in
the weighed masses, adsorption, chemical reactions, repeata-
bility / uncertainties of the sampling and GC analysis, and
finally the consistency between the GC calibration function
and data. The analysis of these contributing factors are given
below.

3.3.1. Source gas composition and molar mass

Following the methodology in Refs. [2, 1], the composi-
tion and the corresponding uncertainty of a gravimetrically
prepared gas mixture can be stated to be results of both the
purity and the molar mass of the source gases used for the
mixture. According to Refs. [19, 20], the molar masses of
monoatomic carbon C, monoatomic oxygen O in commercial

Table 2

Molar masses of atomic elements and compounds with

uncertainties [19, 20], calculated considering the impurities in the source
gases in Table 1.

Componenti  M; u(M;) Unit

c 0.0120108 0.0000003 kgmol ™!
0? 0.01599938  0.00000007  kgmol™!
cP 0.0120108 0.0000001 kgmol ™!
oP 0.01599920  0.00000015  kgmol™!
co, 0.0440096 0.0000003 kgmol™!
co 0.0280100 0.0000002 kg mol ™!
CO,+imp 0.0440095 kgmol ™!
CO+imp 0.0280098 kgmol !
CO, eff 0.0440097 kgmol ™
CO,eff 0.0280102 kgmol ™!

#In CO, molecule
® In CO molecule

tank gas CO, and monoatomic carbon C, monoatomic oxy-
gen in commercial tank gas CO generally lie within ranges of
width 0.6, 0.15, 0.2 and 0.3 mgmol ™, respectively. Based
on this, the molar masses of CO, and CO, Mco, and Mco
respectively, were calculated with the corresponding uncer-
tainty estimates shown in Table 2.

The minimum certified purities of the CO,, and CO source
gases used to prepare the reference gas mixtures are given in
Table 1, together with the manufacturers’ specifications of
the maximum content of certain impurities. Since the source
gases were not entirely pure, estimates for the molar masses
of the source gases, Mco_timp and Mcoyimp, should account
for the impurities present, following the procedure used in
Ref. [1].

Mco, +imp and Mo imp Were calculated based on the im-
purity specifications stated in Table 1. The molar mass of
each impurity was calculated using data from Wieser et al.
[20], assuming methane CH, for the hydrocarbon impurity
fraction. The molar masses of the source gases, Mco, +imp
and Mo imp, together with the effective molar masses of the
source gases excluding the impurities, Mco, e and Mco eff,
are shown in Table 2.

3.3.2. Carbon monoxide chemistry

CO is under certain conditions a reactive component. For
instance, it is known that CO may disproportionate into CO,
and solid C through the so-called Boudouard reaction. Below
about 900-1100 K, the chemical equilibrium of this reaction
favor formation of CO, and C. However, the activation en-
ergy is high, and hence the CO is stable at the temperatures
and pressures of this work unless passed over a catalyst or
e.g. optically excited [21]. Further, it is well established that

Table 1
Chemical samples used.
Chemical name CASRN Source Initial mole fraction purity ~ Purification method  Final mole fraction purity ~ Analysis method
Carbon dioxide?® 124-38-9 AGA (from Linde) 0.999993 None 0.999993 None
Carbon monoxide®  630-08-0 AGA (from Linde) 0.99997 None 0.99997 None
Helium*® 7440-59-7 AGA (from Linde) 0.999999 None 0.999999 None

# Maximum specified impurity content by volume was less than 1 ppm H, 0O, 2 ppm O,, 3 ppm N,, 1 ppm hydrocarbons C,H,, and 0.5 ppm CO.
b Maximum specified impurity content by volume was less than 5 ppm H,0, 5 ppm O,, 20 ppm N,, 2 ppm hydrocarbons C,H,,, 30 ppm H, and 15 ppm Ar.

€ GC carrier gas.

4
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Table 3
CO,, + CO reference gas mixtures

yCOZ,cal u(.YCOZ,cal; m) u(yCOZ,cab Meff) U(YCOZ,cals ads.)
0.293674 1.3-107° 7.1-107° 14.4-107°
0.498553 1.1-107° 4.2.107° 6.0-107°
0.704087 2.2-107° 45.107° 2.5-107°
0.896948 2.5-107° 7.1-107° 0.7-107°

CO may form volatile carbonyls with metals such as cobalt,
iron, and nickel [22, 23]. Apart from depleting the CO, for-
mation of carbonyls also would be an HSE hazard as they are
extremely poisonous and a corrosion problem. Carbonyls do
not easily form with aluminium, titanium, or high-chrome
steel, and is also reduced by suitable coatings [24, 25].
Hence, high purity CO, as specified in Table 1, require
careful selection of the materials used for storing and trans-
portation, to lower the possibility for this reaction to occur
to a significant degree. The production of metal carbonyls
is a relatively slow process, and hence the cylinders used to
store the pure CO and the CO+CO,, reference mixtures are
probably of highest importance. The pure CO obtained from
AGA/Linde was delivered in aluminum cylinders (Luxfer Gas
Cylinders Ltd.). The cylinders used to prepare the reference
gas mixtures for CO,+CO, including the reference cylinder
used to reduce the effect of varying buoyancy, were Luxfer
aluminum alloy cylinders provided by Scott Specialty Gases.
To comply with exposure to CO, the internal walls of the
cylinders had gone through a proprietary inerting treatment
(Scott Specialty Gases ACULIFE® III), where a coating was
applied through chemical vapor deposition to enhance the
stability of reactive gas and liquid mixtures. This treatment
also increased the adsorption resistance of the gas cylinders.
Further, the flow path for the reference gases and pure
CO leading from the gas cylinders used high chromium steeel
(Hastelloy C-276) coated with Silconert® passivation layer.
The equilibrium cell itself was made of titanium and sap-
phire. No indications of carbonyls were found in the gas
chromatograms of the samples extracted from the cell.

3.3.3. Gravimetric preparation of reference gas mixtures

As in Ref. [2], the methodology of gravimetric prepara-
tion of the reference gas mixtures and the uncertainty estima-
tion given in Refs. [1, 18] was used in the present work, with
only a modification of the calculation of the adsorption un-
certainty u( Yo, cal> ads.). This modification will be discussed
in Section 3.3.4. Details regarding the methodology and the
other uncertainty terms are given in Appendix A.3.4 in Ref.
[1].

Four CO,+CO reference gas mixtures were made, span-
ning in CO, mole fractions Yo, cal from 0.29 to 0.90. An
overview of the mixtures is given in Table 3.

3.3.4. Composition calibration procedure and estimated com-
position uncertainty

The calibration of the GC was performed as described in

Ref. [2] and in Appendix A.3.1 in Ref. [1], where thorough

flushing of the gas lines and cell with the reference gas mix-
ture lowered the risk of adsorption of the gas onto the contact

u(Yco, caidurfaces changing the composition significantly from that in
16.1 - 10-the gas cylinders. Samples of varying sizes were withdrawn
7.4-10~¢ from the cell at different pressures between 5 and 10 MPa.

5.6-107° These samples formed the calibration basis for the composi-
7.5-107°

tion analysis, establishing a relation between the CO, mole
fractions of the reference gas mixtures and the GC detector
response.

The uncertainty contribution from the reference mixture
uncertainty reaching the GC, uc(.yCOZ,cal)’ was estimated us-
ing Eq. (1) in Ref. [2]. The uncertainty estimates are pro-
vided in Table 3, where u(yco, ca,m) is the uncertainty in
mole fraction due to the gravimetric preparation, u( Yo, cal> M)
is the uncertainty in mole fraction due to uncertainty in molar
mass, and u( Yco, cals ads.) is the uncertainty in mole fraction
due to the assumed stronger tendency for CO, than CO to
adsorb at the walls of the VLE cell and gas cylinders. The
latter uncertainty was calculated from:

1
u(.yCOZ,cal: ads.) N A.yCOZ,maximum adsorption>» (1)

N

where

A.y CO,,maximum adsorption ~ (2)

nCO,cyl. : AnCOz,max.ads.cyl. Nco,cell AnCOZ,max‘ads.cell

J
nCOZ,cell : (nCOZ,cell + nCO,cell)

3

nCOZ,cyl. : (nCOZ,cyl. + nCO,cyl.)

with Ango, max.ads.cyl.s ANco, max.ads.cell a0d the mole values in
the cell ngo, cen and neg on Were calculated as in Appendix
A.3.4in Ref. [1].

As seen in Table 3, the uncertainty contribution from the
molar mass of CO caused u(yCOZ,Cal,Meff) to dominate the

combined standard uncertainty of the CO, mole fraction u,( yCOZ,cal)

for the gas mixtures with the highest CO,-content. For the
mixtures with the lowest CO,-content, the uncertainty con-
tribution from the adsorption of CO, dominated, which can
be explained by the larger impact of changes in moles of CO,
relative to moles of CO, in the gas cylinder and in the cell.

3.3.5. GC integration and calibration function

The GC column, method and detector used for CO,+N,
and CO,+0, samples in Refs. [1, 2] were utilized on CO,+CO
samples in the present work, with helium as the GC carrier
gas. This setup gave just as good separation of the CO, and
CO peaks in the GC chromatogram as for the previous sys-
tems. The areas under the CO, and CO peaks in the chro-
matogram, denoted Aco, and Aco, were obtained for each
sample by numerical integration.

As for the CO,+0, system in Ref. [2], the GC thermal
conductivity detector (TCD) response was nonlinear with re-
spect to the number of moles of CO, and CO passing through
the detector. The following model, consisting of both linear
and nonlinear terms, described adequately the relation be-
tween moles of each component in the sample to the area of
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Table 4

Fitted parameters of the .);'COZ,cal model and standard uncertainty of
composition analysis L_lc(xcoz) and .( Yco, ).

Variable

Liquid

Vapor

S

C2

C3

Cq

Cs

ﬁc(zcoz) ~ RMSE =s(e)
n data points used in fit
p fitted parameters

v degrees of freedom
SSE

1.041801
1.5
1.146512
2.330930
1.5
3.2-107*
16

3

13
1.24-107°

0.902973
1.5
1.145374
2.091908
1.5
2.6-107*
21

3

18
1.14-107°

each component:

ﬁCOZ . k :ACOZ + 10_3 . Cl . (ACO2 )CZ 5 (4)
fico -k =c3-Aco+107° ¢4+ (Aco)™ , (5)

.yCOZ,cal =

where Jco, ca is the estimator of the CO, mole fraction of a
reference gas mixture sample given the areas for that sample,
and k is an unknown factor relating the areas to the number

of moles.

The parameters c¢; were fitted by performing a nonlin-
ear least squares minimization of the objective function S =
Z?:l(yi,coz,cal - .)A'i,COZ,cal)zﬁ where yCOZ,cal is the actual refer-
ence mixture mole fractions given in Table 3. The parameters
were fitted separately against the calibration data taken using
the liquid phase and vapor phase sampler, giving one set of

Nco,

A

Y
fico, T 1co

le—-4

©® I B U %~

N
1

o

Yco,,cal - Yco,,cal

model parameters for each sampler. The motivation for this 0.0
was the realization that there was a difference in the flow rate
of the samples taken from the two samplers, causing wider
and lower peaks in the samples taken using the vapor phase
sampler. Since the detector response was nonlinear, this re-
sulted in different area fractions between the samplers.
When including the parameters ¢, and c; in the regres-
sion, the confidence intervals of the fitted parameters indi-
cated that some of the parameters were not significant. Con-

sequently, the parameters c, and c; were set constant to 1.5,
and c;, ¢ and ¢ were fitted, yielding small confidence inter-
val estimates of the parameters, with lower SSE than when
¢, and cg were also fitted. The resulting parameter estimates

are given in Table 4.

The deviations between the reference gas mixture CO,
mole fractions and the model predictions, e = Yo, ,cal— .)X'COZ,cab
as shown in Fig. 2, should be randomly scattered around zero
over the composition range. It was difficult to determine if
this was the case, especially with the reference mixture with
the highest CO, content, where there seems to be an offset.
This could indicate an inappropriate model structure, an er-
ror in the reference gas mole fraction Yco,,cal, OF an error in
the procedure execution when the calibration samples were

taken.

An unbiased estimator of the standard error s for a linear
regression is given by Eq. (7), expressed in terms of the mean

Yco,,cal

Taken using liquid sampler
Taken using vapor sampler
Liquid sampler RMSE = s(e)
Vapor sampler RMSE = s(e)

Fig. 2. Composition calibration: Error between actual compositions in
Table 3 and composition model in Eq. (6), given as Yo, ,cal ~ ycoz)cal

Versus yco, cal- Composition analysis uncertainty u(xcoz) and u()’coz)
assumed equal to s(e) for liquid and vapor calibrations from Table 4.
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square error MSE, the sum of squared errors of prediction
SSE, the degrees of freedom v, number of data points used
in the fit n and number of fitted parameters p [26].

_ i€ _ i i =3
n—p n—p

SSE  SSE

n—p

s%(e) = MSE =
7

However, as the model in Eq. (6) is nonlinear in the param-
eters, the estimator s will likely be biased [26].

It was assumed that the standard uncertainty of the CO,
mole fraction of samples taken during VLE measurements,
tc(xco,) and t(yco,), was estimated by s(e) for respectively
the liquid and vapor sampler calibrations, because s(e) was
20-45 times larger than the standard uncertainties in the mole
fractions of the reference mixtures, u,( yCOZ,cal): provided in
Table 2. To assume this behavior for the VLE mole fraction
uncertainty over the whole composition range could be in-
correct, considering the possible bias in s(e) and the larger
deviation e at the highest CO, mole fractions.

As noted in Ref. [2], it must be emphasized that this es-
timate only accounts for the uncertainty caused by the com-
position analysis of the samples. All other reasons that could
cause the sample to not represent the actual VLE composition
are not accounted for in this estimate, but these contributors
have been minimized by the measures described in the ex-
perimental procedures in Ref. [2] and in Ref. [1].

3.3.6. Total uncertainty in liquid and vapor phase mole frac-
tions X¢o, and yco,

Like in earlier experiments in Refs. [1, 2], the total uncer-
tainty of the phase equilibrium data were expressed in terms
of mole fractions, u,(Xco,) and uy(¥co, ), assuming that the
combined uncertainty in temperature, pressure and compo-
sition measurements are independent of each other. With z
equal to x or y for respectively liquid and vapor phase, the
total uncertainty was stated as

- 2 Zco, 2 d Zco,
Uor(Zco,) = 4| U2 (Zco,) +u2(Ty) - (8_T) +u2(py) - ( 3
p p
(8

where the combined standard uncertainty of the temperature
and pressure data points, u.(T;) and u.(p), were calculated
as in Section 3.5 in Ref. [1]. The derivatives with respect to
temperature and pressure were estimated numerically from
the fitted Case 2 EOS, except at higher pressures where the
scaling law was used for the derivative with respect to pres-
sure. The fitted EOS and scaling law are described in Section
5.4.2. The combined standard uncertainties of the mole frac-
tion data points were calculated as

u(Zco,) = 4/s2(Zco,) + @2(zco,),

where s(z'coz) is the sample standard deviation of the mean
of the mole fractions described in Section 3.5 in Ref. [1].
The mean of the systematic standard uncertainty of the mole
fractions determined from the composition analysis alone,
(2o, ), is given in Table 4.

)

)

3.4. Data reduction

The same procedure for data reduction as used in Ref. [2]
was utilized in the present work. For details please refer to
Section 3.4 in Ref. [2].

4. Results

VLE measurements at the average temperatures 253.15,
273.16, 283.30 and 298.16 K were conducted, and covered
pressures from the vapor pressure of CO, up to close to the
critical point at each temperature.

The data and corresponding uncertainty terms for each
series of samples are given at mean temperature T;, mean
pressure p; and mean mole fractions for the liquid phase Xco,
and the vapor phase yco, in Tables 5 and 6. These averaged
data are plotted with the uncertainties in composition and
pressure in Figs. 3a to 3d. The total standard uncertainty
of the mole fraction data points, U (Xco,) and u(¥co,)s
which were calculated using the scaling law in Section 5.3,
are identified in Tables 5 and 6 using the plus symbol *.

5. Analysis and discussion

5.1. Summary and analysis of uncertainty estimates

With reference to Tables 5 and 6, the combined standard
uncertainty of the mole fraction data points, uc(écoz), were
dominated by the mean uncertainty stemming from the com-
position analysis, ac(ZCOZ) from Table 4. The sample standard
deviation of the mean of the mole fractions, s(2¢o,), did not
contribute significantly. This implies that if the composition
analysis uncertainty could be lowered, for instance by im-
proving the calibration model in Eq. (6), the combined stan-
dard uncertainty could be improved.

The total standard uncertainty in the liquid and vapor
phase mole fractions, uwt(ico ), increased as a function of
increasing pressure from close to equal to i (Zco ) from Ta-

ble 4 up to a maximum value of 8.9-10~* for bubble point
’L6 at 253.15 K. At the higher pressures close to the mixture
critical points, the uncertainty was influenced more heavily
by the pressure uncertainty, as expected by the higher VLE
composition sensitivity to pressure in these regions.

5.2. Comparison with literature data

The literature data reviews in Refs. [4, 5, 6, 7] provided in
total five works reporting isothermal analytic VLE measure-
ments [28, 30, 32, 31, 29]. A summary of these literature
data is given in Table 7.

Literature data at temperatures comparable to our mea-
surements are plotted together with our data in Figs. 3a to 3d.
The data of Képke [32] are not included, as these measure-
ments were close to pure CO,. These figures give a general
overview of the varying agreement between our data and the
literature data.

The data by Kaminishi et al. [28] agree reasonably well
with our data where the two works match in temperature,
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Table 5
Liquid phase: Experimental VLE data for CO, + CO at mean temperature T¢, mean pressure p¢, and mean liquid phase mole fraction )'ccoza.

Data Temperature Pressure Composition
ID T; Dt Xco, s(Tr) 4 (T)  u(Tp)  s(p) i.(p) ulpe)  s(Xco,)  GelXco,)  UclXco,)  UnrlXco,)  Xco,cale
X (MPa) O] (€:9] x) x) (MPa)  (MPa)  (MPa) (9 O] ] O] O]

P1 253.152 1.9705° 0.99999 4.9e-5 7.3e-3 7.3e-3 6.4e-5 3.5e-4 3.4e-4 - - - - -

L1 253.152 6.0336 0.90512 7.0e-5 8.5e-3 8.5e-3 8.2e-6 1.1e-3 1.1e-3 2.0e-6 3.2e-4 3.2e-4 3.2e-4 0.91106
L2 253.152  8.0607 0.84956  2.2e-5 8.5e-3  8.5e-3  3.6e-6 1.2e-3 1.2e-:3 23e-6 3.2e-4 3.2e-4 3.2e-4 0.84880
L3 253.152  9.9904 0.78593  7.2e-5 8.5e-3 85e-3 1.0e-5 1.4e-3 1l4e3  6.6e-6 3.2e-4 3.2e-4 3.3e-4 0.77370
14 253.152 11.8051 0.70224 4.1e-5 8.2e-3 8.2e-3 1.2e-5 2.7e-3 2.7e-3 1.4e-5 3.2e-4 3.2e-4 3.6e-4* 0.67889
L5 253.153 12.4956 0.63715 4.7e-5 8.4e-3 8.4e-3 6.0e-6 2.7e-3 2.7e-3 8.5e-6 3.2e-4 3.2e-4 6.3e-4" 0.62445
L6 253.153 12.5447 0.62585 9.3e-5 8.3e-3 8.3e-3 5.5e-6 2.7e-3 2.7e-3 9.9e-6 3.2e-4 3.2e-4 8.9e-4% 0.61924
P2 273.160  3.4861°¢ 0.99999  8.6e-5 6.2e-3  6.2¢e-3  3.2e-5 1l.le-3 1.le-3 - - - - -

L7 273.159  6.1752 0.93536  1.8e-4 59e-3 59e3 526 1lle3 1lle3 1.5e6 3.2e-4 3.2e-4 3.2e-4 0.93747
L8 273.160 8.1243 0.87986 1.4e-4 5.8e-3 5.8e-3 8.1e-6 1.2e-3 1.2e-3 4.0e-6 3.2e-4 3.2e-4 3.2e-4 0.87747
L9 273.159 8.8718 0.85494 1.1e-4 5.9e-3 5.9¢e-3 8.2e-6 1.3e-3 1.3e-3 1.3e-5 3.2e-4 3.2e-4 3.3e-4 0.84937
L10 273.160 9.6463 0.82453 1.7e-4 6.0e-3 6.0e-3 8.8e-6 1.4e-3 1.4e-3 8.3e-6 3.2e-4 3.2e-4 3.3e-4 0.81545
L11  273.160 10.5757 0.77169  3.3e-4 59e-3 59e-3 53e6 26e3 26e3 2.3e-6 3.2e-4 3.2e-4 3.9e-4* 0.76161
L12  273.159  10.7579  0.74965 2.8e-5 5.8e-3 5.8e-3 6.3e6 27e-3 27e-3  3.6e-6 3.2e-4 3.2e-4 6.1e-4" 0.74678
L13 273.159 10.7743 0.74629 1.6e-4 5.9e-3 5.9¢e-3 5.6e-6 2.7e-3 2.7e-3 4.8e-6 3.2e-4 3.2e-4 7.0e-4* 0.74528
P3 283.292  4.5185¢ 0.99999  2.6e-4 1.1e-3 1.1le-3 2.1e-5 1l.1e-3 1.le-3 - - - - -

L14  283.296  6.0651 0.96208  5.2e-5 9.8¢-4 9.8e-4 1.5e-5 1l.1e-3 1l.1le-3  1.5e-6 3.2e-4 3.2e-4 3.2e-4 0.96337
L15 283.296 8.4148 0.89192 1.2e-4 8.9e-4 9.0e-4 3.9e-5 1.2e-3 1.2e-3 4.5e-6 3.2e-4 3.2e-4 3.2e-4 0.88798
L16 283.295 9.0805 0.86505 5.1e-5 8.6e-4 8.6e-4 7.1e-6 1.3e-3 1.3e-3 8.6e-6 3.2e-4 3.2e-4 3.3e-4 0.85816
L17 283.293 9.5276 0.83998 2.2e-4 1.1e-3 1.2e-3 7.1e-6 1.4e-3 1.4e-3 5.0e-6 3.2e-4 3.2e-4 3.4e-4% 0.83255
L18  283.294  9.6772 0.82677  3.3e-4 9.3e-4 9.8e-4 42e-6 14e3 14e3 2.0e6 3.2e-4 3.2e-4 3.6e-4" 0.82173
L19  283.295  9.7369 0.81835 1.4e-4 9.6e-4 9.7e-4 2.0e5 14e-3 14e3 7.2e7 3.2e-4 3.2e-4 4.2e-4" 0.81677
P4 298.166 6.4368°¢ 0.99999 1.4e-4 1.8e-3 1.8e-3 1.3e-5 1.1e-3 1.1e-3 - - - - -

L20 298.162 7.0678 0.98234 4.5e-4 1.7e-3 1.7e-3 1.0e-6 1.1e-3 1.1e-3 1.2e-6 3.2e-4 3.2e-4 3.2e-4 0.98209
121 298.162 7.0713 0.98223 3.3e-4 1.7e-3 1.8e-3 1.0e-5 1.1e-3 1.1e-3 5.1e-7 3.2e-4 3.2e-4 3.2e-4 0.98198
122 298.164  7.0917 0.98161  2.3e-4 1.8e-3 1.8e-3 6.9e-6 1l1e-3 1l.le3 5.6e7 3.2e-4 3.2e-4 3.2e-4 0.98135
123  298.163  7.4001 0.97200  2.5e-4  1.6e-3 1.6e-3 24e-6 1l.1e-3 1l.le3 1.2e6 3.2e-4 3.2e-4 3.2e-4 0.97117
L24 298.162 7.8502 0.95545 3.5e-4 1.5e-3 1.6e-3 1.1e-5 1.1e-3 1.1e-3 4.2e-6 3.2e-4 3.2e-4 3.2e-4% 0.95357
L25 298.163 7.9283 0.95190 1.4e-4 1.6e-3 1.6e-3 6.5e-6 1.1e-3 1.1e-3 4.1e-6 3.2e-4 3.2e-4 3.3e-4" 0.94993
126  298.162  8.0613 0.94376  3.8e-4 1.7e-3 1.7e-3  5.7e-6  1.2e-3  1.2e-3  8.2e-7 3.2e-4 3.2e-4 3.4e-4" 0.94284
127  298.163  8.0936 0.93989  3.2e-4 1.5e-3  1.6e-3  1.3e-5 1.2e-3 1.2e-:3  2.2e-6 3.2e-4 3.2e-4 4.3e-4" 0.94083

2 Estimated uncertainty terms:
o s(T¢) : Sample standard deviation of the mean of the temperatures. See Section 3.5 in Ref. [1].
o ii.(T) : Mean of the standard systematic uncertainty of the temperature measurements. See Section 3.5 in Ref. [1].
o u (T;) : Combined standard uncertainty of the temperature data points. See Eq. (12) in Ref. [1].
o s(p) : Sample standard deviation of the mean of the pressures. See Section 3.5 in Ref. [1].
o i.(p) : Mean of the standard systematic uncertainty of the pressure measurements. See Section 3.5 in Ref. [1].
o u.(ps) : Combined standard uncertainty of the pressure data points. See Eq. (11) in Ref. [1].

. s()'ccoz) : Sample standard deviation of the mean of the mole fractions. See Section 3.5 in Ref. [1].

. ﬂc(XCOZ) : Mean of the systematic standard uncertainty of the mole fractions from composition analysis alone. See Table 4.

. uc()'ccoz) : Combined standard uncertainty of the mole fraction data points. Eq. (9): uc()'cCOZ) =, /sZ(J'cCOZ) + ﬁf(xcoz)

. umt()’ccoz) : Total standard uncertainty of the mole fraction data points. Eq. (8): umt(fccoz) = \/ug (J?COZ )+ uZ(Tf) . (5xc02 /0 T)g +u?(pg) - (ﬁxcoz /ﬁp)%
. xcoz,calc(Tf’ Pg) : PR-MC-WS-NRTL Case 2 EOS calculated mole fraction.

* The derivatives 6xc02 /2p used in Eq. (8) to obtain Umt(f(coz) were calculated using the scaling law in Eq. (10) with the parameters in Table 8 instead of the PR-MC-WS-NRTL
Case 2 fitted EOS. See Section 5.3 for details.

b Reference CO, vapor pressure is 1.9698 £ 0.0006 MPa [27].

¢ Reference CO, vapor pressure is 3.4861 + 0.0010 MPa [27].

4 Reference CO, vapor pressure is 4.5181 % 0.0013 MPa [27].

¢ Reference CO, vapor pressure is 6.4366 + 0.0019 MPa [27].
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Table 6
Vapor phase: Experimental VLE data for CO, + CO at mean temperature T¢, mean pressure pg, and mean vapor phase mole fraction )7c023~

Data Temperature Pressure Composition
ID T¢ Dt Yeo, s(Tr) o (T)  u(T)  s(pp) u.(p) u(pr)  s(eo,)  cl¥co,)  Ucleo,)  walFeo,)  ¥Yco,cale
(9] (MPa) O] (9] ) X (MPa)  (MPa)  (MPa) O] O] O] O] O]

P1 253.152 1.9705° 0.99999 4.9e-5 7.3e-3 7.3e-3 6.4e-5 3.5e-4 3.4e-4 - - - - -

\21 253.152  6.0336 0.47118  1.2e-4  8.5e-3  8.5e-3  2.4e-5 1l.1e-3 1.le-3 8.6e-6 2.6e-4 2.6e-4 2.8e-4 0.48902
V2 253.152  8.0587 0.42746  5.0e-5 8.5e-3  85e-3 1.3e-3 1.8e-3 1.3e-3  2.6e5 2.6e-4 2.6e-4 2.7e-4 0.44985
V3 253.152 9.9905 0.42564 4.5e-5 8.4e-3 8.4e-3 5.0e-6 1.4e-3 1.4e-3 1.1e-5 2.6e-4 2.6e-4 2.7e-4 0.44781
V4 253.152 11.8051 0.46643 5.6e-5 8.2e-3 8.2e-3 3.2e-6 2.7e-3 2.7e-3 6.0e-6 2.6e-4 2.6e-4 3.1e-4* 0.47787
V5 253.153 12.4956 0.52545 1.1e-4 8.3e-3 8.3e-3 1.1e-5 2.7e-3 2.7e-3 1.4e-5 2.6e-4 2.6e-4 5.9e-4 0.50906
N 253.153  12.5447 0.53766  9.3e-5 8.3e-3 83e-3 9.9e-6 27e3 27e3 9.8e-6 2.6e-4 2.6e-4 8.6e-4" 0.51264
P2 273.160  3.4861°¢ 0.99999  8.6e-5 6.2e-3  6.2e-3  3.2e-5 1.1e-3 1l.le-3 - - - - -

v7 273.160 6.1752 0.70553 1.4e-4 5.9e-3 5.9e-3 4.7e-6 1.1e-3 1.1e-3 1.6e-5 2.6e-4 2.6e-4 2.8e-4 0.71636
V8 273.160 8.1233 0.63519 9.6e-5 6.0e-3 6.0e-3 9.4e-4 2.0e-3 1.7e-3 6.5e-6 2.6e-4 2.6e-4 2.7e-4 0.65049
V9 273.159 8.8718 0.62543 1.3e-4 6.0e-3 6.0e-3 1.8e-5 1.3e-3 1.3e-3 3.5e-6 2.6e-4 2.6e-4 2.7e-4 0.64067
V10  273.160  9.6463 0.62597  7.9e-5 5.8e-3 58e-3 6.3e-6 14e-3 14e-3 5.0e6 2.6e-4 2.6e-4 2.7e-4 0.63904
V1l  273.158 10.5757 0.65411 2.7e-4  6.0e-3  6.0e-3  7.0e-6  2.6e-3  2.6e-3  8.6e-6 2.6e-4 2.6e-4 3.4e-4" 0.65385
Vi2 273.159 10.7579 0.67490 6.9e-5 5.7e-3 5.7e-3 1.7e-5 2.7e-3 2.7e-3 6.6e-5 2.6e-4 2.7e-4 5.8e-4 0.66143
V13 273.159 10.7743 0.67839 2.2e-4 5.8e-3 5.8e-3 1.4e-5 2.7e-3 2.7e-3 6.9e-5 2.6e-4 2.7e-4 6.7e-4 0.66228
P3 283.292  4.5185¢ 0.99999  2.6e-4 1.1e-3 1l.1le-3 2.1e-5 1l.1e-3 1.le-3 - - - - -

V14 283.295 6.0651 0.84456 2.8e-4 9.8e-4 1.0e-3 1.5e-5 1.1e-3 1.1e-3 1.3e-5 2.6e-4 2.6e-4 2.7e-4 0.85087
V15 283.296 8.3988 0.74612 1.5e-4 9.3e-4 9.4e-4 1.1e-5 1.2e-3 1.2e-3 7.5e-6 2.6e-4 2.6e-4 2.6e-4 0.75704
V16 283.295 9.0805 0.74186 4.2e-4 9.1e-4 1.0e-3 8.1e-6 1.3e-3 1.3e-3 3.2e-6 2.6e-4 2.6e-4 2.6e-4 0.75062
V17 283.293  9.5276 0.75116  1l.le-4 1.3e-3 1.3e-3 1.le-5 14e-3 1.4e-3 29e6 2.6e-4 2.6e-4 2.7e-4" 0.75385
V18  283.294  9.6769 0.76098  6.8e-4  1.0e-3  1.2e-3 2.4e-4 14e-3 1.4e-3 2.5e5 2.6e-4 2.6e-4 2.9e-4" 0.75747
V19 283.294 9.7366 0.76886 9.5e-5 1.1e-3 1.1e-3 2.1e-4 1.4e-3 1.4e-3 2.7e-5 2.6e-4 2.6e-4 3.6e-4" 0.75958
P4 298.166 6.4368°¢ 0.99999 1.4e-4 1.8e-3 1.8e-3 1.3e-5 1.1e-3 1.1e-3 - - - - -

V20 298.163 7.0678 0.95929 9.5e-5 1.6e-3 1.6e-3 1.5e-5 1.1e-3 1.1e-3 1.0e-6 2.6e-4 2.6e-4 2.7e-4 0.96187
V21  298.164  7.0918 0.95791  7.8e-5 1.7e-3  1.7e-3  1.2e-5 1l.1e-3 1.le-3  1.7e-5 2.6e-4 2.6e-4 2.7e-4 0.96065
V22 298.162  7.4001 0.94291  2.0e-4  1.5e-3  1.5e-3 9.0e-6 1.1e-3 1.1e-:3 1.2e-6 2.6e-4 2.6e-4 2.6e-4 0.94619
V23 298.162 7.8502 0.92781 2.2e-4 1.5e-3 1.6e-3 1.4e-5 1.1e-3 1.1e-3 3.9e-6 2.6e-4 2.6e-4 2.6e-4* 0.93060
V24 298.163 7.9283 0.92663 9.6e-5 1.5e-3 1.5e-3 6.5e-6 1.1e-3 1.1e-3 7.1e-6 2.6e-4 2.6e-4 2.6e-4* 0.92880
V25 298.163 8.0232 0.92650 7.1e-5 1.5e-3 1.5e-3 9.9e-6 1.2e-3 1.2e-3 4.4e-6 2.6e-4 2.6e-4 2.6e-4% 0.92718
V26 298.162  8.0613 0.92747  1.0e-4  1.5e-3 1.5e-3 85e-6 1.2e-3 1.2e3 2.6e6 2.6e-4 2.6e-4 2.6e-4" 0.92677
V27  298.163  8.0936 0.93007  1.9e-4 1.5e-3 1.5e-3 6.4e-6 1.2e-3 1.2e-3 29e6 2.6e-4 2.6e-4 3.4e-4" 0.92661

@ Estimated uncertainty terms are described in Table 5, but with x instead of y.
* The derivatives 3 Yeo, /3p used in Eq. (8) to obtain u( ycoz) were calculated using the scaling law in Eq. (10) with the parameters in Table 8 instead of the PR-MC-WS-NRTL

Case 2 fitted EOS. See Section 5.3 for details.
b Reference CO, vapor pressure is 1.9698 £ 0.0006 MPa [27].
¢ Reference CO, vapor pressure is 3.4861 £ 0.0010 MPa [27].

4 Reference CO, vapor pressure is 4.5181 % 0.0013 MPa [27].
¢ Reference CO, vapor pressure is 6.4366 + 0.0019 MPa [27].

Table 7
Available isothermal (ISOT), synthetic/constant-composition (ISOC) VLE and critical point (CP) literature data and the temperature, pressure and
composition ranges.

Authors Year Type T (K) p (MPa) Composition CO, No. of points
Kaminishi et al. [28] 1968 ISOT 223, 233, 253, 273, 283 2.39-13.08  0.213-0.957 40
Christiansen et al. [30] 1974 ISOT 223, 243, 263, 283 0.68-14.15  0.2-0.9972 68
Ke et al. [31] 2001 CP 280.2, 283.5, 289.0, 292.5, 298.2 9.92-8.10 0.729, 0.773, 0.841, 0.878, 0.930 5
Kopke [32] 2010 ISOC  243.5-292.7 1.44-5.63 0.998418-0.999932 32
Blanco et al. [29] 2014 ISOC  253.15, 263.15, 273.15, 283.15, 293.15 1.97-7.47 0.9700, 0.9810, 0.9902, 0.9930, 0.9960 50
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(a) Mean temperature of measurements and models in present work 253.153 K. VLE data from literature Kaminishi et al. [28], Blanco
et al. [29].
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—— Bubble point curves
10 4 —— Dew point curves
EOS-CG, 273.16 K
== PR-MC-WS-NRTL Case 1
97 —— PR-MC-WS-NRTL Case 2
= O Data this work, w/uncert. bars
% 8 1 0 Scaling law critical point predicition
° % Kaminishi et al. (1968), 273.15 K
> 74 + Blanco et al. (2014), 273.15 K
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(b) Mean temperature of measurements and models in present work 273.159 K. VLE data from literature Kaminishi et al. [28], Blanco
et al. [29].
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—— Bubble point curves

—— Dew point curves

EOS-CG, 283.30 K

PR-MC-WS-NRTL Case 1
PR-MC-WS-NRTL Case 2

Data this work, w/uncert. bars
Scaling law critical point predicition
Kaminishi et al. (1968), 283.15 K
Christiansen et al. (1974), 283.15 K
Blanco et al. (2014), 283.15 K

Ke et al. (2001), critical p. at 283.5 K
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(c) Mean temperature of measurements and models in present work 283.295 K. VLE data from literature Kaminishi et al.
[28], Christiansen et al. [30], Blanco et al. [29], Ke et al. [31].

8.5 1
—— Bubble point curves
- Dew point curves
EOS-CG, 298.16 K
8.0 1 == PR-MC-WS-NRTL Case 1
= PR-MC-WS-NRTL Case 2
o O Data this work, w/uncert. bars
= 0 Scaling law critical point predicition
@ 7.51 YV Keetal. (2001)., critical p. at 298.2 K
7
o
o
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o |@ © Op 25
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(d) Mean temperature of measurements and models in present work 298.163 K. VLE data from literature Ke et al. [31].

Fig. 3. Four VLE isotherms measured in this work: Left of all subfigures: Pressure-composition diagram based on EOS calculations at the different mean
temperatures, VLE data from literature, and VLE measurements with estimated uncertainties from present work: J_CCOZ, ycoz, Dt uwt(icco2 ), Ugor (. }7(302) and
u.(p¢) from Tables 5 and 6. Please note that the uncertainty bars are very small compared to the scale of the plots. Critical point estimation and its
uncertainties are from Section 5.3. Right of all subfigures: Plot of deviation between PR-MC-WS-NRTL Case 2 2c0, cale and VLE measurements from present

work %co,» where %co, is equal to either Xco, OF Yco,- Please see online version of article for plot details.

11

This is the accepted version of an article published in Fluid Phase Equilibria
https://doi.org/10.1016/j.fluid.2018.05.006



although with larger deviations in the vapor phase than the
liquid phase. The vapor phase data by Christiansen et al.
[30] at 283 K agree well with our data in the vapor phase at
low pressures, but the deviations are quite large for the liquid
phase data at the highest pressures, in the order of 3-4 mole-
%. The vapor phase data by Blanco et al. [29] are difficult
to compare with our data, but their liquid phase data seem
to deviate significantly from our data and those by Kaminishi
et al. [28]. The critical point data by Ke et al. [31] agree well
with our scaling law estimates in terms of pressure, but are
between 0.5 to 2 mole-% lower in CO, mole fractions.

As can be seen from Figs. 3a to 3d, the agreement be-
tween our data and literature data varies significantly, espe-
cially in the liquid phase measurements. The data in the
present work describes the VLE at four different tempera-
tures, and show considerably less scatter than the available
literature data. In addition, at each temperature, the present
work provide data closer to the mixture critical points than
previously available, thus providing a good foundation for
model fitting and validation. Finally, the present work pro-
vide the only complete VLE isotherm at temperatures above
283 K.

5.3. Critical point estimation

To estimate the mixture critical points at each isotherm,
a scaling law was utilized [33, 34]:

; Az U,
Zco, choz,c"‘(Al—ff)(Pc_P)—fg(Pc_P)ﬁ s

where

|

and zco, was the bubble point (zco, = Xco,) or dew point
(2co, = Yco,) CO, mole fraction at pressure p. Utilizing the
VLE data in the critical region identified in Table 8, the critical
composition Zco, . and pressure p, of the scaling law were
fitted using ordinary unweighted least squares. The value of
B was fixed at 0.325 [35]. The estimators Zco,_ ¢, Pc, s A

(10)

1 for bubble points,
-1 for dew points,

and iz are given in Table 8.

Employing Egs. (16) and (17) in Ref. [1], the estimated
uncertainties in the critical composition and pressure esti-
mates were calculated as u(ﬁcoz,c) and u(p,).

The uncertainty estimates in the composition of the VLE
data utilized in the scaling law fitting, u;,(Xco,) and i (¥co, )
were calculated in the same manner as in Ref. [2], and indi-
cated with the plus symbol * in Tables 5 and 6.

The estimated critical compositions and pressures with
their corresponding uncertainties are given in Table 8, and
are plotted together with the critical region VLE data in Fig.
4.

5.4. Model fitting

5.4.1. Introduction
As noted in Section 1, the modeling of the thermodynam-
ics of the CO,+CO system has been restricted by the the lack
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of high quality data and inconsistencies in existing data, for
example in the development of the EOS-CG equation of state
[5, 6]. There are hence room for model improvements on
this binary system.

Calculations with the EOS-CG model were performed us-
ing our in-house thermodynamics library described in Wil-
helmsen et al. [36]. The calculated pressure-composition
VLE behavior are shown in Figs. 3a to 3d. As can be seen from
these Figures, the deviations between the EOS-CG model and
the VLE data in the present work are most pronounced at
higher temperatures, where no data could be found in lit-
erature from before. The VLE data provided in the present
work, together with other thermodynamic data such as speed
of sound and density, allow for an enhanced fit of EOS-CG.

In this work, the parameters of the Peng-Robinson (PR)
cubic EOS [37] with the alpha correction by Mathias and
Copeman [38] (MC), the mixing rules by Wong and Sandler
[39] (WS), and the NRTL [40] excess Gibbs energy model
were fitted to the new data. This combination was desig-
nated as PR-MC-WS-NRTL for the present work, and details
regarding the formulas can be found in Ref. [1]. Some suc-
cess in utilizing this combination for fitting binary system VLE
data with one supercritical component has been obtained in
our previous works Ref. [2] (CO,+0,), Ref. [1] (CO,+N,),
Ref. [14] (CO,+CH,), Ref.[15] and in the work of Coquelet
et al. [41] (CO,+Ar).

The model fit was performed using orthogonal distance
regression (ODR) [42], utilizing the VLE data in Tables 5 and
6. For details regarding our use of ODR, please refer to Sec-
tion 5.4 in Ref. [2].

5.4.2. Fit of Peng-Robinson EOS

The adjustable parameters of the PR-MC-WS-NRTL EOS
consist of the binary interaction parameters of the NRTL model,
7;j, the non-randomness parameters of the NRTL model, a;j,
and the Wong-Sandler binary interaction parameters, k;;. These
parameters were restricted according to Eq. (27) in Ref. [1],
and for a system of two non-polar components such as CO,+COa
constant value for a5, = a5 = 0.3 was assumed [40] (cf.
Refs. [2, 41]). The component-specific EOS parameters crit-
ical temperature, critical pressure and MC alpha correction
parameters, are given in Table 10.

The remaining three adjustable parameters, k;,, T, and
T4, Were assumed to be temperature dependent. First, these
parameters were fitted against the data in the present work
at each of the four average temperatures (Case 1) using our
in-house thermodynamics library [36]. The resulting param-
eters are given in Table 9. Second, the Case 1 parameters
formed the basis for finding a model which could represent
the parameter temperature behavior, thus enabling the use of
the EOS over the whole temperature range of the VLE data
(Case 2).

The temperature dependencies of 7, and 7,; could be
approximately described by the following functions:

Tio(T)=a,, + b, - T+c,, - T?, (amn

T12

Tu(T)=a., +b,, -T+c,, - T2 . 12)

T21
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Fig. 4. Comparison of the predictions of the pressure-composition phase behavior in the critical region by three different models: PR-MC-WS-NRTL Case 1
and Case 2 EOSs, and the scaling law model in Eq. (10). Please note that the scales of the graphs are different from each other. Please refer to Table 8 for an
overview of the VLE points used to fit the scaling law and the parameters at the different temperatures.
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Table 8

Parameters of the scaling law in Eq. (10) fitted to critical region data® from this work at four different average temperatures, with uncertainty estimates®.

b

T Used points® n, A Ay o ﬁcoz < Pe SE(ﬁcoz,c) U("Zco2 o) Sg(Pe) u(p.)
¢9) () pah) (MPa™") (MPaP) ] (MPa) () ] (MPa) (MPa)
253.153  L4-6,V4-6 6 3.8490-10°  —2.5888-102 —0.23278 0.5812 12593 3.7-10% 7.1-10* 4.8-10° 55-107°
273.159  L11-13,V11-13 6 3.1280-10°  —1.8742-107% —0.17764 0.7121 10.824 1.0-107* 5.6-10* 3.9-10° 4.7-107°
283.295 L17-19,V17-19 6 9.8720-10°  —7.4910-107°  —0.13584  0.7931  9.781 2.1-10*%  4.0-100* 3.8-10° 4.0-107°
298.163  1.24-27,V23-27 9 2.7318-1072  1.3643-1072 —0.04877  0.9346  8.101 1.2-100%  3.3-100%  1.0-10° 1.6-107°

2 Pressure-Composition data and uncertainties from Tables 5 and 6, identified with the given IDs.

b Estimated uncertainty terms:

o Standard uncertainties in the estimated critical composition: u(ﬁcoz = \/Sé(ﬁcoz,c) +(O" um[(icoz )/n,)?, from Eq. (16) in [1].

o Standard uncertainties in the estimated critical pressure: u(p.) = \/Sf: (b)) + (ZHP uc([)f)/np )2, from Eq. (17) in [1].

o Standard errors of regression of the critical composition and pressure, Sg (ﬁcoz,c) and Sg(p.). See [1] for details.

Table 9

Optimal parameters ki, T1 and T, for the PR-MC-WS-NRTL model,
fitted against data from the present work Absolute average deviation AAD®
and bias BIASY.

Case 1?
T (K ISP T12 Ta1
253.153  0.103546  2.183291  -0.985210
273.159  0.117090  2.292420  -1.096713
283.295 0.130598 2.700040 -1.263041
298.163 0.109134 2.281289 -1.043499

Case 2P
T (K) ki, T Ty AAD (%)  BIAS (%)
253.153  0.12 2.500493  -1.071152  1.47 0.14
273.159 0.12 2.375723 -1.125613 0.84 0.03
283.295 0.12 2.470851 -1.180281 0.56 0.06
298.163 0.12 2.803062 -1.293417 0.16 -0.03

3 k19 = ko, T1g, Top: Varies freely, a = 0.3

kiy = ky; = 0.12, @ = 0.3. 7Ty, and T, calculated from Egs. (11) and (12) re-
spectively using a, , = 39.91838, b, , = —2.790096-107", c. |, = 5.182724-107%,
=—6.510336, b.,, =4.392077-107% and c.,, =—8.862232-107°.
¢ AAD = (100/n) 312 0, — %i,c0, calcl
¢ BIAS = (100/n) 3.2 co, —%i,c0, calc)

aTZl

The fitted parameters of Egs. (11) and (12) and the calcu-
lated values of 7,5, T5;, and k;, are given in Table 9, denoted
as Case 2.

The VLE predictions of the PR-MC-WS-NRTL model using
both the Case 1 and 2 parameters are shown in Figs. 3a to 3d
together with the data from this work and literature. In addi-
tion, the deviations between the Case 2 calculated mole frac-
tions and the experimental values are plotted in these figures.
The absolute average deviation and bias for Case 2 are given

Table 10
Critical properties? and Mathias-Copeman coefficientsP used in
PR-MC-WS-NRTL EOS for CO,, and CO.

i T.; ®)  p.; (MPa) ¢y Coi C3i
co, 304.2 7.3765 0.704606 -0.314862 1.89083
CcO 132.85 3.494 0.7050 -0.3185 1.9012

% CO,: From in-house thermodynamics library described in Wilhelmsen et al. [36]. CO:
From Chiavone-Filho et al. [43]. Slightly different from the values used in reference
EOSs [27] and [44, 45]: Teco, = 304.1282K, peco, = 7.3773MPa, Teco = 132.86K,
De,co = 3.494MPa.

b CO,: From in-house thermodynamics library described in Wilhelmsen et al. [36],
which is slightly different than values in [43]. CO: From Chiavone-Filho et al. [43].
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in Table 9. As the Figures show, the difference between the
Case 1 and 2 parameters are very small, and therefore only
the Case 2 representation will be discussed in what follows.

Two aspects of the Case 2 model could be observed with
respect to the measurement data from the present work. The
critical point estimates from the scaling law in Section 5.3
match those of the Case 2 model quite well. The critical
pressures estimated by the Case 2 model are approximately
2% higher than the pressures predicted by the scaling law,
and the differences in critical compositions are less than 0.02.
As the pressure-composition deviation plots indicate at each
isotherm, the composition deviations seem to develop in a
similar manner as function of pressure, without apparent scat-
ter present. As argued in Ref. [2], the presence of scatter
would lead to suspicion that the deviant compositions were
in fact not representative the actual VLE state. To be precise,
the absence of scatter indicates that the samples were rep-
resentative of the actual VLE composition, however not nec-
essarily that the measured mole fractions for these samples
were correct.

Considering the previous discussion, the PR-MC-WS-NRTL
Case 2 model provides a seemingly accurate description of
the VLE for the CO,+CO system given by the data from the
present work from the temperatures 253 to 298 K, with an
AAD of maximum 0.015 in mole fraction and an apparently
good description of the critical locus.

6. Conclusions

The current work reports vapor-liquid equilibrium (VLE)
data for the CO,+CO binary system, at the temperatures 253.15,
273.16, 283.30 and 298.16 K with very high accuracy.

At these isotherms the composition spans a large range
of VLE liquid and vapor phase compositions, from approxi-
mately 0.63 to 0.982 CO, mole fractions in the liquid phase
and from 0.43 to 0.959 in the vapor phase. The CO, va-
por pressure is measured at each temperature and compared
with values calculated with the Span-Wagner EOS for CO,.
The measured CO,, vapor pressure is consistent with the cal-
culated values when the expanded uncertainty is counted for
both in the measurements and the calculated values from the

This is the accepted version of an article published in Fluid Phase Equilibria
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EOS. The measurements presented in this study shows signif-
icant deviations compared with literature data, especially in
the liquid phase measurements. It has earlier been reported
inconsistencies in the literature data in [4, 5, 6, 7]. Several
stable measurements close to the mixture critical point at
each isotherm combined with a scaling law [33, 34], results
in precise estimates for the mixture critical points.

The data presented in this work show little scatter com-
pared to the data found in the literature. Also the multiple
measurements in the proximity of the mixture critical points
for all the isotherms support the quality of the measurements.
A detailed analysis of the uncertainties of the measurements
are provided.

Each of the four isotherms in the present work was fitted
to the Peng-Robinson (PR) cubic EOS [37] with the alpha
correction by Mathias and Copeman [38] (MC), the mixing
rules by Wong and Sandler [39] (WS), and the NRTL [40]
excess Gibbs energy model. The fitted model parameters at
each isotherms were also fitted to a second order polynomial
in temperature. The resulting EOS can be utilized for VLE
calculations over the temperature range from 253 to 298 K.
This EOS represents the data with a good accuracy. The ab-
solute average deviation between the measured datapoints
and the model calculated and compared for each tempera-
ture, and the maximum deviation is 0.015 in mole fraction.
The model also resemble the critical points given by the scal-
ing law predictions. The deviation in calculated critical pres-
sure by the PR-MC-WS-NRTL model are approximately 2%
above the scaling law. The corresponding difference in mole
fraction is less 0.02 when compared to the results from the
scaling law.

This work contributes significantly to improve the avail-
able data point for the CO,+CO system. The added data can
be used to improve very flexible multi-parameter equations
of state such as EOS-CG [5, 6]. EOS-CG should be able to
describe all the thermodynamic properties of the system bet-
ter than the fitted equations in the PR-MC-WS-NRTL model
fit presented in this work.
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