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Ternary System Methane-Carbon Dioxide—Hydrogen Suifide.
Excess Enthalpy Data by Flow Calorimetry

Alpha 0. Barry, Serge C. Kallaguine, and Rubens S. Ramalho*
Department of Chemical Engineering, Laval Universlty, Ste-Foy, Quebec, Canada G1K 7P4

Excess enthalpy measurements for the ternary system
methane—carbon dloxide-hydrogen sulfide in gaseous
phase were pertormed utilizing an Isothermal flow
calorimeter. The investigation was conducted at three
temperatures, 293.15, 305.15, and 313.15 K, and
pressures of 0.507, 1.013, and 1.520 MPa (5, 10, and 15
atm, respectively). The determination of the excess
enthaiples for the binary systems methane~carbon dioxide
and methane-hydrogen sulfide has been the object of two
previous articles. The binary interaction constants, k,
obtained for these binary systems by nonlinear regression,
have been utilized as Initlal values for an analogous
Reration procedure applied in the treatment of the
experimental data obtained for the ternary system. Two
series of binary Interaction constants, k;, have been
determined from the experimental data: coefficlents k,
independent of temperature and pressure, and k;’s
adjusted as a function of temperature and pressure. A
better prediction of the excess enthalpy experimental data
was obtained from the latter serles of binary Interaction
coefficlents.

Introduction

A complete literature review of excess enthalpy measure-
ments for binary systems in gaseous phase was presented in
preceding articles (7, 2). The importance of excess enthalpy
data, from both the scientific point of view as well as that
related to equipment design, was also discussed in these ar-
ticles.

Experimental data of excess enthalpy for the binary systems
methane—carbon dioxide ( 7) and methane—hydrogen sulfide (2)
were reported. The binary interaction constants k, computed
for optimal portrayal of the experimental data were also pres-
ented.

Foliowing a logical sequence in our investigation program, this
article presents excess enthalpy data for the ternary system
methane-carbon dioxide-hydrogen sulfide.

The flow calorimeter utilized throughout this entire program
possesses only two independent inlets for gaseous streams.
Consequently, one series of cylinders containing a binary mix-
ture of 86.8% methane and 13.2% hydrogen sulfide was
prepared for this investigation. A second series of cylinders of
99.8% pure carbon dioxide, containing 100 ppm of CO, 50
ppm of H,, 100 ppm of H,O, and approximately 0.2% of N, as
impurities, was utllized in conjunction with the series of cylinders
of binary mixtures methane—hydrogen sulfide. The experimental

0021-9568/83/1728-0375$01.50/0

measurements reported in this article encompass only excess
enthalpy data within the range of ternary compositions obtained
by mixing the gaseous contents of these two series of cylinders.

Experimental Method

A detailed description of the equipment and experimental
method has been presented in previous articles (7-5). As
indicated in the introductory section of this article, like in the
case of the study of binary systems, two gaseous streams
arrive independently at the calorimeter inlet, under temperature
and pressure conditions T, P, and T,, P,, respectively. For
the case of the ternary system methane-carbon dioxide-hy-
drogen sulfide, which is reported in this article, one of the gas
streams is a binary mixture of methane and hydrogen suifide.
The choice of the percentages of 86.8% methane to 13.2%
hydrogen sulfide was guided by the intention of utilizing a pro-
portion within the range of typical compositions for natural gas.

The other stream is 99.8% pure carbon dioxide. These two
gaseous streams arrive by independent lines to the calorimeter
under temperature and pressure conditions which are nearly
identical, i.e., T, = T, and P, =~ P,. Then the two streams
are mixed thoroughly. Since the mixture is endothermic, the
process is accompanied by a temperature drop. To compen-
sate for this temperature drop, a measured quantity of energy
is supplied to the system by a power supply, so that the tem-
perature of the exit gas mixture, T, at the calorimeter outlet
is very nearly the same as the inlet temperatures (T, T,) of
the two entering gas streams.

The main objective of the investigation reported in this article
is to verify the possibility of utilization of results obtained from
the binary systems, in particular the binary interaction coeffi-
cients k;, for prediction of experimental data for the ternary
system. In order to direct this study in a rational manner, the
same nominal temperature and pressure conditions utilized in
the study of the binary systems have been selected for the
present study of the ternary system. The nominal temperatures
were 293.15, 305.15, and 313.15 K. For each of these iso-
therms experiments were conducted at pressures of 0.507,
1.013, and 1.520 MPa (5, 10, and 15 atm, respectively).

Experimental Results

As previously found for the two binary systems methane-
carbon dioxide (7) and methane—hydrogen sulfide (2), the
pressure drops across the calorimeter, i.e., AP, = P, - P, and
AP, = P, - P, are below 7 X 10™* MPa, and therefore neg-
ligible. The temperature differences, i.e., AT, = T, - T, and
AT, =T,- T, are below 0.05 K. Consequently, it is justifiable

© 1983 American Chemical Society
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to utilize mean values of the isothermal Joule—-Thomson coef-
ficients, ¢ », ¢ and ¢, and mean values of the molar heat
capacities, Cp 5, Cr g, and Cp ¢, for the pure compounds, i.e.,
methane, carbon dioxide, and hydrogen sulfide, respectively, in
the application of eq 2-4 of ref 7, for evaluation of the primary
corrections. The excess enthalpies H,F are obtained from

HeE = AHp = Q/F + Xp(Hpq - Hao) + XelHg -
Hgo) + Xo(Hgy = Hoo) + (Xp + XoH Fy3 - AE, (1)

In eq 1 the term H; 5 represents the heat of mixing for the
binary system methane-hydrogen sulfide, for 86.8% of meth-
ane and 13.2% of hydrogen sulfide. This term H 15(1,3) was
determined from the results reported in a previous article (2)
for the outlet conditions T, and P,. The terms X4, X, and X
represent the mole fractions of methane, carbon dioxide, and
hydrogen sulfide in the ternary mixture. Furthermore, in eq 1

T, P,
Ha1 - Hpao = J‘r CpadT + J; ®a dP 2
T2 P2
Hgo = Hgo = J‘r Cppdl + j; ¢g dP )

T1 P‘
Hoq - Hoo = fr Cp o dT + j; o dP 4)

AE, = Eyapco— [XeExpz + (Xa + Xc)Eaca] (8)

Utilizing the mean values for the isothermal Joule-Thomson
coefficients and the molar heat capacities, eq 1 becomes

Hof = Q/F + XACP,A(T1_" Ty + XBCP,B(.’:L’ -To+
XcCpolT1~ To) + Xp@alPy — Po) + XpelP2 — Po) +
XcholPy = Po) + (Xp + XH F1 5 - AE, (6)

A second series of corrections, referred to as secondary
corrections, are also required since the nominal conditions of
temperature and pressure, T, and P, are not always identical
with the outlet conditions of the calorimeter, T, and P,. These
secondary corrections are performed by utilizing the following
equation:

TI’! Pll
HE=HE+ f CEdT+ | ¢Edp 7)
Ty Py

As in the case of the preceding articles (7, 2), the deter-
mination of C,¢ and ¢ was made by application of the Ben-
edict-Webb-Rubin equation of state (6). The analytical ex-
pressions for these quantities were presented in ref 7.

The molar heat capacities for methane and carbon dioxide
are those reported by Tester (7), and those for hydrogen sulfide
were determined from the tables by Lee and Kesler (8).

The experimental results of the excess enthalpy for the
ternary system methane-carbon dioxide-hydrogen sulfide are
presented in Table I. Figures 1-3 present the same data in
graphical form.

The contributions of the primary corrections upon the values
of the excess enthalpies, H5, and those of the secondary
corrections upon H £, have been expressed in the following
manner:
for the primary corrections

HOE - O/F_ (XA + XC)H1E(1,3)

100
Q/F

for the secondary corrections

HnE - HOE
100} ——
H.E

The mean values of these two quantities for the whole net-
work of experimental values are presented in Table II.
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Figure 1. Excess enthalpies (J/mol) for the ternary system meth-
ane-carbon dioxide~hydrogen sulfide at 293.15 K: (I) 0.507, (II)
1.013, and (I1I) 1.520 MPa.

o EXPT
120 |
L RK] T - 305.15K
. I3WR 1
100} [ 1
:g J
£80¢ e 1
s Il
w e 2
Teof . -
I 4
40*’ s a T
L [+)
20 ¢ -
O " 1 I 1 i 1 i i N
00 02 04 06 08 10

X (coz)

Figure 2. Excess enthalpies (J/mol) for the ternary system meth-
ane-carbon dioxide-hydrogen sulfide at 305.15 K: (I) 0.507, (1)
1.013, and (III) 1.520 MPa.

Corrections relative to the changes for the kinetic energy of
the gas are negligible, being of the order of 10~® J/mol.

Accuracy of the Experimental Results

The same technique utilized in the previous articles (7, 2)
was utilized for evaluation of errors. A summation of all ex-
perimental errors and those attributable to the primary and
secondary corrections led to mean uncertainties of the order
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Table I. Excess Enthalpies for the Ternary System Methane-Carbon Dioxide~Hydrogen Sulfide®

E
Q/F, HOE, Hn ,J/mol
T,, K P,,MPa Xa Xg J/mol J/mol exptl RK1 RK2 BWR
Nominal Conditions: T, = 293.15;P, = 0.507 MPa
293.154 0.523 0.237 0.727 22.2 30.8 29.9 34.6 35.1 30.5
293.161 0.540 0.299 0.656 28.7 39.5 37.6 40.2 40.3 35.7
293.159 0.540 0.436 0.497 31.5 47.3 45.0 48.0 46.9 42.5
293,158 0.532 0.519 0.402 30.7 49.5 47.8 49.5 47.7 43.0
293.159 0.524 0.677 0.220 27.0 51.6 50.6 45.8 43.6 44.7
Nominal Conditions: Tp, = 293.15 K; P, = 1.013 MPa
293.142 0.987 0.242 0.721 32.6 48.4 49.0 52.1 55.0 54.5
293.142 0.987 0.253 0.708 32.6 48.4 49.7 53.8 56.6q 56.3
293.158 0.994 0.353 0.594 39.7 62.8 63.4 66.2 67.8 68.9
293.147 0.993 0.496 0.428 42.2 75.7 76.6 76.1 75.0 78.3
293.141 1.008 0.594 0.316 36.2 76.2 76.5 77.4 74.7 78.9
293.141 1.008 0.615 0.292 34.5 75.9 76.1 77.2 74.2 78.4
Nominal Conditions: T, = 293.15 K; P, = 1.529 MPa
293.158 1.538 0.199 0.771 48.2 73.9 73.7 75.2 79.7 75.5
293.158 1.538 0.248 0.714 54.1 84.3 84.0 88.6 92.6 88.3
293.157 1.447 0.472 0.457 60.4 117.7 120.8 124.7 124.4 123.4
293.157 1.471 0.632 0.272 51.1 127.4 129.9 127.7 125.4 124.5
Nominal Conditions: T, = 305.15 K; P, = 0.507 MPa
305.154 0.513 0.271 0.688 18.7 27.5 27.3 27.6 35.0 30.1
305.147 0.515 0.346 0.601 23.9 35.0 34.7 32.2 39.4 34.7
305.157 0.515 0.441 0.492 23.2 37.4 37.2 36.1 41.9 38.3
305.180 0.536 0.616 0.290 22.2 42.5 41.2 37.8 38.8 38.2
305.160 0.529 0.703 0.190 18.5 41.3 40.2 36.1 34.0 35.0
Nominal Conditions: T, = 305.15 K;P,= 1.013 MPa
305.141 1.020 0.243 0.720 29.9 43.8 43.7 44 .4 45.8 44,3
305.133 1.001 0.396 0.544 35.0 56.9 57.3 59.8 59.8 59.7
305.159 1.021 0.544 0.373 34.9 66.6 66.3 66.0 65.0 65.8
305.157 1.028 0.656 0.245 30.7 68.5 67.9 65.1 64.5 64.7
Nominal Conditions: T, = 305.15K;P,= 1.520 MPa
305.172 1.483 0.229 0.736 36.7 56.3 57.2 61.6 65.9 62.4
305.157 1.484 0.370 0.574 45.6 76.4 77.5 83.4 86.0 85.0
305.159 1.456 0.645 0.257 42.2 96.2 99.1 94.0 91.7 97.0
Nominal Conditions: Tp, = 313.15 K; P, = 0.507 MPa
313.145 0.534 0.299 0.655 24.2 26.6 25.9 25.4 27.2 26.8
313.167 0.510 0.468 0.461 25.2 30.9 30.8 29.4 30.3 31.4
313.135 0.517 0.549 0.368 27.1 32.6 32.3 28.8 30.5 30.9
313.185 0.513 0.662 0.237 20.2 28.2 27.9 25.0 25.5 27.3
Nominal Conditions: Tp = 313.15 K;P,=1.013 MPa
313.152 0.998 0.369 0.574 23.9 43.3 '43.7 46.1 50.5 46.5
313.144 1.059 0.500 0.424 27.9 54.4 52.8 53.7 55.5 53.2
313.144 1.059 0.593 0.317 25.3 56.6 54.8 56.5 55.8 55.0
313.160 1.013 0.642 0.260 25.4 58.9 58.9 57.1 55.0 55.0
Nominal Conditions: T, = 313.15 K; P, = 1.520 MPa
313.156 1.569 0.169 0.806 25.2 38.7 38.1 38.9 45.8 42.7
313.167 1.459 0.458 0.472 43.2 77.5 79.5 75.8 81.4 82.6
313.157 1.466 0.532 0.387 45.7 85.7 87.7 79.5 83.4 86.4
313.156 1.466 0.661 0.239 39.5 88.5 90.8 80.9 81.4 87.1

@ Calculated values from equations of state utilized binary iteration coefficients k;; adjusted as function of temperature

and pressure.

Table II. Effect of the Primary and Secondary
Corrections upon the Excess Enthalpies for the Ternary
System Methane-Hydrogen Sulfide-Carbon Dioxide

T K 293.15 305.15 313.15

100[(H F - Q/F - 0.5 1.0 1.5
(XA + XC)HlE(l,s))]/(Q/F)

100[(HLE - H,E)]/H,E] 2.0 1.0 2.0

of 5% for the overall network of values for the excess en-
thalpies, H E.

Comparison of Experimental Data with Predictions from
Equations of State

Since experimental data of excess enthalpies for the ternary
system methane—carbon dioxide—-hydrogen sulfide were not
available in the literature, the only possible comparison that

could be done was with predictions based upon equations of
state. For this purpose, we utilized the same equations of state
previously employed (7, 2): namely, the Redlich—-Kwong
equation (9), henceforth referred to as RK1; the Redlich-Kwong
equation with Jacoby—Robinson modifications ( 70), henceforth
referred to as RK2; and the Benedict—~Webb—Rubin equation (6),
henceforth referred to as BWR.

Equation of State of Redlich—-Kwong (RK1). The network
of RK1 equations for calculation of the theoretical values for
the excess enthalpies is as follows:

p= RT a (8)
V-b 129V + b)

am = Zl:zl:xfxﬁil = Xalay + Xgla, + Xlag, +
2XpXga 13 + 2XpXca 13 + 2XpXcaz (9)
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L EXPT sk by = Z/xp, = Xpaby + Xpbo+ Xcbsg (10)
120F =& RK1 = N
» I3WR | where
100 ay = (Qy + Q)R?T 25 /(2P ) (11)
—Mr Il )
%EJ Tclj = (1 - kl’/)(.rc]ch)‘”2 (12)
g80f ® o} 1 Poy= ZuRTa/ Vey (13)
3
o F Zoy = 0.291 - 0.8(w, + w;)/2 (14)
I -
60 T ” vc” = {(VCI1/3 + vcj 1/3)/2}3 (15)
P ]
e N a; = QalF"",.’.clzlﬁ/pcl (16)
40 - .
I by = QuRT /P, (an
| B The enthalpies of the pure components, methane, carbon
20 - dioxide, and hydrogen suifide, and of the ternary mixture were
calculated from the following equation, which is derived from
0 basic thermodynamic relationships and the RK1 equation of
e state:
010] 0.2 0.4( 3).6 08 10 s
X{CO2 b a
~H*)y = - - — |
(H Jo v_bRT TVY + b) (3/2)7_,,2 n—y

Figure 3. Excess enthalpies (J/mol) for the ternary system meth-
ane-carbon dioxide-hydrogen sulfide at 313.15 K: (I) 0.507, (II) (18)
1.013, and (III) 1.520 MPa.

The excess enthalpy, H,F, is calculated from

Table III. Binary Interaction Coefficients k;; Obtained HyE = Hpp = (X4H g + XoHo o + XgHy,) (19)

from the Experimental Values for the Excess

Enthalpies in Table I° The values for the constants &, and b,, and the accentric
systems RK1 RK?2 BWR factors w; utilized in these computations, were those reported

by Chueh and Prausnitz (77, 12).

g}g;‘;y 824:3082 I’: 1 8'%3 _8'33 8‘(1)%3 It should be remarked that all the coefficients in the equa-
turn afy CH.-CO.. k. 0.236 0.48  0.017 tions for the mixture are relative to the pure components, with
ternary CH.-H,S, k,.  0.40 0.66 0187 the only exception for the coefficients k;, which represent the
ternary CO,-H,S, k,, 0.15 -2.61 0.30 binary interactions. These coefficients are usually considered

o Coefficients k;; independent of temperature and as independent of the temperature, pressure, and mole fraction
pressf:fe_ ielents &y ncepen P of the components. The interaction coefficients k, obtained by

minimization of the errors for the entire network of the exper-
imental values for the excess enthalpies listed in Table I are

Table IV. Comparison of Experimental Values of the presented in Table 111.

Excess Enthalpies for the Ternary System

Methane-Carbon Dioxide-Hydrogen Sulfide with Equation of State of Redlich-Kwong (RK2). The modifi-

Predictions Based upon Equations of State® cations proposed by Jacoby and Robinson (70) to the original

T K 503.15 30515 313.15 Redlich-Kwong equation are as follows:

100[ (HpPexpt1 — HnPrK,)/ 10.3 17.0 21.0 a/R? = o+ B(T-311) (20)
HnEexptl]

100[(HpEexpt1 = HnErK:)/ 12.7 17.3 18.3 b/R =+~ + (T~ 311) (21)
HnEexptl 1

100[(HpEexpt1 — HnEpwr)/ 11.3 17.8 17.0 a; = plka + (1 - kpa)] (22)
Hn exptl]
@ Coefficients k;; independent of temperature and Table 111 also presents the values of the binary interaction

pressure. coefficients k; of eq 22 optimized from the experimental values

Table V. Variation of Binary Iteration Coefficients %;; as Function of Temperature and Pressure

BWR RKL RK2

T! K P? MPa kll le k23 % klZ kl! kZS % kl2 k13 k23 %
293.15 0.507 0.03 0.28 0.50 6 0.30 0.50 0.50 8 0.70 0.85 -1.60 9
1.013 0.02 0.20 0.25 7 0.25 0.45 0.05 4 0.60 0.72 -3.00 7

1.520 0.02 0.20 0.22 4 0.50 0.50 ~0.60 3 0.80 0.86 -3.50 6

305.15 0.507 0.013 0.20 0.70 4 0.25 0.50 0.20 6 0.45 0.55 ~0.9 15
1.013 0.013 0.20 0.20 2 0.25 0.40 -0.05 2.5 0.70 0.80 ~-3.8 4

1.520 0.010 0.18 0.13 7 0.25 0.35 -0.15 7 0.48 0.66 -2.61 3

313.15 0.507 0.010 0.03 0.550 3 0.11 0.10 0.90 7 0.45 0.30 -1.5 5
1.013 0.020 0.20 0.068 2 0.11 0.45 0.23 3 0.30 0.65 ~3.0 6

1.520 0.016 0.19 0.080 5 0.10 0.35 0.23 7 0.20 0.60 —~2.95 10
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Figure 4. Experimental values of H,E vs. values of H,F calculated from
RK1 equation of state.
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for the excess enthalpies listed in Table I.

Equation of State of Benedict-Webb—-Rubin (BWR). The
equations for the calculation of the enthalpies for the pure
components and the ternary mixture and the mixing rules pro-
posed by Bishnoi and Robinson (73) are the following:

4C, p?
(M- H = \BoAT - 240 - — Jo + (@6AT - 3a) +

3(1-e) g

5 T2 ﬂypz 2

6aap® cp?

+ yp2e" | (29)

HE = Hyn = (X4H i + XoHp + XgHy ) (24)
mixing rules

Agm = ZIXXAg  Agy = (1= kNAoA""  (25)

Bom = ;Z/:X/X/Boy Boy = (BoBy)'"? (26)

Com = ;ZI:X,X,CO,, Cop= (1= kCol )™ (27)

am = 122 XXX, (aaa,)"®
[ (28)

a; = (1- k)ag)"?

bm = LELXXXbpp)" by = (08)" (29

Cm = ;Z/:Zk:xrxka(cl/c/kcik)ws

(30)

c,/ = (1 _ k”)3(0p1)1/2
oy = ;;;x,x,xk(a,,alkak)m ay = ()" 31)
VYm = Zj:;Xfxl'YI/ Yy = () (32)

The optimized binary interaction coefficients for the ternary
system, as well as those obtained previously for the binary
systems methane-carbon dioxide and methane-hydrogen sul-
fide, are presented, for the three equations of state, in Table
I11. These binary interaction coefficients, listed in Table III,
are independent of temperature and pressure.

The coefficients for the pure components methane, carbon
dioxide, and hydrogen sulfide, as well as the equations of state
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Figure 5. Experimental values of H,F vs. values of H,f calculated from
RK2 equation of state.
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Figure 6. Experimental values of H,E vs. values of 4, calculated from
BWR equation of state.

and equations derived for the evaluation of the thermodynamic
properties, have been reported in the previous articles (7, 2).

The comparison between the experimental values of the
excess enthalpies and those calculated from the equations of
state was performed by utilizing the expression

100[(HnEexptl - HnEcalcd)/HnEexptl]

The mean values for the entire network of experimental re-
sults is presented in Table IV. For the three equations of state
these values have been obtained by utilizing the values of k;
listed at Table III.

Since the values of the excess enthalpies for the ternary
system methane—carbon dioxide—hydrogen sulfide are low, they
were replotted in Figures 4-6 in a different manner which
portrays in a better way the deviations between experimental
and caiculated values, which seem to be high at first inspection.
However, certain remarks are pertinent, concerning the binary
interaction constants k ,,. Indeed, inspection of Table III re-
veals that the binary interaction constants k {, and k 3, previ-
ously determined from the experimental results for the binary
systems methane—carbon dioxide and methane-hydrogen sul-
fide, although appreciably different from those for the ternary
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system, may still be utilized as initial values, in the iterative
procedure for the theoretical calculations of the excess en-
thalpies for the ternary system methane-hydrogen sulfide—
carbon dioxide, resulting from combination of these binaries.

Effect of Adjustment of the Binary Iteration Coefficlents,
k;, as Function of Temperature and Pressure, on the
Predicted Values of Excess Enthalpies

With the purpose of improving the prediction of excess en-
thalpies, a second series of binary interaction coefficients has
been obtained allowing for the possibility of their variation as
a function of temperature and pressure. The values of the
excess enthalpies calculated from equations of state, which are
presented in Tabie I, were determined by utilizing these adjusted
values of the binary interaction coefficients. The values of the
excess enthalpies, calculated from the same equations of state,
but utilizing values for the binary interaction coefficients inde-
pendent of temperature and pressure, are presented in ref 74.
In this case, the deviations between experimentai and calcu-
lated values are considerably higher.

A graphical portrayal of the resuits in Table I including the
theoretical and experimental results is presented in Figures 1-3
as a function of the mole fraction of carbon dioxide in the
ternary mixture.

Table V presents the second series of binary interaction
coefficients adjusted for temperature and pressure. The column
labeled % lists the mean percentage deviations between ex-
perimental and calculated values of the excess enthalpies.

The conclusion which can be inferred from inspection of
these results is that, as indicated by the column labeled % in
Table V, the mean percentage deviation between experimental
and calculated values of the excess enthalpies is in most cases
below 8%. Consequently, a better prediction of excess en-
thalpy vaiues can be obtained from the series of binary inter-
action coefficients, k;, adjusted as a function of temperature
and pressure. Figures 4-6 confirm this fact in an even clearer
manner.

The variation of the binary interaction coefficients k; with
temperature and pressure is considerably more pronounced
with respect to the coefficient k ,3, relative to the binary inter-
action carbon dioxide-hydrogen sulfide. The fact that this
system is composed of two polar gases is the probable justi-
fication for this behavior.

The question of which of the three equations of state, i.e.,
RK1, RK2, or BWR, is better suited for the prediction of the
excess enthalpy vaiues for the ternary system methane-hy-
drogen sulfide-carbon dioxide cannot be answered in an in-
disputable manner. Indeed, inspection of Tables IV and V,
comparing experimental and calculated values for the excess
enthalpies, reveals relatively low deviations between the mean
percentage deviations in all cases. However, when one con-
siders the compiexity of the BWR equation, which involves eight
individual constants, the choice of the much simpler RK equa-
tions becomes very appealing. This conclusion is even more
apparent from the results obtained from the utilization of the
binary interaction coefficients adjusted as a function of tem-
perature and pressure.

Conclusion

Examination of the values of the excess enthalpies for the
three systems H,S-CO,, CH,-CO,-H,S, and CH,-CO, reveals
that the values for their excess enthalpies decrease in the order
just mentioned.

The experimental excess enthalpy data for the ternary sys-
tem have permitted the determination of two series of binary
interaction coefficients k. The first series, for which the k;'s
are independent of temperature and pressure, leads to mean

percentage deviations between the experimental values of the
excess enthalpy and the values calculated from the BWR, RK1,
and RK2 equations of state varying from 11% to 21%. The
second serles, for which the ks are adjusted as a function of
temperature and pressure, leads to mean percentage deviations
between the experimental values of the excess enthalpy and
the values calculated from the BWR, RK1, and RK2 equations
of state varying between 2% and 10%. It should be remarked
that the coefficient k ,,, relative to the system carbon dioxide-
hydrogen sulfide, varies considerably more as a function of the
temperature and pressure than the other two binary interaction
coefficients. The fact that the system carbon dioxide~hydrogen
sulfide is composed of two polar gases is a probable explana-
tion for this behavior.

It should be also remarked that the coefficients k; obtained
from the treatment of the experimental excess enthalpy data
for the binary systems methane-carbon dioxide and methane-
hydrogen sulfide may serve as initial values for the iterative
procedure leading to the prediction of excess enthalpies of
more complex systems, involving these binaries. Indeed, the
interaction coefficients for the ternary system were only slightly
higher than those for the case of the binary systems.

Glossary

a coefficient in Redlich-Kwong equation, MPa K2
cm®/mol?
aqy, a,, coefficients in Redlich-Kwong equation, defined by
a aa, eq 11

212
a 13,
a3
b coefficient in Redlich—-Kwong equation, cm3/mol
by, b, coefficients in Redlich-Kwong equation, defined by
eq 17
a, b, ¢, coefficients in BWR equation of state
A o,
Bo,
Co
Co molar heat capacity at constant pressure, J/(mol K)
E, kinetic energy, J/mol
F flow rate, mol/s
H molar enthalpy, J/mol
k 15, k 13, binary interaction coefficients, dimensionless
k2
P pressure, MPa
Peip pseudocritical pressures, defined by eq 13, MPa
P c13»
P c23
Q energy supplied to gas system by the power supply,
J/s
R universal gas constant, J/(mol K)
T temperature, K
T2 pseudocritical temperatures, defined by eq 12, K
Tc13v
c23
molar volume, cm®/mol
X mole fraction, dimensionless
Z iz pseudocritical compressibility coefficients, defined by
Z 43 eq 14, dimensionless
Zz c23
Superscripts
E denotes an excess thermodynamic property
- denotes mean values for thermodynamic properties
(for Joule-Thomson isothermal coefficients, ¢,
and molar heat capacities at constant pressure,
Cp)
* denotes ideal-gas state at a temperature T and

pressure P = 0
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Subscripts

A denotes pure gas A (CH,)
B denotes pure gas B (CO,)
Cc denotes pure gas C (H,S)
A-C denotes gas mixture A-C (CH, + H,S)
A-B-C denotes gas mixture A-B-C (CH, + CO, + H,S)
i denotes component /
m denotes mixture
denotes a nominal outlet condition
denotes inlet conditions (P4, T,) for gas mixture A-C

(CH, + H,S)
2 denotes inlet conditions (P,, T,) for gas B (CO,)
0 denotes outlet conditions (P,, T, for the ternary

mixture (CH, + H,S + CO,)

Greek Letters

a constant in BWR equation of state, dm®/moi®

vy constant in BWR equation of state, dm®/mol?

«, B, v, constants in RK2 equation of state, eq 20 and 21;
o values and units are presented in ref 7

AE, change of kinetic energy for gaseous system across
calorimeter, J/mol

AH change of molar enthalpy, J/mol

AH,, heat of mixing, J/mol

p gas density, mol/cm®

¢ isothermal Joule-Thomson coefficient, J/(mol MPa)

Q. Q, constants In RK1 equation of state, dimensionless
wy, wy,  accentric factors for pure components CH,, CO,,
w; and H,S, respectively, dimensionless
Registry No. CH,, 74-82-8; CO,, 124-38-9; H,S, 7783-06-4.
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Densities and Viscosities of Binary Solvent Mixtures of
N-Methylacetamide with Aliphatic Alcohols

Lilsa Pikkarainen

Department of Chemistry, University of Oulu, SF-90570 Oulu 57, Finland

Densities and viscoslities of binary liquid mixtures of
N-methylacetamide (NMA) with methanol, ethanol,
1-propanol, 2-propanol, 1-butanol, and 2-methyl-2-propanol
have been determined at 303.15 K. The excess volume,
the excess viscosity, and the excess Gibbs energy of
activation of flow have been calculated from the
experimental data. The role of intermolecular Interactions
In the mixtures is discussed, and a comparison made with
the corresponding binary mixtures of
N,N-dimethylacetamide (DMA).

Introduction

Comparison of the dielectric properties of N-mono- and N,-
N-disubstituted amides of carboxylic acids on one hand and
those of the amides of sulfonic acids on the other has revealed
some interesting features. The dlelectric permittivities of N-
monosubstituted carboxamides are high and are significantly
higher than those of the N,N-disubstituted analogues (7-3). At
the same time, both N-mono- and N,N-disubstituted sulfon-
amides are characterized by high dielectric permittivities, with
somewhat greater values for the N-monosubstituted amides (7).
The high permittivities of N-monosubstituted carboxamides have
been ascribed to formation of long N—H:- - -O==C hydrogen-
bonded chains (3, 4), whose existence Is supported by spec-
troscopic studies (5, 6). N-Monosubstituted sulfonamides, for

their part, appear to self-associate to cyclic polymers (7, 8),
and the high permittivities have been related mainly to the large
dipole moments (7).

Our recent studies have deait with the properties of binary
mixtures of aliphatic alcohols with N-methyil- and N,N-di-
methylmethanesulfonamide (9, 70) and with N ,N-dimethyl-
acetamide (DMA) (77). To explore more fully the findings
outlined above we continue now with studies on the mixtures
of N-methylacetamide. Here we report the densities and vis-
cosities of binary mixtures of N-methylacetamide (NMA) with
methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-
methyl-2-propanol at 303.15 K.

Experimental Section

Materials. Alcohols were the same as in the previous
studles (9-77). N-Methylacetamide (a purum product of Fluka
AG, Switzerland) was purified by distillation under reduced
pressure followed by fractional crystallizations (72).

Measurements were carried out with a digital density meter
DMA 40 (Anton Paar K.G., Austria) and Cannon-Ubbelohde
viscometers (Cannon Instrument Co, USA) (73) as before
(9-17). The viscosities are expressed in units of centipoise
equal to 102 N s m™2. The experimental values of the density
and viscosity of N-methylacetamide were 0.950 28 g cm™ and
3.829 cP at 303.15 K (literature values 0.9503 g cm™ (74) and
3.836 cP (15) (an interpolated value), respectively).
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