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Values of adjustable parameters of the Bender equation of state evaluated for chloro-
methane, dichloromethane, trichloromethane, tetrachloromethane, and chlorobenzene from
published experimental data are presented. Experimental data employed in the evaluation
included the data on state behaviour (p–ρ–T) of fluid phases, vapour–liquid equilibrium data
(saturated vapour pressures and orthobaric densities), second virial coefficients, and the co-
ordinates of the gas–liquid critical point. The description of second virial coefficient by the
equation of state is examined.
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An extensive database of original published experimental data on state be-
haviour of pure fluids (ρ(p, T)-data, second virial coefficients) has been de-
veloped recently in the laboratory of the authors. The goal of this activity is
(i) a collection of available experimental data, and (ii) a critical evaluation
of adjustable parameters (constants) of a properly selected equation of state
which might be employed for generation of recommended state-behaviour
data or calculation of other thermodynamic properties.

One of the equations of state employed in connection with the above da-
tabase is the Bender equation of state1,2, which may be written in terms of
the compressibility factor z as a function of density ρ and temperature T
with twenty adjustable parameters (constants) ak
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and R is the gas constant. With the recommended approximation1,2 a20 =
ρc, where ρc is the critical density, which was adopted for this work, Eq. (1)
is a linear function of parameters

r
a ak= { }, k = 1, ..., 19. The function B is re-

lated to the second virial coefficient BV = ψB, where ψ is a constant whose
value depends on both the molar mass of the substance and the units used.

EVALUATION METHOD

A method of the evaluation of the equation-of-state parameters was de-
scribed in detail in our previous paper3 along with the tests on data for
methane and pentane. The method is based on minimisation of the objec-
tive function, which can be written as a sum of terms related to the individ-
ual data groups (G, vapour/gas; L, liquid; VLE, vapour–liquid equilibrium
curve; V, second virial coefficient; CP, gas–liquid critical point)

φ λ α φ α φ α φ α φ α φ( , ) ,
r r
a w w w w= + + + +G G G L L L VLE VLE VLE V V V CP CP (3)
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are the sums of weighted fit residuals in compressibility factor correspond-
ing to vapour/gas (G data) and liquid phase (L data) in the single-phase re-
gions, respectively. The third term in Eq. (3)
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is the sum of weighted deviations between the calculated and experimental
saturated vapour pressure and deviations between the calculated fugacities
of liquid and vapour phases in equilibrium (VLE data). Second virial coeffi-
cient data (V data) are incorporated into Eq. (3) as the sum of weighted de-
viations between experimental and calculated second virial coefficients

( )[ ]φV V V V

V

= −
=

∑ w B B a Tm m m
m

N

, , ,
r 2

1

. (7)

The last term (CP data)
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where λ1, λ2, λ3 are the Lagrange multipliers introduces the conditions
(constraints) that apply at the gas-liquid critical point.

Individual terms in Eq. (3) can be incorporated into calculations by vary-
ing coefficients αi: a particular data group (i = G, L, VLE, V, CP) may be re-
tained in the calculations (αi = 1) or rejected (αi = 0), i.e., the inclusion of
the data groups may be characterised by the vector {αi} = (αG, αL, αVLE, αV,
αCP). Group weight factors wi in Eq. (3) for individual data groups (i = G, L,
VLE, V) were employed for balancing mutual weights among the data
groups. The default setting was derived from the number of retained data
points in the data groups. Statistical weights of individual data points, wz,j,
wz,k, and wV,m in the summations (4), (5), and (7) are given by formulas
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where the experimental uncertainties of compressibility factor δzj, δzj and
of second virial coeffcient δBV,m, were derived from the information recorded
in the database of original experimental data. Quantities ωj, ωm make it pos-
sible to change the weights of individual data points by changing the value
of ω of each data point (default setting is ω = 1; ω > 0 and ω = 0 holds for re-
tained and rejected data points, respectively). The summations (4), (5), and
(7) are performed over retained data points.

The term φVLE (Eq. (6)) represents the data along the vapour–liquid equi-
librium line and minimises the deviations between the saturated vapour
pressure calculated for both phases from the equation of state and experi-
mental saturated vapour pressure psat(Ti), as well as the deviations between
calculated fugacities of liquid and vapour on the vapour–liquid equilibrium
line. Weights of the data points along the equilibrium line are given by the
formula

( ){ } ( ) ( )[ ]{ }w p T p T p Ti i i i i iVL sat sat r sat, = =ω δ ω δ
2 2

, (10)

where ωi plays a similar role to that in Eq. (9). Since saturated pressure data
were represented by a smoothing function (see below), its relative uncer-
tainty δr[psat(Ti)] was assumed to be a constant derived from the average de-
viation of the vapour pressure fit. The uncertainty of the fugacity term is
related to the uncertainty of saturated pressure using a general thermody-
namic formula δln f = (∂ln f/∂p)T δp = Vm/(RT)δp = M/(RTρ)δp. It is obvious
that the conditions valid for vapour liquid equilibrium are not fulfilled ex-
actly here but only within the minimised deviations (Eq. (6)). Exact calcula-
tions of vapour–liquid equilibrium (psat,calc, ρsat,calc

(G) , and ρsat,calc
(L) ) based on the

equilibrium conditions

( ) ( )p a T p a T f a T
r r r
, , , , , , ,ρ ρ ρsat,calc

(G)
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sat,c= ( ) ( )alc
(G)
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(L)= f a T

r
, ,ρ (11)

were performed for each set of parameters
r
a ak= { } as obtained from the ob-

jective function (3) using a modified Newton method4. The deviations of
calculated saturated vapour pressure and orthobaric densities from experi-
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mental data employed as the input for the objective function (3) were then
evaluated.

EXPERIMENTAL DATA

An overview of experimental data employed for the evaluation of the
parameters of Eq. (1) for substances under investigation is summarised in
Table I. Attention was paid to avoid duplication of data in the cases with
αG = αV = 1, where second virial coefficients were evaluated from p–ρ–T data
of gases and vapours at low pressures retained in the G-data group. Original
p–ρ–T data were preferred, whenever possible, to avoid an influence of a
method used by researchers in evaluation of virial coefficients.

Saturated vapour pressure and saturated liquid density data were pre-
sented by smoothing functions either available in the literature (vapour
pressure) or obtained by a fit of recommended data (liquid density). The
references to the sources are also given in Table I. The respective values
were calculated from the functions at temperatures of data for saturated
vapour density. Other data were direct experimental values taken from the
database. No experimental data for saturated vapour density were found for
dichloromethane. Since the vapour–liquid equilibrium curve is substantial
for correct description of the p–ρ–T surface, the saturated vapour densities
were calculated from the experimental values of second virial coefficient for
experimental temperatures and corresponding saturated vapour pressure,
i.e. from the equation psatM/(ρsatRT) = 1 + {BV(T)/M}ρsat. The upper tempera-
ture limit was selected as Tmax = 0.8Tc. Therefore the VLE-data and V-data
groups for this substance are interrelated.

Particular attention was paid to extrapolation capabilities of the Bender
equation to the regions where no experimental data were available. As one
of the tests, extrapolation of second virial coefficient toward high tempera-
tures can be considered. Seldom the temperature range of experimental
data in vapour/gas phase (G data, V data) reaches the high-temperature re-
gion, where the second virial coefficient crosses the zero value (at the Boyle
temperature for which TB ≈ 2.5Tc is a crude approximation). Therefore, the
second virial coefficients extrapolated above the highest experimental tem-
perature usually pass through a maximum, where the virial coefficient is
still negative (see below). Thus the correct description of the Boyle tempera-
ture may increase the prediction reliability in the range between the high-
est temperature of data and the Boyle temperature. No data for the
substances investigated in this work approach the range close to the Boyle
temperature. Since the Boyle temperature could not be evaluated from ex-
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TABLE I
List of experimental data and the temperature and pressure ranges used for evaluation of the
parameters of the Bender equation of state

Data Source
Range of T

K
Range of p

MPa
Numbers of values

Chloromethane

G Guye (1909) ref.8 273 0.1 1

Shorthose (1924) ref.9 273 0.1 4

Tanner (1939) ref.10 233–500 0.041–1.38 185

Hsu (1964) ref.11 308–498 0.1–31.41 356

Suh (1967) ref.12 473–623 0.1–34.45 140

Mansoorian (1981) ref.13 323–473 0.1–15.00 106

Total 233–623 0.1–34.45 792

L Hsu (1964) ref.11 308–413 0.8–31.5 132

Kumagai (1978) ref.14 253–313 28.7–159.5 30

Total 253–413 0.8–159.5 162

VLE

Saturated vapour pressure:

McGarry (1983) ref.15 233–403 0.049–5.4 35

Saturated liquid density:

TRC Tables (1973, 1981)
refs16,17 233–403 0.049–5.4 35

Saturated vapour density:

Tanner (1939) ref.10 233–322 0.049–1.08 15

Hsu (1964) ref.11 308–403 0.75–5.4 20

Total 233–403 0.049–5.4 35

V Hamann (1952) ref.18 293–353 17

Reeves (1958) ref.19 295 1

Blythe (1960) ref.20 295 1

Bottomley (1967) ref.21 276–427 9

Lichtenthaler (1969) ref.22 288–313 5

Eubank (1985) ref.23 323–473 7

Total 276–473 40

CPa CDATA ref.24 Tc = 416.25 pc = 6.679 ρc = 363.220 kg m–3
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TABLE I
(Continued)

Data Source
Range of T

K
Range of p

MPa
Numbers of values

Dichloromethane

G Singh (1979) ref.25 349–510 0.011–1.184 113

L Burkat (1975) ref.26 293–298 1.0–10.0 20
Kumagai (1982) ref.27 298–348 10.1–101.3 21
Easteal (1985) ref.28 298 50.0–100.0 2
Baonza (1991) ref.29 298 0.6–102.0 25
Total 293–348 0.6–102.0 68

VLE
Saturated vapour pressure:

McGarry (1983) ref.15 288–403 0.038–1.115 24
Saturated liquid density:

TRC Tables (1973) ref.16 288–403 0.038–1.115 24
Saturated vapour densityb:

Fog (1953) ref.30 288–353 0.038–0.347 5
Perez (1958) ref.31 323–398 0.142–1.005 4
Raetzsch (1968) ref.32 303–333 0.070–0.195 3
Singh (1986) ref.33 349–390 0.314–0.841 3
Wormald (1998) ref.34 323–403 0.142–1.115 9
Total 288–403 0.038–1.115 24

V Fog (1953) ref.30 288–353 5
Perez (1958) ref.31 323–423 5
Raetzsch (1968) ref.32 303–333 3
Singh (1986) ref.33 349–510 10
Wormald (1998) ref.34 323–423 11
Total 288–510 34

CPa CDATA ref.24 Tc = 510.00 pc = 6.080 ρc = 440.065 kg m–3

Trichloromethane

G Buckinham (1961) ref.35 353 0.015–0.016 3

L Burkat (1975) ref.26 293–298 1.0–10.0 20
Kumagai (1982) ref.27 273–348 10.8–98.7 27
Easteal (1984) ref.36 298 50.0–250.0 5
Easteal (1985) ref.28 298 25.0–100.0 3
Nhu (1987) ref.37 293 2.0–10.0 5
Total 273–348 1.0–250.0 60
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TABLE I
(Continued)

Data Source
Range of T

K
Range of p

MPa
Numbers of values

Trichloromethane

VLE

Saturated vapour pressure:

McGarry (1983) ref.15 385–511 0.41–3.83 18

Saturated liquid density:

TRC Tables (1973) ref.16 385–511 0.41–3.83 18

Saturated vapour density:

Campbell (1968) ref.38 385–511 0.41–3.83 18

V Zaalishvili (1960) ref.39 338–358 3

Zaalishvili (1961) ref.40 333–363 4

Zaalishvili (1965) ref.41 353–383 4

Philippe (1971) ref.42 293–328 5

Abuselme (1989) ref.43 358 2

Doyle (1998) ref.44 333–423 12

Total 293–423 30

CPa CDATA ref.24 Tc = 536.40 pc = 5.470 ρc = 499.487 kg m–3

Tetrachloromethane

G – – – –

L Holder (1962) ref.45 298–348 1.0–10.0 50

Schamp (1965) ref.46 298 20.0–90.0 8

Mopsik (1969) ref.47 273–323 10.2–197.7 21

Rogers (1973) ref.48 298 1.0–10.0 10

Burkat (1975) ref.26 293–298 1.0–10.0 20

Benson (1976) ref.49 273–413 0.4–172.6 322

Holzapfel (1987) ref.50 293 2.0–10.0 5

Lainez (1987) ref.51 330–409 2.5–55.7 109

Total 273–413 0.4–197.7 545
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TABLE I
(Continued)

Data Source
Range of T

K
Range of p

MPa
Numbers of values

Tetrachloromethane

VLE

Saturated vapour pressure:

McGarry (1983) ref.15 343–551 0.082–4.266 114

Saturated liquid density:

TRC Tables (1973) ref.16 343–551 0.082–4.266 114

Saturated vapour pressure:

Young (1891) ref.52 353–543 0.149–3.854 48

Young (1891) ref.53 433–543 0.735–3.854 12

Young (1910) ref.54 343–543 0.082–3.854 20

Campbell (1969) ref.55 401–551 0.386–4.266 34

Total 343–551 0.082–4.266 114

V Francis (1955) ref.56 316–343 5

Perez (1964) ref.57 354–399 3

Jain (1970) ref.58 298–313 4

Wormald (1996) ref.59 333–413 6

Total 298–413 18

CPa CDATA ref.24 Tc = 556.40 pc = 4.560 ρc = 557.327 kg m–3

Chlorobenzene

G Agaev (1976) ref.60 463–633 0.172–4.550 158

Ahlmeyer (1982) ref.61 439–625 0.064–0.207 39

Total 439–633 0.064–4.550 197

L Gibson (1939) ref.62 298–338 50.0–100.0 6

Gibson (1939) ref.63 298–358 25.0–100.0 16

Agaev (1973) ref.64 308–583 0.6–32.5 101

Takagi (1982) ref.65 303 10.0–190.0 19

Kashiwagi (1983) ref.66 298–398 12.3–98.2 35

Abdullaev (1984) ref.67 298–523 1.3–50.0 68

Easteal (1997) ref.68 278–338 1.9–283 138

Total 278–583 0.6–283 383



perimental data, the estimates were obtained using Tsonopoulos5 and
Weber6 methods (examination of these methods when applied to halo-
alkanes was presented recently by Dymond7). Both methods yielded similar
values: chloromethane TB = 1021 K, dichloromethane TB = 1223 K,
trichloromethane TB = 1273 K, tetrachloromethane TB = 1339 K, chloroben-
zene TB = 1480 K.

The values above were included in the evaluation of the equation-of-state
parameters as additional experimental data points with zero values of sec-
ond virial coefficient at T = TB and a high (though variable) statistical
weight was attributed to this data point. Since the values of the Boyle tem-
perature were estimated, an alternative procedure to include the Boyle tem-
perature into the objective function (3) as a constraint using additional
Lagrange coefficient was not employed.
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TABLE I
(Continued)

Data Source
Range of T

K
Range of p

MPa
Numbers of values

Chlorobenzene

VLE

Saturated vapour pressure:

McGarry (1983) ref.15 403–553 0.097–1.694 21

Saturated liquid density:

TRC Tables (1990) ref.69 403–553 0.097–1.694 21

Saturated vapour pressure:

Young (1910) ref.54 403–553 0.097–1.694 16

Agaev (1976) ref.60 463–543 0.389–1.474 5

Total 403–553 0.097–1.694 21

V – – – –

CPa CDATA ref.24 Tc = 632.40 pc = 4.520 ρc = 365.451 kg m–3

a Critical densities are given with three decimal places as calculated from rounded values of
molar critical volume recorded in database CDATA. b See the text.



RESULTS

Values of parameters of the Bender equation of state (Eqs (1) and (2)) are
summarised in Table II along with the statistical characteristics of the fits
and calculated values of the Boyle temperature. The data listed in Table I
and estimated values of the Boyle temperature were employed for the fits.
The group weight factors wi (Eq. (3)) were set to values for which Niwi was a
constant same for all data groups except for the L-data group. It was ob-
served that the dependence of the deviations of single-phase liquid data
(L data) on wL is very flat while the effect on other data groups (particularly
vapour–liquid equilibrium) is much more pronounced. Therefore the group
weight factor wL was set to the value in the interval from 0.01 to 0.05, re-
gardless of the number of data points NL.

Data used for chloromethane were found to be mutually consistent. A fit
of the VLE data, i.e. with {α i} = (0, 0, 1, 0, 0), after rejecting two data
points11 close to critical temperature (408.15 and 413.15 K), resulted in very
small deviations between the calculated critical point (obtained by solving
the second and third constraint of Eq. (8) (for details, see ref.3)) and the ex-
perimental one (δrzc = 4.08%, δTc = 0.92 K, and δrρc = –1.44%). Values of
second virial coefficient, extrapolated from the fit where the estimated
value of the Boyle temperature was not used, are in qualitative agreement
with the course obtained using Tsonopoulos5 and Weber6 estimation meth-
ods (see Fig. 1a). The agreement is better for the final fit (Table II and
Fig. 1a), where the estimated value of the Boyle temperature was included
in the input data. Deviations of all experimental values of second virial
coefficient from those calculated from equation of state are less than
±10 cm3 mol–1 (see Fig. 2).

The experimental values of the second virial coefficient for dichloro-
methane are in mutual agreement and consistent with the single-phase
gas/vapour data (the fit with {αi} = (0, 0, 0, 1, 0) resulted in RMSDr(BV) =
2.6%; the same deviation was obtained for the fit with {αi} = (1, 0, 0, 1, 0).
Therefore all virial data were used to calculate saturated vapour densities
(see above) up to temperature 403 K. The deviations at the critical point for
a tentative fit of VLE data {αi} = (0, 0, 1, 0, 0) were rather high (δrzc =
–27.2%, δTc = 12.1 K, δrρc = 8.3%), but the highest temperature of the VLE
data is more than 100 K below the critical temperature and thus the extrap-
olation is rather uncertain. The fit with {αi} = (0, 0, 1, 0, 1) resulted in the
same deviations of equilibrium data as that with {αi} = (0, 0, 1, 0, 0) which
supports the conclusion that saturated vapour density values calculated
from experimental second virial coefficients are consistent with coordinates
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TABLE II
Parameters of the Bender equation of state (Eqs (1) and (2))a for the fits, where all data listed
in Table I and the values of the Boyle temperature (see the text) were included in the input
data

Parameter Chloromethane Dichloromethane

a1 ⋅ 102 1.67228730 1.89670782
a2 ⋅ 10–1 –1.96855018 –3.20519613
a3 ⋅ 10–3 4.82028480 14.8819077
a4 ⋅ 10–6 –2.31954724 –5.18487212
a5 ⋅ 10–8 1.24633584 2.82642610
a6 ⋅ 105 3.27640851 1.94607501
a7 ⋅ 102 –1.49078577 –0.817723184
a8 9.64018373 14.5364065
a9 ⋅ 108 –3.94160512 –1.57208295
a10 ⋅ 105 –0.208807749 –4.25890308
a11 ⋅ 1011 8.94338028 5.89922840
a12 ⋅ 108 –4.70956953 –0.640895447
a13 ⋅ 1011 2.76405216 0.598978188
a14 ⋅ 10–3 –9.97315298 99.0883690
a15 ⋅ 10–6 7.08002424 –95.1485848
a16 ⋅ 10–9 –1.27837440 21.6327447
a17 ⋅ 102 1.83100458 –53.1277005
a18 ⋅ 10–1 –2.22409369 48.8274694
a19 ⋅ 10–3 7.06642637 –108.765870
a20 ⋅ 10–2 3.63220 4.40065

G data:
RMSD(z) 0.0033 0.00022
RMSDr(z), % 0.44 0.024

L data:
RMSD(z) 0.0139 0.0202
RMSDr(z), % 2.70 2.63

VLE data:
RMSDr(psat,liq), % 0.31 0.52
RMSDr(psat,vap), % 0.70 0.42
exact VLE: RMSDr(psat), % 0.58 0.50

RMSDr(ρsat,liq), % 0.013 0.0013
RMSDr(ρsat,vap), % 0.53 0.46

V data:
RMSD(Bv), cm3 mol–1 3.9 14.8
RMSDr(Bv), % 1.22 2.33

TB, K 1 021 1 223
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TABLE II
(Continued)

Parameter Trichloromethane Tetrachloromethane

a1 ⋅ 102 –3.87797282 –1.17515560
a2 ⋅ 10–1 8.80848273 3.19351471
a3 ⋅ 10–3 –57.0148499 –23.8676509
a4 ⋅ 10–6 10.3936816 3.11112250
a5 ⋅ 10–8 –7.08247367 –2.62479170
a6 ⋅ 105 2.68637548 4.31981757
a7 ⋅ 102 –2.36395625 –4.29076004
a8 –1.58995312 6.11291927
a9 ⋅ 108 –11.6260048 –8.41082793
a10 ⋅ 105 11.1129321 8.45248816
a11 ⋅ 1011 5.02700241 4.78615991
a12 ⋅ 108 –7.83383332 –6.73582348
a13 ⋅ 1011 1.91220565 1.61931794
a14 ⋅ 10–3 –656.407213 –2.81455369
a15 ⋅ 10–6 665.295067 0.911881832
a16 ⋅ 10–9 –168.061380 0.703325463
a17 ⋅ 102 449.539809 –5.06574337
a18 ⋅ 10–1 –467.237100 4.84739115
a19 ⋅ 10–3 1 214.34964 –10.7308346
a20 ⋅ 10–2 3.65451 5.57327

G data:
RMSD(z) 0.0015 –
RMSDr(z), % 0.15 –

L data:
RMSD(z) 0.0268 0.01856
RMSDr(z), % 1.14 2.13

VLE data:
RMSDr(psat,liq), % 0.38 0.34
RMSDr(psat,vap), % 2.30 1.21
exact VLE: RMSDr(psat), % 1.72 0.821

RMSDr(ρsat,liq), % 0.086 0.067
RMSDr(ρsat,vap), % 3.87 1.66

V data:
RMSD(Bv), cm3 mol–1 45.2 42.9
RMSDr(Bv), % 4.30 4.04

TB, K 761 1 239
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TABLE II
(Continued)

Parameter Chlorobenzene

a1 ⋅ 102 –2.99842636
a2 ⋅ 10–1 9.30512681
a3 ⋅ 10–3 –83.6725324
a4 ⋅ 10–6 18.0672405
a5 ⋅ 10–8 –12.5244961
a6 ⋅ 105 –0.405297844
a7 ⋅ 102 2.17830024
a8 –14.3597283
a9 ⋅ 108 –14.0113322
a10 ⋅ 105 17.6199759
a11 ⋅ 1011 7.09303779
a12 ⋅ 108 –18.5446793
a13 ⋅ 1011 8.45516905
a14 ⋅ 10–3 –99.3648153
a15 ⋅ 10–6 113.235171
a16 ⋅ 10–9 –29.9986470
a17 ⋅ 102 7.38461249
a18 ⋅ 10–1 –17.5095010
a19 ⋅ 10–3 88.0885205
a20 ⋅ 10–2 3.65451

G data:
RMSD(z) 0.0023
RMSDr(z), % 0.36

L data:
RMSD(z) 0.0348
RMSDr(z), % 2.042

VLE data:
RMSDr(psat,liq), % 0.62
RMSDr(psat,vap), % 0.72
exact VLE: RMSDr(psat), % 0.68

RMSDr(ρsat,liq), % 0.006
RMSDr(ρsat,vap), % 1.16

V data:
RMSD(Bv), cm3 mol–1 –
RMSDr(Bv), % –

TB, K 1 351

a The values of parameters {ak} correspond to T in K and ρ in kg m–3.
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FIG. 1
Dependence of second virial coefficient on temperature: chloromethane (a), dichloro-
methane (b), trichloromethane (c), tetrachloromethane (d), and chlorobenzene (e). Bender:
calculated using the parameters {ak}, k = 1, 2, …, 5 from Table II; Bender (without TB): calcu-
lated from the parameters {ak}, k = 1, 2, …, 5 of the tentative fit where the Boyle tempera-
ture was not used; Tsonopoulos: estimated by the Tsonopoulos method5; Weber: estimated
by the Weber method6
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of the critical point. The Boyle temperature predicted from the fit with
{αi} = (1, 0, 1, 1, 1) was 1 097 K (about 130 K below the estimated value). In-
clusion of L data, however, led to the fit, where no Boyle temperature was
found in the realistic temperature range (see Fig. 1b) and the deviations
along the VLE curve doubled. The final fit ({αi} = (1, 1, 1, 1, 1); Table II and
Fig. 1b) gives a correct Boyle temperature. Deviations of experimental
values of second virial coefficient from the calculated ones are randomly
scattered and lower than ±25 cm3 mol–1 except for two data points at
low temperatures (see Fig. 2). It is worth mentioning that in the range from
300 to 700 K, the Bender equation based on experimental data gives higher
(less negative) values of the second virial coefficient than the estimation
methods5,6.

Data available for trichloromethane are scarce and seem to be inconsis-
tent. One set with only three values at low pressures was available for the
single-phase gas (G data). Full-range fit of VLE data38 (374.55–535.95 K,
{αi} = (0, 0, 1, 0, 0)) yielded rather high deviations at the critical point
(δrzc = –9.6%, δTc = 0.11 K, δrρc = 9.0%). For a tentative fit with {αi} =
(0, 0, 1, 0, 1), the data points in the temperature range close to Tc (518–
536 K) were rejected due to large deviations. Experimental virial coefficients
are in mutual agreement except for the data of Francis and McGlashan56

which were rejected due to large negative deviations (up to –100 cm3 mol–1)
from other data at temperatures around 400 K. The data of Philippe et al.42
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FIG. 2
Deviations of second virial coefficient ∆BV = BV(exp) – BV(calc): ❍ chloromethane, ● di-
chloromethane, ∆ trichloromethane, ❑ tetrachloromethane
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that exhibit rather large negative deviations for T < 300 K (Fig. 2) were re-
tained in the final fit since no other data were available in low temperature
range. Virial coefficients calculated from the final fit (Table II and Fig. 1c)
are in accordance with those resulting from the estimation methods5,6

within the temperature range of experimental data, which is, compared to
chloromethane and dichloromethane, rather narrow. Extrapolation toward
higher temperatures gives an incorrect Boyle temperature even for the final
fit (Table II), where the estimated value was employed (from Fig. 1c it can
bee seen that the full line crosses zero value of the virial coefficient twice).
Extrapolation from the fit without the Boyle temperature in the input data
gives unrealistic values of the virial coefficient (see Fig. 1c). Higher order
parameters

r
a ak= { }, k > 13 are, compared to those for other substances,

much more interrelated (Table II) as a consequence of insufficient input ex-
perimental data. Need for new experimental data for trichloromethane in
wider T, p ranges is obvious.

No data for the single-phase gas (G data) were available for tetrachloro-
methane contrary to relatively large number of values for saturated vapour
density. After the data close to the critical point (553.15–554.35 K) were re-
jected due to large deviations, a very good agreement between the calcu-
lated and experimental critical point (δrzc = –1.8%, δTc = 2.17 K, δrρc =
0.42%) was obtained from the fit with {αi} = (0, 0, 1, 0, 0). A fit of virial co-
efficient data ({αi} = (0, 0, 0, 1, 0)) yielded a deviation in virial coefficients
RMSDr(BV) = 3.0% that increased to 4% when all available data groups were
included (see Table II). Deviations between experimental and calculated
virial coefficients are lower that ±100 cm3 mol–1 (Fig. 2). Extrapolation of
virial coefficients to higher temperatures is somewhat better than in the
case of trichloromethane; however, the values in the range from about
500 K to TB are higher (less negative) than those calculated using the esti-
mation methods5,6.

No virial coefficient data were used for chlorobenzene. On the other
hand there were two rather large sets of data available for single-phase
vapour/gas which seem mutually consistent. Good consistence of the
vapour–liquid equilibrium data with coordinates of the critical point was
achieved after the data60 in the range 563–628 K were rejected. Extrapola-
tion of the second virial coefficient to high temperatures is substantially
improved by inclusion of the estimated Boyle temperature into the input
data (see Table II and Fig. 1e). It is worth noting that the extrapolation to
low temperatures yields higher (less negative) second virial coefficients
than the estimation methods5,6. The reason might issue from the fact that
the low-temperature limit of the data on the vapour/gas side (single-phase
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vapour/gas and saturated vapour density) is somewhat higher (403 K) than
for other chlorinated hydrocarbons investigated here and thus the region
with large dBV/dT is not covered by experimental data. Nevertheless, the
values of the second virial coefficient calculated from the equation of state
in the temperature range of experimental data are in agreement with those
obtained from the estimation methods5,6 despite the fact that no virial co-
efficients were included in the input data used for the evaluation of the
equation-of-state parameters.

CONCLUSIONS

The available experimental data on state behaviour of fluid phases for five
chlorinated hydrocarbons were evaluated into the form of the Bender equa-
tion of state. Best results were obtained for substances, where sufficient
number of experimental data was available (chloromethane, dichloro-
methane). On the other hand, a reasonable description of state behaviour
using obtained parameters of equation of state cannot be expected for
trichloromethane due to lack of experimental data.

It was demonstrated that good description of experimental second virial
coefficients can be obtained using the parameters of the Bender equation.
The results indicate that the parameters {ak}, k = 1, 2, ..., 5 are predomi-
nantly influenced by low-density p–ρ–T and second virial coefficient data
while those of higher order terms (C, D, ..., Eq. (1)) by data at higher densi-
ties. This observation is in accordance with the results of the tests presented
in our previous paper3 and with the conclusions of Malijevský and Hujo70.
On the other hand, if vapour/gas data (p–ρ–T and BV) cover a narrow tem-
perature interval at lower temperatures, where the curvature of the depend-
ence BV(T) is moderate, then the parameters {ak}, k = 1, 2, ..., 5 are more
interrelated (“too many parameters for a simple-shape dependence”) and
influenced by data at higher densities (dense gas, liquid). Extrapolations of
the virial coefficient to high temperatures are highly unreliable in these
cases. The inclusion of the Boyle temperature into the input data may lead
to a significant improvement of extrapolations to high temperatures.

The vapour–liquid equilibrium curve, calculated from the phase equilib-
rium conditions for the equation-of-state parameters obtained using the
present method, is described very satisfactorily except for trichloromethane.
The deviations are close to experimental uncertainties.

The values of the compressibility factor in the liquid region cover a much
broader interval (compared to the gas phase); they may span several orders
of magnitude while the values of liquid density are of the order 103 to
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104 kg m–3. The slopes of isotherms (∂z/∂ρ)T are large in the dense fluid re-
gion which may lead to an increasing of interrelation among the parame-
ters of the equation of state. The description of a single-phase compressed
liquid by the Bender equation of state is therefore rather worse (particularly
at low-pressures where the compressibility factor is of the magnitude 10–3)
than by simple empirical equations designed especially for the liquid phase
(e.g., the Tait equation71) which are mostly fitted to experimental data in
the form ρ(T, p). It is, however, advisable to include liquid-phase p–ρ–T data
in the evaluation of the equation-of-state parameters whenever possible
since in their absence, an incorrect (negative) derivative (∂p/∂ρ)T may ap-
pear on the liquid side of the vapour–liquid equilibrium curve when
vapour/gas (G) and equilibrium (VLE) data only are included3.

The reliability of extrapolations beyond the ranges of input experimental
data could be improved by inclusion of other than state-behaviour data, e.g.
heat capacities or speed of sound data. A search in available data sources re-
vealed, however, that experimental data are available mostly for liquid
phase at moderate pressures while the gaps in present data are predomi-
nantly in the high-pressure high-temperature ranges (dense supercritical
gas).

LIST OF SYMBOLS

ak adjustable parameters of the Bender equation of state
BV second virial coefficient
f fugacity
M molar mass
n number of moles
N number of values (data points)
p pressure
R universal gas constant (R = 8.31451 J mol–1 K–1)
RMSD root mean square deviation (RMSD(X) = {Σ(Xcalc – Xexp)2/N}1/2)
RMSDr relative root mean square deviation (RMSDr(X) = {Σ(Xcalc/Xexp – 1)2/N}1/2)
T temperature
V, Vm volume, molar volume
w data group weight factor
z compressibility factor
α data group inclusion parameter
δ experimental uncertainty, deviation
φ objective function
λ Lagrange multiplier
ρ mass density
ω preselected weighting factor of a data point
ψ constant
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Subscripts
B Boyle
c critical
calc calculated
CP critical point data group
G single-phase gas/vapour data group
i, j, k, m experimental data point (i-th, j-th, . . .)
L single-phase liquid data group
r relative
sat saturated
VLE vapour–liquid equilibrium data group
V second virial coefficient data group

Superscripts
(G) gas/vapour
(L) liquid
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