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Abstract: Densities data of n-hexane, toluene and dichloromethane at tempera-
tures 288.15-413.15 K and at pressures 0.1-60 MPa, determined in a previous
article, were fitted to the modified Tait equation of state. The fitted tempera-
ture—pressure dependent density data were used to calculate the following
derived properties: the isothermal compressibility, the isobaric thermal expan-
sivity, the difference between specific heat capacity at constant pressure and at
constant volume and the internal pressure, over the entire temperature and
pressure intervals specified above. In order to assess the proposed modeling
procedure, the obtained values for the isothermal compressibility and the
isobaric thermal expansivity were compared with the corresponding literature
data. The average absolute percentage deviations for the isothermal compres-
sibility were for n-hexane 2.01-3.64 %, for toluene 0.64-2.48 % and for
dichloromethane 1.81-3.20 %, and for the isobaric thermal expansivity, they
were for n-hexane 1.31-4.17 %, for toluene 0.71-2.45 % and for dichloro-
methane 1.16-1.61 %. By comparing the obtained deviations values with those
found in the literature, it could be concluded that the presented results agree
well with the literature data.

Keywords: high pressure; isobaric thermal expansivity; isothermal compres-
sibility; n-hexane; toluene; dichloromethane.

INTRODUCTION

In a previous article,! the experimental densities of compressed liquid n-
hexane, toluene and dichloromethane, determined using a set-up based on a den-
sity measuring cell AP DMA HP coupled with a DMA 5000 vibrating tube den-
simeter, were reported. The measurements were performed over the temperature
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and pressure ranges: 288.15-413.15 K and 0.1-60 MPa, respectively. It was
shown that the obtained data are in good and acceptable agreement with the
corresponding literature values.

This paper, as well as the previous one related to the density measurements
for the same pure compounds-solvents, is a part of the systematic investigation of
crucial thermodynamic properties of important solvents, used in both industry
and the laboratory.

Correlation of the volumetric information mentioned above allows the evalu-
ation of temperature and pressure effects on various thermomechanical pro-
perties,? such as isothermal compressibility, x7, and isobaric thermal expansivity,
ap; based on these properties, the internal pressure pjy¢ and the difference of the
isobaric and isochoric heat capacities, C,—Cy, can also be determined. By coup-
ling the mentioned isothermal and isobaric properties x7 and oy, and using the
isentropic compressibility, s, which is related to the thermodynamic speed of
sound, some additional properties can be calculated; in this respect, the isobaric
heat capacity, C,, and isochoric heat capacity, Cy, could be mentioned.

Various methods, dealing with the correlation of measured densities as a
function of temperature and pressure, have been established in the literature. In
the present work, a Tait-like equation was applied. The obtained correlation was
used to compute the aforementioned parameters.

CALCULATIONS
The experimental density data presented in a previous paper! were fitted to the Tait-like
equation:
pr(T)

(D
1—c(rym| 2D*p
B(T)+ p™

p(T,p)=

where, T and p refer to temperature and pressure, respectively, and C(7) and B(T) are
parameters that were assumed to be temperature dependent and can be calculated from the
second order polynomials:

2
B(T)=Y hT! )

i=0
2
C(T)=) gT! 3)
i=0
p'ef is the density at the reference pressure, p™f, and it can be calculated from the second order
polynomial:

2
pref ()= ZaiTi @)
i=0

In Egs. (2)—~(4), a;, b; and c; are adjustable parameters.
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As stated previously, a number of derived properties exist that can be calculated from
density data.

The isothermal compressibility, x7, represents a measure of the sensitivity of density to a
pressure change at constant temperature and it depends on the fluid structure. It can be
expressed as:

1(9
Ky =—[—pJ 5)
AT
Coupling Egs. (1) and (5) leads to the expression for the calculation of &
c(T
7 = T ®)
B(T)+p)|1-C(T)ln————
(BT) p)[ ( )nB(mpmfj

The isobaric thermal expansivity, o, is a measure of the relative fluid density change in
response to a temperature change at constant pressure:

-1
i) 3] 2]
p\aT),\dp ), p\dT ),

When Eg. (1) is included into Eq. (7), an expression for the calculation of the isobaric
thermal expansivity is obtained:

B(T)p™ - p) LTy BD+p

g P BI)+p)BIO)+ ) B(T)+p™ ®)
p ref
pe(T) [1_ (D B<T>+pf]
B(T)+ p*

where p'f(T), B'(T) and C'(T) stay for the derivatives of the parameters p', B(T) and C(7) of
Eq. (1), respectively:

2
pref/ — zia[T[—l (9)
i=0
2 .
B'=YibT! (10)
i=0
2 .
C'=YicT™! (1D
i=0

Another thermodynamic property that can be calculated from the aforementioned
equations is the ratio of the isobaric thermal expansivity to the isothermal compressibility, i.e.,
the thermal pressure coefficient, y:

y=-L (12)

The thermal pressure coefficient is associated with the internal pressure, p;,, which
represents the change of the internal energy of a sample when it isothermally expands or
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contracts, thus describing intermolecular interactions. It is easy to calculate the internal
pressure when the isobaric thermal expansivity and the isothermal compressibility are known:

oU op Ta),
= =T|X| —p=Ty—p=—"1L 13
Pint [avJT (aij p=Ty-p g (13)

where, U denotes the internal energy of a sample and / is its volume.

An important thermodynamic property that can be calculated from the quantities defined
above is the difference between specific heat capacity at constant pressure, c,, and specific
heat capacity at constant volume, Cp:

2
)
C =Cp a2l (14)
p 4 d
5)
p
ap )p
Linking Egs. (5) and (7) with Eq. (14) gives the expression:
ail
C,-Cyp=—"— (15)
PKT

The relation given by Eq. (15) is significant because it can be used to calculate the heat
capacity at constant volume instead of its experimental determination. Heat capacity at cons-
tant pressure can be measured or calculated from speed of sound data and the above-defined
coefficients by combining Egs. (16)—(18).

Isentropic compressibility, «g, is defined as:

Kszl(a—pj (16)
P\9p s

Ks=—> an
pu?
where, u is the speed of sound waves spreading through the sample.
Further, the specific heat capacity at constant pressure can be obtained from the equation:

and can be calculated as follows:

alz,T
C,=——2— (18)
P(’(T ~Ks)
RESULTS AND DISCUSSION

The criteria used to assess the quality of fitting were the absolute average
percentage deviation, A4D, the percentage maximum deviation, MD, the average
percentage deviation, Bias, and standard deviation, o:

AAD

N | ,exp _ cal
:@Z Pi Pi (19)

N exp

i=l1 i
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exp _ ,cal
MD=max| 10022t | i1 N (20)
pi P
N exp _ cal
Bias = @ % (21)
i=1 i
g“(pexp _pcal )2
i i
o=\ - (22)

where, peXP is the experimentally determined density, pc@l denotes the density
value obtained from Eq. (1), N is the number of experimental data and m repre-
sents the number of parameters included in the correlation of the Tait-like equa-
tion.

The reference pressure in Eq. (1) was chosen to be 1 MPa. Hence, the den-
sity data of a sample at 1 MPa were first used for the optimization of the a; para-
meters. Then, all the density data, presented for the studied compounds in a pre-
vious work! were employed for the determination of the b; and ¢; parameters. All
the parameters were obtained applying the Marquardt algorithm for the minimiz-
ation of the objective function, i.e., the standard deviation.

The obtained parameters of Eqs. (2)—(4) and the corresponding deviations
are given in Table L.

TABLE L. Fitting parameters of Egs. (2)—(4)

Parameter n-Hexane Toluene Dichloromethane
ao / kg m3 791.280 1082.499 1599.209
a; / kg m3 K'! -0.035271 -0.55689 —-0.10023
a, / kg m3 K2 —0.14039x102 —0.60343x103 —0.28367x102
by / MPa 349.513 504.019 654.433

b; / MPa K- —1.46894 -1.96093 -2.80478
b, / MPa K2 0.15855x102 0.20102x102 0.30968x102
co 0.18450 0.15696 0.29779

¢ /K1 —0.58799x10-3 —-0.39307x1073 —0.11415%102
c, /| K2 0.87278x10 0.54981x10°0 0.15929x10
AAD | % 0.023 0.008 0.019
MD | % 0.191 0.028 0.128
Bias | % 0.002 0.003 0.001
o/kgm?3 0.209 0.090 0.332

From the presented deviation values, it could be concluded that the proposed
Eqgs.(1)—(4) fit well the densities of the selected substances.
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The isothermal compressibility, the isobaric thermal expansivity, the differ-
ence between the specific heat capacities at constant pressure and constant vol-
ume and the internal pressure for all three examined compounds, at temperatures
288.15-413.15 K and pressures 0.1-60 MPa, are presented in Tables S-I-S-III of
the Supplementary material to this paper.

In order to verify the accuracy of the density data modeling and the proce-
dure of calculating the derived properties listed in the previous section, the
obtained values of the isothermal compressibility and isobaric thermal expan-
sivity were compared to those found in the literature. The criteria for the eval-
uation of the agreement were the same as in a previous paper:! the absolute
average percentage deviation (44D), the percentage maximum deviation (MD)
and the average percentage deviation (Bias), but here, instead of density, the
corresponding values of the isothermal compressibility and the isobaric thermal
were used.

n-Hexane

Data on n-hexane density were modeled and the calculated values of the
isothermal compressibility, given in Table S-1, were compared to those published
by Daridon et al3 The comparison was performed at temperatures 293.15—
—373.15 K and at pressures 0.1-60 MPa; the obtained deviations were: 44D =
=3.64 %, MD = 5.67 % and Bias = -3.64 % (Fig. 1a).

Aiming at assessing the accuracy of the presented density modeling, the
isentropic compressibility was compared. Values of the speed of sound were
retrieved from the literature3 and the isentropic compressibility was calculated
using Eq. (17); the obtained values were compared to the literature data3 at tem-
peratures 293.15-373.15 K and pressures 5-60 MPa. The corresponding devi-
ations were AAD = 0.10 %, MD = 0.29 % and Bias = 0.01 %; these deviations
represent one more proof that the modeling procedure was properly selected.

The calculated isothermal compressibility data were compared to those given
by Rendzio et al.# at several temperatures in the range 313.15-363.15 K and at
pressures 0.1-60 MPa. Values of the criteria were AAD = 2.63 %, MD =4.73 %
and Bias =-2.56 %.

Rendzio et al.# also reported equations for the calculation of isobaric thermal
expansivity. Hence, their data with those reported in Table S-I1 were compared at
temperatures 288.15-393.15 K and at pressures 0.1-60 MPa. The obtained devi-
ations were A4D = 0.99 %, MD = 3.73 % and Bias = —0.68 %, indicating very
good agreement (shown in Fig. 1b).

Tronkoso et al.®> gave the isothermal compressibility of n-hexane in the
somewhat narrower ranges of pressure and temperature than did the aforemen-
tioned authors, and hence the comparison is realized at temperatures 293.15—
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—413.15 K and at pressures 0.1-40 MPa. The deviations were AAD = 2.01 %,
MD =3.31 % and Bias =-2.01 %.
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Fig. 1. Comparisons of the calculated derived properties with literature data for n-hexane: a)
the isothermal compressibility with Daridon et al.3 at (l) 293.15, (O) 303.15, (&) 313.15,
(V) 323.15, (®) 323.15, (¥) 343.15, (%) 353.15, (0) 363.15 and (@) 373.15 K; b) the
isobaric thermal expansivity with Rendzio et al.* at (W) 288.15, (O) 303.15, (A) 318.15, (V)
333.15, (®) 343.15, (X) 353.15, (%) 363.15, (0J) 373.15 and (@) 393.15 K.

The values of the isobaric thermal expansivity presented in this work were
compared to those reported by Zhou et al.% at temperatures 293.15-413.15 K and
at pressures 0.1-40 MPa and the obtained deviation criteria were: AAD = 4.17 %,
MD = 6.08 % and Bias = —-3.86 %.

Cardeirine et al.” gave the isobaric thermal expansivities at atmospheric
pressure and at temperatures 293.15-333.5 K. The results of the comparison of
those data and the present ones were 44D = 2.06 %, MD = 3.71 % and Bias =
=-1.69 %.

Considering the values of the deviations that the cited authors reported in
their papers, it could be concluded that the agreement of the present results with
those found in the literature was acceptable.

Toluene

The isothermal compressibility data of toluene, given in Table S-II, were
compared to those reported by Chorazewski et al.3 The comparison was per-
formed at temperatures 303.15-373.15 K and pressures 0.1-60 MPa and the
obtained results were: AAD =1.19 %, MD = 1.97 % and Bias =—1.18 % (Fig. 2a).

Chorazewski et al.® gave equations for the determination of the isobaric
thermal expansivities of toluene and hence, the data presented in Table S-II were
compared to these values over wide ranges of temperature and pressure, 288.15—
—413.15 K and 0.1-60 MPa, respectively. The obtained deviations were 44D =
=2.45 %, MD = 5.18 % and Bias =-2.29 % (Fig. 2a).
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Fig. 2. Comparisons of the calculated derived properties with literature data for toluene: a) the
isothermal compressibility with Chorazewski et al.® at (H) 303.15, (O) 323.15 and (A)
373.15 K, and b) the isobaric thermal expansivity with Chorazewski et al. at (W) 288.15, (O)
303.15, (A) 318.15, (V) 333.15, (®) 343.15, (X) 353.15, (%) 363.15, () 373.15, (@)
393.15and (A) 413.15K.

The values of the isothermal compressibility obtained in this paper were also
compared to those given by Zéberg-Mikkelsen et al.” at temperatures 303.15—
—333.15 K and at pressures 0.1-30 MPa. The deviations were rather low: 44D =
=0.64 %, MD = 1.48 % and Bias =—0.20 %.

In addition, Zéberg-Mikkelsen et al.9 reported the isobaric thermal expan-
sivities of toluene at the same temperatures and pressures as they did for the
isothermal compressibility. For this property, the values of the appropriate cri-
teria were AAD = 0.71 %, MD = 2.39 % and Bias =-0.17 %.

Easteal et al.!0 presented the values for the isothermal compressibility and
the isobaric thermal expansivity of toluene under the same conditions. The com-
parison was performed at temperatures 288.15-323.15 K and pressures 0.1-50
MPa and the attained results were: for the isothermal compressibility 44D = 2.48
%, MD = 4.01 % and Bias = —2.38 % and for the isobaric thermal expansivity
AAD =1.29 %, MD =2.63 % and Bias =—0.21 %.

The values of the deviation criteria obtained for the isothermal compres-
sibility and the isobaric thermal expansivity of toluene were sufficiently low for
it to be concluded that the results calculated in this work agree well with the
literature data.

Dichloromethane

Gongalves et al.ll recently presented results for the isothermal compres-
sibility and the isobaric thermal expansivity for dichloromethane at temperatures
300400 K and pressures 0.1-100 MPa. The application of Egs. (1)—(11) enabled
the calculation of the values for the mentioned properties at the same tempera-
tures and at pressures up to 60 MPa. A comparison of the calculated data with
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literature results!! resulted in the following: for the isothermal compressibility
AAD was 1.81 %, MD was 5.04 % and Bias was 0.38 % (Fig. 3a) and for the
isobaric thermal expansivity 44D = 1.16 %, MD = 3.53 % and Bias = 0.19 %
(Fig. 3b).

]
ol * 2 y o -
* * * e é A L A A
-~ 4 ~ 14 ]
~ 24 ] ] L] = Y Y
3 s * 3 . * *
& [ °* v Y3 o4 o . v
3 o A NS n
< g x © = X . v X
= = 144
& o ¢ A & © " v
"2 A )
x T 21 .
s ] ¢ g -
S 44 S
2 S 34
X - *
-6 T T J T T T -4 T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
p/MPa p/MPa
(a) (b)

Fig. 3. Comparisons of the calculated derived properties with literature data for
dichloromethane: a) the isothermal compressibility with Ferreira et al.!! at (H) 300, (O) 320,
(A) 340, (V) 360, (®) 380 and (3K) 400 K, and b) the isobaric thermal expansivity with
Ferreira et al.'! at (H) 300, (O) 320, (A) 340, (V) 360, (®) 380 and (X) 400 K.

Easteal et al.10 gave the values of the isothermal compressibility and the
isobaric thermal expansivity of dichloromethane at two temperatures, 288.15 and
298.15 K, and at pressures 0.1-50 MPa. The isothermal values presented in Table
S-III agree with those taken from literaturel0 with: 44D of 3.20 %, MD of 3.56
% and Bias of 3.20 %. When comparing the isobaric thermal expansivities from
Table S-I1I, the following deviations were obtained: A4D = 1.61 %, MD = 3.33%
and Bias =—-1.43 %.

Although the mentioned values of the criteria for the comparison of both
properties for dichloromethane were slightly higher than those for toluene, they
could still be considered as good.

CONCLUSIONS

The density data of n-hexane, toluene and dichloromethane, reported in a
previous paper,! were fitted to a Tait-like equation; the obtained parameters, and
the results of assessment of the modeling, by the comparison with literature
information, are given in this work. The calculated values of the isothermal com-
pressibility, the isobaric thermal expansivity, the difference between specific heat
capacity at constant pressure and at constant volume as well as the internal pres-
sure for each of three investigated compounds, at temperatures 288.15—413.15 K
and at pressures 0.1-60 MPa, are also presented herein. In order to assess the
proposed modeling procedure, the obtained values of the isothermal compres-
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sibility and the isobaric thermal expansivity were compared to corresponding
literature data, and the good agreement was achieved.

SUPPLEMENTARY MATERIAL

The calculated values of the isothermal compressibility, k7, the isobaric thermal expan-
sivity, a,, the difference between the specific heat capacities at constant pressure and constant
volume, C,~Cy, and the internal pressure, pjy, for n-hexane, toluene and dichloromethane, at
temperatures 288.15—413.15 K and pressures 0.1-60 MPa, are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
MOJEJIOBAILE I'YCTHHE U ITPOPAYYH U3BEJEHWX BOJIYMETPUJCKHX CBOJCTABA
HA TTPUTUCIIMMA OJ1 0,1 1O 60 MPa U HA TEMIIEPATYPAMA 0[] 288,15 10 413,15 K

TOPULIA P. UBAHHUIII, AJIEKCAHIIAP XX. TACHUh, UBOHA P. PAJOBWHR, BOJAH 1I. hOPREBHH,
CJIOBOJAH I1. ITEPBAHOBWH n MUPJAHA Jb. KWJEBUAHUH

Texnonowxo-mewanypwxu Gaxynineiri, Ynugepsuiteiti y Beoipagy, Kapneiujesa 4, 11120 Beoipag

l'yctune n-xekcaHa, TollyeHa U AUXJIOpMETaHa Ha Temmeparypama 288,15-413,15 K u
nputucuuma 0,1-60 MPa cy monenoBaHe npunaroh)eHom TejToBOM jeTHaUWHOM. Y OBOM pamy
Cy HaBefieHe ojrosapajyhe jejHauMHe 3a padyyHamwe H30TEPMCKE CTHII/BUBOCTH, M300apcke
TOIUIOTHE €KCIaH3UBHOCTH, pasiuke u3Mely crnenn@uyHOr TOIUIOTHOT KamauuTeTa Ipy CTal-
HOM IIPUTUCKY M OHOT IPU CTaJHOj 3alIPEMHUHH M YHYTpALIKEr MPUTHCKA Y YUTABOM MOMe-
HYTOM OITICery IpUTHCaKa U TeMIepaTypa, Kao ¥ BpDeJHOCTH HaBeIEeHUX U3BeIEHUX BeJUYMHa.
Y uwby npoueHe NpenioXeHe METoZie MozenoBama nopehene cy nodujene BpesHoCTH Koedu-
UMjeHTa HM30TEPMCKE CTUIIJBUBOCTH M KoedHLMjeHTa H300apCKOr TOIJIOTHOT INMpEma ca
OHMMa U3 nuTepartype. IIpoceyHo ancoayTHO NPOLEHTYaTHO OJCTyNamke 38 U30TEPMCKY CTHII-
JBUBOCT je Owio: 3a n-xexcad 2,01-3,64 %, 3a tomyeH 0,64-2,48 % u 3a nuximopmeras 1,81—
—3,20 %; a 3a u300apcKoO TOMJIOTHY EKCIIAaH3UBHOCT: 3a n-xekcaH 1,31-4,17 %, 3a TonyeH
0,71-2,45 % wu 3a puxnopmetaH 1,16—1,61 %. ITopehewem modujeHux oncTymama ca OHUM
Koja ce Mory Hahu y /IuTepaTypHu [oja3U ce [0 3aK/byyka Aa Ce NPEeACTaB/beHH pe3yJsTaTd
100pO C1axy ca JINTepaTypPHUM.

(ITpumeno 18. mapra, pesunupano 30. jyna, mpuxsaheno 1. jyma 2015)
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