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Abstract: Thermal expansion coefficients, a, excess therma expansion coeffi-
cients, o, isothermal coefficients of pressure excess molar enthalpy, (0H5/0p)t ,
partial molar volumes, V;, partial molar volumes at infinite dilution, \7i°°, par-
tidl excess molar volumes, V;%, and partial excess molar volumes at infinite
dilution, ViE""’, were calculated using experimental densities and excess molar
volumes, VE, data All calculations are performed for the binary systems of
cyclohexylamine with 1-propanol or 1-butanol or 2-butanol or 2-methyl-2-pro-
panol. The Redlich—Kister polynomial and the reduced excess molar volume
approach were used in the evaluation of these properties. In addition, the aim of
this investigation was to provide a set of various volumetric data in order to
asses the influence of temperature, chain length and position of hydroxyl group
in the alcohol molecule on the molecular interactions in the examined binary
mixtures.

Keywords. binary mixtures; densities; volumetric properties; alcohols; cyclo-
hexylamine.

INTRODUCTION

Knowledge of derived thermodynamics properties such as partial molar
volumes, excess partial molar volumes, thermal expansion coefficients, excess
thermal expansion and isothermal coefficient of pressure excess molar enthal py
is of practical interest and importance in the investigation of specific interactions
of complex liquid mixtures, such as mixtures containing alcohols.1

In last few years, considerable work has been performed in order to better
understand the molecular structures of solutions with strong interactions.

The densities of binary mixtures of cyclohexylamine with 1-propanol or 1-bu-
tanol or 2-butanol or 2-methyl-2-propanol or 1-pentanol were already experi-
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284 RADOVIC et al.

mentally determined and details of this research were given previously.23 In this
paper, the results of density measurements and calculated data of excess molar
volumes were used for additional analyses.

In this work, the aforementioned thermodynamic derived properties for bi-
nary systems of cyclohexylamine with 1-propanol or 1-butanol or 2-butanol or
2-methyl-2-propanol or 1-pentanol were evaluated using the Redlich—Kister
Equation and the reduced excess molar volume approach.

The derived properties were used to assess the influence of temperature,
chain length and position of the hydroxyl group in the alcohol molecule on mole-
cular interactions in the examined binary mixtures.

RESULTS AND DISCUSSION

The excess molar volumes, VE, of the binary mixtures were calculated from
density data by applying Eqg. (1):
VE =M1 +3M5)/ p=xM1/ pr XM/ po 1
where X1, X2, M1 and M» are the mole fraction and molar mass of components 1
and 2, while p, p1 and p» stand for the measured densities of the mixture, and the
pure components 1 and 2, respectively.

The obtained VE values were fitted to a modified Redlich-Kister (RK)
polynomial:4

VE=xx0 3 Bp(x— %) 2
=XXp 2. Bp(%—xo) 2
p=0

where By denotes a temperature dependent parameter:

K q
Bp => quT 3
g=0
where T stands for the absolute temperature.
The results were also explained using the reduced excess molar volume,
VE/x1(1 — x1), which has a better physical significance and is more sensitive than
VE to interactions which occur in dilute regions:

|
VE/x(1-x)= Y AX" @
n=0
where the optimal number of parameters A, was 3. The values of the adjustable
parameters of Eq. (4), Bpg and A, were given previously.2
The thermal expansion coefficient, , for a pure component and for a mix-
ture can be computed using the expression:

a=@Inp/aT) p 4 (5)
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CALCULATION OF DERIVED PROPERTIES OF MIXTURES 285

which takes into account the temperature dependence of the density. The ex-
pression relating the molar volume of a mixture and its excess molar volume, in
accordanceto Eq. (1), is:

N o E
V=2V +V (6)
i=1
where V°is the molar volume of pure component i and N is the number of
components in amixture. Differentiation of Eq. (6) and dividing by V leads to:®

a=VY@VvE/aT) +§a- \°
= P, i%Vi) (7)
i=1

where a and ¢; are the thermal expansion coefficients of the mixture and the pure
component, respectively. Comparison of the o values with literature data®38 of
pure components at selected temperatures showed very good agreement up to
7x103 K1,

The excess thermal expansion coefficient, aF, is calculated as:

£ N
a-=0-2.40 (8)
i=1
where ¢ isthe volume fraction of component i:

N
ESARDRATH (9)
i=1
In addition, the isothermal coefficient of the pressure excess molar enthalpy,
(oH Ey dp)T x can be derived from volumetric measurements using the follow-
ing expression:

(OHE/9p)7 x=VE-T@VE/IT) (10)

Values of o, oj and (IHE/ dp)T x for the examined binary mixtures over the
entire studied temperature range are summarized in Table | (supplementary ma-
terial, electronic version only at http://www.shd.org.rs/jscs/) and are graphically
represented in Fig. 1 for 303.15 K. For all liquids, a increases with increasing
temperature and decreases with the chain length of the 1-alcohols. The values of
a for 2-butanol and 2-methyl-2-propanol are higher than those of the 1-alcohols
for the same temperature. Fig 1a shows that for 1-alcohol molecules, the value of
a for the mixtures slightly decreases with mole fraction of the alcohols. However,
the branched alcohols behave in a rather different way, particularly for the sys-
tem with 2-methyl-2-propanol where « sharply increases as the concentration of
2-methyl-2-propanol increases. For the system with 2-butanol, o is nearly cons-
tant with dlight sigmoid shape. As can be seen from Fig 1b, all the excess thermal
expansion coefficient, «F, curves for the systems 1-alcohol + cyclohexylamine
have sigmoid shape with small values which dlightly increase with increasing tem-
perature.

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS



100 /K"

o 10° /K"

(arr"/ap). 1)-MPa" mol”

RADOVIC et al.

15
1.4
1.3
124 / 5
114 1 / 4
" \\
0.9 2 /
3
0.8 T T T T 1
00 02 04 06 08 1.0
@
60 -
404
2o-< y i 2 5
o —
20 4/
-40 -
60 - 5
/
-80 -
-100 T T T T 1
00 02 04 06 038 1.0
(b)
204
15 Z
10
05
00 4
05 1/
2
10
T T T T 1
0.0 02 04 06 0.8 1.0
(@

Fig. 1. Plots of &) the therma
expansion coefficient, o, b) ex-
cess thermal expansion coeffi-
cient, «F and c) isothermal
coefficient of pressure excess
molar enthalpy, (OHE/op)Tx, at
303.15 K for the systems. 1-
-propanol (1) + cyclohexylami-
ne (2), line 1; 1-butanol (1) +
cyclohexylamine (2), line 2; 1-
-pentanol (1) + cyclohexylami-
ne (2), line 3; 2-butanol (1) +
cyclohexylamine (2), line 4; 2-
-methyl-2-propanol (1) + cyclo-
hexylamine (2), line 5.
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CALCULATION OF DERIVED PROPERTIES OF MIXTURES 287

As can be observed from Fig 1c, for all systems except for the system with
2-methyl-2- propanol the isothermal coefficient of pressure excess molar en-
thalpy, (aH /19p)T x, become more negative with increasing temperature. For
the system 2- methyl 2-propanol + cyclohexylamine, this quantity is positive and
rises with increasing temperature.

Furthermore, the partial molar volumes, V;, and V,, of components 1 and 2,
can be calculated using the equations:

Vi=VE+V +(1-x)@VE1x) o7 (12)
Va=VE+v; —x @VEiox) 1 (12)

Differentiation of Eq. (2) with respect to xy, leads to the following equations
for the partial molar volumes:

V1=V +(1-x) (zBp(le 1)p+x122po(2x1 1P (13)

p=0 p=1
V2=Vs +(1-x) X 3B -DP—x 32pBp(24-DPY)  (14)
p=0 p=1

In Egs. (13) and (14), By, is the temperature dependent parameter defined by
Eq. (3).

Table | (supplementary material, electronic version only at http://
/Iwww.shd.org.rgjscs/) aso presents the partiad molar volumes, V; , for both
components in the investigated mixtur%, calculated by Egs. (13) and (14) using
the RK parameters listed previously.2

Plots of the partlaJ molar volumes, V; and V,, and partial excess molar
volumes, Vl and V2 , are presented in Figs. 2 a—d, respectively. From Figs. 2a
and 2b, it is clear that the influence of temperature on the partial molar volume
V, and V, for al mixtures is low and that a dightly increasing trend appears
When the temperature is increased. Flgur$ 2c and 2d show that for all systems,
the partial excess molar volumes, and V2 , over the whole concentration
range are negative, indicating that the interactions of unlike moleculesis stronger
than those of like molecules.

A great part of investigations of voI umetric behavior is related to the derived
volumetric properties, Vi™ and V . Setting X =0 and x =1 leads to the
equations for the partial molar volum%at infinite dilution, V4™ andV5":

VT =Vi+ 3 By(-D)P (15)
p=0
—o0 m
Vo =V2° + ZBp (16)
p=0
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In this work, the partial excess molar volumes, V,® and V", were calculated
from the equations:

V=V, -\ (17)

Vs =V,-V§ (18)

where V; and V, are the partial molar volumes calculated from Egs. (13) and

(14), respectively. The results for V are also given in Table | (supplementary
material, electronic version only at http Iiwww.shd.org.rg/jscy).

Using the values of V;™, and V.~ obtained from Egs. (15) and (16), the par-

tial excess molar volumes at infinite dilution, V , and V2 , were calculated
by the following equations:®

VT =V, S (19)

Vo =V,-V5 (20)

The partial excess molar volumes at infinite dilution, V;=* and V-, are of
fundamental importance since they provide insight into the solute-solvent in-
teractions independent of the composition effect, while in the limit of infinite di-
lution, the solute—solute interactions disappear. Bearing in mind that the RK
Equation and its derivatives do not always provide the best representation of

these properties, two other aternatives through the reduced excess molar volu-
mes'0 and apparent molar volumes?11 were also included in this study.

110 4 B ’_,3/) I
1054 —— —
] Fig. 2. Plots of partial molar
=% . volumes, @) V; and b) V,, and
g 94 T — —— —— patial excess molar volumes.
AR E— e ) ViF and d) V; at 303.15 K
S { 42// for the systems: 1-propanol (1)
™~ 85 . .
] + cyclohexylamine (2), line 1;
80 1-butanol (1) + cyclohexylami-
751 o ne(2,line 2; 1-pentanal (1) +
N cyclohexylamine (2), line 3;
] 2-butanol (1) + cyclohexylami-
65 T T T T T T T 1 I .
00 02 04 06 08 1o e (2), line 4 2—methy|-2-p_ro—
x, panol (1) + cyclohexylamine
(a) (2), line5.
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l-pentanol (1) + cyclohexyl-
i : . . i : i : i . amine (2), line 3; 2-butanol (1)
0.0 02 04 086 08 1.0 + Cyclohexylam| ne (2)’ line 41
* 2-methyl-2-propanol (1) + cyc-
(d) lohexylamine (2), line 5.

__ Firgt, the values of the partial excess molar volumes at infinite dilution,
VlE'°° and V2E'°°, were calculated by the RK Equation using the following
equations:
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—E. o m
VET= 30 (21)
Vo= ZB (22)

Table | (supplementary material, electronic version only at http://
/lwww.shd.org. rsljscs/) also contains the partial molar volumes at infinite di-
lutions, Vi and V , for components 1 and 2 evaluated using the RK para-
meters.

Analytica extrapolatlon of Eq. (4) for the reduced excess molar volumes to
X1 =0 gives V , While extrapolation to x; = 1 leads toV, V.5

The apparent molar volumes of components 1 and 2 can be expressed as:

Vy =\1 +(VE /%) (23)
Vy, =V5 +(VE /%) (24)

Graphical or analytical extrapolation of Vg, tox1=0 and Vg, toxg =1 leads
to the values of the limiting apparent molar volumes, which are also called the
paétlal molar volumes at infinite dilution, V;™ and V,°. The values V¢l'°° and

¢2: were caquIated using Eqs (19) and (20).
The results of V > and V > obtained from the reduced excess molar vo-
lumes extrapolation of Eq. (4) are given in Table Il (supplementary material,
electronic version only at http://www.shd.org.rs/jscs/). Similar results were ob-
tained using the extrapolation of the apparent molar volume and the RK alter-
natives.

As can be seen from Table Il (supplementary material, electronic version

only at http://www.shd.org.rs/jscs/) and Fig. 3, the trends of both partia volumes,
Vi “and V™, a infinite dilution are the same, and increase with increasing
chain length of the 1-alcohols.

The partial molar volumes at infinite dilution, V;™ and V,~, are lower than
the molar volume of the pure liquids for al the investigated systems. The dif-
ference between the molar volumes of 1-propanol, as the lowest alcohol, and
cyclohexylamine in their pure state was the highest, but after mixing ;™ had the
lowest value, comparing with the other 1-alcohols. The value of ;™ increases
with increasing number of C atoms in the 1-alcohals, since the difference in the
molar volumes of both componentsis significantly lower.

This phenomenon indicates that after the mixing process, the molar volumes
of both components in the mixture are smaller than the molar volumes in their
pure liquid state, showing compression in volume,~ which indicates a better
packing efficiency in the mixture than in the pure state.
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Fig. 3. Influence of increasing the number of C atomsin 1-alcohol + cyclohexylamine systems
on V5= (W), \\” (0), Vo (@) and V5~ (O), at 303.15K.
The symbols refer to experimental points.

Figure 3 aso shows that for all systems with 1-alcohols, the \71E'°° and \72E’°°
values are negative, increasing with increasing length of the 1-alcohols, indi-
cating that the interactions of unlike molecules are stronger than those of like
molecules, according to the previously given explanations. This also means that
intermolecular hydrogen bonds are not broken in dilute regions.

The values of both properties \7iE'°° and V™ for the mixtures with 2-butanol
and 2-methyl-2-propanol are in accordance with the explanations already given
previoudly.

Finally, from Table 11 (supplementary material, electronic version only at
http://www.shd.org.rg/jscs/) and Fig. 4, it is clear that the influence of tempe-
rature on \7iE‘°° and Vi for all mixtures is low, with a dightly increasing trend
with increasing temperature, because of the larger expansion capability of the
molecules in the pure state compared to in the mixture in the infinite dilution
regions.
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Fig. 4. Influence of temperature on \71°° for the systems: 1-propanol (1) + cyclohexylamine (2)
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2-butanal (1) + cyclohexylamine (2) (¥) and 2-methyl-2-propanol (1) + cyclohexylamine (2)
(®). The symbols refer to experimental points.

CONCLUSIONS

The aim of this work was to include thermodynamically derived properties
in the analysis of the complex behavior of liquid mixtures.

For this reason, the therma expansion coefficient, o, the excess thermal
expansion coefficient, oF, the isothermal coefficient of the pressure excess molar
volumes, (0H E/ap)T «» the partial molar volumes, V; , the partlal molar volumes
at infinite dilution, V;,™, the partial excess molar volumes, V and the partial ex-
cess molar volumes at |nf|n|te dilution, V , were ca culated using experimen-
tal densities and excess molar volumes, V data of binary mixtures of cyclohex-
ylamine with 1-propanol, or 1-butanol, or 2—butano|, or 2-methyl-2-propanol. The
Redlich-Kister polynomial and the reduced excess molar volume approach were
used in the determination of these properties. In this way, the influence of tem-
perature, chain length and position of the hydroxyl group in the alcohol molecule
on the molecular interactions in mixtures, including the infinite dilute region, was
examined.
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N3BO I

WU3BEJAEHE TEPMOJUHAMMNYKE OCOBMHE CMEIIA
AJIKOXOJI + TUKJIOXEKCUJIAMIH

HNBOHA P. PAIOBWHh, MUPJAHA Jb. KWJEBYAHUMH, AJIEKCAHJAP XX. TACHUR,
BOJAH 1. BOPBEBWH u CJIOBOJAH I1. LIEPBAHOBUR

TexHoaowko-meiianypuiku axyaitieisi, Yrnueepauitieii y beozpaoy, Kapnezujesa 4, 11120 beozpao

TepMHUKH KOSHIMjEHT eKCIan3uje, ¢, NOMyHCKH TEPMHUKH KoeHIHjeHT, oF, n3otepMcKu
KOe(UUMjEHT TpUTHCKa JolyHCKe Monaphe entanmnje, (OHE/OP)Ty, mapuujanne monaphe 3ampe-
MuHe, V}, napuyjanHe MolapHe 3anpeMuHe Ipu GeckoHauHoM pas6naxetsy, V;™, mapuujanHe no-
IIyHCKE MOJIapHe 3anpeMune, V; , ¥ HaplyjanHe JOIyHCKe MOJapHe 3allpeMUHE NP 6ECKOHAYHOM
pasOnaxeny, ViE’°°, Cy H3padyHaTe M3 eKCIIEPHMEHTATHUX IOJlaTaka 3a TYCTHHE U MojaTaka 3a
JIONyHCKe MonapHe 3anpemune VE, CBU IpOpauyHH Cy M3BEpLICHM HA GHHAPHHM CMEIIAMa M-
KJIOXeKCHIaMuHa ca 1-nponanonoM, uiu 1-6ytaHonoM, uinu 2-0yTaHOIOM, WIH 2-MEeTHII-2-1poria-
Hosom. TTonmmrom Redlich—Kister-a u npucryn penykoBaHe IOIyHCKE MOJIApHE 3alPEMHHE CY KO-
putihieH y u3padyHaBarwy OBUX ocobGuHa. IIpu ToMe, IHJb OBOT HCTpaXXKHBamba je 1o Ja ce oape-
I CET Pa3MYUTHX BOJIYMETPHjCKUX TI0JaTaKa Ja Ou ce MPOIEHHO YTHIE] TEMIIEpAType, IyKUHE
JIaHI[a ¥ TI0JI0%kKaja XHUAPOKCUIIHE TPyIle Y MOJICKYJTy alKOoXoja Ha MOJIEKYJCKE HHTEpakiuje y
HCIUTHBAHNM OMHAPHUM CMelaMma.

(IIpumibeHo 2. anpuia, pesuaupaso 19. asrycra 2009)
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