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Abstract

The excess molar volumea& of n-alkylamine, di-n-alkylamine, and tri-n-alkylamine with a series of 1-alkanols at 298.15, 303.15 and
313.15K have been characterized in terms of the ERAS model which accounts for hydrogen bonding effects as well as for free volume effects
in associating mixtures. The results obtained by adjusting the model parameters reveal a strong cross-association between the unlike molecule:
in the mixture resulting from strong negative values for the hydrogen bonding energy and the hydrogen bonding volume.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cross-association in hydrogen bonded liquid mixtures is ex-
tended real associated solution (ERAS) model due to Heintz
In the previous papefé—4], we have reported the viscosi- and coworker$10,11]. It combines the effect of association
tiesn and the excess molar volumes of binary mixtures of with non-associative intermolecular interaction occurring
n-alkylamines, di-n-alkylamines and tri-n-alkylamines with in liquid mixtures based on equation of state developed
a series of l-alkanols over the entire range of composi- originally by Flory et al[12,13]. The ERAS model has sub-
tion at 303.15 and 313.15K. The alkanol (A) and the pri- sequently being successfully applied by many investigators
mary or secondary amine (B) have both, a proton donor [14-23] to describe the excess thermodynamic properties

and a proton acceptor group. Besides AB angBAmixed of alkanol-amine mixtures. Therefore, in this paper we
associates, the species of typg,B, also exists[5]. In have applied the ERAS model to excess molar volumes
case of alkanol (A) and tertiary amine (B), they can form for binary mixtures formed from series of 1-alkanols with
mixed multimers with alkanols of the types,B8, only [6]. mono-, di- and tri-n-alkylamines.

The species AB,, or A,,B that contain many monomers

can be formed with/without the breaking of the H-bonds

present in the pure liquids. The hydrogen bonds formed 2. ERAS model

in the mixtures between alkanols and amines are particu-

larly strong as their excess enthalpies are very large negative The assumption made in frame of the ERAS model in-

[7-9]. clude the self-association of alkanol (A) and amines (B) ac-
A theoretical model based on a statistical mechani- cording to the following reaction scheme:

cal derivation, which accounts for self-association and «
A
Am + A(_)Am+l (1)
* Tel.: +91-261-2234438; fax:+91-261-2227312. Ks
E-mail address: oswalsl@satyam.net.in (S.L. Oswal). B, + B<B,4+1 (2)
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wheremor n are the degree of self-association, ranging from oB1 Kapoal
1 to 0o. The cross-association between A and B molecules #8 = (1— Kg¢g1)? [ (1— KA¢A1):| (12)
is represented by
Here o and ¢g are the stoichiometric hard-core volume
A, + Bnli—@BAm B, (3) fractions of alkanol and amine, respectively.
The association constanks (i = A, B, AB) are assumed 21 ERAS parameters
to be independent of the chain length. Their temperature
dependence is given by The physical contributiokE in ERAS model is derived
Ah* 1 1 from Flory’s equation of stat§12,13], which is assumed
Ki = Ko exp[— <Tl) (? - %)] (4) to be valid not only for pure components but also for the
mixture
whereKg is the equilibrium constant at the standard tem- P, 173 1
peratureTp (298.15K), R the gas constant and#} the —— = 5 - = (13)
enthalpy for the reactions given i8gs. (1)—(3), which cor- (AL W

responds to the hydrogen bonding energy. These reactions _ ) ~ ..

are also characterized by the volume changg related to wherei = A, B, M (mixture). InEq. (13),V; = Vi/ V",

the formation of the linear chains. P; = P/ P}, T; = Ti/ T7"; are the reduced volume, pressure,
The essential property of the ERAS model is that the and temperature, respectively. All the reduction parameters

excess function$i€ and VE are split into a chemical and Vi F; 7;" of pure components can be determined knowing

a physical contribution. The expressions f#f andVE of ~ the experimental data for molar volunv thermal expan-
the ERAS model extended to the two-block approach of Sion coefficientx, isothermal compressibilityr, provided
cross-associatiof24] are given by[11,17] suitable association parameteks, Av?, Ah; are known.
The reduction parameters for the mixtupg, 7y, and Vy,
HE = xaA KA ARR (da1 — $3,) + xp Kp A (¢B1 — 63 are calculated from mixing rulg41,17,19]
+xpKa Alig fe1(1 — Kadas) Py = ¢aPA + ¢ Pg — XaBda0s (14)
(VB/VA)(1— Kg¢B1) + KaB¢B1 p
Py VE Ty = M (15)
- “é; (5) M APy Ty + d8PE/ Ty,
M
Vi = xa VX + xg Vg (16)
p = (xaVa +x8Vp) Va + A - W (6) Xag is an interaction parameter characterizing the difference
of dispersive intermolecular interaction between A angB.
HE = HE + HE 7) andg; are hard-core volume fraction and the surface fraction

of the componeni [10].

VE =V {XAKAAUZ(¢A1 — ¢
3. Results and discussion
+xpKpAvl(¢B1 — #31) + XA KaB Avag

8 ¢B1(1 — Kapa1) } ®) In the Iiteraturg the reduc_tion parameters for_ pure
(Ve/Va)(1 — Keds) + Kasde1 amines (propylamme, butylamine, dipropylamine, dibuty-
lamine, tributylamine), and 1-alkanols (ethanol, 1-propanol,
VE = (xa Vi + x8VE) (VM — ¢aVa — dBVB) 9) 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, 1-octanol
£ £ £ and 1-decanol) are mostly available at 298.15K. For our
VE=Ve+V, (10) work we require these parameters at 303.15 and 313.15K.

Properties and parameters as equilibrium condtariher-

mal expansion coefficient, isothermal compressibilityT,
molar volumeV, characteristic volume&/*, characteristic
pressuré”*, surface to volume rati§ are listed inTable 1.
Further, it was noticed that there are large discrepancies in
the literature on the values of reduction parameters for pure
alkyl amines that can be seen frofiable 2. The values

of eithera and 1 or both for propylamine of Heintz and

Ka and Kg are the equilibrium constants of chain
self-association of alkanols and amines, respectively
andAh,g are the association constants and hydrogen bond
energy from the cross-associatign and¢g; are the hard
core volume fraction of the monomeric alkanol and amine
in the mixture, respectively. They have to be calculated
numerically from the solution of the following coupled

equations Papaioanno(il7], and for butylamine and dibutylamine of
_ A1 1 VaKaB¢B1 11 Reimann and Heint#14], Letcher and Gordorf30] and
PA = (1— Kaga1)? Ve(1— Kgbp1) 11 Mohren and Heint431], and of dipropylamine of Letcher
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Table 1
Properties and parameters of pure alkanols and amines used in the ERAS model
Liquids T (K) K o (kK™ okt Vm (cm® Vv (cm?® p* SAYH  Ahy Avy
(TPal) mol—1) mol—1) (JenT3) (kImol1) (cm®mol~1)
Ethanol 303.15 267 1.1%0 1189 59.01 47.18 397 1.543 -25.1 -5.6
313.15 201 112 1272 59.69 47.43 390 1.543 -25.1 -5.6
Propanol 303.15 167 1.043 1042 75.51 61.02 416 1.489 -25.1 -5.6
313.15 121 1.054 1120 76.32 61.32 405 1.489 —-25.1 -5.6
Butanol 303.15 148 0.948 972 92.43 75.73 397 1.456 -25.1 -5.6
313.15 108 0.957 1039 93.35 76.07 389 1.456 —-25.1 -5.6
Pentanol 303.15 130 0.939 909 109.18 89.45 425 1.483 -25.1 -5.6
313.15 95 0.948 969 110.20 89.79 420 1.483 -25.1 -5.6
Hexanol 303.15 102 0.968 863 125.84 103.62 429 1.418 —-25.1 -5.6
313.15 74 0.91% 917 127.06 104.05 423 1.418 -25.1 -5.6
Heptanol 303.15 93 0.889 824 142.53 117.63 440 1.405 -25.1 -5.6
313.15 67 0.896 875 143.64 117.94 433 1.405 —-25.1 -5.6
Octanol 303.15 74 0.880 799 159.15 131.20 459 1.396 -23.0 -4.9
313.15 55 0.88% 84¢ 160.41 131.51 453 1.396 —-23.0 —-4.9
Decanol 303.15 57 0.851 75 192.36 159.16 472 1.382 —-21.0 —-4.9
313.15 44 0.858 796 193.97 159.57 469 1.382 -21.0 —-4.9
Propylamine 298.15 1.66 1.3%8 121 82.97 65.09 447 1.469 —-15.2 —4.5
303.15 152  1.387 1279 83.54 65.18 447 1469  —152 -45
313.15 1.25 1.40% 14109 84.72 65.34 445 1.469 —-15.2 —4.5
Butylamine 298.15 0.96 1.34 11449 99.75 78.51 468 1441  -15.2 —45
303.15 0.87 1.318 1189 100.41 78.65 467 1.441 —-15.2 —-4.5
313.15 0.72 1.32 128d 101.74 78.94 464 1.441 —-15.2 —4.5
Dipropylamine  303.15 052 1.246 1237 138.39 107.89 466 1.482 -75 —4.2
313.15 0.48 1.246 1356 140.11 108.02 462 1.4%2 —-7.5 —4.2
Dibutylamine 303.15 0.15 1.086 1078 171.88 136.34 467 1.397 —6.5 -3.4
313.15 014 1.0M™ 1162 173.73 136.71 461 1.397 —6.5 -34
Tributylamine 303.15 0 0.974 1014 240.57 195.11 416 1.364 0 0
313.15 0 0.93% 1094 242.81 195.15 414 1.364 0 0
n-Hexane 298.15 0 1.387 1689 131.61 99.55 428 1.4%2 0 0
n-Heptane 298.15 0 1.247 1447 147.42 113.70 432 1.400 0 0
a [25].
b [26].
¢ Estimated from shape of molecu]27].
d [28].
€ [29].
f[10].
Table 2
Comparison of ERAS parameters of pure amines available in the literature
Liquids T (K) o (kK1) kT (TPal) V* (cm? mol1) P* (JenT3) Ahy (kImol1) Avy (TPal) Reference
Propylamine 298.15 1.683 1173 61.58 719.9 —-13.2 -2.8 [17]
298.15 1.378 1211 65.09 447 —-15.2 —4.5 [28]2
Butylamine 298.15 0.81 1110 84.2 269.7 —13.2 -2.8 [14]
298.15 1.310 1055 77.59 565.7 -13.2 —2.8 [17]
298.15 1.31 1173 77.57 508.5 —-13.2 —-2.8 [30]
298.15 1.257 1055 77.59 562.4 —-13.2 —-2.8 [31]
298.15 1.303 1158.5 77.6 511.7 [32]
298.15 1.314 1145 78.51 468 —-15.2 —-4.5 [28]2
313.15 1.19 1180 79.4 475.2 [14]
313.15 78.00 351.1 [19]
313.15 1.318 1288 78.94 464 —15.2 —-4.5 [28]2
Dipropylamine 298.15 1.31 1220 106.5 516 -7.5 —-4.2 [15]
298.15 1.201 1183 107.85 466 —-7.5 —-4.2 [28]2
298.15 106.5 546 —-7.5 —-4.2 [20]
Dibutylamine 293.15 0.7 970 144.70 283.5 [14]
298.15 0.78 1020 143 319.1 —6.5 -34 [14]
298.15 1.07 1020 135.86 466.2 —4.5 2.8 [33]
313.15 1.14 1140 137.7 432.2 [14]
298.15 1.059 1039 136.19 469 —6.5 -3.4 [28]2
313.15 1.079 1162 136.71 461 —6.5 -34 [28]2

@ Values obtained in our worf28].
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Table 3

The ERAS model binary mixture parameters

SL. Oswal / Thermochimica Acta 425 (2005) 59-68

Mixtures T (K) Xag (JcnT3) Kas Ahg (kJmolt) Avig (cm®molt) Reference
Propylamine+ n-hexane 298.15 12.5 0 0 0 [40,42]
Butylamine + n-heptane 298.15 15.0 0 0 0 [40]
Propylamine+ ethanol 298.15 10.39 1470 —40.9 —-11.2 [17]
303.15 11.3 1420 —41.1 —11.16
313.15 11.3 844 —41.1 —-11.32
Propanol 298.15 5.34 1417 —-39.4 —-11.0 [17]
303.15 11.0 880 —40.8 —11.06
313.15 11.0 525 —40.8 —11.18
Butanol 298.15 4.61 894 —39.3 -11.6 [17]
303.15 11.0 740 —40.4 —-11.15
313.15 11.0 444 —40.4 —11.26
Pentanol 303.15 11.0 400 —-39.5 —10.72
313.15 11.0 242 —39.5 -10.77
Heptanol 303.15 11.0 380 —38.4 -10.31
313.15 11.0 233 —-384 —-10.23
Octanol 303.15 11.0 83 —37.8 —9.87
313.15 11.0 51 -37.8 —9.98
Decanol 303.15 11.0 42 -375 —9.82
313.15 11.0 26 -37.5 -10.17
Butylamine + ethanol 298.15 11.60 488 —415 -11.9 [14]
298.15 8.79 834 —40.5 -10.5 [17]
303.15 105 1454 —39.8 —11.03
313.15 10.5 878 —-39.8 —10.83
313.15 13.9 247 —415 -11.2 [14]
Propanol 298.15 7.23 794 —-39.5 -10.2 [17]
303.15 105 762 —39.8 -10.72
313.15 10.5 460 —-39.8 —10.88
Butanol 298.15 5.3 775 —38.6 -10.2 [17]
303.15 10.5 720 —-39.5 —10.85
313.15 105 436 -39.5 —10.94
313.15 5.3 368 —38.6 —-10.2 [19]
Pentanol 303.15 105 624 —-39.5 —10.58
313.15 10.5 378 —-39.5 —10.52
Hexanol 303.15 10.5 433 -394 —10.56
313.15 10.5 263 —-39.4 —10.51
Heptanol 298.15 13.3 444 —-38.5 -9.8 [14]
303.15 10.5 388 —39.2 —10.42
313.15 105 236 —39.2 —10.39
313.15 12.3 222 —38.5 —-9.32 [14]
Octanol 303.15 10.5 132 —35.0 —9.82
313.15 10.5 85 —35.0 —9.78
Decanol 303.15 105 50 —35.0 —10.28
313.15 10.5 32 —35.0 —10.46
Dipropylamine+ ethanol 298.15 5 1400 —-37.0 -11.2 [20]
303.15 10.0 1480 —-35.0 —11.44
313.15 10.0 950 -35.0 —11.24
Propanol 298.15 5 835 345 —11.2 [20]
303.15 10.0 685 -35.0 —11.45
313.00 10.0 440 —-35.0 —-11.37
Butanol 298.15 5 800 —345 —-11.2 [20]
303.15 10.0 505 -35.0 —-11.78
313.15 10.0 324 —35.0 —11.68
Pentanol 298.15 5 785 —-34.5 -11.2 [20]
303.15 10.0 410 -35.0 —11.44
313.15 10.0 263 -35.0 -11.33
Hexanol 298.15 5 600 —34.5 -11.2 [20]
Heptanol 298.15 5 500 —-34.5 -11.2 [20]
303.15 10.0 188 -35.0 —11.45
313.15 10.0 121 -35.0 —-11.33
Octanol 298.15 5 450 —34.5 -11.2 [20]
303.15 10.0 64 —35.0 —11.68
313.15 10.0 41 —-35.0 —11.64
Decanol 303.15 10.0 30 -35.0 —12.09
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Table 3 (Continued)

Mixtures T (K) Xag (Jcnm3) Kag Alg (kImolt) Avig (cm®mol1) Reference
313.15 10.0 19 —-35.0 —-12.27

Dibutylamine + ethanol 298.15 10.0 540 —-37.0 -10.8 [21]
303.15 10.0 476 —36.6 —10.29
313.15 10.0 299 —36.6 -10.35

Propanol 298.15 12.7 395 —-36.0 —10.45 [14]
298.15 10.0 250 —34.5 -10.8 [21]
303.15 10.0 238 —-34.4 —10.45
313.15 10.0 154 —-34.4 —10.49
313.15 12.7 221 —-36.0 —-9.77 [14]

Butanol 298.15 10.0 230 —34.5 -10.8 [21]
303.15 10.0 218 —-34.4 —10.68
313.15 10.0 141 —-34.4 —10.69

Pentanol 298.15 10.0 195 —-34.5 -10.8 [21]
303.15 10.0 190 —34.4 -10.37
313.15 10.0 123 —-34.4 —-10.67

Hexanol 298.15 10.0 130 —345 —10.8 [21]
303.15 10.0 128 —-34.4 -10.72
313.15 10.0 83 —34.4 —10.69

Heptanol 298.15 10.0 95 —34.5 —10.80 [19]
298.15 10.0 95 -34.5 -11.0 [21]
303.15 10.0 90 —-34.4 —-11.04
313.15 10.0 58 —-34.4 —-11.02

Octanol 298.15 10.0 85 —34.5 -10.8 [21]
303.15 10.0 54 —-34.4 —-11.11
313.15 10.0 33 —-34.4 —-11.19

Decanol 303.15 10.0 27 —-34.4 —12.00
313.15 10.0 17 —-34.4 —12.00

Tributylamine + propanol 303.15 6.9 12.6 —-32.4 —12.95
313.15 6.9 8.4 —-32.4 —13.48

Butanol 303.15 6.9 11.8 —-324 —13.89
313.15 6.9 7.8 —-32.4 —14.22

Pentanol 303.15 7.0 11.4 -324 —14.07
313.15 7.0 7.6 -32.4 —14.02

Heptanol 303.15 7.6 9.6 -324 —14.65
313.15 7.6 6.4 -32.4 —13.97

Octanol 303.15 7.6 7.1 -324 —-14.72
313.15 7.6 4.7 -32.4 —14.55

Decanol 303.15 7.6 6.0 -324 —14.78
313.15 7.6 4.0 -32.4 —14.60

and Bricknell[15] are different than the our valu¢®8] as with the chain lengtj24,38,40]. Considering this fact, we
well as other literature valug82-36]. have used the values @k} and Av} as —25.1kJmot?

To determine reduction parameters additional data re-and —5.6 cn? mol~1 for ethanol to heptanol as recom-
quired areK;, AhY, and Av? for associated components. mended by Heintz et al[10,11,29], but for the higher
Different sets of values of association constantAk}, and alkanols from octanol and decanol, the valuesadfs and
Av? are available in the literatuf@0,11,29,37,38]. Theval-  Av} have been selected from a recent paper by Pineiro
ues ofAh} andAv? for alkanols used by Heintz and cowork- et al. [38], in which the ERAS model and its parameters
ers[10,11,29,37]are —25.1 kI mot* and —5.6 cn? mol—1, have been reviewed and examined critically. As the values
respectively, irrespective of the chain length of alkanol. If of Kg, Akf and Avj for propylamine and butylamine re-
these values are used, especially for the higher alkanols, therported in the literature were based on incorrect values of

the calculated values of the heat of vaporizatioiyap em- reduction parameters, we have redetermined the values of
ploying Eq. (17), are much higher compared to the experi- Ah§ and Avg for propylamine and butylamine from the
mental value$39] excess enthalpies and excess volume data of propylamine
pry* + n-hexane and butylamine n-heptane mixturept1-43].
AHyap = RT — ARFK¢? + "7 : (17) The present values oAh* and Av* are —15.2 kJmot?

i and —4.5cn?mol~1, respectively for propylamine and
It is known that for the higher alkanols, the values of en- butylamine. Heintz et al[11,14,17] have always used
thalpy and volume of hydrogen bond formation decrease —13.2kJmof? and —2.8cn?mol~1. The values ofAh}
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Table 4
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Comparison of experimental excess molar volume3(oml—1) [1-4] with ERAS model calculations at= 0.5 and standard deviatiar(VE, cn® mol—1)

for entire range of composition

T (K) VE(.5) V5(0.5) VE. A5(0.5) VEp(0.5) o(VE) Reference
Propylamine+ ethanol 298.15 —-1.935 0.640 —1.295 —-1.337 [17]
303.15 —1.549 0.172 —1.376 —1.375 0.036
313.15 —-1.634 0.197 —1.438 —1.435 0.038
Propanol 298.15 —1.959 0.699 —1.260 —1.314 [17]
303.15 —1.511 0.167 —1.344 —-1.334 0.009
313.15 —1.605 0.207 -1.397 —1.400 0.014
Butanol 298.15 —2.101 0.828 —-1.273 —1.244 [17]
303.15 -1.519 0.207 —-1.312 —1.298 0.033
313.15 —-1.574 0.223 —-1.351 —1.364 0.020
Pentanol 303.15 -1.391 0.146 —1.245 —1.249 0.081
313.15 —-1.441 0.132 —1.310 —-1.325 0.045
Heptanol 303.15 —1.324 0.082 —1.242 —1.228 0.117
313.15 —1.350 0.052 —1.298 —-1.297 0.071
Octanol 303.15 —1.186 0.034 —1.152 —1.194 0.099
313.15 —1.226 —0.010 —-1.217 —-1.272 0.057
Decanol 303.15 —1.013 —0.025 —1.037 —1.098 0.088
313.15 —1.039 —0.104 —1.143 —1.203 0.056
Butylamine + ethanol 298.15 —-1.770 0.483 —1.287 —1.284 [14]
298.15 —1.497 0.236 —-1.261 —1.288 [17]
303.15 —1.637 0.208 —1.429 —1.342 0.068
313.15 —-1.672 0.207 —1.464 —-1.391 0.056
313.15 —1.555 0.236 —1.318 —1.316 [14]
Propanol 298.15 —1.493 0.289 —1.209 —1.223 [17]
303.15 —1.548 0.196 —1.352 —1.292 0.049
313.15 —1.652 0.223 —1.429 —1.345 0.066
Butanol 298.15 —1.535 0.329 —1.206 —1.201 [17]
303.15 —1.587 0.259 —1.328 —1.256 0.094
313.15 —1.668 0.287 —1.381 —1.298 0.085
Pentanol 303.15 —1.480 0.195 —1.285 —1.231 0.084
313.15 —1.506 0.205 —1.300 —1.259 0.088
Hexanol 303.15 —1.444 0.179 —1.265 —1.216 0.172
313.15 —1.477 0.191 —1.287 —1.241 0.124
Heptanol 298.15 —1.405 0.317 —1.088 —1.094 [14]
303.15 —1.383 0.134 —1.248 —1.207 0.132
313.15 —1.429 0.143 —1.285 —1.227 0.130
313.15 —1.303 0.123 —1.168 —1.161 [14]
Octanol 303.15 —1.343 0.098 —1.245 —1.203 0.116
313.15 —1.379 0.100 —1.279 —1.227 0.116
Decanol 303.15 —1.209 0.020 —1.189 —1.185 0.104
313.15 —1.224 0.012 —-1.211 —1.207 0.089
Dipropylamine+ ethanol 298.15 -1.911 0.209 —-1.702 —1.559 0.110 [20]
303.15 —2.129 0.209 —1.919 —1.755 0.154
313.15 —2.125 0.232 —1.893 -1.713 0.141
Propanol 298.15 —1.896 0.247 —1.649 —1.550 0.076 [20]
303.15 —2.033 0.213 -1.821 -1.726 0.089
313.15 —2.020 0.241 —1.780 —-1.694 0.082
Butanol 298.15 —1.903 0.328 —1.575 —1.558 0.049 [20]
303.15 —2.065 0.288 -1.777 —-1.701 0.083
313.15 —2.041 0.315 -1.726 —1.660 0.054
Pentanol 298.15 —1.941 0.421 —1.519 —1.600 0.100 [20]
303.15 -1.912 0.204 —1.708 —1.655 0.063
313.15 —1.882 0.209 —-1.673 —-1.622 0.059
Hexanol 298.15 —1.938 0.385 —1.553 —1.597 0.080 [20]
Heptanol 298.15 —-1.921 0.434 —1.487 —1.618 0.170 [20]
303.15 —1.740 0.121 —-1.618 —1.597 0.085
313.15 —-1.710 0.116 —1.594 —-1.573 0.077
Octanol 298.15 —1.912 0.276 —1.636 —1.608 0.110 [20]
303.15 —1.593 0.080 —-1.514 —1.552 0.074
313.15 —1.537 0.064 —-1.474 —1.514 0.064
Decanol 303.15 —-1.418 —0.017 —1.435 —-1.517 0.097
313.15 —1.360 —0.055 —1.415 —1.481 0.073
Dibutylamine + ethanol 298.15 —-1.751 0.326 —1.425 —-1.334 0.085 [21]
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Table 4 (Continued)

T (K) VE(0.5) V5(0.5) VE, 15(0.5) VE(0.5) o (VE) Reference
303.15 —1.640 0.173 —1.467 —1.423 0.068
313.15 —-1.620 0.189 —1.427 —-1.397 0.067
Propanol 298.15 —-1.715 0.392 —1.323 —-1.321 [14]
298.15 —1.644 0.329 —1.315 —1.315 0.048 [21]
303.15 —1.625 0.212 —1.413 —-1.397 0.044
313.15 —-1.625 0.234 —-1.391 —1.384 0.047
313.15 —1.497 0.239 —1.258 —1.255 [14]
Butanol 298.15 —1.663 0.317 —1.345 —1.325 0.049 [21]
303.15 —1.705 0.296 —1.409 —1.395 0.035
313.15 —1.699 0.321 —1.373 —1.364 0.038
Pentanol 298.15 —1.658 0.314 —1.344 —-1.379 0.028 [21]
303.15 —-1.618 0.249 —1.369 —1.386 0.021
313.15 —1.608 0.262 —1.346 —1.361 0.024
Hexanol 298.15 —-1.601 0.306 —1.295 —1.401 0.060 [21]
303.15 -1.671 0.251 —1.420 —-1.431 0.036
313.15 —1.649 0.263 —1.387 —1.406 0.031
Heptanol 298.15 —1.538 0.210 —1.328 —1.403 0.046 [21]
303.15 —1.658 0.216 —1.442 —1.463 0.048
313.15 —1.630 0.223 —1.407 —1.428 0.046
Octanol 298.15 —1.522 0.326 —-1.197 —1.388 0.093 [21]
303.15 —-1.678 0.190 —1.488 —1.497 0.036
313.15 —1.640 0.193 —1.447 —1.454 0.030
Decanol 303.15 —-1.684 0.113 —-1.571 —1.589 0.036
313.15 —1.552 0.024 —1.528 —1.557 0.033
Tributylamine + propanol 303.15 —0.827 0.124 —0.703 —-0.774 0.091
313.15 —0.767 0.133 —0.634 —0.695 0.093
Butanol 303.15 —-0.979 0.153 —0.826 —0.887 0.095
313.15 —0.899 0.177 -0.712 —0.773 0.108
Pentanol 303.15 —1.069 0.146 —0.933 —1.003 0.091
313.15 —0.945 0.152 —0.793 —0.854 0.109
Heptanol 303.15 —1.188 0.134 —1.054 —1.142 0.098
313.15 —1.028 0.135 —0.894 —0.991 0.102
Octanol 303.15 —1.237 0.117 —1.120 —1.200 0.103
313.15 —1.037 0.112 —0.961 —1.042 0.122
Decanol 303.15 —1.286 0.062 —1.223 —1.298 0.108
313.15 —1.096 0.037 —1.059 —1.149 0.120

and Av? for the pure self-associated components alkanols were obtained to adjust experimentél (whole concentra-
as well as for the alkylamines used in the present work are tion range). The optimum values of the cross-parameters for

also included inrable 1. alkanol+ alkyl amine systems are givenTable 3. The val-
Unknown parameteti§ag, Ahjg, Avag,andXag appear- ues of excess enthalgy® for alkanol+ alkyl amine were

ing in Egs. (5)—(10pre cross-parameters. The values of un- taken from literaturg6,17—21,44—-47].

known cross-parametei§ag, Ahxg, Avag and Xag can Results of calculated excess molar volumes are com-

be determined by simultaneously adjusting the theoretical pared with the experimental data at equimolar composi-
expressions (5)—(10) of the ERAS model to the experimen- tion in Table 4 along with the standard deviation(VE)

tal HE and VE data. There can be several sets of these pa-between experimental and ERA® for whole concen-
rameters. The optimum values of cross-parameters can beration range. The physical and chemical contributions to

obtained to give minimum deviations féf and VE data, the excess molar volumeE are also presented. We have
subject to the additional restriction 2 Xag < 12 Jcnt3 also included the literature experimental and ERAS model
[10,17]. data of excess molar volumes at 298.15K. It may be men-

In the present study first we have obtained optimum values tioned that use of incorrect equation for calculatiorvfby
of Kag, Ahjg, Avag and Xag for alkanol + alkyl amine Reimann and Heintgl4] gave incorrect values kv, for
systems at 303.15 K by simultaneously adjusting the theoret-ethanol+ butylamine, heptanco} butylamine and propanol
ical expressions (5)—(10) to experimental equimél&rand + dibutylamine at 298.15 and 313.15K. The corrected val-
whole composition range®. Then for 313.15K, the values  ues of these parameters are also reported in the present work.
of Ahg and Xag were regarded as temperature indepen- For few selected mixtures experimental and theoretical val-
dent andag calculated consistent witRq. (4). Using these  ues of VE are compared graphically iRigs. 1-5over the
values ofKag, Ahjg, Xas, the optimum values ofvyg entire range of composition.
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Fig. 1. Excess molar volumes of (a) etharepropylamine, (b) decanol
+ propyl amine at 303.15 K®) VE, [1]; (—) VEag (---) VE: (- —-)

E
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We shall analyze the ERAS results considering three
groups of mixtures involving:(i) primary amine, (ii) sec-
ondary amine, and (iii) tertiary amine.

(i) It can be seen fronTable 3that the values of\i,g
andAvig are from—35.0 to—41.5kJmot ™t and from
—9.78 to —11.32cnimol~! for alkanol + primary
amine mixtures. These values are comparable with
the values for butylamine mixtures with etharjbi],
propanol [11,17] and heptanol[14] studied previ-
ously. The estimated values ohhpg (O-H---N
hydrogen bond) are from-33.5 to —42.7 kJmot?!
from calorimetry measuremenfé4,48-50]. Thus the
ERAS model values are in agreement with the method
which is free of a molecular model. The magnitudes
of cross-parameteri§ag, Ahxg and Avag, for alka-
nol + primary amine are much larger than those of
pure amines and alkanols self-association. The val-
ues of standard deviation(VE) for present alkanol
+ primary amine (Table 4) are in the range from 0.014
to 0.132 crd mol—1.

(i) The Ahjg andAv,g values for the alkanel secondary
amine mixtures (Table 3) are in the range from
—~34.4 to —36.6kJmof! and from —10.29 to
—12.27cnimol~l. The estimatedAh}g are very

SL. Oswal / Thermochimica Acta 425 (2005) 59-68

(@)

-
mol

. .

< e

N N

E«
Vilem®
o

_1.4 11 11 ' L1 [
0.0

®

XA

Fig. 2. Excess molar volumes of (a) ethanplbutylamine, (b) decanol
+ butylamine at 303.15K.®) V& [2]; (—) Viag (--9) VE (- —-)

E
Vo

E 3
V/em” mol
. .

~ o

'
—
o]

|
g
o

0.0

-1

VEem® mol

XA

(b)

Fig. 3. Excess molar volumes of (a) etharetipropylamine, (b) decanol

+ dipropyl amine at 303.15K. @) V5, [3]; (—) Vias (--) VE
(——-) VE.



SL. Oswal / Thermochimica Acta 425 (2005) 59-68 67

-1
-1

vEem?® mol
VvEem® mol

(a)

-1

VE/c m3 mol

() XA

Fig. 4. Excess molar volumes of (a) etharebibutylamine, (b) decanol Fig. 5. Excess molar volumes of (a) proparetributylamine, (b) decanol

+ dibutyl mine at 303.15K.@) V&, [3]; (—) Vigas: (--7) VE (= —-) + tributylamine at 303.15 K.@) V5, [1]; (—) Viras (=) VE (=)

Ve VE.

_ -1 :

close to calorimetric values= —38.4 + 0.40 [51]. Avjg =—10.7cnfmol"! measured directly by
The values ofs(VE) for present alkanol- secondary pressure dependence of UV light absorption of phe-
amine (Table 4) are in the range from 0.021 to nol/triethylamine system. The very large negative val-
0.170 cnd mol-L. ues of Ahzg and Avag for alkanol + trialkylamine

(i) The Kag values for the alkanolst+ tributylamine suggest very strong O—H- - -N bond formation but the
mixtures (Table 3) are comparatively much smaller small values ofKag also suggest that the number of
than those involving mono- and di-amines. The val- such bond formed in the mixture is small. The values
ues of Kag are in the range from 4.0 to 12.6 for of o_(VE) for present alkano}- tributylamine (Iable 4)
present alkanoH- tributylamine and decrease from are in the range from 0.091 to 0.122¢mol ™.

1-propanol to 1-decanol. The valueskjig for alka-

nol (propanol to 1-octanol}- triethylamine are in the )
range from 180 to 70 at 298.15KL1,23] and for 4. Conclusions
propanol+ tripropylamine are 140 at 298.15K5].

Thus for a given alkanol the values &g for tri- From this study following conclusions can be drawn:
ethylamine are approximately 6-12 times larger than (i) The ERAS model is able to represent satisfactovify
those for tributylamine mixtures. The values &fi; 5 for alkanol+ alkylamine mixtures.

and Avig are —32.4kJmot! and from —12.95 to (i) The results obtained by the adjustment of the model
—14.78cntmol~1. These values are similar to those parameters reveal that the strong negative values of
observed for alkanol- triethylamine[11,23]. The ex- VE for alkanol + alkylamine can only be explained
perimental values for O—H- - - N hydrogen-bonding ob- by the assumption of strong hydrogen bonding effects
served are-32.6 kJ mot ! (spectroscopicall{52]) and between the unlike components.

—34.8 + 0.4kJmot? (calorimetrically [15]). Thus, (i) The values of Ahjg indicate that H-bond energy
the present value 6£32.4 kJ mot? is a reasonable es- (O—H- - -N) for a given alkanol decreases in the order
timate of H-bonding. The present values &ty are primary amine > secondary amine > tertiary amine, but
almost three-times the valugv, = —5.6 cn? mol—1 for a given amine, they do not vary significantly with

of pure alkanols. Sawamura et §3] has reported the size of alkanol. Further, The values ®k g indi-
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cate that H-bond energy (O—H- - - N) for a given amine
does not vary significantly with the size of alkanol.
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