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a b s t r a c t

Densities of pure hexamethyleneimine and of its aqueous solutions have been measured at atmospheric
pressure, using an Anton Paar digital vibrating tube densimeter, from 273.16 to 363.15 K and from 283.15
to 353.15 K, respectively. Acceptable representations of experimental data are found using a general cor-
relation from Dauber et al. for pure hexamethyleneimine and using a general correlation from Bettin
and Spieweck for pure water; thus indicating consistency of newly measured data. In this paper, we
show the Redlich–Kister equation leads to incorrect data treatment particularly at low concentrations for
eywords:
examethyleneimine (HMI)
ater density

xcess molar volume
artial molar volume
edlich–Kister equation

nfinite dilution

systems presenting hydrophobic interactions. Thermal expansion coefficients (˛*) for the pure hexam-
ethyleneimine (HMI) and excess thermal expansion coefficient (˛E) of the binary mixture: HMI + water
at 283.15 and 298.15 K over the whole mole fraction range of water are presented and discussed in terms
of the structural changes in the mixtures.

© 2009 Elsevier B.V. All rights reserved.
hermal expansion

. Introduction

Accurate descriptions, through reliable models, of the ther-
odynamic properties of multi-component fluid mixtures are

mportant for both the optimization of current industrial processes
nd for the optimized design of new ones. Deviations from ideality
re conveniently represented by excess properties that are useful
o understand the mixing state in terms of molecular interactions.

In this work, we are concerned by density measurements
nd data treatment, and also by calculations of thermal expan-
ion coefficients and of excess thermal expansivities at 283.15
nd 323.15 K over the whole mole fraction range for hexam-
thyleneimine (HMI) + water binary system. For these purposes
edlich–Kister equation [1] has been used along with other ther-
odynamic correlations. HMI (C6H13N, CAS number: 111-49-9) is

ntermediate compound for organic syntheses related to pharma-
euticals, agrochemicals, zeolites, dyes, rubbers, textile chemicals,
orrosion inhibitors and ore-flotation processes. This chemical con-
ists of one amino, a prefix denoting the presence of the bivalent
roup “–NH” attached to the radical part, and is usually synthesized

y condensation reactions of aldehydes or ketones with simple
mines.

Pure water density data from Bettin and Spieweck [2] were used
or the calibration of the densimeter in the 273.15–373.15 K temper-

∗ Corresponding author. Tel.: +33 1 64 69 49 65; fax: +33 1 64 69 49 68.
E-mail address: dominique.richon@mines-paristech.fr (D. Richon).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ature range. We have selected the Anton Paar digital vibrating tube
densimeter to measure densities at atmospheric pressure of pure
HMI in the 273.16–363.15 K temperature range and of binary mix-
tures of HMI + water in the 283.15–353.15 K temperature range. The
density data measured for pure HMI are compared to data predicted
through the correlation of Daubert et al. [3], in order to study the
accuracy and the consistency of our density data.

Important questions have pointed out by Jacques Desnoy-
ers (personal communication): can we consider that using the
Redlich–Kister equation is sufficient to understand and explain the
behaviour of the solution? Can another method be used? Moreover,
excess thermal expansion values of multi-component fluid mix-
tures are of great interest to understand the mixing state in terms
of intermolecular interactions as a function of temperature. Excess
thermal expansion coefficients of two binary systems: HMI + water
and DMAPA (3-dimethylamino propylamine) + water at 283.15 and
298.15 K over the whole mole fraction range are derived from the
results and compared in terms of the structural changes and func-
tional group.

2. Experimental

2.1. Materials purities and suppliers
HMI was purchased from Aldrich with a certified purity more
than 99%. Ultra pure water was produced in our laboratory using
commercial equipment (MilliporeTM, model direct Q5). HMI and
water were degassed independently and mixed under partial

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dominique.richon@mines-paristech.fr
dx.doi.org/10.1016/j.tca.2008.12.007
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Nomenclature

a, b parameters in Eq. (1)
A, B, C parameters in Eq. (2)
An Redlich–Kister parameters (cm3 mol−1) (Eq. (5))
m mass (g)
Mi molar mass of pure compound i (g mol−1)
Nexp number of experimental data
P number of parameters (Eq. (6))
T temperature (K)
vi molar volume of compound i (cm3 mol−1)
xi liquid mole fraction of component i

Greek letters
˛E excess thermal expansion coefficient (K−1)
˛* thermal expansion coefficient of pure component

(K−1)
˛ thermal expansion coefficient of mixture (K)
� density (g cm−3)
� standard deviation (Eq. (6))
� period of vibration
� volume fraction

Subscripts
C critical property
cal calculated data
exp experimental data
1 HMI, DMAPA, piperidine, IPA, 1-propanol
2 H2O

Superscripts

v
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E excess property
* pure compound property

acuum. Compositions of mixtures are determined gravimetri-
ally.

.2. Experimental method

Density measurements have been all performed with a
MA5000 Anton Paar digital vibrating tube densimeter. Specifica-

ions given by Anton Paar for this instrument are the following:
ccuracy on density: ±0.000005 g cm−3 and on temperature:
0.01 K, repeatability on density: 0.000001 g cm−3 and on temper-
ture: 0.001 K. One platinum resistance thermometer with 0.01 K
ccuracy is used for temperature measurements. Temperature is
ontrolled by Peltier effect.

Eq. (1) is used for relating the period of vibration, �, to density,
:

= a + b�2 (1)

here a and b are constants to be adjusted. For these purposes we
ave used bi-distilled and degassed water, and dry air, at 293.15 K.
fter calibration, resulting uncertainty is estimated lower than
.00001 g cm−3. The sample densities are then measured at thermal
quilibrium for various temperatures. Procedure for preparation of
ixtures is the following: first an empty 20 cm3 glass bottle is air-

ight closed with a septum and then evacuated with the help of
vacuum pump using a needle introduced through the septum.
mpty bottle is weighed, and then the less volatile component,
reshly degassed by vacuum distillation, is introduced by means
f a syringe. After weighing the bottle loaded with the first compo-
ent, the more volatile one is added similarly and then the bottle

s weighed again. All weighing are performed using an analytical
Fig. 1. Density of HMI (1) + water (2) system as a function of HMI mole fraction at
atmospheric pressure and different temperatures: (*) 283.15 and (o) 323.15 K.

balance with 0.0003 g accuracy, correspondingly the uncertainty is
estimated to be lower than 0.0003 for mole fractions. Maximum
error resulting in the calculation of vE is estimated to be less than
0.007 cm3 mol−1.

3. Results and discussions

The density values of pure HMI measured using the DMA 5000
Anton Paar densimeter are presented as a function of tempera-
ture in Table 1 . This table also compares experimental values to
calculated ones using the correlation of Daubert et al. [3]:

� = A

B1+(1−(T/TC ))C
× Mi

1000
(2)

where A, B and C are constants reported in Table 2. For HMI we
have reported the parameters provided by Daubert et al. [3] and
the parameters we have adjusted using our experimental data. T
and TC stand for equilibrium temperature and critical temperature,
respectively. As can be seen, from both Table 1 and figure Y, the
experimental and predicted data are in acceptable agreement with
deviations lower than 0.06%, thus indicating the consistency of the
measured density data.

The experimental density data and molar excess volume for
binary mixtures of HMI + water measured at various temperatures
and atmospheric pressure as a function of water mole fraction are
presented in Table 3. The density data have been plotted as a func-
tion of HMI mole fraction in Fig. 1.

The excess molar volume vE, is calculated using the following
equation:

vE = v − x1v∗
1 − x2v∗

2 (3)

where x1 and x2 represent mole fractions and v∗
1 and v∗

2 are the molar
volumes of components 1 and 2, respectively. v stands for the molar
volume of mixture.

Using the density �, Eq. (3) can be rewritten as

vE =
[

x1M1 + x2M2

�

]
− x1M1

�∗
1

− x2M2

�∗
2

(4)

where M1 and M2 are the molar masses �∗
1 and �∗

2 are the densities
of components (1) and (2), respectively. � stands for the density of
the mixture.
Usually the Redlich–Kister equation [1] is applied to correlate
excess molar volumes, for a binary system we have

vE = x1x2

∑
i

Ai(x1 − x2)i, i ≤ 9 (5)
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Table 1
Experimental (this work) and calculated (Eq. (2)) density data of pure HMI as a
function of temperature.

T (K) �exp (g cm−3) �cal (g cm−3) T (K) �exp (g cm−3) �cal (g cm−3)

273.16 0.89881 0.89755 296.15 0.87849 0.87849
273.66 0.89836 0.89715 296.65 0.87805 0.87807
274.16 0.89792 0.89674 297.15 0.87761 0.87765
274.66 0.89748 0.89633 297.65 0.87716 0.87723
275.16 0.89704 0.89592 298.15 0.87672 0.87681
275.66 0.89660 0.89551 298.65 0.87628 0.87638
276.16 0.89616 0.89510 299.15 0.87583 0.87596
276.66 0.89572 0.89469 299.65 0.87539 0.87554
277.16 0.89528 0.89428 300.15 0.87495 0.87512
277.66 0.89484 0.89386 300.65 0.87450 0.87469
278.16 0.89440 0.89345 301.15 0.87406 0.87427
278.66 0.89396 0.89304 301.65 0.87362 0.87385
279.16 0.89351 0.89263 302.15 0.87317 0.87342
279.66 0.89307 0.89222 302.65 0.87273 0.87300
280.16 0.89263 0.89181 303.15 0.87229 0.87258
280.66 0.89219 0.89139 303.65 0.87184 0.87215
281.16 0.89175 0.89098 304.15 0.87140 0.87173
281.66 0.89131 0.89057 304.65 0.87096 0.87130
282.16 0.89087 0.89015 305.15 0.87051 0.87088
282.66 0.89042 0.88974 305.65 0.87007 0.87045
283.16 0.88998 0.88933 306.15 0.86962 0.87002
283.66 0.88954 0.88891 306.65 0.86918 0.86960
284.16 0.88910 0.88850 307.15 0.86874 0.86917
284.66 0.88866 0.88808 307.65 0.86829 0.86875
285.15 0.88822 0.88768 308.15 0.86785 0.86832
285.66 0.88777 0.88725 308.65 0.86740 0.86789
286.16 0.88733 0.88684 309.15 0.86696 0.86746
286.66 0.88689 0.88642 309.65 0.86651 0.86704
287.16 0.88645 0.88601 310.15 0.86607 0.86661
287.66 0.88600 0.88559 310.65 0.86563 0.86618
288.16 0.88556 0.88518 311.15 0.86518 0.86575
288.66 0.88512 0.88476 311.65 0.86474 0.86532
289.16 0.88468 0.88434 312.15 0.86429 0.86489
289.66 0.88423 0.88393 312.65 0.86385 0.86446
290.16 0.88379 0.88351 313.15 0.86340 0.86403
290.66 0.88335 0.88309 313.65 0.86296 0.86360
291.15 0.88291 0.88268 314.15 0.86251 0.86317
291.65 0.88247 0.88226 314.65 0.86207 0.86274
292.16 0.88203 0.88184 315.15 0.86162 0.86231
292.65 0.88158 0.88143 315.65 0.86118 0.86188
293.15 0.88115 0.88101 316.15 0.86073 0.86145
293.65 0.88071 0.88059 316.65 0.86029 0.86102
294.15 0.88026 0.88017 317.15 0.85984 0.86058
294.65 0.87982 0.87975 317.65 0.85940 0.86015
295.15 0.87938 0.87933 318.15 0.85895 0.85972
295.65 0.87894 0.87891 318.65 0.85851 0.85928
319.15 0.85806 0.85885 342.15 0.83747 0.83858
319.65 0.85761 0.85842 342.65 0.83702 0.83813
320.15 0.85717 0.85798 343.15 0.83657 0.83768
320.65 0.85672 0.85755 343.65 0.83612 0.83723
321.15 0.85628 0.85711 344.15 0.83567 0.83678
321.65 0.85583 0.85668 344.66 0.83521 0.83632
322.15 0.85539 0.85624 345.16 0.83476 0.83587
322.65 0.85494 0.85581 345.65 0.83431 0.83543
323.15 0.85449 0.85537 346.15 0.83386 0.83498
323.65 0.85405 0.85494 346.65 0.83341 0.83453
324.15 0.85360 0.85450 347.15 0.83296 0.83408
324.65 0.85315 0.85406 347.65 0.83250 0.83362
325.15 0.85271 0.85363 348.15 0.83205 0.83317
325.66 0.85226 0.85318 348.65 0.83160 0.83272
326.16 0.85181 0.85274 349.15 0.83114 0.83227
326.66 0.85137 0.85230 349.65 0.83069 0.83181
327.15 0.85092 0.85188 350.15 0.83024 0.83136
327.66 0.85047 0.85143 350.65 0.82979 0.83091
328.16 0.85003 0.85099 351.15 0.82933 0.83045
328.66 0.84958 0.85055 351.65 0.82888 0.83000
329.16 0.84913 0.85011 352.15 0.82843 0.82954
329.66 0.84869 0.84967 352.65 0.82797 0.82909
330.16 0.84824 0.84923 353.15 0.82752 0.82863
330.65 0.84779 0.84880 353.65 0.82707 0.82817
331.16 0.84735 0.84835 354.15 0.82662 0.82772
331.66 0.84690 0.84791 354.65 0.82616 0.82726
332.15 0.84645 0.84747 355.15 0.82571 0.82680
332.66 0.84600 0.84702 355.65 0.82526 0.82635
333.16 0.84555 0.84658 356.15 0.82481 0.82589

Table 1 (Continued)

T (K) �exp (g cm−3) �cal (g cm−3) T (K) �exp (g cm−3) �cal (g cm−3)

333.65 0.84511 0.84615 356.65 0.82436 0.82543
334.16 0.84466 0.84570 357.15 0.82390 0.82497
334.65 0.84421 0.84526 357.65 0.82345 0.82451
335.16 0.84376 0.84481 358.15 0.82300 0.82405
335.65 0.84331 0.84438 358.65 0.82255 0.82359
336.16 0.84286 0.84392 359.15 0.82209 0.82313
336.66 0.84242 0.84348 359.65 0.82164 0.82267
337.16 0.84196 0.84303 360.15 0.82119 0.82221
337.66 0.84152 0.84259 360.65 0.82073 0.82175
338.16 0.84107 0.84214 361.15 0.82028 0.82129
338.66 0.84062 0.84170 361.65 0.81982 0.82082
339.16 0.84017 0.84125 362.15 0.81937 0.82036
339.66 0.83972 0.84080 362.65 0.81891 0.81990

340.16 0.83927 0.84036 363.15 0.81846 0.81944
340.66 0.83882 0.83991
341.16 0.83837 0.83946
341.65 0.83792 0.83902

The coefficients (Ai), determined at each temperature are pre-
sented in Table 4. Five parameters have been adjusted. This table
also shows the variance �, corresponding to each fit, calculated
using the following equation:

� =

√√√√[∑ (vE − vE
cal)

2

Nexp − P

]
(6)

where P is the number of An parameters and Nexp represents the
number of experimental data. The standard deviation is quite high
diplaying difficulty of representation by R–K equation (we shall see
latter it is especially due to the diluted regions).

Excess molar volumes (vE) for the HMI (1) + water (2) binary sys-

tem are plotted in Fig. 2a and b as a function of water composition
at different temperatures. All excess molar volumes vE(T) are neg-
ative, indicating packing effect and/or strong interactions between
unlike components as expected in the investigated mixture. Follow-
ing the suggestion of Desnoyers and Perron [4], the quantity vE/x1x2

Table 2
Parameters of Daubert et al. equation (Eq. (2)) for HMI and water.

Compound TC (K) A (kmol/m3) B C

HMIa 624.0 0.6946 0.2508 0.270
Watera 647.1 5.4590 0.3054 0.081

HMIb 624.0 0.8927 0.2828 0.31

a Parameters from Daubert et al. [3].
b Parameters adjusted using our experimental data.

Fig. 2. Excess molar volume (vE) for HMI (1) + water (2) binary system as a function
of composition at different temperatures: (*) 283.15 and (o) 323.15 K.
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which favor hydrophobic interactions. Amine and alcohol groups
create H-bonds with water molecules and are then in favor of
hydrophobic interactions in the presence of alkyl groups. Con-
sequently, the concentration corresponding to the minimum of
ig. 3. vE/x1x2 (HMI + water system) as a function of water mole fraction at atmo-
pheric pressure and different temperatures: (*) 283.15 and (o) 323.15 K.

as also calculated as it is more appropriate to give information on
nteractions at low concentrations. This thermodynamic quantity is
quivalent to an apparent molar volume over the whole mole frac-
ion range. In fact, vE/x1x2 = v2,ϕ − v∗

2/x1 = v1,ϕ − v∗
1/x2 where vi,ϕ is

he apparent molar volume of i species, and tends to the two excess
tandard partial molar volumes vo

2 − v∗
2 and vo

1 − v∗
1 as x2 tends to

ero or 1. The trends of vE/x1x2 with concentration will reflect the
ntermolecular interactions as in the case of apparent or partial

olar volumes. With hydrophobic solutes in water, vE/x1x2 will gen-
rally go through a minimum in the water-rich region (Franks and
esnoyers [5]). However, our results with HMI (see Fig. 3), do not
isplay any minimum in our amine dilute region indicating that we
ave not worked in the high enough dilution. The Redlich–Kister
quation which parameters adjusted on our experimental data in
he whole range of composition behaves similarly displaying no

inimum. Consequently, the real excess standard partial molar vol-
me of HMI cannot be obtained by extrapolation of our data through
he Redlich–Kister equation.

To verify the existence of the expected minimum, we
ave applied again the data treatment proposed by Desnoy-
rs and Perron [4] to other systems: piperidine + water, iso-
ropanolamine (IPA) + water and DMAPA + water, propanol + water
nd DMAPA + water binary systems [6–9]. The results are pre-
ented in Figs. 4–7. With piperidine, the results are similar to those
btained with HMI. With IPA and DMAPA, there is a minimum of
E/x1x2 in the very dilute amine concentration region. With IPA, the

inimum is less pronounced than with DMAPA. The difference can

e attributed to the fact that DMAPA has two amines groups while
PA has just one but one OH group. Interactions between water
nd OH group appear as stronger than interactions between amine
roup and water. With 1-propanol at 298.15 K, there is a minimum

ig. 4. vE/x1x2 (piperidine + water system) as a function of water mole fraction at
tmospheric pressure and different temperatures: (*) 283.15 and (o) 323.15 K. Den-
ity data are from Ref. [6].
Fig. 5. vE/x1x2 (isopropanolamine (IPA) + water system) as a function of water mole
fraction at atmospheric pressure and different temperatures: (*) 283.15 and (o)
323.15 K. Density data are from Ref. [7].

of vE/x1x2 in the dilute alcohol concentration region: in comparison
with HMI or piperidine, result obtained with 1-propanol confirms
that interactions between water and OH are stronger than interac-
tions between amine group and water.

With HMI and piperidine, the minimum of vE/x1x2 probably
exists. These two chemicals species have numerous CH2 groups
Fig. 6. vE/x1x2 (3-(dimethylamino) propylamine (DMAPA) + water system) as a func-
tion of water mole fraction at atmospheric pressure and different temperatures: (*)
283.15 and (o) 323.15 K. Density data are from Ref. [8].

Fig. 7. vE/x1x2 (1-propanol + water system) as a function of water mole fraction at
atmospheric pressure and at 298.15 K. Density data are from Ref. [9].
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Table 3
Densities (�) and excess molar volumes (vE) for HMI (1) + water (2) binary system as a function of water mole fraction.

x2 T = 283.15 K T = 288.15 K T = 293.15 K T = 298.15 K T = 303.15 K

� vE � vE � vE � vE � vE

(g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1)

0.0199 0.89147 −0.1391 0.88705 −0.1391 0.88262 −0.1368 0.87818 −0.1355 0.87374 −0.1348

0.0395 0.89256 −0.2240 0.88813 −0.2223 0.88370 −0.2196 0.87925 −0.2162 0.87480 −0.2146

0.0821 0.89527 −0.4320 0.89084 −0.4295 0.88639 −0.4240 0.88194 −0.4193 0.87747 −0.4162

0.1198 0.89759 −0.5860 0.89316 −0.5826 0.88870 −0.5752 0.88423 −0.5667 0.87975 −0.5631

0.1594 0.90005 −0.7300 0.89561 −0.7243 0.89115 −0.7161 0.88667 −0.7048 0.88219 −0.7016

0.1994 0.90285 −0.8864 0.89840 −0.8785 0.89394 −0.8696 0.88946 −0.8567 0.88496 −0.8520

0.2498 0.90632 −1.0434 0.90188 −1.0348 0.89741 −1.0236 0.89292 −1.0073 0.88842 −1.0031

0.3000 0.90981 −1.1661 0.90538 −1.1562 0.90091 −1.1434 0.89642 −1.1245 0.89191 −1.1194

0.3499 0.91373 −1.2896 0.90930 −1.2775 0.90484 −1.2639 0.90036 −1.2432 0.89585 −1.2384

0.4000 0.91767 −1.3732 0.91325 −1.3593 0.90879 −1.3437 0.90432 −1.3207 0.89981 −1.3155

0.4529 0.92226 −1.4484 0.91786 −1.4331 0.91342 −1.4166 0.90896 −1.3908 0.90446 −1.3861

0.5008 0.92661 −1.4873 0.92224 −1.4710 0.91783 −1.4540 0.91338 −1.4254 0.90891 −1.4221

0.5041 0.92661 −1.4680 0.92223 −1.4506 0.91782 −1.4332 0.91338 −1.4049 0.90891 −1.4012

0.5508 0.93105 −1.4760 0.92672 −1.4583 0.92234 −1.4399 0.91793 −1.4097 0.91348 −1.4062

0.5992 0.93570 −1.4438 0.93142 −1.4249 0.92709 −1.4059 0.92272 −1.3735 0.91831 −1.3706

0.6500 0.94101 −1.3847 0.93679 −1.3641 0.93253 −1.3445 0.92822 −1.3101 0.92388 −1.3087

0.6990 0.94642 −1.2912 0.94229 −1.2695 0.93812 −1.2494 0.93390 −1.2136 0.92963 −1.2127

0.7496 0.95251 −1.1626 0.94850 −1.1397 0.94446 −1.1194 0.94036 −1.0821 0.93622 −1.0832

0.7994 0.95933 −1.0100 0.95551 −0.9872 0.95164 −0.9667 0.94771 −0.9284 0.94373 −0.9311

0.8398 0.96550 −0.8603 0.96188 −0.8375 0.95820 −0.8172 0.95447 −0.7786 0.95068 −0.7832

0.8799 0.97262 −0.6957 0.96930 −0.6742 0.96590 −0.6550 0.96245 −0.6170 0.95891 −0.6236

0.9200 0.98118 −0.5157 0.97828 −0.4960 0.97530 −0.4793 0.97224 −0.4423 0.96910 −0.4527

0.9599 0.99153 −0.3146 0.98932 −0.2993 0.98699 −0.2866 0.98454 −0.2522 0.98198 −0.2670

0.9600 0.99160 −0.3158 0.98939 −0.3005 0.98706 −0.2878 0.98461 −0.2534 0.98204 −0.2680

0.9699 0.99444 −0.2595 0.99249 −0.2461 0.99040 −0.2353 0.98816 −0.2019 0.98580 −0.2183

0.9800 0.99710 −0.1934 0.99556 −0.1846 0.99380 −0.1768 0.99186 −0.1459 0.98975 −0.1643

x2 T = 308.15 K T = 313.15 K T = 318.15 K T = 323.15 K T = 333.15 K

� vE � vE � vE � vE � vE

(g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1)

0.0199 0.86929 −0.1339 0.86483 −0.1330 0.86037 −0.1322 0.85590 −0.1315 0.84692 −0.1274

0.0395 0.87034 −0.2123 0.86587 −0.2101 0.86139 −0.2067 0.85690 −0.2033 0.84790 −0.1968

0.0821 0.87299 −0.4115 0.86849 −0.4057 0.86399 −0.4002 0.85948 −0.3948 0.85041 −0.3805

0.1198 0.87526 −0.5570 0.87075 −0.5500 0.86623 −0.5422 0.86170 −0.5346 0.85259 −0.5162

0.1594 0.87768 −0.6929 0.87316 −0.6847 0.86863 −0.6757 0.86408 −0.6659 0.85493 −0.6436

0.1994 0.88045 −0.8432 0.87592 −0.8339 0.87137 −0.8229 0.86681 −0.8123 0.85762 −0.7867

0.2498 0.88390 −0.9927 0.87935 −0.9809 0.87479 −0.9688 0.87021 −0.9562 0.86098 −0.9272

0.3000 0.88738 −1.1071 0.88283 −1.0948 0.87826 −1.0813 0.87367 −1.0676 0.86440 −1.0350

0.3499 0.89132 −1.2253 0.88676 −1.2114 0.88218 −1.1968 0.87758 −1.1821 0.86828 −1.1474

0.4000 0.89528 −1.3012 0.89072 −1.2864 0.88614 −1.2710 0.88152 −1.2541 0.87221 −1.2185

0.4529 0.89994 −1.3710 0.89539 −1.3558 0.89080 −1.3389 0.88619 −1.3222 0.87687 −1.2856

0.5008 0.90440 −1.4060 0.89986 −1.3902 0.89529 −1.3736 0.89068 −1.3562 0.88136 −1.3188

0.5041 0.90440 −1.3849 0.89986 −1.3686 0.89528 −1.3511 0.89068 −1.3340 0.88135 −1.2953

0.5508 0.90900 −1.3898 0.90448 −1.3731 0.89993 −1.3562 0.89533 −1.3380 0.88603 −1.3000

0.5992 0.91386 −1.3534 0.90937 −1.3362 0.90485 −1.3191 0.90028 −1.3011 0.89102 −1.2632

0.6500 0.91949 −1.2915 0.91505 −1.2743 0.91058 −1.2574 0.90606 −1.2401 0.89687 −1.2029

0.6990 0.92532 −1.1957 0.92096 −1.1790 0.91655 −1.1621 0.91210 −1.1456 0.90303 −1.1102

0.7496 0.93202 −1.0663 0.92777 −1.0503 0.92347 −1.0344 0.91911 −1.0184 0.91024 −0.9865

0.7994 0.93969 −0.9151 0.93559 −0.8998 0.93144 −0.8852 0.92723 −0.8710 0.91861 −0.8418

0.8398 0.94683 −0.7684 0.94292 −0.7548 0.93893 −0.7412 0.93488 −0.7283 0.92657 −0.7027

0.8799 0.95531 −0.6102 0.95163 −0.5978 0.94787 −0.5859 0.94403 −0.5744 0.93613 −0.5525

0.9200 0.96586 −0.4415 0.96253 −0.4313 0.95911 −0.4219 0.95559 −0.4129 0.94828 −0.3959

0.9599 0.97929 −0.2591 0.97648 −0.2520 0.97355 −0.2456 0.97050 −0.2396 0.96406 −0.2284

0.9600 0.97935 −0.2600 0.97654 −0.2530 0.97361 −0.2466 0.97056 −0.2405 0.96412 −0.2294

0.9699 0.98330 −0.2115 0.98066 −0.2054 0.97790 −0.2001 0.97501 −0.1951 0.96888 −0.1862

0.9800 0.98748 −0.1591 0.98506 −0.1546 0.98250 −0.1506 0.97980 −0.1468 0.97402 −0.1403

Densities (�) and excess molar volumes (vE) for HMI (1) + water (2) binary system as a function of H2O composition

x2 T = 343.15 K T = 348.15 K T = 353.15 K

� vE � vE � vE

(g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1)

0.0199 0.83791 −0.1247 0.83338 −0.1241 0.82884 −0.1236

0.0395 0.83884 −0.1876 0.83430 −0.1858 0.82973 −0.1812

0.0821 0.84128 −0.3640 0.83669 −0.3564 0.83207 −0.3462

0.1198 0.84340 −0.4934 0.83879 −0.4839 0.83414 −0.4707

0.1594 0.84570 −0.6172 0.84106 −0.6048 0.83638 −0.5888

0.1994 0.84834 −0.7564 0.84367 −0.7415 0.83895 −0.7220

0.2498 0.85165 −0.8932 0.84694 −0.8749 0.84220 −0.8546

0.3000 0.85503 −0.9982 0.85031 −0.9798 0.84554 −0.9575

0.3499 0.85887 −1.1084 0.85412 −1.0881 0.84932 −1.0642

0.4000 0.86276 −1.1769 0.85799 −1.1555 0.85318 −1.1318
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Table 3 (Continued )

Densities (�) and excess molar volumes (vE) for HMI (1) + water (2) binary system as a function of H2O composition

x2 T = 343.15 K T = 348.15 K T = 353.15 K

� vE � vE � vE

(g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1) (g cm−3) (cm3 mol−1)

0.4529 0.86739 −1.2425 0.86260 −1.2203 0.85776 −1.1952

0.5008 0.87187 −1.2754 0.86708 −1.2537 0.86224 −1.2295

0.5041 0.87187 −1.2522 0.86707 −1.2294 0.86222 −1.2043

0.5508 0.87655 −1.2567 0.87176 −1.2350 0.86692 −1.2111

0.5992 0.88158 −1.2214 0.87678 −1.1987 0.87195 −1.1757

0.6500 0.88750 −1.1633 0.88274 −1.1425 0.87792 −1.1198

0.6990 0.89376 −1.0729 0.88904 −1.0532 0.88427 −1.0326

0.7496 0.90113 −0.9522 0.89649 −0.9347 0.89179 −0.9161

0.7994 0.90974 −0.8117 0.90521 −0.7964 0.90062 −0.7805

0.8398 0.91797 −0.6762 0.91357 −0.6630 0.90909 −0.6489

0.8799 0.92791 −0.5305 0.92342 −0.5110 0.91878 −0.4885

0.9200 0.94290 −0.4428 0.93807 −0.4113 0.93373 −0.3954

0
0
0
0

v
H

x
H
2
d
b
w
h
n
a

T
P
v

T

2
2
2
2
3
3

3

3
3
3

T
D
a

x

0
0
0
0
0
0
0
0

.9599 0.95832 −0.2444 0.95448

.9600 0.95840 −0.2459 0.95496

.9699 0.96325 −0.1994 0.96276

.9800 0.96774 −0.1344 0.96439

E/x1x2 may be expected only at extremely low concentrations of
MI or piperidine.

With IPA, the minimum of vE/x1x2 is around x2 = 0.8, with DMAPA
2 = 0.9 and with 1-propanol x2 = 0.95. To find this minimum with
MI, new experimental measurements have been performed at
98.15 K and at high dilution. Table 5 presents the results which
isplay a minimum, see Fig. 8. Unfortunately measurements had to
e done close to the limit of sensitivity of our apparatus, and then
ith increasing uncertainties that are not fully satisfactory for x2

igher than 0.994. Redlich–Kister equation with 9 parameters does
ot improve significantly the representation of the diluted region
s shown in Fig. 8.

able 4
arameters of Redlich–Kister equation (Eq. (5)) for HMI + water binary system at
arious temperatures.

(K) A0 A1 A2 A3 A4 �
(cm3 mol) (cm3 mol) (cm3 mol) (cm3 mol) (cm3 mol) (cm3 mol)

83.15 −5.925 −0.574 1.103 −0.379 −2.778 0.016
88.15 −5.857 −0.536 1.110 −0.231 −2.599 0.015
93.15 −5.786 −0.511 1.109 −0.131 −2.420 0.014
98.15 −5.674 −0.438 1.198 0.059 −2.263 0.016
03.15 −5.656 −0.463 1.128 0.021 −2.202 0.013
08.15 −5.591 −0.443 1.136 0.071 −2.118 0.013

313.15 −5.526 −0.426 1.147 0.108 −2.050 0.012
318.15 −5.458 −0.414 1.154 0.140 −1.984 0.012
23.15 −5.387 −0.403 1.155 0.165 −1.923 0.012

333.15 −5.235 −0.392 1.177 0.193 −1.834 0.012
43.15 −5.071 −0.316 1.453 −0.107 −2.410 0.098
48.15 −4.990 −0.275 1.668 −0.237 −2.844 0.024
53.15 −4.939 0.014 2.952 −1.334 −5.689 0.066

able 5
ensities (�) and excess molar volumes (vE) for HMI (1) + water (2) binary system as
function of water composition at high HMI dilutions.

2 T = 298.15 K

� vE

(g cm−3) (cm3 mol−1)

.95973 0.98466 −0.2813

.95973 0.98468 −0.2817

.97981 0.99190 −0.1734

.98510 0.99377 −0.1400

.98819 0.99459 −0.1143

.98992 0.99498 −0.0984

.99211 0.99543 −0.0774

.99403 0.99581 −0.0585
−0.2339 0.95636 −0.3595

−0.2447 0.96083 −0.4625

−0.2615 0.96260 −0.3338

−0.1309 0.96110 −0.1311

Data treatment has been done with the Redlich–Kister equa-
tion for the interpretation of excess volume and to verify the
comments from Desnoyers and Perron [4] about its inaccurate rep-
resentation at infinite dilution. Strictly speaking the partial molar
volumes at infinite dilution and the excess partial molar volumes
at infinite dilution calculated using the parameters generated for
Redlich–Kister equation can mislead, or hide strong interactions in
low and high concentrations zones. Redlich–Kister data treatment
with the new experimental data for HMI + water binary system does
not lead to a minimum prediction. This confirms that for such a sys-
tem, the Redlich–Kister equation is not convenient. Consequently, it
is much better to analyze the experimental data considering vE/x1x2
as a function of composition and not directly the excess volume as
a function of the composition.

In order to understand the change in the solution structure
during mixing, thermal expansivities are calculated for all the com-
positions. Thermal expansion coefficients (˛*) of pure HMI have
been calculated using density data, and are presented in Table 6 as
a function of temperature. They are further used to calculate excess
thermal expansion coefficients of the aqueous solutions. Excess
thermal expansion coefficients (˛E) and thermal expansion coef-

ficient of the mixtures (˛) at 283.15 and 298.15 K over the whole
mole fraction range are calculated with Eqs. (7) and (8).

˛E = ˛ −
∑

�i˛
∗
i (7)

Fig. 8. vE/x1x2 (HMI + water system) as a function of water mole fraction at atmo-
spheric pressure and at 298.15 K. Solid line: calculated values using Redlich–Kister
equation and parameters given in Table 4. Dashed line: calculated values using
Redlich–Kister equation with 9 adjusted parameters.
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Table 6
Thermal expansion coefficients for HMI and DMAPA from 280.16 to 363.15 K.

T (K) HMI DMAPAa

˛*(×103 K−1) ˛*(×103 K−1)

280.16 0.981 1.045
285.15 0.989 1.057
290.16 0.997 1.069
295.15 1.005 1.081
300.15 1.013 1.092
305.15 1.021 1.103
310.15 1.028 1.114
315.15 1.036 1.125
320.15 1.043 1.136
325.15 1.050 1.146
330.16 1.057 1.156
335.16 1.064 1.166
340.16 1.071 1.176
345.16 1.077 1.186
350.15 1.084 1.195
355.15 1.090 1.204
360.15 1.096 1.213
3

s

w
m
d

˛

F
o
H
t
a
c
e
e
D
p
a
I
D
r
t
s

F
t
2

in the literature that similar behaviour exists with Tert butyl alcohol
and THF [10,11]. For comparison, we have plotted on the same fig-
ure the evolution of ∂vE/∂T for the two systems at 298.15 K (Fig. 13).
The two behaviours are completely different particularly in the very
63.15 1.100 1.218

a The thermal expansion coefficients for DMAPA were calculated considering den-
ity values found in Ref. [8].

here �i is the volume fraction of component i, and (˛∗
i
) is the ther-

al expansion coefficient of pure component i. Using the classical
efinition of ˛ and definition of excess volume, we finally obtained.

E = 1

V

[
∂vE

∂T
− vE

∑
�i × ˛∗

i

]
(8)

or a given composition, ∂vE/∂T is determined considering the value
f the excess volume for each temperature. Fig. 9 presents the
MI excess thermal expansivity as a function of water composi-

ion at two temperatures. The trends of excess thermal expansivity
re quite identical for the two selected isothermsSame types of
alculations have been done with DMAPA (pure DMAPA thermal
xpansivity is presented in Table 6). Fig. 11 presents the shape of the
xcess thermal expansivity as a function of water composition for
MAPA+. By comparing Figs. 9 and 10, we see a maximum for com-
osition around x2 = 0.9 for DMAPA and HMI. According to Franks
nd Desnoyers [5], it corresponds to a minimum of excess enthalpy.

E
n addition, we have plotted ˛ /x1x2 versus x2 for HMI (Fig. 11) and
MAPA (Fig. 12). It seems that at HMI infinite dilution, this term

ises to infinite values. Moreover, with DMAPA a minimum of excess
hermal expansivity exists also (Fig. 10) and if we plot ˛E/x1x2 ver-
us x2 (Fig. 12), we observe a sudden drop confirming the existence

ig. 9. Excess thermal expansion coefficients of HMI (1) + water (2) system as a func-
ion of water mole fraction at atmospheric pressure. Dashed line: 283.15 K, solid line:
98.15 K.
Fig. 10. Excess thermal expansion coefficients of DMAPA (1) + water system as a
function of water mole fraction at atmospheric pressure. Dashed line: 283.15 K, solid
line: 298.15 K.

of hydrophobic interaction. Similar conclusion is possible for HMI:
hydrophobic interactions occur in the HMI very dilute region. Con-
cerning the evolution of excess thermal expansion, it can be noticed
Fig. 11. ˛E/x1x2 (HMI (1) + water (2) system) as a function of water mole fraction at
atmospheric pressure and at 298.15 K.

Fig. 12. ˛E/x1x2 (DMAPA (1) + water (2) system) as a function of water mole fraction
at atmospheric pressure and at 298.15 K.
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F
D

d
m
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d

[7] S. Mokraoui, A. Valtz, C. Coquelet, D. Richon, Thermochim. Acta 440 (2006)
ig. 13. Evolution of ∂vE/∂T at 298.15 K for the HMI (1) + H2O (2) system: (×) and the
MAPA (1) + H2O (2) system: (o).

ilute region (monotonous change with HMI and presence of a local
inimum with DMAPA).

. Conclusions

Densities, at atmospheric pressure, of pure hexamethyleneimine

n the 273.16–363.15 K temperature range and of binary mixtures
f hexamethyleneimine + water in the (283.15–353.15 K temper-
ture range have been determined using a DMA 5000 (Anton
aar) densimeter. Excess molar volumes have been calculated
isplaying negative values. The limitation of Redlich–Kister equa-

[
[

a Acta 484 (2009) 57–64

tion was highlighted while comparing results for five binary
systems: Redlich–Kister equation is deficient for such system in
highly diluted regions. Thermal expansion coefficients (˛*) for
the pure HMI and excess thermal expansion coefficient (˛E) of
the HMI + water binary mixture are presented and discussed in
comparison with excess thermal expansion coefficient (˛E) of the
DMAPA + water where hydrophobic interactions are clearly identi-
fied.
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