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This work presents experimental mixing properties, hf and £, at several temperatures and the iso-
baric vapor-liquid equilibria (iso-p VLE) at 101.32 kPa for four binaries containing pentane and four alkyl
(methyl to butyl) methanoates. Particular conditions are established to work with these solutions with
highly volatile compounds, especially for the case of methyl methanoate + pentane system, for which
a continuous feeding device is designed and constructed for measuring the densities. The mixing pro-
cesses of the compounds chosen give rise to high values for the excess properties and also for the activity
coefficients, since in addition to the known effects that arise in the binaries ester + alkane, in this case the
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VLJli: associative effects caused by the HCOO- group, which diminish with increasing methanoate chain length
LLE are also relevant. The change in temperature produces slopes of opposite signs for the mixing properties,

being (E)l/E/aT)IJ < O0and (ahE/BT)p > 0. The systems comprised of methyl and ethyl methanoate with

pentane present azeotropes with coordinates (xa,,T.-/K) situated at (0.558, 293.9) and (0.218, 306.5),
respectively. The estimation of these coordinates and the iso-p VLE by the UNIFAC method are acceptable
but do not give good predictions of the hE even less so for the LLE of the methyl methanoate + pentane sys-
tem. For this binary, experimental data of all the properties are correlated with a mathematical procedure
described using two models, one developed by us, and an extended form of the NRTL model. The latter
does not represent the LLE data but shows the properties of isobaric equilibria, with acceptable results,
while the proposed model, in addition to representing the binodal curve, gives a good representation of
the vE and of these properties derived from excess Gibbs function.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction for the first four alkyl (methyl to butyl) methanoates with pen-

tane, HCOOCyHy+1(u=1-4)+CsH13, with the purpose of studying

In previous works, the mixing thermodynamic properties (v£
and hE) were presented at several temperatures and also the iso-
baric vapor-liquid equilibria (iso-p VLE) for systems containing
alkyl methanoate with hexane [1] and decane [2]. Another pre-
vious study [3] showed the associative influence of the HCOO-
group in systems containing alkyl methanoate +alkanes and the
contribution of this effect in the structural model proposed and in
the estimation of properties by one of the versions of the UNIFAC
method [4]. In the literature, there are few studies on VLE measure-
ments [5-7] for systems with methanoates and alkanes, although
in the same line further investigations have been conducted on
the specific behavior of ester +alkane systems [8-10]. This work
presents measurements of iso-p VLE and of other mixing properties
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several aspects of these. These solutions are of special interest
because of their peculiar behavior, mentioned briefly above, but
also because of the difficulties of experimenting with formic acid
derived esters.

Hence, studies of solutions containing pentane have cer-
tain experimental difficulties due to its low boiling point (T? =
309.22 K|[11]), resulting in the corresponding limitations for use.
Moreover, the presence of alkyl methanoates as a second compo-
nent further hinders the formation of these solutions, especially
methyl methanoate, (T° =304.90 K [11]), as the experimenta-
tion presents some complications that should be known a priori.
Although the UNIFAC group contribution method [12] is used in
this work to estimate the phase equilibria and enthalpies of binary
solutions, exceptionally a previous estimation has been made to
verify the behavior of the most peculiar case, such as the mix-
ture of methyl methanoate + pentane. The result is shown in Fig. 1,
where the presence of an azeotrope is observed at the minimum
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Bii second virial coefficients for pure component i

B cross second virial coefficients for mixture i —j

Ci weighting coefficients for property I, Eq. (19)

GA genetic algorithm

Gjj parameters of NRTL model, Eq. (A2)

gt excess molar Gibbs function (J mol~1)

8ij coefficients of Egs. (21) and (26)

. excess molar Gibbs function (J mol~1), for LLE

8ii particular coefficients of Eq. (17) for LLE

hé excess molar enthalpy (Jmol—1)

hi; coefficients of Eq. (6)

IL ionic liquid

ky parameter of Eq. (2)

kn parameter of Egs. (7)-(9)

kg parameter of Eq. (24)

N number of experimental points

OF objective function

p pressure (kPa)

p? vapor pressure of component i

qk surface parameter of molecule k

R gas constant (k] kmol~1 K-1)

T volume parameter of molecule k

s(m) standard deviation of a property m

T temperature (K)

UCST upper critical solution temperature (K)

vE excess molar volume (m3 mol—1)

vjj coefficients of Eq. (1)

X; molar fraction in the liquid phase for component i

Vi molar fraction in the vapor phase for component i

Y expression given by Eq. (23)

z; active fraction of component i.

Greek letters

o non-random parameter of NRTL model (Eq. (A2))

o isobaric thermal expansion coefficient of compo-
nent ] (K1)

o density (kgm—3)

¢ fugacity coefficient

Agiji, Agijp ¥ Agjjz coefficients for NRTL model given by Eq.
(A3)

Vi activity coefficient of component i

Tjj coefficients of NRTL equation.

temperature at intermediate compositions and p=101.32kPa, of
Taz=294.3K (plane B), preventing the determination of mixing
properties at this pressure over a wide range of compositions
above the T,;. At the standard working temperature (298.15K), the
azeotropic pressure is estimated as 119 kPa, plane A. Although these
predictions may not be very accurate, they can be used to establish
special working conditions to measure the properties of the binary
methyl methanoate + pentane. Hence, for this system values of vE
and hE have only been obtained at T=291.15 K and data of iso-p VLE,
carrying out the experimentation in special working conditions. For
the other three binaries alkyl (ethyl to butyl) methanoate + pentane,
in addition to the iso-p VLE the v£ and hE were determined at two
temperatures 291.15 and 298.15K. For this group the literature
contains azeotropic data [13] for solutions with u=1,2 and stud-
ies of liquid-liquid equilibria (LLE) [ 14] for the binary with u=1 at
low pressure, whose curve is illustrated in Fig. 1, plane D.
Experimental data are correlated with a polynomial model
on the excess Gibbs function of the form gf=gE(p,Tx;) [15,16].
A simultaneous correlation with different properties is carried
out generating a multiobjective optimization procedure which

320

300

240

101 pkPa 4o

Fig. 1. Estimation by UNIFAC [12] of the curves of iso-p VLE (——) and iso-p LLE
(- = -) for the binary methyl methanoate + pentane. (®) Experimental LLE points
from Ref [14], at p=13 kPa, plane C.

includes the residues of all of them. Hence, the procedure must be
combined with another, more specific one, which also considers all
the LLE data. The correlation procedure designed is also used to ver-
ify the capacity of a multiproperty fit for another model, NRTL [17],
often used by chemical engineering researchers, which serves as
a comparison. As mentioned, here we include the results obtained
in the estimation of different properties of the systems contain-
ing methanoates using the UNIFAC group contribution model [12]
that can be used to verify the predictive capacity of the method,
when the set of parameters corresponding to the specific interac-
tion ~-HCOO/CHj, is used.

2. Experimental section
2.1. Materials

The products used were supplied by Sigma-Aldrich Co. and were
all of the highest commercial purity. The quality of all the products
was verified by a GC, model HP-6890N, with FID, giving slightly
lower values of purity than those indicated by the manufacturer.
Therefore, before use they were degasified with ultrasound and
then stored over a 0.3 nm Fluka molecular sieve for several days
to reduce the water contents. After this process, the purities were
similar to, or higher than, those indicated by the manufacturer, see
Table 1. However, the physical properties of all the compounds
were also measured, such as the density p, and the refractive index
np, both at T=298.15 and 291.15K; and the normal boiling point
Tl‘)” ;- The values obtained for the four methanoates and pentane are
shown in Table 2, where it can be appreciated that there are no sig-
nificant differences between our values and those reported in the
literature [1,11,18,19], less than 0.3% for all cases. The water used
in the calibration apparatus was double-distilled and degasified in
our laboratory.

2.2. Apparatus and procedures

The excess molar enthalpies hE of the binaries were measured
in a MS80D Calvet conduction calorimeter by Setaram, at temper-
atures of 291.15 and 298.15K. The calorimetric system presents
an excellent block thermal control accomplished only by heat-
ing. Hence, the workplace (with thermal, acoustic and electric
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Table 1
Description of the material used.

Compound Manufacturer Initial mass Physical treatment Final mass Analysis method
fraction purity fraction purity

Pentane Aldrich >0.98 Molecular sieve 0.992 GC

Methyl methanoate Aldrich ~0.99 Molecular sieve >0.99 GC

Ethyl methanoate Aldrich ~0.960 Molecular sieve 0.974 GC

Propyl methanoate Aldrich ~0.968 Molecular sieve >0.97 GC

Butyl methanoate Aldrich >0.96 Molecular sieve ~0.974 GC

Water - - Double distillation Conductance Conductivity meter

<0.7 uS

insulation) was constantly maintained at a temperature lower than
the experimentation temperature, at ~16°C, by a refrigeration
system, for the time period of the experiments at 291.15K. The
apparatus was calibrated by applying a joule effect to the labora-
tory cell with a resistance of 1000.2 €2, using a power source from
the same firm, model E]3, which generates thermograms analogous
to those of the mixing processes. The recording and subsequent
treatment of data was carried out using the commercial software
SEFTSOFT® supplied by Setaram, after first verifying that the real
temperature chosen, T=291.15K, had been reached in the cell. This
was checked by firstintroducing a PT100 sensor in the experimental
cell that is, filled with paraffin and connected to an ASL digital ther-
mometer, model F200, with resolution of +1 mK. The purpose of
this was to correct the temperature differences that arise between
the T programmed in PC and the response of the apparatus. As the
calorimetric experimentation was carried out with a differential
assembly, it was also verified that the thermal difference between
the |T,Jaboratory-T,reference| cells did not exceed +1mK in any
case. Suitable experimental data of binaries could not be found
to verify the accuracy of the measurements at 291.15K. For this
purpose, measurements of the binary cyclohexane + hexane, con-
sidered as standard, were made at 291.15 K and the curve obtained
presented mean differences of around 3% compared to the one esti-
mated by interpolation of the curves published in the literature
[20,21] at 298.15, 288.15 and 318.15 K. The uncertainty in compo-
sition values was estimated to be lower than +3 x 104, For the hE,

Table 2

the average uncertainty of the direct measurements was lower than
1%.At298.15 K the calorimeter was checked as indicated previously
[27].

Refractive indices of the pure compounds were measured with
a Zuzi 320 Abbe type refractometer with a uncertainty of +0.0002
units and thermostatized with an external circulating water bath
from Heto that provided excellent control of the water temperature
and was used to maintain the apparatus at (T+0.02) K. The proper
functioning of the apparatus was checked by measuring the np of
ultrapure water at 298.15 K, giving the exact value published in the
literature [11].

Densities of the pure compounds and of mixtures of
alkyl methanoate(1)+ pentane(2) were measured with an Anton
Paar DMA-60/602 digital densimeter, with a reading error of
+0.02 kgm~3. Temperature control at (T+0.01)K was achieved
using a 1166D Polyscience thermostatic waterbath. At the work-
ing temperatures the densimeter was calibrated with water and
nonane as usual in our group. However, two different procedures
were used for: (a) measurements made at the temperatures of
291.15 and 298.15K for two of the binaries of alkyl (propyl, butyl)
methanoate + pentane. For this purpose, samples of known com-
position were prepared by weighing, with x4 0.0003, and the v£
were determined from the densities of pure compounds and mix-
tures, with an uncertainty of +2 x 10° m3 mol-1, and (b) density
measurements at the same temperatures for the alkyl (methyl,
ethyl) methanoate + pentane. At T=291.15K the densimeter was

Experimental properties® obtained for pure compounds. Densities and refractive indices were measured at atmospheric pressure and at two temperatures.

Compound CASregistry T2, (K) T(K) p(kg m’3) 10%& (K-‘) np
number
Exp. Lit. Exp. Lit. Lit. Exp. Lit.

Pentane 109-66-0 309.04 309.22¢ 291.15- 627.86 628.09¢ 1.65¢ 1.3589 1.3568¢

298.15- 620.89 621.39° 13545 1.35472¢

621.10° 1.3549f

Methyl methanoate ~ 107-31-3 304.70 304.90¢ 291.15- 977.21 977.25¢ 1.46° 13452 1.3446¢
304.70° 976.90

298.15- 966.54 966.40° 13415 1.3415¢
966.54"

Ethyl methanoate 109-94-4 327.33 327.46¢ 291.15-> 923.40 924.59¢ 1.48P 13614 136144
327.33b 924,70

298.15— 914.35 915.30° 13580 1.3575¢
915.16

Propyl methanoate ~ 110-74-7 353.92 353.97¢ 291.15- 907.97 907.70° 1330 13778 1.3777¢
353.920 907.80°

298.15- 899.86 899.60° 13752 1.3750¢
899.08"

Butyl Methanoate 592-84-7 380.13 379.30¢ 291.15— 895.86 893.75¢ 1.21° 13904 1.3904¢
380.13" 896.00°

298.15- 888.47 886.90° 13872 1.3874¢

888.66" 1.3872°

2 Uncertainties u are: u(T)=+0.02 K, u(n)=+0.0002, and u(p)=+0.02 kgm~3.
b Ref. [1].

< Ref. [11].

d Interpolated from Ref. [11].

¢ Interpolated from Ref. [18].

f Ref. [19].



170 L. Ferndndez et al. / Fluid Phase Equilibria 363 (2014) 167-179

Table 3

Coefficients vy, and hy;, and standard deviations s, obtained in the correlation of ME = ¢ (x;, T;), being y£ =1 or hE, using Eq. (1).

Methyl methanoate

Ethyl ethanoate

Propyl methanoate Butyl methanoate

(1) +pentane (2) (1) +pentane (2) (1) +pentane (2) (1) +pentane (2)
yE=1021F (m3 mol-1)
Vo1 1.232E+07 1.079E+05 8.832E+05
Vo2 2.145E+04 —3.281E+04 5.006E +03 —1.875E+02
11 —3.235E+07 2.577E+05 2.228E+06
V12 —6.723E+04 9.430E+04 —1.114E+04 —1.513E+04
V21 2.389E+07 1.132E+06 —9.827E+05
V22 9.116E+04 —7.186E+04 2.399E+03 8.367E+03
V31 - - =
V32 —4.433E+04 - - -
k2'(po,To) 1.87E+00 1.43E+00 1.19E+00 1.17E+00
8 —1.30E - 04 1.70E - 04 3.20E-04 4.40E - 04
s(vE) 5 31 25 15
yE=hE (Jmol™")

ho1 - —2.412E+07 —4.530E+06 —1.958E+07
hoz 1.135E+04 8.981E+04 2.158E+04 7.196E + 04
h1 - 7.426E +07 7.259E +06 5.706E +07
hya —1.079E+04 —2.602E+05 —3.069E+04 —1.985E+05
hyy - —6.551E+07 —1.730E+07 —4.646E+07
hy 5.172E+03 2.276E+05 6.265E +04 1.605E + 05
kﬁ](po,Tg) 1.68E+00 1.33E+00 1.12E+00 9.16E - 01

—1.30E - 04 1.70E - 04 3.20E-04 4.40E - 04
s(hF) 21 14 12 11

calibrated with the same substances and the calibration values
were p=998.60 kg m—3 for water and p =719.29 kg m—3 for nonane.
In the case (b) in order to avoid evaporations, and especially to pre-
vent the formation of an azeotropic solution, as indicated in the
introduction for methyl methanoate + pentane, a simple device was
built, which is detailed in Appendix A.1. The uncertainty of the ester
mole fraction in the most unfavorable case was estimated to be
x+0.001.

The experimental iso-p VLE apparatus used consists in a
glass ebullometer of 60cm? operating dynamically with recir-
culation of both phases [2,22]. The pressure was controlled at
(101.3240.02) kPa with a DH controller/calibrator, model PPC2,
and the temperature at equilibrium with a 6800 Comarks-Electonic
digital thermometer equipped with two PT100, calibrated accord-
ing to the ITS-90, and with a reading error of around +20mK.
To achieve the molar fractions of the solutions in both phases
at equilibrium, samples of ~2 ml were taken of the two phases
and their densities p were measured (at 291.15K for methyl
methanoate + pentane and at 298.15 K for the other three systems).
The compositions of the liquid phases x, and the vapor phases y, for
the ester, were estimated by arecursive procedure with an equation
of the type: p = p(x) = [(01 — p2)X + pa] + X (1 —x) (ax? + bx +¢),
where p, p1 and p; are, respectively, the density of the sample of
each of the phases, and of the pure compounds. The constants a, b
and c of this equation are obtained by correlating the (x,0) values
of samples prepared previously of known composition at a given
temperature. In all cases the correlation coefficient was r2>0.99.
The uncertainty estimated for the compositions obtained for both
phases was x, y + 0.002..

3. Experimental results
3.1. Densities and excess molar volumes

Table S1 in Appendices A-C (SI) compiles the experimental
values of (x1, p, VE) determined at temperatures of 291.15K and
298.15K and at atmospheric pressure for the binaries {xjalkyl
(methyl to butyl) methanoate +x,pentane}. Because of the dif-
ficulties mentioned in the introduction, the vE of the methyl
methanoate + pentane system were not determined at 298.15K.

The coordinates vf = ¥ (x;, T;) for each system were correlated with
the following equation:

2
4 ”
Ex, T) =21 (1 —21)21;,-2'1 where v = = +vp (1)
i=0
and
z1(x1,T) al

T X+ R —xp)

_ 5o, T) _ Mz p1(po.T)
3 (po,T) M1 p2(po,T)

where M;, 17, and p;, respectively, correspond to the molecular
mass, the molar volume and the density of compound i at T and
at a reference pressure pg. Considering the definition of the iso-
baric thermal expansion coefficient, for a given compound i, the
following relationship can be established:

i (Po, T) = p; (po, To) exp [—c; (T — Top)] (3)

where ¢; is @ mean value in the temperature interval [Ty, T]. With
Eq. (3), Eq. (2) can now be rewritten:

with k21(T) (2)

M T
2107y — M2 p1(Po, To)
k(1) = M p2 (Po, To)

= k3" (po, To)exp [8(T — To)] (4)

being: 6 =a; — orq. The ¢; for each of the compounds of this work
have been obtained from the literature [1,19], because in this
study densities were measured only at two temperatures, taking
Tp=298.15K and pg = 101.32 kPa as reference. With these values, a
correlation of vf = ¥ (x;, T;) for each of mixtures recorded in Table
S1 (SI) has been carried out, using a genetic algorithm (GA) and
minimizing the standard deviation as,

exp [(az —a1)(T —To)]

1/2
B LS S :
Zi:l Ui,exp (i, )7Ui,ca1 (xi, T)

s (V) = N

(5)

where N is the number of experimental points. The values obtained
for the parameters of Eq. (1) are shown in Table 3. With the aim
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Fig. 2. (a) Experimental v* values and correlation curves using Eq. (1) for the binaries HCOOC, Hay+1(u=1-4)+CsHy, at T=291.15K (solid symbols) and at T=298.15K (open
symbols) for u=2-4. (b) Equimolar v£ values as a function of u and n in the binaries HCOOC, Hyy+1 (v=1-4) + C,Haps2. O, for n=5 (this work); A, for n=6 Ref [3]; v, forn=10

Ref [3]; @ for n=5 (this work); a, for n=6 Ref [1]; v, for n=10 Ref [2].

of generalizing the use of an exponential form for the k param-
eters, see Eq. (4), other more generic expression of the form:
k21(T) = Aexp (BT) was tested. In this case, the global model has
two new parameters, A and B, which are determined in the same
fitting procedure; the final representation is only negligibly better,
so these results are not shown. Fig. 2a shows the distribution of
experimental points and the fitted curve obtained by the indicated
procedure at the two working temperatures, giving an acceptable
correlation. Fig. 2b represents the change in equimolar vF of the set
of systems HCOOC, Hy,+1 (1 =1-4)+CsH;, confirming some effects
already observed in other works [1-3]. It is interesting to note the
regular decrease in expansive effects with the increased alkano-
lic chain length of the methanoate, the increase in the number of
—-CH,- groups reduces the Van der Waals attractions in the final
state of the mixture compared to the initial state of the components.
The distance between the dipoles associated with the HCOO- group
in the mixture increases because of the invasion of the hydrocar-
bon, reducing the dipole-dipole effect, increasing the empty spaces
and improving the accommodation; which lowers the vE values.
The variation in temperature produces (avE/aT) < 0, since Tinflu-
ences the aforementioned effects in the final mixture, especially
the bipolar moments, because the interactional distances increase
with an improved interstitial accommodation of the molecules of
the solution components.

3.2. Excess molar enthalpies

Table S2 (SI) shows the experimental values (x;, hf), measured
at 291.15K and 298.15K and at atmospheric pressure for the four
binary mixtures HCOOCyHy,+1 + CsHyo (u =1-4), with the exception
of the mixture with u =1 for the reasons given. The points obtained
in the direct experimentation are shown in Fig. 3a at the two tem-
peratures and were correlated with an adapted form of Eq. (1):

2
hE(x1, T)=2 (1 —z1)Zhiz§ where: h; = h% + hip (6)
i—0

the active fraction z;(x,T), referring to methanoate, is now defined
by an expression similar to Eq. (2), but with a parameter kfl1 which

is related to k2! by, see Ref. [1]:and

2/3
— M with K(T)= (‘LZ) [ﬂk51 (T)}
X1 +kh (T)x, q1 2
(7)

where 1, and gy, are, respectively, the parameters of volume and sur-
face of the molecule k, which are independent of temperature and
are calculated by the individual contributions of the correspond-
ing parameters (volume and surface) of the groups that constitute
the molecule, see Bondi [23]. The relationship between k? and
k21 becomes evident when one considers the sphericity of the
molecules. Although this hypothesis is not completely accurate, it
can help to establish a first approach for the k parameters of the
mathematical model (to be consolidated in future works). Introduc-
ing Eq. (4) in Eq. (7) the latter is altered as follows:

21 (X’ T) =

K1) =K' (o, To)exp [(5) (@2 — ) (T - To)| (8)
where now:

2/3
kﬁ] (po’ TO) - (%) (I%) [k51 (pO, TO)} 23 (9)

Correlation of hE = hE(x,T) data was done for each of the systems
using the OF established with Eq. (5) and the procedure described.
The results are shown in Table 3 and representations of the curves
in Fig. 3a, where the variation in equimolar hE values with the alka-
nolic chain length of the methanoate and with temperature are
also shown, see Fig. 3b, being (8h/dT) > 0, although only for the
interval [291-298] K. For the parameter kﬁl, the observation made
previously in the case of volumes for k2! is applicable; the correla-
tion with a generic exponential expression did not improve the fit
of hE data.

For the mixtures studied the high values of the interaction ener-
gies are noteworthy, with values of hE near 1900J mol~! for the
mixtures of methyl methanoate at 291 K. For the same mixture, the
vE are higher than 1.8 x 10-6 m3 mol~1. These values reveal the dif-
ferent status of the pure compounds and those in the final mixture,
as there is a clear difference between the values of both proper-
ties for the mixtures of methyl methanoate + pentane and for the
other methanoates, mainly due to the loss of associative effects by
hydrogen bonds as the R alkanolic chain of the methanoate HCOO-R
increases, since these are more pronounced in the shortest chained
methanoate.
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3.3. Isobaric vapor-liquid equilibria

The iso-p VLE have been obtained at a pressure of
(101.324+0.02) kPa for the four systems {alkyl (methyl to butyl)
methanoate + pentane}, using the apparatus described in Section
2.1. The data obtained for temperature T and composition of each
phase, liquid x, and vapor y, at equilibrium are recorded in Table S3
(SI) and shown in Figs. 4a-7a. The activity coefficients of compound
i in the liquid phase y;, were calculated by the expression:

b ° (p—p°
xip?ViZYiPﬁexli’ —%

=1,2
%

(10)

where <?),-, is the fugacity coefficient of species i in solution, and ¢?
and py are, respectively, the fugacity coefficient as saturated vapor
and the vapor pressure for component i. The molar volumes of each
pure compound i, 17, are calculated in each equilibrium stage by a
modified version of Rackett’s equation [24] and the vapor pressures
by Antoine’s equation. The ratio ((?)i/¢i°) is:

$i _ oo | Bi(P=P) +P(1 -y’ (2B —Bu —B)| .
o =P RT =1,

(11)

The second virial coefficients for pure compounds B;, and
mixtures By, are calculated with the expressions proposed by

Tsonopoulos [25]. Numerical values of y; and of the adimensional
function g/RT are recorded in Table S3 (SI) together with their cor-
responding representations in Figs. 4b-7b. The high values of y;
are noteworthy and indicate a high degree of interaction between
the components of the mixture and deviation from the ideal, espe-
cially in the system with methyl methanoate (this is also reflected
in high values for hE and v£) and diminish with increasing length
of the alkanolic portion of the methanoate. The same tendency has
been observed in binaries with hexane [ 1] and with decane [2]. The
global condition proposed by Fredenslund et al. [26], was used to
verify the quality of the experimental VLE data for the four systems
and all fulfilled the condition 8 = 3~ (Vi exp — Yicalc) /N < 0.01, s0
the thermodynamic consistency was considered to be positive for
all of them.

Both in Table S3 (SI) of VLE data and also in the representa-
tions, azeotropic points were observed in two of the systems which
are obtained by applying the boundary conditions: xa; =ya, and
(dT/dx)az = (dT/dy)az. Hence, for methyl methanoate + pentane, the
coordinates (X,z, Taz) were (0.558, 293.88 K). For this binary, three
sets of coordinates obtained by different procedures, even theo-
retically, are presented in the literature (see Gmehling et al. [13]).
These are located at (0.575, 294.15K), (0.573, 294.85K) and (0.574,
294.95 K), showing slight differences, of around 3% in composition,
to the value obtained here, although the value for temperature is
similar. The differences can be attributed to difficulties encountered
in the experimental work with these systems, already mentioned
in the introduction, and the age of the referenced values. On the
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other hand, the system of ethyl methanoate + pentane presents an
azeotrope in solutions rich in pentane and the coordinates of the
pointare (0.218,306.52 K), this value is different to the theoretically
estimated value [13] 0f (0.289, 305.65 K). The other two systems are

zeotropic.

4. Multiproperty treatment of experimental data and
prediction with UNIFAC

Some systems contain compounds that are strongly incompat-

ible at molecular level preventing the formation of homogeneous
solutions, in other words, intervals of p-T-x can exist where com-
pounds of this type are immiscible and give rise to heterogeneous
phases generating liquid-liquid equilibria (LLE). The zones of LLE
that define the corresponding saturation curve may or not overlap
with the VLE. If they do then a system of VLLE is generated, other-
wise, two independent zones are obtained (each with two phases)
for a single mixture [27], see Fig. 1. Direct modeling of systems
that present LLE and VLE curves in the same plane of pressures,
for example, is possible when there is a model for Gibbs function
gE that involves both phase equilibria, provided that the experi-

mental values are thermodynamically validated. For the systems
studied here, the literature [14] presents LLE data for the binary
methyl methanoate + pentane at low pressure, p=13kPa, so the
combined correlation of properties for this system with equilibria in

different planes of pressure, must be differentiated and the proce-
dure followed to do this is described below.

It is interesting to know the capacity of the UNIFAC group con-
tribution method [12], to estimate properties of systems for which
the main interaction corresponds to HCOO/CH,, considered to be
specific to methanoates. Without experimental points, the method
predicts the behavior of VLE, LLE, and hE, etc. However, in a previous
work [3] on enthalpies, the method greatly improved when asso-
ciative effects due to hydrogen bonds of the methanoate molecules
were introduced. Hence, a suitable modification in the UNIFAC ver-
sion, proposed by Stathis and Tassios [28] gave rise to excellent
estimations of the hE values, although this has not been incorpo-
rated in the current version of the method [12]. The capacity of
UNIFAC to predict the LLE of methyl methanoate + pentane system

is discussed below.

4.1. Multiproperty correlation of VLE, LLE and excess properties of
methyl methanoate + pentane

Here, only analyze the data treatment corresponding to the sys-
tem methyl methanoate + pentane, for which the literature [14]
presents LLE data, being necessary to recur to a mathematical
procedure to guarantee the stability criteria of the phases. This pro-
cedure is based on obtaining theoretical values of the excess Gibbs
function for the LLE, that are later related with the other properties
existing for the solution, such as VLE, hE, etc. Hence, in an initial
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phase of the procedure, a function of the type QELE = gELE(p, T, x)
is obtained for the LLE, which guarantees the thermodynamic
equilibrium and the stability of the phases. The equilibrium con-
dition is established mathematically by the system of equations,

I I
v =Xy

I 1l (12)
XV =Xy
indicating the isoactivity criterion in phases I and II. This gener-
ates theoretical values for the excess Gibbs function, constituting
an additional term to Gibbs function for the ideal solution. So, the
mixing Gibbs function, &g, which plays an important role when
establishing a necessary and sufficient condition to ensure stability
of the phases, being:

Sue =8fr +RT (x1In X1 +x2In x) (13)

When a concavity exists in the mixing Gibbs function, two
phases appear and the condition of instability can be established
mathematically for Eq. (13) by:

(aszLE / ax%)p ; < 0, or with Gibbs excess function

aZ*‘E
# + kT (14)
oxy o T X1X2

) O, iso-p VLE (T vs. x,y), A, iso-p VLE (y-x vs. x); (b) ¥, (% /RT vs. x), #, (y; vs. x); (c) X, (hE vs. x), and, *, (+F vs. x), at 291. 15K, a, (hF vs. x), and, O (vF vs. x),

The system of Egs. (12) is satisfied in two steps. First, a correla-
tion is carried out using the following objective function (OF), based
on the isoactivity criterion,

2
=33 [’

j=1

(15)

AMS

Il
—_

1

using the experimental mole fractions of each of the species in the
two phases. In the second step, the stability criterion of the phases,
given by Eq. (14), is used optimizing a new OF that minimizes the
discrepancies between the experimental compositions conjugated
in each of the phases and those calculated using the parametric
model chosen for the activity coefficients.

0P = 33" (o)’

i=1 F=1

(16)

In this stage of the procedure, a set of parameters g; is calculated
generating values for the function gF . = 8F . (p, T, x), using a simi-
lar expression to Eqs. (1) and (6), which is adequate to describe the
LLE. More specifically, the following expression is used:

2 ~
gE.p. D=21(1-21)) <+g,1>
i=0

(17)
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In this way, the values generated for Gibbs function g ¢ form
part of a database which also includes the other mixing properties:
[hE(x, T=291.15K); gf(x, y, T); 88 (x, T);1E (x, T = 291.151()} a
set on which a global multivariable correlation is carried out using
the following model:

g (x1.p, T =21 (1 —znz (g0 +82pT + %2 +ga1?) 2 (18)
i=0
Minimizing the following OF:
OF = cuies (8fig ) + cvies (86.e) + cus (hF) + cys(vF) (19)
and where the coefficients ¢; are weighting values for the differ-
ent quantities participating in the fit and are also optimized by the
correlation procedure to unify the weight of these quantities. The

s(yE) represent the standard deviations of each of the quantities yE,
which are individually determined by:

2172
E E
N (yi,expiyi.cal>

S(J’E)= Z (N-1)

being N the number of experimental points of each property. In Eq.
(18) the g;; are constants for each system and should be obtained
by regression of the data set established previously. The function
z(x,T) is defined as in Eq. (2) but now, the k parameter is referred
here as kél, and is calculated as described below.

By using the thermodynamic expressions that link the excess
Gibbs function with volume and enthalpy, the following expres-
sions are obtained:

E
(%),
p T,x

2

ogE 2g; ‘

hE=gE—T<§T) =21(1—Zl)z<gn+%+giﬂ2)zi
D, X

(20)

2
1(1-21)) gnT2 (21)
i=0

i—0
_pdal Dy o (22)
oT
where
2
Y(*1,p, T) = Z(”U [(g(i)l *g(i—l)l) +(8it12 — &2)pT
i=0
+®L{gi3) +(8it14 _gi4)T2:| z (23)

The values of the parameters k (k2', k2!, k3') are different for
each case, depending on the correlations (gt, hE, vE). Hence, values
of k7! and k2! are obtained for each system from Egs. (4) and (8),
respectlvely For k21 the values can be calculated by an exponential,

k' = k2j (po, To) exp [B(T — To)] (24)

where T is the equilibrium temperature at each point, B is an
adjustable parameter, Ty is a reference temperature that is previ-
ously established and k21 a chosen value at a reference conditions
(po,Tp). The value of k;l is calculated by a rather artificial way as
described: a subset of three or four values (x,T,gE) of equilibrium
states with small differences in T (for the case of iso-T VLE an anal-
ogous procedure would be created) are selected from among the
experimental values. The coordinates chosen are correlated to the
simplest form of the model

g8 =21(1-2z1)ag (25)

obtaining a specific value of k together with ag for a simple non-
linear regression. Hence, the reference temperature Ty corresponds
to the mean of the points used, the pressure pg is the working pres-
sure in the isobaric case, and the parameter k21 is the value of k
obtained in the fit, which is fixed for each mlxture in Eq. (18).

After defining the multiproperty correlation procedure and
the multiobjective function established by Eq. (19), a GA imple-
mented in MATLAB® is used to avoid the complexities generated
with simultaneous correlation procedures based on the gradient
method. The results obtained are shown in Table 4 for the binary
methyl methanoate + pentane, together with the standard devia-
tions of fit for each of the properties. The values corresponding
to k (k51 y k21) for volumes and enthalpies are those shown in
Table 3, as indicated in the text. Fig. 4b shows the curves calcu-
lated by Eq. (18) for the excess Gibbs function gt and the activity
coefficients y;, while Fig. 4c represents the hE and vE curves. All
representations can be considered to be acceptable. Finally, Fig. 4d
shows the values and the curves of fit of the phase equilibria (VLE
and LLE), confirming the high capacity of the model and the effec-
tiveness of the procedure to carry out a multiproperty correlation.

The mathematical procedure designed was also used for the
NRTL model (see Appendix A.2) with the extended form pro-
posed by Ko et al. [29], see Eq. (A3). The numerical results of the
coefficients are shown in Table 4 and the corresponding represen-
tations in Fig. 4b-d. In general, the representations are considered
to be acceptable and the goodness of fit is very similar to the pro-
posed model. However, this is not the case for the LLE, where NRTL
extends the region of immiscibility far beyond the UCST of the
data recorded by Franzosini et al. [14]. It is noteworthy that there
are certain limitations in the application of the UNIFAC method
[12] for estimating the properties of methyl methanoate + pentane,
both in the iso-p VLE and in the hE. Although the estimations by
UNIFAC are lower than experimental values, the differences here,
both in the compositions and the temperatures, can be assumed by
the researcher. Hence, the coordinates of the predicted azeotrope
(xaz =0.546, Ty, =293.20K) are similar to the real values in spite of
the experimental difficulties found for this system. However, the
LLE that UNIFAC predicts for this mixture do not correspond with
the data in the literature [14], see Fig. 4d.

4.2. Combined correlation of VLE data and excess properties of
alkyl (ethyl to butyl) methanoate + pentane

No information is available on LLE data for systems of butyl,
propyl and ethyl methanoate with pentane. Experimental data of vE
and hE are provided at two temperatures (291 and 298 K), Tables S1
(SI) and S2 (SI) (for methyl methanoate + pentane these properties
were measured at only one temperature), as well as data of iso-p
VLE, at 101.32 kPa, Table S3 (SI). Therefore, the model used in the
previous case is not adequate, especially as it did not accurately
reproduce the vF at the two temperatures, so an extended version
of Eq. (18) is now proposed with an additional term for pressure,

8i4

2
g8 (x1,p, T)=21(1-21) Z(glﬁglzp +8ispT +

i=0

+ngTZ) Z]
(26)

and the expressions for the other properties, hE and £, are changed
as follows:

2

2 .
hE =z, (1 —Zl)z (gn +gp* + ?4 gist) Zy
i=0
0z1(x1, T
Dy b (27)

aT
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Table 4

Parameters obtained in the simultaneous correlation procedure of different properties for the set of binaries alkyl methanoate (1) + pentane (2), using the proposed model,
Eqgs. (18) and (26), and NRTL, Eqs. (A2)-(A5). Standard deviations s, for each of the properties are also presented.

Egs. (18) and (26)

NRTL, Egs. (A2)—(A5)

Methyl methanoate + pentane

i= Loi & &2 T12i Toni i=
1 1.852E+04 —2.902E+04 —4.089E +03 1.177E+06 2.928E+01 1
2 6.378E —08 —1.456E - 07 1.032E-07 —2.856E+07 1.056E+02 2
3 —2.081E+06 4.686E +06 1.238E+06 —2.090E +05 —5.374E+00 3
4 —7.677E—-02 1.315E-01 2.459E — 02 3.927E+02 9.405E - 03 4
kg0 0.996 0.008 <s(gE/RT)— 0.015 1.922E - 03 a
B —~1.155E—04 0.134 <s(yi) — 0.815
To 293.94 31 <s(hE) > 45
83 «~s(vF)
0.035 <s(x1) = 0.098
Ethyl methanoate + pentane
i= &oi Sii &2 T12i Ta1i i=
1 4.302E+04 —1.231E+05 1.104E+05 —1.839E+05 4.451E+01 1
2 1.955E - 07 —3.512E-07 1.822E-07 7.876E + 06 —1.350E+03 2
3 —1.040E — 07 1.893E-07 —9.441E-08 2.775E+04 —6.774E+00 3
4 —7.464E +06 2.350E+07 —2.098E+07
5 —1.765E - 01 5.045E — 01 —4.241E-01
kg0 0.583 0.005 <s(g"/RT)— 0.005 1.99E - 02 a
B 8.321E-03 0.057 <~s(yi) > 0.077
To 308.69 13 <s(hE) — 17
30 —s(1F)
Propyl methanoate + Pentane
i= Soi S 82 T12i Ta1i i=
1 9.653E+03 —7.007E+03 1.929E+04 7.944E +01 —3.561E+01 1
2 6.273E—-08 —3.199E - 07 4112E-07 —3.194E+03 2.075E+03 2
3 —2.519E-08 1.874E-07 —2.646E — 07 —1.196E+01 5.147E+00 3
4 —-8.211E+05 1.961E+05 —3.043E+06
5 —2.044E — 02 —7.102E—-03 —5.516E—-02
ko 2.154 0.035 < s(gE/RT)— 0.010 6.71E 01 a
B 1.7E-4 0.129 <s(yi) — 0.168
To 318.30 13 <«s(hE) — 10
22 ~s(vF)
Butyl methanoate + Pentane
i= Loi & &2 T12i Toni i=
1 1.490E + 04 —3.946E+03 —1.300E +04 —6.793E+01 6.438E+01 1
2 9.572E - 09 1.307E-08 7.902E — 08 3.134E+03 —2.237E+03 2
3 3.267E-09 —3.542E - 08 —3.723E-08 1.020E+01 —9.893E+00 3
4 —2.131E+06 2.319E+05 2.833E+06
5 —5.328E-02 1.291E-02 4.807E — 02
ko 1.465 0.006 «s(gE/RT)— 0.007 8.24E - 01 o
B -7.511E-04 0.051 <s(yi) — 0.046
To 322.63 20 <~s(hE) - 18
12 «~s(vF)
9oE 2 similar for this set, except for the propyl methanoate + pentane sys-
v = (5) =z1(1-27) Z (28ip + 83T ) 44 (28) tem, in which NRTL seems to produce a better representation, even
P/ 1x i—0 with lower values of s(yE). However, in Fig. 6b a non-real maximum

where Y is also different to that presented by Eq. (23), giving

2
Y = Z(H‘ 1) [(&411 —8i1) +(8it12 — 82)P* + (8iy13 — &3)PT
i=0

B8 (g g7 2 (29)

For the binaries of this group, values of the parameters k (kﬁl,
k21, k1) are calculated as indicated in Section 4.1. After introducing
the model in the GA, the best values for the parameters gj(p,T) of
Eq. (26) are achieved using the multiobjective optimization proce-
dure, with the OF from Eq. (19), described previously, but omitting
the term corresponding to the LLE. The results of the simultaneous
correlation for all the properties are recorded in Table 4 and the
curves are represented in Figs. 5-7. Simultaneous correlation of all
properties is also carried out with the NRTL model [17], using the
version presented in Appendix A.2. In general, the fits made with
the proposed model in this work and the NRTL model, are quite

can be observed for y, which results in a slight inflection for the
adimensional Gibbs function.

For the three mixtures considered here, UNIFAC does not give a
good prediction of the properties studied. The azeotropic point for
the ethyl methanoate + pentane mixture is estimated at coordinates
(xaz=0.277, Ta; =305.15K), with a temperature 1.3 °C lower than
that obtained experimentally.

5. Conclusions

To expand our previous studies on solutions of alkyl
methanoates +alkanes [1-3], iso-p VLE, hE and £ were measured
for four binaries empirically expressed by {HCOOC,Hy,+1 +CsHyz,
u=(1-4)}. The effects deduced by the experimentation are sig-
nificant in these systems, and some are also common to other
ester—alkane systems, such as interactions due to Van der Waals
forces and dipole-dipole attractions. However, in the systems con-
taining methanoate the associative effects due to hydrogen bonds
are also important. This does not mean that these effects are not
also produced in other esters, but they are more pronounced in
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the cases studied here. Combined effects give rise to significantly
endothermic and expansive global results, in which the effects of
the temperature is non-regular, since its variation does not affect
the property in the same direction; in other words, a AT does not
equally affect each of the three interactional effects mentioned pre-
viously. A positive variation in T increases interactional distances,
which also affects bipolar attractions, permitting a better accom-
modation of the molecules by reducing the final volume. Regarding
the iso-p VLE data, it is important to note the special conditions
of the experimentation carried out with the low boiling-point
systems (especially for methyl methanoate +pentane), obtain-
ing results of excellent quality. The binaries of methyl or ethyl
methanoate + pentane form azeotrope, as expected from the results
obtained with systems containing hexane [1]| and decane [2]. The
VLE results give rise to high activity coefficients, especially in the
system with methyl methanoate, indicating the high interactional
degree of these mixtures which is also reflected in the excess quan-
tities.

The multiproperty correlation is noteworthy and also the value
of the model proposed to perform these operations, especially in
the case of the methyl methanoate system with additional LLE data.
The extended version of the NRTL model used gives a good correla-
tion of the set of properties, but does not represent the LLE curves
of the system, or the vE since it does not include terms dependent
on pressure. Finally, in reference to modeling, the UNIFAC model
[12] represents iso-p VLE data, but the discrepancy with experi-
mental results steadily increases with increasing chain length of
the alkanolic part of the ester. These differences are also reflected
in the estimation of derived properties, especially in the hE val-
ues at different temperatures. This occurs in spite of the model
containing specific interaction parameters for the HCOO/CH,, pair;
therefore, improvement of the interaction parameters is an objec-
tive for future works.
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Appendix A. New experimental device and NRTL model
A.1. Experimental continuous injection device and checking

For working with low boiling-point compounds, as in the case
of some mixtures elected, which form azeotropes with temper-
atures close to ambient, a device such as that designed for this
experimentation and shown in Fig. A1, was used. The device was
manufactured of glass and is the basis of a steel compact injection
automatic system for future works.

The system works as a manually-operated continuous injector
and consists in a small tank (~20 cm?3) that terminates in a tube in
the shape of an inverted “T”, with one outlet that connects directly
to the entrance to the densimeter and the other that is soldered to a
3 cm?3 glass syringe. The container is closed by means of a manually
operated key, a teflon stem with a conical end that closes/opens
the three vias of the “T”, permitting the liquid flowing through
the horizontal tube (pushed by the plunger of the syringe) enter
the vibrating-tube of the densimeter returning the excess liquid to
deposit on the top. This produces an almost continuous flow of a
solution that changes its composition by the automatic addition of
one of its components, from injector “I”. The conical junctions con-
nected to the densimeter are hermetic and held up by a support. The
main corp of the device is thermostated with water circulating at a
temperature which is slightly lower (~0.1 K) than the densimeter.

— S — !
[ 1
7 .
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Fig. A1. Scheme of the continuous injection device built for density measurements
of low boiling points compounds and mixtures. (A) glass syringe; (B) circulation-
thermostat; (C) teflon closing-rod; (D) densimeter-cell DMA-602; (E) isolated box;
(I) injector controlled by PC.

In turn, the tank is immersed in another bigger one through which
the water thermostated is flowing as shown in the scheme of Fig. A1.
The measurement procedure consists in the following steps: (a) an
exact known quantity of one of the components is injected into the
tank and is pushed by the syringe plunger towards the densime-
ter, the teflon stem prevents the compound from flowing back into
the tank. After waiting for the temperature reading to stabilize, the
density value of the pure substance added is recorded; (b) with the
automatic injector “I” controlled by computer, a known quantity of
the second substance is added, the “T” valve is opened/closed and
the syringe is used to circulate several times the solution through
the densimeter to homogenize the mixture, until the densimeter
reading remains constant. A small needle is used to inject a current
of dry N, into the container in order to get a uniform atmosphere.
These operations are repeated as many times as necessary to obtain
several points on the density and the corresponding v£ curve. The
process is also repeated after changing the order of the substances
added. Calculations of the ester compositions are estimated with
an average uncertainty of £0.001.

The correct operation of the experimental device was first
checked by reproducing the v£ data of a known mixture, such as
benzene + cyclohexane at 298.15K, established as a standard by
many authors. The temperature was selected in order to provide an
effective comparison of the results obtained, since this is one of the
mixtures most studied at 298.15 K. PC-guided continuous injection
permits a large number of points to be obtained that are compiled in
Table S4 (SI) and a comparison with reliable vE data from the litera-
ture [30-38] showed average errors lower than 3%, see Fig. A2. The
experimental (x1,vF) data were correlated with a simplified form
of Eq. (1), with k2! for this mixture, and at the working tempera-
ture, taking a constant value of k2! = 2.216. The final expression to
represent the volumes of the mixture was:

2

Fx)=z(1-21)) vz

i=0

(A1)

while zis given by Eq. (2). The coefficients obtained were: vy = 3482,
v =2305, v, =1122, with s(1090F)=2 m3 mol 1.

A.2. NRTL model

In this work the NRTL model [17] was used with an adequate
extended form for the parameters. That form is expressed by Eq.
(A3),

E

g (x1,T) ( 21 G2 )

e ¥l _xix (T +1 A2
RT e (T et Ty et (A2)
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Fig. A2. Representation of residues, &§(1f), for the binary ben-
zene(1)+cyclohexane(2) calculated for vF from experimental densities measured
in device shown in Fig. A1 and those from literature: (®) our values, (® ) Ref. [30],
(® ) Ref. [31], (® ) Ref. [32], (a) Ref. [33], (A ) Ref. [34], (A ) Ref. [35], (A ) Ref. [36],
(4 ) Ref. [37], (+ ) Ref. [38]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Gj =exp (—aty) ;= Agyr + %ln T+ AgijsT (A3)

From Eq. (A2) a mathematical expression for the excess
enthalpies is

7/ Gz] x1‘5216’
hE (%1, T) = Rx1x; 21 2
X1 +X%621 (%) +xGy1)
.G X2712G;
12912 2012015 . (A4)
X162 4% (%1G1z +x2)
where
dG;; dr;
G=—2121_ ¢=—™H"_ A5
Uod(yr) v od(11) (A5)

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fluid.2013.11.026.
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