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Abstract—A unified equation of state theory valid from pure fluids to multicomponent associated mixtures of
molecules having any number of hydrogen (proton) donor and acceptor groups was formulated. Under the fundamental
assumption that the intermolecular forces are divided into physical and chemical forces, generalized Veytsman'’s
statistics for hydrogen bonding theory was combined with the nonrandom lattice-fluid theory. By the two-fluid
approximation, configurational Helmholtz free energy was derived from the lattice of the Guggenheim combinatory.
The Veytsman’s statistics extended for dimers and n-mers was employed for the description of some associating
systems including organic acid.
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INTRODUCTION equation of state was able to extend to a complex system such as a
polymer solution [Jung et al., 2002], solubility of dyes in supercrit-
Hydrogen bonding is stronger and has a much longer lifetimeical carbon dioxide [Joung et al., 1998] and critical region [Shin et
than the ordinary van der Waals interaction and it is often referredl., 2000].
as chemical reaction. The hydrogen bonding interaction implies the A new version of hydrogen bonding contribution which extended
formation of association complexes. The existence of this associaveytsman’s statistics for hydrogen-bonding system with dimer and
tion has been invoked by the basis of the various theories of asso-mers was employed. The main attention was placed on the de-
ciated solution. Heidemann and Prausnitz [1976] assumed chemimonstration of the resulting version of an equation of state named as
cal equilibria between molecules to form new species and obtaineMF-NLF-HB EOS for correlation of phase equilibria of hydrogen
the analytical solution for the chemical equilibria within an equa- bonding fluids.
tion of state. Ikonomou and Donohue [1986, 1988] developed the
APACT by applying this approach and combining with the per- THERMODYNAMIC PROPERTIES
turbed-anisotropic-chain theory [Vimalchand and Donohue, 1985].
Panayitous and Sanchez [1991] proposed an equation of state basedHelmholtz Energy
on Veytsman combinatorial expression [1990] for the number of The configurational lattice-fluid partition function for systems
ways of forming hydrogen bonds. They successfully described thevith hydrogen bonding (HB) interactions can be approximated as
thermodynamic behavior of systems of self-associated and cross product of physical and chemical contributions. Omitting details
associated fluids. Some species like organic acids tend to form din the derivation, the resulting expression for the configurational
mers, whereas some species like water and alcohols generally foridelmholtz energy is written as
n-mers. The Veytsman’s statistics was originally proposed for n-
mers and the equation of states incorporating the Veytsman's statis-
tics do not generally give realistic results for organic acid systemThe physical contribution, &, is given by Yoo et al. [1997a, b,
Park et al. [2002] proposed an extension of Veytsman’s statistic§998]:
for hydrogen-bonding system with both dimers and n-mers which .
was named as NLF-HB EOS. Although the formulation of the NLF-  BA“"=3 N/Inp, +N,In(1-p) —quln[H% -1 }
HB EOS is self-consistent with a sound theoretical basis, a less com- T N 0o O M
plicated model would be convenient in engineering-oriented phase —%27“’ > Q{In% e, D+ﬁ£,} @
equilibrium calculations. In this work, a recently developed equa- o 0
tion of state based on the two-liquid approximation of the lattice-where§ =N,q/N, Q. => X0 zG =r(z=2) *2 r,=> xr, p=
hole theory [Shin et al., 1997; Yoo et al., 19974, b, 1998] was exNr/N,, p=> p, and the nonrandomness fagjas defined as,
tended for the phase equilibria of hydrogen bonding fluids. This

AC :AC,P +AC,HB (1)

T, =exp{ B(g; &)} ©)
"To whom correspondence should be addressed. whereg is the absolute value of the interaction energy between spe-
E-mail: hwayongk@snu.ac.kr ciesjand . _
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of his retirement Seoul National University. ing can be readily derived as [Park et al., 2002],
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The chemical potential of component i in a mixture can be ob-

N
+ HB HB _ p(HBO HBO . . . .
Z{ Non INNoy ~Non InNg, } tained by using the following equation,

M N
*3 3 {BNmrAm+ (NAInNGT = N2 = (10)
—(NpINNpe’ = N2} @ The chemical potential for species i is given by the sum of phys-

ical and chemical (i.e., hydrogen bonding) contributions. These con-
whereN};? is the number of hydrogen bonding of donor type m andyiputions are expressed as follows.

acceptor type ri\'e is the number of unbonded donor of type m, .
No, is the number of unbonded acceptor of tydsih.  isthe num- £ =) (1) —n(1-p) +ind +r,|n[1+[3q—“” _%ﬂ
ber of pairs of dimerizing groups aht, is that of unpaired dimer- RT A thy

izing. The superscripts HBO and DO mean zero hydrogen bond- | 0
ing free energy and zero dimmer formation free energy properties £2905 n_ 4 8 < (1, ~ 10 (/) |5
, —-OL-— 3 InY 61, +Pg +y ————=2 10 (1)
respectively. ris the segment number of donors or acceptors. The z % q k=0 "oy 0T %
total number of hydrogen bonding at the finite hydrogen bonding ke
free energy and at the limit of the zero hydrogen bonding free en- ., 0O No NP L]
ergy is defined by following equations, respectively. B_-- MIn=2 +5 dyin—=E= +3 &g In="-1 (12)
RT N2 4 NE & TUNEE
Nue =Y > Noo ®) - . : .
m where, Dis unit value only if molecule i has a dimerizing group,
otherwise zero.
Nugo =Y Y Niun (6)

RESULTS AND DISCUSSION
Minimizing the Helmholtz energy with respect&j?  usihg
HB —

(BA®"™)/0N;, =0 gives the following equation for n-mers: We set coordination number z at 10 and the unit lattice volume

HEN| — N(HEpHB P V, at 9.75 ciimol™. The hydrogen bonding Helmholtz energy is
NnaNr =NagNon Tw@XP( =B e @) defined by the following equation:
and for dimers AT® =) —T g (13)

(2N2)(NG—2N2)(N; —2N2)N, =(NReNGD) riexp(—BAN)  (8) Hydrogen bonding parametetd;f S® ) were given in the re-

whereN; ,N. are the number of donor sites and acceptor sites cI]e rence [Park et al., 2002). Two molecular energy and size param-
the type ”1 ,ofadim er formation eters were fitted to the saturated liquid density and vapor pressure

2 EOS and Chemical Potential data. They were correlated by the following equation of states as
Standard thermodynamic relations can be used to derive Othefpncuons of temperature.
thermodynamic functions such as the EOS and the chemical poten- ¢ /k =g, +E,(T -T,) +E[TIn(T/T,) +T -T,]

14)
tial from Eq. (1). For example, the EOS for mixtures is given by
=R, +*R,(T —T,) *R[TIn(T/T,) +T —T,] (15)
_ 1 (O _ . .
P= ﬁVH%In[H G, 1%)}—In(l— 0) = (Vag = Viso) P where T=298.15 K is a reference temperature. The estimated val-

ues of coefficients for Eq. (14) and (15) are summarized in Table 1

Table 1. Temperature coefficients of Eq. (14) and (15) for hydrogen bonding components

Chemicals E E, E. R, R, R,
Methanol 84.1198 0.22939 0.35062 3.25856 0.003292 —0.0019
Ethanol 86.2273 0.15103 0.15712 4.72326 0.003214 -0.00234
Propanol 89.9716 0.11388 0.08600 6.25494 0.002864 —0.00204
Butanol 94.4333 0.09110 0.03817 7.78540 0.002875 -0.00008
Pentanol 94.2575 0.12735 0.14017 5.52668 0.063549 0.144511
Hexanol 102.4904 0.12227 0.11774 9.75133 -0.00135 -0.01539
Heptanol 105.6287 0.09335 0.02734 11.4754 -0.00834 —0.03454
Acetic acid 100.7946 0.15607 0.20233 6.29542 —-0.00155 —-0.00942
Propionic acid 99.8893 0.05936 -0.02382 8.62261 —-0.00036 —-0.00325
Water 360.2713 -0.37257 0.09315 1.85793 -0.00023 -0.00361
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Table 2. Binary interaction parameters @,,) and absolute average deviation (AAD) for vapor liquid equilibrium calculation

Binary parameter AADP AADY"
System T(K)
MF-NLF-HB ~ MF-NLF MF-NLF-HB ~ MF-NLF MF-NLF-HB  MF-NLF

n-Butane+methanol 323.15 0.05978 0.05706 1.106 13.172 0.007 16.010
n-Pentane + 1-pentanol 303.15 0.01394 0.03184 1.592 7.747 0.001 6.071
1-Propanol+n-decane 368.15 0.00143 0.06500 8.775 11.479 0.021 14.868
n-Heptane+ethanol 343.15 0.03190 0.06400 1.925 22.765 0.023 44.860
n-Heptane+butanol 348.15 0.02230 0.06345 2.023 9.467 0.010 15.080
n-Hexane +methanol 333.15 0.05336 0.09502 2.621 15.570 0.044 21.868
Benzene+1-butanol 318.15 -0.00493 0.05528 3.927 4.600 0.008 6.928
Toluene+1-butanol 333.15 -0.00685 0.04955 3.333 3.433 0.024 6.203
Ethanol+1-propanol 343.15 0.03862 0.01737 0.882 3.039 0.018 5.338
Methanol+ethanol 298.15 0.03251 0.00114 1.332 1.485 0.016 4.700
Methanol+1-propanol 333.17 0.03459 0.00342 0.779 0.364 0.130 0.950
n-Heptane+acetic acid 303.15 0.06711 0.05275 1.586 8.573 0.014 17.657
Benzene +acetic acid 293.15 0.02958 0.03166 0.711 3.772 0.006 11.658
Toluene+acetic acid 353.15 0.03941 0.04470 1414 1.272 0.014 14,571
acetic acid+propionic acid 313.15 0.00688 -0.00567 0.402 2.404 0.011 20.632

2.161 7.276 0.023 12.83

Average error
*AADP=(100/n) 3 NP ~P*/P> "AADY =(1/n;) 3 Mye™ —y=dye

for 10 selected hydrogen bonding substances. The present EOS He&83). The calculated results by MF-NLF-HB are similar to NLF-

one binary energy paramefgs for a binary system which is de- HB model [Park et al., 2002].
fined by In Fig. 1, calculation results of vapor pressures for water, etha-

£, =(646.) (1~ 1) (16) nol and acetic acid were compared with experimental data of Reid
oA 1 et al. [1986]. Acetic acid was considered to form dimers. Calcula-

The MF-NLF-HB EOS was applied to the vapor liquid equilib- tion results of the present EOS agreed well with experimental vapor
rium data of 15 binary systems [Gmehling et al., 1980] and the corpressure data for various types of associated pure fluids. Fig. 2 shows
relation results are summarized in Table 2. The calculation results dhe comparison of the present model with experimental VLE data
the present MF-NLF-HB EOS were compared with MF-NLF mod- for heptane+butanol system. Calculation results of MF-NLF-HB
el [Yoo et al., 1997a, b, 1998]. Average error percents for 15 binanEOS (AADP=2.023, AADY=0.010) for heptane+butanol system
systems of MF-NLF-HB model (AADP=2.161, AADY=0.023) agreed well with the experimental data compared with calculation
were lower than those of MF-NLF EOS (AADP=7.276, AADY=

120
A 348.15 K [Gmehling et al., 1980]
20 | e 363.15 K [Gmehling et al., 1980]
o water 100 | calc’'d by MF-NLF-HB
A ethanol — —- calc’d by MF-NLF
v acetic acid

calc’d by MF-NLF-HB

Pressure, MPa
Pressure, Kpa

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of heptane

300 400 500 600
Temperature, K

Fig. 2. Vapor-liquid equilibria of heptane and butanol system at
348.15K and 363.15K.
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Fig. 1. Comparison of experimental vapor pressures with calcu-
lated results.
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Pressure, kPa

@ 353.15 K [Gmehling et al., 1980]

The modified Veytsman’s statistics extended for both dimmers
and n-mers was adopted as hydrogen bonding contribution term.
The MF-NLF-HB EOS was tested for the calculation of vapor pres-
sure of various associated fluids and their mixtures (i.e., alcohol-
alkane, alcohol-alcohol, acid-alkane, acid-acid mixture). With one
binary interaction parameter fitted to data, good calculation results
were obtained for most systems compared with experimental data.
Especially, MF-NLF-HB EOS showed good agreement with highly
non-ideal mixtures of azeotropic systems and binary systems con-
taining organic acid.
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Fig. 3. Vapor-liquid equilibria of toluene and acetic acid system at

Mole fraction of toluene

NOMENCLATURE

A :configurational Helmholtz energy [J-mdl

353.15K. a, d.,: numbers of acceptor type n in species j and donor type m
in species i
A, :binary interaction parameter for i-j contacts
12 n, :number of total molecules

O 293 K [Gmehling et al., 1980]
calc’'d by MF-NLF-HB
— —- calc’d by MF-NLF

0.0 0.2

0.4 0.6 0.8

Mole fraction of benzene

1.0

N2, N : total number of acceptor groups of type n and donor group
of type m
N, :number of vacant sites or holes

N, :defined byN, =N, +iN,r,

5_; N, :defined byN,=N, +|ZlN,q,

@ P : pressure [Pa]

5 g :surface area parameter

E r, :segment number of associative site
r; : segment number of molecule i

R  :universal gas constant [J-meaK™]
T  :temperature [K]

V,, :volume of unit cell, 9.75 [cAamol ]
y : mole fraction of vapor phase

z . lattice coordination number [z=10]

Greek Letters

(KT [T
Fig. 4. Vapor-liquid equilibria of benzene and acetic acid system &  :interaction energy for i-j segment contacts [J]
at 293.15 K. A part of chemical potential due to internal degrees of free-

dom of component i
L :chemical potential for component i [J-mpl

results of MF-NLF EOS (AADP=9.467, AADY=15.080) which 8
did not have hydrogen bonding contribution term. A comparison
of the calculation result with experimental vapor liquid equilibria of
toluene+acetic acid and benzene+acetic acid systems is shown &
Figs. 3 and 4, respectively. Considerable improvements of present

: surface area fraction
: reduced density defined y=> N;r/N,
i=1

: nonrandomness factor defined by Eq. (3)

MF-NLF-HB EOS were obtained for the system containing organicSuperscripts

acid compared with MF-NLF EOS. c

: number of components
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HB : hydrogen bonding contribution
HBO : zero hydrogen bonding free energy
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