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Abstract

We have used in this work the crossover soft-SA§lagion of state to model nitrogen
dioxide/dinitrogen tetraoxide (NAN.O,4), carbon dioxide (C¢) and their mixtures. The
prediction of the vapor — liquid equilibrium of ghimixture is of utmost importance to
correctly assess the NOmonomer amount that is the oxidizing agent of talge
macromolecules in the GO+ NGO, / N,O4 reacting medium under supercritical
conditions. The quadrupolar effect was explicitnsidered when modeling carbon
dioxide, enabling to obtain an excellent descriptiof the vapor-liquid equilibria
diagrams. N@was modeled as a self associating molecule wéihgle association site
to account for the strong associating characten®NG molecule. Again, the vapor-
liquid equilibrium of NQ was correctly modeled. The molecular parameters vested
by accurately predicting the very few available erxxpental data outside the phase
equilibrium. Soft-SAFT was also able to predict tthegree of dimerization of NO
(mimicking the real N@N,O, situation), in good agreement with experimentabhda
Finally, CQ and NQ pure compound parameters were used to predicvdaper —
liquid coexistence of the GO+ NGO, / N,O, mixture at different temperatures.
Experimental pressure — G@nass fraction isotherms recently measured weré wel
described using a unique binary parameter, indegeraf the temperature, proving that

the soft-SAFT model is able to capture the noniideaavior of the mixture.

Keywords: soft-SAFT, crossover, reacting systems, @0, / N2O4



1. Introduction

Accurate thermodynamic properties of pure compouadsl mixtures, in
particular phase equilibrium properties, are neeulest a wide range of temperatures
and pressures for the optimization of existing amel design of new process and/or
materials in chemical industry. Even though experital data is always preferred, this
information is often scarce and it does not coViematures and operating conditions,
thus inducing a persistent effort to derive acaitaermodynamic models.

From the modeling of hydrocarbon or organic compbproperties needed in
the petrochemical industry, and because of therddyenovel industrial technologies, a
shift in modeling has occurred, focusing on uncommituids (ionic liquids,
biomolecules, etc.) or on common fluids under sevemperature and pressure
conditions, like the supercritical ones. In a coe@nsive paper, Prausnitz and Tavares
[1] recalled 50 years of thermodynamic models fedusn vapor — liquid equilibrium.
Hydrocarbons and other non polar fluid vapor —itigaquilibrium properties can be
satisfactorily modeled using a symmetric approacimbdel both, the vapor and the
liquid phase fugacity with the use of a van der Wagpe equation model [2,3], the
Soave — Redlich — Kwong or Peng — Robinson equatii@ing the most popular ones.
When polar fluids are involved at moderate pressuaetivity coefficient models are
more suitable for modeling the liquid phase. Whehigher pressure range is also a
concern, a symmetric equation of state approach eatmplex mixing rules including
an excess Gibbs energy term from an activity coeffit model can provide good
results. Unfortunately, even those approaches dimitations for complex fluids and

can drastically fail near the critical region, wsgen specific treatment is included [4,5].



For self-associating fluids like carboxylic acidalkanols or primary and
secondary amines, practical thermodynamic moddiamysuggested the description of
the dimer — monomer association equilibrium in tekevant phase in order to correct
the monomer composition participating into the wapdiquid phase equilibrium. This
is the case for acetic acid, a molecule that dimesrimostly in the vapor phase [6,7].
Self-associating fluids in the liquid phase are sotfrequent but do exist, like NO
which forms NO, dimers in the liquid phase [8].

In the recent decades, progress in computer scibaseenabled molecular
simulations to solve real problems, like the pradic of vapor — liquid equilibrium of
highly non ideal complex mixtures, by the use ddtistical mechanic principles,
developing efficient bias to sample fluid configimas [9,10]. However, although the
large computational time of the molecular simulatis not prohibitory to obtain
thermodynamic properties that are hardly measurétséll prevents its use in practical
and fast chemical engineering calculations.

Molecular based equations of state also routedatisical mechanics, are a
very attractive alternative. They retain their m& in chemical engineering
calculations as they apply to a wide spectrum darrttodynamic conditions and
compounds, being computationally much less demagnttian molecular simulations.
Among them, the Statistical Associating Fluid Theequation of state (SAFT) has
become very popular because of its capability efljmting thermodynamics properties
of several complex fluids, including chain, aromatind chlorinated hydrocarbons,
esters alkanols, carboxylic acids, etc [11]. SAFdsvenvisioned as an application of
Wertheim’s theory of association [12-14] throughe ttuse of a first order

thermodynamic perturbation theory (TPT) to formelatphysically based EoS [11, 15-



17] The ambition of making SAFT an accurate equetor engineering purposes has
promoted the development of different versions thatl to overcome the limitations

of the original one [18,19].

The objective of this paper is to check the acqu@fcone of these approaches
for describing the vapor-liquid equilibrium diagramnd association of the @® NO, /
N2O4 mixture. The prediction of the vapor — liquid eduilum of this mixture is of
utmost importance to correctly assess the; N@nomer amount that is the oxidizing
agent of vegetal macromolecules in the,GONO, / N,O,4 reacting medium. Such a
mixture is the reacting media in a novel proceserehbody-degradable polymers
readily usable for inside body surgery treatmeset@oduced through the oxidation of
polysaccharides and cellulose macromolecules byNiQ, in a reactor where CQs
present in excess under supercritical conditio§. [Zurrently, the oxidizing agent is
suspected to be N@nonomers but a real assessment of its exact gpanthe reacting

medium is missing to further optimize the processditions.

Supercritical CQis now well established as a solvent for use inagtions. The
modeling of CQ is routinely done using cubic equation of statewldver, CQ bears a
guadrupole that, if not considered in the modelipgovides inaccurate mixture
predictions that have to be corrected by the udenafry interaction parameters [21]. A
recent modeling of CO- perfluoroalkanes vapor — liquid equilibrium misgs using
the soft-SAFT equation of state showed that no riginateraction parameters are
required when the quadrupolar moment on carbonidkois explicitly included and

molecules do not greatly differ in size. In thaseathe quadrupolar effect on the phase



equilibrium is not hidden in the binary parametealue but explicitly described
increasing the model extrapolation capability [21].

The oxides of nitrogen are of main interest, notalor their occurrence in
biological and environmental chemistry. Nitrogeoxdde (NQ) is notoriously known
to self associate in the liquid phase to produoérdgen tetroxide (MD,4) according to
Equation 1 [8]. In the liquid phase®; can also additionally isomerizes [22]. In the
vapor phase, it was shown that dimerization alsas; while the formation of trimers,
tetramers or sequential indefinite self-associatigpothesis can be discarded [23]. In
this work NQ is modeled as a self associating molecule witimgles association site to
account for the strong associating character oN®g molecule. Assuming that the self
associating compound NGs a mixture of monomers NGand dimers BO, the

dissociation reaction to be considered is:

N,O, = 2NO, 1)

According to interpretation of Raman and X-ray $ped24] and the most recent
computational chemistry study [25], it has beenficored that the N@ association
takes place along the NN bond line. Both/N@d NO, molecules are fairly rigid.

Hence, in spite of its importance and given the-iw@al behavior of the
components, the GO+ NO, / NoO4 mixture is a challenging mixture to model. The
approach we have taken here is to use the soft-S#dtition of state [26,27], as it
explicitly builds on the association and the quadtar interactions. Therefore, the
equation is able to provide insights on the mixtoedavior, as for instance, the degree

of aggregation of associating molecules in eacts@ha equilibrium [28]. Like most



thermodynamic models, SAFT approaches require thiiation of several parameters
relating the model to the experimental system. Amaatage of SAFT-type equations
versus other approaches is that, as they are lmssthtistical mechanics, parameters
have a clear physical meaning; when carefully ditteey can be used with predictive
power to explore other regions of the phase diadi@nirom the data and operating
conditions used in the parameter regression, paifgr better than other models for
interacting compounds like activity coefficient nedsl [1]. Modeling predictions are
compared to very recent experimental measuremehtdl — CQ equilibrium
isotherms [29].

The paper is organized as it follows: first, thessover soft-SAFT equation of
state is shortly described, including the moleculadel used for CQand NQ. In the
results section, the soft-SAFT equation resultgaesented and discussed, as compared
to available experimental data, phase envelopethefpure compounds, additional
thermodynamic data of NQQused to validate the pure component parametgegyee
of dimerization for the N@N,O, system, and the mixture GO NO,/ N,O,. Some

concluding remarks are provided in the last section

2. The crossover soft-SAFT equation of state

The soft-SAFT Eo0S [26] is a modification of theginial SAFT equation [15-
17], based on Wertheim’'s TPT [12-14]. Since the BAfguation and its modifications
have been extensively revised [19], only the ma&tdres of the equation are retained
here. SAFT-type equations of state are writtenemms of the residual Helmholtz

energy:



ref + chain+ assoc+apolar

a®=a-a%=a" +a a

)
wherea anda are the total Helmholtz energy density and thalidms Helmholtz
energy density at the same temperature and derssiyectivelya™ is the contribution
to the Helmholtz energy of the spheres term conmgotiie molecules™™", the chain
contribution term an@®*°°; the association term, both come from Wertheirioty.
Finally, @ takes into account the polar contribution to thelrtholtz energy. In
essence, in the SAFT approach the total Helmhalergy is the sum of different
microscopic contributions, all of which can be taketo account in a systematic
manner.

The main difference between the soft-SAFT equatiod the original SAFT
equation [15-17] is the use of the Lennard—Jond$ ifhtermolecular potential for the
reference fluid in the soft-SAFT equation, withplissive and repulsive forces into the
same term, instead of the perturbation scheme baised hard-sphere reference fluid
plus dispersive contributions to it. This differenalso appears in the chain and
association term, since they both use the radstildution function of the reference

fluid, and it has turned out to be relevant for eapplications of the equation.

Hence, the reference term in the soft-SAFT EOS lig apherical fluid, which
represents the units making up the chains. Follgwiar previous work, we have used
the accurate EoS of Johnson et al. [30]. The cterim in the equation comes from
Wertheim’s theory, and it is formally identical the different versions of SAFT. It is

expressed as:



a™" = p kBTZ %@ -m)ln g, 3)

where p is the molecular density of the fluid, is the temperature ankk is the
Boltzmann constant. In the soft-SAFT case, it igligd to tangent LJ spheres of chain
lengthm that are computed following a pair correlationdtiong, ;, evaluated at the
bond lengthy.

The association term comes from the first-orderttAé@m’s TPT for associating fluids,

The Helmholtz energy density change due to assoucigt calculated from the equation

X M.
2™ = p kTY. xz[m X¢ - 2'J+ - @)

whereM; is the number of associating sites of componamd X" the mole fraction of

component not bonded at site which accounts for the contributions of all asating

sites in each species:

1
X¢ = .
i 1+ Navogpz ijxjﬁA"lﬂJ (5)
i B

The term A%~ is related to the strength of the association bbetiveen site in
moleculei and siteg in moleculej, from which two additional molecular parameters,

related to the association, appea™ , the association energy ang™” , the



association volume for each association site amapooind, (see, for instance, ref [26]
for details)
The extension of the equation to polar systemsoisedoy adding a new contribution

that consists in a perturbed polar term propose@uiybins and Twu [31].

a% = a;q

2H
a;lq

olar

Expressions ford,”" and, &°* | the second and third-order perturbation termsewe

derived for an arbitrary intermolecular referencgteptial and can be found in the
original papers [32-33]. These expressions incthdepolar moment of the molecul® (
for the quadrupole case, which is the one evalustetdis work [34), whose value is
taken from experimental measurements.

Since the reference term is written and establisloeda pure compound (in
contrast with the chain, association or polar termich are directly applicable to
mixtures), the residual Helmholtz energy densityhaf mixture is approximated by the
residual Helmholtz energy density of a pure hyptithéfluid, using the van der Waals

one fluid theory:

S

g

(7)
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2.2 xxmme oy
)

&0

(8)
m=) xm ©)
The above equations involve the mole fracttpand the chain lengtim of each

of the components of the mixture of chain. The sedsinteraction parametes and

&, are calculated using the generalized Lorentz-Bltmixing rules:

g; =1 ; : (10)

gij = Ctij \/ gii gjj (11)

wherey;; andg; represent the fitting parameters for binary migsudeviating from ideal
behavior, corresponding to a size and energy pasmespectively. In this sensg,
and & equal to one means full predictions from pure congmt parameters. In this

work we have used just one binary parameétewith a value very close to unity.

An extension of the original equation includes thddition of a crossover
treatment to take into account the contribution tbé long-wavelength density
fluctuations in the near critical region, the sdieth crossover soft-SAFT EOS [4].
Based on White’s work [35], from the Wilson’s ren@lization group theory [36], this
term is implemented by using recursive relationemhthe density fluctuations are

successively incorporated. This is the generaliegdation we have used along the
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present work. The Helmholtz energy density of @esysat density can be described

in recursive manner as:
a™ =Y a,(p) = > [a,.(0) +da,(0)] (12)

where a, is the Helmholtz energy density awnd, the term where long wavelength

fluctuations are accounted for in the following way

_ Q*(p)
d =-K 13
a,(p) "9 (p) (13)

where & and & represent the density fluctuations for the shange and the long-
range attraction respectively, akdis a coefficient that depends on the temperatude an

the cut off length:

— kBT
RRPENE (14)
QF(p) = jo"ex %(px)j dx (15)
Gnﬁ(p,x)=éf(p+X)+éf(p-X)-2§f(p) (16)

2

The superinde) refers to both longl and shortg) range attraction, respectively, and

G is a function that depends on the evaluation efftinctiora , calculated as:

12



an(p) = a,,(p) +a qmLCp)* (17)

@ Ow’

22n+1 [ L2 (18)

an(p) = a,,(p) + a O(m Oo)®

where m is the chain length (number of LJ segments formting chain),@ is an
adjustable parametegq; is the interaction volume with units of energy+wole, andw

refers to the range of the attractive potentiak Values oir andw for the LJ potential
were provided by Llovell and Vega [37].

The extension to mixtures is done following themsophism assumption, in the
same way as Cai and Prausnitz [38]. Following thiproach the one-component
density is replaced by the total density of the tome. In addition, calculations are
further simplified by using Kiselev and Friend’spapximation [39], in which chemical
potentials are replaced by mole fractions as indéget variables. Finally, the mixing
rules needed to determine the crossover paranmietensl g are defined as in previous

works [5,37]:

=2 %0 (19)

9=2.%4 (20)

For practical applications, the summation in equati2 is extended to five iterations,

because no further changes in the properties aerodd.
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The soft-SAFT EoS needs a minimum of three purepmmd parameters to
model any non spherical molecuis; the chain lengthy the diameter of the LJ spheres
forming the chain, and the interaction energy between the spheres. Fsmcading
molecules, the association volum& and the association energdy’ of the sites of the
molecule should be considered; for polar molectles polar moment (that can be
dipolar, quadrupolar or octopolar, depending on #teicture) can be explicitly
included. These parameters are treated as adjestéein applying the equation for real
fluids, although some clear trends within chemitahilies have been found. The
inclusion of the crossover treatment leads to tdditeonal parameters, treutofflength
L, related to the maximum wavelength fluctuationsittlare accounted for the
uncorrected free energy, agrlithe average gradient of the wavelet functiondusean
adjustable parameter. Finally, when dealing with meal mixtures, binary interaction

parameterg and¢ are sometimes required. In our case d@rf/used.

In this work the C@molecule was modeled as a fully flexible LJ chafilength
m, where the quadrupole was explicitly taken inteccamt The molecular parameters
are:m, the chain lengthy, the size parameter; the energy parameter, the quadrupolar
momentQ and thex, fraction of segments that contains the quadrugd®. was also
modeled as a fully flexible LJ chain of length with ¢ ande as the size and energy
parameters, respectively; to mimic the strong datiag character of this fluid, an
associating site was also included in this casth twio additional parameter(é*,B and

", representing the energy and volume of associgeéorsite.
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All parameter values were obtained by fitting expental saturated liquid
densities and vapor pressures for each componenmibymizing the following

objective function:

corps — 1 N Yical _Yiexp 2
Fobj = NP Z( Yexp j (21)

i=1

whereY represents the property data used for the regressamely"™ andP®'.
3. Results and discussion

3.1. Pure compounds VLE modeling

The soft-SAFT equation of state described above wsed with parameters
presented in Table 1. Figure 1 depicts the phasgrain of carbon dioxide as obtained
with three sets of parameters as compared to empatal data [40]. The third set of
parameters in table 1 (dotted lines in figure lyre&sponds to optimized parameters
from the original equation, without including theossover term, as obtained by Dias et
al.[21]. These parameters were optimized to besth® phase diagram, except the
critical region. The first set of parameters inléab were optimized in the present work
when applying the crossover soft-SAFT equatiorhéodame set of experimental data as
in Dias et al. [21] (full lines in figure 1). Thasko the crossover treatment, the overall
curve is very well reproduced, including the catiaegion. Finally, a third set of
parameters was used for comparison: the dashed boerespond to calculations

performed with the original soft-SAFT equation, ttieawithout crossover but with the
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m, o ande values fitted when using the crossover treatmanthat case, agreement is
similar to the one obtained with Dias’s parameter without crossover but, as this
second parameter set was not refitted, it deviat® in the liquid phase; a fact already
pointed out by Llovell et al. [5]. Quadrupolar irdetions were explicitly considered in
all cases with quadrupolar paramefgtaken from the value fitted by Dias et al. [21]
which compared well with experimental values of @@ quadrupole. The value of the
calculated critical points are presented in thel§ &b stressing the excellent agreement

achieved thanks to the crossover treatment.

NO; is a strongly associating molecule, mostly appeawith its dimer in the
liquid phase. The N&N,O, molecule was already studied by De Souza and Beiter
[42], modeling its VLE by the use of two differentolecular based EoS: the Hard
Sphere Attractive (HSA) EoS and the Semi empirieab (SES). In the first equation
HSA, molecules were modeled as single hard sphidreads with a mean field — type
attraction. Two adjustable parameters were neeithedhard sphere diameter and the
attractive interaction parameter. The second foatmh, SES, had three adjustable
molecular parameters (molecule size, attractiverggneand anisotropy parameter).
Unsurprisingly, SES, with its adjustable anisotcoparameter, gave better overall
results. As these equations did not include anyifipereatment for critical region
calculations, the approach failed to match thecalitemperature of NOby more than
10 K, while the experimental dissociation constdiffered by -25% (HSA) and +5%
(SES) respect to the experimental values. Modadinginary mixtures N@+ CCl, and
NO; + cyclohexane gave reasonable results with theedaemds for the dissociation

constant than for pure NO

16



In our case the molecule of N@/as modeled as an associating molecule with
one site of association located at the N atom. Ftoenobservations of Huang and
Radosz [11] about the relation between the assogiatrengths"® and volumex™
value, NQ can be classified as a strong associating flurd,agreement with
experimental observations. In our modeling apprdhishtranslate into a larg€® value

and a smallx™®

value. The association volume is significantly Bemathan for
moderately associating fluids (alkanols) modelethwhe soft-SAFT equation [37].
Contrary to the association in alkanols, or evencarboxylic acid dimers that
corresponds to loose hydrogen bonds from 2.1 teh2dhemical association in the NO
corresponds to a shorter and stronger bond @.ﬁ&cording to Chesnut and Crumbliss
[25]). The molecular parameters of N@re optimized with the crossover soft-SAFT
EoS and also used as is with the classical softTSB&S leading to two parameter sets
in table 1. As both set of parameters give accuesalts in the subcritical region, no
optimized parameters for the classical soft-SAFUatign were further sought.

Figure 2 depicts the vapor-liquid equilibrium of NCFigure 2a shows the
temperature-density diagram while Figure 2b is tedado the pressure-temperature
diagram. The experimental density data in the wipard coexistence region was
taken from the work of Reamer and Sage [43]. Adddi low temperature liquid
density data were taken from Gray and Rathboned#d]saturated pressure data at low
temperature was taken from Giaupe and Kemp [24pdth graphs we compare the
performance of the soft-SAFT equation with (fuhd) and without (dashed line) the
crossover treatment with the parameters given lletd. Unlike CQ where use of

crossover fitted parameters in the equation witltassover led to increased deviation

in the liquid density, both N£sets performed equally well far from the criticagion,
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probably due to the strong influence associati@ypin this compound. The crossover
term makes the agreement with the experimentalepdamgram to become excellent

over the whole phase region including the critreglion.

The molecular parameters obtained by fitting vapdriquid equilibrium data
were used to check their transferability for othegions of the phase diagram not
included in the fitting procedure but for which teeas available data. Figure 3 shows
the variation of the predicted liquid density veyghe total pressure of the system at
two isotherms (294.3K and 360.9K), as comparedxjgeemental data. As it can be
observed, the model is in very good agreement thighexperimental data [43]. It also
performs better than both SES and HAS models [#&] deviated much more at high
pressures, in particular SES for the 360.9 K measants and HSA for the 294.3 K
measurements. The difference between the soft-SA&Tation with and without
crossover displayed in figure 3 exists but is nighi§icant, as expected at such a
subcritical temperature.

In addition to obtaining accurate phase diagrahes,use of soft-SAFT enables
to evaluate the fraction of dimerization in the N@olecule, since the association term,
leading to the dimer formation, is built into theebry. Experimental monomer NO
fractions in the liquid phase data is scarce amte&ms only the low temperature range
246.65 — 295.95 K [8]. The crossover soft SAFT msdabout 40% of N@monomer
(50% without crossover) at the calculated critisahperature and reaches a maximum
of 53% (58% without crossover) (Figure 4a). Indettd maximum mole fraction of
monomer NQ in the mixture is not achieved at the critical parature. It is observed

that a high temperature favors the monomeg @m the non-interacting, ideal part of
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the energy change upon reaction) whereas high ymee$avors MO, (because of the
stoechiometry BD4:NO,). The balance between those two forces is obsernvetjure
4a. The curves are similar to those obtained bysB@za and Deiters [42] for their SES
and HSA Eo0Ss. Those authors also computed the dfigadr monomer fraction
assuming ideal gas and liquid and taking densitm®s the SES Eo0S. The shape of all
curves is similar but the effect of non-idealityegident in the liquid phase, where it
contributes to a lower mole fraction of N@an what would be expected from purely
ideal calculations. A zoom on the experimental d&igure 4b) shows a discrepancy
with the predictions at low temperature. Calculadi@and experimental points of James
and Marshall [7] differ by an order of magnitudet lthe absolute value of the non
bonded NQ@ remains extremely small.

Figure 5 shows the molar fraction of non bonded, NCthe vapor phase versus
the pressure at 293.15 K. Circles represent expeatiah data from Yoshinet al. [45]
while the line is the crossover soft-SAFT EoS predn. The agreement obtained
between the experimental measurements and theytheowithin the experimental
uncertainty, further reassuring the validity oftsBAFT for these systems.

A large number of dissociation constants are abkdlain the literature,
especially in the gas phase. Figure 6 comparesaloelated values with experimental
data from Dunret al.[46] that also compared well with previous measwsts [24,47].
The crossover equation reproduces the experimelaial quite accurately, with the
largest deviations at high pressure and temperature

Overall, modeling of N@using the crossover soft-SAFT EoS nicely reproduce

the main features of the experimental data avalabthe literature, and it improves the
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former modeling that used a hard sphere equatibstate HSA and a semi-empirical

equation of state SES [42].

3.2 CQ + NO,/ N2O4 mixture VLE modeling

The next step in this work concerned the evalunadibthe mixture C@+ NGO,/
N>O4. The previously mentioned pure compound pararsetere used to predict the
vapor — liquid coexistence of the mixture. The oskperimental data available for this
mixture is related to a recent work of Camyk{29], who have measured the pressure
versus the C®mass fraction at several temperatures. Those amubiave estimated an
absolute measurement error akco=0.036 to the mass fraction of ¢Cand
AP=0.075MPa. At first, pure predictions from crossosoft-SAFT without binary
interaction parameters were attempted; althoughBb8 captured the shape of the
curve, it failed to give an accurate descriptiontled experimental data. The use of a
unique binary parametef; was introduced by fitting the experimental datatioé
isotherm at 313K (which is the only one with enougtperimental information to
perform satisfactory regression) to the absolutsaye deviation on pressure computed

from equation 22. Calculations are presented intdge 3.

2
B 100 NP Pcal _ Pexp
AADP=- Z{ o j

1

(22)

Figure 7 shows a pressure-composition diagramisfrtiixture at three different

temperatures, from 298 till 328K. Symbols represtém experimental information
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measured by Camy et al. [29], while the full linase the crossover soft-SAFT

calculations. The dotted-dashed line representsritieal line.

We note that all calculations of those isothermezvamne with the mass fraction
of CO, not as usually done with the molar fraction. Facks systems containing
reacting system it is better to use the monomea asference molecule and its non
bonded fraction in the mixture X, in our case pded by the crossover soft-SAFT EoS.
The binary parameter value obtainetl{ 1.045) was enough to give quantitative
agreement for the whole composition range. Althougbressed on the 313.15K
isotherm, it predicts as well the behavior of thieeo isotherms and the critical line. The
very few experimental points at the other tempeestudo not permit to give a clear
conclusion about the agreement with the experinhembak. It seems clear that more

measurements are needed to extract a clear camtlakout the modeling.

4. Conclusions

The crossover soft-SAFT equation of state has hesed to successfully
describe the CO+ NO, / N,O,4 vapor — liquid equilibrium properties, as wellthe pure
component phase equilibria. The prediction of ,CONO, / N,O, vapor — liquid
equilibrium properties is of utmost importance ssess correctly the NOnonomer
amount that is the oxidizing agent of cellulosetiie CQ + NGO, / N,O, reacting
medium, leading to the production of body-degradapblymers readily usable for

inside body surgery.
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CO, parameters were regressed following the same puoeeas Llovell and
Vega [37] and Dias et al. [21] but refining theptimization so as to improve the liquid
phase density; the quadrupolar interactions wepdictky considered. N@Qwas treated
as a self associating compound with a single aatoni site. Compared to other self
associating fluids, the larg€® and smalk"® optimized values defined N@s a strong
associating fluid, in agreement with the experiraembservations. The association
volume «"® found is significantly smaller than that used fopderately associating
fluids (alkanols) modeled with the same crossoweft-SAFT equation [37]. The
proposed model and parameters fitted to vapordigquilibria was used to predict
liquid density value at two temperatures, showingryv good agreement with
experimental data and improving the performancge@fious published models [42].

The NQ modeling included a study of the dimerization fiat of the molecule.
Crossover soft-SAFT predicted a maximum dimerizafi@ction of 53%. Moreover,
the equation showed good agreement when compatée teery few experimental data
available, concerning the dimerization fractiom@m temperature and the evaluation
of the dissociation constant value.

Finally, crossover soft-SAFT was used to evalulageviapor — liquid coexistence
of CO, + NO, / N,O4 mixture and its critical line, using the pure campnt molecular
parameters. Experimental pressure — @@ass fraction isotherms recently measured
were used for comparison [29]. The use of a unigomstant binary parameter was
enough to achieve good agreement respect to therimgntal data, although more
experimental information would be required to asstite validity of the mixture

calculations. In any case, results for pure comgsundicate that crossover soft-SAFT
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provides a rigorous model that can be appliedudysthis mixture with a good degree

of accuracy.
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List of symbols

AADP Absolute average deviation from the pressure

a Helmholtz energy density (mol/L) and vdW attractparameter
g radial distribution function

ks Boltzmann constant (J/K)

K equilibrium constant

L cutoff length in the crossover soft-SAFT equator)

m chain length parameter for the soft-SAFT equation
NavogAvogadro’s Number

Np Number of experimental points

P pressure (bar)
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Q guadrupolar moment

T absolute temperature (K)

w range of the attractive potential

X integral variable, molar composition

Xp fraction of segment that take into account the quaalar moment
X fraction of not bonded molecules

molar composition

Greek letters

U chemical potential

P phase density (mol/L)

7 crossover constant

Q density fluctuation for the short-range and thegloange attraction.

o associating site, interaction volume in the crossderm

£ associating site

o segment diameter parameter for the soft-SAFT equat
€ dispersive energy parameter for the soft-SAFT aegoat

v stecheometric coefficient

" volume of association parameter for the soft-SAKliagion

£®  energy of association parameter for the soft-SAgiation

A related to the strength of the associatiteraction
Subscripts

0 zero-order variation

c critical

[ constituent reference
max maximum

min  minimum

n nth-order variation

r reduced
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Superscripts

S short-range attraction
I long-range attraction
£ short or long-range attraction
assoc association

cal calculated

chain chain

exp experimental

id ideal

LJ  Lennard-Jones

polar polar

qq quadrupolar

ref reference
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List of figure captions

Figure 1 a) Temperature-density anb) pressure-temperature diagram of carbon
dioxide. The dotted lines represent calculatiormmfrthe original soft-SAFT with
optimized parameters for this version from Diaglet21], the full line stands for the
crossover soft-SAFT equation with optimized parargetand the dashed lines
calculations with the original soft-SAFT equationtiwthe samem, ¢ and ¢ values
optimized with the crossover equation. See textdails. The symbols are the NIST

data taken from [40].

Figure 2 a) Temperature-density artg) pressure-temperature diagram of the reacting
system nitrogen dioxide / dinitrogen tetroxide. Thklashed line represents the
calculation with the original soft-SAFT equatiohgtfull line is the performance of the
equation with the crossover treatment. The symamdsthe experimental data, Circles

are from [43,44]. Squares are from [24].

Figure 3 Pressure - density diagram of®} at 294.3K (top) and 360.9K (bottom).The

dashed lines are from the soft-SAFT predictionB lifues are those from the crossover

soft-SAFT calculations . Circles are the experirabdata [43].
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Figure 4 Temperature dependence of the mole fraction of INGhe nitrogen dioxide /
dinitrogen tetroxide reactive mixtur@) vapor - liquid coexistence regiob) liquid
phase at low temperature. The dashed line repseseatcalculation with the original
soft-SAFT equation; the full line is the performanaf the equation with the crossover

treatment. Circles are experimental data from [8].

Figure 5 Comparison between experimental data from [45] emedsover soft-SAFT
EoS mole fraction of nitrogen dioxide in the vapggrase in a nitrogen dioxide /

dinitrogen tetroxide reaction mixture at 298.5 K.

Figure 6 Equilibrium constant versus Temperature for thesatigation of nitrogen

tetroxide. Symbols are from [46], while lines ane trossover soft-SAFT predictions.

Figure 7 Pressure — COmass fraction diagram of the €® (NO, / N,O4) mixture at
three different temperatures. Symbols are expetiahatata [29] at ) 298.15K, ©)
313.15K and 4) 328.45K, while the lines are crossover soft-SAffédictions. The top

line indicates the calculated critical line.
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Table 1 soft-SAFT optimized parameters for the compoumggstigated in this work.

Three sets of parameters are presented fop: @@ original parameters without

crossover, obtained by Dias et al [21], the paramsebtbtained in this work when the

crossover term was included, and the same parasmater ande values without the

crossover term. For the N@ystem only two sets of parameters were consigdemecde

m, o, &, ¢"° and«"® had the same values for the two versions of thetmn. See text

for details.
m o elkg ® L Q eBlkg B Tiange % AAD % AAD
A ® cm  ® @A (K) Pap p
CO, 1.606 3.174 1585 570 1130 4.4%0 - - 220-290  0.61 0.94
1.606 3.174 1585 - 441 - - 220-290  0.61 0.94
[21] 1571 3.184 160.2 - 4414d - - 220-290  0.50 0.90
NO, 1295 3.200 2478 650 1172 - 6681 1.0 294420 0.35 0.22
1.295 3.200 24738 - - 6681 1.0 294420 0.35 0.22
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Table 2 Calculated and experimental critical constantGay, [40] and NQ / N,O4 [43]

T. (K) P. (MPa) pc (mol/L)

compound exp. crossover  soft-SAFT exp. crossover soft-SAFT exp.  crossover soft-SAFT

soft-SAFT soft-SAFT soft-SAFT
CO, 304.1 304 324 7.38% 7.46 9.76  10.62 10.42 11.25
NO, 431.1 4310 4500 10.18! 9.90 12.82 11.96 11.79 11.21
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Table 3Variable absolute derivation of the calculated pues

T (K) & Data no Data reference AADP %
CO,+ NO, / N,O, 298.15 1.045 1 2 0.003

313.15 1.045 14 2 0.825

328.45 1.045 3 2 2.200
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