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Abstract

This work presents a formalised, physically consistent approach to account for cross
association in the SAFT framework. The focus of the approach was to account for solvation of
non-self-associating components, using members of the ketone and ether functional groups as
model components. Physical consistency is captured by only considering a single negative site in
these components, with the association mechanisms termed the “N scheme” as a result. An accurate
polar parameter set is a prerequisite for the approach, where polar and dispersion interactions are
already accounted for in pure component properties and those of mixtures where solvation is
absent. Using SAFT-VR Mie-GV as the example framework, the approach considers the discretisation
of the two association parameters, and it applies the resulting matrix of parameter sets to mixture
VLE data for the ketone or ether with alcohols in the C, to C,range. Analysis of the resulting AAD
contour plots demonstrate that the use of average solvation parameters for each functional groups
are appropriate, rather than component-specific parameters, and they offer excellent pure
predictions for alcohol mixtures and good predictions for aqueous mixtures. As a final test, the
approach was applied to chloroform, considering a single positive site and using the proposed
parameterisation method. The resulting “P scheme” for chloroform, in conjunction with the N
scheme for acetone, yields excellent predictions for the quintessential chloroform/acetone mixture

and emphasises the suitability and predictive strength of the approach.

Keywords: cross association; solvation; hydrogen bonding; SAFT-VR Mie; polar SAFT; polar; vapour-

liquid equilibria; ketone; ether; chloroform

1. Introduction



Molecular association is an umbrella term that collectively describes the anisotropic
intermolecular forces that result in the formation of dimers and higher order complexes. Association
between like (similar) molecules is frequently referred to as self-association, while complex
formation involving unlike (dissimilar) components is termed cross-association or solvation. While all
components that self-associate have the ability to solvate as well, not all components that can
solvate necessarily exhibit self-association. The distinction is made by considering the chemical
nature of the component — specifically the presence of proton donor and acceptor sites that
participate in association. Vinogradov and Linnell [1] provide an excellent classification scheme for
association behaviour. They distinguish between components with: proton donor sites only (Type 1),
proton acceptor sites only (Type Il), both donor and acceptor sites (Type Ill) and components with
neither (Type IV). By this definition, Type lll components include all self-associating species where
both self-association and solvation are possible. Type | and Type |l species on the other hand, while
unable to self-associate, are able to solvate with Type Ill components and indeed also with each

other.

The electrostatic forces of association are typically an order of magnitude larger than strong
molecular dipoles, and two to three orders stronger than the London dispersion forces common to
all chemical species [2]. It is for this reason that molecular association tends to govern the
thermodynamic behaviour of species capable of forming these complexes, and require explicit
consideration by thermodynamic models to account for resulting non-ideal behaviour. The ability to
account for molecular association is arguably the key feature responsible for the rapid development
of the Statistical Associating Fluid Theory (SAFT). The fact that the original association term in SAFT-0
[3,4] has remained largely unchanged, despite the extensive development of the monomer and
chain terms by subsequent SAFT variants, is testament to the revolutionary nature of Wertheim’s
seminal works [5—8] more than 30 years ago. This thermodynamic perturbation theory of first order
(TPT1) has been used extensively to describe the thermodynamic behaviour of archetypal hydrogen
bonding molecules, including water, alcohols and organic acids in every SAFT variant since SAFT-0. A
significant qualification of this modelling success however, is that all of these hydrogen bonding
species are strictly Type Ill components. The so-called “induced association” [9] of Type | and Il

components has received far less attention and remains an open ended problem in the literature.

In this work, we endeavour to approach the problem of solvation (cross-association) by
using a general and physically consistent approach, thereby establishing predictive applicability for a

wide range of components. We begin by considering the previous attempts at accounting for cross-



association of non-associating species, identifying the strengths and flaws of each, to arrive at a

formalised approach.

2. Accounting for Association in SAFT

The first step to accounting for association in SAFT is the definition of association
mechanisms; this is achieved through selection of an association scheme for the component in
guestion. An association scheme indicates the number of active proton donor and acceptor sites on

each molecule, and thus the mechanisms for possible site-site interactions between molecules.

2.1 Traditional Approaches

Huang and Radosz [10,11] defined a number of association schemes in their foundational
SAFTy: works, which were based on the atomic structure of self-associating (Type lll) functional
groups, some of which are presented in Table 1. The 3B scheme for example accounts for the two
proton donor and single proton acceptor sites present on the hydroxyl functional group of alcohols,
while the 4C scheme was explicitly developed to represent the extensive hydrogen bonding

structures of water through its two lone electron pairs and two polarised hydrogen atoms.

The 3B and 4C schemes were referred to as “rigorous” in the works of Huang and Radosz [10]
as they are exhaustive; accounting for all possible sites of molecular association. However, these
rigorous schemes do not account for the limiting effects of steric hindrance, where chain length and
molecular structures (rings, branches, etc.) limit the degree of association in heavier molecules. To
accounting for these physical limitations in related predictive models, one needs to make simplifying
assumptions regarding the activity of different sites. Reconsidering the alkanolic hydroxyl group as
an example, such a simplification is evident in the definition of the 2B scheme. Here, two different
(proton acceptor) sites are combined into a single active site, which is said to participate in hydrogen
bond formation. This simplification more accurately represents the degree of association in alcohols

larger than methanol, which explains its widespread use in the SAFT literature.



Table 1: Association schemes traditionally applied to different functional groups in the literature

Functional Group/Species  Association Scheme Site Representation

3B

Alcohols 2B

2C

Water 4C
Acetone (Ketones) Pseudo-2B

This physical consideration is central to an analysis of previous attempts to model solvation
in Type | and Il components, where one of the earliest and most prevalent approaches is to consider
these components as “pseudo self-associating” [12]. Accordingly, using acetone as a model
component, the Type Il behaviour is modelled by applying the 2B association scheme. The
underlying assumption of this approach is clear when one analyses the structure of the acetone
carboxyl group in Table 1, but the need for this assumption needs to be contextualised by
considering the parameterisation of SAFT. The standard regression procedure (SRP) employs an
objective function considering pure component properties alone. In the case of Type Il components,
the significant influence of self-association on pure fluid behaviour is captured in the magnitude of
the appropriate association energy (£*°/k) and volume (e.g. ¥*®) parameters. However, due to the
physical nature of Type | and Il components, their association sites are effectively dormant in the

pure state.

The pseudo-association approach thus essentially relaxes the rigorous physical description of
the component to allow for the determination of association parameters from pure component data.
The resulting parameter sets yield vastly improved predictions of solvation compared to the case

where cross-association is ignored. Subsequent work in both the SAFT [9,13] and Cubic Plus



Association (CPA) [14] frameworks have investigated the influence of different mixing rules (CR1,
ECR [15] and that of Wolbach & Sandler [16]) and the fixing of association parameter values to
improve model performance. Despite the "rigorous physical meaning of this approach" being called
into question [13], these studies have worked within the assumption, sticking to the boundaries of

the traditional association schemes, rather than investigating more physically rigorous alternatives.

Theoretically, the association schemes formally define the strength (explicitly, 4*®) and
prevalence (implicitly, X,) of all possible interactions between different sites on different
components. Algebraically, they allow for the explicit calculation of X,; from its general implicit form

in Equation 1, by defining the relationship between X,; and Xj; for all components and all site types.

-1
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Analytical solutions to this “mass-action” equation were necessary, not only for explicit
calculation of the association contribution, but for the calculation of thermodynamic derivatives of
the Helmholtz energy expansion at SAFT’s core. This necessity entrenched the SAFT,z association
scheme terminology in all subsequent development of the framework, but it also “inhibit[ed]
creative applications and hypotheses... because of the time-consuming effort of rederiving and
recoding the specific versions of [Equation 1] and its derivatives” [17] and explains, at least in part,
why researchers worked within these limitations. More recently however, innovative solutions such
as Michelsen et al.’s Q-Function [18,19] or the method proposed by Tan et al. [20] have removed
these limitations by allowing for more rapid computation without the need for coding analytical
solutions. These developments provide the impetus and the tools to explore a more physically

representative treatment of solvating Type | and Il components.

2.2 Modified Approaches for Solvation

Physically consistent approaches have been used in select applications of the CPA [21], GCA
[22], GC-SAFT [23,24], PC-SAFT [25,26] and SAFT-y-Mie [27] equations of state, where a range of
Type Il components have been successfully modelled by considering proton acceptor sites only.
However, closer inspection of such modelling strategies reveals a number of inconsistencies, with no

consensus on a formal treatment of these components.

The first discrepancy arises over the treatment of molecular dipoles: while the GC-SAFT

[23,24] and PC-SAFT [25,26] approaches account for dipolar interactions, the SAFT-y-Mie approach



of Sadeqzadeh et al. [27] omits an explicit polar term. Instead, they considered acetone to have both
a proton donor and a proton acceptor site in the pure component form, with an additional proton
acceptor site being “activated” in appropriate mixtures. This is, in essence, identical to the pseudo
self-associating treatment: the dipolar effects are assimilated into the association contribution, with
the Type Il solvation behaviour captured in the switch from 2B to 3B treatment for mixtures.
Unfortunately, such a treatment provided only qualitative predictions of mixture behaviour,
particularly in mixtures with non-associating components — a result which contributes to an
extensive body of SAFT literature highlighting the need to explicitly account for dipolar interactions

[28-32].

Among the cases where dipolar interactions were explicitly accounted for, there is
inconsistency in the parameterisation procedure. Following the group contribution approach,
Nguyen-Huynh et al. [23,24] proposed that the association energy and volume parameters of the
ketone, ester and ether functional groups be fixed to those of the 1-alcohol functional group, using a
single proton acceptor site for all three functional groups. This simple approach yielded fair results
for all three functional groups in mixtures with 1-alcohols, but the predictive strength of the
approach is unclear, given that other associating components (e.g. secondary alcohols, water) were
not considered. Moreover, how the approach would be extended to Type I/Type Il mixtures is
entirely unaddressed. The more traditional regression approach was recently employed by Corazza
et al. [25,26] in a very specific application to long chain esters relevant to the biofuels industry.
Considering the esters to have two proton acceptor sites, the authors regressed the association
parameters of ethyl acetate using an objective function considering binary VLE data with methanol,
ethanol, isopropanol and n-butanol. Assuming transferability, these association parameters were
used for the larger esters of practical interest to the study. The non-associating PC-SAFT parameters
(viz. o, m and g/k) were determined using the traditional SRP approach, with the Jog & Chapman (JC)
polar parameter [28,33] fixed using an empirical procedure proposed by Dominik et al. [34].
Following this regression strategy, excellent pure predictions were obtained for ester/ester and
ester/1-alcohol mixtures. However, neither different Type Il components, nor different mixture

types (viz. aqueous, Type I/Type ll) were considered in this application-specific case.

When one reviews the current literature related to the modelling of solvation in the SAFT
framework, a prominent characteristic is the lack of a formalised, general procedure to account for
such cross association. While the aforementioned cases provide either general or predictive
strategies to tackle this problem, the inconsistencies between the approaches leave ample room for

systematic improvement. Specifically, an approach that is both predictive and that can be used for



different Type | and Il solvating components has yet to be formally proposed. This is the overarching
aim of our current work: a comprehensive regression strategy for parameterising Type | and Il

components to yield predictive results in the SAFT framework.

3. The N scheme Approach

We begin our approach by considering the structure of the functional groups under
consideration. In this preliminary work, we look to define a general approach for the members of the
ketone and ether functional groups, where the lone electron pairs of the oxygen atom in the
ketone’s branch, or in the ether’s backbone, constitute two potential sites for solvation. Thus, the
first consideration in our formalised approach is whether to incorporate a rigorous two-site
mechanism, or to consider a simplified one-site approach. To this end, we reassess similar
arguments for the 3B and 2B association schemes for alcohols, and recall the steric hindrance
arguments favouring the use of the simplified 2B scheme. Considering the smallest ketone and ether
sizes (i.e. C3 and equivalent), as well as the central location of these functional groups, the steric
hindrance argument is even more pertinent for these components than for primary alcohols.
Moreover, Nguyen-Huynh et al. [23] conducted a preliminary analysis on the optimal number of
solvation sites in Type Il components, concluding that the rigorous treatment tends to over-predict
the degree of solvation. Thus, we combine the lone electron pairs on the oxygen atom to form a
single proton acceptor site as illustrated in Table 2. The moniker “N scheme” [35] is adopted to

reflect the single “negative” site used in the solvation mechanism.

Table 2: The proposed N scheme applied to ketone and ether functional groups

Functional Group/Species  Association Scheme Site Representation

Ketones

Ethers

3.1 Parameters & Mixture Data

The aim of the N scheme is to develop a predictive SAFT approach that accounts for cross-
association. However, accurately accounting for the effects of solvation should not affect the
predictive capacity of the SAFT model to account for component behaviour in non-solvating systems.

Rather, the N scheme should supplement a predictive SAFT approach with only the association



parameters requiring fitting. To this end, we use the recently developed SAFT-VR Mie-GV [32]
equation of state in this work, but we will also demonstrate that the approach is readily extended to

other SAFT variants.

SAFT-VR Mie-GV incorporates the Gross & Vrabec (GV) dipolar term [30] into the SAFT-VR
Mie framework [36]. For polar, non-self-associating species, the model considers the traditional
segment diameter (o), segment number (m) and dispersion energy (g/k), the Mie potential’s
repulsive range exponent (A;) as well as the number of polar segments (n,) — the GV polar parameter.
A more comprehensive summary is provided in the Supporting Information. In our previous work on
polar species [32], we presented a regression strategy for SAFT-VR Mie-GV dependent on pure
component properties alone. The resulting parameters exhibited excellent predictive capacity for
both pure component properties and those of polar/nonpolar and polar/polar mixtures. This fixed
polar parameter (FPP) approach fixes the value of (n,) using homologous group specific correlations,
with the nonpolar parameters regressed by using pure component properties in the traditional SRP
approach. The work also highlighted the robustness and predictive capacity of the GV polar term
compared to its JC counterpart — a point of significance given that both the GC-SAFT of
Nguyen-Huynh et al. [23,24] and polar PC-SAFT of Corazza et al. [25,26] used the latter in their

solvation approaches.

In accordance with our aim of developing a truly predictive approach, we use the previously
determined SAFT-VR Mie-GV parameter sets for ketones and ethers as the foundation for the
current work. Using this basis, only the solvation parameters require fitting. The five non-solvation
parameters are fixed to those values determined using the FPP approach, as listed in Table 3. As the
reproduced %AADs suggest, these parameter sets capture the pure component properties with a
high degree of accuracy and serve as an excellent starting point for the development of a
fundamental solvation contribution. The reader is referred to our previous work for a more detailed

discussion of the performance of these parameter sets to non-solvating systems.

In the SAFT-VR Mie framework, the energy (£°/k) and range of association (r/**) are used to
account for molecular association, or equivalently solvation in the context of this work. The latter
term is the point of departure from traditional SAFT approaches, where the association volume (k**)
is usually considered. The SAFT-VR Mie approach considers a temperature dependent association
volume by redefining the quantity as a function of the temperature dependent segment diameter (d)
according to equation 2. Here the r;*® term defines the distance between the associating site and its
corresponding segment centre and is fixed to a value of 0.40, while r*® (parameterised as the

dimensionless ratio r/*?/ o) is the regressed parameter.
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Table 3: Non-associating SAFT-VR Mie-GV parameters regressed using the FPP approach for ketones and ethers

(32]
My o m &/k A A n, u pet” p u™+ HP”
g.mol™ A K D AAD% AAD% AAD% AAD%
Ketones
acetone 58.08 3.4290 2.4452 240.214 6 11.6448 1.1651 2.88 | 0.287 0.273 7.71[37] 1.318
2-butanone 7211  3.6138 2.6027 257.887 6 11.9565 1.4308 2.76 ! 0.462 0.149 3.50[38,39] 1.260
2-pentanone 86.13  3.8842 2.5546 309.096 6 14.2015 15814 2.77 ! 0.121  0.368 4.04 [39] 2.698
3-pentanone 86.13  4.0097 2.3494 342831 6 16.1235 15258 2.82 | 1.000 0.036 2 2.703
2-heptanone 114.1  4.0856 2.9591 331.839 6 14.4697 2.1428 2.61 | 0.302 0.052 1.44[39,40] 1.854
3-heptanone 1141  3.9978 3.0839 325.042 6 14.6525 1.8486 2.81 | 0.766  0.924 2 2.215
4-heptanone 1141  4.3515 2.5258 390.102 6 18.0162 2.0323 2.68 ' 0.307 0.069 - 1.023
Ethers
diethyl ether 7412 3.7181 2.5763 237.444 6 12.0503 3.6616 1.15 | 0.408 0.633 2 1.695
di-n-propyl ether 102.18 4.3646 2.3167 357.437 6 17.3943 13,5238 1.21 | 0.147 0.538 2 1.026
butyl ethyl ether 102.18 4.2600 2.4820 349.730 6 17.6002 3.4662 1.22 | 1.082 0.658 . 7.597
dibutyl ether 130.23 4.3581 29326 363.107 6 17.4657 4.3989 1.17 | 0.572  0.646 2 1.464

" %AADs with reference to appropriate DIPPR Correlations [41]
+ %AADs in U calculated with reference to data sets as individually referenced
° No %AADs possible due to lack of published data

The nature of Type Il solvation dictates that these association parameters be fit to data of
mixtures where such cross association is evident. An important consideration is thus the choice of
second component in the mixture. To this end, we elect to follow a similar strategy to Corazza et al.
[25] by considering mixtures with each linear chain alcohol in the C, to C, range. By considering both
primary and secondary alcohols in this range, we hope to account for the effects of both molecular
size and hydroxyl group location on the resulting association behaviour. In order to generate
accurate association parameters for the ketones and ethers, reliable parameter sets for the alcohols
have to be used. The SAFT-VR Mie-GV alcohol parameters used in this work were shown to yield
accurate predictions for alcohol/n-alkane and alcohol/water mixtures [42], and are listed in Table S1
and S2 of the Supporting Information. Unlike the work of Corazza et al. [25] however, we consider
the results for all ketone/alcohol and ether/alcohol mixtures rather than just that of a model
component. In this way, we hope to identify systematic trends for the functional groups with
changing molecular weights and functional group locations. Thus, we consider all the available

literature data compiled in Table 4.



Table 4: Alcohol mixture data considered for regression of association parameters for ketones and

ethers
ethanol 1-propanol 2-propanol 1-butanol 2-butanol

acetone [43] [44] [45] [46] [47]
2-butanone [48] [48] [48] [49] [49]

2-pentanone [50] - [51] [52] -

3-pentanone [53] - [54] [55] -

diethyl ether [53] - - - -

di-n-propyl ether [53] [56] [57] - -
dibutyl ether [58] - - [56] [59]

3.2 Discretised Regression

The final step in the regression strategy is traditionally the development of an appropriate
objective function and the selection of a minimisation algorithm to yield the optimal parameter set.
However, given that only two parameters require fitting, we are presented with a unique
opportunity to systematically investigate the effect of varying association parameter values on the
resulting prediction quality. Specifically, we propose the use of a discretised regression approach for
this purpose. Discretised regression considers two linked parameters (o and 8), defining physically
significant upper and lower bounds for the parameters, and dividing the resulting range
[a/Bin: a/Brmax] into n discrete intervals. Each parameter combination (a,; 8,) is considered fixed,
with the remaining parameters regressed in the traditional manner. The result is a grid of minimised
objective functions, linked to the discrete values of the a and 8 parameters, which can be projected
onto a contour plot. In this way, the resulting parameter space can be visualised, allowing not only
for the avoidance of numerical pitfalls, but also for theoretical considerations to be made in
parameter determination. The latter is key when considering physically significant parameters like
those in the SAFT framework, as it allows for some relaxation of the strict mathematical rigour of
numerical techniques. The approach was first used in the SAFT-VR Mie framework by Clark et al. [60],
who discretised g/k and £*2/k in order to distinguish the relative contributions of the dispersion and

association energies to the overall system behaviour of alcohols.

In the context of this work, the association parameters are certainly linked, and so we can
consider physically significant bounds for €**/k and r**/o. For the ketone and ether solvation
parameters, we define the bounds as €"®/k € [1500; 3000] and r.*?/o € [0.28; 0.46], considering 30
intervals in each parameter. These bounds are based on regressed parameter sets for self-
associating species [36,42,61]. By discretising the association parameters and using the previously
determined non-associating parameter sets, no parameters require fitting. Thus, instead of

minimising an objective function, we can consider model predictions for mixture VLE at each

10



[£*%/k; r*®/o] combination, using the absolute average deviations (AAD) in y and T, or %AADs in P, to
construct the appropriate contour plots. By considering these surfaces for each of the considered
ketones and ethers, we can gain a more intuitive understanding of the solvation behaviour of the

functional groups as a whole.

4, Results

4.1 Discretisation Results

The discretised regression procedure was applied to each ketone/alcohol and ether/alcohol
mixture for which literature data were available, as presented in Table 4. The polar species were
modelled using the proposed N scheme, while the alcohols were modelled using both the 2B and 2C
association schemes. Both schemes were considered for the alcohols, since they provided
comparable predictions for both aqueous and nonpolar mixtures, with no clear predictive superiority
between them. Thus, until a clear distinction can be drawn between their predictive capacities, we

will endeavour to develop the model infrastructure using both schemes.

The results of the discretised regression provided some significant insights when considering
the respective homologous groups, as typified by the AAD contour plots for the acetone/ethanol and
3-pentanone/1-butanol mixtures, using the 2B association scheme for the alcohols (Figure 1). These
two cases are chosen because they cover opposite ends of the considered spectrum in terms of
molecular weights of the ketones and alcohols under consideration, but the same trends hold for all
other considered cases. The first notable feature is the common shape of the contours, where there
is a clear inverse relationship between £*/k and r.**/o. While this interplay is dictated by the
theoretical relationship between the parameters in the association term, what is not immediately
apparent from inspection of the theory is the expected magnitudes of the parameters, and indeed
the location of the minima. Figure 1 demonstrates that, regardless of the molecular weight of the
alcohol and ketone in question, the nature of the ketone solvation is the same — specifically, the

valley of minimum [€*%/k; r/**/o] combinations is identical for all members of the ketone functional

group.

11



3000

¢ Local0.76
a Global: 0.76

2700

-~ 2400

A8 4

" 2100
1800

1500
., 028 0.316 0.352 0.388 0.424 046

(') 'le/"

3000
¢  Local0.88
- Global: 0.91

2700

~ 2400

AB /(K

" 2100
1800

1500
0.28 0.316 0.352 0.388 0.424 046

(iii) fola

3000

¢ Local:0.55
a Global: 0.66

2700

2400

AB /K (K)

" 2100

1800

1500

.. 028 0.316 0.352 0.388 0.424 0.46
(ii) fglc
3000 >6.0
¢ Local 0.36
- Global: 0.46
2700
450
— 2400
X
-
~
2 3.00
2100
1800 ' 1.50
1500 -
.. 028 0.316 0.352 0.388 0.424 0.46
(iv) fola

Figure 1: Contour plots illustrating the discretised regression results for two ketone (N)/alcohol I(2B) mixtures:
(i) AADy & (ii) %AADP for acetone/ethanol at 313.15 K [43]; and (iii) AADy & (iv) AADT for 3-pentanone/1-
butanol at 1.013 bar [55]

The same trends are evident for the ether/alcohol mixtures in Figure 2, although the inverse

relationship is clearly shifted towards lower values for the association energy compared to the

ketone/alcohol mixture equivalents. Such a trend makes physical sense, with the more sterically

hindered ether functional group forming weaker hydrogen bonds than the more exposed ketone

carboxyl groups.
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Figure 2: Contour plots illustrating the discretised regression results for two ether (N)/alcohol (2B) mixtures: (i)
AADy & (ii) %AADP for diethyl ether/ethanol at 313.15 K [33]; and (iii) AADy & (iv) AADT for dibutyl ether/1-
butanol at 1.013 bar [56]

The significance of these results can be appreciated if one considers the results that would

have been obtained via standard regression, i.e. the local minima in Figures 1 and 2. Considering the

ketones as an example again, the local minimum for the acetone/ethanol mixture (¢*%/k = 2550K,

r®/o = 0.334) is far removed from the 3-pentanone/1-butanol minimum (¢*%/k = 1750K, r’®/o =

0.46), but the contour plots show that the difference in resulting AAD values is almost negligible. The

summary of local minima AADs for all considered systems in Table 5 shows this trend to be true for

all components considered in the discretised approach.
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Table 5: Summary of local minima AADs for discretised approach applied to ketone and ethers

Component Mixture £%/k (K) r’%lo AADy 72 2;8;) £%/k (K) r’%/o AADy 72 2;8;)
“2B” Alcohols “2C” Alcohols

Ketones
acetone ethanol 2650 0.316 0.76 0.55% 2550 0.382 1.36 2.95%
1-propanol 2000 0.460 0.82 0.58 K 2250 0.46 161 1.20K
2-propanol 1750 0.460 1.51 0.37K 1900 0.454 2.80 0.77K
1-butanol 1900 0.418 0.39 0.75K 1950 0.454 0.46 1.06 K
2-butanol 2150 0.412 1.07 1.95% 2400 0.388 1.34 2.26%
2-butanone ethanol 2550 0.340 0.54 0.16 K 3000 0.304 1.05 0.30K
1-propanol 1900 0.460 0.55 0.16 K 2100 0.454 1.32 0.40K
2-propanol 2050 0.412 0.62 0.19K 1950 0.460 1.26 0.41K
1-butanol 1950 0.454 1.55 0.53K 2250 0.448 1.45 0.81K
2-butanol 1850 0.460 1.06 0.48 K 1950 0.454 1.35 0.60 K
2-pentanone ethanol 1850 0.460 1.04 1.33K 3000 0.292 1.54 1.63K
2-propanol 3000 0.280 0.92 0.37K 3000 0.298 0.76 1.01K
1-butanol 1850 0.454 0.56 0.41K 2050 0.454 0.87 0.46 K
3-pentanone ethanol 1950 0.460 0.39 0.31K 2700 0.352 0.54 0.55K
2-propanol 2250 0.454 0.27 0.32K 3000 0.304 0.84 0.40K
1-butanol 1750 0.460 0.88 0.41K 1950 0.454 1.44 0.54 K

Ethers
diethyl ether ethanol 2100 0.304 0.48 1.42% 2450 0.280 0.58 0.55%
dipropyl ether ethanol 1950 0.310 0.69 0.24K 2050 0.316 0.34 0.21K
1-propanol 1600 0.400 0.28 0.17K 1550 0.412 0.33 0.18K
2-propanol 1750 0.328 0.30 0.48% 1550 0.388 0.73 0.96%
dibutyl ether ethanol 1800 0.340 0.40 0.87% 1600 0.388 0.50 1.48%
1-butanol 2050 0.286 0.70 0.37K 2500 0.280 0.79 0.26 K
2-butanol 2550 0.286 0.62 0.28 K 2800 0.280 0.74 0.35K

Based on these results for each functional group, we propose the use of functional group
specific association parameters to account for solvation, while using the N association scheme. This
essentially assumes transferability of the parameters and negates the need for parameterisation of
each member of the functional group. These functional group parameters correspond to the
minimum of the parameter space made up of the equally-weighted parameter spaces of the
constituent component mixtures. These parameters are listed in Table 6, and are represented as the

“Global” minima in Figures 1 and 2 for the ketones and ethers respectively.

Table 6: Functional group average association parameters to account for solvation with the N scheme

e /K rcAB /o P /K rcAB o
K K
“2B” Alcohols “2C” Alcohols
Ketones 2550 0.334 2800 0.328
Ethers 2050 0.298 2350 0.280

At this point, we briefly pause the development of the approach to note the transferability
of this proposed methodology to other SAFT variants. While the [€*°/k; r/**/o] space is discretised in
the SAFT-VR Mie framework here, the [€*?/k; k*°] space could have been considered if e.g. (s)PC-
SAFT were to be used instead. The only prerequisite is an accurate non-associating parameter set,
like those presented in Table 3, for the SAFT framework of interest. Applying the discretised

approach in this way would yield qualitatively similar contour plots to those presented in Figures 1
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and 2, with homologous group solvation parameters determined in much the same way. Thus, by
formalising the N scheme in this way, we hope to provide a systematic tool for use in all model
development, and not one that is limited to the SAFT-VR Mie-GV equation of state as presented in

this work.
4.2 Phase Equilibrium Predictions

The functional group specific solvation parameters of Table 6 are used in conjunction with
the SAFT-VR Mie-GV parameters of Table 3 to generate predictions for mixture phase equilibria in
this section. We begin by attempting to further narrow the range of accurate parameters by
comparing the performance of the parameters determined, considering “2B” alcohols and “2C”
alcohols, respectively. Figure 3 considers typical results for the ketone and ether sets, where the “2B”
alcohol and “2C” alcohol parameters yield almost identical results. The plots also serve to
re-emphasise the arguments of the previous section, namely that there are negligible differences in
the prediction quality of the local and global solvation parameters, despite large differences in their

numerical values.

375 0.28
<o P =1.013 bar

Non-Associating

S N - Local Min (2B) 0.25 1
— — — N - Ketone (2B)
365 — -+ — N - Ketone (2C) 0.22 1

Temperature (K)
w
(o))

o
Pressure (bar)
o
=
(o]

T=313.15K
Non-Associating
------- N - Local Min (2B)

0.16 -

350 A 0.13

— — — N - Ether (2B)
— -+ — N - Ether (2C)
345 T T T T 0.10 T T T T
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
(i) Butanone Mole Fraction (x,y) (ii) Dipropyl Ether Mole Fraction (x,y)

Figure 3: Solvation predictions comparing local and global minimum solvation parameter for (i) ketones:
2-butanone/1-propanol at 1.013 bar [48]; and (ii) ethers: di-n-propyl ether/2-propanol at 313.15 K [57]. Non-
solvating predictions included for comparison with those of the N scheme.

In order to test the predictive capacity of the N scheme approach, the solvation parameters
need to be applied to systems not considered in the parameterisation procedure. To this end, we
consider mixtures with alcohols (Figure 4) larger than those considered in Table 4, systems over

extended temperature ranges (Figure 5) as well as the rigorous test of aqueous mixtures (Figure 6).
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The predictions for mixtures with Cs alcohols show the same trends as seen in Figure 3 for
both homologous groups, with no distinction between the alcohol association schemes. However,
the influence of the N scheme is far more apparent in the 2-pentanone/3-pentanol mixture [62] than
in the di-n-propyl ether/1-pentanol mixture [63]. Azeotropic behaviour is falsely predicted in the
ketone mixture when solvation is not considered, highlighting the need to account for it explicitly. In
the ether system however, only small improvements are made using the N scheme in the much

larger temperature range.
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Figure 4: Extrapolation of solvation parameters, considering mixtures with larger alcohols (i) 2-pentanone/3-
pentanol at 1.013 bar [62]; and (ii) di-n-propyl ether/1-pentanol at 1.013 bar [63]. Non-solvating predictions
included for comparison with those of the N scheme.

Considering model predictions for multiple P-xy data sets of a given mixture tests for the
presence of temperature dependence in the model parameters. In Figure 5, predictions for the
2-butanone/ethanol system at four different temperatures [64,65] are presented. Analysis of the
predictions suggests that there is some decrease in prediction quality as the system temperature
increases, with AADs in y increasing systematically from 3.70 to 5.85 from the lowest to the highest
temperatures considered. The pressure predictions also transition from underpredicting at 298K to
overpredicting at 383K and higher temperatures. The isobaric training data set, with temperature
range (T € [347K;351K]), exhibited a better fit, reinforcing the suggestion of some degree of
temperature dependence. Whether such temperature dependence could be eliminated by
incorporating multiple P-xy data sets in the regression of solvation parameters is difficult to say at
this point as there is limited data available for these solvating systems in the literature. This point

will be readdressed as we consider a wider range of functional groups in future work.
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Figure 5: Predictions for the 2-butanone/ethanol system at four different temperatures [64,65]. A subtle trend in
prediction quality is evident, suggesting some temperature dependence of the solvation parameters.

Accurate prediction of aqueous organic mixtures is notoriously difficult for equations of
state, given the possibility of liquid immiscibility and even vapour-liquid-liquid equilibria. Such
behaviour is apparent in the acetone/water [66] and 2-butanone/water [67] systems in Figure 6. In
both systems, we find that near complete immiscibility is predicted when the effects of solvation are
omitted. The N scheme approach improves the model predictions for the solubility of water in the
organic phase, but the models still struggle to accurately account for ketone solubility in water —
particularly for the smaller acetone molecule where liquid splitting is still predicted for very low
concentrations of acetone. This result is not unfamiliar, as accurate modelling of the aqueous phase

is one of the most difficult challenges for thermodynamic models.

In the context of this work however, predictions for the 2-butanone/water allude to the
predictive strength of the N scheme approach and present a notable result. By comparing the
predictions from the two sets of solvation parameters, we find that the set based on “2C” alcohols

offers a notably improved prediction to the set determined with “2B” alcohols. The model still
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struggles in the water-rich region, but behaviour in the ketone rich region is well captured when one
uses the solvation parameters generated with “2C” alcohols. This corroborates the original findings
with the 2C scheme [68], where phase behaviour of aqueous alcohol mixtures was better predicted
using the 2C scheme. This result is significant as it offers the first notable difference between the
parameter sets, and indeed the underlying alcohol parameter sets, in our works so far. As such,
notable improvements in model predictions are observed when one accounts for solvation with the

N scheme, albeit that there is still ample room for optimisation in the case of aqueous mixtures.
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Figure 6: Application of the N scheme approach to solvation in aqueous ketone mixtures: (i) acetone/water at
1.013 bar [66]; and (ii) 2-butanone/water at 1.013 bar [67]. Non-solvating predictions included for comparison
with those of the N scheme.

5. Cross Association in Type I/Type |l Mixtures

The results presented thus far have highlighted the strength of the proposed N scheme,
considering solvation in mixtures with Type Ill components. However, for the approach to be
considered truly predictive, accurate description of cross-association in Type I/Type Il mixtures is
vital. A comprehensive treatment of Type | solvation would constitute a body of work on its own, but
we believe that a preliminary assessment is necessary to justify further development of this
solvation approach. To this end, we limit our discussion to the quintessential Type I/Type |l mixture:

chloroform/acetone.
5.1 The P Scheme

The first step to accounting for Type | solvation is description of the association scheme.
Following the same procedure as was used for the N scheme definition, we begin by considering the

chemical structure of chloroform in Table 7, where the three chlorine atoms strongly polarise the
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lone hydrogen atom. This constitutes a proton donor site, or a single “positively” charged association
site, which we use as inspiration for the “P scheme” moniker assigned to the resulting association

mechanism.

Table 7: P Scheme definition for chloroform

Species Association Scheme Site Representation
e
Chloroform P Cl-C-ClI
c

Parameterisation of chloroform in the SAFT-VR Mie-GV framework is conducted in a
two-step procedure. The non-associating parameters are determined by discretised regression,
following the procedure detailed in our recent work on alcohols [42]. In short, the appropriate
dispersion and polar contributions to pure component behaviour are sought by discretising the
[e/k; n,] space. The remaining nonpolar parameters (o, m and A,) are regressed using an objective
function that considers pure component saturation properties [41], as well as compressed liquid
speed of sound [69]. This regression procedure yields a matrix of minimised objective function
results, each corresponding to a unique parameter set distinguished by discrete values of £/k and n,,
These regressed parameter sets are then used to generate predictions for chloroform/alkane VLE
data (here, in mixture with n-hexane [70]), the resulting AADy and %AADP values for which form
matrices in the same [g/k; n,] space as the minimised objective function matrix. These three
matrices are then projected onto contour plots, and the optimal [g/k; n,] combination, which

balances application to pure component and mixture data, is selected.

The second step in the parameterisation is the determination of average solvation
parameters for chloroform, by considering chloroform/alcohol VLE data in the same C,-C, alcohol
range [44,53,71,72] that was considered for the N scheme parameterisation. In this preliminary
analysis, the discussion is limited to chloroform parameters determined from mixtures where the
alcohol is modelled with the 2B scheme. The more complex interactions between the 2C and P
schemes will be investigated in future work. The full regression results are presented in the

Supporting Information, with the resulting parameter set presented in Table 8.

Table 8: SAFT-VR Mie-GV parameters for chloroform, accounting for solvation using the P scheme

My o m &/k A, A n, u %/k /o
g.mol* A K D K
Chloroform 119.38 3.8647 1.9368 330 6 13.476 3.6 1.01 1950 0.280
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These SAFT-VR Mie-GV parameters are evaluated through their application to phase
equilibria of chloroform in mixtures with nonpolar (chloroform/n-hexane [70]) and associating
(chloroform/methanol [53]) components (Figure 7). The dipole moment of chloroform is small, but
comparable to that of the ethers — and as was the case with the ethers, incorporating an explicit
polar term is necessary to accurately capture the subtle dipolar effects. As was the case for Type |l
components, ignoring the effects of solvation results in significant over-prediction of the azeotropic
pressure in the chloroform/methanol mixture, since the magnitude of the like interactions is under-
predicted. However, the mixture behaviour is accurately accounted for when using the P scheme —
an important predictive result, given that methanol was not considered in the discretisation
procedure for the determination of the solvation parameters. Accurate predictions in these systems
are an absolute necessity before we can consider the model’s application to cross-association in
Type |/Type Il systems. The results in Figure 7, combined with the N scheme results presented earlier,
thus provide a solid foundation for further consideration of the complex solvation behaviour in the

chloroform/acetone mixture.
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Figure 7: Application of the regressed SAFT-VR Mie-GV parameters for chloroform to mixtures with (i) n-hexane
at 298.15K [70], and with (ii) methanol at 308.15 K [53]. Accurate predictions demonstrate suitability of the
explicit polar term in the former, and the new P scheme in the latter.

5.2 Chloroform/Acetone

The chloroform/acetone mixture provides the most stringent test of the predictive capacity
of the proposed N and P schemes, because of the manner in which the solvation parameters are
determined. If the association parameters had been fit to chloroform/acetone mixture data, an
accurate prediction for the system would be obtained, but such an approach would be entirely

correlative, akin to fitting a binary interaction parameter to improve the model fit. However, by
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considering only the cross-association with alcohols in the parameter determination, their
application to Type I/Type Il solvation is purely predictive and represents a true test of the physical
appropriateness of the approach proposed here. The full set of these predictions are presented for

the chloroform/acetone mixture [73] in Figure 8.
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Figure 8: Application of SAFT-VR Mie-GV, considering the proposed P and N schemes, to the phase behaviour of
chloroform/acetone at 308.15 K [73]

By considering both components as non-solvating, the model falsely predicts slight positive
deviations from ideality, where substantial negative deviations are witnessed experimentally. While
not explicitly shown in Figure 8, identical predictions result if the solvation of only one of the
components is considered. This result can be logically predicted if one considers the association
mechanisms defined for the N and P schemes and the resulting dormancy of the association sites in
the mixture when considered this way. However, by explicitly accounting for solvation in both
components, notable improvement in the prediction quality is evident. Indeed, there is even good
guantitative agreement between the model predictions and the experimental data. The ketone
parameters fit using “2B” alcohols yield a better prediction than those using “2C” alcohols, although
it should be remembered that only “2B” alcohols were considered in determining chloroform’s
solvation parameters. Therefore, definitive distinctions between the parameterisation approaches
cannot be made from these predictions alone, and it is unclear at this stage whether the association
scheme of the paired alcohol, used to determine N and P scheme parameter sets, has a limiting
effect on prediction quality. This should nevertheless not detract from the excellent predictions in
evidence. It confirms both the predictive capacity and physical suitability of the proposed N and P

scheme approaches, which can serve as a solid foundation for further investigation.
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6. Conclusions

The aim of this work was to present a formalised approach to account for cross-association
within the SAFT framework. Specifically, the approach is physically consistent and entails a
generalised methodology that could be applied to any class of solvating component. With a high
predictive capacity as priority, our recent works within the SAFT-VR Mie-GV framework [32,42] were
used as the foundation for this development. To this end, the Type Il behaviour of the ketone and
ether homologous series was considered here to demonstrate the generality and transferability of

the proposed approach, with brief consideration given to the Type | behaviour of chloroform.

The N scheme considers the atomic structure of the ketone and ether functional groups and
the presence of only negative sites in these components, while similar considerations account for
the positive site of chloroform in the P scheme. These schemes are consistent with our physical
understanding of solvation in these components, and the assignment of these schemes ensures that
the contribution of association to these components’ behaviour is only present in solvating mixtures.
Using this basis in the SAFT framework, only two association parameters need to be determined — in
this work, the €*/k and r/*’/o parameters of SAFT-VR Mie are considered, although the
transferability of the approach to other SAFT frameworks is clear. The proposed approach considers
discretisation of the association parameters, without the need for regression, and applies the
resulting parameter sets to phase equilibrium data for mixtures with C,to C,alcohols. Projecting the
resulting matrices of AAD values onto a contour plot allows for visualisation of the parameter space
in each considered mixture. Considering all such contour plots for each ketone and ether, it was
found that functional group average parameters generate quantitatively similar predictions to the

optimal parameter sets, despite large differences in parameter values.

Using average solvation parameters for different functional groups yields excellent
predictions for ketones and ethers with alcohols, even when extrapolating to components not
considered in the parameterisation procedure. Good predictions are evident for aqueous mixtures of
these components, although accurate description of solubility of the organic component in the
aqueous phase still remains elusive. Moreover, application to P-xy data over extended temperature
ranges suggests some temperature dependence of the parameters. However, the predictive
strength of the N and P scheme approach is emphasised by the quality of the prediction for the
chloroform/acetone mixture, where the notable effects of solvation are well captured. These results
will serve as a foundation for further application of the N and P schemes to other solvating species in

future work.
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Nomenclature

d temperature dependent segment diameter, A

H" heat of vaporization

k Boltzmann constant, JK*t

m segment number

My, molecular weight, kg.kmol'1

Ny Avogadro’s number

n, number of polar segments

P saturated vapour pressure, kPa

rCAB range of association, A

rdAB distance between the associating site and its corresponding segment centre, A
fa speed of sound in compressed liquid phase, m.s’

X; mole fraction

Xai fraction of molecules i not bonded at site A

Vil association strength

g/k dispersion energy parameter, K

eAB/k association energy parameter, K

K Association volume parameter, A

Aq Mie attractive range exponent

A Mie repulsive range exponent

u dipole moment, D

o™ saturated liquid density, kg.dm™

p; number density, A*
o segment diameter, A

Abbreviations

ex
AADX absolute average deviation, AADX = 1/, Y™, Xt = X, p|/Xexp
L
ex
#AADX Percentage absolute average deviation, %AADX = 100/, yn et = X, pl/Xexp
L
CPA Cubic Plus Association
CR1 van der Waals one fluid mixing rules
ECR Elliot mixing rules
FPP Fixed Polar Parameter [approach]
GC-SAFT group contribution SAFT
(-)GV (incorporated into the indicated framework) Gross & Vrabec polar term
(-)JC (incorporated into the indicated framework) Jog & Chapman polar term
PC-SAFT perturbed chain SAFT
SAFT-0 SAFT of the research group of Chapman
SAFT g SAFT of Huang & Radosz
SAFT-VR Mie SAFT for Mie potentials of variable range
SPC-SAFT simplified PC-SAFT
SRP Standard Regression Procedure [approach]
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