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Abstract

The prediction of the thermodynamic properties, and in particular of the solid-

liquid solubility, of active pharmaceutical ingredients (APIs) is a significant

challenge of interest in pharmaceutical applications and solvent selection pro-

cesses. Here, we extend the table of group-group interactions (3 like interactions,

47 unlike interactions) of the SAFT-γ Mie group-contribution equation of state

to model the phase behaviour and solubility of mefenamic acid, a nonsteroidal

anti-inflammatory drug, in a range of solvents. In addition to mefenamic acid,

we also consider its molecular synthons: benzoic acid and diphenylamine. New

experimental solubility data are presented for the three molecules in a range of

solvents, and three new SAFT-γ Mie groups are defined (aCCOOH, aCNHaC

and CH3CO) and characterised, together with their unlike interactions with

solvent groups. Literature data of vapour pressure, single-phase density, satu-

∗Corresponding author
Email address: a.galindo@imperial.ac.uk (Amparo Galindo)

Preprint submitted to Fluid Phase Equilibria February 2, 2021

This is a peer-reviewed, accepted author manuscript of the following article: Febra, S. A., Bernet, T., Mack, C., McGinty, J., Onyemelukwe, I. I., Urwin, S. 
J., Sefcik, J., ter Horst, J. H., Adjiman, C. S., Jackson, G., & Galindo, A. (2021). Extending the SAFT-γ Mie approach to model benzoic acid, diphenylamine, 
and mefenamic acid: solubility prediction and experimental measurement. Fluid Phase Equilibria, 540, [113002]. https://doi.org/10.1016/
j.fluid.2021.113002



ration density, vapourisation enthalpy, bubble temperature, dew temperature,

and bubble pressure are used to characterise the new group-group interactions.

Solubility data are used to characterise the new group-group interactions only if

there are no other experimental data available. The transferability and predic-

tive accuracy of the new models are assessed by comparison of the theoretical

predictions with the experimental solubility data. Our comparison includes al-

cohols, ketones, and esters as families of solvents and includes mixed-solvent

solubility predictions.

Keywords: statistical associating fluid theory (SAFT), mefenamic acid,

solubility, group contribution

1. Introduction

The development of pharmaceutical drugs and biomedical applications re-

quires the knowledge of the thermodynamic properties of mixtures of active

pharmaceutical ingredients (APIs) and solvents. In particular, the solid-liquid

solubility of APIs, together with the permeability, is a key property determin-5

ing bioavailability, as well as dictating early on the choice of reaction solvents

and separation processes (typically crystallisation), the final formulation of the

drug, and its manufacturing method. As such, a considerable amount of exper-

imental work is currently expended in screening solvents and solvent mixtures

for optimal drug solubility [1], a process that can be time-consuming, and often10

ineffective, as only a relative small number of API-solvent combinations can be

practically screened.

Mefenamic acid (2-[(2,3-dimethylphenyl)amino]benzoic acid; C15H15NO2;

CAS number: [61-68-7]) is a nonsteroidal anti-inflammatory drug (NSAID) and

analgesic, used to treat moderate pain [2, 3, 4]. Mefenamic acid is known to15

crystallise in two forms (Form I and Form II) [5, 6, 7, 8], and a Form III has

recently been reported [9]. Form I is stable at ambient conditions with respect

to Forms II and III, and is interesting to note that at higher temperatures the

order of stability changes to II>I>III. In a number of studies the existence of the
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different crystal forms crystallised from a variety of solvents is presented [8, 10].20

The existence of different forms affects the crystallisation in pharmaceutical

processes [11, 12]. Although the metastable forms are expected to be more

pharmaceutically active, because of their higher solubility, it is more practical

for pharmaceutical formulations to consider the stable Form I. In a number of

previous works the solubility of Form I has been reported, in ethanol and octan-25

1-ol [13, 14] and carbon dioxide [15]. Mudalip et al. [16] report high solubility

of mefenamic acid (Form I) in dipolar aprotic solvents, moderate in polar protic

ones, and poor solubility in non-polar aprotic solvents and in water.

The development of theoretical methods that can accurately predict solu-

bility, as well as other thermodynamic properties, can be helpful in reducing30

the number of experiments needed. Specifically, theoretical approaches that

are based on statistical mechanics stemming from a detailed description of the

molecular system at the microscopic scale, are relevant in this context. The

API + solvent systems, involve wide range complex intermolecular interactions

that need to be taken into account in order for the model to deliver sufficient35

accuracy.

In particular, molecular equations of state (EoSs) are very useful tools for

the prediction of thermodynamic properties of complex mixtures. The statis-

tical associating fluid theory (SAFT) [17, 18] in particular is a molecular EoS

that can be used to model complex molecules, including the molecules that40

exhibit hydrogen bonding. In the original version of SAFT [17, 18] molecules

are treated as homonuclear chains of tangentially bonded spherical segments

in which associating sites mediate directional interactions that mimic hydrogen

bonds [19, 20]. The spherical segments forming the model molecules inter-

act through a specified pair potential: a Lennard-Jones potential treated as45

a temperature-dependent hard-sphere and dispersion interactions in the origi-

nal version of the approach [17, 18]; a square-well potential in the SAFT-VR

model [21]; a Lennard-Jones potential implemented using computer simulation

data in soft-SAFT [22, 23, 24, 25, 26]; and more recently a Mie potential (a

generalised Lennard-Jones potential) in SAFT-VR Mie [27].50
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A slightly different perturbation is followed in the PC-SAFT approach [28]

and in its extension to charged molecules, ePC-SAFT [29]; in these a reference

chain fluid is used. PC-SAFT and ePC-SAFT provide accurate results [30]

and have been applied for the prediction the solubility of a large number of

compounds [31, 32, 33], and in studies including pH effects [34, 35], in systems55

including APIs, polymers, and amorphous formulations [36, 37, 38, 39, 40] in

recent works.

The incorporation of a Mie potential in the SAFT-VR framework [27] and

the implementation of a third-order high-temperature expansion lead to a very

accurate equation of state, capable of delivering accurate derivative properties60

(a stringent test to the accuracy of any given model). Of interest here is the re-

casting of SAFT-VR Mie as a group-contribution approach in the SAFT-γ Mie

equation of state [41, 42, 43]. The method, has been shown to retain the accu-

racy of the molecular approach and to be accurate for the prediction of a broad

range of equilibrium thermodynamic properties, including vapour-liquid, liquid-65

liquid and solid-liquid phase equilibria, as well as single phase and derivative

properties. Furthermore, the approach can be used to develop SAFT-γ trans-

ferable force-field parameters for use in molecular simulations [44]. An update

of the current capabilities of the method and the group interactions available

can be found in ref. [43]. In particular, octanol-water partition coefficients for70

a range of APIs are predicted in ref. [45], and in ref. [46] aqueous mixtures of

choline and geranate (CAGE), a mixture shown to exhibit therapeutic prop-

erties, are modelled. In our current work we extend the applicability of the

approach in pharmaceutically relevant systems by considering mefenamic acid

and related molecules in a range of solvents.75

Here, we present new solubility data for Form I of mefenamic acid, benzoic

acid and diphenylamine, in a range of alcohols, ketones and esters, as well

as for benzoic acid and diphenylamine. Moreover, the data measured in our

current work is useful for the development and assessment of the SAFT-γ group

contribution equation of state, and serves a test of the predictive ability of80

the method. The thermodynamic modelling of mefenamic acid with SAFT-γ
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Mie requires the definition and the characterisation of new groups. Mefenamic

acid is composed of two phenyl rings bound by an amine group, a carboxyl

group bound to one of the two phenyl rings, and two methyl groups bound to

the other phenyl ring. In terms of developing a SAFT-γ Mie model for these85

molecules, the contribution of each group can be considered separately following

the group-contribution premise. We hence also present solubility measurements

for benzoic acid and diphenylamine in a range of solvents, as these molecules

incorporate relevant moieties for mefenamic acid. Furthermore, a number of

other NSAIDs, e.g., fenamic, tolfenamic, flufenamic, and meclofenamic acids,90

are similarly composed of a carboxyl, an amine, and two phenyl groups, with a

structure similar to that of mefenamic acid. The development of new SAFT-γ

Mie groups relevant to mefenamic acid will also be transferable to these.

In Section 2, the experimental methodology and SAFT-γ Mie model are pre-

sented. In Section 3, the experimental measurements of the melting properties95

of benzoic acid, diphenylamine and mefenamic acid are presented, together with

the measured solubilities and activity coefficients in a large range of solvents.

The results of SAFT-γ Mie are also detailed in Section 3, where we present the

estimated parameters of the new group-group interactions, together with the

predictions of solubility. Final remarks are provided in section 4100

2. Methods

2.1. Experimental materials and methodology

Materials. Mefenamic acid (98%), benzoic acid (99%), and diphenylamine (98%)

(Fig. 1) were supplied by Sigma Aldrich (MerkKGaA, Germany), with the poly-

morphic forms supplied all being of their stable form. The solvents used are105

listed in Table 1.

Solubility.

Sample preparation. A known amount of one of the crystalline materials

was weighed into a 1.5 ml high-performance liquid chromatography (HPLC)
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Table 1: The solvents used within this study with their molecular weights (MW ).

Solvent Purity / % MW / (g/mol) Supplier

ethanol 99 46.1 VWR

propan-1-ol 99 60.1 VWR

butan-1-ol 99 74.1 VWR

butan-2-ol 99 74.1 VWR

pentan-2-ol 99 88.2 VWR

2-methyl-1-propanol 99 74.1 VWR

3-methyl-1-butanol 99 88.1 VWR

acetone 99 58.1 VWR

butan-2-one 99 72.1 VWR

pentan-2-one 99 86.13 VWR

heptan-2-one 99 114.2 VWR

methyl isobutyl ketone 98 110.2 VWR

ethyl acetate 99 88.1 VWR

propyl acetate 99 102.1 VWR

butyl acetate 99 116.2 VWR

isopropyl acetate 99 102.1 VWR

isobutyl acetate 99 116.2 VWR

1,2-dimethylcyclohexane 98 112.1 Sigma-Aldrich

vial. 1 ml of a specific solvent was then pipetted into this pre-weighed vial110

containing the solid material and stirrer bar. The vial was then reweighed in

order to determine the exact mass of solvent added and therefore the exact

molar composition of the sample. Due high solubility of some combinations

of model compound and solvent, the amount of solvent added was reduced in

some cases. Each vial was capped tightly and the cap was carefully wrapped in115

parafilm tape to create a seal and prevent solvent loss at high temperatures. The

overall weight (mg) of the sealed vial containing the solvent, stirrer, and solid

material was recorded to check for weight loss after solubility measurements in
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the Crystal16.

The model compounds were not purified further. The solids were gently120

milled in order to create a fine powder for easier initial dissolution. As we

recrystallize the solid initially present in the sample before we determine the

clear-point temperature the initially present solid form is not important for

the measurement. Still, milling was checked to have no impact on polymorphic

form. The crystal form of mefenamic acid after milling was confirmed by Fourier-125

transform infrared (FTIR) spectroscopy analysis. We also checked the final solid

form using FTIR which is explained later on in the paper (Section 2.1).

Solubility measurement. The Crystal16 Multiple Reactor (Technobis

Crystallization Systems, The Netherlands) was used to determine the satura-

tion temperature for each prepared sample, similarly to the method utilized by130

Reus et al. [47]. When solids are present in the vial, the transmission of light

through the vial is hindered by the stirring suspension, whereas in the absence

of particles the light passes unhindered. To dissolve the particles in the stirred

(700–1000 rpm) suspension, a heating rate of 0.2 K/min was applied up to a

pre-set high temperature.135

By cooling the solution (0.4 K/min) to a pre-set low temperature, the sol-

ubility of the solute in the solution decreases and at some point the sample re-

crystallized. Temperature was kept constant for 30 minutes at both the pre-set

low and high temperature to ensure adequate dissolution and recrystallization.

The pre-set high and low temperature in a temperature profile were adjusted140

in subsequent temperature cycles for time efficiency and increased experiment

success rate. The pre-set high temperature is 353 K. For solvents with a boil-

ing point less than 353 K the pre-set high temperature was chosen to be 10 K

under the boiling temperature with a maximum of 353 K. The pre-set low tem-

perature was chosen to be 273 K. After each cycle the set high temperature145

was automatically adjusted to 10 K higher than the highest saturation tem-

perature measured in the previous cycles, with a maximum of 353 K. The set

low temperature was automatically adjusted to induce crystallization during
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cooling instead of during the hold step, with a minimum of 283 K. The low

temperature in subsequent cycles was for instance increased with benzoic acid150

and mefenamic acid as crystallization initiated with only slight undercooling.

For accuracy, four temperature cycles were performed. The first temperature

cycle was used to calibrate 100% transmission of the clear solution at a pre-set

high temperature. In the three subsequent temperature cycles the clear-point

temperature was determined as the temperature at which, upon heating, the155

transmission of light reached 100%. The average of the clear-point tempera-

tures was taken as the saturation temperature for the composition in the vial.

To save measurement time, the pre-set high and low temperatures of subse-

quent cycles were adjusted accordingly depending on the preceding clear and

cloud point measured from the first cycle and the boiling point of the solvent,160

thus ensuring complete dissolution of the solute and reduced time frames.

Solid product analysis.

Differential Scanning Calorimetry (DSC) analysis. DSC (Polyma

DSC 214, Netzsch) was carried out in order to determine the melting temper-

ature T fus
i and melting enthalpy ∆hfus

i , where i denotes the species (benzoic165

acid, diphenylamine, or mefenamic acid). A small amount (< 5 mg) of a spe-

cific compound is weighed into a metal DSC pan and sealed. A heating rate of

10 K/min [48, 49] from 298 K up to 498 K was used. The onset of the endotherm

was taken as the melting temperature and the integrated endotherm was taken

as the melting enthalpy of the measured compound. In order to assess variation170

in melting temperature and melting enthalpy measurements, multiple samples

were measured, with the resulting values averaged yielding a specific value for

each and a respective error.

Fourier-transform infrared (FTIR) spectroscopy analysis. The Ten-

sor II FTIR spectrometer (Bruker, Germany) was used to check the polymorph175

present at the end of the solubility measurement in the suspension in the low

temperature region of the temperature cycle. Samples were removed from the
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(a) (b) (c)

Figure 1: Skeletal formula and SAFT-γ Mie molecular modelling of: (a) mefenamic acid

(MWMFA = 241.3 g/mol); (b) benzoic acid (MWBA = 112.1 g/mol); (c) diphenylamine

(MWDPA = 169.2 g/mol). Mefenamic acid is modelled by a combination of one aCCOOH,

one aCNHaC, seven aCH, and two aCCH3 groups. Benzoic acid is modelled with six aromatic

carbon aCH groups, and one aCCOOH group, while dyphenilamine includes ten aCH groups,

and one aCNHaC group. Association sites are denoted by the smaller blue circles, labelled e

for electronegative (acceptor) sites and H for hydrogen (donor) sites.

Crystal16 setup and the solids were vacuum filtered, washed with their respec-

tive solvent to ensure the mother liquor had been removed and dried in air for

3 days. Due to the low volatility of some of the solvents, some samples were180

placed in an in-house oven set at 308 K until fully dry. The dried samples were

then placed on the FTIR for measurement. The IR spectra was analysed over a

wavenumber range of 400–4000 cm−1. Each sample was measured twice to con-

firm the validity of the measured spectra. No difference in the polymorphic form

was detected between the stable form supplied and the recrystallized samples.185

2.2. SAFT-γ Mie model and theory

In the SAFT-γ Mie approach [41, 50] molecules are represented as asso-

ciating heteronuclear chains of fused spherical segments that interact through

Mie potentials of variable range. Short-range directional interactions are added

by embedding square-well association sites on any given segment. The total
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Helmholtz free energy A of a mixture of non-ionic species is expressed as the

sum of four contributions:

A = Aideal +Amonomer +Achain +Aassociation, (1)

where Aideal is the ideal free energy of the mixture, Amonomer is the contribution

accounting for the Mie segment-segment interactions, Achain is the free energy

associated with the formation of chains, and Aassociation is the contribution to

the free energy due to association. Detailed expressions for each of the free190

energy terms can be found in [41, 42, 50, 51]

Following the group-contribution premise, molecules are modelled as parti-

tioned into functional groups, and it is assumed that the properties of a given

molecule (or mixture) can be obtained by accounting for the appropriate con-

tributions of the groups. The parameters characterising any given group are

treated as transferable to other molecules and mixtures which contain the same

group. The SAFT-γ Mie representation of benzoic acid, diphenylamine and

mefenamic acid can be seen in Figure1. A given group k incorporates a number

of ν∗k identical spherical segments, and a shape factor Sk (0 ≤ Sk ≤ 1), charac-

terizing the contribution of a segment to the overall molecular properties of the

molecule. The interaction between two segments of groups k and l is described

through a Mie potential

φMie
kl (rkl) = Cklεkl

[(
σkl
rkl

)λrkl
−
(
σkl
rkl

)λakl]
(2)

where rkl is the distance between the centers of the two segments, σkl the seg-

ment diameter, εkl the depth of the potential well, and λrkl and λakl the repulsive

and attractive exponents of the Mie potential, respectively. The prefactor Ckl
ensures that the minimum of interaction is −εkl, and is a function of the expo-

nents, as

Ckl =
λrkl

λrkl − λakl

(
λrkl
λakl

) λakl
λr
kl
−λa

kl

. (3)

Hydrogen bonding and strong polar interactions are represented by short-ranged

square-well association sites, placed on the segments. NST,k is the number of

10



different association site types for a group k, and nk,a the number of sites of a

given type a = 1, . . . , NST,k. The interaction between a site of type a placed on

a segment of type k and a site of type b placed on a segment of type l is given

by

φHB
kl,ab(rkl,ab) =

 −εHB
kl,ab if rkl,ab ≤ rc

kl,ab

0 if rkl,ab > rc
kl,ab

(4)

where rkl,ab is the distance between the centers of the two sites, εHB
kl,ab the as-

sociation energy, and rc
kl,ab the cutoff range of the interaction. The site a is

positioned at distance rd
kk,aa from the center of the segment k, and the site b is

positioned at distance rd
ll,bb from the center of the segment l. The range of the195

association can equivalently be described by the cutoff rc
kl,ab, or by the bonding

volume KHB
kl,ab, for given rd

kk,aa and rd
ll,bb.

The interactions between groups k and l involve unlike parameters, which

can be obtained through combining rules (CR) in first instance. The unlike

segment diameter is obtained from a Lorentz-like arithmetic mean of the like

diameters, as

σkl =
σkk + σll

2
. (5)

The unlike exponents λrkl and λakl, and the unlike dispersion energy εkl can be

obtained by a Berthelot-like geometric mean rule, as

λxkl = 3 +
√

(λxkk − 3)(λxll − 3) (6)

where x = (r, a), and

εkl =

√
σkk3σll3

σkl3
√
εkkεll, (7)

which accounts for differences in the size of the segments. Similar arithmetic

and geometric rules can be used to obtain the bonding volume KHB
kl,ab and the

association energy parameter εHB
kl,ab between unlike sites, as

KHB
kl,ab =

 3

√
KHB
kk,aa + 3

√
KHB
ll,bb

2

3

(8)

and

εHB
kl,ab =

√
εHB
kk,aaε

HB
ll,bb. (9)
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The combining rules are employed to obtain a first estimate of the unlike param-

eters. In practice, however, εkl, λ
x
kl, K

HB
kl,ab, and εHB

kl,ab are typically estimated

by comparison to target experimental thermophysical properties of pure fluids200

or mixtures in which the functional group is present.

The equilibrium thermodynamic properties of the fluid can be determined

from the total Helmholtz free energy A at temperature T , volume V , and vector

number N of molecules, which is composed of elements Ni of compounds i, such

that N =
∑
iNi. The pressure is given by

P = −
(
∂A

∂V

)
T,N

, (10)

and the chemical potential of a compound i by

µi =

(
∂A

∂Ni

)
T,V,Nj 6=i

. (11)

These standard relations can be used to determine fluid phase-equilibrium con-

ditions, e.g., vapour pressure P sat and saturated liquid density ρsat
l .

2.3. Solid-liquid equilibria

The solubility of a compound i in a given solvent at a given temperature

T and pressure P can be defined by its molar fraction x sat in the saturated

solution. It is an equilibrium property, characterised by the equality between the

chemical potential of the solid phase (S), assumed pure here, and the chemical

potential of the liquid phase (L), as

µS
i (T, P, xS

i = 1) = µsat
i (T, P,x sat). (12)

The activity of the compound in solution asat
i (T, P,x sat) is related to the partial

molar Gibbs free energy of fusion of pure i, ∆gfus
i (T, P ) as

ln asat
i (T, P,x sat) = −∆gfus

i (T, P )

RT
, (13)

where R is the molar gas constant. The Gibbs free energy of fusion can be ex-205

pressed in terms the fusion enthalpy ∆hfus
i (T, P ) and entropy ∆sfus

i (T, P ) from
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the classic relation ∆gfus
i (T, P ) = ∆hfus

i (T, P ) − T∆sfus
i (T, P ). The tempera-

ture T of the system is below the fusion temperature T fus
i of compound i, since

the phase L corresponds to a solution. The fusion enthalpy ∆hfus
i and entropy

∆sfus
i at arbitrary T < T fus

i and P are generally unknown experimentally, but210

can be expressed from their values at the fusion temperature T fus
i and ambient

pressure Pamb.

By assuming that the solution is incompressible, and neglecting pressure

effects, ∆hfus
i (T, P ) and ∆sfus

i (T, P ) can be expressed as

∆hfus
i (T, P ) = ∆hfus

i (T fus
i , P )

−
∫ T fus

i

T

∆cp,i(T
′, P ) dT ′,

(14)

and

∆sfus
i (T, P ) = ∆sfus

i (T fus
i , P )

−
∫ T fus

i

T

∆cp,i(T
′, P )

T ′
dT ′,

(15)

where ∆cp,i(T, P ) = cLp,i(T, P ) − cSp,i(T, P ) is the difference between the heat

capacity of the liquid phase cLp,i(T, P ) and the heat capacity of the solid phase

cSp,i(T, P ). The equality ∆hfus
i (T fus

i , P ) = T fus
i ∆sfus

i (T fus
i , P ) at T fus

i , leads to

the expression [52]

ln asat
i (T, P,x sat) = −∆hfus

i (T fus
i , P )

R

(
1

T
− 1

T fus
i

)
+

1

RT

∫ T fus
i

T

∆cp,i(T
′, P ) dT ′

− 1

R

∫ T fus
i

T

∆cp,i(T
′, P )

T ′
dT ′.

(16)

If the heat capacity difference is only known at T fus
i , the (reasonable) approxi-

mation ∆cp,i(T, P ) ≈ ∆cp,i(T
fus
i , P ) simplifies Eq. 16 to

ln asat
i (T, P,x sat) = −∆hfus

i (T fus
i , P )

R

(
1

T
− 1

T fus
i

)
−

∆cp,i(T
fus
i , P )

R

(
ln

(
T fus
i

T

)
− T fus

i

T
+ 1

)
.

(17)

Although neglecting ∆cp,i(T
fus
i , P ) can affect significantly the solubility predic-

tion [53, 49, 54], depending on the mixture and the temperature, experimental
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values of ∆cp,i(T
fus
i , P ) are unknown for most of the molecules considered in

our work (an important exception is benzoic aicd). We hence do not take into

account this term in our current calculations. Furthermore, as the SAFT-γ Mie

approach relies on the characterisation of group parameters, which are used in a

transferable manner, we choose to systematically neglect ∆cp,i(T
fus
i , P ) in order

to employ a consistent methodology for all groups and mixtures. Thus, Eq. 17

reduces to

ln asat
i (T, P,x sat) = −∆hfus

i (T fus
i , P )

R

(
1

T
− 1

T fus
i

)
. (18)

A refinement of the models developed in our current work would be possible

when values of the heat capacity difference become available, for the family of

alkylbenzoic acids, diphenylamine, and mefenamic acid. The enthalpy of fusion215

∆hfus
i (T fus

i , Pamb) and melting temperature T fus
i of benzoic acid, diphenylamine,

and mefenamic acid, are summarised in Table 2, and are used to determine the

activity asat
i (T, P,x sat) and the solubility of these molecules in pure or mixed

solvents.

Table 2: Average fusion enthalpy ∆hfusi and fusion temperature T fus
i of benzoic acid, dipheny-

lamine, and mefenamic acid used in Eq. 18, for the calculation of the experimental activity

coefficients and in all the SAFT-γ Mie calculations and predictions.

Compound i ∆hfus
i (T fus

i , Pamb) / (kJ/mol) T fus
i / K Ref.

Benzoic acid 17.909 395.64 [55, 56, 57, 58, 59, 60, 61]

and current work

Diphenylamine 18.303 326.18 [62, 63, 64, 65, 66, 67, 68]

and current work

Mefenamic acid 38.7 503.5 [66]

The activity ai is related to the solute mole fraction and the activity coeffi-

cient by ai = xiγi, so that the solubility of i can be obtained as,

lnxsat
i (T, P,x sat) = −∆hfus

i (T fus
i , P )

R

(
1

T
− 1

T fus
i

)
− ln γi(T, P,x

sat). (19)
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2.4. Parameter estimation220

The parameters characterising the groups are determined by minimisation

of an objective function fobj given by,

min
Θ

fobj =
1

N exp

NS∑
s=1

NPs∑
p=1

NDs,p∑
i=1

ws,p,i

(
Xexp
s,p,i −Xcalc

s,p,i(Θ)

Xexp
s,p,i

)2

, (20)

where Θ is the vector of model parameters, N exp is the total number of exper-

imental points considered in the parameter estimation, NS is the number of

systems (pure compounds / mixtures) used in the estimation, NP
s is the num-

ber of property types for system s, ND
s,p is the number of experimental data for

system s and property p, ws,p,i is a weight that controls the relative importance225

of data point i for property p of system s. We consider here the same weight

for each point (i.e., ws,p,i = 1, for all points). Xexp
s,p,i is the ith measured value

of property p of system s, and Xcalc
s,p,i(Θ) is the corresponding value calculated

with SAFT-γ Mie and the parameters Θ.

The percentage absolute average deviation (%AAD) of a property p for a

system s,

%AADs[p] =
1

ND
s,p

NDs,p∑
i=1

∣∣∣∣∣X
exp
s,p,i −Xcalc

s,p,i

Xexp
s,p,i

∣∣∣∣∣× 100, (21)

and the absolute average deviation,

AADs[p] =
1

ND
s,p

NDs,p∑
i=1

∣∣Xexp
s,p,i −X

calc
s,p,i

∣∣ , (22)

are used as measures of the accuracy of the theoretical approach.230

3. Results and discussion

3.1. Experimental results

Melting temperature and melting enthalpy. The DSC results for benzoic acid

(BA), diphenylamine (DPA), and mefenamic acid (MFA) are presented in Fig. 2.

For each compound, a single endotherm is obtained. Onset melting tempera-235

tures of T fus
BA = 395.98 ± 0.04 K and T fus

DPA = 326.18 ± 0.04 K, are recorded
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Figure 2: DSC analysis of diphenylamine (blue), benzoic acid (red), and mefenamic acid

(black), with a heating rate of 10 K/min.
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for benzoic acid and diphenylamine, respectively. The corresponding melting

enthalpies are ∆hfus
BA = 18.6 ± 0.4 kJ/mol and ∆hfus

DPA = 15.8 ± 0.5 kJ/mol. As

no phase transitions are detected before the onset of melting for each compound

the melting enthalpy and melting temperature are those of the stable forms at240

room temperature.

The data of melting enthalpy found in recent literature for benzoic acid

[55, 56, 57, 58, 59, 60, 61, 69] and diphenylamine [62, 63, 64, 65, 66, 67, 68]

present a large dispersion of values, from 15 kJ/mol to 21 kJ/mol for these

two molecules. For this reason, we employ here average values calculated from245

literature data with the addition of those measured in our current work (cf.

Table 2). The average values are used both in the analysis of experimental

data, and for the SAFT-γ Mie calculations and predictions.

In the case of mefenamic acid, a small endothermic signal can be seen at

433 K followed by a larger one at 501 K. During heating of this enantiotropic250

system, a solid-state transformation occurs from Form I, stable at room tem-

perature, to Form II [5, 8, 10]. Therefore, the ∆hfus
MFA and T fus

MFA for the stable

polymorph used throughout this paper (Form I) could not be obtained. The

melting enthalpy and melting temperature T fus
MFA corresponding to Form I and

used in this work, are instead obtained from literature sources [66] (cf. Table 2).255

Experimental solubilities. The measured solubilities are provided in the sup-

plementary information (cf. Tables SI.1, SI.2, and SI.3), where the data can

be found both in mole fraction, and grams per gram of solvent. The linear

relationship

lnxsat
i =

Ai

T
+ Bi, (23)

is often also used to present experimental data [47]. The curves in Fig. 3 are

obtained using Eq. 23. The values for Ai (in K) and Bi corresponding to the

measurements carried out in our work are provided in the supplementary in-

formation (cf. Table SI.4). The related van’t Hoff plots for each compound in

the respective solvent are also provided in the supplementary information (cf.260

Fig. SI.1).
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Figure 3: The symbols denote the experimental solubilities (left) and activity coefficients

(right) of benzoic acid (a,b), diphenylamine (c,d), and mefenamic acid (e,f) in various sol-

vents. The continuous curves are calculated using Eq.23. Experimental values and van’t Hoff

coefficients are provided in the supplementary information (cf. Tables SI.1, SI.2, and SI.3).
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The solubility for benzoic acid in each solvent (Fig. 3(a)) at 303 K is pre-

sented from highest to lowest, following: acetone > heptan-2-one > butan-2-one

> butan-2-ol > ethanol > butan-1-ol > 3-methyl-1-butanol > propanol > 2-

methyl-1-propanol > 1,2-dimethylcyclohexane. Benzoic acid is significantly less265

soluble in 1,2-dimethylcyclohexane than in the other solvents, at only xsat
BA =

0.018 at 303 K. The solubility in the remaining solvents ranges from xsat
BA = 0.16

to 0.22. The highest solubilities of benzoic acid at 303 K are for the ketones,

i.e., acetone, heptan-2-one, and butan-2-one, which present a similar solubility

of xsat
BA ≈ 0.20.270

For diphenylamine, the order of solubility at 303 K is: acetone > butan-2-one

> heptan-2-one > ethanol > butan-2-ol > propanol > butan-1-ol > 3-methyl-

1-butanol > 1,2-dimethylcyclohexane > 2-methyl-1-propanol (cf. Fig. 3(c)).

The highest solubility xsat
DPA = 0.65 is measured in acetone, followed by that

in fellow ketones, with xsat
DPA = 0.63 and xsat

DPA = 0.62, in of butan-2-one and275

heptan-2-one, respectively. The lowest solubility xsat
BA = 0.15 is measured in

2-methyl-1-propanol, closely followed by those in 1,2-dimethylcyclohexanol and

3-methyl-1-butanol (both with xsat
DPA ≈ 0.17). With respect to the alcohol family,

the highest solubility is measured in ethanol, (xsat
DPA = 0.25), followed by butan-

2-ol xsat
DPA = 0.22. (All of these correspond to values at 303 K.)280

In the case of mefenamic acid, the solubility is found to be noticeably lower

in all solvents considered. All of the measured solubilities, over temperature

range considered, for all of the solvents, are below xMA = 0.035 (Fig. 3(e)).

The order of solubility at 303 K is: pentan-2-one > methyl isobutyl ketone >

acetone > butyl acetate > propyl acetate > isopropyl acetate > ethyl acetate285

> pentan-2-ol > isobutyl acetate > butan-2-ol > butan-1-ol > propan-1-ol >

ethanol > 2-methyl-1-propanol. As with diphenylamine, and to a lesser extent

benzoic acid, mefenamic acid has the largest measured solubility in solvents

containing a ketone group, with mefenamic acid in pentan-2-one exhibiting the

largest solubility at 303 K of xsat
MFA = 0.01, followed by methyl isobutyl ketone290

and acetone (xsat
MFA = 0.0068 and xsat

MFA = 0.0055, respectively, at the same

temperature). In the family of alcohol solvents, the highest measured soubility
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is measured in pentan-2-ol (xsat
MFA = 0.0039), and the lowest in 2-methyl-1-

propanol (xsat
MFA = 0.0016).

Summing up, considering the three compounds of interest in our current295

work, mefenamic acid presents the lowest solubility in comparison to benzoic

acid and diphenylamine. The highest solubilities are measured in solvents con-

taining ketone functional groups for all compounds considered, followed by the

alcohols. As shown through the order of these solubilities at 303 K, the chain

length within each solvent group further dictates the specific effectiveness of the300

solvent.

Activity coefficients. Through the determination of the activity coefficients for

the measured solubility of each compound + solvent sample, a measure of the

non-ideality of the solution can be gleaned. The activity coefficients γi for

each compound i in its respective solvent can be calculated from the measured305

solubility using Eq. 19 and the data provided in Table 2. These values are

plotted alongside the experimental solubilities in Fig. 3, and the data can be

found in the supplementary information (cf. Tables SI.1, SI.2, and SI.3). As

can be seen in the figure, the majority of the calculated activity coefficients of

benzoic acid γBA are found to be close to 1 (ln γBA close to 0), indicating small310

deviations from ideal solution behaviour. A noticeable exception are the large

values obtained in 1,2-dimethylcyclohexane. In the case of diphenylamine clear

positive deviations are seen, with ln γDPA > 0 for all solvents except the ketones,

which are very good solvents for diphenylamine. For mefenamic acid, the lower

solubility leads to more scatter in the calculated activity coefficients. It can be315

seen that most of the values of ln γMFA < 0 for the MFA solutions, with only

three of the solvents leading to positive values of ln γMFA.

3.2. SAFT-γ Mie modelling

As seen in the previous section, the list of solvents considered in our work

includes linear/branched alkanes, cyclohexane, benzene, acetates, 2-ketones,320

acetone, glycols, methanol and alcohols. The three solutes and each of these
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solvents are decomposed into their SAFT-γ Mie functional groups, since, as

described in Section 2.2, each individual group and group-group interaction

contribute to the overall thermophysical properties of a system. Moreover, in

the SAFT-γ Mie approach, the contribution of each functional group is consid-325

ered to be independent of its position within the molecule, and the group-group

interactions are transferable across systems.

Mefenamic acid (Fig. 1(a)) is modelled with seven aCH groups, two aCCH3

groups, one aCNHaC group and one aCCOOH group. Both the aCH and the

aCCH3 groups have been characterised previously [70, 50] while the models for330

the aCCOOH and aCCOOH groups are developed in our current work. Benzoic

acid includes five aCH groups and one aCCOOH group, and diphenylamine

with ten aCH groups and one aCNHaC group. In order to model the three

compounds and their mixtures with the solvents of the list, the needed groups

are identified, and are presented in Table 3. The parameters needed for the335

study are highlighted in green if estimated in this work, in blue if published

already and marked with CR if combining rules are used.

Both the aCCOOH and aCNHaC groups contain aromatic carbons. In

SAFT-γ Mie the group aCH is modelled with an associating site of type e

to account for the delocalised electrons in the aromatic ring interacting with340

protic solvents (e.g., water). However neither of the models for the new groups

developed in our current work carry this particular association site for different

reasons. In the case of the aCCOOH group, four e-type association sites are

incorporated to account for oxygen lone pairs, and one H site is incorporated

corresponding to the hydrogen atom. It was found that a model for this group345

with these five association sites led to a better performance that a model with

an additional “aromatic” e-site. In the case of the aCNHaC group, a good de-

scription of the thermodynamic properties of the systems evaluated is obtained

with a model including one e site (corresponding to the nitrogen atom) and one

H site (corresponding to the hydrogen atom).350

The relevant like, unlike and association parameters are presented in Ta-

bles 4, 5, and 6. These tables include parameters previously presented [41, 45,
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Table 3: Group and group-group parameters used to model mefenamic acid in a range of

solvents using the SAFT-γ Mie approach.
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Table 4: SAFT-γ Mie group like parameters of the groups considered in our current work

(excluding association). The asterisk symbol (∗) indicates that the parameters are developed

in our current work.

k group ν∗k Sk σkk / Å λrkk λakk (εkk/kB) / K NST,k nk,H nk,e1 nk,e2 Ref.

1 aCCH2 1 0.20859 5.2648 8.5433 6 591.56 1 - 1 - [50]

2 aCCH3 1 0.31655 5.4874 23.627 6 651.41 1 - 1 - [70]

3 aCCOOH 2 0.6553 3.3942 8.0000 6 313.35 3 1 2 2 ∗

4 aCH 1 0.32184 4.0578 14.756 6 371.53 1 - 1 - [50]

5 aCNHaC 1 0.54263 3.3218 8.2761 6 303.35 3 1 1 - ∗

6 cCH 1 0.0961 5.4116 8.0000 6 699.92 - - - - [43]

7 cCH2 1 0.24751 4.7852 20.386 6 477.36 - - - - [50]

8 CH 1 0.0721 5.295 8.0000 6 95.621 - - - - [50]

9 CH2 1 0.22932 4.8801 19.871 6 473.39 - - - - [41]

10 CH2OH 2 0.58538 3.4054 22.699 6 407.22 2 1 2 - [45]

11 CH3 1 0.57255 4.0773 15.05 6 256.77 - - - - [41]

12 CH3CO 2 0.54685 3.9112 19.05 6 525.22 1 - 2 - ∗

13 CH3COCH3 3 0.72135 3.5981 17.433 6 286.02 3 1 1 1 [50]

14 CH3OH 2 0.83517 3.2462 19.235 6 307.69 2 1 2 - [50]

15 CHOH 2 0.18963 4.5381 18.185 6 599.66 2 1 2 - [43]

16 COO 1 0.65264 3.9939 31.189 6 868.92 1 - 2 - [41]

17 H2O 1 1.00000 3.0063 17.020 6 266.68 2 2 2 - [50, 42]

50, 70, 43, 71] and from our current work, estimated using the objective function

given in Eq. 20. Pure compound vapour pressure, enthalpy of vapourisation,

and saturated-liquid data, as well as mixture bubble pressure, bubble and dew355

temperature data are used in the refinement of the parameters that characterise

the group-group interactions. Solubility data are used in parameter estimation

only if no data for other property are available. However, since the simplest

molecules containing the new groups aCCOOH and aCNHaC, i.e., benzoic acid

and diphenylamine, are relatively heavy molecules, the data most available and360

therefore most used in the estimations of this work are solubility measurements.
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Table 5: Unlike group parameters (excluding association) for use

with the SAFT-γ Mie approach. The asterisk symbol (∗) indicates

that the parameters have been developed in our current work.

k l group k group l (εkl/kB) / K λrkl Ref.

1 2 aCCH2 aCCH3 CR CR —

1 3 aCCH2 aCCOOH 168.69 CR ∗

1 4 aCCH2 aCH 416.69 CR [50]

1 5 aCCH2 aCNHaC CR CR —

1 6 aCCH2 cCH 162.65 CR ∗

1 7 aCCH2 cCH2 439.78 9.9058 ∗

1 8 aCCH2 CH 65.410 CR [50]

1 9 aCCH2 CH2 454.16 CR [50]

1 10 aCCH2 CH2OH 434.37 CR [71]

1 11 aCCH2 CH3 396.91 CR [50]

1 12 aCCH2 CH3CO 663.71 30.712 ∗

1 13 aCCH2 CH3COCH3 394.83 CR [50]

1 14 aCCH2 CH3OH CR CR —

1 15 aCCH2 CHOH 357.91 CR [43]

1 16 aCCH2 COO 265.62 9.3393 ∗

1 17 aCCH2 H2O 329.03 CR [71]

2 3 aCCH3 aCCOOH 455.68 CR ∗

2 4 aCCH3 aCH 471.23 CR [70]

2 5 aCCH3 aCNHaC 941.03 CR ∗

2 6 aCCH3 cCH 792.29 CR ∗

2 7 aCCH3 cCH2 540.63 21.082 ∗

2 8 aCCH3 CH 769.36 8.0000 ∗

2 9 aCCH3 CH2 569.18 CR [45]

2 10 aCCH3 CH2OH 486.62 CR [71]

2 11 aCCH3 CH3 358.58 CR [45]
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k l group k group l (εkl/kB) / K λrkl Ref.

2 12 aCCH3 CH3CO 552.62 36.429 ∗

2 13 aCCH3 CH3COCH3 479.55 35.957 ∗

2 14 aCCH3 CH3OH 405.45 CR ∗

2 15 aCCH3 CHOH 762.86 CR [43]

2 16 aCCH3 COO 595.48 15.874 ∗

2 17 aCCH3 H2O 360.70 CR [71]

3 4 aCCOOH aCH 340.70 CR ∗

3 5 aCCOOH aCNHaC 102.98 CR ∗

3 6 aCCOOH cCH 246.61 CR ∗

3 7 aCCOOH cCH2 389.90 CR ∗

3 8 aCCOOH CH 0.0000 CR ∗

3 9 aCCOOH CH2 323.72 CR ∗

3 10 aCCOOH CH2OH 172.57 9.2665 ∗

3 11 aCCOOH CH3 370.75 CR ∗

3 12 aCCOOH CH3CO 568.75 85.000 ∗

3 13 aCCOOH CH3COCH3 316.60 CR ∗

3 14 aCCOOH CH3OH 290.16 8.0000 ∗

3 15 aCCOOH CHOH 81.542 79.266 ∗

3 16 aCCOOH COO 331.78 CR ∗

3 17 aCCOOH H2O 228.58 9.5614 ∗

4 5 aCH aCNHaC 549.72 CR ∗

4 6 aCH cCH 377.21 CR ∗

4 7 aCH cCH2 393.05 15.377 ∗

4 8 aCH CH 441.43 CR [50]

4 9 aCH CH2 415.64 CR [50]

4 10 aCH CH2OH 386.05 CR [71]

4 11 aCH CH3 305.81 CR [50]

4 12 aCH CH3CO 426.72 18.03 ∗

4 13 aCH CH3COCH3 333.11 CR [50]
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k l group k group l (εkl/kB) / K λrkl Ref.

4 14 aCH CH3OH 330.19 CR ∗

4 15 aCH CHOH 512.16 CR [43]

4 16 aCH COO 534.18 22.088 ∗

4 17 aCH H2O 357.78 38.640 [50]

5 6 aCNHaC cCH CR CR —

5 7 aCNHaC cCH2 564.85 CR ∗

5 8 aCNHaC CH 878.88 CR ∗

5 9 aCNHaC CH2 347.75 CR ∗

5 10 aCNHaC CH2OH 485.03 8.0012 ∗

5 11 aCNHaC CH3 647.64 CR ∗

5 12 aCNHaC CH3CO 710.53 8.0000 ∗

5 13 aCNHaC CH3COCH3 261.23 8.0000 ∗

5 14 aCNHaC CH3OH 398.10 CR ∗

5 15 aCNHaC CHOH 451.48 8.1810 ∗

5 16 aCNHaC COO 809.96 CR ∗

6 7 cCH cCH2 321.71 CR [43]

6 8 cCH CH CR CR —

6 9 cCH CH2 522.57 CR [43]

6 10 cCH CH2OH CR CR —

6 11 cCH CH3 690.17 CR [43]

6 12 cCH CH3CO CR CR —

6 13 cCH CH3COCH3 CR CR —

6 14 cCH CH3OH CR CR —

6 15 cCH CHOH CR CR —

6 16 cCH COO CR CR —

6 17 cCH H2O 377.16 22.265 [72]

7 8 cCH2 CH 570.45 CR [50]

7 9 cCH2 CH2 469.67 CR [50]

7 10 cCH2 CH2OH CR CR —
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k l group k group l (εkl/kB) / K λrkl Ref.

7 11 cCH2 CH3 355.95 CR [50]

7 12 cCH2 CH3CO CR CR —

7 13 cCH2 CH3COCH3 352.19 CR [43]

7 14 cCH2 CH3OH CR CR —

7 15 cCH2 CHOH 554.50 CR [43]

7 16 cCH2 COO 498.60 CR [50]

7 17 cCH2 H2O 350.99 28.000 [72]

8 9 CH CH2 506.21 CR [50]

8 10 CH CH2OH 329.22 CR [71]

8 11 CH CH3 387.48 CR [50]

8 12 CH CH3CO 321.91 CR ∗

8 13 CH CH3COCH3 637.29 CR [50]

8 14 CH CH3OH CR CR —

8 15 CH CHOH 0.0000 CR [43]

8 16 CH COO 353.65 CR [71]

8 17 CH H2O 275.75 CR [71]

9 10 CH2 CH2OH 423.17 CR [45]

9 11 CH2 CH3 350.77 CR [41]

9 12 CH2 CH3CO 431.49 CR ∗

9 13 CH2 CH3COCH3 299.48 11.594 [50]

9 14 CH2 CH3OH 341.41 17.05 [50]

9 15 CH2 CHOH 517.64 CR [43]

9 16 CH2 COO 498.86 CR [50]

9 17 CH2 H2O 423.63 100.00 [45]

10 11 CH2OH CH3 333.20 CR [45]

10 12 CH2OH CH3CO CR CR —

10 13 CH2OH CH3COCH3 338.47 CR [43]

10 14 CH2OH CH3OH CR CR —

10 15 CH2OH CHOH 389.23 CR [43]
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k l group k group l (εkl/kB) / K λrkl Ref.

10 16 CH2OH COO CR CR —

10 17 CH2OH H2O 353.37 CR [45]

11 12 CH3 CH3CO 344.57 CR ∗

11 13 CH3 CH3COCH3 233.48 14.449 [50]

11 14 CH3 CH3OH 275.76 15.537 [50]

11 15 CH3 CHOH 479.38 CR [43]

11 16 CH3 COO 402.75 CR [50]

11 17 CH3 H2O 358.18 100.00 [45]

12 13 CH3CO CH3COCH3 CR CR —

12 14 CH3CO CH3OH CR CR —

12 15 CH3CO CHOH CR CR —

12 16 CH3CO COO CR CR —

12 17 CH3CO H2O CR CR —

13 14 CH3COCH3 CH3OH CR CR —

13 15 CH3COCH3 CHOH 340.81 CR [43]

13 16 CH3COCH3 COO 547.44 CR [43]

13 17 CH3COCH3 H2O 287.26 CR [50]

14 15 CH3OH CHOH CR CR —

14 16 CH3OH COO CR CR —

14 17 CH3OH H2O 278.45 CR [50]

15 16 CHOH COO CR CR —

15 17 CHOH H2O 479.16 CR [43]

16 17 COO H2O 396.81 15.140 [43]
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Table 6: Group association parameters for use with the SAFT-γ

Mie approach. The asterisk symbol (∗) indicates that the parame-

ters have been developed in our current work.

k l group k site a group l site b (εHB
kl /kB) / K Kkl,ab / Å3 Ref.

of group k of group l

1 3 aCCH2 e aCCOOH H 3961.5 0.023401 ∗

1 17 aCCH2 e H2O H 563.56 339.61 [71]

2 3 aCCH3 e aCCOOH H 3961.5 0.023401 ∗

2 17 aCCH3 e H2O H 563.56 339.61 [71]

3 3 aCCOOH H aCCOOH H 4745.7 10.04 ∗

3 4 aCCOOH H aCH e 3961.5 0.023401 ∗

3 5 aCCOOH H aCNHaC e 2424.1 990.46 ∗

3 10 aCCOOH e1 CH2OH H 1284.9 2978.8 ∗

3 10 aCCOOH e2 CH2OH H 3889.3 0.43712 ∗

3 10 aCCOOH H CH2OH e 1284.9 2978.8 ∗

3 12 aCCOOH H CH3CO e 2828.1 47.677 ∗

3 13 aCCOOH H CH3COCH3 e1 2732.9 478.38 ∗

3 14 aCCOOH e1 CH3OH H 1400.7 495.32 ∗

3 14 aCCOOH H CH3OH e 871.46 0.25605 ∗

3 15 aCCOOH e1 CHOH H 2278.5 73.698 ∗

3 15 aCCOOH e2 CHOH H 2278.5 73.698 ∗

3 15 aCCOOH H CHOH e 2278.5 73.698 ∗

3 16 aCCOOH H COO e 1772.3 945.09 ∗

3 17 aCCOOH e1 H2O H 882.05 984.34 ∗

3 17 aCCOOH e2 H2O H 882.05 984.34 ∗

3 17 aCCOOH H H2O e 5192.5 0.011186 ∗

4 17 aCH e H2O H 563.56 339.61 [50]

5 13 aCNHaC H CH3COCH3 e1 2208.9 750.72 ∗

5 14 aCNHaC e CH3OH H 2346.0 3.1536 ∗
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k l group k site a group l site b (εHB
kl /kB) / K Kkl,ab / Å3 Ref.

of group k of group l

5 14 aCNHaC H CH3OH e 2346.0 3.1536 ∗

10 10 CH2OH H CH2OH e 2097.9 62.309 [45]

10 13 CH2OH e CH3COCH3 H 686.93 585.99 [43]

10 13 CH2OH H CH3COCH3 e1 1844.8 991.95 [43]

10 15 CH2OH e CHOH H 1464.1 591.55 [43]

10 15 CH2OH H CHOH e 2500.0 10.444 [43]

10 17 CH2OH e H2O H 621.68 425.00 [45]

10 17 CH2OH H H2O e 2153.2 147.40 [45]

13 13 CH3COCH3 H CH3COCH3 e1 980.2 2865.2 [50]

13 15 CH3COCH3 e1 CHOH H 1323.1 635.37 [43]

13 15 CH3COCH3 H CHOH e 1186.9 731.08 [43]

13 17 CH3COCH3 e1 H2O H 1588.7 772.77 [50]

13 17 CH3COCH3 e2 H2O H 417.24 1304.3 [50]

13 17 CH3COCH3 H H2O e1 1386.8 188.83 [50]

14 14 CH3OH H CH3OH e 2062.1 106.57 [50]

14 17 CH3OH e H2O H 1993.5 104.11 [50]

14 17 CH3OH H H2O e 1993.5 104.11 [50]

15 15 CHOH H CHOH e 2480.6 8.474 [43]

15 17 CHOH e1 H2O H 2140.9 19.478 [43]

15 17 CHOH H H2O e1 2289.1 63.813 [43]

16 17 COO e H2O H 1245.8 454.98 [43]

17 17 H2O H H2O e 1985.4 101.69 [50, 42]

The parameter estimation is carried out in a successive manner, such that

new groups are characterised based on previously determined group parame-

ters. In view of the large number of groups developed in our current work (see

green squares in Table 3), it is not practical to describe comprehensively the365

performance of the SAFT-γ Mie model in the prediction of the full range of

thermodynamic properties of the very many molecules that can be modelled
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using the new groups. Accordingly, we proceed to analyse first the performance

of the aCCOOH group in predicting the properties of selected compounds and

mixtures containing this group, as well as benzoic acid solubilities. We carry370

out a similar study of the aCNHaC group model, together with diphenylamine

solubilities, and finish the Results section presenting mefenamic acid solubilities;

these rely on (and confirm) the quality of the aCCOOH and aCNHaC models

developed.

3.3. Benzoic acid375

The group interaction parameters required to model benzoic acid, repre-

sented (Fig. 1(b)), and its interactions with other compounds are estimated

using experimental phase equilibrium data of pure compounds (e.g., benzoic

acid and methylbenzoic acids) and binary mixtures (e.g., benzoic acid + ben-

zene). NIST data [73] are used for the pure compounds and data found in380

references [74, 75, 76, 77, 78, 79, 80, 81, 82] are used for the mixtures. These

data are used to estimate simultaneously the aCCOOH-aCCOOH like group

interaction parameters and the unlike interaction parameters between the aC-

COOH group and groups aCCH2, aCCH3, aCH, CH2, and CH3. All the relevant

experimental data used in the parameter estimation for these interactions are385

cited in Tables 7 and 8 together with the corresponding deviations obtained

with SAFT-γ Mie calculations.

Overall, the parameters estimated offer a satisfactory description of the

pure-compound data, with %AADs for the vapour pressure, saturated densities,

vapourisation enthalpies and densities typically below 5% (up to 10% for the390

3-ethylbenzoic acid). The AADs follow generally the same trend of the %AADs

with the exception of benzoic acid, for which the experimental data are reported

with a large uncertainty (see Fig. 4(a)), preventing a proper analysis. In the

SAFT-γ Mie approach, isomers that share the same functional groups are non-

distinguishable. This means that it is not possible to describe with SAFT-γ395

Mie differences in properties between isomers, and trade-offs take place. Re-

sulting from this trade-off, the saturated densities for 4-methylbenzoic acid are
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Table 7: Overview of accuracy of SAFT-γ Mie in the calculation of vapour pressures, saturated

densities, vapourisation enthalpies and densities for pure compounds containing aCCOOH. All

the data displayed are generated by NIST [73] and have been used in the parameter estimation

procedure. ND
s,p is the number of experimental data for system s and property p.

Compound s T range / K ND
s,p %AADs Pvap(T ) AADs Pvap / Pa Ref.

benzoic acid 425-545 25 0.983 522.4 [73]

2-ethylbenzoic acid 338-355 5 8.115 1.30 [73]

Compound s T range / K ND
s,p %AADs ρsat,liq(T ) AADs ρsat,liq / (kg/m3) Ref.

benzoic acid 395-670 37 1.272 0.735 [73]

2-methylbenzoic acid 510-630 13 7.178 67.67 [73]

3-methylbenzoic acid 570-630 7 7.124 64.18 [73]

4-methylbenzoic acid 453-700 26 1.077 8.52 [73]

3-ethylbenzoic acid 530-590 7 9.729 92.74 [73]

4-ethylbenzoic acid 384-680 31 2.205 18.52 [73]

3-propylbenzoic acid 400-650 27 4.779 41.99 [73]

4-propylbenzoic acid 460-700 25 1.587 11.73 [73]

Compound s T range / K ND
s,p %AADs hvap(T ) AADs hvap / (J/mol) Ref.

2-ethylbenzoic acid 420-480 7 2.008 1332 [73]

3-ethylbenzoic acid 390-480 10 3.634 2640 [73]

Compound s T range / K P range / MPa ND
s,p %AADs ρ(T, P ) AADs ρ / (kg/mol) Ref.

3-ethylbenzoic acid 600-680 0.200-0.446 12 3.341 0.341 [73]

better described than those for 2- and 3-methylbenzoic acids, and similarly, a

better description is obtained for the saturated densities of 4-ethylbenxoic and

4-propylbenzoic acids (see Table 7).400

The experimental mixture data used in the characterisation of the group

interactions (see Table 8) have been extracted from a range of publications con-

cerning dew and bubble temperature [74, 75], bubble pressure [76, 77] and solu-

bility [78, 79, 80, 81, 82, 83, 84] data. The agreement between the calculations

and the experiments, in terms of %AAD is typically lower than 8% for benzoic405

acid in benzene (5.0%), and water (4.5%); in the case of 3-methylbenzoic acid

in hexane the %AAD = 5.0%; and for 4-methylbenzoic acid in water is 7.8%. ,

Larger deviations are noted for benzoic acid in methylbenzene (12.3%), pentane

(16.5%), hexane (17.3%), and heptane (69.7%). The larger deviations observed
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Table 8: Overview of accuracy of SAFT-γ Mie in the calculation of bubble temperatures Tbub

and pressures Pbub, dew temperatures Tdew and solubilities xsat for binary systems. All the

data displayed have been used in the parameter estimation procedure.

System s (1+2) P range / MPa x1 range ND
s,p %AADs Tbub AADs Tbub / K Ref.

benzoic acid + methylbenzene 0.053-0.080 0.01-0.40 18 0.081 0.302 [74]

benzoic acid + dibenzyl 0.013-0.100 0.10-0.70 18 1.960 9.82 [75]

System s (1+2) P range / MPa x1 range ND
s,p %AADs Tdew AADs Tdew / K Ref.

benzoic acid + methylbenzene 0.053-0.080 0.00-0.01 18 2.709 10.08 [74]

System s (1+2) T range / K x1 range ND
s,p %AADs Pbub AADs Pbub / Pa Ref.

benzoic acid + benzene 413 0.04-1.00 13 3.460 6097 [77]

benzoic acid + methylbenzene 413-423 0.01-1.00 22 5.632 6190 [76, 77]

System s (1+2) T range / K P range / MPa ND
s,p %AADs xsat2 AADs xsat2 Ref.

benzoic acid + benzene 277-278 0.101 3 4.990 0.002 [78]

benzoic acid + methylbenzene 273-383 0.101 13 12.26 0.019 [79]

benzoic acid + pentane 283-323 0.101 4 16.46 0.002 [80]

benzoic acid + hexane 312-362 0.101 15 17.28 0.012 [81]

benzoic acid + heptane 283-303 0.101 3 69.70 0.007 [80]

3-methylbenzoic acid + hexane 298 0.101 1 5.041 0.001 [82]

benzoic acid + water 298-368 0.101 17 4.460 0.0002 [83]

4-methylbenzoic acid + water 288-371 0.101 23 7.846 0.00002 [84]

for the solubility in some alkanes are in part due to the extremely low solu-410

bilities of these systems, such that larger uncertainties can be expected in the

experimental data, as well as higher sensitivity to the group parameters. Fur-

ther refinement of these models and the consideration of second-order functional

groups will be subject of future work.

In Fig. 4, calculations with SAFT-γ against NIST correlated experimental415

data [73]: vapour pressures Fig. 4(a) and saturated densities Fig. 4(b) of benzoic

acid. As can be seen in the Fig. 4, the calculations fall within the uncertainty

limits of the data used in the development of model parameters. We note also

the overprediction of the critical temperature in the phase diagram presented,

this can be expected, as the SAFT-γ Mie equation of state does not incorporate420

critical fluctuations.

An overview of the predictive accuracy of the SAFT-γ Mie model in pre-
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(a) (b)

Figure 4: a) Vapour pressures for benzoic acid, b) saturated densities for benzoic acid. The

curves represent SAFT-γ Mie calculations, the symbols represent NIST-generated data [73]

that was used in the estimations (orange filled symbols) and not used (blue open symbols).

The estimated error in the experimental data is shown with the error bars.

sented in Table 9 and Fig. 5. In Table 9, the predictive capability of SAFT-γ

Mie for vapour pressures and saturated densities is tested for a range of pure

compounds of the family of benzoic acid. In Fig. 5, the SAFT-γ Mie calcula-425

tions are plotted against all solubility measurements found in literature for the

systems of interest, in addition to the new data measured in our current work

(see Sections 2.1 and 3.1).

In Table 9 the %AAD and ADD for the comparison of the SAFT-γ Mie

calculations with saturation data for benzoic acid and eight other compounds of430

its family (at conditions between 30% and 90% of the critical temperature) are

presented. Only a small fraction of the experimental data (those for which the

reported relative uncertainty is lower than 5 %) are used in the development of

the group interactions, meaning that the data presented in this table provides a

good indication of the predictive accuracy of the approach. We note especially435

the good agreement of the SAFT-γ Mie model for benzoic acid for both the

vapour pressure (%AAD = 5%) and the saturated liquid density (%AAD =

0.1%).

The methyl group of methylbenzoic acid can be positioned in the second,

third, or fourth carbon of the aromatic ring. Although in the SAFT-γ Mie model440

it is not possible to differentiate these molecules with first-order groups as used
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Table 9: Overview of accuracy of SAFT-γ Mie for the prediction of vapour pressures Pvap and

saturated densities ρsat for a range of pure compounds of the family of benzoic acid. Only

a small fraction of these data (those with smaller experimental uncertainty was used in the

estimations.

Compound s T range / K ND
s,p %AADs Pvap(T ) AADs × 10−3 Pvap / Pa Ref.

benzoic acid 395-675 57 5.01 36 [73]

2-methylbenzoic acid 377-675 61 43.2 89 [73]

3-methylbenzoic acid 382-695 64 39.7 70 [73]

4-methylbenzoic acid 453-705 52 54.5 122 [73]

2-ethylbenzoic acid 338-680 70 4.13 3.7 [73]

3-ethylbenzoic acid 318-695 77 59.8 57 [73]

4-ethylbenzoic acid 385-710 67 26.5 84 [73]

3-propylbenzoic acid 316-690 76 13.2 16 [73]

4-propylbenzoic acid 422-705 58 31.7 82 [73]

Compound s T range / K ND
s,p %AADs ρsat,liq(T ) AADs ρsat,liq / (kg/m3) Ref.

benzoic acid 395-670 29 0.068 0.58 [73]

2-methylbenzoic acid 377-670 31 12.4 123 [73]

3-methylbenzoic acid 382-690 32 12.3 118 [73]

4-methylbenzoic acid 453-700 26 7.27 62 [73]

2-ethylbenzoic acid 338-680 36 8.09 80 [73]

3-ethylbenzoic acid 318-690 39 9.84 98 [73]

4-ethylbenzoic acid 385-710 34 2.67 22 [73]

3-propylbenzoic acid 316-690 39 5.78 53 [73]

4-propylbenzoic acid 422-700 29 1.48 11 [73]

here, it is interesting, to assess the accuracy of the model for these isomers. The

model developed captures best the vapour pressures of the 3-methylbenzoic acid

(%AAD = 40%) and the liquid saturation densities of the 4-methylbenzoic acid

(%AAD = 7%). The highest %AAD observed is 55% for the vapour pressures445

of 4-methylbenzoic acid. In relation to this error, is worth mentioning that the

uncertainties reported in NIST for this compounds are also larger than for some

of the other compounds [73].

Ethylbenzoic acid has also three position isomers, and it is encouraging to

note that the deviations in the comparison of the SAFT-γ predictions and the450

experimental data are overall smaller for these molecules s compared to the
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methyl substituted acid. The model captures best the vapour pressures of the

2-ethylbenzoic acid (%AAD = 4%) and the liquid saturation densities of the

4-ethylbenzoic acid (%AAD = 3%). The highest %AAD observed is 60% for

the vapour pressures of 3-ethylbenzoic acid. Concerning the position isomers455

of propylbenzoic acid, the model captures best the vapour pressures of the 3-

propylbenzoic acid (%AAD = 13%) and the liquid saturation densities of the

4-propylbenzoic acid (%AAD = 2%). The highest %AAD observed is 32% for

the vapour pressures of 4-propylbenzoic acid. In future work it will be of interest

to consider the incorporation of second-order groups to account for differences460

between isomers, in order to reduce these errors.

In terms of the performance of the SAFT-γ Mie approach for the calculation

and prediction of solubility with the new group-interactions developed here, we

present in Fig. 5 a parity plot comparing all the available experimental data

for the solvents of interest. Experimental data form the literature as well as465

those those measured as part of our current work are included. The available

experimental solubility data of benzoic acid are mostly limited to a small range

of temperature, close to the ambient temperature. The data is often limited to a

few points, which means that each point has a significant impact in the %ADD,

and in addition, the solubilities can be very low in some of the solvents, leading470

to large %AADs. Thus, it is also useful to consider the absolute errors (AADs)

and parity plots, to develop an overall assessment of the predictive accuracy of

the model.

As can be seen in Fig. 5, the SAFT-γ Mie calculations fall within less than

half an order of magnitude away from the measurements, which, within the475

context of predictive solubility methods, can be considered a satisfactory level

of agreement. Moreover, we note that the agreement is seen to be best for the

systems exhibiting higher solubility.

3.4. Diphenylamine

The like aCNHaC-aCNHaC and unlike interaction parameters aCNHaC-480

aCCH3 and aCNHaC-aCH groups needed to model diphenylamine (Fig. 1(c)), as
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Figure 5: Solubility of benzoic acid calculated with SAFT-γ Mie vs experimental data. Data

used for in the characterisation of group-interaction parameters are represented with filled

symbols and those not used, with open symbols. Thermodynamic conditions are detailed in

the supplementary information (cf. Table SI.5).

well as their interactions with other relevant groups, are estimated using exper-

imental phase equilibrium data of pure diphenylamine, 3-methyldiphenylamine

and dip-tolylamine [73], as well as mixture data of diphenylamine in benzene,

methylbenzene, and 1,3-dimethylbenzene [85, 86, 87, 88, 89].485

All the experimental data used in the parameter estimation are referenced

in Tables 10 and 11, together with the corresponding model deviations. Overall,

the SAFT-γ Mie approach using the parameters estimated provide a satisfac-

tory description of the pure compound properties considered (Table 10), with

%AADs for the vapour pressures and saturated densities typically below 5% (al-490

though we note the larger deviation of 13% in the case of 3-methyldiphenylamine).

In terms of the mixture data used (Table 11), these are obtained from pub-

lications concerning single phase densities [85, 86, 87, 88] and solid-liquid solu-

bility [89]. The single-phase densities of the benzene + diphenylamine mixture

are described with an %AAD of 2%, while in the case of the solid-liquid solubil-495

ity calculations compared to the experimental data the %AAD is in the range

10% - 47%.The largest deviation is obtained for the case of diphenylamine in

1,3-dimethylbenzene. As we discussed in Section 3.3, it is not possible to differ-
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Table 10: Overview of accuracy of SAFT-γ Mie in the calculation of vapour pressures and

saturated liquid densities for pure compounds containing the aCNHaC group. All the data

displayed are obtained from NIST correlations [73] and are used in the parameter estimation

procedure.

Compound s T range / K ND
s,p %AADs Pvap(T ) AADs × 10−3 Pvap / Pa Ref.

diphenylamine 510-680 18 2.624 4.19 [73]

3-methyldiphenylamine 545-765 23 12.67 21.2 [73]

Compound s T range / K ND
s,p %AADs ρsat,liq(T ) AADs ρsat,liq / (kg/m3) Ref.

diphenylamine 330-710 24 1.004 7.822 [73]

3-methyldiphenylamine 400-760 24 4.193 30.52 [73]

di-p-tolylamine 410-770 23 6.765 37.51 [73]

Table 11: Overview of accuracy of SAFT-γ Mie in the calculation of properties of binary

mixtures of diphenylamine. Single-phase mixture density ρ (the mole fraction range considered

is xDPA = [0.00 − 0.19]) and solid-liquid solubility of diphenylamine xsatDPA, both at P =

0.101 MPa. All the data included are used in the parameter estimation procedure.

Solvent s T range / K ND
s,p %AADs ρ AADs ρ / (kg/m3) Ref.

benzene 293-298 12 1.729 15.30 [85, 86, 87, 88]

Solvent s T range / K ND
s,p %AADs xsatDPA AADs xsatDPA Ref.

benzene 273-313 3 9.960 0.054 [89]

methylbenzene 273-313 3 19.21 0.096 [89]

1,3-dimethylbenzene 273-313 3 46.62 0.174 [89]

entiate positional isomers with our current first-order groups. In future work,

we will develop second order groups in order to improve the accuracy of the500

description of the properties in these systems.

In Fig. 6, SAFT-γ Mie calculations are shown against pseudo-experimental

data [73] for the vapour pressures of diphenylamine, Fig. 6(a), the saturated den-

sities of diphenylamine, Fig. 6(b), the saturated densities of 3-methyldiphenylamine,

Fig. 6(c), and the heat capacities of diphenylamine, Fig. 6(d). The calculations505

presented in Fig. 6(d) are predictive, as no heat-capacity data is used for the

characterisation of group interactions. The calculations are found to be in good

agreement with the experimental data. In order to have an accurate descrip-

tion of pure diphenylamine properties, the accuracy on the saturated liquid
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(a) (b)

(c) (d)

Figure 6: a) vapour pressures for diphenylamine, b) saturated densities for diphenylamine,

c)saturated densities for 3-methyldiphenylamine and d) heat capacities for pure dipheny-

lamine. The curves represent SAFT-γ Mie calculations, the symbols in a), b) and c) represent

NIST-generated data [73] that was used in the estimations (orange filled symbols) and not

(blue open symbols), and the symbols in d) represent experimental data [90]. The estimated

error in the experimental data (when available) is shown with the error bars.
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densities for 3-methyldiphenylamine was sacrificed slightly. This compromise510

could have potentially been avoided with a more sophisticated aCNHaC model,

e.g. a model with an extra association site type – a study that was prevented

due to the paucity of experimental data. The prediction of the heat capaci-

ties (Fig. 6 (d)), a second-derivative property, is achieved with great accuracy,

which provides confidence to the model; especially accounting for the fact that515

this property was not included in the objective function used to carry out the

model development.

Moreover, the prediction capability of SAFT-γ Mie of vapour pressures and

saturated densities is tested for a range of pure compounds of the family of

diphenylamine, and the calculated %AADs and AADs presented in Table 12.520

The data referenced in the table consists of vapour pressures and saturated den-

sities for diphenylamine, 3,3’-dimethyldiphenylamine and di-p-tolylamine con-

ditions between 30% and 90% of the critical temperature. Only a small fraction

of these data (that including the points with the smallest uncertainty) was used

in the estimations, which means that Table 12 provides a good indication of the525

quality of the parameters developed. The SAFT-γ Mie model for diphenylamine

shows great performance across the whole range of temperatures for both vapour

pressures (%AAD = 3.7%) and liquid saturated densities (%AAD = 1.0%).

Table 12: Overview of accuracy of SAFT-γ Mie in the calculation of vapour pressures and

saturated densities for a range of pure compounds of the family of diphenylamine. Only a

small fraction of these data was used in the estimations.

Compound s T range / K ND
s,p %AADs Pvap(T ) AADs × 10−3 Pvap / Pa Ref.

diphenylamine 326.32-735 83 3.69 3.3 [73]

3,3’-dimethyldiphenylamine 361.1-770 83 31.9 12 [73]

di-p-tolylamine 352.1-775 86 29 12 [73]

Compound s T range / K ND
s,p %AADs ρsat,liq(T ) AADs ρsat,liq / (kg/m3) Ref.

diphenylamine 326.32-730 42 1.01 9.4 [73]

3,3’-dimethyldiphenylamine 361.1-770 42 4.21 36 [73]

di-p-tolylamine 352.1-770 43 5.02 44 [73]

Having assessed the performance of the models for the description and pre-
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Figure 7: Solubility of diphenylamine calculated with SAFT-γ Mie against experimental mea-

surements. Data used in the estimations are represented with filled symbols and those not

used, with open symbols. Thermodynamic conditions are detailed in the supplementary in-

formation (cf. Table SI.6).

diction of fluid-phase equilibria, it is now of interest to consider the accuracy of530

the models for the description of the solid-liquid solubility of diphenylamine. In

Fig. 7, the SAFT-γ Mie calculations are plotted against all solubility measure-

ments for diphenylamine in a range of solvents, as found in the literature for

the systems of interest, as well as those measured for this work (see Sections 2.1

and 3.1). As before, we report the SAFT-γ Mie calculations for solubility of535

diphenylamine in a parity plot for best comparison of all the data available. As

can be seen in Fig. 7 our SAFT-γ calculations fall within an order of magnitude

away from the measurements, with only limited scatter seen in the plot reduced

scatter. The best agreement between the SAFT-γ calculations and the experi-

mental data is seen for methanol, 2-butanol, acetone, benzene, methylbenzene,540

dimethylbenzene and hexane.

3.5. Mefenamic acid

The newly defined groups and the group-group interactions developed in the

previous sections are now used to model the properties of systems containing

mefenamic acid (Fig. 1(a)). In Fig. 8 an overview of the accuracy of the model is545
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Figure 8: Solubility of mefenamic acid calculated with SAFT-γ Mie vs experimental measure-

ments. Data used in the estimations are represented with filled symbols and those not used,

with open symbols. Thermodynamic conditions are detailed in the supplementary information

(cf. Table SI.7).

shown for all solubility data of mefenamic acid found in literature and measured

in this work that can be currently modelled by SAFT-γ Mie. As can be gleaned,

the scatter in the data is greater as compared to those for benzoic acid (Fig. 5)

and diphenylamine (Fig. 7). This can be expected, as mefenamic acid is the most

complex, of the tree molecules considerd, and the least soluble. Our SAFT-γ550

Mie model of mefenamic acid involves a larger set of group-group interactions,

most of which have been refined using experimental properties related to ben-

zoic acid and diphenylamine, meaning that a large part of the points presented

correspond to predictions. Note in Fig. 8 that open symbols refer to predictive

calculations. Despite the challenging nature of the molecule, the solubility cal-555

culations are within an order of magnitude of the experimental measurements,

with the exception of the solubility in 2-methyl-1-propanol. We also note the

excellent level of agreement obtained for the solubility of mefenamic acid in

most acetates, 2-alcohols and acetone.

42



3.6. Solid-liquid solubility phase diagrams560

We now present in more detail temperature-composition solubility phase

diagrams for the three compounds of interest, in a selection of the solvents con-

sidered. All of the calculations and data are at constant atmospheric pressure.

The solubilities in ethanol, propan-1-ol, butan-1-ol, and 2-butanol are pre-

sented in Fig. 9; those in acetone, and butan-2-one in Fig. 10; in ethyl acetate in565

Fig. 11. The theoretical calculations carried out using the SAFT-γ Mie approach

are compared with the experimental results of our current work (cf. Fig. 3) as

well as those found in the literature [16, 89, 91, 92, 93, 94].

In comparing the three substances, it is interesting to note that the solubili-

ties of benzoic acid and diphenylamine in alcohols are very similar (e.g., compare570

at T = 300 K, in Fig. 9), but the solubility of diphenylamine is considerably

higher than that of benzoic acid in the ketones (Fig. 10) and esters (Fig. 11)

studied. The change of curvature of the solubility of diphenylamine seen in

Fig. 9 at temperatures close to 323 K is characteristic of solid-liquid equilibria

close to being solid-liquid-liquid equilibria in the phase diagram. By contrast,575

the solubility of mefenamic acid is clearly much lower in all of the solvents.

It is also worth noting the very good overall agreement obtained between the

SAFT-γ Mie calculations and the experimental data.

We present phase diagrams of the mixture of benzoic acid and water in

Fig. 12 (at (a) P = 1 bar, and (b) T = 413.65 K). The solid-liquid equilibrium580

is shown in Fig. 12 (a), where the excellent agreement between SAFT-γ Mie

calculations and experimental data of reference mentioned in Table 8 can be

seen. Three-phase solid-liquid-liquid phase coexistence is observed at 369 K

both in experimental measurements [95] and in our SAFT-γ Mie prediction. An

excellent agreement is also obtained for the prediction of the bubble pressure of585

the mixture of benzoic acid and water at T = 413.65 K. The full prediction of

the vapour-liquid equilibrium is shown both in Fig. 12 (a) and (b). Most of the

experimental points of the liquid-liquid equilibrium correspond to metastable

states [95, 96]. The prediction of the liquid-liquid equilibrium with SAFT-γ

Mie is qualitatively correct, although we noet the overestimation of the critical590
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temperature of the liquid-liquid equilibrium envelope.

In Fig. 13 a mixed-solvent system is studied. SAFT-γ Mie predicted solu-

bilities in a binary mixture of water+ethanol are compared with experimental

data available in the literature [94, 89, 5]. We emphasise at this point the

fact that mixed-solvent data were not used to characterise the the group inter-595

actions, and so the calculations presented in this figure are entirely predictive.

We have previously shown that very good agreement with experimental data for

the solubility of benzoic acid in pure water (cf. Fig. 12 (a)) and pure ethanol

(cf. Fig. 9(a)) is obtained with our model. In order to examine the ternary

mixture of benzoic acid + water + ethanol it is useful however to define a600

solvent mole fraction in terms of the composition of ethanol and water only,

i.e., χethanol =
xethanol

xwater + xethanol
and χwater =

xwater

xwater + xethanol
, which satisfy:

χwater + χethanol = 1 (note that solubility mole fraction xsat
BA of benzoic acid

also satisfies xwater + xethanol + xsat
BA = 1). The solubility xsat

BA of benzoic acid

in water+ethanol predicted by SAFT-γ Mie is shown in Fig. 13 as a function605

of χethanol. As can be seen the solubility xsat
BA increases close to linearly for an

increase of χethanol. A very good agreement is found between the prediction of

SAFT-γ Mie and the experimental data [94].

In the case of the solubility of diphenylamine in pure water, the data found

in the literature [97, 89, 98, 99] are not found to be consistent enough to be610

used for parameter estimation; instead we apply combining rules to treat the

aCNHaC-H2O unlike interactions. With this, a predictive calculation of the

solubility of diphenylamine in water+ethanol, shown in Fig. 13 can be carried

out. The calculations are found to overestimate the experimental solubility [89].

in the the higher ethanol mole fractions. SAFT-γ Mie however predicts very well615

the qualitative evolution of the solubility of diphenylamine in water+ethanol as

a function of the solvent mole fraction: the solubility is very low in the water-

rich solutions (χethanol < 0.5), becoming significant, in ethanol-rich solutions for

χethanol > 0.5.

Similarly, the solubility of mefenamic acid is known to be several orders of620

magnitude smaller in water than in organic solvents [5, 16]. In the inset of
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(a) Solubility in ethanol. (b) Solubility in propan-1-ol.
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(c) Solubility in butan-1-ol. (d) Solubility in butan-2-ol.

Figure 9: Solubility xsati of compounds i: benzoic acid (red), diphenylamine (blue), and

mefenamic acid (black) in alcohols. The curves represent the solubility calculated with SAFT-

γ Mie. The triangles represent the experimental results presented in our work. The squares

represent the solubility measured in previous work and found in the literature, for (a) benzoic

acid in ethanol [91], diphenylamine in ethanol [89], mefenamic acid in ethanol [16], and (b)

benzoic acid in propan-1-ol [92].
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Figure 10: Solubility xsati of compounds i: benzoic acid (red), diphenylamine (blue), and

mefenamic acid (black) in ketones. The curves represent the solubility calculated with SAFT-

γ Mie. The triangles represent the experimental results presented in our work. The squares

represent the solubility measured in previous work and found in the literature, for (a) benzoic

acid in acetone [93], mefenamic acid in acetone [16], and (b) benzoic acid in butan-2-one [92].
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Figure 11: Solubility xsati of compounds i: benzoic acid (red), diphenylamine (blue), and

mefenamic acid (black) in ethyl acetate. The curves represent the solubility calculated with

SAFT-γ Mie. The triangles represent the experimental results presented in our work. The

squares represent the solubility measured in previous work and found in the literature, for

benzoic acid [92], diphenylamine [89], and mefenamic acid [16] in ethyl acetate.
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Figure 12: Phase diagrams of the mixture of benzoic acid and water at (a) P = 1 bar, and

(b) T = 413.65 K. The curves represent the solid-liquid (red), liquid-liquid (blue), and vapour-

liquid (black) phase boundary curves calculated with SAFT-γ Mie, at equilibrium (continuous

curves), and for metastable phases (dashed curve). The squares represent experimental results

found in the literature for the solid-liquid [95, 83] , liquid-liquid [95, 96], and vapour-liquid [100]

equilibria. Similar figures can be found in Reference [101] with PC-SAFT calculations.
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Figure 13: Solubility xsati of compounds i: benzoic acid at T = 298.15 K (red), diphenylamine

at T = 273.15 K (light blue), and at T = 301.15 K (dark blue), and mefenamic acid at

T = 298.15 K (black) in water + ethanol. The curves represent the solubility calculated

with SAFT-γ Mie. The squares correspond to experimental literature data for benzoic acid

[94], diphenylamine [89], and mefenamic acid [5], respectively. The solubility xsati is the mole

fraction of i in the ternary mixture (i + water + ethanol), as xwater + xethanol + xsati = 1.

The solvent mole fraction χethanol is given by χethanol =
xethanol

xwater + xethanol
.
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Fig. 13, we show that the solubility of mefenamic acid in water+ethanol is very

small in water-rich mixtures, for χethanol < 0.5, and increases for χethanol > 0.5

in ethanol-rich mixtures. The prediction of SAFT-γ Mie overestimates the sol-

ubility of mefenamic acid in ethanol-rich solutions, compared to experiment [5],625

but the order of magnitude of the prediction is correct (Fig. 9(a)).

4. Conclusions

The experimental results and the group contribution approach shown in

our current work extend our understanding of the thermodynamic properties of

benzoic acid, diphenylamine, and mefenamic acid. We present the solubility as630

a key property in our study, due to its role in pharmaceutical processes and drug

manufacturing, and we emphasise the interest in predicting solubility of active

pharmaceutical ingredients in different solvent families. In this context, we

demonstrate how the SAFT-γ Mie approach constitutes a well-suited approach

to predict solubility and aid in solvent selection.635

We present new experimental solubility data for benzoic acid, diphenylamine,

and mefenamic acid, in alcohols, ketones, and esters. Before our current work,

only a few solubility data for mefenamic acid was available in the literature, e.g.

in Mudalip et al. [16]. We extend the applicability of the SAFT-γ Mie equa-

tion of state by introducing two new groups: the aCCOOH group for benzoic640

acid and related molecules, and the aCNHaC group for diphenylamine and re-

lated molecules. Both aCCOOH and aCNHaC groups are used in the molecular

modelling of mefenamic acid. We also define the CH3CO group for 2-ketones

to extend the SAFT-γ Mie applicability in describing the ketone family as sol-

vents. We use the new solubility data presented in our current work, together645

with reference data found in the literature, to estimate the parameters of the

new group-group interactions and to assess the accuracy of the predictions of

the models developed.

The new solubility measurements are found to be consistent with the few

available data of the literature. The solubility of mefenamic acid is always650
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smaller than the solubility of benzoic acid and diphenylamine, for a given tem-

perature and solvent, as it can be expected from the complexity of the molecular

structures of the molecules and their melting temperatures. The order of mag-

nitude of the solubility of benzoic acid and diphenylamine in alcohols is, by

contrast, similar. The solubility curves as a function of temperature for these655

compounds are seen to cross: for T < 300 K, the solubility of benzoic acid

is generally slightly higher than the solubility of diphenylamine, and it is the

opposite for T > 300 K. In ketones, the solubility of diphenylamine is found to

be significantly higher than the solubility of benzoic acid.

We obtain an excellent agreement between the SAFT-γ Mie calculations and660

the experimental data selected for parameter estimation, which demonstrates

that the theoretical approach is well-suited for the description of the thermody-

namic properties of interest here: vapour pressure, saturated density, enthalpy

of vapourisation, bubble temperature, dew temperature, bubble pressure, and

solid-liquid solubility. The uncertainty in experimental data used for compari-665

son is often not reported, which hinders the validation of the model predictions.

We present %AADs, AADs, parity plots, solid-liquid solubility phase diagrams,

in order to provide an indication of the accuracy of the theoretical calculations

and predictions

The new groups identified are transferable to other molecules, in particu-670

lar to other non-steroidal anti-inflammatory drugs, which incorprate the same

aCCOOH and aCNHaC groups, and to solvents including the CH3CO group.

Several refinements will be considered in further studies. Intramolecular hydro-

gen bonding interactions can be included in the molecular modelling and used

both in parameter estimation and prediction [54, 102]. Taking into account in-675

tramolecular hydrogen bonds would allow to differentiate Form I and Form II of

mefenamic acid in the model, and hence distinguish their calculated solubility.

Further improvement can be expected for the description of the unlike interac-

tion between water and the aCNHaC group. We have treated this interaction

here using combining rules, in future, with the aid of more experimental data680

this interaction should be further refined.
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