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For the accurate design, optimization and simulation of chemical processes limited by mass transfer
kinetics it is important the knowledge of transport properties, namely, diffusion coefficients, D12. In this
work, the D12 values of six unsaturated linear ketones (i.e., propanone, butanone, propan-2-one, propan-
3-one, hexan-2-one and hexan-3-one) and three unsaturated linear aldehydes (i.e., butanal, pentanal and
hexanal) in (compressed) liquid ethanol were measured at temperatures from 303.15 K to 333.15 K and
pressures up to 150 bar. The D12 values of ketones are in the range of 1.28 � 10�5 – 2.89 � 10�5 cm2 s�1

and of the aldehydes are between 1.39 � 10�5 and 2.68 � 10�5 cm2 s�1. The general trends of D12 regard-
ing temperature, pressure, Stokes-Einstein coordinate, and free volume are presented and discussed. The
diffusivities of the various ketones position isomers and aldehyde/ketone isomers were statistically com-
pared, being possible to conclude that the former ones exhibit indistinguishable diffusivities while differ-
ent values appear for aldehydes/ketones isomers. Finally, five models and a machine learning algorithm
from the literature were tested to predict/correlate the new data. It is suggested that the TLSM model
should be the preferred approach for D12 prediction of linear unsaturated aldehydes and ketones in liquid
compressed ethanol.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cussler [1] pointed out that ‘‘diffusion in liquids is important
because it is slow” and this is the major motivation to investigate
the behavior of solutes in solutions. In fact, the diffusivity of
solutes is a limiting rate step in various processes occurring in
dense fluids, e.g., reaction rates in chemistry, surface corrosion pro-
cesses in metallurgy, and extractions using liquid or supercritical
solvents [1]. Hence, knowledge about diffusion behavior and diffu-
sion coefficients data are of great importance for practical applica-
tions. However, since their experimental measurement for all real
mixtures of interest is impossible, the existence of accurate predic-
tive and correlation models is essential for their calculation in bin-
ary and multicomponent systems. For this, the accurate knowledge
of tracer diffusivities (D12) is required to develop and validate such
models, and also to estimate multicomponent diffusivities using
the empirical mixing rule of Vignes [2] or the Maxwell-Stefan
approach [3,4].
Regarding D12, the data available in the literature are scarce spe-
cially concerning polar solvents. Accordingly, in this work, the dif-
fusion coefficients of ketones and aldehydes in compressed liquid
ethanol were experimentally determined by the chromatographic
peak broadening technique [5–8].

Aldehydes are characterized by the presence of a carbonyl
group bonded to one carbon and one hydrogen atom, and are
building blocks widely used in organic synthesis [9]. Aldehydes
may occur in food as natural constituents, e.g. pentanal in red wine
and butanal in wheaten bread [10], hexanal in oranges [10,11], or
as artificially added flavoring ingredients [10]. Some aldehydes are
responsible for very pleasant odors, like benzaldehyde in almonds
[12], while others are responsible for unpleasant odors such as the
fishery odor of boiled crab meatballs caused by a mixture of pen-
tanal, hexanal, heptanal and decanal [13]. More particular applica-
tions of aldehydes include hexanal usage to extend shelf life and
retain fruit original color [14–16], and butanal usage in the manu-
facture of synthetic resins, plasticizers, pharmaceuticals, agro-
chemicals, antioxidants and perfumery [17].

Analogously to aldehydes, ketones are also characterized by the
existence of a carbonyl group but now binding to carbons of two
radicals. In general, ketones are more stable than aldehydes [12].
Ketones are used as reactants for the synthesis of pharmaceuticals,
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Nomenclature

Apeak Area of the peak
ARD Average relative deviation
AARD Average absolute relative deviation
B12 Adjustable parameter of Rice and Gray correlation
BDHB Characteristic constant of the solvent–solute pair from

the DHB correlation
C
�

Average radial solute concentration
D Dispersion coefficient
D12 Tracer diffusion coefficient
De Dean number
DHB Dymond-Hildebrand-Batchinski
F12 Hard sphere correction factor of D12

g reff ;12
� �

Radial distribution function at contact
L Length of the column
LJ Lennard-Jones
m Quantity of solute injected
m12 Reduced mass of the system
Absmax Peak maximum absorption
Mi Molecular weight of the component i
Mmix Weighted average of the solvent mixture
NAI Ratio between the peak maximum absorbance and its

area
Nav Avogadro number
NDP Number of data points
k12 Binary interaction parameter of the Rice and Gray corre-

lation
k12;d Binary interaction parameter of the TLSMd model
kB Boltzmann constant (1.380649 � 10�23 J K�1)
Pc Critical pressure
Pex Longitudinal Peclet number
R0 Inner column radius
Rg Universal gas constant (8.3144 J mol�1 K�1)
S10 Symmetry factor at 10 % of peak high
Sc Schmidt number
t Time
T Absolute temperature

Tc Critical temperature
T�
12 Reduced binary absolute temperature

TLSM Tracer Liu-Silva-Macedo
u
�

Mean fluid velocity
VTC
bp;i Molar volume at normal boiling point estimated by the

Tyn-Calus relation for component i
Vc Critical molar volume
VD Minimum volume required for diffusion from the DHB

correlation
V i Molar volume of component i

Greek letters
e Root mean square error
eLJ;i=kB Lennard Jones energy of the component i
k Wavelength
li Viscosity of compound i
q1 Density of component i
qn;i Number density of component i
q�
i Reduced number density of component i

rLJ;i Lennard-Jones diameter of component i
reff ;i Effective hard sphere diameter of component i
/i Association factor of the component i

Subscripts
1 Solvent
2 Solute
12 Solute-solvent pair
c Critical property
r Reduced property (using critical constants)

Superscripts
calc Calculated
exp Experimental
* Reduced property (using LJ constants)
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dyes, odorants, pesticides, paint and varnish removers or to pro-
duce ketone resins in the plastic industry [18]. Besides, ketones
are good solvents for paints, cellulose ethers, nitro-cellulose among
others [19]. Butanone is one of the most produced industrial chem-
ical compounds and is mainly used as solvent [20].

In this work the D12 of six linear unsaturated ketones (propa-
none, butanone, pentan-2-one, pentan-3-one, hexan-2-one,
hexan-3-one) and three linear unsaturated aldehydes (butanal,
pentanal and hexanal) were experimentally measured in liquid
ethanol by the Chromatographic Peak Broadening (CPB) technique
at temperatures between 303.15 K and 333.15 K and pressures
between 1 bar and 150 bar [5–8]. Even though aldehydes and
ketones are two largely studied chemical families, their diffusion
in polar solvents is still largely understudied. In fact, to the best
of our knowledge, D12 of the present targeted compounds in polar
solvents are only available for acetone in chlorotrifluoromethane
[21] and water [22]. The remaining literature data refer to D12 in
weakly polar solvents, namely, acetone in cyclohexane, n-dode-
cane, n-hexane and CO2 [23–28], and butanone, pentan-2-one
and pentan-3-one in CO2 [26,29–31]. As for the target aldehydes,
no D12 values were found in the literature.

Besides the new experimental data, this work also assesses five
equations to model the D12 points, namely, the predictive Wilke-
Chang (WC) [32,33] and Tracer Liu-Silva-Macedo (TLSM) [34–36]
2

equations, and the correlations of TLSMd [34–36], Dymond-
Hildebrand-Batschinski (DHB) [37–39] and Rice and Gray [40] Fur-
thermore, the predictive computational approach based on a gradi-
ent boosted machine learning algorithm proposed by Aniceto et al.
[41] is also included.

Finally, one may consider these measurements of particular rel-
evance for the development and/or improvement of predictive
models, and to enhance the understanding of transport phenom-
ena of compounds with carbonyl functional group. Moreover, the
present findings can be further applied to more complex aldehydes
and ketones.
2. Theoretical background

2.1. Chromatographic peak broadening technique

Based on the fundamental work developed by Taylor [5–7] and
Aris [8], the CPB technique has been widely employed to measure
diffusion coefficients at infinite dilution [42,43]. The CPB method is
based on the injection of a solute impulse into a laminar flow sol-
vent stream inside a capillary tube. The solute will broaden due to
the combined effect of molecular diffusion and convection along
the radial direction and longitudinal axis, respectively, and, if an
endless tube is involved, a parabolic symmetric peak is obtained
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at column outlet [44]. The average radial concentration (C
�
) profile

at column exit, z ¼ L, is described by [45]:

C
�
ðL; tÞ ¼ m

pR0
2

� �
u
�ffiffiffiffiffiffiffiffiffiffiffiffi

4pDt
p exp �

L� u
�
t

� �2
4Dt

2
64

3
75 ð1Þ

where m is the quantity of solute injected, R0 the inner radius of the

column, u
�

is the mean fluid velocity, t is time, L is the column
length, and D is the dispersion coefficient described by:

D ¼ D12 þ R2
0u
�2

48D12
ð2Þ

Equation (1) can be fitted to the experimental solute concentra-
tion profile by minimizing the root mean square error defined as
[26,45]:

e ¼
R t2
t1 Cexp L; tð Þ � C

�
ðL; t

�� �2
dtR t2

t1 Cexp L; tð Þ� �2dt
0
B@

1
CA

1=2

ð3Þ

where t1 and t2 are the times at 10 % of the peak height, with t1 < t2.
The measured peaks quality should be evaluated by a series of

conditions described in the literature [26,45–49]. First, the concen-
tration profile should be gaussian shaped, which is true if:

D

u
�
L
< 0:01 ð4Þ

Axial dispersion should be negligible, which requires large lon-
gitudinal Peclet numbers (Pex). Perturbations due to temperature
and/or pressure changes must be negligible, which is fulfilled if:

u
�
L
D

> 1000 ð5Þ

Since long capillary columns are required, usually they are
coiled inside a thermostatic oven causing a secondary circular flow,
whose effect on the diffusivity measurement can be neglected if:

De Sc0:5 < 10 ð6Þ
where De is the Dean number and Sc the Schmidt number. Finally, e
should be ideally below 1 %, but acceptable if under 3 % and if the
symmetry factor at 10 % of peak high (S10) is lower than 1.3.

2.2. Modelling

Distinct modelling approaches were applied to the experimen-
tal data, namely a predictive machine learning algorithm and five
classical equations from the most relevant theories available in
the literature: Wilke-Chang (WC), from hydrodynamic theory;
Dymond-Hildebrand-Batschinski (DHB) and Tracer Liu-Silva-
Macedo (TLSM and TLSMd), from free-volume theory; and the
model of Zêzere et al. [40], from Rice and Gray approach. For opti-
mization and evaluation of the tested models, the absolute average
relative deviation (AARD) was employed:

AARD %ð Þ ¼ 100
NDP

XNDP
i¼1

Dcalc
12 � Dexp

12

Dexp
12

					
					
i

ð7Þ

where Dcalc
12 is the calculated diffusion coefficient, Dexp

12 is the exper-
imental value, and NDP the number of data points. The tested mod-
els are briefly described in the following.

2.2.1. Wilke-Chang (WC) equation
The Wike-Chang (WC) expression is a hydrodynamic equation

based on an empirical modification of the Stokes-Einstein relation-
ship. It is described by [32,33]:
3

D12 ¼ 7:4� 10�8 /1M1ð Þ1=2T
l1 VTC

bp;2

� �0:6 ð8Þ

where / is the association factor of the solvent (/ ¼ 1.5 for ethanol),
M1 is the molecular weight of the solvent, T is the absolute temper-
ature, l1 is the viscosity of the solvent, and VTC

bp;2 is the solute molar
volume at normal boiling point estimated, in this study, by the Tyn-
Calus relation [50].

2.2.2. Dymond-Hildebrand-Batschinski (DHB) equation
The Dymond-Hildebrand-Batschinski (DHB) 2-parameter corre-

lation based of free-volume theory was originally proposed to
describe non-polar systems with negligible attractive forces at
moderate densities, though good results are achieved in almost
all [36,51] cases. The corresponding two fitting parameters are
the minimummolar volume required for diffusion (VD) and a char-
acteristic parameter of the solvent–solute pair (BDHB) [37–39]. The
equation is given by:

D12 ¼ BDHB

ffiffiffi
T

p
V1 � VDð Þ ð9Þ

where V1 is the molar volume of the solvent.

2.2.3. Tracer Liu-Silva-Macedo (TLSM and TLSMd) models
The Tracer Liu-Silva-Macedo is a hybrid free volume model that

combines both attractive and repulsive interactions. [34–36]. The
main equation of the model is:

D12 ¼ 21:16
qn;1r2

eff ;12

1000RgT
M12

� �1=2

exp � 0:75q�
n;1

1:2588� q�
n;1

� 0:27862
T�
12

 !

ð10Þ
where qn;1 is the number density of the solvent, q�

n;1 is the reduced
solvent density, reff ;12 is the binary effective diameter, M12 the
reduced molecular weight, T�

12 is the reduced binary temperature,
and Rg is the universal gas constant (8.3144 J mol�1 K�1). The
remaining equations required for the calculation of D12 can be
found elsewhere [36].

As for the TLSMd 1-parameter correlation, it is similar to TLSM
but a binary interaction parameter (k12;d) is introduced into the
Lennard-Jones (LJ) diameter combining rule:

rLJ;12 ¼ ð1� k12;dÞrLJ;1 þ rLJ;2

2
ð11Þ
2.2.4. Rice and Gray (RG) correlation
The two-parameter Rice and Gray (RG) improved correlation of

dense systems was proposed by Zêzere et al. [40]. The main equa-
tion is:

D12 ¼ kB T

8
3 qn;1 reff;12

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pm12 kB T

p g reff ;12ð Þ
F12

þ B12
T�12

1:5


 � ð12Þ

where m12 is the reduced mass of the system, g reff ;12
� �

is the radial
distribution function at contact, F12 is the hard sphere correction
factor, and B12 is an adjustable parameter that englobes the Stock-
mayer potential. The second adjustable parameter, similarly to the
TLSMd correlation, is a binary interaction parameter (k12) intro-
duced into the LJ diameter combination rule. The remaining model
equations can be found in the literature [40].

2.2.5. Machine learning (ML-GB Polar) model
A computational approach proposed by Aniceto et al. [41] based

on a gradient boosted (GB) machine learning (ML) algorithm was
tested, denominated ML-GB Polar. The trained polar diffusivity
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model uses several different descriptors, as, for example, tempera-
ture, solvent viscosity, solute molar mass, solute critical pressure,
solvent molar mass, and the Lennard-Jones energy constant of sol-
vent to predict diffusivity of systems.

3. Materials and methods

3.1. Chemicals

Propanone (C3H6O, CAS number 67-64-1, with purity � 99.8 wt.
%) and butanone (C4H8O, CAS number 78-93-3, with purity � 99.
7 wt.%) were purchased from VWR Chemicals; Butanal (C4H8O,
CAS number 123-72-8, with purity � 99.6 wt.%), pentanal
(C5H10O, CAS number 110-62-3, with purity � 97 wt.%), hexanal
(C6H12O, CAS number 66-25-1, with purity � 98 wt.%) and
pentan-2-one (C5H10O, CAS number 107-87-9, with purity � 99.5
wt.%) were purchased from Sigma Aldrich; pentan-3-one
(C5H10O, CAS number 96-22-0, with purity � 99.8 wt.%) was pur-
chased from LGC; hexan-2-one (C6H12O, CAS number 589-38-8,
with purity � 98.0 wt.%) and hexan-3-one (C6H12O, CAS number
589-38-8, with purity � 97.5 wt.%) were purchased from Supelco;
Ethanol (C2H6O, CAS number 67-17-5, with purity � 99.9 wt.%)
was purchased from Carlo Erba. All chemicals were used without
further purification and stored under the supplier recommend
conditions.

3.2. Experimental conditions and equipment

The experiments were carried out following the CPB method,
using the experimental setup described by Zêzere et al. [52]. Briefly
the experimental system is pressurized and a continuous solvent
flow is generated by the syringe pump Teledyne ISCO model 100
MD. The reservoir of the pump is filled with ethanol and com-
pressed up to the constant operating pressure, at room tempera-
ture. For solvent preheating, a stainless-steel column placed
inside the LSIS-B2V/IC 22 oven (Venticell, MMM Group) is used.
After tempering, the solvent is feed into a coiled open capillary col-
umn (PEEK tubing, with R = 0.261 mm, L = 11.016 m and
Rc = 0.15 m) also placed in the oven, whose temperature was set
at 303.15, 318.15 and 333.15 K. The column is connected to an
UV–Vis detector (Azura DAD 2.1 L, Knauer) to analyze the outlet
stream with a recording rate of 1 s at a broad wavelength spec-
trum. At the end of the system, a back-pressure regulator (Jasco)
controls the column pressure, which was set to 1, 75 and
150 bar. After at least 1–2 h of stabilization after changing condi-
tions or after startup of the system, the tracer is injected as an
impulse signal. Therefore 0.1 lL of solute is injected by changing
the flow path in the injection valve.

4. Results and discussion

The first part of the section focuses the selection of the best
wavelength for the measurement and the assessment of the CPB
method conditions. Then, the D12 experimental data of the aldehy-
des and ketones are presented and discussed. Finally, the mod-
elling results are disclosed.

4.1. Wavelength study

To determine an accurate wavelength for the UV–Vis detection
of the solute at column outlet, a wavelength study was firstly per-
formed for each compound. For this purpose, scans over a spec-
trum of absorption of the tracer substance were performed
between 230 nm and 300 nm for ketones and between 240 nm
and 330 nm for aldehydes. The D12 value, the ratio between the
4

peak maximum absorbance and its area (NAI), root mean square
error (e), and the reproducibility (standard deviation) were com-
pared for the different wavelengths. Ideally, the optimum wave-
length should be the one with the lowest e, the highest
reproducibility between different replicas, and that for which a
small deviation from the set value does not affect D12. The chosen
wavelength for the chromatograms recording was not changed for
the different P and T conditions since it was observed that the
quality of the results was not influenced as shown in Fig. A.1 for
the case of propanone in ethanol. The results for the remaining sys-
tems are omitted because similar conclusions were obtained.

As evidenced in Fig. A.1, the e values go through a minimum and
do not vary significantly for most of the analyzed wavelengths. At
the edges of the preselected spectrum the fitting error increases
and the variability of the measured D12 also increases. After carry-
ing out the analyses, the wavelengths selected were: 260 nm for
propanone, 270 nm for the remaining ketones, and 284 nm for
the aldehydes.
4.2. CPB applicability

The conditions mentioned in section 2.1 were investigated and

the applicability of the CPB method ensured: (i) u
�
between 0.98

and 1.17 cm s-1; (ii) Re between 4.25 and 7.83; (iii) longitudinal
Peclet number, Pex, between 4.22 � 107 and 9.52 � 107; (iv)

Sc
ffiffiffiffiffiffi
De

p
< 8; (v) D=u

�
L < 0:01; (vi) D=u

�
L > 1000 (vii) e with a max-

imum of 1.43 %; (viii) S10 with a maximum of 1.11. The set-volume
flow rate of the syringe pump was double checked by volumetric
and gravimetric measurement. Table 1 shows the density and vis-
cosity of ethanol at the various temperature and pressure condi-
tions. The density was calculated by the Tait [53] and the
Eykman [54,55] equations, while Mamedov equation [56] was used
for viscosity.
4.3. Experimental results

The diffusion coefficient values of all studied compounds are
presented in Table 1 along with their standard deviations calcu-
lated with four to six replicas (only results with a fitting error e
smaller than 3 % and S10 under 1.3 were included), and the solvent
(ethanol) density and viscosity.
4.3.1. D12 trends with temperature and pressure
The diffusivity of the ketones and aldehydes follows the

expected general trends as previously verified for other com-
pounds in dense solvent studies [42,43,52]. First, it can be observed
that for any solute the diffusion increases with temperature, which
can be attributed to the increasing internal energy of the system
that subsequently facilitates solute movement. Second, increasing
pressure decreases the D12 values, because as the solvent mole-
cules become more packed the free volume for diffusion is reduced
and the energy needed by the solute molecules to escape from the
force field of the solvent increases [57–59].
4.3.2. D12 trends with solute size
The comparison of the D12 values between the different ketones

reveals that longer hydrocarbon chains (higher number of carbons)
have lower D12 values as evidenced in Fig. 1 (a). This can be directly
explained by the Stokes-Einstein relation, which states that diffu-
sion should decrease with increasing molecule size, thus smaller
solutes diffuse faster [33]. The aldehydes exhibit the same behavior
as ketones, as illustrated in Fig. 1 (b). This trend was also identified
experimentally and by molecular dynamics studies for ketones in
SC-CO2 [26,60].



Table 1
Diffusivities (D12) of the studied ketones and aldehydes in liquid ethanol at the respective T and P, along with ethanol density (q1) and viscosity (l1).

T (K) P
(bar)

Ethanol Propanone Butanone Butanal Pentan-2-
one

Pentan-3-
one

Pentanal Hexan-2-
one

Hexan-3-
one

Hexanal

q1
y

(g cm-3)
l1*
(cP)

D12 � DD12
yy (10�5 cm

2
s�1)

303.15 1 0.7816 0.9645 1.94 ± 0.03 1.75 ± 0.03 1.94 ± 0.07 1.57 ± 0.02 1.58 ± 0.02 1.71 ± 0.04 1.45 ± 0.05 1.44 ± 0.01 1.54 ± 0.03
75 0.7880 1.028 1.84 ± 0.02 1.65 ± 0.03 – 1.47 ± 0.01 – – 1.35 ± 0.01 – –
150 0.7940 1.090 1.77 ± 0.01 1.57 ± 0.01 1.71 ± 0.04 1.39 ± 0.01 – 1.54 ± 0.01 1.29 ± 0.01 1.28 ± 0.01 1.39 ± 0.01

318.15 1 0.7686 0.7450 2.38 ± 0.04 2.16 ± 0.03 2.35 ± 0.06 1.94 ± 0.03 – 2.14 ± 0.05 1.78 ± 0.03 – 1.87 ± 0.03
75 0.7756 0.7989 2.23 ± 0.02 2.05 ± 0.01 – 1.83 ± 0.01 – – 1.68 ± 0.01 – –
150 0.7821 0.8513 2.12 ± 0.02 1.94 ± 0.01 2.06 ± 0.02 1.73 ± 0.01 – 1.90 ± 0.02 1.58 ± 0.01 – 1.70 ± 0.02

333.15 1 0.7557 0.5872 2.89 ± 0.06 2.63 ± 0.06 2.68 ± 0.06 2.41 ± 0.04 2.43 ± 0.06 2.50 ± 0.05 2.18 ± 0.03 2.17 ± 0.05 2.27 ± 0.03
75 0.7631 0.6332 2.72 ± 0.04 2.51 ± 0.04 – 2.22 ± 0.02 – – 2.03 ± 0.02 – –
150 0.7700 0.6780 2.57 ± 0.05 2.37 ± 0.02 2.42 ± 0.02 2.10 ± 0.01 – 2.24 ± 0.03 1.93 ± 0.01 1.97 ± 0.01 2.02 ± 0.02

y Density estimated by Tait [53] and the Eykman [54,55] methods.
* Viscosity estimated by the Mamedov equation[56]
yy Standard uncertainty.

Fig. 1. Diffusion coefficients (D12) versus number of carbons of the studied (a) ketones and (b) aldehydes at: (j) 303:15K and 1bar; (h) 303:15K and 150bar; (d) 333:15K
and 1bar; and (s) 333:15K and 150bar.

B. Zêzere, S. Buchgeister, S. Faria et al. Journal of Molecular Liquids 367 (2022) 120480
4.3.3. D12 trends of isomers
It was found that the D12 values of the aldehydes/ketones iso-

mers are statistically different with 95 % confidence, except for
butanal/butanone at 333.15 K and 1 bar (see Table A.1 in Appendix
A). As for the C5 and C6 isomeric ketones, the D12 values were
found to be statistically the same, hence only a few measurements
were performed. The exception was for hexan-2-one/hexan-3-one
isomers at 333.15 K and 1 bar, probably due to experimental error.
The similarities between D12 values of the ketone isomers can also
be found in SC-CO2 as reported by Funazukuri et al. [26].

Getting into a more detailed analysis, the position of the func-
tional group of ketones seems to not affect D12. In both pentanone
(C5) and hexanone (C6) isomers, the D12 values do not differ at
the studied conditions (aside the above mentioned hexan-2-one/
hexan-3-one isomers at 333.15 K and 1 bar). This is in accordance
with the similar Lennard-Jones diameters of the isomer pairs (see
Table 2). As for the isomeric aldehydes/ketones, the D12 values dif-
fer being consistently higher for the former. The difference between
the functional isomers is in average 6.7 % higher, with a maximum
difference of 11.0 % observed between pentanal and pentan-2-one
at 303.15 K and 150 bar. Although small, this difference should
not be disregarded and can be explained by the smaller size of alde-
hydes in comparison to the corresponding isomeric ketones (see
the estimated Lennard-Jones diameters (rLJ) found in Table 2).
5

4.3.4. D12 hydrodynamic trends
In Fig. 2 the measured D12 values were plotted against Stokes-

Einstein abscissas, T=l1. The coefficient of determination, R2, for
the linear relationship is generally high for all studied substances.
The R2 values were found to be between 0.9703 and 1, with the
lowest value corresponding to butanal and the highest to pentan-
3-one. However, in the latter case this does not indicate a perfect
fitting since only two conditions have been measured. As for the
y-intersect, small deviations from zero are present for all systems,
with values between 4.584 � 10�6 and 8.794 � 10�6 cm2 s-1, which
are in accordance with nonconformities found in other studied sys-
tems [52,61]. All the results are compiled in Table A.2 (See Appen-
dix A).
4.3.5. D12 trend with free volume
As for the free volume influence, Fig. 3 shows that the expected

trend between D12T
�0:5 and V1 was verified for all systems. As sta-

ted by the free volume DHB correlation [37–39] (Equation (9)), the
values of D12 should increase with V1. The general temperature and
pressure effect upon D12 can be anticipated by their influence upon
the solvent molar volume, i.e.: as temperature increases, V1 also
increases enhancing the effect of T on D12; and as pressure
increases, free volume decreases causing D12 to decrease.



Table 2
Physical properties of the compounds studied in this work, namely: molecular weight (M), critical pressure (Pc), critical temperatures (Tc), critical volume (Vc), Lennard-Jones
diameter (rLJ), Lennard-Jones energy parameter (eLJ=kB), and molar volume at normal boiling temperature (Vbp).

M (gmol�1) Pc (bar) Tc (K) Vc (cm3 mol�1) rLJ (Å) eLJ=kB (K) Vbp
f (cm3 mol�1)

Propanone 58.08 47.0a 508.10a 209a 4.67012b 332.97b 77.0
Butanal 72.11 43.2c 537.20c 258c 5.18098d 415.79d 96.0
Butanone 72.11 42.1a 536.80a 267a 5.22195d 415.48d 99.5
Pentanal 86.13 39.7c 566.10c 313c 5.40807d 438.16d 117.5
Pentan-2-one 86.13 36.9a 561.10a 301a 5.51733d 434.29d 112.8
Pentan-3-one 86.13 37.3a 561.50a 336a 5.49858d 434.21d 126.6
Hexanal 100.16 34.6c 591.00c 369c 5.71919d 457.43d 139.7
Hexan-2-one 100.16 33.2a 587.00e 378e 5.78012d 454.34d 143.2
Hexan-3-one 100.16 33.2a 582.00e 378e 5.76497d 450.47d 143.2
Ethanol 46.07 61.4a 513.90a 167.1a 4.23738b 1291.41b –

a Taken from Reid et al. [62].
b Taken from Liu et al. 1998 [58].
c Taken from Yaws 2008 [63].
d Calculated by equations (8) and (9) from Zêzere et al. [36].
e Taken from Poling et al. [33].
f Calculated by the Tyn-Calus equation [50].

Fig. 2. Stokes-Einstein representation of D12 of a) propanone; b) butanone (white symbols) and butanal (full symbols); c) pentan-2-one (white symbols), pentanal (black
symbols) and pentan-3-one (.); and d) hexan-2-one (white symbols), hexanal (black symbols) and hexan-3-one (.) in ethanol at T ¼ 303.15 K (h andj), 318.15 K (4 and▲)
and 333.15 K (s and d), from 1 bar to 150 bar. Trend lines for every compound are represented. Error bars were calculated with 4 to 6 replicas.
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4.4. Modelling results and discussion

The predictive and correlative capabilities of five models from
the literature (WC, TLSM, TLSMd, DHB, RG, and the ML-GB algo-
6

rithm) were evaluated using the experimental data presented in
this work. The required properties of the models can be found in
Table 3 along with their references and/or the methods used for
their estimation. The modelling results are listed in Table 3 and



Fig. 3. Free-volume representation of D12 of a) propanone; b) butanone (white symbols) and butanal (full symbols); c) pentan-2-one (white symbols), pentanal (black
symbols) and pentan-3-one (.); and d) hexan-2-one (white symbols), hexanal (black symbols) and hexan-3-one (.) in ethanol at T ¼ 303.15 K (h andj), 318.15 K (4 and▲)
and 333.15 K (s and d), from 1 bar to 150 bar. Trend lines for every compound are represented. Error bars were calculated with 4 to 6 replicas.
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graphical representations can be found in Figs. 4 and 5. In Fig. A.2 it
is presented a global comparison between the calculated diffusiv-
ities of butanone and butanal achieved by the various models,
using Stokes-Einstein coordinates, except ML-GB as it is already
provided in Fig. 5. Overall, most of the models showed at least sat-
isfactory results except the WC equation and ML-GB algorithm
where some peculiarities were identified.
Table 3
Calculated deviations (AARD, %) and model parameters of the various D12 modeling appro

WC [32,33] TLSM [34–36] TLSMd [34–36] DHB [37–39

AARD
(%)

AARD
(%)

AARD
(%)

k12;d
(adm)

AARD
(%)

BD

(m

Propanone 19.55 7.63 1.03 �0.037586 2.44 2.0
Butanone 24.21 6.07 1.56 0.030375 2.80 1.9
Pentan-2-one 21.32 5.12 1.69 0.024972 2.37 1.8
Pentan-3-one 27.16 6.60 3.04 0.018526 0.00 2.1
Hexan-2-one 25.63 5.19 1.41 0.026604 2.33 1.6
Hexan-3-one 25.87 4.98 2.51 0.013565 3.65 1.6
Butanal 26.83 10.88 1.36 0.056583 1.47 1.7
Pentanal 29.21 11.24 0.83 0.056748 2.40 1.6
Hexanal 28.84 10.10 0.64 0.051472 2.74 1.5
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For the predictive TLSM model, the performance is good for
both chemical families (AARD values between 5.12 % and
11.24 %) being slightly better for the investigated ketones: the
AARD values are below 10 % in the case of ketones and slightly
above 10 % for aldehydes. The modelling performance was further
improved with the introduction of the binary parameter k12;d,
which corresponds to the TLSMd model. The good TLSM results
aches.

] RG [40] ML-GB [41]

HB

ol cm�1 s�1K�0:5)

VD

(cm3mol�1)

AARD
(%)

k12
(adm)

B12

(adm)
AARD
(%)

60 � 10�7 53.26 1.34 �0.58648 �0.66123 5.91
77 � 10�7 53.57 1.73 �0.63084 �0.77751 17.08
38 � 10�7 53.80 1.52 �0.77701 �1.00041 21.91
00 � 10�7 54.62 0.00 �0.96578 �1.40293 30.41
31 � 10�7 53.61 1.43 �0.71291 �0.82359 12.84
46 � 10�7 53.63 2.14 �0.72274 �0.83883 11.27
02 � 10�7 52.23 0.74 �0.33193 0.27796 14.36
96 � 10�7 52.82 1.29 �0.53763 �0.55834 32.11
22 � 10�7 52.82 1.40 �0.55834 �0.49549 4.67



Fig. 4. Calculated (calc) versus experimental (exp) D12. Calculated diffusion by: a) Wilke-Chang equation, b) TLSM (*) and TLSMd (s) models, c) Rice and Gray model, and d)
DHB equation.
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are surprising since this model was devised for Lennard-Jones flu-
ids [34,58], thus it is expected to fail when estimating and correlat-
ing D12 data of hydrogen-bonding molecules like the solutes and
solvent (ethanol) used in this study. As for the well-known
Wilke-Chang equation, the AARD values are between 19.55 % and
29.21 %, which are far superior to those of TLSM model. Further-
more, as evidenced in Fig. 4a the calculated D12 values are always
underestimated. Hence for pure prediction of D12 the TLSM model
should be selected. One should also take note that the AARD values
for the TLSM model are independent of the number of carbons of
the solutes. Therefore, it should be expected to perform as well
for larger ketones and aldehydes.

Concerning the2-parameter correlations ofDHB [37–39] andRice
and Grey [40], the AARD of pentan-3-one was naturally zero since
only twodatapointswere available. For the other solutes, thesemod-
els accomplish good results with AARD values between 0.74 % and
3.65 %. Nevertheless, it should be emphasized that the Rice and Grey
correlation achieves slightly lower deviations for all the solutes stud-
ied, naturally at a cost of increasing complexity. Comparing these
results with the ones achieved by the one-parameter TLSMd correla-
tion, one may observe that their AARD values are very similar even
though the former has only one adjustable parameter. In any case
the three correlations may be recommended for D12 estimation of

aldehydes andketones in liquid ethanol. TheDcalc
12 versusDexp

12 subplots
shown in Fig. 4 illustrates the models performance.
8

Before concluding the discussion of classical models, it is inter-
esting to analyze the VD parameter of DHB correlation, which is the-
oretically attributed to the solvent (i.e., ethanol) as V1 � VD

represents its free volume available for diffusion. Following
Dymond [38], VD can be calculated as function of the close-
packed molar volume of the solvent (V0) by VD ¼ 1:384V0, where
V0 may be temperature dependent [64]. For the operating condi-
tions of this work, the estimated values of VD range between
45.83 and 46.71 cm3 mol�1, i.e. they are 12.47 to 14.11 % lower than
those fitted to the experimental data and listed in Table 3. Further-
more, if such estimated VD values are fixed in Equation (9) and only
BDHB is adjusted, the final AARDs for the resulting 1-parameter DHB
correlation are 5.94 % for ketones and 4.11 % for aldehydes, which
are ca. the double of the 2.48 % and 2.20 % found for the 2-
parameter model.

As for the machine learning algorithm ML-GB Polar, low AARD
values are achieved only for two of the solutes, namely, propanone
and hexanal. The remaining values are above 10 %, with both hex-
anonemolecules having similar values as they are isomeric ketones.
Moreover, pentanal and the two pentanone isomers achieved the
highest AARD with a maximum deviation value of 49.28 % for pen-
tanal at 303.15 K and 1 bar. As for the model capability of translat-
ing D12 as function of T and P, it seems to show the correct trend for
the former variable (i.e., D12 increases with T) but not for the latter.
In fact, D12 in some conditions increases with P contrary to what is



Fig. 5. Graphical representation of ML-GB calculations for D12 of butanone (*) and butanal (�): a) calculated (calc) versus experimental (exp) D12, and b) Stokes-Einstein
representation.
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expected. TheseML-GB trends can be evidenced in Fig. 5 whereDcalc
12

versus Dexp
12 , and the Stokes-Einstein representation of both buta-

none and butanal diffusivities are plotted.
5. Conclusions

The binary diffusion coefficients, D12, of short chains (C3-C6)
ketones and aldehydes in compressed liquid ethanol were mea-
sured by the chromatographic peak broadening technique at tem-
peratures between 303.15 K and 333.15 K and pressures up to
150 bar. The determined values ranged between 1.28 � 10�5 cm2

s�1 and 2.89 � 10�5 cm2 s�1 for the studied ketones and from
1.39 � 10�5 cm2 s�1 to 2.68 � 10�5 cm2 s�1 for the aldehydes.

The behavior of D12 as function of temperature, pressure, free
volume, and Stokes-Einstein variables, for all investigated ketones
and aldehydes, was analyzed and followed reliable and expected
trends. Furthermore, the isomeric saturated ketones showed the
same diffusion coefficients, while aldehydes/ketones isomers exhi-
bit different diffusivities.

Concerning modelling results, the DHB, TLSMd, and Rice and
Gray correlations achieved accurate results with average devia-
tions as low as 0.64 % and maximum value of 3.65 %. As for the
purely predictive TLSM model, it achieved good results with errors
between 4.98 % and 11.24 %, considerably better than the well-
known Wilke-Chang model (errors between 19.55 % and
29.21 %). As for a machine learning algorithm (ML-Polar), it showed
good predictive capability for some of solutes, but fails to correctly
translate the pressure influence for some data points. In the whole,
Table A1
p-values from the analysis of variance (ANOVA; 95 % confidence interval) between the D1

T(K) P(bar) Butanal vs
Butanone

Pentanal vs
Pentan-2-one

Hexanal vs
Hexan-2-one

Pentan
Pentan

303.15 1 0.000 0.000 0.003 0.589
303.15 150 0.000 0.000 0.000 –
318.15 1 0.000 0.000 0.003 –
318.15 150 0.000 0.000 0.000 –
333.15 1 0.203 0.001 0.000 0.522
333.15 150 0.006 0.000 0.000 –
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the TLSM model should be the preferred approach for D12 predic-
tion of linear unsaturated aldehydes and ketones.
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Appendix
2 values of the different isomers in compressed liquid ethanol.

-3-one vs
-2-one

Hexan-2-one vs
Hexan-3-one

Pentanal vs
Pentan-3-one

Hexanal vs
Hexan-2-one

0.720 0.000 0.000
0.217 – 0.000
– – –
– – –
0.720 0.023 0.004
0.006 – 0.001



Fig. A1. Wavelength study of propanone in ethanol at 303.15 K (h), 318.15 K (▲) and 333.15 K (s) for 1 bar (a, c and e) and 150 bar (b, d and f). In (a) and (b), the root mean
square error ðeÞ versus wavelength (k) is shown; in (c) and (d), NAI = Absmax=Apeak versus k is plotted; and in (e) and (f), diffusion coefficient versus k is shown.

Table A2
Parameters of the hydrodynamic Equation (A.1) of the studied solutes in compressed liquid ethanol: slope (m� Dm), y-intercept (b� Db), coefficient of determination (R2), and p-
value (95 % confidence interval) of m and b.

m ± D m (10�8 cP cm2 K-1 s-1) b ± D b (10�6cm2 s-1) R2 m p-value b p-value

Propanone 3.813 ± 0.075 7.185 ± 0.311 0.9973 2.879 � 10�10 7.558 � 10�8

Butanone 3.654 ± 0.070 5.805 ± 0.281 0.9988 1.821 � 10�10 1.562 � 10�7

Pentan-2-one 3.351 ± 0.094 4.840 ± 0.395 0.9945 3.591 � 10�9 5.522 � 10�6

Pentan-3-one 3.358 ± 0.000 5.244 ± 0.000 1.0000 – –
Hexan-2-one 2.988 ± 0.074 4.770 ± 0.309 0.9958 1.447 � 10�9 1.160 � 10�6

Hexan-3-one 3.038 ± 0.115 4.584 ± 0.493 0.9972 1.422 � 10�3 1.138 � 10�2

Butanal 3.210 ± 0.281 8.794 ± 1.181 0.9703 3.335 � 10�4 1.735 � 10�3

Pentanal 3.224 ± 0.184 6.812 ± 0.775 0.9872 6.123 � 10�5 9.256 � 10�4

Hexanal 2.938 ± 0.087 5.995 ± 0.367 0.9965 4.629 � 10�6 8.206 � 10�5
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Fig. A2. Stokes-Einstein plot of the calculated diffusivities of (a) butanone and (b) butanal in liquid ethanol. Models: (*) Wilke-Chang, (h) TLSM, (j) TLSMd, (+) DHB and (s)
Rice and Gray.
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D12 ¼ T
l1

mþ b ðA1Þ
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