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Highlights 

 

 Measurement of diffusivities of five metal acetylacetonates in liquid ethanol 

 Solutes: Pd(acac)2, Cr(acac)3, VO(acac)2, Ni(acac)2, and TiO(acac)2, 

 Experiments: chromatographic peak broadening method; 1 bar; 303.15-333.15 K 

 Comparison of the diffusive behavior in liquid ethanol and in supercritical CO2 

 Nine models adopted. Four of them achieved average errors from 0.55 % to 3.88 

%. 

 

Abstract 

 

Diffusion coefficients of chromium(III) acetylacetonate, palladium(II) acetylacetonate, 

nickel(II) acetylacetonate, vanadyl(II) acetylacetonate, and titanium(IV) 

oxyacetylacetonate in liquid ethanol were measured by chromatographic peak 

broadening method (CPB) over the range of temperature 303.15-333.15 K at 

atmospheric pressure. The dependencies of 𝐷12 upon temperature and Stokes–Einstein 

coordinates were examined in detail. Moreover, the experimental data were modelled 

using nine equations from the literature to test their accuracy and prediction ability. The 

lower deviations were achieved by the 2-parameter correlation of Dymond-Hildebrand-

Batschinski (0.32-2.17 %), the 1-parameter correlation of Tracer Liu-Silva-Macedo 

(1.58-3.88 %), and the 2-parameter correlations of Magalhães et al. (0.55-2.32 %). 

Finally, the proposed correlation based on hydrodynamic approach was found to well 

represent palladium(II) acetylacetonate and chromium(III) acetylacetonate systems in 
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supercritical carbon dioxide and liquid ethanol, with the average absolute relative 

deviation of 3.15 and 5.02 %, respectively. 

 

Keywords: chromatographic peak broadening method; diffusion coefficient; ethanol; 

metal acetylacetonate; modeling.  

 

Nomenclature 

AARD Average absolute relative deviation, Eq. (25) 

BDHB Parameter of the solute-solvent interaction in the DHB model 

𝐶(𝐿, 𝑡) Average concentration of solute at column outlet 

CPB Chromatographic peak broadening 

Cr(acac)3 Chromium(III) acetylacetonate 

𝐷 Dispersion coefficient 

𝐷12 Tracer diffusion coefficient 

De Dean number, De = 𝑅𝑒 √𝜆 

DHB Dymond-Hildebrand-Batchinski 

k12,d Binary interaction constant 

kB Boltzmann constant 

L Column length 
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LJ Lennard-Jones 

M Molecular weight 

M12 Reduced molecular weight 

m Mass of a molecule 

mSE1 modified Stokes-Einstein-1 

NAv Avogadro’s number 

NAI Normalized absorbance intensity 

NDP Number of data points 

Ni(acac)2 Nickel(II) acetylacetonate 

𝑝 Number of adjustable parameters of the model 

𝑃 Pressure  

Pd(acac)2 Palladium(II) acetylacetonate 

𝑅 Column inner radius 

𝑅2 Coefficient of determination 

𝑅adj
2  Adjusted coefficient of determination 

𝑅c Column coil radius 

Re Reynolds number 

Rg Universal gas constant 

Sc Schmidt number 
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𝑆𝑆res Residual sum of squares 

𝑆𝑆tot Total sum of squares 

t Time 

T Absolute temperature 

Ti
* Reduced temperature using LJ energy component i 

TiO(acac)2 Titanium(IV) oxyacetylacetonate 

TLSM Tracer Liu-Silva-Macedo 

𝑢0 Average linear velocity 

 Molar volume 

𝑉𝑏𝑝 Molar volume at normal boiling point 

VD Maximum packaging volume of the solvent (DHB model) 

VO(acac)2 Vanadyl(II) acetylacetonate 

 

Greek letters 

εLJ,i LJ parameter of component (i = 1, 2) or mixture (i = 12) 

𝜁 Curvature ratio 

𝜂1 Solvent viscosity 

𝜃j Merzliak and Pfenning model parameters (j =1 to 5) 

V
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λ Wavelength 

𝜌1 Solvent density  

ρ
n,1

 Solvent numerical density 

σi Molecular diameter of component i 

σLJ,i Lennard-Jones diameter of component i 

 

Subscripts 

1 Solvent 

2 Solute 

12 Solute-Solvent pair 

bp Property evaluated at normal boiling point 

C Critical property 

 

Superscripts 

* Reduced quantity 

calc Calculated  

exp Experimental 

mix Mixture 
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1. Introduction 

 

The knowledge of transport properties, namely diffusivity, viscosity and thermal 

conductivity, is essential for adequate modeling, design, optimization and scale-up of 

processes involving mass, heat and momentum transfer phenomena [1]. For instance, 

processes such as adsorption, ion exchange, membranes, absorption, extraction and 

heterogeneous reactions are frequently influenced by mass transfer limitations with 

large impact on equipment sizing.  

Diffusion is a spontaneous process by which molecules or ions in solution move driven 

by chemical potential gradients. In the case of ideal binary mixtures, the diffusive flux 

of a solute 2 along 𝑧 direction (𝐽2,z) is mathematically described by Fick’s first law [2]: 

 𝐽2,𝑧 = −𝐶t𝐷12
mix 𝑑𝑥2

𝑑𝑧
 (1) 

where 𝐶t is total molar concentration, 𝑥2 is solute molar fraction, and 𝐷12
mix is the 

corresponding binary diffusion coefficient of species 2 through 1 in the mixture. Under 

limiting dilute conditions (𝑥2 → 0), 𝐷12
mix tend to the tracer diffusion coefficient 

hereafter denoted by 𝐷12
 . The calculation of diffusive fluxes and concentration profiles 

requires prior knowledge of diffusivity values for each particular system. However, 

since a reliable universal theory does not exist for both 𝐷12
mix and 𝐷12, due to the 

complexity of intermolecular potentials involved, the experimental measurement of 

diffusion coefficients is always necessary.  

The empirical mixing rule of Vignes [3] provides a simple tool for the estimation of 

𝐷12
mix in terms of the tracer diffusivity pairs occurring in a multicomponent system. For 

instance, in the particular case of binary mixtures, both 𝐷12
  and 𝐷21

  are needed together 

with mole fractions 𝑥1 and 𝑥2: 
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 𝐷12
mix = (𝐷12

 )𝑥1(𝐷21
 )𝑥2 (2) 

Whenever non-idealities prevail in the mixture, the Maxwell-Stefan approach can be 

adopted with advantage, which requires the estimation of the well-known 

thermodynamic factors [4,5].  

Taking into account the above-mentioned principles, the relevance of the tracer 

diffusion coefficients in mass transport calculations emerges naturally. Furthermore, if a 

solute diffuses through a solvent mixture, it is interesting to possess the accurate tracer 

diffusivities of that solute in each solvent for estimation purposes. This is especially 

important in the case of supercritical fluid extraction, where organic cosolvents are 

frequently introduced as CO2 modifiers [6–8]. 

Metal acetylacetonates – generically represented by Me(acac)n in this work – are 

organometallic complexes consisting of acetylacetonate anions (CH3COCHCOCH3
−) 

and metal cations (Mn+), usually of transition metals. These compounds are 

characterized by high thermal stability and solubility in organic liquids [9–11]. 

Altogether, these characteristics are exploited in many different industrial applications, 

being used for example as catalyst in organic reactions such as hydrogenation and 

epoxydation of olefins [10,11], as additives in the rubber, polymer, plastics and paint 

industries [12,13], in processes of extraction and separation of metals [14,15], and as 

semiconductors [16]. 

In this work, the tracer diffusion coefficients of palladium(II) acetylacetonate, 

Pd(acac)2, chromium(III) acetylacetonate, Cr(acac)3, vanadyl(II) acetylacetonate, 

VO(acac)2, nickel(II) acetylacetonate, Ni(acac)2, and titanium(IV) oxyacetylacetonate, 

TiO(acac)2, are measured in pure liquid ethanol and compared with their diffusivities in 

supercritical CO2 modified with ethanol. The experimental data is analysed in detail and 
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modelled using semi-empirical correlations and molecularly based theories. The 

structural formula of these complexes can be found in Fig. 1.  

 

2. Materials and Methods 

2.1. Chemicals 

Nickel(II) acetylacetonate, Ni(acac)2, CAS number 3264-82-2, purity of 98 wt.%, was 

purchased from Acros Organics. The other five acetylacetonates were purchased from 

Sigma Aldrich: chromium(III) acetylacetonate, Cr(acac)3, CAS number 21679-31-2, 

purity 99.99 wt.%; palladium(II) acetylacetonate, Pd(acac)2, CAS number 14024-61-4, 

purity 99 wt.%; vanadyl(II) acetylacetonate, VO(acac)2, CAS number 3153-26-2, purity 

of 95 wt.%; titanium(IV) oxyacetylacetonate, TiO(acac)2, CAS number 14024-64-7, 

purity 90 wt.%. Absolute ethanol (CAS number 64-17-5 purity 99.99 wt.%) and carbon 

dioxide (CAS number 124-38-9, purity 99.999 vol.%,) were bought from Fisher 

Chemical and Praxair (Portugal) respectively. All chemicals were used directly without 

further purification. 

 

2.2. Chromatographic Peak Broadening Method 

The chromatographic peak broadening method (CPB), also called Taylor’s method, is 

based on the fundamental work formulated by Taylor [17] and later developed and 

formalized by Aris [18]. The method has been extensively used to measure binary 

diffusion coefficients, 𝐷12, of solutes in pure or mixed solvents [19–30] due to its 

simplicity and accuracy (average errors around 5 %). The CPB technique is a type of 

transient response method where an impulse of solute is injected into a laminar flow of 

solvent and the response is measured at the column outlet. Alizadeh et al. [31] provide a 
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detailed description of the theoretical background. Very briefly, when a small amount of 

a solute is injected (at 𝑧 = 0) the solute concentration, 𝐶, at column outlet (at 𝑧 = 𝐿) as 

a function of time, 𝑡, is given by [32]:  

 𝐶(𝐿, 𝑡) = (
𝑚

𝜋𝑅2)
1

2√𝜋𝐷𝑡
 exp [−

(𝐿−𝑢0𝑡)2

4𝐷𝑡
] (3) 

and  

 𝐷 ≡ 𝐷12 +
𝑅2 𝑢0

2

48 𝐷12
 (4) 

where 𝑚 is the total mass of injected solute, 𝑅 is the inner radius of the column, 𝑢0 is 

the average linear velocity of the solvent, and 𝐷 is a dispersion coefficient that 

combines the effects of the parabolic axial profile and the radial molecular diffusion. 

The tracer diffusion coefficient, 𝐷12, can be obtained by fitting the theoretical 

concentration profile 𝐶calc(𝐿, 𝑡) (Eqs. (3) and (4)) to the experimental data, 𝐶exp(𝐿, 𝑡), 

by minimizing the root mean square error, 𝜀 [22,32]: 

 𝜀(%) = {
∫ [𝐶exp(𝐿,𝑡)−𝐶calc(𝐿,𝑡)]

2𝑡2
𝑡1

∫ [𝐶exp(𝐿,𝑡)]2𝑡2
𝑡1

}

1 2⁄

× 100 (5) 

where 𝑡1 and 𝑡2 are distinct times at 10 % peak height of the response curve ( 𝑡2 > 𝑡1 ). 

Funazukuri and co-workers [32,33] established the quality of fitting as acceptable when 

𝜀 is in the range of 1 to 3 %, and good when 𝜀 <1 %.  

In order to ensure good results three restrictions should be adhered to: (i) De√Sc < 10, 

to neglect the secondary flow effects inside the column [34], where De = Re √𝜁⁄  is the 

Dean number, 𝜁 = 𝑅c 𝑅⁄  is the curvature ratio, 𝑅c is the coil radius, Re = 2𝜌1�̅�𝑅 𝜂1⁄  is 

the Reynolds number, Sc = 𝜂1 (𝐷12𝜌1)⁄  is the Schmidt number, and 𝜂1 and 𝜌1 are the 

solvent viscosity and density, respectively [32,35]; (ii) 𝐷 (𝑢0 𝐿) < 0.01⁄ , to guarantee a 

Gaussian concentration profile resulting from the dispersion of the injected pulse [36]; 
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(iii) (𝑢0 𝐿) 𝐷 > 1000⁄ , to ensure negligible perturbations due to temperature or 

pressure differences between the dispersion column and the detector [37]. 

 

2.3. Equipment and procedure 

A schematic representation of the experimental apparatus used to measure tracer 

diffusivities is shown in Fig. 2. A syringe pump (100MD, Teledyne ISCO) was used to 

feed liquid ethanol to the diffusion column (PEEK tubing with 𝑅 = 0.261×10-3 m, 𝐿 = 

10.243 m, and 𝑅c = 0.150 m) placed inside a controlled temperature oven (LSIS-148 

B2V/IC 22, Venticell, MMM Group). The ethanol feed was held at constant 

temperature and flow rate during a stabilization period (1 – 2 h) to guarantee a steady 

baseline prior to solute injections. The injected pulses consisted of diluted Me(acac)n 

ethanolic solutions loaded to the solvent stream using an injection valve with a 0.1 𝜇L 

loop (injector C74H-1674, Valco Instruments Co. Inc.). The outlet solute concentrations 

were measured using a UV-vis detector (UV Detector 2500, Knauer) set at a previously 

selected wavelength. For each solute, four to seven pulses were injected, spaced by 10 

to 15 min intervals to avoid peak overlapping. The concentrations of the Me(acac)n 

solutions were in the range of 1 × 10−4 to 5× 10−3 g cm-3 to ensure negligible noise in 

relation to the pulse signal of the studied compounds. 

 

2.4. Setting UV-vis wavelength for optimum 𝑫𝟏𝟐 measurements 

The wavelength for UV-vis detection was adjusted for each metal acetylacetonate under 

study aiming accurate measurements of 𝐷12. For this purpose, a wavelength scan was 

performed to determine the wavelength of maximum absorbance for each Me(acac)n, 
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which were globally found to lie between 200-400 nm. Subsequently, several solute 

injections were performed for each compound and the peaks were recorded at fixed 

wavelength (𝜆) within the maximum absorbance range. The 𝐷12 values were calculated 

for each 𝜆 and the results were analyzed in terms of adjusted error (𝜀, defined by Eq. 

(5)). 

 

2.5. Modeling tracer diffusion coefficients 

In this work three hydrodynamic models (Eqs. (6)-(8)), one free-volume model (Eq. 

(9)), two hybrid free-volume models (Eqs. (10)-(21)) and a set of semi-empirical 

models (Eqs. (22)-(24)) were selected to estimate/correlate tracer diffusivities, 𝐷12. The 

corresponding equations are summarized in Table 1 and briefly presented in this 

section. The more curious reader is referred to the assigned references. 

The Wilke-Chang model [38,39] is a modification of the Stokes-Einstein relation. It is 

described by Eq. (6), where 𝑇 is absolute temperature (K), 𝛷 is a dimensionless 

association factor (𝛷 =  1.5 for ethanol and 1.0 for carbon dioxide [39]), 𝜂1 is solvent 

viscosity (cP), 𝑀1 is solvent molecular weight (g mol−1), and 𝑉bp,2 is the solute molar 

volume (cm3 mol−1) at its normal boiling point. The Tyn-Calus [39,40] model is a 

hydrodynamic equation expressed by Eq (7) where 𝑉bp,1
  is the solvent molar volume 

(cm3 mol−1) at its normal boiling point. Finally, the third hydrodynamic expression is a 

modified Stokes-Einstein-1 (mSE1) equation [41] expressed by Eq. (8) where 𝑀2 is the 

solute molecular weight. 

The free-volume model of Dymond–Hildebrand–Batschinski (DHB) [1,42,43] is 

described by Eq. (9) where 𝑉1 is the molar volume of solvent (cm3 mol−1). The two 

adjustable parameters are BDHB (cm−1 mol s−1 K −1/2), a characteristic parameter for 
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the solute-solvent pair, and VD (cm3 mol−1), which is the minimum molar volume 

necessary for the occurrence of diffusion. 

The Tracer Liu-Silva-Macedo (TLSM) model [1,44,45] is a hybrid free-volume model 

expressed by Eqs. (10)-(19), where M12 is the reduced molar mass of the system 

(g mol−1), 𝑇i
∗

 is the reduced temperature of species 𝑖, σeff,i
  is the effective hard sphere 

diameter of species 𝑖 (cm), ρ
n,1

 is the number density of the solvent (cm−3), 𝜌1
* is the 

reduced density of the solvent, NAv is the Avogadro’s number, 𝑅𝑔 the ideal gas constant 

(8.3144 J mol−1K),  kB is the Boltzmann constant, εLJ,12 kB⁄  (K) and 𝜎LJ,12
  (cm) are the 

Lennard-Jones (LJ) interaction parameters (energy and diameter, respectively) for the 

solvent/solute pair (i = 12). The LJ parameters can be estimated by Eqs. (18)-(19) 

where 𝑃c,i, 𝑇c,i and 𝑉c,i are the critical pressure (bar), temperature (K) and molar volume 

(cm3 mol−1) of species i, respectively.  

The TLSMd correlation [1,44,45] is a modified TLSM model generated by inserting an 

interaction constant k12,d into the diameter combining rule of the TLSM model. Hence 

Eqs. (16) and (17) are replaced by Eqs. (20) and (21).  

Magalhães et al. [46] published several semi-empirical correlations (e.g., Eqs. (22)-

(24)) to express solute diffusivities 𝐷12 as a function of temperature, solvent viscosity 

(𝜂1) and/or density (𝜌1). The parameters 𝑎′, 𝑎′′, 𝑎′′′ and 𝑏′, 𝑏′′ and 𝑏′′′ are adjustable 

constants of the models. 
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The performance of the various models was assessed in terms of average absolute 

relative deviation (AARD) (Eq. (25)), coefficient of determination (𝑅 
2) (Eq. (26)), and, 

when applicable, the adjusted coefficient of determination (𝑅adj
2 ) (Eq. (27)).  

 AARD(%) =
100

NDP
∑ |

𝐷12
exp

−𝐷12
calc

𝐷12
exp |

i

NDP
i=1  (25) 

 𝑅2 = 1 −
𝑆𝑆res

𝑆𝑆tot
 (26) 

 𝑅adj
2 = 1 − (

NDP−1

NDP−1−𝑝
)

𝑆𝑆res

𝑆𝑆tot
 (27) 

where NDP is the number of experimental points, 𝑆𝑆res is the residual sum of squares, 

𝑆𝑆tot is the total sum of squares and 𝑝 is the number of adjustable parameters of the 

model [47]. 

 

3. Results and discussion 

3.1. Validity of the experimental method 

The metal acetylacetonates (solids at room temperature) were dissolved in ethanol at 

concentrations of 5.01 × 10−4, 4. 02 × 10−3, 1. 05 × 10−4, 4.85× 10−4 and 3.96×

10−3 g cm−3, for Ni(acac)2, Pd(acac)2, VO(acac)2 TiO(acac)2, and Cr(acac)3, 

respectively. These correspond to 1.95 × 10−4, 1.32 × 10−3, 3.96 × 10−5, 1.85 ×

10−4, and 1.13 × 10−3 μmol of solute injected (volume of 0.1 μL) in each assay, 

respectively. These values are in accordance with data reported in the literature for 

similar compounds (e.g., phenylbutazone 5.64 × 10−3 μmol [48], chromium(III) 

acetylacetonate 1.15 × 10−3 μmol [49]), and α-pinene 6.17 × 10−4 μmol [21]), and 

guarantees the dilute conditions inside the column compatible with tracer diffusivity 

measurements. 
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The first step in this work was the selection of the appropriate wavelength (𝜆) of the UV 

detector to make the 𝐷12 measurements for each solute. The preliminary results are 

presented in Fig. 3 for Ni(acac)2 and VO(acac)2 along with the adjusted error 𝜀 (defined 

by Eq. 5) and the normalized absorbance intensity, defined as NAI = 𝐴𝑏𝑠max 𝐴peak⁄ , 

where 𝐴𝑏𝑠max is the maximum absorbance and 𝐴peak is the peak area [50]. It can be 

seen that 𝐷12 values fluctuate with the detector wavelength (Fig. 3a). For each 

Me(acac)n the best wavelength region was identified so that the 𝐷12 values had the 

minimum adjusted error (𝜀) (Fig. 3b) and best detector linearity accessed by NAI (Fig. 

3c). For Ni(acac)2 the best results were obtained in the range from 230 to 250 nm, hence 

the experimental measurements were made at 236 nm. The same analysis was 

performed for the other Me(acac)n, leading to the wavelength selection of 240 nm for 

Pd(acac)2 and VO(acac)2, 280 nm for TiO(acac)2 and 367 nm for Cr(acac)3.  

It is worth mentioning that through this work the CPB method assumptions were always 

assured, namely: i) small linear velocities (< 1.168 cm s−1), and thus laminar flow with 

Reynolds numbers in the range of 5 – 8; ii) longitudinal Peclet numbers (𝑢0 𝐿 𝐷12⁄ ) in 

the order of 107, which means axial dispersion can be neglected; iii) De√Sc < 10, 

indicating the secondary flow effects due to column coiling are negligible; and iv) 

𝐷 (𝑢0 𝐿)⁄ < 1 × 10−4, demonstrating Gaussian concentration profiles. 

 

3.2. Measured diffusivities of metal acetylacetonates in liquid ethanol 

The tracer diffusion coefficients of TiO(acac)2, Ni(acac)2, Pd(acac)2, VO(acac)2 and 

Cr(acac)3 in ethanol were measured at 1 bar and at fixed temperatures in the range 

303.15 to 333.15 K. For each solute, at least 4 injections were made and the 𝐷12 values 

were determined by fitting the model (Eqs. (3) – (4)) to the experimental response 
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curves. The diffusivities listed in Table 2 represent the average of the replicate 

injections. The density and viscosity of liquid ethanol were taken from Yaws [51] for 

each experimental condition. 

A good agreement was obtained between our results and data available in the literature 

for Cr(acac)3 in liquid ethanol [52,53], with a deviation of only 1.70 %. For the 

remaining Me(acac)2 compounds there are no data in the literature for comparison. 

 

The diffusion coefficients for Me(acac)n in ethanol are plotted in Fig. 4 as a function of 

temperature at fixed pressure (𝑃 = 1 bar). Overall, it can be seen that 𝐷12 increases 

almost linearly with temperature, which may be ascribed to the increment of both 

solvent free volume and solute kinetic energy. In fact, the solute collisions with 

neighbouring solvent molecules decrease with increasing free volume, which enhances 

the mean free path of the solute and thus its diffusivity. Furthermore, at higher 

temperatures the solute molecule possesses higher energy, being able to overcome the 

activation energy for jumping between adjacent holes or cages in the solvent [1,43]. 

The dependence of 𝐷12 on Stokes-Einstein coordinate, 𝑇 𝜂1⁄ , is illustrated in Fig. 5. The 

results evidence a linear relation between the two variables with non-zero intercepts that 

disclose small deviations from the hydrodynamic behaviour, whose values are 9.891, 

0.1672, 2.958, -2.663 and 5.973 (10-7 cm2 s-1) for Ni(acac)2, Pd(acac)2, VO(acac)2, 

TiO(acac)2, Cr(acac)3, respectively. Similar results have been reported in the literature 

for other binary systems [19,21,49,54–58] such as for example eucalyptol in ethanol 

[57], and benzene, phenol, naphthalene and caffeine in SC-CO2 [56]. 

The present data reveal that solutes with lower number of acetylacetonate groups exhibit 

higher binary diffusion coefficients, 𝐷12[Me(acac)2] > 𝐷12 [Cr(acac)3], which is related 
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to their smaller LJ diameters as reported by Cordeiro et al. [49], i.e. 𝜎LJ [Me(acac)2] < 

𝜎LJ [Cr(acac)3)]. The diffusive behaviour of metal acetylacetonates with two acac 

groups may be disclosed carrying out molecular dynamics simulations to understand 

how molecular structure specificities affect D12, where radial distribution functions, 

spatial distribution functions and coordination numbers may be useful. 

 

3.3. Metal acetylacetonate diffusivity in liquid ethanol and supercritical solvent 

Based on hydrodynamic relations it is possible to link 𝐷12 with system temperature, 𝑇, 

and solvent viscosity, 𝜂1. In Fig. 6, a log-log relation between 𝐷12 𝑇⁄  and 𝜂1 is observed 

both in supercritical carbon dioxide (SC-CO2) and in liquid ethanol (EtOH) for 

Pd(acac)2 and Cr(acac)3 using the data from this work and data reported by Kong et al. 

[52,53] and Cordeiro et al. [49]. Once again, it is worth noting the good agreement 

between literature data and current data, from which a reliable and consistent trend 

emerges for 𝐷12 (see Fig. 6, particularly Fig. 6.b). 

It is clear from Fig. 6 that the tracer diffusivities are grouped along two distinct 

segments over the same trend line, one corresponding to the liquid state and the other to 

the supercritical state. The liquid diffusivities are undoubtedly lower than those in SC-

CO2, which was expected in advance due to the higher free volume available for 

diffusion in the case of SC-CO2, along with the weaker intermolecular forces 

established between Me(acac)n and carbon dioxide. 

The Magalhães et al correlation defined by Eq. (24) [46] is valid for diffusion 

coefficients of a specific solute in SC-CO2 and/or organic solvents, such as ethanol, 

reason why it has been selected in this work to represent the 𝐷12 𝑇⁄ = 𝑓(𝜂1) trend. The 

parameters of adjustment evaluated for each solute are presented in Table 3. The low 

ACCEPTED M
ANUSCRIP

T



AARDs values (3.15 % and 5.02 %) indicate a good correlation of this model for the 

diffusivity data of Cr(acac)3 and of Pd(acac)2. Noteworthy, this model only requires the 

solvent viscosity at the studied conditions to evaluate 𝐷12 values. 

 

3.4. Modelling Results 

 

The various properties required to model the diffusivity data are presented in Table 4, 

together with their sources and/or estimation methods. The results achieved by the 

models of Table 1 are listed in Table 5, namely, the fitting parameters (in the case of 

correlations), relative deviations (AARD, %), coefficients of determination (R2), and 

adjusted coefficients of determination (𝑅adj
2 ). It is possible to observe that AARD values 

vary significantly, from model to model, and in general the prediction of 𝐷12 is poor. 

The DHB model, the TLSMd model (when applicable) and the Magalhães et al. 

correlations [46] are the ones presenting lower AARD values. Consequently, one may 

state that these models are the most suitable to estimate the diffusivities of Me(acac)n 

in liquid ethanol. Nonetheless it is worth noting that, in the case of VO(acac)2, the 

predictive hydrodynamic models of Wilke-Chang, Tyn-Calus and mSE1 are all able to 

calculate diffusivities with very low deviations (3.32 %, 1.03 % and 4.31 %, 

respectively). 

It is once again confirmed that the introduction of an interaction parameter in the 

diameter combining rule of the TLSM model (see 𝑘12,d in Eq. (20) versus Eq. (16)) is 

sufficient to guarantee the accurate representation of tracer diffusivity data [1,44,45]. In 

the case of Pd(acac)2 and Cr(acac)3 the average errors drop from 20.31 % and 40.82 % 

to 1.58 % and 3.88 %, respectively (see Table 5). Furthermore, such low deviations are 
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well inside the experimental errors usually associated to the chromatographic methods 

(ca. 5-6 %), and compare very well with those obtained by the 2-parameters equations 

used in this work (i.e., DHB and Magalhães et al., 0.33-2.17 % and 0.55-2.32 % errors, 

respectively). 

 

4. Conclusions 

 

Binary diffusion coefficients at infinite dilution (𝐷12) of five metal acetylacetonates 

(Ni(acac)2, Pd(acac)2, VO(acac)2, TiO(acac)2 and Cr(acac)3) in liquid ethanol were 

measured by the chromatography peak broadening (CPB) method at fixed temperature 

(303.15 – 333.15 K) and pressure (1 atm). The 𝐷12 values presented in this study are 

consistent with those reported in literature for Cr(acac)3 in liquid ethanol. For the other 

Me(acac)2 this is the first time 𝐷12 values are reported. The effect of temperature and 

solvent viscosity on 𝐷12 was examined. It was found that 𝐷12 increases with 

temperature at a fixed pressure and decreases with viscosity at constant temperature. 

One of the correlations of Magalhães et al. (based on the hydrodynamic approach) was 

used to represent 𝐷12 of Pd(acac)2 and Cr(acac)3 in SC-CO2 and in liquid ethanol. This 

model represents the data measured over a wide range of conditions from supercritical 

to liquid states with global deviations of 3.15 % (Pd(acac)2) and 5.02 % (Cr(acac)3). The 

𝐷12 values of the five metal acetylacetonates in ethanol were also correlated with 

several models being the best results achieved with the TLSMd, the Dymond-

Hildebrand-Batschinki and the Magalhães et al. correlations (AARD in the range 0.70 – 

5.36 %). 
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Figure Captions 

 

Figure 1. Structural formulas of the metal acetylacetonates, Me(acac)n, studied in this 

work. 

 

Figure 2. Scheme of the experimental apparatus used to measure tracer diffusion 

coefficients by CPB technique: 1) liquid ethanol container, 2) syringe pump, 3) pre-

heating column, 4) injector, 5) diffusion column, 6) oven, 7) UV-vis detector, and 8) 

waste container.  

 

Figure 3. Influence of the UV-vis detector wavelength (𝜆, nm) on the (a) 𝐷12 

measurement, (b) adjusted error 𝜀, and (c) and normalized absorbance (NAI) of 

VO(acac)2 and Ni(acac)2. 

 

Figure 4. Tracer diffusion coefficients of Me(acac)n in liquid ethanol as function of 

temperature at atmospheric pressure. 

 

Figure 5. Binary diffusion coefficients of  Me(acac)n in liquid ethanol plotted in 

Stokes-Einstein coordinates. 

 

Figure 6. Log-log representation of 𝐷12 𝑇⁄  versus solvent viscosity (ethanol and 

supercritical CO2) for (a) Pd(acac)2 and (b) Cr(acac)3. Data from this work, Kong et al. 
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[52,53] and Cordeiro et al. [49]. The line (Eq. (24)) represents the Magalhães et al 

correlations [46]. 
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Figure 1. Structural formulas of the metal acetylacetonates, Me(acac)n, studied in this 

work. 
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Figure 2. Scheme of the experimental apparatus used to measure tracer diffusion coefficients 

by CPB technique: 1) liquid ethanol container, 2) syringe pump, 3) pre-heating column, 4) 

injector, 5) diffusion column, 6) oven, 7) UV-vis detector, and 8) waste container. 
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Figure 3. Influence of the UV-vis detector wavelength (𝜆, nm) on the (a) 𝐷12 

measurement, (b) adjusted error 𝜀, and (c) and normalized absorbance (NAI) of 

VO(acac)2 and Ni(acac)2. 
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Figure 4. Tracer diffusion coefficients of Me(acac)n in liquid ethanol as function of 

temperature at atmospheric pressure. 
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Figure 5. Binary diffusion coefficients of  Me(acac)n in liquid ethanol plotted in 

Stokes-Einstein coordinates. 
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Figure 6. Log-log representation of 𝐷12 𝑇⁄  versus solvent viscosity (ethanol and 

supercritical CO2) for (a) Pd(acac)2 and (b) Cr(acac)3. Data from this work, Kong et al. 
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[52,53] and Cordeiro et al. [49]. The line (Eq. (24)) represents the Magalhães et al 

correlations [46]. 
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Tables 

 

Table 1. Models for estimation and correlation of tracer diffusion coefficients 

(𝑫𝟏𝟐, 𝐜𝐦𝟐 𝐬−𝟏). 

Wilke-Chang [38,39] 

𝐷12 = 7.4 × 10−8
𝑇√Φ𝑀1

𝜂1𝑉bp,2
0.6  (6) 

 

Tyn-Calus [39,40] 

𝐷12 = 8.93 × 10−8
𝑉bp,1

0.267

𝑉bp,2
0.433

𝑇

𝜂1
 (7) 

 

Modified Stokes-Einstein-1 (mSE1) [41] 

D12 = 1.1335 × 10
-6 (

T

𝜂1
)

0.8468 1

(M21.459(Vbp,2
 )

0.894
)

0.2634
 (8) 

 

Dymond–Hildebrand–Batschinski (DHB) [1,42,43] 

D12 = BDHB√T(𝑉1 − VD) (9) 

 

Tracer Liu-Silva-Macedo (TLSM) [1,44,45] 

D12 =
21.16

ρ
n,1

σeff,12
2

(
1000RgT

M12

 )

1/2

exp (−
0.75ρ

1
*

1.2588-ρ
1
*

−
0.27862

T12
*

) (10) 

M12 = 2
M1M2

M1+M2

 (11) 

Ti
* =

T

(
εLJ,i

kB
)
          , i = 1, 12 (12) 

σeff,i
 = σLJ,i

 ×2
1/6 (1 + √1.3229Ti

*)

-1/6

     , i = 1, 12 (13) 
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ρ
1
* = ρ

n,1
σeff,1

3  (14) 

ρ
n,1

= ρ
1

NAv

M1

 (15) 

σLJ,12
 =

σLJ,1
 + σLJ,2

 

2
 (16) 

εLJ,12

kB
=

√
εLJ,1

kB
σLJ,1

3 ×
εLJ,2

kB
σLJ,2

3

σLJ,12
 3

 
(17) 

εLJ,i

kB
= 0.774Tc,i (18) 

σLJ,i
3 (Å) = 0.17791+11.779

Tc,i

Pc,i

-0.049029 (
Tc,i

Pc,i

)

2

         , 
Tc,i

Pc,i

≤ 100 (19.a) 

σLJ,i
3 (Å) = 0.809Vc,i

1/3          , 
Tc,i

Pc,i

> 100 (19.b) 

 

TLSMd [1,44,45] 

Eqs. (10)-(15), (18) and (19)  

σLJ,12
 = (1 − k12,d)

σLJ,1
 +σLJ,2

 

2
 (20) 

εLJ,12

kB
= 8

√
εLJ,1

kB
σLJ,1

3 ×
εLJ,2

kB
σLJ,2

3

(σLJ,1
 + σLJ,2

 )
3  (21) 

 

Magalhães et al. [46] 

𝐷12

𝑇
= 𝑎′

1

𝜂1
+ 𝑏′ (22) 

𝐷12

𝑇
= 𝑎′′𝜌1 + 𝑏′′ (23) 

ln (
𝐷12

𝑇
) = 𝑎′′′ln (𝜂1) + 𝑏′′′ (24) 
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Table 2. Experimental tracer diffusion coefficients, 𝐷12, of  Me(acac)n in ethanol, at 1 

bar in the range 303.15 to 333.15 K. 

Solute 
𝑇 

(K) 

𝜌1
(*) 

(g cm−3) 

𝜂1
(*) 

(cP) 

𝐷12 ± ∆𝐷12 

(10−5cm2 s−1) 

Ni(acac)2 307.15 0.779 0.8983 0.789 0.023 

 313.15 0.773 0.8100 0.871 0.020 

 323.15 0.763 0.6868 1.000 0.023 

 333.15 0.753 0.5872 1.244 0.010 

Pd(acac)2 307.15 0.779 0.8983 0.865 0.013 

 313.15 0.773 0.8100 0.958 0.002 

 323.15 0.763 0.6868 1.112 0.003 

 333.15 0.753 0.5872 1.328 0.001 

VO(acac)2 307.15 0.779 0.8983 0.990 0.025 

 313.15 0.773 0.8100 1.141 0.039 

 323.15 0.763 0.6868 1.387 0.014 

 333.15 0.753 0.5872 1.636 0.012 

TiO(acac)2 303.15 0.783 0.9645 1.115 0.035 

 313.15 0.773 0.8100 1.315 0.013 

 323.15 0.763 0.6868 1.637 0.022 

 333.15 0.753 0.5872 2.002 0.035 

Cr(acac)3 307.15 0.779 0.8983 0.664 0.006 

 313.15 0.773 0.8100 0.756 0.006 

 323.15 0.763 0.6868 0.909 0.013 

 333.15 0.753 0.5872 1.069 0.005 

(*)Taken from Yaws [51]. 
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Table 3. Optimized parameters for Magalhães et al. correlation, Eq. (24), and 

corresponding values of 𝑅2 and AARD. 

Solute 𝒂′′′ 𝒃′′′ 𝑹𝟐 AARD (%) 

Pd(acac)2 -0.8711 -17.440 0.9927 3.15 

Cr(acac)3 -0.9044 - 17.701 0.9913 5.02 
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Table 4. Physical properties of the pure compounds studied in this work. 

Compound 

CAS M 

𝐠 𝐦𝐨𝐥−𝟏 

𝚻𝐜 

𝐊 

𝐏𝐜 

𝐛𝐚𝐫 

𝐕𝐜 

𝐦𝐨𝐥 𝐜𝐦−𝟑 

𝚻𝐛𝐩 

𝐊 

𝐕𝐛𝐩 

𝐦𝐨𝐥 𝐜𝐦−𝟑 

𝛔𝐋𝐉 

Å 

𝛆𝐋𝐉 kB⁄  

𝐊 

Cr(acac)3 21679-31-2 349.92 - 18.9a 626.9a  243.4c 5.7165d 845.60d 

Ni(acac)2 3264-82-2 256.91 - 25.1a 431.2a 460.8b 164.4c - - 

Pd(acac)2 14024-61-4 304.64 - 23.2a 435.4a - 166.1c - - 

VO(acac)2 3153-26-2 265.16 - 24.5a 445.3a 460.8b 170.1c 6.5514e 508.85e 

TiO(acac)2 14024-64-7 262.08 - 24.6a 445.1a - 169.98c - - 

Ethanol 64-17-5 46.07 513.9f 61.4f 167.1f - - 4.23748g 1291.41g 

CO2 124-38-9 44.01 304.1f 73.8f 93.9f - - 3.26192g 500.71g 

a Estimated by the contribution method of Reid et al. [59]; b Taken from LookChem [60]; c Estimated by the 

Tyn-Calus method [61]; d Taken from Cordeiro et al. [49]; e Estimated by Eqs. (17)-(19); f Taken from Reid 

et al.[62]; g Taken from Liu and Silva [1]. 
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Table 5. Modeling results obtained for the experimental diffusivities of Pd(acac)2, Ni(acac)2, VO(acac)2, TiO(acac)2, Cr(acac)3 and in ethanol. 

 Pd(acac)2 Ni(acac)2 VO(acac)2 TiO(acac)2 Cr(acac)3 

Model Equation   

Wilke-

Chang 

(6) AARD (%) 

18.03 29.52 3.32 19.09 18.06 

Tyn-Calus (7) AARD (%) 20.73 32.35 1.03 17.02 28.71 

mSE1 (8) AARD (%) 10.95 27.26 4.31 19.39 34.71 

DHB (9) AARD (%) / R2 / 𝑅adj
2  1.92/0.9951/0.9927 0.83/0.9771/0.9314 0.55/0.9991/0.9972 2.17/0.9996/0.9988 0.32/0.9997/0.9990 

BDHB (10−7cm−1 mol  s−1 K −1/2) 

𝑉D (cm3 mol−1) 

1.1331 

55.250 

1.1574 

54.917 

1.6513 

55.704 

2.0212 

55.795 

1.0307 

55.458 

TLSM (10)-(19) AARD (%) 20.31 (*) (*) (*) 40.82 

TLSMd (10)-(15) 

+ 

(18)-(21) 

AARD (%) / R2 / 𝑅adj
2  

1.58/0.9749/0.9245 

(*) (*) (*) 

3.88/0.9499/ 

0.8500 

𝑘12,𝑑 −0.10234 −0.19734 

Magalhães 

et al. 

(22) AARD (%) / R2 / 𝑅adj
2  0.70/0.9973/0.9919 1.80/0.9840/0.9520 0.79/0.9984/0.9950 1.80/0.9939/0.9817 0.55/0.9991/0.9974 

𝑎′ (10−5 cm2 cP s−1 K −1) 0.77780 0.75853 1.0908 1.3483 1.3483 

ACCEPTED M
ANUSCRIP

T



46 
 

equations 𝑏′
  (10−6 cm2 s−1 K−1) −0.050449 −0.68273 −2.1322 −3.1325 −3.1325 

(23) AARD (%) / R2 / 𝑅adj
2  1.20/0.9952/0.9856 2.32/0.9769/0.9308 0.86/0.9954/0.9863 2.16/0.9872/0.9617 0.74/0.9969/0.9906 

𝑎′′ (10−7 cm2 cP s−1 K −1) 

𝑏′′ (10−7 cm2 s−1 K−1) 

−4.7014 

3.5128 

−4.6344 

3.8586 

−6.8193 

5.6316 

−8.0683 

6.6713 

−4.2350 

3.5128 

(24)* AARD (%) / R2 / 𝑅adj
2  - 1.66/0.9793/0.9378 1.01/0.9960/0.9879 1.41/0.9924/0.9771 - 

𝑎′′′ (cm2 cP s−1 K −1) 

𝑏′′′ (cm2 s−1 K−1) 

- 

-0.85724 

-17.580 

-0.98533 

-17.345 

-1.0020 

-17.1717 

 

     (*) The models were not applied since reliable predictive models or critical constants of the solutes were not found in the literature. 
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