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In this work, transport and thermodynamic properties of mixtures of n-hexane with the aldehydes citral, citronellal and
dihydrocitronellal, important to the fine chemicals industry, were determined experimentally and compared to theoretical
predictions. Liquid binary diffusion coefficients weremeasured using the Taylor dispersion technique at various temperatures. The
Wilke-Chang correlation gave precise approximations. The second part of this work is concerned with the gas-liquid phase
equilibriumof citral/n-hexane. Themixture is slightly nonideal andmaybe sufficiently describedbyapplying themodifiedUNIFAC
(Dortmund) group contribution method.VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 2557–2562, 2012
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Introduction

Citral (CIT; 3,7-dimethyl-2,6-octadienal) belongs to the
class of a,b-unsaturated aldehydes and may be used as a
model substance for heterogeneously catalyzed selective
hydrogenations.1–4 Applying palladium as an active metal,
hydrogenation of the carbonyl group is insignificant and the
conjugated C¼¼C bond is hydrogenated prior to the terminal
isolated one.5–8 This results in a simplified reaction network
with citronellal (CAL) and dihydrocitronellal (DHC) as main
products.9 Physicochemical properties are scarce despite that
citral and its hydrogenation products impact the fine chemi-
cals and perfume industry.10,11

In view of modeling multiphase chemical reactions, plenty
of thermodynamic and transport properties are necessary. Dif-
fusivities must be determined in order to describe mass trans-
port phenomena and their interplay with the catalytic reaction
properly. Because of the extensive effort to measure binary
diffusion coefficients experimentally, correlations12–15 are fre-
quently utilized to estimate them. Especially the Wilke-
Chang13 correlation is widely used and has already been
applied for citral mixtures.16–20 Unfortunately, correlations
may differ extensively and without any experimental data it is
difficult to choose reasonably. One aim of this study was to
compare different correlations with experimentally determined
binary diffusion coefficients using the dispersion technique
originally proposed by Sir Geoffrey Taylor.21–23

Apart from transport properties, the thermodynamic
behavior of the system n-hexane/citral was investigated.

When modeling reaction kinetics, it is often convenient to
formulate expressions of sources and sinks due to chemical
reactions as a function of concentrations or mole fractions.
In such cases all nonidealities are inevitably included into
the regressed rate constants and this may possibly result in
inaccurate models. To circumvent this drawback, rate
expression may be written in terms of activities. It is then
necessary to determine activity coefficients as a function of
temperature, pressure and composition, which may be rather
tedious especially in multicomponent systems. On the other
hand, group contribution theories such as UNIFAC24 and
modified UNIFAC (Dortmund)25 are sometimes adequate to
describe the phase behavior but they might lead to com-
pletely wrong predictions. It is, therefore, highly advisable to
verify estimations experimentally.

Equipment and Experimental Procedure

Materials

A mixture of E,Z-citral ([ 97%) and R,S-citronellal
([ 95%) was provided by Merck. The solvent n-hexane was
supplied from Carl Roth in high purity (ROTIPURAN,
[ 99%). R,S-dihydrocitronellal ([ 99%) was purchased
from Essencia, Ätherische Öle AG. It is notable to mention
that some compounds exhibit stereochemistry, but their dis-
crimination shall not be considered within this article. The
following notations: citral, citronellal, and dihydrocitronellal
summarize all corresponding stereoisomers.

Description of the Taylor dispersion apparatus

All binary diffusion coefficients were measured using the
Taylor dispersion apparatus shown in Figure 1. The device
was designed in accordance with criteria given by Alizadeh
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et al.26 The carrier n-hexane was pumped with a syringe pump
(ISCO 500D from Teledyne Isco, Inc.) with 0.1 mL min�1.
The capillary (L ¼ 10 m, r ¼ 0.425 mm, dL ¼ 0.5 m, PTFE),
as well as the differential refractometer (WGE Dr. Bures
GmbH and Co. KG) were situated in a thermostatic housing.
Within a typical experiment, the carrier solution was pumped
through the apparatus for at least 2 h until a constant base
line could be observed. Then a pulse of solute in n-hexane
was injected and the corresponding signal of the differential
refractometer was recorded via LabVIEWTM (National
Instruments, Corp.). In every case at least three runs were
performed.

Fitting procedure

The radially-averaged concentration of component i at
time t at the end of the tube relative to the background (car-
rier) concentration can be expressed as27
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In this equation f combines all time-independent variables
and constant parameters except

ffiffiffiffiffiffi
Dij

p
. Assuming a linear de-

pendency (c : detector sensitivity) between the detector sig-
nal and the mean concentration and considering an offset a,
a constant drift rate b and a noise �(t)

IexpðtÞ ¼ aþ btþ c�ciðtÞ þ eðtÞ (4)

the following fit-equation can be derived
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whereas B1 ¼ a, B2 ¼ b, B3 ¼ c � f, B4 ¼ Dij and B5 ¼ s. It is
possible to derive B1, B2 and B5 directly from the measured
data without including them into the fitting procedure.
However, within this work very precise starting values for

these parameters were determined manually first and a five
parameter fit was performed to improve the quality of the fit.
Figure 2 shows the results of a typical dispersion experiment.
Fitting was accomplished with MATLABVR (The MathWorks,
Inc.) applying the maximum likelihood solver.

Measurement of the phase equilibrium

The VLE data were obtained by the use of a Gillespie-
type commercial equilibrium apparatus (VLE 602) produced
by i-Fischer Engineering, Germany. The all-glass still is
equipped with a Cottrell pump to ensure equilibrium
between the vapor and liquid phase. The condensate and liq-
uid were continuously recirculated into a mixing chamber,
which was cooled by additional water quenching in order to
prevent prompt evaporation of the volatile component n-hex-
ane. This was necessary because of the high difference (DTB
� 159 K) in boiling points of the two components. The
equilibrium temperatures were measured by PT100 probes
with an accuracy of 0.08 K. Nevertheless, the uncertainty of
the temperature measurement could be as high as � 0.5 K,
because of concentration fluctuations due to inequalities dur-
ing the recirculation. The pressure in the still can be set con-
stant with an accuracy of � 0.1 kPa according to the manu-
facturer. The apparatus can be operated at a temperature
level of up to 493 K and in the pressure range from vacuum
up to 400 kPa absolute pressure.

Isobaric VLE data were gathered by setting the still pres-
sure constant and heating till a constant reflux rate of vapor
and liquid phase was achieved. Samples of both phases were
taken as soon as stationarity was reached. This was assumed
after a change of the vapor phase temperature of less than
0.5 K within a time period of at least 10 min. The liquid
phase concentration was changed either by adding a pure
component or by removing n-hexane rich vapor phase
through the sample outlet from the mixture. Thus, the VLE
could be shifted in order to generate the data at various com-
positions. The compositions of the liquid and condensed
vapor phase were determined by an Abbe refractometer
(Atago 1230 NAR-3T), and a vibrating tube densimeter
(Anton Paar DMA 5000) with an accuracy of 5�10�2 kg m�3.
The results of both measuring methods were consistent.

The obtained data points were compared to predictive cal-
culations of the vapor–liquid equilibrium. Three different

Figure 1. Schematic view of the Taylor dispersion ap-
paratus.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. Illustration of the fitting procedure: filled
(blue) curve: experimental data; continuous
(black) line: fitting.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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methods were used. All calculations were performed under
the assumption of ideal vapor phase behavior, which was
justifiable due to the low-pressure level of 20 kPa. The liq-
uid phase was first modeled as ideal, then with the predictive
UNIFAC24 group contribution method and the modified
UNIFAC (Dortmund) method25 developed by Gmehling and
coworkers.

The pure component vapor pressure of citral, necessary
for other calculations, was measured in the pressure range
from 3 kPa up to 20 kPa in increments of 1-2 kPa. With
these results the parameters for the extended Antoine equa-
tion (three parameters) were determined with the commercial
software Aspen PlusVR (Aspen Technologies, Inc.).

Results and Discussion

Binary diffusion coefficient

In Table 1. all measured binary diffusion coefficients are
shown. All different runs and fittings of the same experiment
present a relative standard deviation of about 3–4%. All val-
ues are in the range of typical liquid binary diffusion coeffi-
cients (10�9 m2 s�1). As expected, the diffusion coefficient
increases with rising temperature. Besides, there is only a
small difference among citral and its hydrogenation products
citronellal and dihydrocitronellal, which is quite reasonable

regarding their structural resemblance. A slight decrease of
the diffusion coefficient with increasing concentration of cit-
ral within the injection volume may be observed. The value
at 3 wt % has been selected as reference because it exhibits
distinct signal intensities, but can still be regarded as an
infinitely dilute solution of citral in n-hexane. An entire
investigation of the concentration dependency is very labori-
ous and beyond the scope of this work.

Different correlations have been tested and compared to
the experimental data (Figure 3). The corresponding equa-
tions are listed in Table 2. All properties concerning n-hex-
ane are taken from Aspen PropertiesVR (Aspen Technologies,
Inc.). In case of citral, the liquid molar volume at its normal
boiling point is calculated according to

Vm;CIT½m3mol�1� ¼
R½Jmol�1 K�1�Tc½K� Z

½1þð1�TrÞ2=7�
RA

� �
pc½Pa� (6)

whereas Tc ¼ 699 K and pc ¼ 22.9�105 Pa were determined
applying the Lydersen estimation method18,28 with TB ¼
501 K. The Racket parameter ZRA ¼ 0.2236 was obtained by
regressing density data at various temperature levels.

Based on our studies, the binary diffusion coefficient of
citral in n-hexane can be estimated quite accurately using
the Wilke-Chang correlation (deviation \ 5%). Even the
temperature dependence seems to be predicted very pre-
cisely. The Tyn-Callus and the Hayduk-Minhas method are
acceptable approximations as well, but exhibit small offsets
toward higher values over the whole temperature range. One
explanation may be that these equations are already

Figure 3. Comparison of various correlations with ex-
perimental binary diffusion coefficients: (n)
experimental data; continuous (green) line:
Wilke-Chang correlation13; dashed (blue) line:
Tyn-Calus correlation14; dotted (red) line:
Hayduk-Minhas correlation.15

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Experimental Diffusion Coefficients of Citral (CIT),
Citronellal (CAL) and Dihydrocitronellal (DHC) at Infinite

Dilution in n-Hexane

Solute Weight Percenta T D�
ij
b

- wt% K 10-9 m2 s-1

CIT 1 293 2.61
CIT 3 283 2.29
CIT 3 293 2.54
CIT 3 303 2.82
CIT 3 308 3.11
CIT 5 293 2.49
CIT 5 303 2.69
CAL 3 293 2.46
DHC 3 293 2.43

aWeight percent of solute in n-hexane within the injection volume.
bAverage of at least 3 runs.

Table 2. Equations Used to Predict Binary Diffusion
Coefficients at Infinite Dilution

Correlation Equation Comment

Wilke Chang13 D
�
ij ¼

7:4�10�8 /Mjð Þ0:5T
gjV

0:6
m;i

/ ¼ 1

Tyn and Calus14 D
�
ij ¼ 8:93 � 10�8 V0:267

m;j

V0:433
m;i

T
gj

for similar
surface tensions

Hayduk and
Minhas15

D
�
ij ¼ 13:3 � 10�8 T1:47g

10:2=Vi�0:791ð Þ
j

V0:71
m;i

normal paraffin
solutions

For further information and units compare Poling et al.12

Figure 4. Vapor pressure of citral: (n) experimental
data of this work; (~) Clará et al.29; continu-
ous (red) line: regressed Antoine equation.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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simplifications for components with similar surface tensions
and normal paraffin solutions, respectively (Table 2).

Phase equilibrium and activity coefficients

Figure 4 presents the regressed vapor pressure curve of
the pure component citral. The regressed curve is in excel-
lent agreement with the experimental data from this work
and from Clara et al.29 The curve was plotted according to
the following three-parametric Antoine equation

pvp½Pa� ¼ exp C1 þ C2

T K½ � þ C3

� �
(7)

The parameters C1 to C3 were obtained by regression
using the experimental data listed in Table 3. The parameters
are: C1 ¼ 20.4 � 0.4; C2 ¼ �3298.8 � 255.5, and C3 ¼
�129.5 � 11.9.

Figure 5 presents the experimental data for the vapor–liq-
uid measurement of n-hexane and citral at 20 kPa, as well as
the predictive calculations. Ideality was assumed for the
vapor phase in all cases. Hence, there is only one dew point
curve to examine, which slightly underpredicts the actual
behavior. The bubble-point curve calculated according to

Raoult’s law has the highest deviation and is obviously over-
estimating the temperature. The UNIFAC and especially the
modified UNIFAC (Dortmund) model make more realistic
predictions. As the standard UNIFAC model still seems to
overestimate the characteristics of the bubble point curve,
we recommend the use of the modified UNIFAC (Dortmund)
model as predictive method. This can be explained by the
better ability of the UNIFAC (Dortmund) model to charac-
terize strongly temperature-dependent mixtures.25 Table 4
shows the experimental vapor–liquid equilibrium data for n-
hexane and citral at 20 kPa. Steady-state conditions were
difficult to achieve at high-citral mole fractions ([ 0.8). Fur-
thermore, polymerization can be an issue at such high tem-
peratures. We did not check for the production of oligomers
or polymers, but when keeping high temperatures for a long
time, a change in color to intensive yellow was observed.

Table 3. Vapor Pressure Data of Measured Pure Citral

T pvp
K kPa

395.2 3
401.5 4
406.9 5
411.3 6
415.2 7
418.6 8
421.7 9
424.3 10
426.8 11
431.2 13
435.2 15
438.7 17
441.9 19
442.3 20

Figure 5. T(x,y) diagrams for n-hexane and citral at 20
kPa: (n) experimental data; continuous
(green) line: ideal Raoult’s law; dotted (red)
line: UNIFAC; dashed (blue) line: modified
UNIFAC (Dortmund).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Predicted liquid activity coefficients for n-hex-
ane and citral according to the modified UNI-
FAC (Dortmund) group contribution method:
continuous (green) line at 293 K; dotted (red)
line at 323 K; dashed (blue) line at 373 K.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 4. Experimental Vapor–Liquid Equilibrium Data for
n-Hexane and Citral at 20 kPa

T xCIT xHEX yCIT yHEX
K – – – –

298.2 0.000 1.000 0.000 1.000
299.3 0.004 0.996 0.004 0.996
300.3 0.151 0.849 0.003 0.997
300.5 0.145 0.855 0.004 0.996
301.4 0.217 0.783 0.002 0.998
302.1 0.277 0.723 0.004 0.996
304.3 0.454 0.546 0.004 0.996
305.1 0.182 0.818 0.005 0.995
305.3 0.488 0.512 0.005 0.995
307.6 0.520 0.480 0.006 0.994
311.9 0.489 0.511 0.005 0.995
327.7 0.856 0.144 0.011 0.989
336.0 0.885 0.115 0.005 0.995
346.9 0.921 0.079 0.014 0.986
347.5 0.927 0.073 0.005 0.995
360.9 0.914 0.086 0.028 0.972
379.9 0.978 0.022 0.018 0.982
400.1 0.936 0.064 0.158 0.842
435.2 0.961 0.039 0.648 0.352
438.3 1.000 0.000 0.735 0.265
442.3 1.000 0.000 1.000 0.000
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Figure 6 illustrates the predicted liquid activity coeffi-
cients for n-hexane and citral for three different temperature
levels (293, 323 and 373 K). The limiting activity coefficient
of citral lies in the region of 4.5 whereas the one of n-hex-
ane reaches only about 2.5 at 293 K. Both activity coeffi-
cients show a small positive deviation from ideal behavior.
The activity coefficients in the liquid phase decrease for
both components with increasing temperature.

Conclusion

Liquid binary diffusion coefficients of citral, citronellal
and dihydrocitronellal were measured at various tempera-
tures using the Taylor dispersion technique. All values of
diffusion coefficients were in typical range and the overall
relative standard deviation was below 4%. Citral, citronel-
lal and dihydrocitronellal exhibit similar diffusion coeffi-
cients, which seems reasonable in view of their structural
analogy. The Wilke-Chang correlation allows a precise
prediction of the measured diffusion coefficients and their
temperature dependence, whereas the methods from Tyn-
Calus and Hayduk-Minhas show small offsets to higher
values.

In the second part of this study, the vapor–liquid phase
equilibrium of the system citral/n-hexane was examined. It
was possible to analyze the entire range of molar composi-
tions at 20 kPa. The liquid system is slightly nonideal and
might be described with the modified UNIFAC (Dortmund)
group contribution method. The gas phase shows ideal gas
behavior as might have been expected at low pressures.

In conclusion, it could be stated that binary mixtures of
citral and some of its hydrogenation products in n-hexane
could be described with predictive methods in view of mu-
tual diffusion coefficients and gas-liquid phase equilibrium.
Hence, no further regression methods have to be carried out
inside the range studied.

Notation

a.u. ¼ arbitrary units
B1 – B5 ¼ fitting parameters

�ciðtÞ ¼ radially-averaged concentration of component i at time t at
the end of the tube relative to the background (carrier)
concentration

CAL ¼ R,S-citronellal
CIT ¼ E,Z-citral
DHC ¼ R,S-dihydrocitronellal
Dij ¼ binary diffusion coefficient of solute i in solvent j
Dij

� ¼ binary diffusion coefficient of solute i at infinite dilution in
solvent j

dL ¼ loop diameter of the capillary
HEX ¼ n-hexane
Iest ¼ estimated intensity
Iexp ¼ experimental intensity
L ¼ length of the capillary
pc ¼ critical pressure
pvp ¼ vapor pressure
r ¼ radius of the capillary
R ¼ ideal gas constant
T ¼ temperature

TB ¼ normal boiling point
Tc ¼ critical temperature

Vic0,i ¼ number of moles of component i in the injection pulse
Vm ¼ liquid molar volume

VLE ¼ vapor–liquid equilibrium
wt % ¼ weight percent

x ¼ liquid mole fraction, mol mol�1

y ¼ vapor mole fraction, mol mol�1

ZRA ¼ Rackett parameter

Greek letters

a ¼ detector offset
b ¼ drift rate
c ¼ detector sensitivity
� ¼ signal noise
s ¼ residence time
/ ¼ association factor
g ¼ liquid viscosity
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