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In this paper we discuss the influence of chemical structures of renewable feedstock oils (RFOs) on the
domains of existence and the nano-structures of microemulsions. We compare the results to those of
classical microemulsions containing classical n-alkanes. First, the domains of microemulsions obtained
from the melt of water, sodium dodecyl sulfate (SDS) as surfactant, 1-pentanol as co-surfactant and
different RFOs (or RFO melts) in pseudo-ternary phase diagrams are presented. A surfactant—
co-surfactant mass ratio of 1 : 2 is kept constant and the RFO (or RFO melt) is considered as a
pseudo-constituent. Two different fatty methyl ester (FAME) biodiesels from rapeseed and cuphea oils,
rapeseed oil, “TBK” biodiesel from rapeseed oil, limonene, and different mixtures of limonene to
FAME-rapeseed biodiesel and FAME-rapeseed biodiesel to FAME-cuphea biodiesel are used as RFOs or
RFO melts. Second, conductivity data are shown along an experimental path having a constant RFO or
RFO melt : (surfactant—co-surfactant) mass ratio, whereas the water content is varied. All obtained data are
then compared to data from previous studies with a series of n-alkanes (from n-hexane to n-hexadecane).
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As the main conclusion it is found that RFOs or RFO melts can easily substitute n-alkanes. From the
chemical structure of the oils, it appears that not only the polarity of the oil plays an important role but
also does the absolute size of the oil molecules. In all cases microemulsion systems exhibit percolative

behavior.

1. Introduction

Microemulsions have attracted attention in science and industry
for a long time. They show thermodynamic stability, optical
clarity and high solubilization capacity,' and are isotropic with
ultralow interfacial tension.® Usually, microemulsions are
mixtures of non-polar solvents with polar liquids like water
stabilized by a surfactant,*> frequently in combination with a co-
surfactant — often a short or medium chain alcohol® — forming an
interfacial film that separates the two, in principle immiscible,
solvents.” Though they are macroscopically homogeneous sol-
utions, an ordered structure can be found on the nanoscopic
scale such as oil-in-water (o/w) or water-in-oil (w/0) droplets,
similar to the structures of micelles,® '® but with droplet sizes of
100 nm.> Besides droplets, lamellar,"'™"* random'*!® or bi-
continuous>'®!7 microstructures, a network of water tubes in an
oil matrix or a network of oil tubes in a water matrix have
been identified. Various experimental methods like small angle
neutron scattering (SANS),'®!'? neutron spin echo,?® NMR,>"*
freeze fracture electron microscopy (FFEM),> cryo-scanning
electron microscopy,”* and conductivity measurements®> have
been used to investigate these microstructures.
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However, for a first screening, such sophisticated experiments
are not necessary. The measurement of electrical conductivity is
a very efficient method to study the global structure of micro-
emulsions, especially in the case of w/o systems.’®?’ The
electrical conductivity undergoes a significant change over many
orders of magnitude when the volume fraction of the dispersed
aqueous pseudo-phase is increased above a certain value. The
sharp increase is a consequence of the percolative behavior of
formed nanostructures in the system.”’” The percolation is
induced when droplets in the microemulsion come close enough
for ion exchange from one to another or when the droplets
coalesce and form clusters leading to an exchange of material.*®
This phenomenon can be observed when the specific conduc-
tivity of the polar phase is some orders of magnitude higher than
the one of the oil. Sometimes, anti-percolative behavior is
observed. Then, only a small increase or even a decrease of con-
ductivity is reported when increasing the water content. Anti-
percolation behavior is associated with the formation of droplets
having rigid interfacial films, thus preventing the reversed
micelles from merging.>’

Microemulsions have been intensively studied during the last
few years by many scientists and technologists. The applications
investigated at present range from classical fields like solubil-
ization media in the food, cosmetic’®>* and pharmaceutical
industries,>*>7 oil l’ecovery,38 ground water remediation,”® soil
cleanup*® and organic chemistry to new fields like improvement
of fuels® or for use as decontamination media.*' The use of
microemulsions is not only advantageous due to the facile and
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low cost preparation, but also because of the improved
bioavailability.***

Due to the consumer lifestyle of health and sustainability
(LOHAS) requiring bio-based concepts it is a must to formulate
and characterize microemulsions based on biological amphi-
philes*® and different kinds of renewable feedstock oils
(RFOs).>74445 Nowadays green microemulsions are already on
the market.>***%¢ Especially mono-alkyl esters made from
renewable biological sources such as vegetable oils or animal
fats have been investigated, and the physical properties of micro-
emulsions with these compounds as the oil phase are of growing
interest. "7

Biodiesel is obtained by transesterification of vegetable oils
with monohydric alcohols, commonly methanol, to give the cor-
responding mono-alkyl esters (FAME).’*! Besides sunflower,
rapeseed, palm and soybean oil,*”>> sources such as used
cooking oils, jatropha®* and algae® oils are receiving increasing
attention. As early as in the 1960s, cuphea, with its vast diversity
of fatty acids,”®>” was proposed as a source of fatty acids
with medium chain lengths.®® In recent years, biodiesel has
gained importance in a great number of research and industrial
processes, for example as green solvents,’” ®' in cleaning
and degreasing agents®® or cleaning up of oil spills,”® as
polymerization solvents,®* in pesticides****®> or as an alterna-
tive to organic solvents in liquid-liquid extractions®® and last but
not least as biofuels. Biodiesel based microemulsions have
already been made and tested*' and the produced bicontinuous
microemulsion-fuels are effective fuels with low emissions.®”
It was shown that biodiesel from cuphea oil had improved fuel
properties due to the composition of triglycerides,”® a relatively
high cetane number and a low cloud point.>’ Other advantages
of biodiesel are the absence of aromatic hydrocarbons, low or no
sulfur content and a positive energy balance. Some advantages
in the use of FAME as green solvents in the formulation of
microemulsions are their lower toxicity,””’> rapid biodegrad-
ability in soil,”* low vapour pressure and non-inflammability.”®
The problems due to the over-production of glycerol induced by
the classical processes of transesterification can be avoided by
the production of “TBK” biodiesel. In this process triglycerides
react with ethyl acetate, another green solvent, to give TBK-
biodiesel associated with partially acetylated triglycerides.”®

Another class of molecules widely used as solvents, and as a
promising substitute for the oil compound in microemulsions,
are monoterpenes. These are inexpensive monocyclic, mono-
terpenic hydrocarbons produced from renewable feedstock and
the major constituents of citrus oils.”” Limonene itself is among
the most commonly used fragrance additives or active substances
in technical and fine products, for example in defatting agents,”®
cleaners,79 in perfumes, soaps, foods and beverages, with a
typical concentration between 50 ppm and 2300 ppm,’® and it
can be used as a fuel or fuel additive®™®! as well. Microemul-
sions based on limonene are of great importance in the formu-
lation, for example, of pharmaceu'[icals,“‘82 cleaning zige:n'[s,83‘84
and flavouring vectors in foods and beverages® efc. Anti-
carcinogenic properties®® have been shown and limonene is
considered to be a skin irritant and a sensitizer in high concen-
trations,®” but not allergenic.®®

The main purpose of the present article is to compare the
influence of the use of RFOs and non-renewable feedstock oils

(NRFOs) in order to formulate microemulsions. The domain of
existence and the nano-structures of microemulsions with differ-
ent RFOs or RFO melts, and NRFOs ranging from hexane to
hexadecane are then compared using ternary phase diagrams and
conductivity measurements; sodium dodecyl sulfate (SDS) and
I-pentanol are used respectively as surfactant and co-surfactant.
The used RFOs or RFO melts are two different FAME (fatty
methyl ester) biodiesels from rapeseed and cuphea oil, TBK bio-
diesel from rapeseed oil, limonene, and mixtures of limonene
and FAME-rapeseed biodiesel as well as FAME-rapeseed and
FAME-cuphea biodiesel. The biodiesels essentially differ in the
carbon chain length and proportion of unsaturation of the fatty
methyl esters and the amounts of tri-, di- and mono-glycerides.

2. Experimental
2.1. Materials

All solutions were prepared with water with a resistivity of
18.2 mQ cm™2. Sodium dodecyl sulfate > 99.0%, 1-pentanol >
98% and R-(+)-limonene > 94% were purchased from Merck
KGaA (Darmstadt, Germany). The FAME-rapeseed biodiesel
and the TBK rapeseed biodiesel were generous gifts respectively
from Tecosol (Ochsenfurt, Germany) and Mr Janos Thész
(Hungary), and the FAME-cuphea biodiesel was kindly prepared
for us by Dr Gerhard Knothe from the National Center for Agri-
cultural Utilization Research (Peoria, Illinois, USA). Rapeseed
oil was purchased from VOG AG (Linz, Austria). All the chemi-
cals were used without further purification.

2.2. Methods and techniques

Phase diagrams. Systems consisting of water, RFO or RFO
melt, surfactant and co-surfactant melt can be described within a
pseudo-ternary phase diagram, see Fig. 1. As a reference system,
water/n-alkane/sodium dodecyl sulfate/1-pentanol was chosen
with the surfactant to co-surfactant ratio kept constant (1:2 in
mass ratio) (see Fig. 1). These diagrams were established as
described in the following section and according to ref. 89.

In screwable tubes a mixture of emulsifiers containing always
the same proportions of surfactant: co-surfactant was blended
with RFO, RFO melt or water at determined weight ratios to
obtain a starting weight of 3 g. Water (RFO or RFO melt) was

g
%
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Fig. 1 Illustration of a pseudo-ternary phase diagram (in weight frac-
tions) with water/SDS/1-pentanol/RFO. Additionally, the pathway on
which all conductivity measurements were performed is shown. The
weight ratio of oil : surfactant—co-surfactant was kept constant at 0.4.
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added with Eppendorf pipettes to the resulting mixture until a
change in the phase occurs. Besides microemulsions, the for-
mation of liquid crystalline phases, “classical” emulsions and a
homogeneous solution in equilibrium with undissolved SDS can
occur. The different phases were determined with the naked eye
and with the help of polarizing filters in order to discern the
homogeneous liquid crystalline phases of the microemulsions.
Under polarizing filters most of the liquid crystalline phases
appear birefringent. The amount of added water (RFO or RFO
melt) was recorded. The temperature was kept constant at 25 °C
with a thermostatically controlled test tube rack.

Conductivity. Conductivity measurements were carried out at
25 °C with the inoLab®Vario Cond 730 Conductometer. The
temperature was controlled by a thermostated cell. All measure-
ments were conducted twice. The experimental error is approxi-
mately 2.5%. RFO, RFO melt or n-alkane based w/RFO or RFO
melt microemulsions were prepared as described above whereas
the content of water was as low as possible. Water was then pro-
gressively added with an Eppendorf pipette and the volume and
the corresponding specific conductivity were recorded. The
measurement was finished when the turbid area was reached.
The experimental path is shown in Fig. 1.

3. Results and discussion
3.1. Phase diagrams

FAME-rapeseed biodiesel and limonene — two “green” sol-
vents. At first, FAME-rapeseed biodiesel, limonene and after-
wards melts of those RFOs were used as the oil phase. For this
purpose, the phase diagrams for the limonene to biodiesel melt
with biodiesel to limonene mass ratios of 1:3, 1:1 and 3:1
were also determined. The resulting phase diagrams are
illustrated in Fig. 2. The black areas represent the clear and
homogeneous single phase regions without liquid crystals.
These areas can be assimilated to the domain of existence of
microemulsions.®*

The use of limonene gives a phase diagram with two domains
of existence of microemulsions, L1 and L2, as in the case where
n-hexane or n-heptane are used, see Fig. 3. L1 is constituted of
oil-in-water droplets for the compositions having the highest pro-
portions of water. In L1, the microemulsions can have a high
content of oil. Then, they can be bicontinuous or still form oil-
in-water droplets. The exact determination of the structure of
these microemulsions remains a matter of discussion, and is not
the motivation of the present paper. L2 is formed by reversed
water-in-oil droplets at low water contents. A more detailed dis-
cussion concerning the evolution of the structures of the L2
domain, increasing the water content, is planned later. L1 and L2
are generally separated by clear or unclear, or homogeneous or
non-homogeneous media showing liquid crystalline phases. The
area between L1 and L2 generally contains liquid crystals (LC).

The domain of existence of the microemulsions obtained
using FAME-rapeseed biodiesel is more like the one observed in
the presence of n-hexadecane. The phase diagram shows a
microemulsion domain that consists of a large single realm of
existence comparable to the domains obtained with long-chain
n-alkanes, see Fig. 3. In this case the water-in-oil droplets
obtained at low water contents can be converted into oil-in-water
droplets by adding water along some well-defined paths that do
not pass through the LC area. The structure of the microemul-
sions between the water-in-oil and the oil-in-water droplets is
then bicontinuous. By mixing both RFOs, it is possible to screen
roughly the whole spectrum of pseudo-ternary phase diagrams
with conventional alkanes, beginning with n-octane and ending
with n-hexadecane. For the mixtures of both RFOs however,
slight differences of phase behaviors in comparison to the ones
obtained with n-alkanes are apparent. The main difference
appears for the domains of existence of microemulsions obtained
with the weight ratio 1:1 of limonene to FAME-rapeseed bio-
diesel. In particular, the appendix (noted Ap in Fig. 2, diagram
(iii)) appears less extended than in the case of the use of
n-decane or n-undecane (Fig. 3, diagrams (d) and (e)). The loss
of this appendix can be explained by the formation of micro-
emulsions due to the increased flexibility of the n-alkane
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00 02 04 06 08 10
FAME-Rapeseed Biodiesel/Limonene
13
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31

06 08 10 00 02 02 o0k 03 10
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19
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Fig. 2 Pscudo-ternary phase diagrams for the system water/SDS/1-pentanol/RFO at 25 °C and constant weight ratio of SDS to 1-pentanol (1 :2)
with (i) FAME-rapeseed biodiesel, (i) FAME-rapeseed biodiesel : limonene 3 : 1, (iii) FAME-rapeseed biodiesel : limonene 1 : 1, (iv) FAME-rapeseed
biodiesel : limonene 1 :3 and (v) limonene as RFO phase. Compositions are in weight ratio.
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Fig. 3 Homologous series of pseudo-ternary phase diagrams for the water/SDS/1-pentanol/n-alkanes systems. The domains of existence of the
microemulsions are represented in black. All these phase diagrams were determined during previous work”® using the same method as described in the
section “Methods and techniques”. Temperature was kept constant at 25 °C and the weight ratio of SDS to 1-pentantol (1 : 2) as well.

molecules. Nevertheless, the main microemulsion domains
are similar to those found for the homologous series of the
n-alkanes (Fig. 3) considering an increase of the average number
of carbon atoms or an increase of the average volume per RFO
and n-alkane molecules from limonene to FAME-rapeseed bio-
diesel and from n-hexane to n-hexadecane.

FAME, TBK rapeseed biodiesel, FAME-cuphea biodiesel and
rapeseed oil — a comparison. In the next step, the domains of
existence of microemulsions using as RFOs TBK-rapeseed bio-
diesel and FAME-cuphea biodiesel are determined. Fig. 4 shows
the resulting phase diagrams. For a better comparison, the
diagram water/SDS/1-pentanol/FAME-rapeseed biodiesel (2(i))
is again reported.

For TBK-rapeseed oil a large single realm of existence N is
observed and the topology of the phase diagram is similar to that
observed with hexadecane (Fig. 3(k)). In the case of the FAME-
rapeseed diagram, the extent of the homogeneous transparent N
phase into the oil-rich region is less pronounced. This may be
explained by the lack of mono- and diglycerides, which are
widely present in the TBK-rapeseed system and which exhibit a
much stronger propensity to the interface than triglycerides.

Biodiesel derived from cuphea oil leads to two separate L1
and L2 domains, but the extent of L1 towards the oil area is
more limited in comparison to the ones obtained using short-
chain n-alkanes or limonene. Nevertheless, the presence of the
two domains L1 and L2 is in agreement with the fact that the
molecular structures of the fatty acid mono-alkyl esters of the
FAME-cuphea biodiesel have a number of carbon atoms and a
molecular volume closer to short-chain n-alkanes than to long-
chain ones. From cuphea seed especially saturated fatty acids
with medium chain lengths of C8-C16 are achieved, with
decanoic acid being one of the main fatty acids (about 60%
of total fatty acid contents in most cuphea species®®>"5¢),
The reduction of the L1 domain of microemulsions could be due
to a reduction of the flexibility of the FAME-cuphea biodiesel
molecules. This can be attributed to a slight co-surfactant

00 02 04 08 08 lau oo a2 04 06 08 10 00 02 04 06 08 10
FAME-Rapeseed Biodiesel TBK-Rapeseed Biodiesel FAME-Cuphea Biodiesel

Fig. 4 Influence of different types of biodiesel on the domain of exist-
ence of microemulsions for the system water/SDS/1-pentanol: (a)
FAME-rapeseed biodiesel, (b) TBK-rapeseed biodiesel and (c) FAME-
cuphea biodiesel. Temperature was kept constant at 25 °C.

00 02 0& 08 03 10 0¢ 02 04 08 08 10
Rapeseed Oil FAME-Rapesead Biodiesel

Fig. 5 Influence of the production of FAME on the solubilisation of
the renewable carbon coming from the rapeseed oil: (a) pseudo-ternary
phase diagram of the system water/SDS/1-pentanol/rapeseed oil and (b)
pseudo-ternary phase diagram of the system water/SDS/1-pentanol/
FAME-rapeseed biodiesel at 25 °C and at a constant weight ratio of SDS
to 1-pentanol (1 : 2).

behavior of the ester-group leading to a greater interaction with
the 1-pentanol/SDS bilayer.

Now we compare the phase diagram obtained with pure rape-
seed oil to the phase diagram based on FAME-rapeseed biodiesel
in order to investigate the influence of the transesterification
reaction on the extent of the domain of existence of micro-
emulsions, see Fig. 5.

The used FAME-biodiesel was produced by transesterification
of rapeseed oil with methanol, to give the corresponding mono-
alkyl esters (FAME). It appears that this reaction is largely
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favorable for the formation of microemulsions. As the fatty acids
are also linked to the glycerol by ester-functions, the polarities of
the rapeseed oil molecules and of the FAME molecules should
be comparable. So it seems that the number of carbon atoms per
molecule or the molecular volume is the decisive parameter
which makes the difference in the phase behaviours and not the
polarity of the oil molecules. Fig. 6 shows that similar to limo-
nene, FAME-cuphea biodiesel can roughly yield the whole spec-
trum of pseudo-ternary phase diagrams known from alkanes
beginning with n-octane and ending with n-hexadecane, by
mixing it with appropriate amounts of FAME-rapeseed biodiesel.

3.2. Conductivity

Independently of the oil components, all the microemulsion
systems exhibit a similar general dependence of the electrical
conductivity on the amount of water (see Fig. 7). At low water
content, the electrical conductivity of the samples is close to
zero, which can be attributed to the fact that the oils forming the
initial continuous pseudo-phase constitute an excellent insulator
to the first reversed water in oil droplets formed. Then, there is a
progressive increase in electrical conductivity with increasing
amounts of water.

00 0z 04 08 08 10
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00 02 oa 08 o8 10
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o4 os 08
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Fig. 6 Pscudo-ternary phase diagrams for the system water/SDS/1-pen-
tanol/RFO at 25 °C and a constant weight ratio of SDS to 1-pentanol
(1:2) with (a) FAME-rapeseed biodiesel, (b) FAME-rapeseed biodiesel :
FAME-cuphea biodiesel 1: 1, and (¢) FAME-cuphea biodiesel as RFO
phase.
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This well-known behavior can be explained with a percolation
model.*®°! At the percolation threshold, the water-in-oil droplets
form nano-clusters favorable to the SDS counter-ion mobility.
The deviation from the linearity observed for higher water
content in the presence of certain oils has been ascribed to the
formation of bicontinuous structures, generally observed before
the pseudo-phase inversion. The percolation threshold (value of
the water content where a large increase of the conductivity
value starts) appears to be dependent on the chemical nature of
the oil. The more the oils have molecules with a high average
number of carbon atoms (or a high molecular volume), the lower
is the value of the percolation threshold. In Fig. 7 it can be seen
that the curves obtained in the presence of n-hexadecane and
n-hexane are the upper and lower boundaries, respectively, and
the other curves are situated in between. The conductivity curves
obtained using TBK- and FAME-rapeseed biodiesel are close to
the one obtained with n-hexadecane whereas those obtained
using FAME-cuphea biodiesel or limonene are in the vicinity of
the one recorded in the presence of n-hexane. This result is in
line with the observations concerning the domains of existence
of microemulsions in the pseudo-ternary phase diagrams (pre-
vious section). The conductivity curves obtained from melts of
FAME-rapeseed biodiesel and limonene show the same trend
(see Fig. 7(b)). With increasing amounts of FAME-rapeseed bio-
diesel, there is a shift of the percolation towards lower values.
The curves obtained using the FAME-rapeseed biodiesel only
(oil with a higher average number of carbons per molecule) and
the limonene (oil with a lower number of carbons per molecule)
are the lower and upper curves and all the other curves are in
between, in the expected order.

4. Conclusions

This study shows the possibility of replacing classical n-alkanes
as the oil phase in common microemulsions by green RFOs,
whether RFOs are “pure” or a mixture of RFOs of different

- -70%

-5 90%
——100%

oo Hexadecan

05 06

m{water)/mitotal)

Fig. 7 (a) The specific conductivity of the microemulsions as a function of water weight ratio for the pseudo-ternary system water/SDS/1-pentanol/
oil with a constant weight ratio of SDS to 1-pentanol (1 : 2) is shown. As the oil phase either hexadecane, or hexane, or limonene, or FAME-rapeseed,
or TBK-rapeseed, or FAME-cuphea biodiesels were used. (b) The specific conductivity of the microemulsions as a function of water weight content
for the pseudo-ternary system water/SDS/1-pentanol/oil with a constant weight ratio of SDS to 1-pentanol (1 :2) is shown. As the oil phase mixtures
of FAME-rapeseed biodiesel and limonene were used. The experimental path of the conductivity measurements is the same as already shown and

explained in Fig. 1. All experiments were recorded at 25 °C.
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origins. Limonene and cuphea biodiesel can replace short-chain
alkanes whereas TBK- and FAME-rapeseed biodiesel can substi-
tute long-chain ones (see Fig. 1). The extent of the microemul-
sion domains and the organization of the nano-droplets can be
predicted by the average number of carbons per molecule (or the
average molecular volume) of the RFO or RFO mixtures. The
presented results may be used to formulate more environmentally
friendly industrial products, e.g. “green” cutting fluids, such as
pesticides,*’ cosmetics*'*? or pharmaceuticals.*’ Furthermore,

Fig. 6(b)) the formulation of a potential bicontinuous micro-
emulsion-fuel of FAME-rapeseed biodiesel and FAME-cuphea
biodiesel (or limonene) mixtures appears possible. By the
addition of cuphea biodiesel (or limonene), a lower cloud point
of the system and a positive influence on the combustion could
be expected.

All these systems show percolative behavior, whatever the
molecular volume or the polarity of the oil. This result is in
agreement with the fact that the passage to an anti-percolative
system depends rather on the nature of the alcohol used as co-
surfactant than on the nature of the oil; the longer chain alcohols
are responsible for the appearance of anti-percolative behavior.®
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