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We have studied the coupling of mass transport and chemical reaction rates in a biphasic emulsion system.
The emulsion is stabilized by the presence of solid nanoparticles that, in addition, act as a catalyst for the
reaction. These solid nanoparticles are composed of carbon nanotubes (CNTs) attached to SiO, nanopar-
ticles. Both components, CNTs and silica, can be selectively impregnated by a catalytic active phase (e.g.
Pd) forming the so-called nanohybrids. We have studied the application of the catalytic nanohybrids in
emulsions of type (w/o), during the reaction of hydrodeoxygenation of vanillin (4-hydroxy-3-methoxy-
benzaldehyde). This is a model reaction that occurs in the aqueous side of the interface of the emulsion.
The main target for this work is to analyze the impact of mass transport of the main compounds between
the aqueous and organic phases on the global performance of the reaction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A major problem typically found in the upgrading of bio-oil
is its low chemical stability due to the high reactivity of a large
amount of oxygenated compounds present in this liquid. A possi-
ble solution to this problem is to deoxygenate some of the most
active compounds present in the bio-oil [1,2]. However, this cat-
alytic refining should be carried out in a complex system formed by
two immiscible phases (aqueous and organic) and with a heteroge-
neous catalyst placed at the interface, obtaining a phase transport
catalysis process [3-6].

To enhance the mass transport rate between the two phases,
and therefore the global performance of the “bio-oil” refining pro-
cess, it is necessary to increase both, the interfacial area between
phases and the intrinsic rate of transport, i.e. the value of the
transport coefficients. The formation of a stable emulsion helps
increasing the interfacial surface area, which is where the reac-
tion occurs if the catalysts particles are placed there [7]. Emulsions
can be stabilized by addition of surfactants. However, one of the
main drawbacks of these biphasic systems is that surfactants are
difficult to separate and recover from the final mixture. On the con-
trary, solid particles are more easily recoverable than conventional
surfactants, and have also been shown to stabilize aqueous-organic
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emulsions [8-16]. These emulsions stabilized by solids are called
Pickering emulsions [17]. It has been recently shown [8,10] that
the so-called “nanohybrids” of type CNT/SiO, can stabilize water-
in-o0il (w/o) and oil-in-water (o/w) emulsions. This behaviour is
due to the amphiphilic character of thenanohybrids that con-
tain a hydrophilic (SiO, support) and hydrophobic part (CNT). By
impregnating the CNTs, Me/CNTs/Support, and/or the support, with
metallic nanoparticles, the nanohybrids thus obtained are able
to stabilize the emulsion and simultaneously, selectively catalyze
reactions in organic phase or in aqueous phase [8,11].

It is well known that the driving force that determines chemical
reaction and diffusion rates is given by thermodynamic proper-
ties, such as chemical affinity, chemical potential, or activity. Only
in ideal reaction mixtures it is possible to express the reaction
and mass transport rates as a function of the concentration of the
species present in the system [18]. Specifically, in the case of cat-
alytic reactions in gas-liquid-solid systems, reacting molecules are
solvated and, in general, reside in a non-ideal environment. Madon
et al. [19] pointed out that when the liquid and gas phases reach
the thermodynamic equilibrium, the chemical potential of those
phases becomes equal. Therefore, when the phases are equilibrated,
the reaction rate should be independent of the location of the reac-
tants and catalysts.

However, the concept of equal chemical potential does not apply
when: (a) the phases are not in thermodynamic equilibrium, due
to mass transport limitations, (b) the solvent competes with the
reactant molecules for adsorption on the active sites [18-22], or (c)
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the liquid does not solvate kinetically relevant adsorbed intermedi-
ates and activated complexes to the same extent. Hence, when the
reactions are carried out in systems catalyzed by these nanohybrids
placed at the interface of the emulsion, three important factors
must be considered: (1) the formation and properties of the emul-
sion, (2) mass transport phenomena between the phases, and (3)
the activity and selectivity of the reactions.

Although the properties and stabilization methods of emulsions
have been extensively studied [9-11,23-32,16], the application of
nanohybrids of the type Me/CNTs/support is aresearch topic of very
recent development [8,10,33]. Likewise, there are numerous stud-
ies related to simultaneous mass transport and chemical reaction
between two liquid phases [34,35], but the effect of mass transport
in Pickering emulsions, where chemical reactions are carried out,
has not been examined. In this work, we have examined the model
reaction of hydrodeoxygenation of a vanillin with Pd/CNT/SiO, to
investigate these combined effects in the application of the catalytic
nanohybrids in the aqueous side of the interfaceof a w/o emulsion
(water/decaline).

2. Materials and experimental methods
2.1. Materials

The oil used in the experiments was anhydrous decalin
(decahydronaphthalene) provided by Sigma-Aldrich. Water was
purified by circulating through two ion exchangers (Cole-
Parmer Inc.). The reagents used were vanillin ((3-methoxy-4-
hydroxybenzaldehyde), provided by Sigma-Aldrich, and p-creosol
(2-methoxy-4-methyl phenol), provided by Alfa Aesar. Finally,
hydrophobic silica particles (AerosilR972) were provided by Evonik
Industries.

2.2. Experimental methods

2.2.1. Preparation of the emulsions

Hydrophobic silica particles were dispersed in 10 mL of decalin
and water mixture (ratio oil/water=1). The liquid mixture plus the
SiO, added was sonicated for 4 min at 20% amplitude (Ultrasonic
Processors 750W). After sonication, the emulsion was stabilized for
24 h.Based on previous work[10], 0.2 wt.% of nanohybrids was used
for the stabilization of the emulsions. The wt.% is defined as 100 x g
of solid/g. of emulsion. In Refs. [8,10] there are detailed schemes of
the formation of the emulsion and of the evolution of the existing
phases.

2.2.2. High resolution electron microscopy with
energy-dispersive X-ray spectroscopy (HRTEM-EDS)

Images and spectra were collected on a JEOL 2010-F field
emission intermediate voltage (200,000V) scanning transmis-
sion research electron microscope, with a magnification of up to
8,000,000x equipped with an EDS detector.

2.2.3. Experimental measurements for the case of single
continuous interface

In this case, the experiments were realized without formation of
emulsion and only mass transport across the continuous interface
was observed. 5mL of 0.1 M vanillin in water solution were added
to 5 mL of decalin, using a vial of 20 mL total volume. The mixture
was stirred at different rates (rpm) and temperatures. In the case
of p-creosol, 5 mL of 0.005 M p-creosol in decaline was added to a
vial with 5 mL water and the same factors were studied. The evolu-
tion with timeof the solute concentration (vanillin or p-creosol) in
both phases was measured by GC-FID (GC Agilent 7890A) equipped
with a capillary column of polyethylene glycol (HP-INNOWAX)
of 60.0m x 0.32mm x 0.25 um nominal from Hewlett Packard.

The identification of the species was made by GC-MS (Shimadzu
QP2010S) using a HP-INNOWAXpolyethylene glycolcapillary col-
umn, 30.0 m long x 0.25 wm nominal, from Hewlett Packard.

2.2.4. Experimental measurements for the case of stable emulsion

In these experiments, the emulsion was prepared as described
above, using the same vials used for experiments with single
continuous interface. 2 mL of a solution of 0.037 M vanillin (or p-
creosol) in water were added to the vial and the mixture was stirred
at 100rpm and 25 °C. After that, the phases of oil free (i.e. out the
emulsion) and water free (out the emulsion) were recovered and
analysed by GC-FID. The remaining emulsion was filtered and the
two phases obtained wereanalysed by GC-FID.

2.2.5. Catalytic conversion of vanillin

These experiments have been described previously [8]. Briefly,
in each experiment, a mixture of 30 mg of nanohybrids and water
was sonicated and the same volume of decaline was added to
the reactor. After purge with nitrogen, the pressure was raised
to 200 psi and the temperature to 100 °C. The catalyst is reduced
for 3 h in hydrogen, then the reactants were added to the reactor
and it was pressurized at 250 psi with hydrogen. The reactor was
heated up to the reaction temperature and when this temperature
was reached the reactants were feed and the reaction was started.
To stop the reaction, the temperature was quickly dropped and
the flow of hydrogen was replaced by nitrogen. After the reaction,
the content of the reactor was filtered. Water and oil phase were
separated and the samples were analysed by gas chromatography,
GC-FID and GC-MS.

2.2.6. Modelling of mass transport phenomena and simultaneous
reaction in emulsion

During the reaction of hydrodeoxygenation of vanillin on
Pd/CNT/SiO, nanohybrids both the hydrophobic and hydrophilic
sides contribute to the catalytic activity. However, to minimize the
number of adjustable parameters and simplify the modelling we
have assumed that the reaction takes place only on the aqueous
phase. While this is an approximation, it is supported by HRTEM
observations and EDS data that show that most of the Pd clusters are
located on the hydrophilic oxide support (Fig. 1), due to the weak
interaction of the metal nanoparticles with the pristine SWCNT in
the hydrophobic side [36]. In addition to the conversion terms, the
model takes into account the transport of all the species from one
phase to the other. Accordingly, vanillin alcohol is produced inside
the water droplets in the emulsion. Then, it partitions between the
two phases and undergoes hydrogenolysis in the aqueous phase to
p-creosol, which in turns also partitions between the phases [8].

Fig. 1. HRTEM image of 5 wt.% Pd/SWCNT/SiO,.
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As a first step, we have studied the partition coefficientsof
vanillin and p-creosol between the two phases, and the mass trans-
port coefficients for two different cases: (1) a single continuous
interface, and (2) a stable emulsion.

According to the double-layer theory (DLT), the mass transport
rate of a solute A (e.g. vanillin or p-creosol) across a continuous
interface water-oil can be expressed in terms of the overall mass
transport coefficients as follows:

dcw

T? = —(Kya)(Cy - ;") (1)
dC/O\ 0 0, % 0 W, % 0

i = (KQa)(Cy* - C3);  Ci* = HaCyY (2)

From the above equations and taking into account the global
mass balance, in Appendix A.1it is shown that the evolution of the
concentration of solute A in the oil phase with time can be given
by:

Q= le"oo(l —exp(—(KRa)qt)) 3)

The thermodynamic and mass transport parameters, Hy, (Kga)
and (K}'a) are calculated from the fitting of the experimental data
of A concentration in the oil phase with time to the above equation.

For the case of a stable emulsion, the phenomena involved dur-
ing the mass transport is rather complex and therefore it has been
described with empirical models. Two models have been proposed:
(1) Potential model, (2) Exponential model.

The equations proposed for the Potential Model are:

dct n
frf f,
(th‘ = -Ki(Ch - C;®) (4)
dce
4= KA - ) (5)

It is assumed that the order of the Potential Model, n, is related
to the number of mass transport phenomena (e.g. from free water
to droplets of water inside the emulsion, from free water to oil of
the emulsion, etc.) involved in the global process.

For example, in the case of n=2 the evolution of the concentra-
tion of solute A with time in the free water and in the emulsion is
given by:
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Meanwhile, in the case of the Exponential Model the mass trans-
port rate is described as a sum of exponential functions. In this
model, the number of the exponentials, n, is related the number
mass transport phenomena involved in the global process. Assum-
ing again that n =2 in this model, the evolution of the concentration
of solute A in free water and in the emulsion is given by:
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The parameters of the Potential and Exponential models were
calculated by fitting the experimental data of concentration in both
phases as a function of time to the above expressions. In Appendix

A.2 all the equations are described together with the definition of
each term.
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Fig. 2. Evolution of vanillin concentration on the organic phase along time. Influence
of temperature. Rate of agitation: 300 rpm.

In the case of reaction in the presence of emulsion, the mass
transport phenomena are coupled with the reactions. To derive the
mass balances, in addition to the transport between the aqueous
and organic phases, the reversible chemical transformation a reac-
tant A (e.g. vanillin) into a product R (e.g. p-creosol) was taken into
account. In these conditions, and considering first order reaction
kinetics and a stable catalytic activity (i.e. no deactivation), the mass
balances in the aqueous and organic phases are given respectively

by:
‘W
WT? = —(ky +k3)C +k_1Cf — (K¥a)(Cy — Cy"") (10)
0
A ok Vk 0
OW = (Ka)Cy — CX" )= (Kga)(Cz -G (11)
Similarly to the above cases, all the equations and the defini-

tion of each term that appears on these equations are described in
Appendix A.3.

o

3. Results and discussion
3.1. Mass transport study for the single continuous interface case

Figs. 2-7 summarize the main results of the mass transport of
vanillinrate for (VA) and p-creosol (MMF). Figs. 2-5 show, for both
solutes, the influence of temperature and of stirring rate on the
increase of the concentration in the oil phase with time. In the case
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Fig. 3. Evolution of p-creosol concentration on the organic phasealong time. Influ-
ence of temperature. Rate of agitation: 300 rpm.
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of the study of the effect of the temperature, the stirring rate was
maintained constant at 300 rpm, and in the case of the stirring rate
effect, the temperature was 294 K. In all the cases, the initial con-
centration was zero and the concentration of the probe molecules
increased, according to the model described by Eq. (3). In all the
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Fig.6. Evolution of (Kya) and H with temperature for vanillin and p-creosol. Squared
symbols: partition coefficients; triangles symbols: mass transport coefficients.
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Fig. 7. Evolution of (Kya) with stirring rate for vanillin and p-creosol.

cases studied, the experimental data were very well fitted by this
model.

The final concentration was determined by the combined effect
of the solubility of the compound in the organic phase and by the
mass transport coefficient, in which the rate of increase is given
only by the value of the mass transport coefficient, (see Appendix
A.1).As a general result, the operating temperature affects both, the
partition coefficient, Hy, and the mass transport coefficient; how-
ever, the stirring rate only affects the mass transport coefficient. The
effect of both operating variables on H, and (K}‘)a) for both solutes,
VA and MMF is shown in Figs. 6 and 7.

Regarding the effect of temperature (Table 1 and Fig. 6), an
increase of the mass transport coefficient it is observed for both
compounds when the kinetic energy of the molecules increased or
the viscosity of the liquid mixture decreased. Both factors allow the
mobility of the molecules, facilitating the transport across the inter-
face. In average, the value of the mass transport coefficient of the
VA is four times higher than the MMF. With respect to the partition
coefficient, in the case of vanillin, Hysy diminishes with tempera-
ture because its solubility in the organic phase decreases. In the
case of the p-creosol, the change in temperature does not seem to
affect significantly the rate due to the low solubility of this molecule
in decaline. In fact, the average ratio of Hys/Hymr is around 30,
indicating that VA has a higher solubility in the aqueous phase. In
fact, this enables the rapid transport of MMF, a product of the VA
hydrogenation, from the aqueous phase to the oil phase, allowing
simultaneous separation of the products after rapid formation.

The study of the effects of stirring rate (Fig. 7) in the range
150-1400 rpm covered conditions of transport by diffusion only
(lowest stirring rates) to the case of transport by convection (high
stirring rates). Above 500 rpm a clear increase in mass transport
coefficients is observed for both compounds. Beyond 1000 rpm fur-
ther increase is marginal and approaches an almost constant value.
The mass transport coefficient for VA is three times higher than for
MMEF due to a higher diffusivity of vanillin in decalin.

Table 1
Influence of the temperature on mass transport coefficients for the single continuous
interface case. Stirring rate =300 rpm.

Temperature (K) (Kwa)mmre Hwumre (Kwa)va Hya

298 0.00538 0.084 0.03763 4.166
313 0.01701 0.135 0.06754 3.442
333 0.02342 0.137 0.06718 2.855
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3.2. Mass transport study for stable emulsion

In this case, we have measured the evolution of vanillin and p-
creosol concentrations with time for all phases involved in the sta-
ble emulsion composed of oil-in-water emulsion as well as excess
free water. The aim of this experiment was to compare the results
with those of the single continuous interface (i.e. no emulsion), in
order to explore if the presence of a stable emulsion modifies signif-
icantly the values of the mass transport coefficients. The two empir-
ical models described above, the Potential and Exponential models
were used to obtain experimental mass transport coefficients
between the free water and the two phases of the emulsion.

Figs. 8-10 show the evolution of vanillin and p-creosol concen-
trations with time for the oil phase in the table emulsion, water
phase in stable emulsion (droplets) and for the excess free water
out of the emulsion. The evolution of the concentrations indicates
the transport from the free water phase to the oil phase and water
droplets in the emulsion. Additionally, there is mass transport
between the oil and the water droplets in the emulsion. In general,
each compound migrates to the phase where it is more soluble.
These phenomena take place until thermodynamic equilibrium is
reached.

The fittings obtained with the Potential Model and the Exponen-
tial Model are included in the figures 8-10. Given that these models
have a different number of parameters, the statistical discrimina-
tion has been carried out using the model selection criterion, MSC,
defined as:
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Fig. 9. Evolution of vanillin and p-creosol concentration with time. Water phase of
stable emulsion.
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phase of stable emulsion.

In the above equation, p represents the number of parameters
of the model, and n the number of experimental points. The terms
SSR and SST are respectively the sum of squared residuals and the
sum of total squares defined by:

—_—2
SSR = Z (Ca,exp — CA,calc)z; SST = Z(CA,exp — Caexp) (13)

This criterion indicates that the best model is one that gives
the higher value of MSC. As can be seen in Figs. 8-10, both mod-
els fit very well the data, but in all the cases the MSC obtained
with the Exponential Model is higher than with the Potential model.
The parameter values obtained with the Exponential Model are
presented in Table 2. The values of kya1, kya2, kmmrr and kyivirz
correspond, in each transport phenomenon considered, to the two
contributions assumed for the Exponential mode in the present
study.

Overall, the resulting values for the mass transport coefficients
of VA and MMF are in agreement with the highest solubility of VA
in water and of MMF in decaline. These results showed that the first
contribution (i.e. kya1 and kyvrr ) is much more important than the
second. For example, in the case of the transport of solute to the oil
phase of the emulsion, the main contribution could be attributed to
the direct transport from the free-water phase. The second contri-
bution can be due to the transport of new droplets of water formed

Table 2
Mas transport parameters for the stable emulsion. Exponential Model. Stirring
rate=100rpm.

To oil of the emulsion

Vanillin (VA) p-creosol (MMF)

Parameter Value Stand. error  Parameter Value Stand. error
kyar (min~') 0.2682 0.1145 kmmrr (min—')  0.4165 0.0763

kyaz (min~—')  0.0058  0.000530 kvmr (min~')  0.0056  0.0009

To water of the emulsion

Vanillin (VA) p-creosol (MMF)

Parameter Value Stand. error  Parameter Value Stand. error
kyar (min~') 0.7282  0.4790 kvmr (min~') 07395 0.1235

kyaz (min~')  0.0058 0.0006 kymrz (min~')  0.0100  0.0013

From free water out of the emulsion

Vanillin (VA) p-creosol (MMF)

Parameter Value Stand. error  Parameter Value Stand. error
kyar (min~') 0.0375 0.0124 kv (min~!)  0.0450  0.0056

kyaz (min~')  0.0005 0.0002 kvmr2 (min~')  0.0006  0.0002
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Fig. 11. Evolution of products and reactants with reaction time.

during the process, having a high concentration of solute. In the
case of the transport to the water droplets of the emulsion, the
main contribution is ascribed to the transport from the oil. The sec-
ond contribution can be caused by direct transport by local contact
with the free-water phase. The global transport from the free-water
phase is consequence of the above phenomena.

Finally, comparing these values with those obtained in the case
of single continuous interface, it can be observed that, despite of the
lower value of the stirring rate in the case of the experiment with
the stable emulsions, the values of the coefficients (mainly kya1 and
knvvrr ) were higher than those of the single continuous interface.
Therefore, the transport of the components is favoured in the case
of a stable emulsion; attaining mass transport rates similar to the
experiments carried out at 1000 rpm for single continuous inter-
face. This can be explained by the very high interfacial area obtained
when a stable emulsion is formed, and therefore the volumetric
mass transport coefficient increases accordingly.

3.3. Catalytic reaction studies

Figs. 11-13 report the experimental results of vanillin conver-
sion at 100°C with Pd/CNT/SiO, catalytic nanohybrids obtained
by Crossley et al. [8] in a batch reactor in an emulsion sys-
tem. At this temperature, the only reaction that occurs at short
times is the hydrogenation of the aldehyde (VA) to the vanillin
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Fig. 13. Evolution of products and reactants with reaction time in oil phase.

alcohol (VOH). At longer times the alcohol is further converted
to p-creosol (MMF) via hydrogenolysis [8]. Fig. 11 shows the
total molar fraction of the three compounds measured in both
phases, while Figs. 12 and 13 describe the evolution of the
molar fractions in the aqueous and organic fractions, respectively.
The evolution of the concentration is the result of a series of
reactions. The ratio of concentrations observed in the aqueous
and the organic fractions is determined from the partitioning
coefficients. As it can be seen, the model described by Eq. (10)
and (11) (see Appendix A.3) fits very well the experimental data.
It is important to note that this model accurately captures the
various phenomena involved in this complex process, i.e. sev-
eral mass transport processes coupled with various consecutive
reactions. Table 3 summarizes the kinetic constants, mass transport
coefficients, and partitioning coefficients derived from the applica-
tion of the model. The previous calculations of the mass transport
coefficients and partitioning coefficients, allowed us to discrimi-
nate and calculate in a much more realistic form the intrinsic kinetic
parameters (kq, k_1 and k). Numerical simulations carried out with
this model, (not shown here), indicate that an increase in conver-
sion and selectivity is in fact produced as a consequence of the
simultaneous mass transport limitations from the aqueous to the
organic phase (Figs. 12 and 13).

Table 3
Kinetic parameters of the vanillin conversion at 100°C.

Parameter Value Standard error
ki (min-1) 3.229 0.647
k_1 (min~1) 0.797 0.092
ky (min—1) 0.272 0.095
(Kya“a) (min~') 9.455 0.908
(Kyona) (min—1) 18.304 1.381
(KvveWa) (min1) 3.078 0.611
(Kpmr%a) (min~1) 0.020 0.009
(Kya®a) (min~1) 37.281 1.077
(Kvon®a) (min~') 62.001 6.070
(Kmmra) (min~—1) 0.231 0.046
(Kpmr®a) (min—1) 0.003 0.001
Hya 3.943 0.247
Hvon 3.387 0.099
Humr 0.075 0.007
Hpmr 0.161 0.031




M.T. Jimaré et al. / Catalysis Today 210 (2013) 89-97 95

4. Conclusions

The mass transport phenomena are determinant factors in the
global performance of reactions carried out in emulsions stabilized
by solid nanohybrids of CNT/SiO, that can act as catalysts at the
liquid-liquid interface.

We have measured the mass transport and partitioning
coefficients of vanillin and its hydrogenolysis product, p-creosol,
between aqueous and organic phases at different temperatures
and stirring rates. The mathematical models developed in both
cases studied, single continuous interface and stable w/o emul-
sions, enabled the calculation of the global mass transport and
coefficients. In addition these models allowed us to quantify the
effects of operating variables, such as temperature and stirring
rate for the two cases considered in this study (i.e. single phase
and emulsion). It was observed that the formation of stable emul-
sions markedly increases the value of the volumetric global mass
transport coefficients due to the growth of the interfacial area. By
increasing the mass transport coefficient with solid-particle stabi-
lized emulsification the reaction rate can be greatly improved.

The mathematical model developed to quantify the conversion
of vanillin in a stabilized emulsion successfully captures the main
phenomena occurring in this system; (1) mass transport of the com-
ponents between the phases of the emulsion, and (2) simultaneous
reactions at the aqueous phase. This model fits accurately the evo-
lution of the concentrations of all the components in both phases,
and allows obtaining relevant kinetic data of the catalytic reactions
in these unique operating conditions.
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Appendix A.
A.1. Modelling of mass transport in single continuous interface
The mass transport rate of the solute A between the both phases

(water to oil) can be expressed in terms of overall mass transport
coefficients as follows:

dCXV w W W, %

= = —(Kya)(Cy — Cy"") (A1-1)
dce

(TtA =—(KQa)(Cy" — C3) (A1-2)

The term (K}'a) is the overall volumetric mass transport coef-
ficient referred to the water phase for the solute A, and (K?a) is
the volumetric mass transport referred to oil phase. Denoting Hy
as the partition coefficient of the solute A between the two phases
at equilibrium, then the relationship between the equilibrium con-
centrations and mass transport coefficients are:

CO
Gl =HaCy; =24
A 4 A T Hy (A1-3)

(K%a) = Ha(K¥a)

If the initial amount of moles added to the system (water + 0il)
in denoted as Ng, the distribution of moles in both phases can be
calculated from the mass balance:

N} =N§ +Ny = CQVe + CyvW (A.1-4)

The above equation allows obtaining the relationship between
the concentrations of A in both phases:

€ =Cor—aCy & Cy =Cir — BCY (A1-5)

In this equation the terms Cp ., C¥;, o and B are defined as:
NT NT 1 v
A. A.
Gir= Vo’ Cir = yw’ “BT Vo (A.1-6)

VW and V° are the volume of water phase and oil phase, respec-
tively. CX"’T and CX’T are the concentrations if all solute A would be
dissolved in the water phase, or in the oil phase respectively. Sub-
stituting the above equations in the Egs. (A.1-1) and (A.1-2), after
integration is obtained the evolution of the concentration of A as

function of time:
Ch=Co. —(Ca —Cq) exp(—(KLa)g eget) (A1-7)

In the above equation the terms C3 _, (K2a), are defined as:

o _ CX{T
Cio = <ﬂ+HA> (A.1-8)
(K@) = (K9a) (‘C’(LHA) (A.1-9)

If the initial concentration in the oil phase is zero, i.e. CXO =0,
then, the Eq. (A.1-7) is simplified as:

Ca = Ch. (1 —exp(—(Kga) qt))

By fitting the experimental data of concentration of A with time
to the Eq. (A.1-10), the mass transport parameters, Hy and (K3.a),
were calculated.

(A.1-10)

A.2. Modelling of mass transport in the particles-stabilized
emulsion

In the case of formation of a stable emulsion three different
phases were observed: (1) the “free-water” phase at the bottom
of the vessel; (2) the “free-oil” phase at the upper part; and (3) the
emulsion formed by water droplets dispersed in a continuous oil
phase, at the middle of the vessel. In these conditions, the com-
plete description of all the phenomena involved in mass transport
in the presence of a stable emulsion is quite complex and therefore
an empirical description of the phenomena has been assumed in
this case. Two equations has been proposed; the Potential and the
Exponential models.

The Potential model

The rates of mass transport equations proposed in this Potential
model are:

dcf n

th = —ki(ch -t (A2-1)
dce

] tA = —K§(C5° - 3" (A.2-2)

The superscripts “f” and “e” refers to the free-water phase and to
the emulsion respectively. It is assumed that the order of the Poten-
tial Model, n, is related to number of mass transport phenomena
involved in the global process. Integrating the above equations for
n=1, the evolution with time of the concentrations on the “water-
free” phase, and on the emulsion is given by:

Ch=Ch° +(Ch o — %) exp(—Kf1) (A2-3)
Ci =Cy° —(Cy° — Ci o) exp(—K5t) (A.2-4)
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For the case of n>1, the corresponding integrated equations for
both phases are:

(ct  —cts)

Ch=Cpf+ 2020 (A.2-5)
(1+ I<£‘,efft)
(G -Gy

cg=cos 4 A A0 (A2-6)

d
(14K )

In the above equations, the terms d, I<§\ off a0d Kkt off 4T€ given by:

A,
d= 1 (A2-7)
T (n-1) ’
£
] (n—1)KE
K. eff = « Cfs)(pn) (A.2-8)
A0~ b4
(n—1)K!
Ky eft = ) (A.2-9)

(G°-Cho)

Similarly, by fitting the experimental data of the concentration
of A as a function of time to the Egs. (A.2-3)-(A.2-6), the mass trans-
port parameters of the Potential model (K, K3, Cf\’s, Cy® and n) were
calculated.Exponential model

In this model the mass transport is described as a sum of expo-
nential functions. Similarly to the Potential model, the number
of the exponentials, n, is related to the number mass transport
phenomena involved in the global process. According to this model
the evolution of the concentration in both phases can be described
as follows:

n n

Ch=> Clyexp(-klt); Cho=> cy (A2-10)
i=1 i=1
n n

e = Zcf’s (1—exp(—kSt)); C§= Zcfg (A2-11)

i=1 i=1

Again, by fitting the experimental data of concentration of A with
time to the Eqs. (A.2-3)-(A.2-6), the mass transport parameters of
the Exponential model (C! ., kf, C7** and k?) were calculated.

A.3. Kinetic modelling of vanillin conversion in
particles-stabilized emulsions

The following is the simplified reaction scheme for the conver-
sion of vanillin that has been assumed:

VAL vor X2, MME
VA<, DMH

The acronyms used are: VA: vanillin (3-methoxy-4-hydroxyb-
enzaldehyde); VOH: vanillin alcohol (3-methoxy-4-hydroxybenzyl
alcohol); MMF: p-creosol (2-methoxy-4-methyl phenol); DMF:
guaiacol (2-methoxy phenol). The following assumptions have
been made (i) the reactions occur only in the water side of the
liquid-liquid interface inside the emulsion, (ii) all the reactions
are considered of 1st order, (iii) the concentration in all the water
droplets is the same, (iv) the concentration of the reacting species
in the oil phase is homogeneous, i.e. the concentrations in the oil
continuous phase and in the oil inside the emulsion are equal, (v)
simultaneous mass transport (water to oil) of the components as
they react, (vi) the catalyst does not suffer deactivation, and (vii)
the internal mass transport limitations are negligible. In order to
avoid an strong increase of the number of parameters during the
simulation of the mass transfer-reaction studies, we have assumed,

as a first approach, that the reaction is of first order and that the cat-
alyst is stable and do not suffers any phenomenon of deactivation.
More detailed studies of the reaction mechanisms (including all
the phases present in this complex system) should conduce to the
development of more realistic kinetic expressions. Nevertheless,
the approach followed is valid to compare the relative importance
of the mass transfer rate with respect to the intrinsic kinetic rate,
and also to compare the performance of several nanohybrids.

In these conditions the mass balances for each compound are:

(1) Mass balance for the vanillin in aqueous and organic phases:

dacv,
w d\t’A = —(k1 +k3)Cy + k_1Qy — (KPAa)(Cyy — Cyi*) (A3-1)
dce . .
o d‘t/A = (KPAa)(C — Cyi*) = (Kg4a)(Cyn — COp) (A3-2)
CPh = HvaCyys  CYR* = HyaCop (A.3-3)

(2) Mass balance for the vanillin alcohol in aqueous and organic
phases:

dcw
oW C\i/tOH =k Qs — (k2 + k_1)Cyon — (Ko@) (Qlon — Cuon)
(A3-4)
0 dc\(;OH W W W,0 0 0, * 0
4 dt = (I VOHa)(CVOH - CVOH) = (KVOHa)(CVOH - CVOH)
(A.3-5)
Cuon = HvorCion: - Qlon = HvonGyoy (A3-6)

(3)Mass balance for the 2-methoxy-4-methyl phenol in aqueous
and organic phases:

dcw .
aWV CI;/;’MF = I<2C\‘;VOH — (I(l\\,/[VMFa)(CI‘\I/[VMF — Cl‘\’/lvi\/IF) (A3—7)
o dcl?/[MF w w W,k KO 0,4 o
o T Kyivr®) (e — Cuir) = vavira)(Cuive — Civir)
(A.3-8)
C%* = HumrCome:  Comve = HvmeClie (A3-9)

(4) Mass balance for the 2-methoxy-phenol in aqueous and
organic phases:

e

T = kGl — (Kppa)( Chive — Conge) (A3-10)
0 dClZo)MF w W W,k 0 0, 0
T = (Kpmra)(Comr — Comr) = (Kpmpa)(Covr — Comr)
(A3-11)
Covtr = HomrCmrs Cor = HomrCpjve (A3-12)
(5) Global mass balance:
(Nvado = Y _(Ni)e = (Nva): + (Nvor); + (Nwiie)c + (Nowie);
i
(A3-13)
(Ni)e =NV + N2 = VWY + voey? (A3-14)
vw ve
oV = W; al = Vo yw (A.3-15)
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All the concentrations are expressed in molar fractions. The
terms (K¥a) and (Ki"a) are the volumetric global mass transport
coefficients in the aqueous and organic phases, respectively. Units:
time~1. Hya, Hvon, Hpmr and Hyvr are the partition coefficients of
the reacting molecules between the aqueous and organic phases.

The above set of differential and algebraic equations has been
solved numerically using the fourth-order Runge-Kutta method,
coupled with a Levenberg-Marquardt routine for the minimization
of the objective function by non-linear regression.
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