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Kinetic study and modeling of the Schotten-
Baumann synthesis of peroxyesters using phase-
transfer catalysts in a capillary microreactor
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The kinetics of the synthesis of tert-butyl peroxy-2-ethylhexanoate were investigated in a capillary
microreactor. TBPEH was synthesized from 2-ethylhexanoyl chloride and tert-butyl hydroperoxide in the
presence of a strong base, using the Schotten-Baumann method. The peroxyesterification reaction is
always in competition with the unwanted acid chloride hydrolysis. The synthesis was carried out with and
without a phase-transfer catalyst. The non-catalyzed reaction showed a low rate, which could be
incremented by increasing the temperature and the liquid-liquid interfacial area or by using KOH instead of
NaOH as base. The peroxyesterification and hydrolysis rates increased with temperature. However, the use
of KOH or the increase in interfacial area accelerated only the peroxyester formation, increasing the
selectivity towards the desired product. The addition of a PTC enhanced the peroxyesterification rate
without changing the hydrolysis rate. Among the screened PTCs, quaternary ammonium salts with longer
alkyl chains gave the best performance, up to 25 times faster peroxyesterification. The rate increase was
proportional to the PTC amount. The interfacial area had the same effect as in the non-catalyzed reaction.
Because of the tremendous increase in the reaction speed due to the PTC, the rate increased with slug
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are depleted and the peroxyesterification rate decreases. A reaction mechanism is proposed that explains
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1. Introduction

Peroxyesters are important compounds mainly used as
initiators for polymerization reactions and hardeners for
resins. They are synthesized in the industry using the
Schotten-Baumann procedure,"* which consists in the
biphasic reaction between an acid chloride and an alkyl
hydroperoxide under alkaline conditions.> The most
commonly used bases are NaOH and KOH. The base
deprotonates the alkyl hydroperoxide, making it a more
reactive nucleophile.

An example of a commercial peroxyester, whose synthesis
was studied in the present work, is tert-butyl peroxy-2-
ethylhexanoate (TBPEH). The reactions involved are shown in
Fig. 1.

The first reaction step is the deprotonation of tert-butyl
hydroperoxide (TBHP) with the base (MOH) in the aqueous
phase, a homogeneous and slightly exothermic reaction. The
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base is usually in excess with respect to TBHP to ensure a
high enough pH when the reaction has almost completed.
Thanks to the TBHP acidity, the equilibrium is shifted to the
right and most of the TBHP present in the aqueous phase is
deprotonated. The alkali salt of TBHP (MTBP) further reacts
with 2-ethylhexanoyl chloride (EHCI) to form TBPEH and a
chloride salt (MCI). The reaction is biphasic with MTBP,
MOH, MCI and some TBHP in the aqueous phase and EHCI,
TBPEH and most of TBHP in the organic phase. The reaction
between EHCI and TBHP is very slow and can be neglected.

Previous research on the Schotten-Baumann reaction
kinetics in batch reactors suggested that the reaction occurs
in the organic phase after the transfer of the nucleophile
(alcohol, diol, polyol, amine, hydroperoxide) from the
aqueous phase.*”” Other authors reported for the
benzoylation of nucleophiles, such as acetate,® benzoate,’
isobutyrate and p-toluate ions,'® that the reaction takes place
in both phases. For the esterification of poly(vinyl alcohol)"
it was suggested that the reaction starts in the water phase
and continues in the organic one as the partially esterified
alcohol becomes more lipophilic. The reaction phase
apparently depends on the physical and chemical properties
of the system.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Main reactions of the Schotten-Baumann synthesis of TBPEH.

Regarding the kinetic regime, there is agreement that a
higher degree of agitation has a beneficial effect on the process,
suggesting the presence of mass-transfer limitations.***>

The side reaction of the Schotten-Baumann method is the
acid chloride hydrolysis. In our case, the by-products formed
are then 2-ethylhexanoic acid (EHA) and HCIl, which are
neutralized by the base.

A fed-batch process is still the most employed way to
manufacture peroxyesters in industry, although a few examples
of continuous processes exist.">'* In the fed-batch process, the
reactor is pre-charged with water, TBHP and the base. EHCI is
then carefully dosed to control the reaction temperature. The
reaction temperature must be strictly controlled to avoid
peroxide decomposition and the subsequent yield loss or, in
worst cases, runaway phenomena that could lead to severe
incidents. Switching to a continuous process has the advantages
of a better temperature control and lower liquid holdup,
increasing the safety of the process. Moreover, a continuous
process is usually more economical than batch processes.

The goal of this work was to study the kinetics of the
Schotten-Baumann synthesis of TBPEH to better elucidate its
mechanism, to understand the effect of different parameters
on the reaction rate and selectivity, and to develop a kinetic
model. The acquired information is valuable to assess the
feasibility of a continuous industrial process and for its
design and optimization. Moreover, the findings of this work
provide useful insights regarding the Schotten-Baumann
method in general.

The kinetic study was performed in a capillary slug-flow
microreactor to have a very tight temperature control and
well-defined and measurable liquid-liquid interfacial area.'®
The influence of the following parameters on the reaction
rate was investigated: type of base, reactants concentration,
temperature, and liquid-liquid interfacial area.

This journal is © The Royal Society of Chemistry 2021
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The synthesis of the peroxyesters tert-butyl peroxypivalate
and TBPEH has already been studied using continuous
capillary microreactors.'®?" The aim of these studies was
mainly to intensify the reaction by applying higher
temperatures and increase interphase contact and mixing.
Higher turbulence was achieved by using orifices, ultrasound,
or micro-structured capillaries, and typically resulted in an
acceleration of the reaction. However, a detailed kinetic
investigation is missing.

In the current work the reaction was also carried out in
the presence of a phase-transfer catalyst (PTC). PTCs are
molecules able to accelerate the rate of liquid-liquid
interfacial reactions.* Two different categories of PTCs were
tested: quaternary ammonium salts and crown ethers.>* Both
of them react with MTBP to form a new ion pair which has a
higher affinity with the organic phase and/or a higher
reactivity.*

With the experimental results, we elucidate here the
reaction mechanism and develop a corresponding kinetic
model for the peroxyesterification with and without PTC.

2. Experimental
2.1. Materials

2-Ethylhexanoyl chloride and 2-ethylhexanoic acid were
purchased from TCI Europe. tert-Butyl hydroperoxide (70
wt% solution in water) and isododecane (IDD, 80% mixture
of isomers) were ordered from Alfa Aesar. Sodium and
potassium hydroxide were purchased as 10 N and 8 N
solutions from HACH and AMRESCO, respectively. The phase
transfer catalysts 18-crown-6 (18-C-6), 15-crown-5 (15-C-5),
tetrabutylammonium chloride (TBACI), tetrabutylammonium
bromide (TBABr), tetrabutylammonium hydrogen sulfate
(TBAHS), methyl tributyl ammonium chloride (MTBACI) and
benzyltriethylammonium chloride (TEBACI) were purchased
from Sigma Aldrich.

TBPEH, needed for HPLC calibration, was synthesized
using the Schotten-Baumann method and purified.>® The
aqueous phase was prepared by dosing the 70 wt% TBHP
aqueous solution into a round-bottom flask containing
concentrated KOH solution while stirring. Water was then
added to adjust the concentration to the desired value: Cityp
= 2.30 M, Cibn = 2.65 M. The desired amount of aqueous
phase was poured into another round-bottom flask kept
under agitation and cooled with an ice bath. EHCI was dosed
into the flask, adjusting the dosing rate to keep the reactor
temperature below 40 °C. The initial aqueous to organic
volume ratio was AO = 2.76, needed to have a 10% molar
excess of TBHP with respect to EHCI. The total liquid volume
was 40 mL. After EHCI addition, the reaction mixture was
stirred for 4 hours. The organic phase was separated and
washed once with a 5 wt% sodium carbonate solution and
three times with deionized water and dried over anhydrous
magnesium sulfate. The purity of the product, measured by
HPLC, was 99 wt%.
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Fig. 2 Schematic representation of the slug-flow capillary microreactor setup.

2.2. Experimental setup

The experimental microreactor setup is shown in Fig. 2. The
aqueous phase was prepared separately in batch by the addition
of TBHP, MOH and, when used, the PTC, and allowed to cool.
This solution and the organic phase made of EHCI, pure or
diluted with IDD, were fed separately using two Chemyx Fusion
500 syringe pumps and mixed in a PEEK T-junction before
entering the reaction capillary. The flowrates of the two phases
were selected so that a regular and stable slug-flow regime was
always present in the reactor capillary. All the capillaries were
immersed in a thermostatic bath for precise temperature
control. Both feed lines had a metal coil (ID¢yp = 0.75 X 107 m,
ODgyp = 1.59 X 10> m, Leap = 50 X 10 > m) to ensure that the two
phases reached the desired temperature before entering the
reaction capillary. The reaction capillaries were made of PFA,
ODgyp = 1.59 X 10* m and IDg,, ranging from 0.50 x 10~ to
1.00 x 10~° m.

For the interfacial area measurement, pictures of the slug-
flow were taken using a Nikon Coolpix A900 digital camera. For
a better visualization, the organic phase was dyed with
Lumogen Red F 305, a dye inert towards the species present in
the system. A ruler was used as reference length to measure the
geometry of the slug by image analysis using the IC Measure
software. One of the slug-flow pictures taken is shown in Fig. 3.

The slug-flow characteristics varied in each experiment as
a function of AO and ID.,. For all other parameters
(residence time, slug-flow velocity, temperature or PTC
amount), it was verified that the change in this parameter
did not affect the slug-flow geometry and regularity.

2.3. Sample preparation and analysis

The aqueous phase of the reaction mixture coming out from
the reaction capillary contained MTBP, small amounts of
TBHP, MOH, MCI, PTC (when used) and most of the EHA
carboxylate. The organic phase contained the EHCI, TBPEH,
most of the TBHP and part of the EHA carboxylate.

1576 | React. Chem. Eng., 2021, 6, 1574-1590

After waiting for at least two residence times to ensure
steady state, a 2 mL sample of the biphasic reaction mixture
was collected in a beaker previously filled with 25 mL of
deionized water and 25 mL of cyclohexane. The volume of
collected reaction mixture was indirectly measured from the
sampling time, knowing the total volumetric flowrate in the
reaction capillary. When the reaction mixture dripped in the
beaker the organic phase mixed with the cyclohexane layer,
while the aqueous phase mixed with the deionized water
layer. Since the collecting beaker was not mixed, the
interfacial area and mass transfer between the two liquid
layers in it were very low. Together with the instantaneous
dilution, this ensured the complete stop of the reaction. After
the sample collection the content of the beaker was poured
into a separation funnel. The aqueous phase was collected in
a 100 mL volumetric flask, diluted to 100 mL with deionized
water and analyzed by HPLC. The organic layer was collected
in another volumetric flask, diluted to 100 mL with methanol
and analyzed using the same instrument.

By diluting the cyclohexane layer with methanol, EHCI
was completely converted to methyl-2-ethylhexanoate, which
was measured by HPLC. The acid chloride cannot be injected

Fig. 3 A picture of the slug-flow used to determine L, Lt and h. Bright
red = organic phase, transparent = aqueous phase.

This journal is © The Royal Society of Chemistry 2021
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directly into the HPLC column because it could react with
the eluent and the stationary phase, giving inaccurate and
irreproducible results.

The HPLC Shimadzu UFLC XR was equipped with a CBM-
20A controller, two LC-20AD XR pumps, a SIL-20AC XR
autosampler, a CTO-20AC column oven and a SPD-M20AD
diode array detector. An Agilent ZORBAX SB-C18, 4.6 x 250
mm, 5 um column was used. The eluent consisted in a
mixture of water (19 vol%) and methanol (81 vol%) with 0.01
M phosphoric acid. The latter was added to ensure the
protonation of all the analytes and to avoid double peaks in
the chromatogram. During each analysis the composition of
the eluent was kept constant. The eluent flowrate was 1 mL
min" and the injection volume was 5 pL. A diode array
detector was used and the chromatograms were acquired at a
wavelength of 210 nm. The concentrations of EHCl, TBPEH
and EHA in both the organic and the aqueous samples were
determined.

2.4. Calculation of conversion and yields

By knowing the concentrations of the reactants and products
in the samples, the sampling time, the sampling procedure
and the properties of the microreactor feeds, it was possible
to calculate the molar flowrates of EHCl, TBPEH and EHA at
the outlet of the microreactor.

From the inlet and outlet molar flowrates, the conversion
of EHCI (Xgpicy), yield of TBPEH (Yrgpen), yield of EHA (Ygpa)
and selectivity of TBPEH (Stgprs;) wWere calculated as:

- in - out
N =N,
Xenor = — 0 —EHE100 1
EHCL
-_out
Yrppen = —t0-100 2
EHCI
Yrepen
STBPEH = 100 (3)
EHCI
-_out
YiHa = 22100 (4)
EHCI

It follows that Xgpc must be equal to the sum of Yypppy and
Yeua to satisfy the mole balance of the species.

2.5. TBHP concentration measurements

Measurements were performed to check the partition of
TBHP and MTBP between the aqueous and the organic phase
of the reaction mixture. Unfortunately, it was not possible to
use EHCI as the organic phase because of its high reactivity.
Ethyl hexanoate was used instead because of its similar
structure and physical properties. An aqueous phase with the
desired concentration of TBHP and MOH was prepared,
mixed with ethyl hexanoate and stirred. To measure the
TBHP and MTBP concentrations into the organic phase, the
stirring was interrupted; the two phases were allowed to

This journal is © The Royal Society of Chemistry 2021
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separate and 1 mL of organic phase was withdrawn and
injected into the HPLC column after diluting it 10 times with
methanol. The HPLC analysis parameters were the same as
those reported in section 2.3. Because of the acidic eluent it
was not possible to distinguish between TBHP and MTBP.
For each measurement, samples were taken at different
mixing times: 1 min, 5 min, 10 min and 30 min. It was found
that the equilibrium concentration of TBHP in ethyl
hexanoate was already reached after one minute.

3. Kinetic study

3.1. Kinetic study without phase-transfer catalysts

3.1.1. Effect of base type. The Schotten-Baumann
peroxyesterification can be carried out using different bases.
The most employed ones in the industry are NaOH and KOH.
TBPEH was synthesized in the microreactor using both bases.
The EHCI conversion, TBPEH yield and EHA yield obtained
with each base are reported in Fig. 4. Samples were taken at
different residence times. The same reaction capillary was
used and the residence time was increased by lowering the
inlet flowrates of the organic and aqueous phases.

From the observation of Fig. 4, it is evident that the
peroxyesterification is much faster with KOH, while the
hydrolysis rate is the same as that obtained with NaOH. The
TBPEH yield at 7 = 750 s is 10% for NaOH and 30% for KOH.
The TBPEH selectivity can thus be increased by using KOH.

If the reaction would take place in the organic phase after
the migration of MTBP from the aqueous phase into the
organic phase and its subsequent reaction with EHCI, the
cause for the higher reactivity obtained with KOH could be a
higher solubility of KTBP than NaTBP in the organic phase.
Because of its lower charge density, K" is a softer cation than
Na', and this can make the KTBP ion pair more soluble in
apolar media like EHCL>® To investigate this possibility,
measurements were performed as described in section 2.5.
One aqueous solution of NaTBP and one of KTBP, with the
same concentrations used for the experiments of Fig. 4
(CiBup = 2.00 M, ¢rpup = 1.10, dyon = 1.15), were prepared.
Each solution was mixed with ethyl hexanoate and stirred.
The ratio of the aqueous to the organic phase volume was
1.18. Table 1 provides the results of these experiments.

It is apparent from these results that a large amount of
TBHP and/or MTBP is present in the organic phase at
equilibrium. Unfortunately, the analytical method cannot
differentiate between TBHP and MTBP, but it is believed that
the amount of MTBP is very low compared to that of the
protonated form. TBHP has a high solubility in organic
compounds, as proved by the availability of commercial
solutions of 5.0-6.0 M TBHP in decane. On the other hand,
NaTBP and KTBP are salts which prefer to stay in the aqueous
phase. This assumption is corroborated by the fact that a very
similar compound, potassium tert-butoxide, has a low
solubility in apolar organic solvents: 0.27 wt% in hexane, 2.27
wt% in toluene and 4.34 wt% in ether at 298 K.>” Even if the
concentration of KTBP in the organic phase is higher than the

React. Chem. Eng., 2021, 6,1574-1590 | 1577
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Fig. 4 Reaction EHCl + TBHP using (a) NaOH and (b) KOH as base. Experimental conditions: CZ% = 2.15 M in IDD, C34T» = 2.00 M, ¢rgnp = 1.10,
#mon = 1.15, AO = 1.18, Tg = 298 K, IDcop = 0.75 x 103 m, Lcap = 4.00 m, capillary material: PFA.

Table1 TBHP + MTBP into the organic phase

Aqueous phase Ciup Pvion Organic phase AO TS MTEP
TBHP + NaOH solution 2.00 1.15 Ethyl hexanoate 1.18 0.58 + 0.04
TBHP + KOH solution 2.00 1.15 Ethyl hexanoate 1.18 0.61 + 0.04

concentration of NaTBP, it cannot be seen from this
experiment because the amounts are very low compared to
the amount of TBHP.

Another reason for the higher reactivity of KTBP might be
the higher activity of the peroxide ion.>> K" is bigger than
Na' and this translates to a longer interionic distance in the
ion pair KTBP. The longer distance decreases the activation
energy of the ion pair, making it more reactive.

3.1.2. Effect of interfacial area. A common characteristic
of many liquid-liquid reactions is their rate dependence on
the interfacial area. Its influence can be easily checkehd by

carrying out the reaction in capillaries with different inner
diameters: the smaller the inner diameter, the higher the
interfacial area a.*®*°

The reaction was carried out in three capillaries with the
same length and different ID.,p: 0.50 X 10 ° m, 0.75 X 10° m
and 1.00 x 10~ m. The results are compared in Fig. 5. The
measured values of a are provided in the figure caption.

As expected, the peroxyester yield increased with interfacial
area, while the hydrolysis rate was not influenced. At 7 = 750
S, Yrgpen goes from 6% in the capillary with IDc,, = 1.00 X
10° m to 11% in the capillary with ID ,, = 0.50 x 10>,

100 100 100 — —r—
wi (a) ® Xgye OXP = (b) ® Xgyo ©XP ©r(c) ® Xgyo OXP
80 80 80
= B Yigpgy OXP B Yigpey ©XP B Yigpgy €XP
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= A Yg.exp A Yg..exp A Yg.exp
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Fig. 5 Reaction EHCL + NaTBP carried out in different capillaries: (a) IDc,p = 1.00 x 103 m, a = 2211 m?> m™3; (b) IDcap = 0.75 x 103 m, a = 3034 m?
m>; (c) IDeap = 0.50 x 10 m, a = 4939 m? m>. Experimental conditions: C2%" = 2.15 M in IDD, C3%% = 2.00 M, ¢rapp = 1.10, gmon = 1.15, AO =

118, Tr = 298 K, Lcap = 4.00 m, capillary material: PFA.
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Fig. 6 Reaction EHCl + NaTBP at higher reactant concentrations.
Experimental conditions: CEf4" = 5.77 M (pure), Ci4ih = 2.30 M, ¢ranp
= 110, ¢mon = 1.15, AO = 2.76, Tg = 298 K, IDcap = 0.75 x 107 m, Legp
= 4.00 m, capillary material: PFA, a = 3638 m? m™>.

3.1.3. Effect of reactant concentration. An obvious way to
accelerate the reaction is to increase the reactants
concentration. The reaction EHCI + NaTBP was carried out at
different residence times using pure EHCI and a slightly
higher concentration of TBHP and NaOH in the aqueous
phase: C3in, = 230 M, ¢you = 1.15. The results are
illustrated in Fig. 6.

The peroxyesterification yield obtained in Fig. 6 is greater
than that shown in Fig. 4(a). This yield increase is not only a
direct consequence of the more concentrated reactants but is
also due to a higher liquid-liquid interfacial area. Since the
EHCI concentration was increased more than the TBHP one,
a greater AO ratio was needed to keep the same ¢rpyp = 1.1,
leading to an increase of the liquid-liquid interfacial area.
Also, the hydrolysis appears to be slightly accelerated by the
higher concentration of reactants, but not as much as the
peroxyesterification.

3.1.4. Effect of temperature. Another commonly used
parameter to speed up the reaction is the temperature. Care
must be taken with increasing temperature when working
with organic peroxides. Operating at a temperature above the
self-accelerating decomposition temperature (SADT) of an
organic peroxide could lead to its decomposition and a
subsequent yield loss or, in the worst case, dangerous
runaway phenomena.®® For this reason, the maximum
temperature investigated was 328 K. Samples were taken at
different temperatures and a constant residence time. The
other experimental conditions were the same as those used
in the experiment in Fig. 6.

Fig. 7 shows that an increase in temperature leads to
higher peroxyesterification and hydrolysis rates. The
selectivity is not affected by temperature, meaning that both
reactions are accelerated the same amount and would be
convenient to work at higher temperature to increase the
productivity. However, a yield of EHA of 10% obtained at

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Effect of temperature on the reaction EHCl + NaTBP.
Experimental conditions: Cf4" = 5.77 M (pure), C34/ = 2.30 M, ¢raup
= 110, ¢gmon = 1.15, AO = 2.76, 7 = 300 s, IDc5p = 0.75 x 1073 m, Leap =
4.00 m, capillary material: PFA, a = 3638 m? m™>.

Xencl = 60% is unacceptable for the industrial process and it
is necessary to find solutions to suppress the hydrolysis.

3.2. Kinetic study with phase-transfer catalysts

The peroxyesterification between EHCI and TBHP is a slow
reaction. We observed a significant effect of the counter-ion
of the base: KOH shows a higher reaction rate than NaOH
because of its higher charge distribution. An even better
result is therefore expected with the addition of a phase-
transfer catalyst (PTC). In the following section all the results
obtained with PTC are reported.

3.2.1. Effect of phase-transfer catalyst type. A very small
amount of phase transfer catalyst is usually enough to have a
substantial increase in reaction rate. Therefore, only 2 meq
of PTC with respect to TBHP (¢prc = 0.2%) were used. The
following PTCs were tested: 18-crown-6 (18-C-6), 15-crown-5
(15-C-5), tetrabutylammonium chloride (TBACI),
tetrabutylammonium bromide (TBABr), tetrabutylammonium
hydrogen sulfate (TBAHS), methyl tributyl ammonium
chloride (MTBACI), and triethylbenzylammonium chloride
(TEBACI). The reaction was carried out with each PTC and
samples were taken at a residence time of 20 s, as shown in
Fig. 8. In the same figure, also the reaction without PTC is
reported for comparison.

The two crown ethers 18-C-6 and 15-C-5 were chosen
because of their known ability to transfer ion pairs
containing Na" and K', respectively, from the aqueous phase
to the organic one.”® However, they had no influence on the
peroxyesterification rate. The other PTCs investigated were
quaternary ammonium salts with different substituents on
the cation and/or different counter-anions. Among them,
TEBACI was the most polar because of its smaller organic
substituents. Due to its high polarity, TEBACI had very little
effect. On the other hand, the less polar ammonium salts
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Fig. 8 Effect of different phase transfer catalysts on the reaction EHCI
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M, ¢TBHP =110, ¢MOH =115, ¢PTC = 2.00 x 1073, AO =276,7=20s, TR
= 298 K, IDcyp = 0.75 x 103 m, Leap = 25.00 x 1072 m, capillary
material: PFA, a = 3638 m?> m™>.

had a huge influence on the reaction rate, with a peroxyester
yield of 20% in 20 s of residence time. Without PTC, almost
no product was formed after 20 s. MTBACI performed slightly
worse than the tetrabutylammonium salts, probably because
of its slightly higher polarity due to the substitution of a
butyl group with a methyl moiety. The anion associated with
the tetrabutylammonium cation (Cl", Br~ or HSO, ) did not
affect the catalytic activity. The hydrolysis was not influenced
by the PTC. As can be seen from Fig. 8, almost no EHA was
produced and the TBPEH selectivity is very high. Based on
the results of the PTC screening it was decided to use TBACI
for further experiments.

3.2.2. Effect of phase transfer catalyst amount. The
reaction was carried out using different amounts of TBACI,
from ¢prc = 1.0 X 107 to gprc = 1.0 x 1072, For each amount
of PTC employed, the conversion and yield were measured at
the same residence time. The results are shown in Fig. 9.

From the observation of Fig. 9 it can be seen that the
reaction rate increases with the PTC amount but seems to
level off at higher PTC concentrations.

3.2.3. Effect of interfacial area and slug-flow velocity. The
effect of interfacial area was investigated also for the
catalyzed reaction in the same way described in section 3.1.2,
using a PTC amount of ¢pyrc = 8.0 x 10~°. The results are
shown in Fig. 10, which clearly shows that the reaction rate
increases with the interfacial area.

It is interesting to observe that, especially for the two
capillaries with ID¢,, = 1.00 x 10 ° m and IDg,p = 0.75 X 107,
Yrepen increases very slowly or not at all for residence times
higher than 30 s. Since the residence time was increased by
lowering the total liquid flowrate, the velocity decreased with
it and this could be the cause for the reaction deceleration.
This hypothesis was verified by carrying out the reaction at
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Fig. 9 Effect of TBACl amount on the reaction EHCl + NaTBP.
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=1.10, ¢MOH =115, ¢PTC =2.0 x 1073, AO =276, 7 =50s, TR =298 K,

IDeap = 0.75 x 1073 m, Leap = 1.00 m, capillary material: PFA, a = 3638

m2 m™.

different slug-flow velocities while keeping the residence time
constant by changing the capillary length. It was verified a
priori that in the velocity range investigated, the slug-flow
was always regular and its geometry, including the interfacial
area, did not change. The results are shown in Fig. 11.

Inthe 0 ms™* <v<1x10>m s region, the peroxyester
yield decreases with the decrease in slug-flow velocity, while v
does not have any effect above 1 x 107> m s™*. Since the mass-
transfer coefficient increases with the velocity for heterogeneous
reactions in capillary microreactors,”®*! one could argue that
mass-transfer limitations are present until v =1 x 10> m s,
and thereafter the peroxyesterification is in the full kinetic
regime. If this was the case it would be difficult to explain the
results in Fig. 10. For all the plots of this figure, a slug-flow
velocity of v = 1.25 x 102> m s and v = 2.50 x 10> m s '
corresponds to the residence times of 20 s and 30 s, respectively.
The reaction should then be in the kinetic regime and the
conversion and yield the same for all the plots, even if the
interfacial area is different, but this is not the case. This proves
that the reaction is not affected by the slug-flow velocity as a
consequence of mass-transfer limitations.

3.3. Discussion

To explain the experimental results, the following kinetic
mechanism was proposed. It assumes that the
peroxyesterification takes place only in the organic phase
boundary layer after the mass transfer of MTBP into it and
no reaction occurs in the organic phase bulk. It is also
assumed that the mass transfer of MTBP from the aqueous
phase bulk to the liquid-liquid interface is an order of
magnitude faster than the kinetic rate and thus negligible,
and that the concentration of EHCI does not drop
appreciably in the organic phase boundary layer. The

This journal is © The Royal Society of Chemistry 2021
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schemes of the reaction mechanism and the concentration
profiles of MTBP and EHCI are shown in Fig. 12 and 13.

The resulting peroxyesterification rate for this
mechanism is:**
_ eq 2 org org aq
Rpg = \/ Kpmrer Pumtepkee Crgrci Cvrsp (5)

The faster reaction obtained with KTBP can be explained by
the higher solubility of KTBP in the organic phase and/or
by the more activated KTBP anion, as discussed in section
3.1.1. The higher the solubility and the anion activation, the
higher Kphrrsp and kpg in eqn (5), respectively. When a PTC,
e.g. TBAC], is added, an ion exchange equilibrium between
MTBP and the PTC is established in the aqueous phase.
The new ion pair TBATBP has probably a much higher
solubility in the organic phase, accelerating the

This journal is © The Royal Society of Chemistry 2021

peroxyesterification. If the quaternary ammonium cation is
not apolar enough, e.g. TEBACI or crown ethers, the new
ion pair is marginally more soluble in the organic phase
and the catalytic action lower.

The PTC additionally affects the anion activity.”* Na*, K" and
the triethylbenzylammonium cation from TEBACI are accessible
cations with a strong electrostatic bond with the anion. In
quaternary ammonium cations with longer alkyl chains, such as
MTBACI and TBACI, the positive charge is more shielded by the
bulky organic substituents and less accessible to the anion,
leading to an increase of the intrinsic reaction rate.

The proposed peroxyesterification mechanism agrees well
with the experimental results because the mass transfer does
not influence the overall reaction rate of eqn (5) and (28),
while the peroxyesterification rate is still directly proportional
to the interfacial area.
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Fig. 12 Scheme of the proposed kinetic mechanism.

The effect of slug-flow velocity shown in Fig. 11 is
explained by the phenomenon of film depletion.>® In the
slug-flow regime, a thin liquid film of continuous phase is
present between the dispersed phase droplets and the
capillary inner wall. This film has a major contribution to the
liquid-liquid interfacial area. The thickness and the length of
the film can vary depending on the physical properties of the
system and the capillary geometry. The thickness is usually
in the range of 2-35% of IDmp.34 Since the film in our case is
very thin and close to the capillary wall, it can be considered
effectively stagnant. If the film is very thin and the reaction is
fast, part of or all the reactants in the film are consumed
before the film is refreshed. Consequently, only part of the
interfacial area in the film contributes to the reaction and
the conversion is limited by the amount of chemicals in the
film. The extent of film depletion depends on the film
contact time with the droplet. The higher L and the lower v,
the higher the contact time and the film depletion. This
explains the effect of the slug-flow velocity observed in
Fig. 10 and 11. In the experiment presented in Fig. 9, the
slug-flow velocity was equal to v = 2 x 10> m s for all the
experimental points, meaning that there was no effect of this
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Fig. 13 Concentration profiles of MTBP, TBATBP and EHCL.
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parameter on the reaction rate because it was outside the
range in which the film depletion occurs. Also, for all the
reactions carried out without PTC, no effect of the slug-flow
velocity on the reaction rate is present. The reason is that the
non-catalyzed peroxyesterification is much slower and the
film depletion does not occur at any velocity tested.

Concerning the acid chloride hydrolysis, it was shown that
this reaction is only influenced by the temperature and acid
chloride concentration, suggesting a bulk reaction in the
kinetic regime in which the acid chloride and/or the water
and base migrate to the other liquid phase, where the
hydrolysis takes place. The reason behind the slow hydrolysis
is the very low solubility of EHCI in the aqueous phase, and
water and the base in the organic phase. In Fig. 12, the EHCI
hydrolysis with water and base is assumed to take place in
the bulk of the aqueous phase only for simplicity. However, it
could also occur in the organic phase after the migration of
the water and/or the base.

4. Reactor model

With the experimental information acquired, it was possible
to develop a kinetic model for the Schotten-Baumann
peroxyesterification between EHCI and TBHP in the capillary
microreactor, with and without PTC. Since TBACI was used
for most of the experiments, this PTC will be considered in
the model description.

The model is based on the kinetic mechanism explained
in the previous paragraph. The assumptions made are:

(a) total liquid flowrate in the microreactor does not
change during the reaction;

(b) acid chloride hydrolysis is a bulk reaction under full
kinetic regime, assumed to take place in the aqueous phase;

(c) acid chloride hydrolysis with water is neglected
because it is much slower than the hydrolysis with the base,
given the high pH of the aqueous phase;*®

(d) TBHP is distributed between the aqueous and the
organic phase;

(e) TBHP is deprotonated by the base in the bulk of the
aqueous phase;

This journal is © The Royal Society of Chemistry 2021
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(f) when TBACI is present, MTBP undergoes an ion
exchange with it in the bulk of the aqueous phase to form
TBATBP;

(g) partial equilibrium assumption is considered for
points (d)-(f);

(h) peroxyesterification only takes place in the boundary
layer of the organic phase;

(i) the concentration of EHCI does not drop significantly
in the organic phase boundary layer;

(j) the physical properties of the organic and aqueous
phase do not change during the reaction.

The reactions considered in the model are listed below.

Partition of TBHP between aqueous and organic phase:

kp.TBHP
TBHP(aq) kp,ﬁmp TBHP(org) (6)
Rp,TBHP = kp,TBHPCaT%HP (7)
Ry, | tBHP = kp,,,TBHP TBHP (8)

Deprotonation of TBHP in the aqueous phase:

k

TBHP(,q) + MOH|,q) kT—’d MTBP(yq) + H,O 9)

d-q
Rq = kaCrhupCion (10)
Rq, = kd,lcfa\/?TBP (11)

Ion exchange between MTBP and TBACI:
kic

MTBPyq) + TBACl,q) = TBATBP (q) + MClyq) (12)
Rie = kieCMrepCThact [13)
Rie , = kie,lc%%ATBPCI?/(I]CI (14)

The kinetic constants of the backward reactions of eqn (6),
(9) and (12) were expressed as the ratio of the forward kinetic
constant over the equilibrium constant:

kp,l,TBHP = kp,TBHP/ K ;?TBHP (15)
kd,l = kd/qu (16)
kie,1 = kie/l(ie(;1 [17)

Since pKy and pK,rsup are known from the literature and
equal to 14 and 12.69, respectively, Kg? can be calculated:

Kgq =1 O’PKa,TBHP/l O’PKw

(18)
Kolrpap Wwas estimated from the solubility experiments

reported in Table 1, assuming that Cgip = Ciipvrep due
to the very low solubility of MTBP in the organic phase.

This journal is © The Royal Society of Chemistry 2021
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Since TBHP and MTBP are present in the aqueous phase,
both the TBHP partition and the deprotonation equilibria
have to be considered simultaneously to estimate the value of
K3l This was done by setting up a system of equations

containing the TBHP and MOH mole balances, TBHP
partition equilibria and TBHP deprotonation equilibria:
Misre = (Crbup + C;?TBP) VA + Crp V'
niion = (Chion + Chvirep) V™
MOH ( MOH MTBP) (19)

€q
Kp TBHP — CTBHP/ CTBHP
eq __ aq
Ky = CMTBP/ ( MOHCTBHP)

The system was solved for different values of Kp! until the
calculated CPgyp matched the experimental value shown in
Table 1. The fitted k3! was equal to 7.5. That the partition
coefficient was determined using ethyl hexanoate as the
organic phase can lead to a certain error in the model, but
unfortunately it is not possible to accurately determine the
partition coefficient using the reactive EHCI.

Kid was fitted to the experimental data. To satisfy the
partial equilibrium assumption, &, rgup, k¢ and ki were set
very high, all equal to 1 x 10°.

Partition of MTBP between the aqueous and the organic
phase:

kpmrBR

MTBP, = MTBP 20
(aq) Ko viree (org) ( )

Ry, mTBP = kp,MTBPC?\/?TBP (21)
R,  mTBP = kp,”MTBP MBP (22)

Partition of TBATBP between the aqueous and the organic
phase:

kp rBATBP
TBATBP (5 =  TBATBP (o) (23)
kp_, TBATBP
Ry, reATRP = kp,TBATBPC%‘%ATBP (24)
Ry | tBATBP = kp,,,TBATBP TBATEP (25)

Uncatalyzed peroxyesterification in the organic phase film:

ki
EHCl(org) + MTBP o) =* TBPEH o) + MClyq,  (26)

Considering the kinetic mechanism proposed, the resulting
rate equation for the non-catalyzed peroxyesterification is:**

OF’ a
Rpg = \/ Kp) .MTBP DM'%'BPkPECEHClCN!IlTBP (5)
Catalyzed peroxyesterification in the organic phase film:

PE cat

EHCl(org) + TBATBP o) — TBPEH(org) + TBAClpq)  (27)

The rate equation has the same form as the one used for the
non-catalyzed reaction:

2

_ €q
Rpg cat = \/ KpATBATBPDTBATBPkPE CatCEHCICTBATBP (28)
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Kiplrparse and Kplrparsp are the partition coefficients of MTBP
and TBATBP:

Kle)[,lMTBP = Cutee/Citrep (29)
K;(,]TBATBP = CTgarep/CThaTeP (30)

Since the partition coefficients, diffusion coefficients, and
kinetic constants of eqn (5) and (28) are not known, their

product was considered as one apparent kinetic constant:

x eq 2 org *
Kvg = Kj mrep Dyrepkee and Kpg e

EHCI alkaline hydrolysis:

2 ~org

—
- Kp,TBATBP DTBATBPkPE cat-

ki
EHCl(aq) + MOH3q) = EHA(aq) + MCl5q) (31)
aq
Rup = kf HBCMOHCEHCI (32)

The assumption is that the hydrolysis takes place in the
aqueous phase due to the presence of a very small amount of
dissolved acid chloride. Since the hydrolysis is in the kinetic
regime, Cific is constant. Cgfic; can be related to Cgic using
the partition coefficient Kj ke

Cthei = Ceifc/KpEnal (33)
The hydrolysis kinetic constant k%, of eqn (32) is a
combination of the true kinetic constant kys and the
partition coefficient:

ks = kug/ I<1eJC,lEHCl (34)
An analogous expression to eqn (32) would be obtained if the
hydrolysis took take place in the organic phase after
dissolving MOH in it.
Neutralization of the EHA with the base:

kn
EHA(4q) + MOH3q) = MEHyq) + H2O (35)
Ry = knCllonCiiia (36)

To take the effect of temperature into account, the apparent
kinetic constants of the two peroxyesterification reactions
and the hydrolysis can be expressed with Arrhenius
equations. It is assumed that the main temperature
dependence comes from the intrinsic kinetic constants kpg,
kpecat and kyp and they also include the temperature
influence on the partition and diffusion coefficients:

_EhpE

kg = Afge T (37)
" % _E’é.P{z:cat
k¥pcat = Abpcac ™ (38)
* . 11
kHB = Afge &7 (39)

The constants fitted with the model were K5, Atig, E% ug, Abg,
E% py Abgcar and E% pg cat.
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To take the phenomenon of film depletion into account, a
new modeling approach was used. The computational
domain considered was the unit cell shown in yellow and
light blue in Fig. 14.

The volume of the domain was divided into three main
parts, as shown in Fig. 14:

e aqueous phase droplet (light blue);

e organic phase film (yellow), consisting of the hollow
cylinder around the droplet;

e organic phase plug (yellow), consisting of the total volume
of organic phase minus the film volume around the droplet.

It is assumed that the unit cell moves along the capillary at
the slug-flow velocity v. The mole balances of each element of
fluid of the unit cell can thus be integrated from time 0 to the
desired residence time used for the experiments. To represent
the fact that in reality the film is stagnant and the droplet
slides along it at the velocity v, as discussed in section 3.3, an
internal flow going across the film from the right side of the
plug to the left side is introduced and shown in Fig. 14.

The aqueous phase droplet was regarded as a perfectly
mixed batch reactor where the hydrolysis of EHCI occurs.
The plug, consisting of both left and right parts, was
considered a perfectly mixed CSTR with an outflow entering
the organic film and an inflow coming from the organic film.
The film was assumed a PFR with an inflow from the right
plug part and an outflow to the left plug part. The volumetric
inflow, equal to the outflow, is equal to the product of the
slug-flow velocity and the area of the film cross section. The
peroxyesterification takes place in both the plug and the film
in the boundary layer close to the liquid-liquid interface. The
droplet and the plug are approximated as ideally mixed
reactors because of the strong recirculation patterns present
in them. To represent the film as a PFR in the model, it was
divided into n = 20 CSTRs of equal volume.

The compounds, their concentrations and reaction rates
vary in each part of the unit cell. To distinguish them, a
superscript indicating the unit cell zone is used. The
superscript f; stands for CSTR number i of the film (with i =

20), fio for the entire film, p for plug, d for droplet, c
for caps and uc for the entire unit cell.

The mole balances of the kinetic model are reported
below. TBPEH and EHCI are present only in the organic
phase, consisting of the film and the plug. The mole balance
of EHCI in the aqueous phase is neglected because of its very
low solubility. TBHP is distributed between the two phases
and all the other components are present only in the aqueous
phase droplet.

The mole balances of EHCI, TBPEH and TBHP in each
CSTR of the film are:

d Nurg fy . .
Cl OF 'y £
5;1 =S5 VCEI-%CP; S VCEI-%Cll - (RPE + RPE cat) e
(40)
d Norg,f,,
—ahel = s'vogs S g vCEEé{'—(R +RY Cat) afyre

This journal is © The Royal Society of Chemistry 2021
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Fig. 14 Schematic representation of the unit cell: the computational domain used for the kinetic model.

dNurg f, c
TBPEH fl,~OIgp _ org.Iy f f uc
dr =S CTBPEH S vCTBPEH + (RPEI + RPE cat) v

dNorg f, . .
TBPEH £, ~0rgfu g _ of ~Org. f, f [ —r
“ar = S VCrppgy —S VCrpppy + (RP"E + RP”E,cat)“ "V

(41)

dNorg fy .

TBHP _ of, ~Orgp _ of, ~0rg.fi f £,y uc
Tdr S VCrgrp — S VCrppp + ( p.TBHP Rpl_l,TBHP)a v
ANOTEL

TBHP

_ of. ~orgfea _ of. ~orgf, d _pf f,yuc
=S8 vCrgiip ~S VCrppiip + | Ry rpup ~ Ry 1eup |2 "V

(42)

dz

Mole balances of EHCI, TBPEH and TBHP in the plug:

dNpEd f f, f d
EHCI __ org,fy _ org.p _ (5p p cytot _ P
= S VCer —S VCgig (RPE JrRPE,cat)a V7 =RygV
(43)
dn. '(I)'l;SgI;[};H f ~org.f f. ~Org.,p p P
_ S : ¢ tot
de S VCrgpry — S VCrppry + <RPE +RPE,cat>a Vet (44)
dN7gii
_ ofy,~org.fy o1g,p d P cysuc
dr S vCrgiip ~ st VCrpp + (Rp TBHP Rp,l,TBHP)a v

(45)

To simplify the model it is assumed that only the EHCI
present in the plug, where its concentration is homogeneous,
is consumed by the acid chloride hydrolysis. This assumption
is valid since the volume of the film is negligible compared
to the volume of the plug.

Mole balances of TBHP and the remaining species in the
aqueous phase droplet:

aq,d
dn. TBHP

(E R af + Rgla°> pue 4 <Rg‘71 - Rf}) vd (46

aq.d
dN 7 'MOH __

ar (47)

— (S, RS- R 1)V

This journal is © The Royal Society of Chemistry 2021
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| iFilmi | “l\f/,=s,v
Droplet Plug
:cs'ra:csrq_/
[BZE s ———
dn’ ;?TCIISP d d d\d
dr (Rd + Rle 1 _Rie) 14
- f f
i i fi
- Z (RPE + RPE‘Cat>a + <R1[;E + RgE,cat) at |V
=0
(48)
dANTR G (o a\yd
3= (R, RV
- f f
i i f;
+ Z <RPE + RPE‘cat)a + (RgE +RlI;E,cat> a | v
=0
(49)

dNaT%sTBP d_pd d
—TBATEP _ <R Sy ) v

dz
- f f,
i i f;
+ Z <RPE + RPE,cat)a + (RIE'E + RgE,cat) a | v
=0

(50)
dNgi d ay d
dl::[HA - (RHB _Rn)V (51)
AN aua
=RV 52
it _ o 52)
dn44d
ML — (RL Rl + Rl )V
n
(D (Rl + Ripa) @™ + (RBg + Rbp )2 |V
=0
(53)
aq.d
H,0 ) yd
drz (Rd Ry +R )V (54)
The values of @™, ¢, V"', V? and V9, which are inputs

for the model, were calculated knowing the geometry of the
slug: L¢, Ly, 6, h and ID¢,p. The values of Lg, L, and h were
determined from the image analysis of the slug-flow
pictures, as shown in Fig. 3. Since the film thickness J¢ is
in the order of micrometers, it was not possible to measure
it from the pictures and it was estimated using the
modified Taylor's Law for liquid-liquid flows in the visco-
capillary regime:**
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dr  1.34Ca
Reap  1+1.34(1.6Cas)

(55)

The viscosity of the organic phase x°% and interfacial
tension ¢ are required to calculate the capillary number.
Since the viscosity of EHCI is not available in the literature,
the viscosity of a similar substance, hexanoyl chloride, was
used instead. It is equal to 9.7 x 10™* Pa s at T = 298 K.
The interfacial tension between the aqueous phase and
EHCI could not be measured directly, since EHCl would
react. Instead, ethyl hexanoate was chosen as the inert
organic phase. The aqueous phase used for the
measurement was the same as that used for the experiment
of Fig. 10 and 11. The interfacial tension was measured
with the pendant drop method using a Dataphysics OCA 25
contact angle goniometer, giving a value of interfacial
tension ¢ = 6.35 x 10° N m ™.

The interfacial areas per unit of volume of the film, the
caps and the unit cell were calculated as follows:

af’tOt = ZTE(Rcap - 5f)Lf/Vuc (56)
a® = 2n(Reap” = B2)IV* (57)
a=a+a"* (58)

The volume of the droplet consists of the sum of the volumes
of the cylinder with height L¢ and the caps:

1
V4 = 1 (Reap — 6¢) Lt + gnh(sRcap2 +1?) (59)
The plug volume is equal to the difference between the
volume of the cylinder with height L, and the volume of the

two caps:

1
VP = Reap’Lp ~ 5nh(chap2 + 1) (60)
The volume of the film was calculated as:
Vf’tOt = TE(Sfo(ZRcaP - 5f) (61)

To model the film as a PFR it was divided in a number (n
= 20) of CSTRs. The specific interfacial area and the
volume of each CSTR was equal to the specific interfacial
area and volume of the film divided by the number of
CSTRs:

f;

a’ = a"°n (62)

Vi = phtoty (63)
The model was implemented in Matlab® and the function
ODE23s was used to solve the material balances. To fit the
kinetic parameters, an objective function was created and
minimized using the Matlab® function Lsqcurvefit.
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Table 2 Fitted kinetic parameters for the peroxyesterification and
hydrolysis with NaOH as base, with and without PTC

Parameter Value

Afp, Lmol st 4.940 x 10° + 2.205 x 10*
E% g, ] mol™ 6.322 x 10" £ 9.433 x 10>
A¥g, L mol ' m™ 572 7.348 x 10" + 5.230 x 10°
EZpg, J mol 1.199 x 10° + 6.469 x 10>
Kid, — 1.473 x 104 £2.017 x 10°°
Kbpca, L mol ' m™ s 9.375 x 10° + 9.378 x 10°

4.1. Results and discussion

At first, the parameters kiigp and ki were fitted using the
experimental results depicted in Fig. 4a. Those experiments
used NaOH as base without the addition of PTC. Since the
reaction was carried out at a constant temperature of 25 °C it
was not possible to determine the Arrhenius parameters for
the peroxyesterification and the hydrolysis. The kinetic
constants ki and k}g at T = 25 °C were fitted directly. Using
these values as initial starting point, the results at every
single temperature of Fig. 7 were fitted separately to obtain
ke and k¥ at each experimental temperature. These values
were used to build two Arrhenius plots, one for the
peroxyesterification and one for the hydrolysis, and
determine AYp, E%mp, APe, and E%pg. To increase the
accuracy, the parameters determined from the Arrhenius
plots were used as starting points to fit the experimental
points of Fig. 7 together. The fit is shown in the same figure
and the values of the fitted parameters are listed in Table 2.

The results shown in Fig. 5 and 6 were predicted using
the model and the determined parameters. The predictions
are reported in the same figures as continuous lines.

The remaining parameters of Table 2, K{d and k¥gcat,
needed when a PTC is present, were fitted using the results
shown in Fig. 9, showing conversion and yield for different
TBACI amounts. Due to lack of experimental data at different
temperatures for the phase-transfer catalyzed reaction, it was
not possible to determine the Arrhenius parameters of the
peroxyesterification. Hence kpgca was fitted at 25 °C. The
fitting is also depicted in Fig. 9. As discussed in section 3.2.3,
the slug-flow velocity does not influence the reaction rate in the
experiments reported in Fig. 4-9. This is either because the
reaction rate is too low or because the slug-flow velocity is not
low enough. On the other hand, in the experiments reported in
Fig. 10 and 11, the slug-flow velocity has an impact on the
peroxyesterification rate.

The experiment reported in Fig. 11 was modelled using
the kinetic parameters previously fitted. The result is
represented by the dotted line in Fig. 11. While the data at
higher velocities are predicted well, the model only shows a
very slight decrease of reaction rate with a decrease of the
slug-flow velocity. One possible explanation is that the film
thickness calculated using the modified Taylor's Law of eqn
(55) is higher than the actual film thickness. To verify this
hypothesis, the numerical coefficient 1.34 of eqn (55) was
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Fig. 15 Comparison of the calculated film thicknesses obtained with

eqgn (55) and (64) based on the experimental conditions shown in
Fig. 11.

treated as an unknown parameter and fitted to the
experimental data of Fig. 11. The new equation for the film
thickness with the fitted parameters is:

¢ 0.15Ca’
=T (64)
Reap  1+0.15(1.66Ca:)

The fitting is reported in the same figure with a solid line.
The better agreement obtained using eqn (64) is due to the
lower value of the calculated J¢, which is circa eight times
lower than the thickness calculated by eqn (55). A
comparison between the film thicknesses obtained with the
two equations is provided in Fig. 15.

Another explanation for the mismatch between the model
using eqn (55) and experimental data could be an inefficient
film refreshment. Even if the film thickness is predicted well
by the modified Taylor's law with the original parameters, the
mixing inside the plug and/or the droplet at low slug-flow
velocities could be not as good as expected, causing a poor
refreshment of the film. If this was the case, it would be
wrong to approximate the plug and the droplet as two
perfectly mixed stirred tanks at every slug-flow velocity.

To model the data shown in Fig. 10, film thicknesses were
calculated using eqn (64). The match between the model and
experimental data is very good for the capillaries with IDcqp
equal to 0.75 x 10 m and 1.00 x 10> m. For the smallest
capillary used, ID¢,, = 0.50 x 10°° m, the prediction is still

Table 3 Fitted kinetic parameters for the peroxyesterification and
hydrolysis with KOH as the base, without PTC

Parameter Value

Afg, Lmol ' s™" 4.940 x 10° + 2.205 x 10*
E%yg, ] mol ™ 6.322 x 10" + 9.433 x 10*
k¥g, L mol " m*s7? 5.744 x 10° + 1.602 x 10°°

This journal is © The Royal Society of Chemistry 2021
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and yields.

good; however, there is a slight overestimation of conversion
(X) and yield (Y).

The only experiment where KOH was used as the base is
reported in Fig. 4b. No PTC was used. Conversion and yield
were measured as a function of the residence time at a fixed
temperature. Therefore, it was not possible to determine the
Arrhenius parameters, only k$g. Since the hydrolysis is not
affected by the base used, the previously fitted values of Af
and E% pyp were used in the model. The fitted k}g is reported
in Table 3.

The adequacy of the model prediction can be seen from
the parity plot showed in Fig. 16.

It can be observed that the scatter of the data around the
parity line is uniform, meaning that it is caused by a random
noise. The distance of the points from the parity line seems
to be the same over the entire range of conversion and yield.
The absolute error is thus constant, while the relative error
decreases with the increase of X and Y. For X and Y greater
than 20%, the relative error is small and most of the
predicted values lie within +10% of the experimental data.
This behavior can be caused by the presence of a constant
and random experimental error, which gives the same
absolute deviation at every experimental X and Y value. To
have a better fitting of the model parameter is thus advisable
to use experiments for which the conversion and yields are
higher than 20%. This criterion was met because the
experimental data used for the fitting in this work are those
showed in Fig. 7 and 9.

5. Conclusions

The biphasic  Schotten-Baumann  peroxyesterification
between EHCl and TBHP was carried out in a continuous
slug-flow  microreactor. It was found that the
peroxyesterification is not very fast, probably because of the
low reactivity of EHCI due to its long alkyl chain and an ethyl
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group in the o position with respect to the carbonyl carbon
that might cause a steric hindrance. The hydrolysis of the
acid chloride is slower than the peroxyesterification. In view
of the use of a continuous reactor for the industrial synthesis
of TBPEH, it would be advisable to accelerate the
peroxyesterification and limit the hydrolysis. It was found
that increasing the temperature accelerates both reactions,
which In order to increase the TBPEH
formation only, three solutions have been identified: use of
KOH instead of NaOH as base, increase in interfacial area
and use of an appropriate phase transfer catalyst. The last
had the biggest impact. The hydrolysis is not affected by the
liquid-liquid interfacial area because it is probably in the
kinetic regime and takes place in the bulk of one, or both, of
the liquid phases. It was determined that the phase-transfer
catalyzed peroxyesterification is affected by the slug-flow
velocity for 0 < v < 1.2 x 10> m s ', even if the reaction rate
is influenced by the interfacial area at any slug-flow velocity.
This situation suggested a kinetic mechanism in which the
peroxyesterification occurs only in the boundary layer of the
organic phase and the concentrations of MTBP or TBATBP
and EHCI do not drop in the boundary layers of the aqueous
and organic phase, respectively, as represented in Fig. 12 and
13. The corresponding peroxyesterification rate expression is
thus dependent on the specific interfacial area, but not on
mass-transfer. The effect of flow velocity can be explained
with the phenomenon of the film depletion, which occurs
only when the peroxyesterification is very fast and the slug-
flow velocity is low.

The higher reaction rate with KOH can be explained by
the higher solubility of KTBP with respect to NaTBP. Another
explanation could be that the tert-butyl peroxide anion is
more activated in KTBP thanks to the lower interaction with
the bigger K cation. The same phenomenon can also explain
the effect of the phase transfer catalyst. Thanks to the large
organic part of the PTC cation, the tert-butyl peroxide anions
linked to them are more soluble in the organic phase and
probably also more activated.

The kinetic model was implemented in Matlab® and its
parameters fitted to the experimental results. The film
depletion was taken into account in the model. The use of
the original modified Taylor's law to estimate the film
thickness did not show a dependence on the slug-flow
velocity. However, by modifying the equation in order to get a
thinner film, the effect of the slug-flow velocity could be
represented well by the model. This indicates that either the
original modified Taylor's law is not applicable for the system
studied or that the film refreshment is not efficient at low
velocities. The calculated values obtained with the model
match the experimental data quite well and most of the
calculated values lie within +10% of the corresponding
experimental data.

This work provides a deeper understanding of the kinetics of
the Schotten-Baumann synthesis of tert-butyl peroxy-2-
ethylhexanoate and shows the effect of different operating
parameters on the peroxyesterification and hydrolysis rates.

is unwanted.
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Together with the proposed kinetic model, the synthesis of
TBPEH and similar compounds can be optimized. Furthermore,

the findings presented and the methodology can be generalized
for the Schotten-Baumann synthesis of other compounds.

Nomenclature
Latin symbols

ID.,p Inner capillary diameter, m

Rep  Inner capillary radius, m

OD.,, Outer capillary diameter, m

Leap Capillary length, m

AO Aqueous to organic phase volumetric flowrate ratio,
Vaqvorgfly o

c Concentration, mol L™

Vv Volume, L

N Moles, mol

N Molar flowrate, mol s

L, Length of the organic phase plug, m

L¢ Length of the organic phase film, m

h Radius of the aqueous phase droplet caps, m

T Temperature, K

a Interfacial area per unit of reactor volume, m> Ly *

X Conversion, —

Y Yield, —

S Selectivity, —

st Film cross section, dm?

v Slug-flow velocity, dm s~

R Reaction rate, mol L™ s*

D Diffusion coefficient, m* s*

Ca Capillary number, x°®vs ™", —

Greek symbols

$reup Molar flow ratio of TBHP over EHCI, NaginNagin-t —

dnoun  Molar flow ratio of MOH over TBHP, CalinCagin, ™, —

dorc  Molar flow ratio of PTC over TBHP, Ca4c3%in, ™t —

T Residence time, s

p Molar density, mol L™

o¢ Film thickness, m

Abbreviations

EHCI 2-Ethylhexanoyl chloride

TBHP  tert-Butyl hydroperoxide

TBPEH tert-Butyl peroxy-2-ethylhexanoate

EHA 2-Ethylhexanoic acid

MEH Sodium or potassium 2-ethylhexanoate

NaTBP  Sodium tert-butyl peroxide

KTBP Potassium tert-butyl peroxide

MTBP NaTBP or KTBP

MCl NaCl or KClI

MOH NaOH or KOH

PTC Phase-transfer catalyst

IDD Isododecane

15-C-5  15-Crown-5

18-C-6 18-Crown-6
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TBACI
TBABr
TBAHS
MTBAC
TEBACI

exp

TBATBP
CSTR
PFR

Tetrabutylammonium chloride
Tetrabutylammonium bromide
Tetrabutylammonium hydrogen sulfate
Methyl tributyl ammonium chloride
Benzyltriethylammonium chloride
Experimental

Tetrabutylammonium tert-butyl peroxide
Continuous stirred tank reactor
Plug-flow reactor

Superscripts

aq
org
in
out
eq

Relative to the aqueous phase
Relative to the organic phase
At the reaction capillary inlet
At the reaction capillary outlet
At equilibrium

Subscripts

R Reactor
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