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ABSTRACT - A continuous reactor for the epoxidation of soybean oil has been considered in
various studies, with various designs. In practice, the existing commercial plants continue to use
batch reactors, due to capital cost optimization and safety concerns. This article carries out a
simulation of a continuous tubular reactor (based on a detailed kinetic model from our previous
work), proposing a single addition of all reagents in the absence of catalysts and emulsifiers. The
design combines the robust model developed on the basis of bench experiments with industrial
experience to evaluate the viability of a continuous flow model. The study provides an analysis of
the effects of static mixers in the reaction system, focusing on the safety of the reactor associated
with the temperature profile, the quality parameters associated with the epoxidation of vegetable
oils (iodine and oxirane indexes), as well as the acceptable pressure drop. Promising results were
obtained from simulations of a proposed reactor design, in which an oxirane index of 5.95%
(79.1% net yield of the desired product) was achieved for a 120 minute residence time under the

most viable conditions.



1. Introduction

A current tendency in chemical industries is the use of substances extracted from biomass as raw
materials to synthesize several products. In particular, vegetable oils may be used for the
production of biodiesel, epoxidized products, alkyd resins, coatings, lubricants, etc. >

Epoxidized vegetable oils are substances derived from the epoxidation reaction of vegetable oils.
These products can be applied as secondary plasticizers for polyvinyl chloride as an alternative to
petroleum-derived phthalates. Epoxidized soybean oil (ESO), for example, has positive properties
such as biodegradability, non-volatility, and low flammability, besides originating from a
renewable source (soybean oil). These characteristics can be contrasted with the health
implications associated with phthalates, justifying their replacement by ESO.>*

The epoxidation of vegetable oils is usually based on the Prileschajew reaction, in which the
vegetable oil reacts with an organic peracid. The organic peracid is usually generated in situ from
the reaction of hydrogen peroxide with a carboxylic acid, employing a biphasic system to obtain
the epoxidized product.’ The system also involves undesired reactions, such as the degradation of
the oxirane ring of the epoxidized products® ™ and the decomposition of the peracid.!® A summary
of the reaction system is presented in Figure 1. Moreover, adequate stirring is required for this
two-phase liquid-liquid system in order to assure an adequate contact surface between the phases
and enhance the mass and heat transfer. In a previous study, a comprehensive kinetic model was
developed for this reaction system, including all of the mentioned chemical reactions, a description

of the heat and mass transfer, and the effects of the apparent kinematic viscosity.'!
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Figure 1. Schematic representation of the reaction system employed to produce epoxidized

soybean oil (from ref. 11, with permission of ACS).

Traditionally, this reaction is conducted in a batch system due to capital cost optimization and
safety concerns. Nevertheless, an increase in productivity can be expected when the process is
performed in continuous reactors, especially tubular reactors. Some authors have analyzed this

reaction using tubular reactors on micro- or milliscales (named micro- or millireactors). The results



were promising, reducing the reaction time considerably from the order of hours to the order of
minutes.'>'® Most of these studies involved the use of stabilizers and/or catalysts such as mineral
acids, enzymes, or titanium- or tungsten-based catalysts. The exceptions were the work of Vanoye
et al.,'> who studied the epoxidation reaction via a different synthetic route, the Mukaiyama
reaction, and the simulation study of Cortese et al.,'® which analyzed the viability of operating the
reactor at temperatures above the usual range for this system, i.e., surpassing 100 °C.

As a continuation of our previous studies of the epoxidation reaction of soybean oil,!"! the
present work evaluates the viability of employing a continuous tubular reactor, based on the
comprehensive reaction model'! and a proposed design based on industrial experience that
includes real-life possibilities and safety measures. The simulations were performed considering a
single addition of the main reactants, in the absence of catalysts or stabilizers, together with an

analysis of the effects of static mixers in the reactor.

2. Methodology

2.1. Process conditions

The reactor feed consisted of 1000 kg-h™! of a pre-mixed two-phase system containing soybean
oil as the organic phase and an aqueous phase containing hydrogen peroxide and formic acid. The
flow rate of 1000 kg-h™! provides a projected capacity of approximately 7 kt/yr of epoxidized
soybean oil, considering a conservative production schedule. This value was considered for these
evaluations as it represents the capacity of a base unit of production for a Brazilian company that
has been operating for more than 10 years in the segment. The proportions of the reactant phases,
determined based on the batch reaction analysis presented in our previous study'!, were 68.5%

organic phase and 31.5% aqueous phase, on a weight basis.



The feedstock that constituted the aqueous dispersed phase of the feed stream was 87 parts by
weight of 85 wt% formic acid and 13 parts by weight of 60 wt% hydrogen peroxide. The feedstock
for the continuous organic phase was pure soybean oil, with an iodine index of 129 g I,/(100 g
oil). The reactor's inlet stream was considered to be pre-heated to a temperature of 333.15 K and
pre-mixed, with the aqueous phase dispersed as spherical droplets. No accumulation was
considered in the interphase between the dispersed aqueous phase and the continuous aqueous
phase.

The reactor consisted of a cylindrical stainless-steel tube, immersed in water at a constant
temperature. Two different tube diameters were analyzed, with nominal diameters of just over 1
in (0.0266 m) and 2 in (0.0525 m). An average value of 2 h was assumed for the residence time of
the reaction media inside the reactor. The axial dispersion was neglected in the studied cases,
although radial dispersion was included in order to verify whether there is a significant radial
variation in temperature that could influence the reaction performance.

The behavior of the reactors was analyzed under three different scenarios: (1) in the absence of
static mixers; (2) in the presence of Raschig rings as static mixers inside the whole volume of the
reactor; (3) in the presence of a determined number of Sulzer SMX™ static mixers locally
distributed along the reactor. For scenario (1), the droplet size of the aqueous phase was estimated
based on the shear from the fluid flow, while for scenarios (2) and (3), the droplet size was
determined considering the shear due to the static mixers. For scenario (3), in which the static
mixers do not fill the whole reactor, the droplet size was assumed to remain constant, i.e., droplet
coalescence was neglected during the residence time between two consecutive static mixers. This
assumption was derived from an experimental observation of coalescence of the biphasic system,

in which the phases take several hours to become completely separated.



The Raschig rings were assumed to have an internal diameter of 3 mm and an external diameter
and height of 4 mm, leading to a fixed bed with porosity estimated as 73%, an equivalent spherical
particle diameter of 3.48 mm and sphericity of 0.384.

The Sulzer SMX™ static mixer consists of repeatedly sets of crossed bars inside a tube,
providing changes in the flow direction and leading to an efficient mixing. Schemes of these static
mixers can be found on the website of Sulzer.?® The values related to the Sulzer SMX™ static

mixer were collected from the study of Legrand et al.:?!

porosity of 77%, tortuosity of 1.5, pore
diameter of 0.75 mm, and length of 14.5 mm.

Table 1 summarizes the cases studied, in which D is the tube diameter, Te: is the external water
temperature, Nsmx is the number of Sulzer SMX™ static mixers, and L is the length of the tube.
The L value was estimated based on the average value for the residence time (2 h), the cross-

section area of the tube, the flow rate of the reaction media (1000 kg-h! or 0.278 kg-s™') and the

bed porosity.

Table 1. Specifications of the cases studied.

Case Static mixer D¢/ m L/ m Text / K Nsmx
01 No 0.0266 3711 313.15 -
02 No 0.0266 3711 333.15 -
03 No 0.0525 953 313.15 -
04 No 0.0525 953 333.15 -
05 Raschig rings 0.0266 5084 313.15 -
06 Raschig rings 0.0266 5084 333.15 -
07 Raschig rings 0.0525 1306 313.15 -




08 Raschig rings 0.0525 1306 333.15 -

09 Sulzer SMX™ 0.0266 3711 313.15 4
10 Sulzer SMX™ 0.0266 3711 333.15 4
11 Sulzer SMX™ 0.0525 953 313.15 4
12 Sulzer SMX™ 0.0525 953 333.15 4
13 Sulzer SMX™ 0.0525 953 313.15 10
14 Sulzer SMX™ 0.0525 953 313.15 20
15 Sulzer SMX™ 0.0525 953 313.15 30
16 Sulzer SMX™ 0.0525 953 313.15 40
17 Sulzer SMX™ 0.0525 953 313.15 50

Additionally, it is important to detail the basis for the proposal of scenario (3). In this scenario,
the reactor was divided into segments in series determined by the number of Sulzer SMX™ static
mixers, with each segment containing a pumping station, the static mixer and part of the tube.
Moreover, both extremities of the segments, associated with the pumps, were assumed to be open
to the atmosphere. Figure 2 summarizes this arrangement corresponding to the tube segment

dimension for scenario (3), jointly with schemes for scenarios (1) and (2).
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Figure 2. Schemes for the studied scenarios.

Evidently, several other scenarios could be analyzed as well. The three scenarios mentioned
were chosen for the simulations for the sake of comparison, although some limitations may be
expected in the first two scenarios: the absence of static mixers may compromise the mass transfer
effects between the phases, while the use of static mixers, especially Raschig rings, tends to
increase the pressure drop of the flowing reaction system. These points will be compared and

extensively analyzed after presenting the results.

2.2. Computational support
The present simulation study was based on a model that is discussed in depth in the next section.

The model consists of a system of partial differential equations (PDEs) and includes several



algebraic equations. The system of equations was solved using a MATLAB (version R2015a)

code, including the "pdepe" command.

2.3. Modeling

The simulation of the reaction system was performed considering both axial and radial variations
of the properties in the tube and steady state operation. An axial symmetry was considered in the
tube, which allowed the system to be described with a 2D geometry.

The continuity equation for species i in phase j was described as eq (1):*
vza—cj"=aii<ra—di)+R/:+Jé 1)

where v is the velocity in the axial direction, ¢ is the molar concentration, R is the kinetic rate, J

is the mass transfer molar rate per unit of volume, z is the axial position, and 7 is the radial position.

In this context, dﬁ may represent the mass diffusion coefficient d’éiff, ; (scenarios (1) and (3)) or the

radial mass dispersion coefficient dl& (scenario (2)).

isp,i

The boundary conditions associated with this partial differential equation are described by eqs

(2) to (4), in which the subscript 0 refers to the feed conditions and D; is the pipe diameter.
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The application of eq 1 for the main substances of the reaction led to eqs (5) to (12).
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in which ¢ is the volumetric fraction, the superscripts aq and org refer to the aqueous and organic
phases, respectively, and the subscripts FA, PFA, HP, W, DB, and EG denote formic acid,
performic acid, hydrogen peroxide, water, double bonds of the soybean oil, and epoxide groups of
the epoxidized soybean oil, respectively.

The energy equation for the system can be described by eq(13):%

paveC;Ve or _ e 6( T) Z 2 A[‘FR )¢/] (13)

Zﬁ r or

where 7'is the temperature, p is the density, C, is the heat capacity on a mass basis, 4 is the thermal
conductivity, AH is the enthalpy of reaction, and the superscript ave denotes an average value
between the phases.

The boundary conditions associated with the partial differential equation 11 are described by eqs

(14) to (16).

T,=0 = T (14)
al —y (15)
orly=q

or
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in which Tex is the temperature of the heat transfer fluid and Uex is the global heat transfer
coefficient that includes the resistances to heat transfer through the reactor wall and that of the
external side of the reactor tube.

The kinetic equations are summarized in Table 2, the mass transfer equations in Table 3 and the

physical properties in Table 4, following the model proposed in our previous study.!!

Table 2. Summary of the kinetic equations of the model

Equation nu]rEn(llf)er Ref.
= ke (cipera — cpracw/KT) (a7 :
R = e, ay
R = K, a9
R = kgrgavcgécan, cpr (8%1/9°%) (20) 1
Rgrg = kgrgavcg(g}can, cPF A("1/¢7) (21) 1
RS® = K ayeiselt (" /) e
RY® = Kay e (¢ /4 e
K, = K, exp[(E,/R)(1/T,— 1/T)] CONE
K= Kiexpl(AFE/R)( /T, = /1) s
aq , pKq (26) !
Cpt = cFA 10™
pK, = —57.528 +2773.9/T [K] +9.12321In T [K] (27) 3

Table 3. Summary of the mass transfer equations of the model.

Eq. Ref.

Equation
qu number

11
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Table 4. Summary of the equations used to calculate the physical properties.

Equation nul;:rl(%;er Ref.
pre = 1/(w*/p™ + wOe/pre) (34)

C;Ve — Waqczq + WOFngrg (35)

AR = 29) om0t (36)

p™ [kgm™] = 1508.2 — 0.9415 T [K] CHNE
p°¢ [kgm™] = 1112.9 — 0.657 T[K] (€19 N
Ca [Ikg™ " K™'] = 3043.2 4 0.2594 T [K] (39) 2728
Co® [Fkg™ K] = 1020.1 +2.9412 T[K] 40 ¥
U W-m K™ = —0.1010 4 3.694x107° T[K] — 4.254x107° (T[K])> (41 29
278 [W-m™ K] = 0.9459 — 4.584x107° T[K] + 6.380x107° (T [K])> ~ (42) %
149 [Pa-s] = 1.8588 x 10™* exp[54.640/(T [K] — 273.15)] @3
1o = pp (g — o)X (44)

fip [Pass] = 1.9099 x 10 exp[764.81/(T [K] — 162.74)] 45
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Hg; [Pas] = 2.4180 x 107 exp[1306.5/ (T [K] — 117.33)] 46) "

The mass diffusion coefficient for an i substance in the j phase (d{iifﬁ ;) was estimated using the

procedure detailed by Riazi and Whitson.* This procedure involved the knowledge of critical
properties and the acentric factor of the substances, which were collected or estimated from
literature studies.?®4-3¢

For scenario (2), i.e. when the reactor is filled with Raschig rings, the radial mass dispersion

coefficient was determined by eq (47).%

d]disp,i = v2V*Dgrr/ (errPerr) 47)
where ¢ is the porosity, Pe is the Péclet number and the subscript RR refers to the Raschig rings.

The Péclet number for the scenario with Raschig rings was determined by eq (48).%’

1/Pegg = 1/[9 — 3.3 exp(— 7/Regr)] + err/ (trrRegrScrr) (48)

The Reynolds number (Re) and the Schmidt number (Sc) for the scenario with Raschig rings
were determined by eqs (49) and (50).%’

Regr = v8"*Drg /v (49)

Scrr = v/ dﬁiff’i (50)

The apparent kinematic viscosity of the biphasic system (v) was estimated based on the
expression derived from our previous work (eq(51)).!"!

v [m2s™!] = [1.45 + (4.18 4+ 0.0653 N [s"'DX] x 10 exp[170/(T [K] — 273.15)] (51)

The double bond conversion was calculated with eq(52).

X=1- c%rg clo)ré’o (52)
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Eq (51) is also dependent on the stirring speed (), since it was derived considering a stirring
tank. An equivalent value for the stirring speed was estimated for the present study, as a function
of the Sauter mean diameter of the dispersed phase (Ds2), leading to eq(53). This empirical
correlation was obtained based on the expression of Khakpay et al.*® and the data from our previous
work.!!

N[s71 =9.697 x 107 (D5, [m])~0-8223 (53)

The value of the global heat transfer coefficient was estimated considering the external
resistances associated with the heat transfer fluid and the pipe walls, according to eq (54).

Uext = 1/ (ewant/ 2want + 1/ hext) (54)
in which the wall thickness (ewar) was assumed to have a constant value of 3.5 mm, and the heat
transfer coefficient of the external fluid (/ex) was estimated to be 766.14 W-m™2-K!, according to
our previous study.'!

The thermal conductivity related to the pipe walls was described by eq (55), as a function of the
temperature.>’

Awall [W~m_1~K_1] =7.9318 +2.0351x107% T [K] — 6.4166x107° (T [K])? (55)

The volumetric interfacial area was determined by eq(56), assuming that the dispersed aqueous
phase presents a spherical shape, with Ds; as the Sauter mean diameter.

ay = 6/Ds, (56)

The Sauter mean diameter was estimated by using different correlations, depending on the case
analyzed. Eq (57) describes the correlation used for the cases with no static mixers and for the
cases in which the reactor was filled with Raschig rings as static mixers. This equation is valid for
a laminar-viscous shear flow.*’

Dsy = 20We,/(1i°"8S) (57)
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where We,. is the critical Weber number, S is the shear rate, and o is the interfacial tension between
the phases, considered to be 0.02 N-m™'.3!

4041 i which the critical Weber

Eq (58) is an empirical correlation, based on literature data,
number can be estimated as a function of the viscosity ratio between the dispersed and continuous
phases. This correlation was described considering values within the range 0.0001 < x?9/u°¢ < 0.1.

We,, = 0.2441 (9 /107€)~0-4008 (58)

The shear rate was assumed to be an average value of the velocity gradient, determined by
€q(59), in which v,**® is the average value for the velocity and Dy, is the hydraulic diameter.

S = /Dy (59)

The cases that employed SMX static mixers used eq (60) as the correlation to estimate the Sauter

mean diameter, in which the subscript sm refers to these static mixers.?!

D3/ Dsnix = 0.29WesnixResnix’ (60)
The Weber number (Wesn) and the Reynolds number (Resm) for the SMX static mixers were
calculated from eqs (61) to (62).
Wesnx = p™Danix (Tsmxv2¥)?/ (e3vx o) (61)
Regnix = DsmxTsmxVe '/ (esmxv) (62)
where ¢ is the porosity and 7 is the tortuosity related to the static mixer.
The pressure drop (AP) was also estimated using different correlations for each case. For the

cases in the absence of static mixers, the pressure drop was estimated with eq(63).4?

AP, = 2fp™¢(v3*)*L,/ D, (63)
in which f1is the friction factor, L is the length, and the subscript t refers to the pipe. The pipe length
was estimated for each case according to an average residence time of 2 h for the reaction system

inside the reactor.
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For a laminar flow, the friction factor associated with the pipe can be calculated from eq (64):
f, = 16/Re, (64)
The Reynolds number associated with the flow in a pipe in the absence of static mixers was
calculated as eq(65).
Re, =V2°D,/v (65)
In the cases that considered the reactor filled with Raschig rings as static mixers, the pressure

drop was calculated from the Ergun equation, eq (66), expressed in SI units.*’

dPpr _ G(l—épp) [ISO(I—SRR)pa"ev
dz - paveq)RRDRRé%R

+1.756] (66)

DrrDRR
where the subscript R refers to the Raschig rings.
The mass flux G was calculated from eq (67), in which m is the total mass flow rate.
G = 4m/nD? (67)
Lastly, for the cases using the SMX static mixers, the pressure drop was calculated from eq
(68).2!
APsuix = 2™ 02 Lomxrinx / (€8x Dsmix) (68)
The friction factor related to the SMX static mixers was calculated with eq(69).%!

farrx = 16/Resyx + 0.1936 (69)

Two important properties concerning the epoxidation of vegetable oils are the iodine and the
oxirane indexes. The iodine index (/]) is a value proportional to the concentration of double bonds
of the oil and is defined as the amount of I, that reacts with all the remaining double bonds of a
sample of 100 g of oil. The oxirane index (OI) measures the weight percentage of oxirane oxygen
atoms in the epoxidized oil.!! These properties can be determined from eqs (70) and (71).

11 = 100§ M;, /p°'e (70)

16



OI = 100cp, Mo /p°re (71)
in which M is the molar mass, and the subscripts 1> and O refer to the iodine molecule and the
oxirane oxygen atom.

The constant parameters of the present model are summarized in Table 5.

Table 5. Parameters collected from the literature and experimental conditions.

Parameter Value Unit Reference
kéli?r at 7, =70 °C 5.49%x103 L2mol2s! 11
kg?r at 7, =70 °C 2.00x10* 5! 1
k'S at T, =70 °C 7.30x10°2 L-mols" n
ks at Ty =70 °C 3.43x10° L2m-mol2-s" 11
ksf at Ty =70 °C 2.90x107 L2mmol 2! I
kyy at Tr="70°C 1.43x10° L2m-mol - 0
k(s),rf at 7 =70 °C 4.78x10°° L2m'mol?-s’! 1
Ey 5.09x10° J-mol-! i
qu 9.75%x10* J-mol! 1
EV® 3.80x10* Jmol” H
ES* 4.75x10* JFmol”! "
E5* 9.54x10 JFmol i
Ey® 5.85% 10 T-mol! n
E(S)rg 2.87x10% J-mol! 1
B 5.30x10° m-s’ I
Ki}at T, =70°C 0.95 10

17



Worg
wad
hext

T ext

Ewall

Dy

Drr
ERR
TRR
Drr

Dsnx

-10781
-235478
-174723
37710
37710
12570
12570
0.02
253.8
16.0
0.278
0.685
0.315
766.14
313.15-
333.15
3.5x103
2.66x102-
5.25x102
3.48x10
0.730
1.8
0.384

3.2x1073

J-mol!
J-mol!
J-mol!
J-mol!
J-mol!
J-mol!

J-mol’!

g-mol’!
g'mol’!

kg's

W.m-z.K-l

Estimated from ref 1°

Estimated from ref 444

Estimated from ref*

Estimated from ref

Estimated from ref

Estimated from ref

Estimated from ref #*

31

Estimated from ref !!

37

21

18



ESMX 0.77 21

Lsmx 1.45x1072 m 21
TsMx 1.5 2
iAo 2.88 mol-L"!

c;qpﬂ 18.33 mol-L!

C;(}]?A,o 0 mol-L-!

Cé\lx(},o 2437 mol-L-!

c;g’YA,O 0 mol-L!

coDrgjO 4.54 mol-L-!

c;;g’() 0 mol-L!

C%réo 0 mol-L!

To 333.15 K

3. Results and Discussion

The main results from the simulations of the epoxidation reaction of soybean oil in conventional
tubular reactors are outlined in the present section.

Table 6 summarizes: the ranges for the Sauter mean diameter (Ds32) and volumetric interfacial
area (av); the maximum temperature (7max); the average values for the iodine index (/If), oxirane
index (OIf), and pressure drop (APs) at the exit of the reactor; and the pressure drop for the
segments of the reactor (APs,) for cases 09-17. Figure 3 provides the temperature profiles inside
the reactor, while Figures 4-6 show a comparison between the maximum temperature, exit iodine

index and exit oxirane index values achieved in each case. Figures 7-8 present the behavior of the

19



average values of the iodine and oxirane indexes, respectively, along the tubular length. Figure 9

provides the average values of the pressure drop as a function of the tubular length.

Table 6. Main results of the simulations of tubular reactors.

Case D32 / av / Tmax / Hf/ Olf/ APf/ APSCg /
m m’! K g 1/(100 g) % Pa Pa

01 3.15x102 1.91x10? 333.28 104.03 1.57 2.58x107

02 3.15x102 1.91x10? 337.19 100.40 1.79 7.52x10°

03 2.42x107! 2.48x10! 333.74 124.10 0.31 2.70x10°

04 2.42x107! 2.48x10! 338.43 124.51 0.28 6.63x10%

05 2.05x1073 2.93x103 333.70 69.07 3.76 5.05x1010

06 2.05x1073 2.93x103 349.48 24.59 6.49 2.52x1010

07 8.50x1073 7.06x10? 339.29 75.69 3.35 6.01x108

08 8.50x1073 7.06x10? 378.41 72.68 3.53 2.50x108

09 6.13x107 6.97x10* 335.68 50.98 4.05 2.86x107  3.41x10° —
8.61x107 9.79x10* 1.05x107

10 6.13x107 7.92x10* 391.72 22.17 4.33 1.37x107  1.59x10° —
7.58x107 9.79x10* 4.42x10°

11 1.25x10* 3.42x10* 459.51 53.03 3.42 3.99x10°  1.82x10* —
1.76x10* 4.81x104 2.19x10°

12 1.25%10* 3.99x10* 470.77 57.24 3.04 1.68x10°  1.76x10* —
1.50x10* 4.81x104 6.72x10*

13 1.26x104 3.16x10* 45423 49.08 3.57 6.50x10°  9.33x10% —
1.90x104 4.90x10* 1.60x10°
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14 1.24x104 — 3.07x10* — 434.14 38.67 4.21 1.24x106  7.66x103 —
1.95x10* 4.83x104 1.42x10°
15 1.28x104 — 3.03x10* — 401.80 24.09 5.24 1.86x10%  8.66x10° —
1.98x10* 4.67x10* 1.36x10°
16 1.31x10* - 3.05x10* - 368.97 18.39 5.92 2.28x10%  1.00x10* —
1.96x10* 4.57x104 1.22x10°
17 1.31x10* — 3.10x10* - 350.71 21.43 5.95 2.65x10°  9.73x10° —
1.94x104 4.57x104 1.07x10°
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Figure 3. Temperature profiles as a function of the radial and axial positions in the tubular

reactor for the cases studied.
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Figure 4. Comparison between the maximum temperature results for the cases studied: green
bars refer to the cases without static mixers; red bars refer to the use of Raschig rings; blue bars

refer to the use of Sulzer SMX™ static mixers.
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Figure 5. Comparison between the iodine index values for the cases studied: green bars refer to
the cases without static mixers; red bars refer to the use of Raschig rings; blue bars refer to the use

of Sulzer SMX™ static mixers.
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Figure 6. Comparison between the oxirane index values for the cases studied: green bars refer
to the cases without static mixers; red bars refer to the use of Raschig rings; blue bars refer to the

use of Sulzer SMX™ static mixers.
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Figure 9. Average values of the pressure drop as a function of the axial position in the tubular

reactor for the cases studied.

Clearly, the use of static mixers is essential under the proposed conditions, in order to assure an
adequate interfacial area per unit volume for the reaction system to operate properly. Cases 01-04,
which simulated operations of the reactor in the absence of static mixers, resulted in the lowest
values for this property, in accord with the highest values for the Sauter mean diameter. One
explanation for this is that, under laminar flow conditions, there is insufficient shear between the
fluid layers to maintain the dispersed phase of the system as small droplets. Moreover, it is

important to emphasize that the estimated values of Ds, for these cases surpass the corresponding
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values of the pipe diameter, suggesting a tendency of coalescence of the dispersed phase droplets,
leading to a slug flow.

The values of the interfacial area per unit volume for cases 01-04 can also be considered
insufficient for the proposed conditions when one analyzes the respective final values of the iodine
and oxirane indexes. The decrease in the iodine index is associated with the corresponding increase
in the conversion of the soybean oil double bonds. Considering that the iodine index for pure
soybean oil is 129 g Ib/(100 g oil), relatively low conversion values would be achieved under these
conditions. Consequently, the oxirane index values were also low, considering that the theoretical
maximum value of this property is expected to be 7.52%.!! Evidently, these results derive from
the low contact area between the phases, limiting mass transfer and, consequently, the main
reaction in the organic phase (epoxidation reaction). This mass transfer limitation leads to the
observed low heat generation rate.

Conversely, the simulations in which the reaction was conducted in the presence of static mixers
(cases 05-17) resulted in lower values for the Sauter mean diameter of the dispersed phase, due to
the significant increase in the shear associated with the friction of the fluid with the static mixers.
Hence, higher values of the interfacial area per unit volume were estimated for these cases,
resulting in an intensification of the mass transfer effects and the epoxidation reaction. Therefore,
a decrease in /Ir and an increase in Ol can be expected in these situations, as well as an increase
in the heat generation rate due to the epoxidation reaction.

The intensification of the heat generation rate can cause a temperature overshoot, which can vary
depending on the tube diameter and the external temperature. The larger the tube diameter, the

higher the tendency for a temperature overshoot, since the heat transfer resistance increases in this
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situation. More intuitively, as the temperature of the external fluid increases, the heat removal rate
from the reaction medium tends to diminish.

The maximum temperature is an important value to be considered for the epoxidation of
vegetable oils. This value is mainly affected by the balance between the heat generation rate by
the exothermic reactions and the heat removal rate. When this value is not properly evaluated and
controlled, this can induce undesirable effects on the reaction media, such as the hydrogen peroxide
decomposition, which can compromise the security of the process, as stated in our previous study.!!

1.%6 mention that the decomposition reaction of hydrogen peroxide usually occurs at

Di Serio et a
temperatures above 90 °C (363.15 K), while the study of Santacesaria et al.*’ presented results that
point to the significance of this decomposition at 85 °C (358.15 K) for a pH of 3.5 with stainless
steel as a catalyst. Besides the consumption of a key reactant in the epoxidation reaction system,
the decomposition of hydrogen peroxide also generates large volumes of oxygen, which may
compromise the security of the process. The model proposed in the present study did not include
a quantification of this reaction, because the aim is precisely to avoid reaching temperatures higher
than the limit of 85 °C, when this undesired reaction occurs at considerable rates. Figure 4 indicates
the value of 85 °C with the intent of specifying the limit that the temperature should not surpass.
For cases 09-17, in which the simulations included the SMX static mixers, the temperature
overshoot can be minimized by allocating a greater number of static mixers along the reactor.
Apart from providing the shear rate required to diminish the droplet size of the dispersed phase,
an enhancement of the heat transfer is also expected from the use of the static mixers, which
intensify the radial distribution of energy. Therefore, the maximum temperature tends to decrease

as the number of SMX static mixers increases, evidenced by the comparison of cases 12 and 14-

17. Furthermore, additional stations with static mixers may provide an additional safety layer since
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the reactor is divided into shorter tubing sections that can be assembled to function as relief points
in the case of a drastic and otherwise potentially catastrophic hydrogen peroxide decomposition.

The use of Raschig rings can also minimize the problem related to the temperature overshoot,
acting as static mixers (cases 05-08) that fill the whole reactor and tend to intensify both heat and
mass transfer effects.

Case 06 resulted in the highest value for the oxirane index at the reactor exit (6.49 %). The
explanation for this high value may be related to the temperature behavior (Figure 2) and the
droplet size. A temperature overshoot can be observed for this case, in which a maximum value of
349.48 K was achieved, corroborated by the external temperature of 333.15 K. Nevertheless, the
temperature range within which the reaction was conducted in this case apparently prioritized the
main reactions over the undesired ring-opening reactions and performic acid degradation.
Moreover, the droplet size associated with this case (2.05x107 m) apparently favored the mass
transfer effects on the main reactions, without significantly intensifying the interfacial ring-
opening reactions.

Cases 10, 15, 16 and 17 resulted in similar values for the iodine index in the reactor exit stream,
although the oxirane indexes were considerably different. The explanation for this discrepancy
may be due to the same reasons described in the previous paragraph, i.e., the Sauter mean diameter
and the temperature profile. The conditions for cases 10, 15, 16, and 17 resulted in a droplet
diameter that was an order of magnitude smaller than that in case 06. These smaller values for the
droplet diameter would significantly intensify the mass transfer effects, the main reactions, and the
interfacial ring-opening reactions. The intensification of the epoxidation reaction leads to a greater
heat generation rate, which increases the temperature overshoot. Besides contributing to hydrogen

peroxide decomposition, the increase in temperature should affect the oxirane ring-opening
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reaction more than the other reactions, since this undesired reaction has the highest activation
energy. Therefore, the conditions for cases 10, 15, 16, and 17 tend to favor the oxirane ring opening
more than case 06. Nevertheless, the inclusion of a greater number of SMX static mixers in the
reactor tended to minimize the temperature overshoot, since the mixing of the system promoted
by the static mixers intensifies the radial heat transfer effects.

Additionally, according to Figures 7-8, the iodine and oxirane indexes for cases 11-14 remained
almost constant along the major part of the reactor. This may have happened due to the increase
in temperature in the initial portion of the reactor, which benefited the performic acid
decomposition, leading to the high consumption of formic acid. Therefore, after the reaction media
flows through this initial section, the lack of formic acid considerably decreases the main reactions
rates, leading to the apparently constant values for the iodine and oxirane indexes in the model. It
is important to emphasize that this problem may be reduced by the addition of more static mixers.

Concerning the pressure effects, the absence of static mixers (cases 01-04) resulted in the lowest
pressure drop values compared to the other cases with the same tube diameter. This was an
expected outcome since the static mixers provide greater friction with the fluid. A lower pressure
drop is beneficial from a cost point of view because the pumping requirements are reduced.
Nonetheless, although the absence of static mixers presents this cost advantage, it would be
impractical to conduct the reaction under these conditions with a residence time of 2 h, due to the
mass transfer limitations previously noted.

Comparing the cases using Raschig rings (cases 05-08) with those for the same tube diameter
using SMX static mixers (cases 09-17), it is noteworthy that the use of Raschig rings throughout
the whole reactor results in a pressure drop that is orders of magnitude higher than that with SMX

static mixers positioned at locations along the reactor. As mentioned previously, the conditions of
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case 06 led to promising results, based on the highest value of the oxirane index. Nonetheless, the
pressure drop associated with this case is 2.52x10'° Pa, approximately 248705 times atmospheric
pressure. This elevated value for the pressure drop derives from the friction of the fluid with the
Raschig rings along the entire length of the reactor (5084 m), the highest among the analyzed
cases. Therefore, despite the promising results concerning the reaction yield in case 06, it would
be impractical to conduct the reaction under the proposed conditions.

Aiming at reducing the extremely high values of the pressure drop, instead of carrying out the
reaction in a series configuration in a long tubular reactor, it could be performed in a parallel
configuration consisting of several shorter pipes in which the reaction media could be subdivided.
However, this scenario was not considered for simulation, because the velocity associated with the
reaction media flow is expected to decrease to the point that shear effects could not maintain the
droplets, leading to decantation.

Conversely, the use of SMX static mixers resulted in significantly lower values for the pressure
drop compared to the use of Raschig rings. These values decreased for the cases in which the tube
diameter was 2 in (cases 11-17), compared to those with a 1 in tube diameter (cases 09-10). The
use of a tube with a larger diameter disfavors heat transfer with the external fluid, which tends to
increase the temperature overshoot. The use of a greater number of static mixers should minimize
this effect. The increase in the number of static mixers also enhances the pressure drop, but this
value remains viable for application in a real scenario.

Therefore, case 17 shows the most promising results, since a considerable value of the interfacial
area can be achieved, leading to a significant consumption of the soybean oil double bonds and
formation of oxirane groups (based on the final values of 21.43 g 15/(100 g oil) for the iodine index

and 5.95% for the oxirane index), together with a controlled temperature range (maximum value

33



of 350.71 K) and a more viable pressure drop (2.65x10° Pa, or 26.2 atm). If we consider the
reduced heat generation at the reactor exit in case 17, it should be viable to design a tandem stirred
tank reactor that would allow the reaction to reach the desired specification of a minimum 6.60
oxirane index.

Moreover, the use of more static mixers, i.e., the subdivision of the reactor into more segments
in series, corroborates the hypothesis of considering a constant diameter for the dispersed phase.
In practical terms, the use of static mixers may even not be necessary if a shear pump can be used
to generate droplets of a significant size to avoid mass transfer limitations. However, the idea of
the series reactor segments should be maintained in this case.

A final scenario that it is noteworthy to consider in case 17, for safety reasons, is related to a
potential catastrophic hydrogen peroxide decomposition reaction. Table 6 shows a maximum
temperature value of 77.56 °C for case 17, so hydrogen peroxide decomposition would not
normally be expected to happen. Nevertheless, for safety considerations, it is important to assume
potential failures in the process that could result in the system temperature surpassing 85 °C or
other failures that could lead to rapid hydrogen peroxide degradation. Two of the experiments
provided in our previous study showed that, when this happens, the system temperature can rapidly
reach more than 150 °C. Considering the stoichiometry of the degradation reaction and the
gas/vapor generation, the volumetric flow rate is expected to increase approximately 1840-fold.
Assuming a worst-case scenario, i.e., this abrupt expansion occurring exactly in the middle of a
tube segment, the calculated pressure drop predicted by eq (63) would lead to a value of 5714 Pa,
which is well within the operational limits for the system. Therefore, this preliminary analysis
suggests that, even in the adverse scenario of an abrupt hydrogen peroxide decomposition in case

17, the gases generated should be vented to the atmosphere without significantly compromising

34



the process safety. In the case of a practical application, it is important to note that these safety
considerations would need to be reviewed and calculated in further detail and with greater

accuracy.

4. Conclusions

The present study analyzed the viability of conducting the reaction of soybean oil epoxidation
in a continuous tubular reactor with a residence time of 2 h, in the absence or presence of static
mixers, based on the kinetic model proposed in our previous article. The simulations of the reactor
in the absence of static mixers led to the economic advantage of low pressure drop. However, the
low contact area between the phases makes this approach unfeasible in a real situation, due to mass
transfer limitations. The use of Raschig rings throughout the entire reactor led to interesting results,
due to the enhancement of mass and heat transfer effects. Nevertheless, the resulting elevated
pressure drop makes the use of Raschig rings impractical. Lastly, the cases in which Sulzer SMX™
static mixers were employed proved to be potentially the most viable for a real scenario. In
particular, the use of a 2 in diameter tube, with 50 static mixers distributed along the reactor and
an external fluid at the temperature of 313.15 K, resulted in a controlled maximum temperature of
350.71 K, a pressure drop of 2.65%10° Pa, and an effluent organic phase with iodine and oxirane
indexes 0f 21.43 g I5/(100 g oil) and 5.95%, respectively. Furthermore, the use of static mixers can
be implemented so that they can also function as relief stations, separating the reactor into shorter
segments, significantly improving the safety of the process and offering the opportunity to

optimize the heat exchange conditions in each segment.
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ABBREVIATIONS
av Volumetric interfacial area (m™)
Co Heat capacity (J-kgt-K™?)
c Molar concentration (mol-L™?)
D Diameter (m)
d Mass diffusion coefficient, mass dispersion coefficient (m?-st)
ESO Epoxidized soybean oil
E Activation energy (J-mol™?)
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Ol

pKa

Pe

PVC

Re

Wall thickness (m)

Friction factor

Partition coefficient

Heat transfer convective coefficient (W-m2-K™?)
lodine index (g/100 g I2)

Mass transfer molar rate per unit volume (mol-L*t-s)
Equilibrium constant

Kinetic constant

Length (m)

Molar mass (g-mol™)

Mass flow rate (kg-s?)

Equivalent stirring speed (s)

Oxirane index (%)

Logarithmic ionization constant of formic acid
Péclet number

Polyvinyl chloride

Reynolds number
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Ril

Sc

We

Greek symbol

B

AH

AP

Universal gas constant (J-mol™-K™?)

Rate of reaction i in the phase j (mol-L?-s)
Radial position (m)

Shear rate (s)

Schmidt number

Molecular radius (m)

Temperature (°C or K)

Global heat transfer coefficient (W-m2-K™1)
Velocity (m-s™)

Weber number

Mass fraction

Conversion of the double bonds of soybean oil

Axial position (m)

Mass transfer coefficient (m-s™?)
Enthalpy of reaction (J-mol™?)

Pressure drop (Pa)

38



Porosity

Boltzmann constant

Thermal conductivity (W-m™*.K1)

Dynamic viscosity (Pa-s)

Apparent kinematic viscosity of the reaction system (m?2-st)
Density (kg-m)

Interfacial tension (N-m™)

Tortuosity

Sphericity

Volume fraction

Subscripts and superscripts

aq

ave

Ccr

DB

diff

disp

Aqueous phase

Average value between the phases

Critical value

Double bonds of soybean oil

Diffusion

Dispersion
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EG

€q

ext

FA

H+

HP

max

org

PFA

RR

Epoxy group of epoxidized soybean oil

Equilibrium

External conditions

Formic acid

Final value

Protons from formic acid

Hydrogen peroxide

Hydraulic (diameter)

lodine molecule

Index for the components

Index for the phases

Maximum value

Oxygen atom

Organic phase

Performic acid

Index for the reaction

Value referring to Raschig rings
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Reference value

SMX Value referring to the Sulzer SMX™ static mixer
seg Value referring to a segment of the reactor
t Value referring to the pipe
W Water
wall Wall conditions
z Value referring to the axial position
0 Feed value
32 Index for the Sauter mean diameter
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