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Abstract: The influence of inlet parameters on the production and thermal risk of complex chemical
systems can be cumbersome to evaluate. To determine the optimum safe operating conditions, one
needs to solve complex differential equations derived from energy and material balances. This
robust approach cannot be made on-site, and it is essential to propose simplest tools to evaluate
rapidly the performance and safety of some operating conditions. This is the aim of this paper that
establishes explicit relationships between the production and thermal risk parameters, and the inlet
parameters. In addition, it also proposes a Pareto chart that can be used to make the tradeoff
between safety and performance. Such relationships and chart were developed for the production
of epoxidized cottonseed oil under isoperibolic and semi-batch mode. The kinetic model developed
by Zheng et. (Zheng et al., 2016) was used. First, a numerical approach, i.e., least square method,
was used to find explicit relationships between thermal risk parameters, production parameters and
six inlet parameters. The use of such an approach allows a better understanding of this process.
Second, safety and performance indicators are proposed and discussed to evaluate the operating
conditions thanks to a simple and intuitive schema. Besides, this approach can be used to find the

optimum conditions more rapidly.
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1. Introduction

The determination of the optimum safe operating conditions of multiple exothermic reactions is
challenging. For instance, the increase of reaction temperature favors a fast production but could also
trigger side or secondary reactions and increase the risk of thermal runaway. The kinetic models for
such a system can be quite complicated (several reactions, ordinary differential equations...), making
tricky a simple analysis. A slight change in the operating conditions could have severe unwanted
consequences on the maximum reaction temperature or the final yield. Kinetic models are constituted
by several differential equations derived from energy and material balances. It can be complicated to
handle such equations during the production processes to know the influence of inlet parameters on
the reaction temperature, conversion or yield. In particular, the methodology proposed to find the best
operating conditions is implementable without having to solve ODEs and to use any mathematical
software or other advanced numerical tool. This could make sense in an industrial environment where
such tools are not immediately available and where the operators have not necessarily the technical
skills to parametrize and use ODE solvers. To help the operators, we proposed an approach to find
explicit relationships between the reactor outputs (e.g., reaction temperature, concentration, yield...)
and the inlet parameters. As mentioned by Dakkoune et al. (Dakkoune et al., 2019, 2018), the risk of
thermal runaway is important in French and also in other European chemical industries, and the
operator error is an important cause. Thus, the use of such an approach could improve the

understanding of the processes and avoid risky situations.

One significant example of a complex chemical system is the epoxidation of vegetable oils by
Pirleschajew oxidation under non-isothermal conditions (Casson Moreno et al., 2017; Leveneur et al.,
2014b; Santacesaria et al., 2011; Zheng et al., 2016). Epoxidized vegetable oils can be considered
as a platform molecule (Yan et al., 2018), and can be a promising substituent to petroleum-derived
products. Indeed, different reactions can be done on the functional group, i.e., epoxide (Desroches
et al., 2012). Epoxidized vegetable oils could also be a key intermediate for the production of non-
isocyanate polyurethanes (Nohra et al., 2013; Pérez-Sena et al., 2018). Epoxidized vegetable oils
can also be used as plasticizers (Hosney et al., 2018) or lubricants (Adhvaryu and Erhan, 2002;

Cecilia et al., 2020; Lathi and Mattiasson, 2007).



There are several routes for the production of epoxidized vegetable oils: the use of molecular
oxygen (Danov et al., 2017; Kdckritz and Martin, 2008; Scotti et al., 2015; Vanoye et al., 2016;
Wentzel et al., 2004), the direct epoxidation by hydrogen peroxide (Parada Hernandez et al., 2017;
Pérez-Sena et al., 2020; Sepulveda et al., 2007; Suarez et al., 2009; Turco et al., 2016) and the
Prileschajew method through an in-situ produced percarboxylic acid. The use of molecular oxygen is
appealing, but there is a risk of over combustion (Kéckritz and Martin, 2008). Due to the low solubility
of hydrogen peroxide in the organic phase, i.e., vegetable oils, more investigation is needed for the
direct epoxidation by hydrogen peroxide.

The Prileschajew method is the most studied and most used in the academy and industry. It is
a liquid-liquid reaction system where the percarboxylic acid is produced in the aqueous phase by the
perhydrolysis of carboxylic acid. Then, the percarboxylic acid diffuses in the organic phase to epoxide
the unsaturated group of the vegetable oils. There are several exothermic consecutive and parallel
reactions for this system. The investigation regarding this system is on the development of robust
kinetic models (Campanella and Baltanas, 2007, 2006; de Haro et al., 2016; Goud et al., 2007a;
Jankovic and Sinadinovic-Fiser, 2004; Leveneur et al., 2014b; Osuna and Mendivelso, 2010;
Rakotondramaro et al., 2016; Rangarajan et al., 1995; Santacesaria et al., 2011; Sinadinovi¢-FiSer et
al., 2012, 2001; Wu et al., 2016; Zheng et al., 2016), the use of heterogeneous catalyst (Goud et al.,
2007b, 2007a; Gurbanov et al., 2005; Meshram et al., 2011; Mungroo et al., 2008; Sinadinovi¢-FiSer
et al., 2012, 2001), the use of enzymatic catalyst (Hagstrém et al., 2011; Hilker et al., 2001; Lu et al.,
2010; Orellana-Coca et al., 2007, 2005; Rusch Gen Klaas and Warwel, 1999; Térnvall et al., 2007),
the use of microwave irradiation (Aguilera et al., 2019a, 2019b, 2016; Leveneur et al., 2014a; Piccolo
et al., 2019) and process safety (Casson Moreno et al., 2017; Leveneur, 2017; Leveneur et al., 2018,

2015; Rakotondramaro et al., 2016).

On the one hand, determining the optimal operating conditions to get the highest yield of
epoxidized vegetable oils has been studied by different research groups (Arumugam et al., 2014;
Milchert et al., 2010; Xu et al., 2017) with the design of experiments. On the other hand, finding safe
operating conditions can be obtained with similar methods. Combining these two objectives to find
safe operating conditions that get the highest yield can be difficult for this system and is a challenging
task. This is the main objective of this work. Indeed, the advanced kinetic model for this system

includes all possible reactions, thermal parameters and reaction enthalpies. Thus, one needs to



develop explicit models for the thermal risk and production parameters. First, a complex numerical
simulator has been developed from the study of Zheng et al.(Zheng et al., 2016) to describe the
kinetics of the epoxidation of cottonseed oil in a semi-batch reactor under isoperibolic conditions.
Then, an approach, based on least square method, was developed to find explicit relationships of
second order from the inlet parameters to the parameters that characterize the thermal risk and the
production. Such relationships make it possible to express the effects of inlet parameters (e.g., initial
reaction temperature, volumetric flow-rate of the feed...) on the maximum reaction temperature
(Trmax), the time to reach this maximum reaction temperature (trrmax), the maximum epoxide
concentration (Cgpmax) and the time to reach this maximum concentration (tcepmax). TO verify the
robustness of this approach, four explicit relationships for Trmax, trrRmax, Cepmax @nd tcepmax were
evaluated and compared with the numerical experiments. In addition, the numerical simulations have
been proved to be also useful to find safe and efficient operating conditions through a Pareto chart
approach. Finally, the validity of the explicit thermal risk relationships and Pareto chart were tested

with some laboratory experiments.



2. Materials and Methods

The proposed method is based on a four step methodology.

1. The first step is to develop a numerical simulator based on the kinetic model of the reaction system
of interest. The design of such a simulator requires some expert knowledge both in chemical
processes and in computer science. The numerical approach used to solve the ODEs is described in
4.1. In particular this simulator aims to compute, in an accurate way, output parameters i.e., the
maximum reaction temperature (Trmax), the time to reach this maximum reaction temperature (trr max),
the maximum epoxide concentration (Cgp,max) and the time to reach this maximum concentration
(tcepmax) from the inlets parameter. The previous 4 outputs have been selected because they
characterize the performance and also the safety of the process. Concerning the inputs, we have

restricted our study to inlet parameters whose value may be directly or indirectly be tuned by the

operators (Figure 1).
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Figure 1. Inlet parameters and responses for the epoxidation system.

2. The second step is to validate the proposed simulator by a set of practical experimentations.
Again, expert knowledge in chemical processes is required for this validation. Laboratory
experiments, following Zheng et al.(Zheng et al., 2016) protocol was used. Briefly, epoxidation of
cottonseed oil was carried out in a semi-batch reactor under isoperibolic mode. Formic acid was

added in the reactor. The equipment to carry out these experiments was the same than for Zheng et

al.(Zheng et al., 2016).



In the perspective of the authors it is clear that steps 1 and 2 impose some limitations in their use due
to the high level of qualification required. Observe, however, that an easy and rapid evaluation of the
thermal risk and production performance will be helpful in many situations. This motivates steps 3

and 4 of the proposed methodology.

3. Step 3 aims to propose an input / output mapping of the parameters of interests based on linear
regression. Let us consider In = {ps,...,pn+1} as the set of the n inlet parameters p;, i = 1,...,n and pn+1
=1, and Out = {qy, ..., gp} as the set of p output parameters that are of interest for the considered
study. What is proposed in this paper is to generate a second order mapping resulting from series of
N simulations obtained thanks to the numerical simulator developed in step 1. The appropriate
regression has been selected according to a trade-off between the regression error (precision) and
the number of parameters of the regressive model (complexity). A first order regression was not
enough to represent the considered outputs and a third order regression was poorly tractable. Finally,
once the set of inlet parameters as their range and the order of the regression have been fixed, the
computation of the regression results from the mean square method and the system simulator. For
regression purpose, one computes the matrix M of dimension N x (n + 2).(n + 1)/2 of the form:

M = (P?1 Pr,1-Pk,2 Pi,1-Pk3--- Pio1-Prn+t P22 Pe2-Pr,3--- Prii-Pk;j --- P2kon Pron-Pion+ Pon+a), K=1,...,N (1)
where each entry pxi.px; Of M results from the product of the value of two inlet parameters py; and
pkjwithi=1,...,n,j=1,...,n,j>i. The indices k =1,...,N refer to the kth simulation.

Similarly, we consider the q output parameter vectors Y;j = (qk;), k = 1,...,N for j = 1,...,q where gy
refers to the value of parameter q; returned by kth simulation. From the matrix M and the vector Y;,
one can compute the vector X; of the (n + 2).(n + 1)/2 coefficients that define the mapping from the n

inlet parameters p;, i = 1,...,n to g;. In particular, as far as M is of full column rank, we have:

Xj= (MT x M) x MT x Y; (2)



4. A Pareto chart is calculated from the obtained mappings (see section 4.5 for details). The basic
idea to compute such a chart is to define two global indicators based on 4 output parameters that are
of interest, i.e., the maximum reaction temperature (Trmax), the time to reach this maximum reaction
temperature (trrmax), the maximum epoxide concentration (Cgpmax) and the time to reach this
maximum concentration (tcep,max). Such a chart is helpful to select the values of the inlet parameters

that lead to the best tradeoff between the thermal safety and the performance in production.

3. Kinetic model

In this section, the kinetic model of the epoxidation of vegetable oils by Pirleschajew oxidation
under non-isothermal conditions developed by Zheng et al.(Zheng et al., 2016) is detailed. The
experiments were performed in a semi-batch reactor under isoperibolic conditions. A solution of
formic acid was fed into the reactor, containing initially hydrogen peroxide, water and cottonseed oil

solution.

The reaction steps are described in Figure 2. In the first step, hydrogen peroxide and formic acid react
to produce performic acid. Due to its high reactivity, the performic acid can be decomposed by two
different routes (Leveneur et al., 2012). The performic acid can also diffuse to the organic phase to
epoxidize the unsaturated groups. The epoxide group can be attacked by different nucleophiles,

which is the ring-opening reaction (Cai et al., 2018).

AQUEOUS PHASE

2 1 2
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HCOOH + H,0, == H,0 + HCO3H HCO 3H +R1/—’ —= HCOOH + W
Decomposition 1 o
HCOgH ——= €Oz +Hz0 1 2 1 g2
3 R R Ring opening by water, HCOOH or HCO;H R R
Decomposition 2
HCOsH —= HCOOH+1/20, \/ = HO OR
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Figure 2. Reaction steps for the epoxidation system.

The underlying assumption made by Zheng et al. (Zheng et al., 2016) was that mass transfer is
rapid compared to reaction kinetics. Thus, the equilibrium molar ratio of a compound i can be

expressed as



_lily _ [
S TIF R FT

(3)

where, [i];, and [i];,, are the concentrations of compound i at the aqueous and organic side of

the interface.

-The perhydrolysis of carboxylic acid is a reverisble reaction which can be self-catalyzed due to the
dissociation of carboxylic acid (Leveneur et al., 2012, 2009, 2008). This reaction occurs in the

aqueous phase (Santacesaria et al., 2011; Zheng et al., 2016). The application of electroneutrality

leads to express the hydroxonium concentration as [H;0%],, = JKFCAD [Wlaq - [FA]4q- By applying

guasi-equilibrium hypothesis, one can derive the rate of formic acid prhydrolysis as

[FAlaq i
Wlaq

(IFAlaq - [HPlag — = [PFAlaq - [Wlag) @)

— . c
RPerh - kPerh KFAD

where, the term K, states for the dissociation of formic acid (Harned and Embree, 1934),

and K€ is the equilibrium constant expressed by a van't Hoff law with K¢=0.96 at 30°C and AHpem=

-5580 J/mol (Zheng et al., 2016).

-The epoxidation reactions were supposed to be elementary steps occuring in the organic phase

between performic acid and unsaturated groups. As mentionned earlier, the mass tranfer is supposed

to be faster than chemical reactions, then [PFA],,rg = [TA]'”

, and the rates are:
PFA

[PFAlqq

Rpp1 = kEp,l : Kpra -[C18: 1]org = ké‘p,l : [PFA]aq -[C18: 1]org %)
[PFA]q ’

Repo = kEp,Z : TFAq' [C18: 2]org = kEp,Z : [PFA]aq -[c18: 2]org (6)
[PFA]q ’

REI?r3 = kEp,3 ' KPFAq ’ [Int]org = kEp,3 ) [PFA]aq ) [Int]org (7)

where, the terms [C18:1],,4, [C18:2],,, and [Int],,, are the concentrations of the fatty acid chains

on the triglyceride.

-Decomposition of performic acid, ocurring in the aqueous phase, follows a first order and are

expressed as



RDecomp,l = kDecomp,l : [PFA]aq (8)

RDecomp,Z = kDecomp,Z ’ [PFA]aq (9)

-The ring-opening reaction, occuring in the organic phase, can be due to the nucleophilic attack of
water, formic acid or performic acid (Zheng et al., 2016). The first step is the protonation of the oxirane
group, then in the second step the nucleophilic agents react with the activated oxirane group. The
guasi-equilibrium hypothesis is applied on the first step leading to express the concentration of the

KFirst step-[Ep]org-[H30+]org

activated oxirane group as [Activated oxirane] = . The concentration of

[H20]org
H30% K ap[Wlag[FA]
hydroxonium ion in the organic phase is [H30%],,, I T A and water in the
Kpso+ Kpzo+

organic phase is [W]y., = [Z]“q. The second step is the rate determining step, and thus, the rate
w

equations for the ring-opening by water, hydrogen peroxide, formic acid and performic acid were

derived as

Reow = khow * [EPorg -JKEAD [Wlaq - [FAl, (10)

KFqAD ) [FA]aq (11)

Rrora = krora * [Ep]org : [FA]aq ) W]
aq

KPgAD ' [FA]aq

12
(Wlaq 42

Rropra = Kropra - [Ep]org ) [PFA]aq )

where, krow, Krora @nd kropra are merged kinetic constants.

Note that all parameters used in the equations are explained in a nomenclature at the end of the

paper. In addition, units and values of the parameters are detailed in Supplementary material.



The material balance of a compound i in the aqueous phase is written as

. dan
Ny aq,in T 2 Vij * Vaq "Taq,j =

d"'t“q +N;- A (13)

where, 144, IS the inlet molar flow of compound i (mol/s), v;; is the coefficient stoichiometric of the
compound i is in reaction j, r,, ; is the reaction rate j in the aqueous phase (mol/L/s), V,, is the
volume of aqueous phase (L), n;,, is the amount of i in the reactor (mol) and N; - A’ is the outler
molar flow of coumpound i from the aqueous to organic phase (mol/s). The term N; is the diffusion

flux of the compound i (mol/m?/s) and A’ is the interfacial area (m?).

. . . A 14 Ve V,
The following notations are introduced: a = = (m2/L), T = — (s), Toq =~ (s) and a = Tag _ “agq
Vr Qaq Qaq T Vr

The terms V; is the total volume, and Q,, is the volumetric flow rate of aqueous solution (L/s), which

is the solution of formic acid. Then, Equation 13 becomes

ACiaq _ i Nia (CFeed,i‘Ci,aq)
— =XV Taqi = YT (14)

where, C;,q, is the concentration of i in the aqueous phase and Cr..q,; is the concentration of i in

the feed.

The solubility of vegetable oil species in the aqueous phase is assumed to be negligible. Hence, the

material balance of a compound i in the organic phase is written as

) dn"
Zvij ' Vorg “Torg,j +N; - A = ;:Tg (15)

where, V,,, is the volume of the organic phase (L), 7,4, is the rate of reaction j in the organic

phase (mol/L/s) and n; ,,, is the amount of compound i in the organic phase.

The notation g = V]‘;ﬂ is introduced, and a + 8 = 1. Then, Equation 15 becomes
T

N

a
+Zvij “Torg,j = 1i_a+zvij "Torg,j (16)

ACiorg _ Nya
dat B

By adding Equations 14 and 16, one gets

ac; ac; Crood i=Ci
a-%+(1—a)-$=a-ZvU-raq‘j+(1—a)-2vij-rorg_j+a-(”ed+q“w) (17)



. ac; . . .
From Equation 3, one gets dﬂ = K;. Hence, the material balances in a semi-batch reactor for a

iorg

compound i are expressed as

(Creeai=KiCiorg)
dt

Taq

dci,or _
— = (a-K;+1—a) 1-((a-ZvU-raq,j+(1—a)-2vij-rorg,j)+a-

(18)

dc; 1-—a\* Croeqi — C
ﬂ=<a+ ) . (alzvij'raq,j+(1_a)'zvij'rorg,j)-l_a'M (19)

dt Tagq

This approach allows avoiding to estimation the mass transfer coefficients. The equilibrium molar

ratio of the different compounds have the following values:
Kppa = Kpg = 9,
Kyp and Ky, — o,

Kcis:1 Keas:2) Kine: Kep and Kpegraaation by ro = 0-

The energy balance on the reaction mixture under isoperibolic conditions was derived as

T, ( 1 )
dt B mpg - CPR
(%

) (RPerh ) AHR,Perh + RDecomp,l ) AHR,Decomp,l + RDecomp,Z ) AHR,Decomp,Z)_Vorg (20)

. ((REp,l + Rgp o + REp,3) *AHg g + (Rrow + Rrora + Rropra) 'AHR,RO)) + UA

) (TJ - TR) + F Crareea ' Cpra’ (Treea — TR)]

The term UA is the global heat transfer coefficient between the heat carrier and the reaction mixture.
The term C, r, stands for the molar heat capacity of formic acid. The value of Cpr was calculated by
using the data from Zheng et al. (Zheng et al., 2016). The kinetic and thermodynamic constants

regarding with reaction system can be found in Supplementary material.



From the material and energy balances usebd by Zheng et al. (Zheng et al., 2016), one can notice
that the following inlet parameters: F, UA, Tj, [HP]o, tada and Treeq have an influence on the four
responses as illustrated by Scheme 1. During their kinetic experiments, Zheng et al. (Zheng et al.,
2016) varied these inlet parameters to develop their kinetic model. For these reasons, these inlet

parameters were chosen to make the design of experiments.

4. Results and discussion

In this section, the results of the numerical experiments are presented and discussed.

4.1. Numerical experiments

The ordinary differential Equations 18-20 were solved out by a modified Rosenbrock formula of order
2, allowing to solve stiff equations. The influence of six inlet parameters on the four responses (Tr max,

tTR’max, CEp,max and tCEp,max) WaS Stud'ed

Table 1 presents the variation of the six parameters. It is important to stress that the ranges of
variation of the inlet parameters used in this study are the same as the ones of Zheng et al. (Zheng
et al.,, 2016). Thus, these ranges were used where the reliability of the Zheng’s model was

experimentally verified.

Table 1. Variation of the inlet parameters.

Inlet parameters Lower value Higher value Units
F 0.00001 0.00005 L/s
tadd 1000 3000 S

UA 3 6 W/K
Treed 293.15 308.15 K

T 333.15 344.15 K

[HP]o 8 11 mol/L



For this reaction system, it is essential to:

-avoid high reaction temperature that could trigger secondary reactions,
-avoid that the reaction temperature reached its maximum value too fast,
-favor the maximum concentration of epoxide group,

-favor the shorter time to reach the maximum concentration in epoxide group.

For this reason, the four responses (Tr,max: tTr,max, Cep,max, tcEp,max) Were selected.

Explicit relationships are expressed as
Response = Constant + X1 F+ X2 tyqq + X3 - UA+ X4 Tropq + X5 Tj + X6 - [HP], + X7 - F2
+ X8 F-tyaq + X9 F-UA+X10-F-Tpppq + X11-F-Tj + X12 - F- [HP], +X13
“taaa® + X14 taaq *UA+ X15 - toaq - Treeq + X16 - tagq * Tj + X17 - toqq - [HP],
+ X18 - UA? + X19 - UA - Ty,pq + X20 - UA - Tj + X21 - UA - [HP] o + X22 - Trepq”

+X23 * Tropq * Tj + X24 * Treeq - [HP] + X25 - Tj2 + X26 - Tj - [HP], + X27 - [HP],

(21)
where the responses are Tr,max (K), trr,max (S), Cep,max (Mol/L) and tcep,max (8); X1,...,X27 are the
regression coefficients.

The reliabilty of the explicit relationships were evaluated by the coefficients of determination

Rl%esponse:

RZ =1- z:(ReSpOnseSimulation_Ref"ponsel,SM)z (22)
Response Y(Responsesimuiation—ReSPONSesimulation)?

where, Responsegimuiation 1S the mean of the simulated response.



The regression analysis was performed for each response by a set of numerical data (3000 numerical

experiments), and then a validation stage was carried out by another set of numerical data (100

numerical data).



4.2. Safety analysis: Trmax and trr max.

Table 2 shows the values of the coefficient for Tr max and ttr max responses. For the maximum reaction

temperature Trmax, the coefficient of determination was found to be 0.969 for the regression analysis

and 0.934 for the validation stage. Thus, one can conclude that the explicit model developed for this

response is highly reliable. This observation was confirmed by the parity plot (for regression and

validation) (Figure 3). For the time to reach the maximum reaction temperature, i.e., trrmax, the

determination coefficients are slightly lower: 0.939 for the regression and 0.894 for the validation.

Figure 4 shows the parity plot for this response including the regression and validation stages.

Table 2. Coefficient values for explicit expression of Trmax (K) and trr,max (S).

Coefficients Input parameters and units Trmax (K) ttR max (S)
Constant - -3.624E+03 2.508E+05
X1 F (L/s) 1.523E+07 -4.629E+08
X2 tadd (S) 2.375E-01 4.927E+00
X3 UA (W/K) -1.152E+02 3.507E+02
X4 Treed (K) -9.821E-02 -6.433E+00
X5 Tj (K) 1.915E+01 -1.395E+03
X6 HP (mol/L) 9.151E+01 -4.759E+02
X7 F2 (L?/s?) -1.415E+10 6.361E+11
X8 F(L/S)" taqq(s) -1.530E+02 -4.218E+03
X9 F(L/s) -UA(WI/K) -4.197E+05 -3.445E+05
X10 F(L/S) Treed(K) 5.498E+00 -5.422E+02




X11 F(L/s) -Tj(K) -3.712E+04 1.208E+06
X12 F(L/s) -HP(mol/L) 1.757E+05 5.928E+05
X13 tadd?(s2) -2.664E-06 -5.155E-05
X14 tagd(s) ‘UA(W/K) -7.359E-04 3.588E-02
X15 tadd(s) ‘Treed(K) -5.698E-07 4.000E-06
X16 tacd(s) “Tj(K) -6.279E-04 -1.270E-02
X17 tadd(s) -HP(mol/L) -2.715E-04 -2.609E-02
X18 UA2(WZ/K?) 3.397E+00 -1.024E+01
X19 UA(W/K) Treed(K) 1.224E-03 6.953E-03
X20 UA(W/K) -Tj(K) 2.934E-01 -1.134E+00
X21 UA(W/K) -HP(mol/L) -1.824E+00 6.955E+00
X22 Tieed? 1.485E-05 -8.657E-05
X23 Treed(K) -Tj(K) 2.552E-04 1.791E-02
X24 Treed(K) -HP(mol/L) -1.168E-04 2.576E-02
X25 Tj2(K2) -2.236E-02 1.954E+00
X26 Ti(K) -HP(mol/L) -2.442E-01 1.104E+00
X27 HP2(mol2/L2) 7.309E-02 2.032E+00
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Figure 3. Parity plot for Trmax (regression: blue dot and validation: red star): maximal temperature

values (K) resulting from the numerical simulation are reported in X and maximal temperature

values (K) resulting from the second order explicit Equation 21 are reported in Y.

ttr,max (S) obtained by regression

3000

Time to reach the maximal temperature

2500 -

2000 -

1500 -

1000 [

500
500

1000 1500 2000 2500

trrmax (S) obtained by simulation

3000

Figure 4. Parity plot for trr max (regression: blue dot and validation: red star): time values (s)

resulting from the numerical simulation are reported in X and time values (s) resulting from the

second order explicit Equation 21 are reported in Y.



4.3.Performance analysis: Cep max and tcep,max

Table 3 shows the values of the coefficient for Cepmax and tcepmax responses. For the maximum

concentration of epoxide, Cepmax, the coefficient of determination was found to be 0.868 for the

regression analysis and 0.872 for the validation stage. Thus, one can conclude that the reliability of

the explicit model developed for this response is medium. This observation was confirmed by the

parity plot (for regression and validation, see Figures 5 and 6). In particular, for the time to reach the

maximum concentration, i.e., tcepmax, the determination coefficients are lower: 0.840 for the

regression and 0.807 for the validation. The prediction of these parameters is difficult, because the

epoxide concentration reaches a plateau making difficult to estimate accurately both parameters

(Figure 9).

Table 3. Coefficient values for explicit expression of Cepmax (mol/L)and tcep,max (S).

Coefficients Input parameters and units Cep,max (Mol/L) tcep,max (S)
Constant - -1.147E+02 1.326E+07
X1 F (L/s) 1.221E+05 -2.822E+10
X2 tadd (S) -2.242E-03 -4.349E+02
X3 UA (WIK) 6.262E-01 3.779E+04
X4 Treed (K) 3.440E-03 3.708E+00
X5 Tj (K) 7.480E-01 -7.022E+04
X6 HP (mol/L) -9.380E-01 -7.851E+04
X7 F? (L2/s?) 4.114E+08 2.293E+13




X8 F(LIS)" taqa(S) -1.444E+00 4.956E+05
X9 F(L/s) -UAWIK) 9.733E+03 -4.906E+06
X10 F(L/S) Treed(K) -5.156E+00 2.431E+04
X11 F(L/s) -Tj(K) -5.316E+02 7.268E+07
X12 F(L/s) -HP(mol/L) -4.576E+03 7.087E+07
X13 tadd?(s2) 6.926E-08 5.484E-03
X14 tadd(s) -UAW/K) -1.700E-05 -5.187E-01
X15 tadd(s) Treed(K) -3.238E-08 -4.159E-04
X16 tada(s) Tj(K) 5.559E-06 1.127E+00
X17 tadd(s) -HP(mol/L) 9.630E-06 1.155E+00
X18 UA2(W2/K2) -1.829E-02 -1.298E+02
X19 UAW/K) Treed(K) -1.414E-05 -2.216E-01
X20 UA(W/K) -Tj(K) -7.747E-04 -9.918E+01
X21 UA(W/K) -HP(mol/L) -3.032E-03 -7.041E+01
X22 Treed? 5.417E-07 1.665E-02
X23 Treed(K) “Tj(K) -1.064E-05 -1.555E-02
X24 Treed(K) -HP(mol/L) 2.893E-06 -7.726E-01
X25 Tj2(K?) -1.185E-03 9.323E+01
X26 Ti(K) -HP(mol/L) 2.972E-03 2.004E+02
X27 HP2(mol2/L2) -2.624E-03 2.635E+02
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Figure 5. Parity plot for Cepmax (regression: blue dot and validation: red star): maximal
concentration values (mol/L) resulting from the numerical simulation are reported in X and maximal

concentration values (mol/L) resulting from the second order explicit Equation 21 are reported in Y.
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Figure 6. Parity plot for tcep,max (regression: blue dot and validation: red star): time values (S)
resulting from the numerical simulation are reported in X and time values (s) resulting from the

second order explicit Equation 21 are reported in Y.



4.4 Error distribution

Figure 7 reports the histograms of the errors resulting from the use of the second order explicit
Equation 21 with respect to the numerical simulation. Concerning the parameters Trmax and ttr max, &
near Gaussian centered distribution of the errors is obtained whereas the distribution for Cep max and
tcep,max 1S Clearly non Gaussian and non symetric. These distributions confirm that a second order
regression is suitable to represent the parameters Trmax and trr max, but that such a regression poorly

represents Cep max and tcep,max-
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Figure 7. Error distribution ATr max , Attr,max, ACep,max and Atcep,max for the 4 responses Tr max ,
tTrR,max, Cep,max aNd tcep,max (X-axis are in K for the maximal temperature error, in mol/L for the

maximal concentration error and in s for the two characteristic time errors).

4.5 Pareto chart

In order to find the best values of the inlet parameters, the problem can be formulated as a multi-
criteria optimization problem. In particular, two criteria can be defined and optimized. A performance
indicator is defined by Equation 23:

Cp = tcepmax/ CEpm (23)



A safety indicator is defined by Equation 24:

Cs = Trmax/ ttRmax (24)

Both indicators have to be minimized to ensure both a maximal yield and a maximal safety level. For

this purpose, and thanks to the numerical simulator that model the considered reaction, a Pareto chart

is computed with respect to Cs and Cp. Figure 8 plots the whole domain of double criteria (Cs, Cp) for

the range of the inlet parameters reported in Table 1 as the Pareto border (red points). Figure 6 helps

to find the optimum operating conditions from a double safety and production perspective.
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Figure 8. Pareto domain: safety (Cs) versus performance (Cp).



4.6 Laboratory validation

To verify the validty of the explicit models, laboratory experiments were performed with the
experimental conditions displayed by Table 4. The uncertainty measurement for epoxide
concentration was found to be lower than 2%, and the accuracy of the temperature was of 0.1K. The

relative error was used to evaluate the accuracy of the explicit models.

__ |Experimental—-Simulation (Eq.14)|

Absolute Relative error (%) * 100 (25)

Experimental

Table 4. Relative errors between LSM and laboratory data.

Run Operating conditions (Inlet parameters) Relative error (%)
F tadd UA Tteed Tj HP Trmax | tTRmax Cep,max tcEp,max
L/s S W/K K K mol/L K S mol/L S

1 1.2577E-05 | 3000 4.7 | 295.19 | 343.12 8.57 3.28 0.54 5.60 35.12
2 2.5153E-05 | 1500 45 | 295.17 | 334.14 8.5 3.99 20.51 7.07 580.32
3 3.1441E-05 | 1500 4.3 | 295.11 | 343.68 8.62 1.68 5.54 32.58 135.25
4 3.1441E-05 | 1500 4.4 | 297.25 | 344.05 8.35 0.74 0.37 29.24 128.58
5 3.1441E-05 | 1500 4.4 | 297.21 | 344.29 | 10.16 3.82 23.36 36.72 263.51

Table 4 shows that the explicit models is validated experimentally for the responses Tr max, ttr.max and

Cep.max- However, the explicit model for the time to reach the maximum concentration is not accurate.

As mentioned earlier, the epoxide concentration reaches a plateau and the ring opening reaction is

slow under the studied operating conditions. Figure 9 shows the experimental values for the epoxide

concentration and reaction temperature for Run 1. One can notice that the epoxide concentration

reaches a plateau making difficult to find the value tcep,max.
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Figure 9. Experimental epoxide concentration and reaction temperature.

Despite the fact the explicit models for the responses have not the same accuracy, the simultaneous
use of the four explicit models is helpful to find near-optimum operating conditions towards
performance and safety. The use of such an approach saves time and is tractable for complex

reactions (instead of the ODEs resolution).



5. Conclusions

The influence of inlet parameters on thermal risk and production responses is complicated to
determine. Indeed, the kinetic model, including the energy and material balance of a process, can be
cumbersome. This complexity can be challenging to handle during on-site production, and one should
find some explicit relationships and guidelines easy to apply to help the operator to understand the
influence of inlet parameters on performance and safety.

This manuscript proposed such a study for the production of epoxidized vegetable oil under
isoperibolic and semi-batch mode. The numerical design of experiments from the study of Zheng et
al. (Zheng et al., 2016) was developed and a numerical simulator has been derived. The influence of
six inlet parameters (volumetric flow rate, time of addition, global heat transfer coefficient, the
temperature of feed, jacket temperature and initial concentration of hydrogen peroxide) was evaluated
on four responses (maximum reaction temperature, maximum yield of epoxide, time to reach the
maximum temperature and time to reach the maximum yield). Explicit mappings have been proposed
for this purpose. It is important to stress on the fact that the explicit relationships developed in this
work are only valid by using the values of inlet parameters displayed in Table 1 and by using a similar
reactor system. It was also found that compromising values of these inlet parameters should be
preferred in order to reach performing and safe operating conditions. A double performance / safety
indicator was used to find such compromising values.

As a final conclusion, it is important to enhance that the main benefit of this approach is to propose a
systematic and simple method that determines the influence of a set of inlet parameters on a set of
output indicators. Such a tool can be further studied to develop a more advanced optimization stage.
This approach can be used in industry for some complex systems to help the operators to reach a
better understanding of the various aspects of the process under interest. This study can be
considered as a first brick to develop explicit relationships for complex non-liner chemical system,

and a further investigation of this work must be to study the limit of this method.
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Nomenclature

a s—T [m2L]

A heat transfer area [m?]

A’ interfacial area [m?]

EP constant-pressure heat capacity per mol [J/mol.K]

ép constant-pressure heat capacity per mass [J/g.K]

Ea activation energy [J/mol]

AHR reaction enthalpy [J/mol]

Int possible linoleic acid moiety intermediate detected by GC
Ke equilibrium constant, based on concentrations

Ki equilibrium molar ratio of compound i

KT thermodynamic equilibrium constant, based on activies
KwaTer equilibrium molar ratio of water

Kra equilibrium molar ratio of formic acid

Kpra equilibrium molar ratio of peroxyformic acid

k rate constant

Kdecomp decomposition rate constant [s]

Mg mass [kg]

N; diffusion flux of the compound i [mol/m?2.s]

1j,a,in inlet molar flow of compound i [mol/s]

Niaq amount of i in the aqueous phase [mol]



Ny org amount of i in the organic phase [mol]

Qea volumetric flow rate of formic acid [L/s]

Qag volumetric flow rate of aqueous solution [L/s]
R gas constant [J/K.mol]

Taq,j reaction rate j in the aqueous phase [mol/L.s]
Torg,j reaction rate j in the organic phase [mol/L.s]
ri reaction rate [mol/L.s]

Tr reaction temperature [K]

T temperature [K]

U overall heat transfer coefficient [W/m?2.K]

Vaq volume of the aqueous phase [L]

Vorg volume of the organic phase [L]

Vr total reaction volume [L]

Greek letters

a Vag/VT

; Vorg
Vr

T o 18]

Ta oL sl

Uy stoichiometric coefficient of compound i in reaction j



Subscripts and superscripts

add

ave

aq

decomp

Deg by RO

Ep

exp

feed

FAD

org

perh

ref

ROFA

ROPFA

ROW

RONuH

addition

average

agueous phase

decomposition

organic products obtained by ring-opening reactions

epoxidized compounds

experimental data

Feed

formic acid dissociation

component i

Reaction

organic phase

Perhydrolysis

reaction mixture

reference state

ring-opening by formic acid

ring-opening by peroxyformic acid

ring-opening by water

ring-opening by nucleophile compounds



temp Temperature

o Initial

Abbreviations

ci18:1 oleic acid
C18:2 linoleic acid
Int linoleic acid intermediate
Ep epoxidized products
FA formic acid
HP hydrogen peroxide
IN iodine number
PFA peroxyformic acid
w water
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