
A i m  o f  t h e  w o r kA i m  o f  t h e  w o r k

�� InvestigationInvestigation onon bothboth thethe kineticskinetics andand thethe mechanismmechanism ofof ESBOESBO productionproduction inin thethe presencepresence

ofof bothboth HH22SOSO44 andand HH33POPO44 asas catalystscatalysts..

�� StudyStudy ofof thethe effectseffects ofof catalystcatalyst concentrationconcentration andand reactionreaction temperaturetemperature onon bothboth thethe mainmain

andand thethe sideside reactionsreactions..

�� StudyStudy ofof thethe operationoperation modalitymodality byby adoptingadopting bothboth FedFed--BatchBatch andand PulsePulse--FedFed--BatchBatch reactorsreactors..

�� DevelopmentDevelopment ofof aa biphasicbiphasic mathematicalmathematical modelmodel ableable toto opportunelyopportunely interpretinterpret thethe

collectedcollected experimentalexperimental datadata..

�� DesignDesign andand installationinstallation ofof continuouscontinuous reactorsreactors forfor thethe modelmodel validationvalidation..

I n t r o d u c t i o nI n t r o d u c t i o n

EEpoxidationpoxidation ofof SSoyoybbeanean OOilil productionproduction isis growinggrowing inin interest,interest, beingbeing ESBOESBO aa buldingbulding--blockblock inin thethe chemicalchemical industryindustry.. ThisThis productproduct isis normallynormally obtainedobtained byby performingperforming aa reactionreaction betweenbetween

soybeansoybean oiloil andand aa percarboxylicpercarboxylic acidacid generatedgenerated inin--situ,situ, byby puttingputting inin contactcontact aa smallsmall excessexcess ofof hydrogenhydrogen peroxideperoxide ((6060wtwt..%%),), formicformic acidacid ((9595wtwt..%%)) withwith aa strongstrong mineralmineral catalystcatalyst ((HH22SOSO44 oror

HH33POPO44)).. BeingBeing thethe epoxidationepoxidation reactionreaction extremelyextremely exothermicexothermic ((∆∆HH == --5555 Kcal/molKcal/mol ofof unsaturationunsaturation),), thisthis reactionreaction isis currentlycurrently performedperformed inin industryindustry byby usingusing PulsePulse--FedFed--BatchBatch reactorsreactors ((PFBRPFBR),),

wherewhere smallsmall ammountsammounts ofof thethe oxidizingoxidizing mixturemixture areare graduallygradually addedadded toto thethe batchbatch reactor,reactor, thatthat isis previouslypreviously loadedloaded withwith soybeansoybean oiloil andand thethe catalyst,catalyst, inin orderorder toto keepkeep thethe processprocess temperaturetemperature
inin aa rangerange ofof 6565--7575 °°CC.. Therefore,Therefore, thethe currentcurrent industrialindustrial reactorsreactors presentspresents severalseveral problems,problems, suchsuch asas thethe managementmanagement ofof thethe heatheat andand thethe massmass transfertransfer (the(the reactionsreactions occursoccurs betweenbetween aa polarpolar

andand anan apolarapolar phase),phase), thethe selectivityselectivity ofof thethe PFBRPFBR,, thethe reactionreaction timetime (that(that usuallyusually requiresrequires aboutabout 1010 hours),hours), thethe hydrogenhydrogen peroxideperoxide decompositiondecomposition (occurring(occurring atat highhigh temperatures)temperatures) andand thethe lowlow

selectivityselectivity toto thethe epoxidizedepoxidized productproduct.. ToTo adoptadopt continuouscontinuous reactorsreactors cancan bebe aa wayway toto solvesolve thethe mentionedmentioned problems,problems, butbut inin orderorder toto opportunelyopportunely designdesign aa continuouscontinuous reactor,reactor, itit isis necessarynecessary toto

havehave aa completecomplete knowledgeknowledge aboutabout thethe kineticskinetics,, thethe massmass andand thethe heatheat transfertransfer forfor thethe epoxidationepoxidation reaction,reaction, payingpaying attentionattention alsoalso toto thethe mainmain sideside--reactionsreactions thatthat areare:: hydrogenhydrogen peroxideperoxide

decompositiondecomposition andand oxiraneoxirane ringring--openingopening reactionreaction.. Recently,Recently, ourour groupgroup havehave developeddeveloped aa biphasicbiphasic kinetickinetic modelmodel [[11]],, basedbased onon severalseveral experimentalexperimental runs,runs, thatthat isis capablecapable toto describedescribe properlyproperly

allall thethe kinetickinetic aspectsaspects ofof thethe soybeansoybean oiloil epoxidationepoxidation..
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R e a c t i o n  S c h e m eR e a c t i o n  S c h e m e

1. The Performic acid formation occurs in the aqueous
phase between hydrogen peroxide and formic acid in
the presence of a strong mineral acid.

2. The epoxidation reaction is an irreversible reaction.
This steps occurs between the soybean oil
unsaturations with the dissolved performic acid.

3. Accordingly with our observations and literature
findings, the ring opening reaction occurs at the
interphase. Being this reaction extremelly influenced
by the pH of the aqueous media, the ring
protonation is the rate determining step. The
nature of the by-product depends on the nucleophile
concentration.

4. Hydrogen peroxide decomposition occurs in the
aqueous media.

Batch SetupBatch Setup ContinuousContinuous SetupSetupB a t c h  R u n s B a t c h  R u n s 

Experimental Modalities (EM):

A. Fed-batch: a continuous flow of 0.3 cm3/min of the

oxidizing mixture has been imposed, working in

C o n t i n u o u s  C o n t i n u o u s  R u n R u n ss

ExperimentalExperimental FillingsFillings (EF)(EF)::

A.A. GlassGlass spheresspheres ofof 22..55 mmmm ofof diameterdiameter.. 77 cmcm33 ofof voidvoid

(**) NICL Web-Site: http://chemistry.unina.it/nicl/index.html

Filling Spheres
1. Glass d=2.5 mm
2. AISI 316 d=2.2 mm

Characteristics
1. Length=20 cm
2. ID=1 cm

Pulse-Fed-Batch

Fed-Batch

Characteristics
1. Volume=500cm3

2. Jacketed reactor

oxidizing mixture has been imposed, working in

isothermal conditions.

B. Pulse-fed-batch: the oxidizing mixture was added
pulse by pulse, keeping the temperature in the
range 65-75°C.

A.A. GlassGlass spheresspheres ofof 22..55 mmmm ofof diameterdiameter.. 77 cmcm ofof voidvoid

volumevolume onon 1515..77 cmcm33..
B.B. AISIAISI 316316 stainlessstainless steelsteel spheresspheres ofof 22..22 mmmm ofof

diameterdiameter.. 1212 cmcm33 ofof voidvoid volumevolume onon 1818 cmcm33..

TheThe temperaturetemperature ofof thethe jacketjacket isis equalequal toto thethe

temperaturetemperature atat thethe outletoutlet ofof thethe reactorreactor..
Run

Oil

(g)

H2O2

(g)

Formic 

Acid (g)
Catalyst

Mass of 

catalyst (g)
EM

1 100 36.7 5.38 H2SO4 0.64 B

2 100 36.7 5.38 H2SO4 0.64 A

3 100 42.0 10.76 H2SO4 0.84 A

4 100 33.4 2.69 H2SO4 0.57 A

5 100 36.7 5.38 H2SO4 0.64 B

6 100 36.7 5.38 H2SO4 0.32 B

7 100 36.7 5.38 H2SO4 0.64 B

8 100 36.7 5.38 H2SO4 1.28 B

9 100 36.7 5.38 H3PO4 0.98 B

10 80 29.5 4.41 H3PO4 0.78 B

Run EF Qoil
* Qox

*
τ

(min)

TIN

(°C)

TOUT

(°C)

XDB (%) Yield (%)

EXP SIM EXP SIM

1 A 4 1 1.4 68 71 14.8 14.5 4.9 12.5

2 A 4 1 1.4 69 71 12.5 14.7 5.8 12.7

3 B 4 1 2.4 66 70 2.3 2.4 2.2 2.11

4 B 4 1 2.4 78 77 8.6 8.7 8.1 7.54

5 B 4 1 2.4 83 93 7.8 7.9 6.7 6.53

6 B 3 2 2.4 66 67 11.2 10.2 10.9 9.2

7 B 3 2 2.4 78 78 20.0 20.2 19.5 18.4

B i p h a s i c  K i n e t i c  M o d e lB i p h a s i c  K i n e t i c  M o d e l

MainMain hypothesishypothesis
a. Whitman’s two films theory
b. Partition coefficient Hj calculated by SPARC1

c. Linear dependence of mass transfer rate with the 
volume of the realtive phase:

d. Linear dependence of global heat exchange
coefficient with the conversion degree U=UO+aXDB

AqueousAqueous phasephase

OrganicOrganic phasephase InterphaseInterphase

B a l a n c e s  e q u a t i o n s  a n d  A g r e B a l a n c e s  e q u a t i o n s  a n d  A g r e ee m e n t sm e n t s

The following mass and heat balances equations are applied to all the

components involved in each phase.

C o n c l u s i o n sC o n c l u s i o n s

A kinetic biphasic model has been developed
considering:

1. All the reactions respectively occurring in the
aqueous phase (oxidation of formic to performic
acid and hydrogen peroxide decomposition), in the
oil phase (epoxidation) and at the water/oil
interphase (epoxide ring opening reaction).

2. The partition equilibria of reactants and
products, between the two phase.

3. The eventual mass transfer limitation

The model and related parameters have been
verified by interpreting kinetic runs performed in
continuous reactors.

0 5 10 15 20 25 30 35 40 45 50 55 60
0

10

20

30

40

50

60

70

80

90

100

110

120

130

 Iodine Number

Io
di

ne
 N

um
be

r

Time (minutes)

0

1

2

3

4

5

6

7

8

 Epoxide Number

O
xi

ra
ne

 N
um

be
r

0 5 10 15 20 25 30 35 40 45 50 55 60
58

60

62

64

66

68

70

72

74

76

78

80

82

T
em

pe
ra

tu
re

 (
°C

)

Time (minutes)

 Experimental temperatute profile
 Calculated temperature profile

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
0

10

20

30

40

50

60

70

80

90

100

110

120

130

 Iodine Number

Io
di

ne
 N

um
be

r

Time (minutes)

0

1

2

3

4

5

6

7

8

 Epoxide Number

O
xi

ra
ne

 N
um

be
r

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
0

10

20

30

40

50

60

70

80

90

100

110

120

130

 Iodine Number

Io
di

ne
 N

um
be

r

Time (minutes)

0

1

2

3

4

5

6

7

8

 Epoxide Number

O
xi

ra
ne

 N
um

be
r

FA PFA+

Epox PFA+ +

+H2O2 H2O

FA DB

org

aq
aq
Jorg

aq

aq
org
Lorg

org
L

org
J

aq
Jaq

aq
L

aq
J

V

V

V

V

V

A
k

V

A
k

V

A
k

⋅=⋅⋅=⋅=

=⋅=

0,

0,

ββ

ββ

( ) i
jjj

i
j VJrF

dt

dn
⋅++= ∑ ∑

Tot

rcoolexc

MCp

QQQ

dt

dT

⋅
++=

[ ] [ ] [ ] [ ] [ ]












⋅⋅−⋅⋅⋅= +
aqaq

eq
aqaqb

aq
b OHPFA

K
FAOHOHkr 2223

1 [ ] 5.2
22 aqa

aq
a OHkr ⋅=

[ ] [ ]orgorgc
org

c PFAiDBikir ⋅⋅= )()()( [ ] [ ]aqorgd
org

d HiEpoxikir +⋅⋅= )()()(

*Flowrates expressed in cm3/min
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