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Incident Number

Pamitile: Gons (R ik it Lueidemis 1234567 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30

A. Technical and Physical Causes

Mischarging X X X X X

Plant design X X X X

Mechanical failure X X X
Agitation X X X X
Quality control X X X

Malfunction X X
Technical failure X X X X X X
Venting X X X X

Leakage X X

Loss of process control X X X X X

Power cut X

B. Human and Organisational Causes

Operator error X X X X X X
Management failure X XXX
Poor emergency response X X

Organised operating procedures X X X X X X X X
Inadequate monitoring X X X X

Safety measures failure X X X X
Cleaning X X

Maintenance X

Staffing (inadequate) X

Incorrect labelling X

Incident Number: 1. FACTS (1988); 2. FACTS (1989); 3. FACTS (1990); 4. LPB (1990); 5. Pinsky et al. (1990); 6. FACTS (1991); 7. Kletz (1991); Van Reijendamet al. (1992);
8.FACTS (1992a); 9. FACTS (1992b); 10. FACTS (1992c); 11. LPB (1992); 12. LPB (1993a); 13. LPB (1993b); 14. LPB (1993c); 15. Whitmore et al. (1993); 16. FACTS (1994);

17.1PB (1994a); 18. LPB (1994b); 19. Kletz (1995); 20. LPB (1995); 21. LPB (1996); 22. FACTS (1999); 23. Lindley (2001); 24. Gakhar and Carr (2003); 25. Shu and Wang
(2003); 26. Fishwick (2004); 27. Sachdev and Todd (2005); 28. FACTS (2006); 29,30. Fishwick (2008).
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MAR(Michael addition reaction)®.
=S T3 AP JA
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Dissociation

OH

~2

4\]/0'_}4\&/0\/6}% OH

+

0

0
Michael addition reaction
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—_——

/\H/O\/YOH

0]

0]

Dimer

b HES[15]

k=l

[28 16] Miachel addition o3& At2| O ZFA

Diacrylic acid formation rate (wt. %/hr) = 5,055 x 10" exp(-10808/T)
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Krause (2014)+= 17H | O]*Jg 717 et I AGA G T A=A AA
A= QA% ofA™-AY AEF HAFS AT o] AFeA ofA-—AY L= (25
~ 75) Coll =gatda A zsdol AZHAT. AfFavZF ol A2E = 3
Ao ofZE 2] MAO(Michael Addition Oligomer)Z 2] W& 0.78% A4 ol
wet T 2700l o2 E AR 78 %7F MAOR HetH = Aoz ddtsigiv

Levy &< MAR(Michael Addition Reaction)ol &3+ o] &A|3l7} ofmadAite] &%
e 94l T stveta AQkeon, ol FAE FAstE MARS oFdh Haukgow
ko]l (130 ~ 150) J/ge= #Aa, olFAE dAdste weEH=7F =8tH0.02
mass%/ day at 25 C). Zejv} Wz 2 wnk Aoz Qs dd =7
43l MAReo] AxA oz ofmadile] &5 & Z7IA7)HA F3to] Al &)

=]

[¢)
Fujita 5(2016)2 otad4ke] 5 FF/E 2T 4 A+ MARe| dig

B
ste =438 Calvet @FAE o] &3ste] o FAERE of e} o] Y744 2
= MARS 95 ZA3sta, GPCE o] &3] MARS A4 ES gd&dt. MAO=
Aol dojus 2EREY W2 2R AAHEH A5 A e
il EE

=
11_4 JH;{
-iX

o713, dol| ==H el ofs) A= 7t2ET o B
Z7t2g AASHA Hed ol ofad Al o HF TR ET
& 98 o =4 Ak

Fujita 5(2022) Calvet € ZFA2F GC-MS, TG-DSC-MS-IRS ©]-&3lo ofaHAk
o] MAOOIA &5+ 7F2=9 MAOS WHg wWAY S s Astdeh [27 19]
ol Al MAROl| &3k o] &A= (180 ~ 270) ColA & /A= FEHA MAOZF A4
Ha e WA MAOT [28 19-al9t #©| carboxylethyl side chains 7FA WA A
st MAOAIA WHAstE F2 72E CO.9F CHyolth 195 ColddAMes [19
19-bJ¢} #Zo] HPAc, CHy, COE alE o+ Atk 390 T o] ¥l MAOOA F=
WEHe Jlas COolth mebd Esid MAOTE [29 19-c]¢t #o] CH,
cyclopropane® Z& B3 A9 CO= E3]¥th. Michael Addition €813+ &
Ao s AratZsds M B9k ofye MAO L&Akl ditsfol o3t
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Fujita 5(2019)2 o}
ARC Al A, ofadAil @aFA
M, 53] o]FAE ©EART W o] I3 fES BAAAY THFA
7} 2~ 8k & [mol/mol% ]S Bl wstd 7
A7E dFol wgl MAOd o3 AHEL 7t2agis o] B2 <o 4HE& A5
B e 93] vk AEAJT. E3 olFAl= nEgA EafikE<l
Fomam e B EHu o AME e
A | Za Aue o[y 18]S 8 B2 4 £F3 Michael 7159 S &

o AR Auel ez Ay #d e s

N
N
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—_
S
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X
f
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o
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N
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i
o
Y
o
[\
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juv)
=
o,

150°C~
L[I CH
(Il Cll CH CH
| ) i + H,0
COOH coou 0;‘ \O/i X0
Poly (acrylic acid)
170°C~ -
TN P z\‘/"'
HC CH
— \C - +co,
Il
0
300°C~ -
T R
e HC————CH +C0

[28 17] poly(acrylic acid)el P& MHYS[15]

Increase frequency of
crack generation

Increase severity of
BLEVE in certain filling level

When filling level is
above a cerlain value,

] Crack generates at higher temp. ‘ e BLEVE of water may occur
Thermal decomposition | .4 causes severe impact
of polymer '

nventional scenari
Cor o o L,

- A
Closed system Residual monomer
vapor
Acrylic acid C> Tank destruction
Radical inhibitor Thermal explosion,
Michael addition reaction viscosity : 1 VCE, BLEVE...
Temperature : T Temp.é& Press. : T
Temperature [ Polymerization ‘ [ Crack generation J
deviation 254 starting on the tank
p 3 _ Increase frequency of
¢ Residual monomer Low- molecular crack generation
Progress of gases I
| Michael addition reaction Acrylic acid E> |:> Tank destruction

o O Polymer of
o Michael adducts D)
+ Decomposition

products

Radical inhibitor
Michael adducts

Decomposition of Michael adducts
and their polymer generates
higher pressure than monomer.

o 9

Temperature :
Accumulation of
Michacl adducts

[O8 18] ol A &3 Z4F AL 2H[15]

Further reaction of }
Michael adducts

V. Abmojurcis 29



(a) Propagation of MAO polymer (180°C)

HaON HaON HaCn HaCn ch\
G- go ¢

o ¢o -0 ¢-0
P + ©Q Q Q Q
GoHs  GaHy CaHy GaHs GaHy
COOH COOH  COOH  COOH  COOH

< =

L RO HaON HeCn
-0 ¢-0 ¢c-0

g0 ¢go ¢
O Q + 0 + QO + O e
CoHa GoHy GaHy GaHa CaHa

COOH COOH COOH COOH COOH

< -

¢-0 ¢-0 -0 ¢-0 -0 -0

O Q9 0 Q@ 0

1 1 1
CeHa GaHa CoHa GaHa GoHa GoHy
COOH COOH COOH COOH COOH COOH

e

(b) Thermal decomposition of MAO polymer (195°C)

G=0 =0 (-0 ¢-0 (=0 G-O
0 0 o) o) O O

CaHy ,.92H4 CQH4H,-(|32H4 CoHy CoHy
COO ' COOH COO COOH COOI—J__C_.O_S)H

C,H,4 CoHy CoHs CaHy
CO, HPAc CO, HPAc co, COH0

~l L~

(c) Thermal decomposition of MAO polymer (390°C)

co, co, CO, CO, GO, CO,

g, ©0, ¢4, @O, o, o,
[O8 19] 180 To|&tollAl MAO(Michael Addition Oligomer)2| HFZ[20]
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1. Michael addition ii. Polymerization starts ?ili. Temperature reaches jiv. Discharge
reaction starts and b.p. of acrylic acid flammable vapor
increases tenperature (141°C)
—Cooling and venting | —Cooling and venting | — Venting —Removal of
| | ignition source
Qutcomes Stages
Success
"Recovery
*Judge to deal with contents
ﬂ_“:;m;e;‘;‘gc deviation Success 7 ::f:::::t S 1. Quality control
*Judge to deal with contents
Failure Siicess as product or waste
——-| * Recovery to stable
condition
Success *Release harmful 11. Safety control
material into the
Failure environment.
Failure
*Ignition-type explosion
Eailure 1. Out of control
*BLEVE induced by
I runaway polymerization
- - il * BLE VE after Michael
Tank filling level is more than 15% adducts accumulation Worst Scenario
I and decomposition
[23 20] Event Tree HElQ| AlLlZ|2 Aaof mtE oHMCH& [15]

Fusita &(2019)= %% Event Tree @9 AUe] o2 SHAHAS AASATH L
g 20]. ¥ 2 #2](Quality control), A #2](Safety control), Alo]&5(Out of control)
o Al GAZ el 9% WAE AWstnd sgon, Auget AceERs 2%
CF R A, S5 wUe) 2597 g} Amgel 54 @5 A4
BE AR eE Aoy G AP, o] A FAF qAS A A i
a1 JHe AgE FAstE Aolth Michael #7H=9 & Aol 3 #e G
o, MAR®] 7h&3tE Wxskr] ol Wl Al F]lo] dasiy BA 2
©7} 150 T2 2nsE Qasu g449 Tl BAAH 9% W 2 Ae
Axge ngse APz Af GUEe g2 2 gelo] BHUA AEaH e
HAop w7 2ge] ZhEsttes fFald S bz wlER <l S0 dFS
WA 4 ootk Fhx Fel Asgel dg A9 el washe wylsk Asstes
BLEVEZ} #4& 4 glo] 244l disalob dh,
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