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1. Scale-Up of hazardous chemical reactions
Focus: Continuous reactors
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Type B
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Type C

=» Focus for this presentation: Type C Reactions
=>» A continuous process would lead to a safety or quality advantage.

Type A reaction

» very fast (< 1s)

* take place mainly in the mixing zone and
are controlled by the mixing process

* Normally <0 °C.

Type B reaction

e Rapid (1s ... 10 min)

e predominantly kinetically controlled
* Challenge: Control of the heat flow!

Type C reaction
* Slow (> 10 min)
* Would suit batch/semi batch processes

D. M. Roberge et al., Chem. Eng. Technol. 2005, 28 (3), 318-323

Prof. Dr. A Zogg, 10.2025, 8
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1. Scale-Up of hazardous chemical reactions
Focus: Continuous reactors
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1: Scale-Up of hazardous chemical reactions
Thermokinetic reaction models based on DSC data

({4 14
DSC”-Workflow Thermokinetic simulate
Reaction Model behavior in
Eg. n"th order or Benito Perez Scale-Up
oo 2500 Specific decomposition power AFTER optimization
* Simulation, quec = 583 [kJ/kg]
/\ Experiment: LM PVAC 4K 0119,10.2025 14551 O Experiment, qgec = 589 [kJ/kg]
I
[ LM_PVAC_4K_01,9.7000 mg
/ \ Sample Holder: HP Gold Plated 40ul Reactor
Model
Eg. non
& isothermal tanks
Investigated oo in series model
Reaction
0 -
-50020 4I0 GID SID 1 CIJO 1 éD 1 tllO éD 1 éO 2CI)D

Reactor Properties

Eg. Heat transfer, flow
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1: Scale-Up of hazardous chemical reactions
Limitations of the “DSC-Workflow”

* Due to practical reasons, it is often not feasible to get a representative mixture of the reactants
into the DSC crucible to observe the desired reaction. E.g. volatile reactants, suspensions etc.

* Is asmall sample of a few mg representative for the bulk material?
* The mixing of the reactants might not be representative for the later application.
* Does the surface of the crucible have a non representative catalytic effect on the thermal signal?

* There is no information about the pressure and the potential formation of gaseous side products.

* Isthe T(t) ramp representative for the later application?

Prof. Dr. A Zogg, 10.2025, 11
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2. Requirements: Larger sample, pressure measurement, agitation

Mini autoclaves without agitator, with pressure measurement

Autoclave for Autoclave for

test sample reference sample

|

two-piece cover

Heating block(Al,

Junction box

Handle

Connection to
temperature controller

https://www.systag.ch/wp-
Whitmore, M. W. & Baker, G. P. Investigation of the use of a closed pressure vessel test for estimating condensed phase

content/uploads/2020/01/Thermisches_Sicherheits Kalorimeter_flex

tsc_deutsch.pdf explosive properties of organic compounds. Journal of Loss Prevention in the Process Industries 12, 207-216 (1999).

Reactors for low phi-calorimeters Agitators

Knorr, A. et al. A closed pressure vessel test (CPVT) screen for explosive
properties of energetic organic compounds. Journal of Loss Prevention in
the Process Industries 20, 1-6 (2007).

https://www.arcspares.com/products/arc-bombs

https://store.fauske.com/

https://www.omnicaltech.com/dsc.html

Stirring system

Helix-shaped piercing Tool

Container 2 with liquid

Membrane

Container 1 with powder

Output to
Pressure
Sensar

Push Rod—
or Input Tube

Glass —]
Container 1
with sample 1

Glass —]
Container 2
with sample 2

https://pdf.medicalexpo.com/pdf/setaram-instrumentation/c80/112816-
175387.html

Abb»ﬂdung 2.

Entspannung

%

PAI:

575
ol o

J. Schmidt, F. Westphal, CIT, 69, 776, 1997 (BASF & Hoechst AG)
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2. Specifications of the “high-phi-factor” calorimeter

Max. 300 bar
Max. 250 °C
Hastelloy® C-22, 2.4602
Reactor volume: 125 ml|
Blow-Down-Tank: -1/+6 bar, 20 L, open via safety valve, N,.
Calibration heater
Pressure transmitter:

0 ... 300 bar, 20 ... 300 °C (no capillary!)

Originally designed for the measurements of explosion in the gas phase under reaction conditions:
1) Zogg et al., Kontinuierliche Ethoxylierung, Pharma Forum 25.04.2024, FHNW-Muttenz, https://irf.fhnw.ch/handle/11654/45972
Jan Skula, Master-Thesis FHNW-HLS, F. Hoffmann — La Roche, 2017. 2) Leonhardt et al., Chem. Ing. Tech. 2017, 89, No. 4, 432—-439

Prof. Dr. A. Zogg, 10.2025, 13
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2. Specifications of the “high-phi-factor” calorimeter

Mass of the reactor Reactor volume Vp

wall mpg,y relevant for the @ and thickness of the reactor
ohi-factor wall sp relevant for the heat
transfer

AN

—7 :
e

.

AV 3
N /“////

Mpw = 4.4 kg V] = 1.1 Liter VR =125 ml

SRW=7mm

PROJEKTARBEIT 5. SEMESTER, FHNW-HLS, Control of the internal temperature of an agitated vessel with or without chemical reaction in MATLAB SIMULINK,
This Zahnd, Benedikt Bronnimann, Andreas Kiimmel, Process Automation, 2024 Prof. Dr. A. Zogg, 10.2025, 14
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2. Laboratory safety aspects of the
“high-phi-factor” calorimeter

«high-phi-factor»

DSC «low-phi-factor»
calorimeter

Reactor wall

Reaction mass

phi-factor
Adiabatic temperature rise (example)

Adiabatic temperature rise
phi-corrected

calorimeter
4.4 kg
414 kJ/kg
55¢g
2000 kJ/kg

18
250

13@

1l4g 35¢g 5700 kg
414 kJ/kg 414 kJ/kg 414 kJ/kg
5mg 80¢g 16t
2000 ki/kg 2000 kJ/kg 2000 kJ/kg
59 1.1 1.1
250 250 250
4 230 230

The advantage of a «high-phi-factor» calorimeter is that the thermal mass of the reactor wall can act as a cooling source.

but ...

Prof. Dr. A. Zogg, 10.2025, 15



n University of Applied Sciences and Arts Northwestern Switzerland

2. Laboratory safety aspects of the
“high-phi-factor” calorimeter — Simulation

350 ATipry ~ 40K  of
Ty - Sensor, Simulation 2 ol
300 T:R - Simulation % 120l . L
@ S L T%, - Simulation E 1ol Coollng within a few
““" T, - Simualtion 100 minutes EXPECtEd /
d | e 250 Trw - Simualtion = -> Trlggerlng of 3
:Z N %) rel potential decomposition
( — reactions unlikely
2 Y ul —
@ i A g 200
;l | Fr e I
< 2. 150
e - - ¢ E "th d ti
b s /\ L = L . & n oraer reaction
. o0, 100 | EA = 180 kJ /mol
) AT, = 250 K
50 | e, ad
Heatingrate: § = 1 K/min
U | 1 | 1 | 1 | ]
w 0 0.5 1 1.5 2 2.5 3 3.5 4
Overall heat transfer coefficient: kp; = 300 —-

m=-K

Time [h] Prof. Dr. A. Zogg, 10.2025, 16
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2. Laboratory safety aspects of the
“high-phi-factor” calorimeter — Simulation

350 _ i 350 | . 350 [ . ,
Tf—S?nsor.TSimulation B = 1 K/mln B — 2 K/mln ﬁ = 4- K/mln Tf—S?nsor.ISimulalion
300 - T{‘. - S!mululron 300 | 300 I T{( - S!mululron
--------- T4 - Simulation seeeseeee T% - Simulation
T, - Simualtion T, - Simualtion
250 F Trw - Srimuallion 250 F 250 - Trw - S_imuullion
o o © !
g 200 5 2001 5 200} .
%150“ %150— %150_
= e =
100 - 100 / Tg- Sensor, Simulation | 100 -
T‘R—Simululion ATad - 250 K
50 s S | ;; —;imulzll-ion 50 b
7 - Simualtion ~
- - Ty - Simualtion - AT"exp" ~ 200 K
% o5 1 15 2 25 3 35 4 % o5 4 15 2 25 3 35 4 % o5 4 15 2 25 3 35 4
Time [h] Time [h] Time [h]
Measures and considerations for laboratory safety:
1) Simulate the experiment before measuring! - Ty Semor Similaion
— T'}‘. - Simulation
2) Start with a low temperature ramp and verify the reaction model afterwards! =20 | ... T - Simulaion
. . . 2 e T'; - Simualtion
3) Be careful with high heating rates. Z 200} Ty~ Simualion
4) The temperature peak cannot be measured (time constant of the sensor)! £ ool . T
5) Could the short temperature peak trigger a decomposition reaction? B - A\
. o 100 :__————'_"!_-‘__;’_\ L I 1 L 1 1
6) Does the rupture disk / pressure sensor withstand the pressure-peak? 116 118 12 122 124 126 128 13 132
Time [h]

Prof. Dr. A. Zogg, 10.2025, 17
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2. Laboratory safety aspects of the

“high-phi-factor” calorimeter — Simulation

350 350 350
Tk - Sensor, Simulation T - Sensor, Simulation AT”exp" =~ 2 OO K Ty - Sensor, Simulation
T’ - Simulation 7% - Simulation T} - Simulation
300 | e 300 - - 300 F A
--------- T4 - Simulation wreeveens T% - Simulation seesseess T - Simulation
T, - Simualtion T, - Simualtion T, - Simualtion
250 b Trw - Simualtion 250 - Tgrw - Simualtion 250 + Trw - Simualtion
§ 200 é 200 2200-
= = =
= 150 + 2 150+ 2-150—
: 2 3
= =
100 + 100 - 100 +
— = 50 - —
50 EA =50 ki/mol 50 - EA =120 kJ/mol EA = 180 kJ/mol
0 1 L 1 1 1 1 J
O L 1 L 1 L 1 L ] O 1 1 1 1 1 1 1 ]
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 35 4 0 0.5 15 Timi [h] 25 3 35 4
Time [h] Time [h]

=>» A low activation energy in the model is not “conservative”, conservative reaction models have a high activation energy.

=» Important for Scale-Up: Reaction models with wrong activation energies can be detected!

Prof. Dr. A. Zogg, 10.2025, 18
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3. Application example: Polymerization of vinyl-acetate

H,C 0 / CH, N "
~ Dilauroylperoxide N '
> YCH,
- .-./L'H'
Vinyl Acetate C
Poly Vinyl Acetate
Anisole

Gustin, J.-L. & Laganier, F. Understanding Vinyl Acetate Polymerization Accidents. Org. Process Res. Dev. 9, 962-975 (2005). Prof. Dr. A. Zogg, 10.2025, 19
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3. Polymerization of pure Vinyl Acetate by DSC

hano ILM VAe 01 08.10.2025 09:08:45

ATad =~ 510 K HJCTD\\:{/GHI
ARH!AC ~ —85 kJ /mol 0

ARHXLAC = —89 k]/mol *) / Vinyl Acetate

Integral 3308.23 ml i
nomalized  1002.49 Jg~-1 \
1 Onset 338.78 °C y
Wg~-1 Peak 390,68 °C |
Left Limit 195,08 °C )
Right Limit 446.52 °C )
/ Left bl Limit 195,08 °C

Rightt bl Limit 446.52 °C
Baseline Type ne

Left Area 75.06 %
Right Area X h
Partial Area

Heating rate: f = 4 K/min e

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 3B0 400 420 440 460 480 =C
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 20 95 100 105 110 115 min
Lab: METTLER STAR® SW 19.00

*) Roberts, D. E. Heats of polymerization - a summary of published values and their relation to structure. J. RES. NATL. BUR. STAN. 44, 221 (1950). Prof. Dr. A. Zogg, 10.2025, 20
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3. Decomposition of pure dilauroyl peroxide by DSC

“exo
Integral 5055.62 m]
normalized 789.94 Jg~-1
Onset 83.81 °C
Peak 105.58 °C 0
Left Limit 7043°C
1 Right Limit 140.29 °C 0 CH
Left bl Limit 70.43 °C H.iC 0 !
Right bl Limit 140.29°C
Baseline Type line o
Left Area 52.10 % :
Right Area 47.90 % Dilauroylperoxide _
Partial Area 100.00 %
N : }I—nﬂ'mﬂT Thﬁ\._ 3 : J
5 AT,y ~ 530 K
Wg~-1
DLP
DLP __ *
Heating rate: f = 4 K/min
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 °C
[‘Ill by ity T i L . iy Ly L e T T r—ir T e T iy T e T L e | T L s T L T i L T iy ity ity I A T ri—lyl—ty e T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 min
Lab: METTLER

“) Zang, N., et al. Thermal stability of lauroyl peroxide by isoconversional kinetics evaluation and finite element analysis. Journal of the Taiwan Institute of Chemical Engineers 45, 461-467 (2014).

STAR: SW 19.00

Prof. Dr. A. Zogg, 10.2025, 21
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3. Polymerization of Vinyl Acetate in Anisole by DSC

"exo
Anisol wt% 62% . i
\I;iLnPyI acetate w::f iﬁ:ﬁ) ARh ~ —350 k]/kg Heating rate: ,8 =4 K/mm
o y Agh = —349 kJ /kg ™
(il RA=— J/kg
1
(it
,I
il
I
1 &\ v wmom @ Investigation in a “high-phi-factor” calorimeter feasible
Wor1 | '\ o 1025 » o
J' ..h = o =% No safety relevant decomposition up to 440 °C
]Il II",: ’_;;:;1 \>)|‘-I ::m: ﬁé]z;if I:t;g-ui:lized :;43%‘211};‘9-1
f III Baseline Type line Peak 334,61 °C
| \ Left Limit 298.98 °C
| I Right Limit 378.12°C
\ Leftbilimt  298.98°C
| h Right bl imit ~ 378.12 °C |
\— el N\ Baseline Type line .
] 3 LR LU RN T — ~ B 3 AT 50 K l.
_{_.__al_[“'[ ..... i T
AR Hm ~ _105 k]/mOI_VAC | ”'““J[I----i:l’.::;m.'.-;n
0 60 80 100 120 140 160 180 200 20 240 260 280 300 320 340 360 380 400 420 440 °C
Lab: METTLER STAR® SW 19.00

“ICalculated based on literature values of the pure reaction and decomposition enthalpies: AgH}A¢ = —89 kJ /mol & ApecHBEP = —217 kj /mol

Prof. Dr. A. Zogg, 10.2025, 22
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3. Calibration of the “high-phi-factor” calorimeter
& measurement of the baseline

Calibration of the p and T sensor:
Vapor pressure of pure Acetone

30 _ I T I -
' Messdaten roh /
Antoine-Gl. Literatur [4.3646 1279.9 -35.65]
. PPDS Gl. 7, [HA,2nd,D3]
25+ T T
f;
20 +
'g‘ .
3 .
= 15+
= .
E |
D ]
10 +
5|
| >
ok
L 1 1 | | 1
-50 0 50 100 150 200

Temperatur [°C]

25

Pressure [bar]

0.5}

Y
()]

—

20

Measurement of the baseline:
Pure solvent = Anisole

B =2 K/min

p“* measured

p® CHEMCAD
p‘® NIST /

— % I [ S IN—
40 60 80 100 120 140 160
Temperature [°C]

N S —
180 200

Prot. Dr. A. Zogg, 10.2025, 23
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3. Polymerization of Vinyl Acetate in Anisole in the
“high-phi-factor” calorimeter

200 + 10 Calibration of the overall
heat transfer coefficient:
180 + 19 _ w
kR] ~ 700 m2-K
160 g
140 | | 7
O T
E‘ 120 16 E
B =2 K/min £ 100} 15 £
3 S 7
£ 80 Reaction ? AR 14 O
P | \ o
AT, ~ 130 K il y o I’
I~ ¥ | . ,
ad a0l 7 | Formationof | 1P
Anisol wt% 70% )i decomposition . _;@
Vinyl acetate  wt% 20% | Ny ]
DLP wt% 10% 20 gases ? 1
O L | | | | | | | | O
11:.00 12:00 13:.00 14:00 1500 16:00 17:00 18:00 19:00
Date & Time Oct 08, 2025

Prof. Dr. A. Zogg, 10.2025, 24
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3. Polymerization of Vinyl Acetate in Anisole in the
“high-phi-factor” calorimeter — overlay with baseline

200 F T T T - —%thm,whw\f 200 10 T T T T T 10
’ /A Pr + 1 bar Formation of
— — — lJszeat / i 9+ p eg = 9
180 | .. e i 180 " decomposition
“““ Tou 8| gases! g
160 + Tr 4160
TJ.set 7 7
Tuin I ]
140 | —.—— Thou | 140 Reaction
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3. Polymerization of Vinyl Acetate in Anisole in the
“high-phi-factor” calorimeter
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4. Summary: Scale-Up of hazardous chemical reactions
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Reactor Model

“High-phi-factor” calorimetry workflow
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Outlook

* Repeat baseline measurements with anisole (2 K/min and 4 K/min)

* Optimized temperature sensor with smaller time constant.

e Separate temperature sensor for the gas phase.

* Derive dedicated first principles correlation equations for the heat transfer coefficient.
* Pseudo adiabatic measurements with pressure relief.

* Perform a classical reaction similar to Tian et al. 1)

* Validate the reactor model in a pilot scale continuous reactor.

1 Tian, Y. M. Lanz, P. Hoehn, X. Wang, J. Wiss, Ch. Heuberger, J.L. Schmuck, - X. Jiang, J. Wang, - Y. Ding.
Application-based calibration method for calorimeter FlexyTSC SEDEX. J Therm Anal Calorim 150, 6117-6125 (2025).
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Thanks a lot
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