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Integrated Process Design and ; BAM
Intensified Processes

Process
Current Trend: Hybrid Modular Plants

Simulation Laboratory Miniplant

_

Micro Reaction Technology Modular Production
(Example: Fraunhofer ICT, Pfinztal/D) (Example: Foster Wheeler AG, Zug/CH)
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Integrated Process Design and ; BAM
Intensified Processes
Example: Continuous Flow Production of Pharmaceuticals

R Modules __________ 2

m m () v ) V1) (Downstream)

S PLITS

nt pharmaceuticals

]

Productions

%ggnmwusum W Packed-bed colsmn (IED) MS cariridge ) Charcoal cartridge 75 Haster

[ Mombrane-based separator ﬁmmm @ intine pumo ~§i] Wast cofiection

A. Adamo, R. L. Beingessner, M. Behnam et al., On-demand
continuous-flow production of pharmaceuticals in a compact,
reconfigurable system, Science Science 352(6281), 2016, 61-67
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Process Automation ; BAM
The Classical Automation Pyramid - is Outdated!

ERP = Enterprise Ressource
Planning
' \ MES = Manufacturing Execution
ERP | | Model-based System
R n— Control? PLS = Prozessleitsystem
[APC =  Advanced Process Control |
enterprise network (LA SCADA = Supervisory Control and
Modular ' Datpa Acquigition
Set-up? SPS = Speicherprogrammierbare

Steuerung

Self-
Calibration?

PLS

classical field bus
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Current and future requirements to ; BAM

process sensors
Sensors go smart

= Use of ,complicated" sensors has to be simplified towards
~plug and play"

Connectivity and Maintenance and Traceability and  Virtual
Communication Ability Internal Functions Compliance Description  Interaction Ability

+™o
» e nasasrs.
&. OPC-UA '. ’. "
o

= Smart process sensors are important parts of cyber-physical
poduction systems and generate new business cases for users,
instrument manufacturers, and service providers.

~Smart" sensors provide services within networks and use
information out of the network.
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Virtual Description, Simulation ; BAM
Towards Cyber-Physical Production Systems (CPPS)

_ ~

“Cyber-Physical Systems (CPS) are integrations of computation with physical
processes. Embedded computers and networks monitor and control the physical
processes, usually with feedback loops where physical processes affect

computations and vice versa”. E. A. Lee, Cyber Physical Systems: Design Challenges,
EECS Department, University of California, Berkeley, 2008

Development Virtual Mode Production Usage and Maintenance

Process Sensor ““““ .‘
(CPS)

Type Instance

R sensor

Development( Virtual Model Production  Usage and Maintenance
I X 2 Process
Production Sytem m xﬁ o
(cpps) N
. ale _/
ype Instance
Development\ Virtual Mode Production Usage and Maintenance
Production Plant i \‘ it
> e >

—_— Type Instance
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Maintenance and Internal Functions

< BAM

Example: Revision Planning of Control Valves

Sensors in direct vicinity of valve

Life time
Pressure sensor
Flow sensor

Cavitation
Corrosion load

Mainenance actions are directly ordered by Enterprise

Ressource Planning (ERP) Software
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Revision schedule

Concentration of abrasive particles

Turbidity sensor

, Temperature sensor

Thermal load

o

EUROSENSORS 2017, Paris, France 7

Perspectives

< BAM

Sensor Image within Industrie 4.0/110T Network

Manufacturer
Data

(i

Validation

Industrie 4.0 Network

"New World"

conventional
World

classical field bus

Administration Shell\ ‘ Administration Shell ‘Administration Shell

Firewa” ---------------------- T 4

Things without a connection
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< BAM

Perspectives 11
Simplified Progamming using Mobile Devices

Manufacturer

enterprise network

= ;
===y Firewal'l E.’)) EL ((“u
D

Administration Shell\ Administration Shell \ ‘Administration Shell
H ' H

conventional
World

Things without connection

classical field bus
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Perspectives 111 ; BAM

From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Acquisition Data evaluation Decision

Sensor

Prop. _ |culon .= x| manual data
Vi lab PC = processing

Past
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Perspectives 111

From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Sensor

Acquisition

Data evaluation

< BAM

Decision

Past

Present

prop.

bus

prop.

bus

Lol . manualdata -=====J trial and error
lab PC - processing

|runtime field | ocess control
environment (PLC) | bus |system

GUl on em- field

bedded PC bus
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< BAM

Perspectives |11
From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Sensor

Acquisition

Data evaluation

Decision

rop.
Past Ll Lol R manualbdata -=====J trial and error
T lab PC processing
o . Prop. _ |cuion em- field | time field process control
resen e bedded PC bus |environment (PLC) | bus [system

Future
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field

bus

runtime
environment (PLC)

process control
environment

EUROSENSORS 2017, Paris, France 12




consens

Example

< BAM

CONSENS: Smart Online NMR Sensor
for Advanced Process Control
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Process Analytical Technology for

Intensified Processes

Examples from BAM, Berlin

< BAM

Trends. Anal. Chem.
83 (2015) 39-52

Catalysis:

in micro emulsions

) : Hydroformylations of C12-alkenes

CO, H, R
R — R +

catalyst ~"cHo CHO
Alkene n-Aldehyde iso-Aldehyde

N

4 gqNMR (Metrology)\:
Gases and
condensed phases
up to 1000 bar

J. Magn. Reson.
275 (2017) 1-10 )

(@ Method development: )

Esterifications

Meas. Sci. Technol. 28 (2017) 035501 + 035502)

[Pharmaceuticals:
Liberation kinetics

Tabletien-Zerfall

g Weibull-Fkt.:

S

| (model reactions)

J. Magn. Reson. 249 (2014), 53-62

Id o9
e ol == 111
| fent =% :

()’
I=l(1-e"%)

’ * ottt ' -
\J. Mol. Structure. 1133 (2017) 18723j

KK\as Meyer, PhD

o1
Humboldt University, Berlin, 2016

)I\ _HpS0s o
HO

Magn Reson. Chem. 54 (2016) 513-520

c/\o)k )

Catalysis:
Hydrogenations

W
CH, —Cm=C—CH, <

‘

palladiumchemicals.com

Ey
—— CH,—CH=(CH—CH, — CH —CH,—CH,—CH,
|

J L bu b 7 b du

r

Lithiation reactions

Reaction Engineering:

[Reactlon Engineering:

J. Magn. Reson. 277 (2017) 154-161

FNE Aniline Li-HRADS NDOP& HRADS. Gy
[ [ NGy g * o ACK* DNEU: §
2 Fi (Jj . a 1. . = - P B g
Py las @ L e )
k o J \ A B C

Photo reactions (,click chemistry™) '_ .




Continuous Lithiation Reaction Set-up ; BAM

Flexible Intensified Continuous Plant

DCS Performance Sensor Failure Plant-wide

Monitoring Detection optimizing control

Cmmunicaton: WLAN,Ethernet, OPC-UA, HART

d ! ! = Containerized modular plant
m m m .................. \Source: INVITE Gr;bH ]
L] L L = Standardized
plant modules
] ! == "“Plug & Produce
_ . . | || ontine || £ " i | = Miniaturized
NMR flexible equipment
S S S | sensor J| . | = Local control (LC)
L1 T
= Fast and complex exothermic reaction
* Hazardous and inflammable substances Example: Lithiation reaction
- Explosion protection!
LHHRADS HIDS

= Prone to fouling & clogging

= Multi-objective constrained
optimization %qsg»"mmsk—' ‘@ iugcjgﬁ‘"‘s-‘(m ) L
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Conventional and Smart Functions ; BAM
Enabling Runtime Environments

O) coNsens

T e T e A RS,
INTEGRATED CONTROL AND SENSING

Fast ATEX proof
= Field Bus
>, a ©
1 . S !
Ei o OPC-UA Server
N
~
Eomm B S
ATEX u u l %&a
CO/) /7@
Failsafe Functions: Conventional NAMUR b@o ,\\\70
* Leakage control 4-20 mA Status Signals /0’76/\\* O’“/O
~

* Temperature Failsafe

+ Sample Pressure ’ ‘&‘ & M/O/“/O,\\s
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Reaction Monitoring in Lab-scale ; BAM
at BAM

Syringe pumps

Thermostated
Glass - transfer tubes

1_2_' reactors

500 MHz NMR
Spectrometer
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Nuclear Magnetic Resonance (NMR) ; BAM

Direct Comparison Method - Calibration Free!

H radio frequency pulse

ground state
W
- ) ‘ signal
excited state i L t..

‘ } } ‘ i energy

/

individual ‘
\ J‘h NMR signals | | J A

80 75 70 65 B0 55 50 45 40 35 30 25 20 15
chemical shift &/ppm
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Proton NMR Spectra 500 MHz vs 43 MHz < BAM

Lab Experiments in Batch Along Reaction Co-ordinate

High field (500 MHz) W Low field (43 MHz) -
x10° 3
3 5 C T T T T T T T ] 20000 FT T T T T T T T
’ start of reaction start of reaction
3 end of reaction | ] end of reaction SO|V nt
3'25 315000* HIYIDS
| R \ N\
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> = L
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12000 - start of reaction - 1000 startof reaction
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0 n n s — . . 0" . | | | | | | |
7.5 7 6.5 6 B15) 5 4.5 4 9 8.5 8 7.5 7 6.5 6 B1b) 5 4.5 4
chemical shift, 8/ ppm chemical shift, &/ ppm
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IHM — ,,Component Fitting* ; BAM

Interpretation of Experimental Data with Pure Components

Pure component models Deconvoluted spectrum
e | . n H H ” L —
g E._‘ » ﬁ‘ Analysis > “component fitting &Qg g - l*
L —-— | 1 Q ik ||| |-.
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Results: Reaction Characterization

Lab Experiments in Batch along Reaction Co-ordinate

3 semi-batch reaction with variing starting

concentrations
1500 Spectra for each HF- and NF-NMR

05 &
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N ¢  oFNB %
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0.5

Molar concentration ¢ / mol L™!

< BAM

Classification of steady states

o ol

Aniline (LF)

NDPA (LF) | 1

OFNB (LF)

«  Aniline (HF) |
© NDPA (HF)
© ofNB(HF) | |

0 01 02 03 04 05 06 07 08 08 1

Time,

Reaction Scheme:

e Anilioe LA NPPA
Be,
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21

pump rate

Validation of Lab Experiments

in Tube Reactor
Continuous Lithiation Reaction Set-up at BAM

Mixi

ng

\\\
N\,
\,
\,
N\,
N\,
\,
\\
Step tracer experiments .
15 : . : . 15
Step 1 Step2 Step 3 Step 4
03:27 03:20 03:10 03:23 LF, £/ min .
08:55 08:49 08:35 09:09 HF, £/ min 3
1F 1 T
——pump rate o
—e—LF-NMR 5
—e—HF-NMR H
g
0.5 05 £
S
E
2
0 0
00:00:00  00:10:00  00:20:00  00:30:00  00:40:00  00:50:00  01:00:00  01:10:00

Time, t/ hh:mm:ss
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< BAM

( Low-fieldNMR ) (_ High-field NMR )

|

N
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(e ) LENWR 2
1/8" tube reactor '

115
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Validation Instead of Calibration ; BAM
Variation of Set-Points according to Experimental Design
Low-Field versus High-Field NMR Spectroscopy

1 A1 I Y
H —rr-Toidin ~ LF-Tolidin ! oy
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Validation Instead of Calibration ; BAM
Variation of Set-Points according to Experimental Design
Low-Field versus High-Field NMR Spectroscopy

‘ :5:.
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: CE) 0.7 | 41 Li-Toluidin -
= = ¥ Li-MNDPA
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Example: Smart Online NMR Sensor ; BAM
Validation at Bayer/INVITE in Leverkusen

lurce: INVITE GmbH
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Further Sensor Projects at BAM ; BAM

The range of areas covered includes

= Development of sensor materials

= Impact of traffic loads on bridges

= Detection of air pollution

= Spread of flammable gases
following traffic and industrial
disasters

https://www.bam.de
- Topics > Analytical-Sciences
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consens < BAM

— Thank You!
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