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Integrated Process Design and ; BAM
Intensified Processes
Current Trend: Hybrid Modular Plants

Simulation Laboratory Miniplant

Micro Reaction Technology Modular Production
(Example: Fraunhofer ICT, Pfinztal/D) (Example: Foster Wheeler AG, Zug/CH)

21.-22.08.2017 M. Maiwald, BAM, Sensor Roadmap 4.0 SCS Fall Meeting 2017, Bern/CH 2



Integrated Process Design and ; BAM
Intensified Processes
Example: Continuous Flow Production of Pharmaceuticals
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Fluoxetine hydrochloride (4)

Flowdirection i

@@@ 30 mL, 10 mL, 5 mL reactors SR Packed-bed column (X} MS cartridge ] Charcoal cartridge (9 Heater

@ Sonicated reactor pX Back pressure regulator [G].. Multiple downstream units [ Reagent/solvent delivery
Membrane-based separator e Gravity-based separator (@ In-line pump —§@) Waste collection

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
The Classical Automation Pyramid - is Outdated!

< BAM

ERP = Enterprise Ressource
Planning
MES = Manufacturing Execution
ERP OUEI=Dasel System
ONLra PLS = Prozessleitsystem
APC = Advanced Process Control
enterprise network (LAN SCADA = Supervisory Control and
olzllz Data Acquisition
=LUp - SPS =  Speicherprogrammierbare
Steuerung
automation ork
i A
a q PLS APC alib .
classical field bus
.......... |
PLC
@ @ @ T
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Success of Technology Roadmaps ; BAM

VOi#VDE -Gesellschaft
I VD "o unt Actonisersn echnik @

Thesen und
Handlungsfelder

Technologie-Roadmap
.Prozesssensoren 4.0"

November 2015

2006 2009 2015

The former technology roadmaps , Prozess-Sensoren 2005-2015"
(2006) and , Prozess-Sensoren 2015+" (2009) were a valuable basis
for all enterprises in the process industry
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Current and future requirements to ; BAM

pProcess sensors
Sensors go smart

= 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.

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

+™o
N a L pe ., s
&. OPC-UA Certificate | | ] . ...' :
‘et L T
e [ | )
|

= Use of ,complicated" sensors has to be simplified towards ,plug and
p|ay\\

Interaction Ability
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Continuous Engineering, Simulation ; BAM
Towards Cyber-Physical Production Systems (CPPS)

_ —~

(“Cyber-PhysicaI 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

~

com putations and vice versa”. E. A. Lee, Cyber Physical Systems: Design Challenges,
\ EECS Department, University of California, Berkeley, 2008 )
Development Virtual Model Production Usage and Maintenance

:: ...... .‘.' .‘-.. \
Process Sensor e ERY
(cPs) 3 |

Instance

Production Usage and Maintenance

- Iy Process
Production Sytem ¥ % ‘l o t@)
(CPPS) Ly {%} />

Instance

Production Usage and Maintenance

) >

Instance
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Maintenance and Internal Functions ; BAM
Example: Revision Planning of Control Valves

Sensors in direct vicinity of valve Revision schedule

Life time
Pressure sensor

Flow sensor

Concentration of abrasive particles

Turbidity sensor

, Temperature sensor
Cavitation

Corrosion load Thermal load

Mainenance actions are directly ordered by Enterprise Q#
Ressource Planning (ERP) Software
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Perspectives ; BAM

Sensor Image within Industrie 4.0 Network
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Administration Shell

‘--.~
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‘--.N

_ "New World"
PITEAR] mmos en mcn ci im 2 o v is a
conventional

World

classical field bus
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Perspectives 11 ; BAM

Simplified progamming using mobile devices

Manufacturer
Data

public network =\  Eeccccccccccccccaaaa-- a
.......... E - (((
Sm— o
B S gaaascs »
0))) :b
wigD
Administration Shell Administration Shell Administration Shell

"New World"
o

conventional

World

1 . Things without connection
classical field bus &
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Perspectives 1V ; BAM
From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

Past prop- GUl on I
bus lab PC =
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Perspectives 1V ; BAM
From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

Past

€Ul

o

1
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Perspectives 1V ; BAM
From Lousy Interfaces to “Industrie 4.0
Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

process control
environment

am
LT
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consens < BAM

Example

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

Intensified Processes
Examples from BAM, Berlin

< BAM

gNMR (Metrology)\:
Gases and

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

Catalysis:

in micro emulsions

CO, H,
R — R +
TN
catalyst CHO
Alkene n-Aldehyde

Hydroformylations of C12-alkenes

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

N condensed phases

up to 1000 bar

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

\

CHO

D N TR

iso-Aldehyde ‘“ Esterifications

-

(Pharmaceuticals: CO, scrubbing

Liberation kinetics

Tabletten-Zerfall Co, (MEA)

A4 1 i 1

4,0x10°

- | (model reactions)
J. Magn. Reson. 249 (2014), 53-62
R

Magn. Reson. Chem. 54 (2016) 513-520
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Catalysis:
Hydrogenations

-

palladiumchemicals.com

H;
CH, —C=C—CH; =—= C(H,—CH=CH—CH

2+ CH, —CH,—CH,—CH,
Cat 2 TR TR T

.

Zeit. t/ min : Cat B :
\J_ Mol. Structure. 1133 (2017) 18—2;- \Efrfﬂroﬁétebrmgrsity, Berlin, 2016 J \_ (‘)H J)H &{ b Jm b
4 N/ . : .
Reaction Engineering: Reaction En.gmeerln.g. _ bo e
Lithiation reactions Photo reactions (,click chemistry™) *."s.
J. Magn. Reson. 277 (2017) 154-161 =": s =
FNB Aniline L-HRADS NDPA HMDS e @ B A m’ . j\ e
e & ' Y h o 2
@ ’ © +(“3C)35i’"'5i(<3“;}a_>©/ O * iychsi-Msifony, T UF o e e

) \ A B c




Continuous Lithiation Reaction Set-up ; BAM
Flexible Intensified Continuous Plant

Performance  Sensor Failure Plant-wide
Monitoring Detection optimizing control

Ethernet, OPC-UA, HART

Containerized modular plant

| Source: INVITE GmbH ]

|

: :
é: : | = Standardized
n plant modules

: . i = "Plug & Produce
Online : = Miniaturized

| | | NMR flexible equipment
| =ensor | : | = Local control (LC)

Fast and complex exothermic reaction
Hazardous and inflammable substances Example: Lithiation reaction

- Explosion protection!
Prone to fouling & clogging FNB  Asfilme  LHMDS NDPA HMDS
NO, NH

= Multi-objective constrained F ’ Li N H .
optimization * ¥ tch}3Si’N‘5i(m3}3 O ¥ ,00siMsigergy, BT
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Conventional and Smart Functions ; BAM
Enabling Runtime Environments

i .

&

/A

Fast ATEX proof
Field Bus @
‘i, -
S !
[ OPC-UA Server ]
/ RN
\\ f/;
S~ Y,
e o,
CO/} \\ /@
Failsafe Functions: Conventional NAMUR ”@,7;\\70
» Leakage control 4-20 mA Status Signals LN
« Temperature Failsafe , INY

« Sample Pressure . A v . @Of/c;\
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Reaction Monitoring in Lab-scale ; BAM
at BAM

Syringe pumps

40

Thermostated
transfer tubes

,,,,,,

o (= '»‘ A 7
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Nuclear Magnetic Resonance (NMR) ; BAM

Direct Comparison Method - Calibration Free!
signal
| t
>
individual
NMR signals

80 75 70 65 60 55 50 45 40 35 30 25 20 15
chemical shift 6/ppm

T radio frequency pulse

ground state |

excited state » by o
VZ
=)

energy

A 4

i
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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)

Low field (43 MHz)

x 10°
3 5 [ T T T T T T T T T ] 20000 - T T T T T T T T ‘T ™3
) start of reaction start of reaction ‘
3t end of reaction . end of reaction
| solvent HMDS
S 25t ] >
© < ®©
- 2r \ A =
= = 10000
= .laromats 1] 2 aromats
c ° (=
g ~ 5 wt% | g ~ 5 wt%
£ 1r l—l—\ ‘ 1 < 5000 - l_l_\
05+ | | B “
0 L e o m A b Lfﬁ{ ,J‘Lar,‘ | 0 P b — _
8 7 6 5 4 3 2 1 0 8 7 6 5 4 3 2 1 0 1
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12000 | start of reaction - 1000 start of reaction
end of reaction | end of reaction
2 8000 - ] A
- — 600
2 6000 [| - )
= | = +
L 4000 - | A D 400
= ] c
2000 - ;v l - 200
J WL
0 [ | -Mwm?::imi:":x:m — M.x n 0—
9 8.5 8 7.5 7 6.5 6 515 5 4.5 4 9 8.5 8 7.5 7 6.5 6 55 5 4.5 4
chemical shift, 8/ ppm chemical shift, 8/ ppm
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Data Processing for Low-field ; BAM
NMR In Matlab

T
Start |
End

15000 [

single scan 5 10000
each 15s
in flow

u

Raw spectra

5000 |-

0 Y | _J
15 10 5 0
chemical shift, 4/ ppm

intensity, //a

1000

800

(o]
o
o

400

intensity, // a.u.

200

chemical shift, 4/ ppm
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Data Processing for Low-field ; BAM
NMR In Matlab

15000 [

Start
End

Raw spectra Entropy minimization 5 |
method:

u

5000 [

intensity, //a

Chen et al., J Magn Reson.

2002, 158, 164-168 ol

Phase
correction

1000

800

(o]
o
o

400

intensity, // a.u.

200

chemical shift, 4/ ppm
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Data Processing for Low-field ; BAM
NMR In Matlab

15000 [

Start
End

Raw spectra Low-order o000 -
Polynomial fit:

u

(4]
o
o
o

intensity, //a

Mazet et al., Chemometrics
Intell. Lab. Sys. 2005, 76, o

Phase 121-133.
correction

1000

800
Baseline
correction

(o]
o
o

400

intensity, // a.u.

200

13 12 11 10 9 8 7 6 5 4 3 2
chemical shift, 4/ ppm
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Data Processing for Low-field ; BAM
NMR In Matlab

15000 - Start
End
Raw spectra Alignment to 5 oo |
reference signal = Q ?h
(THF) using icoshift:  § | )G' 1
Savorani et al., J Magn . b LJ -
Phase Reson. 2010, 2, 190-202 10 » 6 4 > 0 2
Cor'r'eCtion chemical shift, 4/ ppm
1000 : - l l . . . . : ; h
— Start
End
800 |
. |
Baseline =
correction S 600
=
=400 -
C
2
S 200
Alignment 0

13 12 11 10 9 8 7 6 5 4 3 2
chemical shift, 4/ ppm
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Indirect Hard Modeling (IHM) ; BAM

Modeling > peak fitting of pure component spectra - mixture model
Analysis > "component fitting” - calculation of component area

= Group of peaks represent Hard model for pure components
pure component spectra

1200

1000 —

= Hard Model
Hﬂght A NdjhA 800 — Spectrum (NDPA)

600 —

= Pseudo-Voigt function

(x—6)2 )’2 ] ZDO\A

V= a[,B-exp (—ln(Z) 2 >+ (1 —,B)W

peak maximum ? o
Gaussian-Lorentzian-ratio 40
half width 20 8
center position ‘

o< ™A
| | |

Residuals
o
|

ppm
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IHM — ,,Model Building“

< BAM

Assignment of NMR Signals to Pure Components

Pure component models

= Hard Model :
Spectum (FHE] 4
)f j NOZ ]
F ]
i
M i , | ]

g"' P 85 B8 75 7 €5 8 55
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M. Maiwald, BAM, Sensor Roadmap 4.0

Modeling > Mixture model

/9/4?‘0 No. components | 3
o
®
\ /))Oo' Peaks per 22, 21, 28
% component
Exqgrlmental Spectrum Degree of
as| freedom (total 292
239 free parameters)
‘ & 20
E15¢
. Considered
: . . 25
95 § 85 B8 7§ 7 B85 €& 55 interacting peaks
ppM
Max. peak shift 0.01 ppm

Peak area ratio for each
pure component model is
kept constant!

-k =A
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IHM — ,,Component Fitting* ; BAM

Interpretation of Experimental Data with Pure Components

Pure component models Deconvoluted spectrum

|| | Analysis > “component fitting”
| X
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Model Building: IHM and PLS-R

< BAM

Lab Experiments in Batch Along Reaction Co-ordinate

Validation with HF-NMR

IHM = Indirect Hard Modeling; PLS-R = Partial Least Squares Regression

1.2 1 ] 1 1 ] 1 ] 1 1 ]
1t o LEAmR gy e L kit 065 - === HF-NMR (Direct integration) | _
ool LF-NMR (PLS-R) ¢ LF-NMR (IHM) :
S ol 06 NDPA * LF-NMR (PLS-R)
8 o4t 1 < NO2H x x|
e | — 0.55 @/N@ dx
0 S o5 A g -
0 2 3 4 5 6 (o) x* x i
o 02 : : : : £ 045 — s
S op B imgrengme e 5
e 02 | | | | 04 F § ) o i x -
0 2 3 4 5 6 M SN
time, h @5&» m &W
035 ff e, -
NF-NMR HFNMR 1 xl 1 ) 1 1 1 1 1 1
e 22 23 24 25 26 27 28 29 3 31 32
r. ﬂ 1 1 1 ] 1 1 1 1 1 x’“l 1 x*x
Li-HMDS m g 0.05 ; s o b W é?(} %W Qg Qs> ooy é?%% W_
Eo) 0 [0 p xx X x xx . e % . x . B g _
$ -0.05 [ - 1 - x .
— 1 1 1 1 1 1 1 1 1 1
‘ . 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2
L\gzﬂ:gand g 'D§ t|me, h
Aniline + FNB & 02— Juel <
R
Experimental set-up ~ { f  RTD of high field NMR
[ IR - (Back-mixing)
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Results: Reaction Characterization ; BAM
Lab Experiments in Batch along Reaction Co-ordinate

3 semi-batch reaction with variing starting

concentrations
1500 Spectra for each HF- and NF-NMR
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Time, t / hours

Reaction Scheme:

1 1 ] ENB Aniline Li-HMIDS NDPA HMDS

=
&

0 0.05 041 015 02 025 03 0.35
Molar concentration (HF) ¢ / mol L
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pump rate

Validation of Lab Experiments ; BAM
In Tube Reactor
Continuous Lithiation Reaction Set-up at BAM

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

w | |

2 —o—E(t) —*— F(t) LF-NMR 2

F@)

E(t)/ min"

Step tracer experiments

1.5 : : : : : 1.5
Step 1 Step2 Step 3 Step 4
03:27 03:20 03:10 03:23 LF, t7/ min .
08:55 08:49 08:35 09:09 HF, £/ min 2
1 1 T
——pump rate o
—e—LF-NMR 5
—e—HF-NMR =
()]
k9]
0.5 05 £ -
T £ —~
- 1S )
. = [T
: =
c w
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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Experimental Design ; BAM

Continuous Lithiation Reaction Set-up at BAM

Reaction Scheme:

— Independent variation of B swive-  LEHMDS NDP# HMDS
. . . NO b:;"\_szenes NO
flowrates / stoichiometric 2 . ’ i *H H
conditions ©/ ' © "l s, Cj O " (1055 sitergly”
R
Coarse variation: Fine variation:
Optimal
3 . process
" window

B10

L Tolukdin

x - HHMDS

x - LIHMDS
N
b
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Validation Instead of Calibration ; BAM

Variation of Set-Points according to Experimental Design
Low-Field versus High-Field NMR Spectroscopy

A1
H T HF-Toluidin o LF-Toluidin
"-_I o8k A (1) —— HF-FNB - LF-FNB _
5 : A2 HF-LiToluidin LF-LiToluidin
E — +—— HF-LIMNDPA +  LF-LIMNDPA
© 08 AR i
- l [
g 0.4 - ’ﬁ' Ad -
£ ]
L) 'y "
00:00:00 01:00:00 02:00:00 03:00:00 04:00:00 05:00:00
Time, t / hhomm:ss
1 A1 I I
A2 W
os]- @ .

o
o
I

Conceantration, ¢ / mol L™
-
I

03:00:Q0
Time, t / firmm:ss
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Validation Instead of Calibration
Variation of Set-Points according to Experimental Design

Low-Field versus High-Field NMR Spectroscopy

o o o o o
w o [00)

©
N

NF-NMR Concentration, ¢ / mol L g
o o
- N

21.-22.08.2017

< BAM

HF-NMR Concentration, ¢ / mol L .

M. Maiwald, BAM, Sensor Roadmap 4.0

I I I I I I I
| 14 Toluidin o o -
i FNB
7| ¥ Li-Toluidin -
HH  Li-MNDPA \
of L :
- “ -
L (% ' _|
=
- ’ —
Oa | | | | | | |
0 0.1 0.2 0.3 0.9

0.5 0.6 0.7 0.8
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Example: Smart Online NMR Sensor ; BAM
Validation at Bayer/Z/INVITE in Leverkusen

urce: I_NVITE GmbH
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VDI/VDE-Gesellschaft

) VDE Mess- und Automatisierungstechnik ; BAM

— Thank You!

Jirgen Kolz Magritek Harald Pape PTB

Ullrich Koch Magritek Clemens Minnich S-Pact
Juan Perlo Magritek Dirk Engel S-Pact
Mike Bernstein  MestrelLab NAMUR Roadmap Team

CONSENS - Integrated Control and Sensing for Sustainable
Operation of Flexible Intensified Processes, funded by the
European Union’s Horizon 2020 research and innovation
programme under grant agreement N° 636942;
WWW.Consens-spire.eu

THIS DOCUMENT IS PROVIDED "AS IS" WITH NO WARRANTIES WHATSOE
ANY PARTICULAR PURPOSE, OR ANY WARRANTY OTHERWISE ARI
Any liability, including liability for infringement of any proprietary rights, relating to use of information in this document is disclaimed. No license, express or implied,
by estoppels or otherwise, to any intellectual property rights are granted herein. The members of the project CONSENS do not accept any liability for actions or

omissions of CONSENS members or third parties and disclaims any obligation to enforce the use of this document. This document is subject to change without notice.
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21. und 22. November 2017 - Esslingen
mit Opening-Session am 20.11.2017

arbeitskreis

prozessanalytik

Themenschwerpunkt
Prozessfilhrung in der modernen
Produktion
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Themenschwerpunkt

,Prozessfihrung in der
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