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

Process

Simulation Laboratory Miniplant

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

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 at MIT
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A. Adamo, R. L. Beingessner, M. Behnam et al., On-demand
continuous-flow production of pharmaceuticals in a compact,
reconfigurable system, 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The Classical Automation Pyramid - is Outdated!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
Cere |\ Model-based System
—— mmmadl  Control? PLS = Process Control System
[APC =  Advanced Process Control |

enterprise network (LA

SCADA = Supervisory Control and
Data Acquisition

PLC = Programmable Logic
Controller

Modular

Set-up? -

Self-
Calibration?

PLS APC

classical field bus
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Current and future requirements to ; BAM

process sensors
Sensors go smart

= Smart process sensors are important parts of cyber-physical
production 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  Interaction Ability
-
r ! .‘ .. FTTLLLEE ‘.' .‘-
1. B. OFC-UA Certificate Y n . - : .
’l-. Q i

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

play\\
“"NAMUR Roadmap Prozess-Sensoren 4.0" .@.
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What is NMR? < BAM

Nuclear Magnetic Resonance

2. Place NMR tube 3. Excite sample 4. Record RF signal
in magnet with RF pulse for several seconds

1. Dissolve
material (and

internal standard)
in NMR solvent

ground st:ate

h-u

S |:> answer signal
$1L)  reauency
U excned siate [t pulse i

energy
| 5. Fourier transform the
materlal FT answer signal

NMR tube

6. Individual molecular
I~ 2\ \ W \ segments exhibit
= Molecules stay intact | (< o-c—cty - highly resolved

= See everything in solution \"1 : individual signals
(1H, 13C/ 19F/ 31p) A S f
= Direct comparison of mole - i

X | 7. Signal areas
fractions individual (integration) are

= No ionization, no UV ; directly proportional
= Detailed information, ‘ | ’ l NMR signals ‘ to mole fractions
molecular makeup, T O S 1) ! B

B0 75 70 65 60 55 50 45 40 35 30 25 20 15

structural information, ...
chemical shift 8/ppm
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Reaction Monitoring in Lab-scale ; BAM
at BAM

Syringe pumps

= Thermostated
Reactor transfer tubes

| ‘_;- setups

500 MHz N M R
Spectrometer
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From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments
Trends. Anal. Chem.

83 (2015) 39-52

Sensor Acquisition Data evaluation Decision

rop.
Past PP 5 [Guion = granhal dats --===- ! trial and error
o lab PC processing

05.12.2017 M. Maiwald | BAM | ,Innen hui und auBen pfui* | 13. Dresdner Sensor-Symposium 2017 8




From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments
Trends. Anal. Chem.

83 (2015) 39-52

Acquisition Data evaluation Decision

Past ..,

Present
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From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments
Trends. Anal. Chem.

83 (2015) 39-52

Sensor Acquisition Data evaluation Decision

05.12.2017 M. Maiwald | BAM | ,Innen hui und auBen pfui* | 13. Dresdner Sensor-Symposium 2017 10




Process Analytical Technology for ; BAM
Intensified Processes

Examples from BAM, Berlin

Catalysis: )
Hydroformylations of C12-alkenes
in microemulsions

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

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

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

CO, H, R
R =—= R +

catalyst i =HQ (T .~[ Method development: )
Alkene n-Aldehyde iso-Aldehyde -

‘: Esterifications

Meas. Sci. Technol. 28 (2017) 035501 + 035502) | .
— - (model reactions)

/PharmaceuticaIS' \ KC

. J. Magn. Reson. 249 (2014), 53-62
O, scrubbing Magn Reson. Chem. 54 (2016) 513-520
Liberation klnetlcs I— N J\ s )CL
¥ ‘, In \ HO Fe” o )
é €O, » MO w& WO, ¥ co' Y% :.‘ I 4 . )
8 Welbul-Fit: - o (N v Catal YySIs: ‘
%w 1 =l(1-e" "') W@ 00, wogo T sty o i/, i
H 8=>°° e Ho _"I wo ': wo . 7 Hydrogenatlons - =
Klae M ohD ] A Li'H_-—{‘=l‘.'—(IH: oL c‘u,«—cn=cﬂ—c|:-:l. —Hi CH, —CH, —CH, —CH,
as Meyer, = " 1 Cu 1 Cat
\J Mol. Structure. 1133 (2017) 18-23 j Humboldt University, Berlin, 2016 ) \ = o O o H )
( \ ( ,:. ; .‘:;‘"1}
Reaction Engineering: Reaction Engineering: : T R—
Lithiation reactions Photo reactions (,,click chemistry") -
J. Magn. Reson. 277 (2017) 154-161 i
oy pviline  Li-HMDS NDPA HMDS e oo+ g m’_ e j‘i‘ ,N.H;x
RO, . Hiy U mﬁﬁ " @ ra AUK - UMSO: DME oy
A MTm _.4\»,—*-‘.;,\,/
(lj ' @ *fﬂsassr"‘vw:_'@ O wastson ™ || = e
\ )L A B [ )
\_

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

Performance  Sensor Failure Plant-wide
Monitoring Detection optimizing control

Containerized moular plant

] |Source: INVITE GmbH ]
|
= Standardized
Sensor plant modules

— = “Plug & Produce
= Miniaturized

. ! = flexible equipment
i ~ = Local control (LC)

T -
= Fast and complex exothermic reaction
= Hazardous and inflammable substances Example: Lithiation reaction
- Explosion protection!
= Prone to fouling & clogging FNB Aniine  L-HMDS HMDS
Nﬁz NH, "éBzH

= Multi-objective constrained
optimization * (HsCluSi 'SLcCHg), > O (H_,,C}sﬁ’N sifcH,); HFY
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Automated NMR-Analyzer Module ; BAM

Control and Safety Functions

Druckwachier

@ Sticieoll (6-7har)
Ex-d

Kiihimedium ainfaus
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Automated NMR-Analyzer Module
Control and Safety Functions
ﬁ Stickeiaff

Druckwachier

—

g
I:l

]
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Automated NMR-Analyzer Module ; BAM

Control and Safety Functions

Druckwachier =3 g
Steuer-
einheit Prozessstrom

{6-Tbar)
Ex-d

I:ll

]
ain -

Online
NMR
Sensor

=5

" _ol(w"ma-_“ "f"---l
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Automated NMR-Analyzer Module ; BAM

Certification and Documentation

Power supply: EC Declaration of Conformity

100 - 240 VAC, 10 A circuit  EC Low voltage Directive

breaker

Cooling medium: S ATEX certificate

BPR——— @ Operating

Sample feed: instructions

28 °C, 10 bar
(flow cell tested to 50 bar,
100 bar expected)

Nitrogen purge:

6 - 7 bar, min. 140 L/min
for purging (~ 2 min)
Leakage rate at 1.9 mbar:
35 L/min

€x) 11 2 G Ex pxb db ib 1IB T3 Gb

05.12.2017 M. Maiwald | BAM | ,Innen hui und auBen pfui* | 13. Dresdner Sensor-Symposium 2017 16




Automated NMR-Analyzer Module
Communication and Data Analysis Concept

Onboard Windows PC

- Automated Matlab :
analysis

- Spectrometer
Software

TCP/My SQL Connection

J
MATLAR

Programmable Logic
Controller

— Data acquisition of
sensors % LY
— Triggering of NMR > Codesys 3
Spectrometer WebVisu

4-20 mA ¢

Failsafe Functions .
Analog Outputs -

+ Leakage control

+ Temperature NAMUR S —
+ Sample Pressure AR

i

17
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Automated NMR-Analyzer Module ; BAM

Visualization and Control Web Interface (Expert)

BAM NMR PEA
MFC Diata Plot Companant Canestraticn Plat
5 | 105 | 305 [ im | Fom | Ml i3 35 | im [ 10m | Som | Al
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Lo : Time, t/ hhemm Oct 10
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Status Siring NEE_Conlrel ab, Eginsohe PC Reset |Analoy gouputs
....... 9 ]
Start Sequence High Setpoint MFC Satpaint Selector MFC
Housing lemperatme WFC Setpoiat . e . -
— M Measure 0 Low Setpoint MFC 5 int Lavels MFC
P - I 1rs | —
Madium Prassura 0,08 bar 000
1 035
MEFC Vave 100.0% 2 [X]
-— 3 avs
Manual Controls — )
— — [l O i
@ @ . =
Coolasi Vake Mesum Unkma 200
° 235
Individual Command MFC W 250
O O O o -
Coolaet Vabre: Mesum Vakes PC Power On Gas Alarm Siatus
18
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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°
a5 ‘ ‘ ‘ ] 20000 F ‘ 7
: — startof reaction start of reaction
3+ end of reaction 4 end of reaction
. - 15000 - 4DS
3251+ B =
© @©
= 20 1 10000
= = r b
2 .aromats ||| 2 aromats
c C
5 ~ 5 Wt% 5 ~ 5 Wt%
£ 1r ‘_l_\ 1 = 5000 + ‘_l_\
0.5 b
0 ks R Y | 4“4 JL_ 0 : e
8 7 6 5 4 3 2 1 0 9 8 7 6 5! 4 3 2 1 0 -1
chemical shift, &/ ppm chemical shift, &/ ppm
12000 - —— startof reaction g 1000 start of reaction b
end of reaction end of reaction S . I
5 10000 : S5 80 INgle scan ]
2 8000 1 °
- — 600 b
= =
£ 6000 £
S 4000 . g 40 i
£ £
2000 u- 200 ]
0! a , 0 =
9 8.5 8 7.5 7 6.5 6 515 4.5 4 9 8.5 8 7.5 7 6.5 6 515} 5 4.5 4
chemical shift, &/ ppm chemical shift, &/ ppm
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Data Processing for Low-field

NMR in Matlab

Raw spectra

05.12.2017

single scan

u

< BAM

T
15000 [

Start | 4
~— End

© 10000
each 15s z
. & 5000
in flow £
]
15 10 5 0
chemical shift, J/ ppm
1000

0]
o
o

intensity, // a.u.
S
S

200
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Data Processing for Low-field ; BAM
NMR in Matlab

15000 [

Start
End

Raw spectra Entropy minimization
method:

Chen et al., J. Magn Reson.
2002, 158, 164-168 ol

o
S
S
S

@
=}
S
S

intensity, //a.u.

Phase
correction

1000

800

600

400

intensity, // a.u.

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

15000 [

Start
End

Raw spectra Low-order oo -
Polynomial fit:
Mazet et al., Chemometrics

u

@
=}
=}
=}

intensity, //a

Intell. Lab. Sys. 2005, 76, 0
Phase 121-133. 15 0 . .
correction chemical shift, 4/ ppm
1000
800
Baseline 5
correction S 600
=
=400
C
[0]
S

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 ool P
reference signal - A !ﬂ
(THF) using icoshift:  § * ( M
- |
Savorani et al., J. Magn 0 iiha ,J ,
Phase Reson. 2010, 2, 190-202 10 8 e . 2 0 2
CorreCtion chemical shift, J/ ppm
1000 T T T T T T T T T T
Start
End
800
Baseline =
correction S 600
=
=400
C
2
£ 200
Alignment ol g |
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
Pﬂml HBI"‘- % MA 800 — Spectrum (NDPA)

= Pseudo-Voigt function L

(x = 8)? v ] o T 'Al

V= a[ﬁ-exp(—ln(Z) /2 >+ (1—ﬁ)m

peak maximum
Gaussian-Lorentzian-ratio 40 ‘ ‘ ‘ ‘ ‘ ‘

half width Lo ]
center position u 0 ]
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IHM — ,,Component Fitting* ; BAM

Interpretation of Experimental Data with Pure Components

Pure component models Deconvoluted spectrum
E ) | e Analysis > “component fitting” O ; M= .
2 l: I : ({\{'& ! NIE n L
z . < £* .
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IHM — ,,Component Fitting* ; BAM

Modular Exchangeability of Pure Components

Pure component models Deconvoluted spectrum

y

o
I
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o e ' || Analysis >“component fitting”
 F N N v 1 i
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(1) Model Building: IHM and PLS-R

< BAM

Lab Experiments in Batch Along Reaction Co-ordinate
Validation with HF-NMR

1.2

1 3

HF-NMR (Direct integration)
LF-NMR (IHM)
LF-NMR (PLS-R)

0.8 [
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0.4

molar ratio, x
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0
0.2

~
w

It
o
o

residuals
o

-0.2

NF-NMR
4 mm (D)

@

0
©
S
i)
»
0]
—
YRIAh v PR
o E =) .
Aniline + FNB Eoz e ot
o 0 Th
ct E
i £
Experimental set-up H
8 o0 pegooge—ce? SN

05.12.2017

o 1 2 3 4

time, t /min
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molar ratio, x

0.65

o
S » ©
o o o

I
~
[&)]

0.4

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

X === HF-NMR (Direct integration)
¢ LF-NMR (IHM)

- NDPA -

LF-NMR (PLS-R)

0.05
0 lew
0.05 - L -
22 23 24 25 26 27 28 29 3 31 32
w2 time, h
§ RTD of high field NMR
: (Back-mixing)
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(1) Results: Reaction Characterization

< BAM

Lab Experiments in Batch along Reaction Co-ordinate

3 semi-batch reaction with variing starting

Classification of steady states

. O.QL.
concentrations Y o Aniine (LF)
0.3 ¢ NDPA (LF) |
1500 Spectra for each HF- and NF-NMR - P ooeln | |
= «  NDPA (HF)
gos © oFNB(HF) | |
0.5 35 |
. ® 6” S05
¢ Aniline . & =
0451 o NDPA deviation of 3 2ok
- © oFNB % g
= 04t 0.03 mol/L — 803
9] % W% 3
IS
=035 =02
° 0.1 -
m L by 3
S 03 . . E
g 0.25 - <o 0 0.5 1 1.5 ;3:0'35
¥ HONG
E r ; 05
g
A\ -
§ 05| »Bad" shim }
(_h“ [ 01 02 03 DTt:meOTS/hoﬂufs 07 08 09 1
2 %M.
0.05 [y Reaction Scheme:
0 % L I I I L 1 L L L I i Aniliree LH-HRTDS L) HNIDS
0 005 01 015 02 025 03 035 04 045 05 o é’? u - "
+ + N — * N + LiF¥
Molar concentration (HF) ¢ / mol L™ [j (BQs™CHa), @ 0 QS
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pump rate

(2) Validation of Lab Experiments ; BAM
in Tube Reactor
Continuous Lithiation Reaction Set-up at BAM

( LowfieldNMR ) (_ High-field NMR )

Mixing . I
) 4 h e
1 '
— —
e 21 [—e—g@p ——F@y| LF-NMR 72
N
. n isit b | 1.5
~. 1/8" tube reactor . v |
c
KN £ 7 e
\\ = w
. ~ >
w
Step tracer experiments N
1.5 T T T T T T 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 3 0 5 I 15
1r T L
pump rate o L i
—e—LF-NMR g 21 | ——Et) ——F(@) HF-NMR -2
—8—HF-NMR T
{2 I
g 1.5 11.5
0.5 105 £ - 1
T IS
- £ =
g =T T
[ / \\ f [ ; 5 .
0 0 05F q05
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 0 0
0 5 10 15
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(2) Experimental Design ; BAM

Continuous Lithiation Reaction Set-up at BAM

Reaction Scheme:

- Independent variation of P8 amino-  LFHMDS wDPA HMDS
flowrates / stoichiometric o ‘, “f'j? . u YO u ) .
conditions (HyChsi“Si{CHg ), O (0N sty P

R
Coarse variation: Fine variation:
Optimal
process
window
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(2) Validation Instead of Calibration ; BAM

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

1 |
A1
H — HF-Toluidin . LF-Toluidin
< oBk Pt A (1) —— HF-FNB - LFFNB |
= f A2 HF-LiToluidin LF-LiToluidin
E — —— HF-LIMNDPA +  LFLIMNDPA
o8 = -
2 o B )
E [ s, A0
o A AT A9 — A12
+ | ) AB H A13 |
02 , as  —ii=d Y e —————G Ot Do A e H
E Lo | Vs [ L{ L% \ vV -
o ROy - LEF o N drreidew -8 ! A8 S
00:00:00 01:00:00 02:00:00 03:00:00 04:00-00 05:00:00
Time,t / hhmm:ss
1
08
©
E
5068
c
o
BO4T a0
— A2
g a2 — A13
8 Al % — |
rfa L 1T e ———
0 s

D0:00:00 ©1:00:00 02:00:00 03:00:00 04:00:00 05:0D:00
Time, t/ hh:mm:ss
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(2) Validation Instead of Calibration < BAM

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

* 1

- @1 Toluidin
" 0.8 ° i
. @ = HH FNB He—
g 0.7 | ¢ Li-Toluidin |
- ¥ Li-MNDPA %H
© 0.6 i
c
[e)
§ 0.5 —
c
@041 _
< P
o3t
o
S
&
Ll
pzd

o o
SN
T T
»
L
I I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M

HF-NMR Concentration, ¢ / mol L -
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(3) Validation in Modular Plant ; BAM

Contlnuous thhlatlon Reactlon Set-up at Pilot Plant

bdular plant
ource: INVWT le

Containerized modular plant
Source: INVITE GmbH
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(3) Validation in Modular Plant ; BAM

First Field Tests at Pilot Plant

Lab Validation at Pilot

Experiments Plant
PTFE Tube Ceramics Flow Cell
Containerized modular plant
Source: INVITE GmbH
800 | Start of reaction 1.0x10%

End of reaction
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(3) Vvalidation in Modular Plant
Additional Component Found (Stabilizer

Stabilizer Ethylbenzene at 10 wt-% in Li-HMDS

successful

Ethyl-
benzenej

zS

Preliminary IHM Model from Lab

Modular extension of IHM model from laboratory data

< BAM

at 10 wt-%0)

reagent

Containerized modular plant
Source: INVITE GmbH

Extended IHM Model
for Pilot Plant
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measured spectrum measured spectrum
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(3) Validation in Modular Plant

< BAM

Final Validation Runs in Pilot Plant

NMR Module

Five Components

Flow Setpoints
iRTO Results

Iterative real-time
optimization (iRTO) by

Sebastian Engell and
Anwesh Reddy Gottu
Mukkula

TU Dortmund

05.12.2017

Molar concentration ¢/ mol/L

10

Flowrate / kg/h

|—9—Aniline —+— Li-NDPA ——— oFNB

Li-Aniline Ethyl benzene

10:00

13:00 15:00 16:00 1700

11:00 12:00 14:00 18:00
Time, t/ hh:mm Oct 10, 2017
| oFMB Aniline LIHMDS
10:00 11:00 12:00 13:00 14:00 15:00 16:00 1700 18:00
Time, t/ hh:mm Cct 10, 2017
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(3) Validation in Modular Plant ; BAM

Final Validation Runs in Pilot Plant

|—0—Aniline —+— Li-NDPA ——— oFNB Li-Aniline Ethyl benzene

NMR Module

Five Components

olar concentration ¢/ mol/L

Flow Setpoints
iRTO Results

Iterative real-time
optimization (iRTO) by

Sebastian Engell and
Anwesh Reddy Gottu
Mukkula

TU Dortmund
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Conclusion and Outlook ; BAM

Smart Sensors

» Integrated Process Design and Intensified Processes
- Current Trend: Hybrid Modular Plants

= Smart process sensors and actuators are important parts of cyber-physical
production systems

= Smart field devices generate new business cases for users, instrument
manufacturers, and service providers.

= Use of ,complicated" sensors has to be simplified towards , plug and play"
* The classical automation pyramid is not suited for smart field devices

Smart NMR Analyzer Module
= C(Classical field integration and automation of NMR shown

= Physical Modeling (IHM) enables modular and calibration-free use of NMR
- Validation instead of calibration
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Outlook < BAM

Modular Calibration
= Improvement of Physical Modeling (IHM)
= Derivation from ,First Principles" Methods (i.e., Quantum Mechanics)

800r

Energy 91 Peaks 6001
transitions

4001

+ fitted line
shape

2001

Resldual
2 = 3

5.5 B 8.5 7 75 8 “a 7.5 7 6.5 & 5.5

,Semantic" Models
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consens 2 BAM

— Thank You!
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