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CONSENS: Smart Online NMR Sensor ; BAM
for Advanced Process Control

Flexible Intensified Continuous Plant

Characteristics __ ] ' Benefits
Miniaturized Product
equipment uniformity
Intensified Sustainability
heat & mass
transfer
Fast adaption to
market demand
Posdsil.?ly Innovative
modu’iar products
setup A

Containerized modular plant source: INVITE GmbH
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CONSENS: Case Study 1 < BAM

Intensified Synthesis of Organic Compounds Modular plant
Control Data-usage Sensors
Online
[-———=—=—=—=-== —* performance

Source: INVITE GmbH
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(H3C)3Si” Si(CH,), (H3C)3Si 7" "Si(CH3)5
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< BAM

Reaction Monitoring on Lab Scale
at BAM
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Process Analytical Technology for
Intensified Processes
Examples from BAM

< BAM
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Reaction Engineering: Reaction Engineering:
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Reaction Monitoring in Lab-scale
at BAM
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Reaction Characterization in Lab < BAM

Lab Experiments in Batch along Reaction Co-ordinate

= Data in parallel acquired with
high-field and low-field spectrometer

= ,Fast" and ,slow loop"

= Li-HMDS was dosed stepwise

Experimental set-up

= Exothermic reaction
= required cooling (28.5 °C)

Li-HMDS

=

P1

= Li-HMDS in two-fold excess

/—
Reaction Scheme:

heating and =
cooling sfs o
pviline + NG FNB Aniline Li-HMDS NDPA HMDS
) NO, NH, NO;
E
C1 —_—
©’ + @ (H3C);3Si” SI(CH3)3 @ O (H3C);5Si” S|(c|.|3)3+ LiFy
CDFISEI'\S
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Online 'H NMR Spectra of Lithiation

Reaction Step

< BAM
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Data Processing for Low-field < BAM
NMR in Matlab
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Data Processing for Low-field < BAM

NMR in Matlab
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Data Processing for Low-field < BAM
NMR in Matlab
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Data Processing for Low-field
NMR in Matlab

Raw spectra
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Challenges in Automated Data Analysis < BAM

Young PhD student

Data pretreatment \

Integration \

MCR

Binning/ PLS-R

GSD/ Edited Sum — |

....

IHM /\‘ ‘ |“V ¢

......

http://collegeaffordology.com/
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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

Hard Model
800 Spectrum (NDPA)

Pseudo-Voigt function

(x — 8)? % ] \ A

v? (x—6)* —y?

Vza[,b’-exp<—ln(2) >+(1—ﬁ)

peak maximum k 85 e 75 7 65 E
Gaussian-Lorentzian-ratio 40
half width 20| i
center position s oh J

o< ™Aa

ppm
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IHM - ,,component fitting"

Pure component models

Intensity
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< BAM

Modeling > Mixture model

No. components 3

Peaks per 22,21, 28
component

Degree of

freedom (total 292

free parameters)

Considered

. : 25
interacting peaks

Max. peak shift 0.01 ppm

Peak area ratio for each
pure component model is

kept constant!

consens
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IHM - ,component fitting" ; BAM

Pure component models Deconvoluted spectrum
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Results: Validation of IHM Model < BAM

Lab Experiments in Batch along Reaction Co-ordinate

_ _ _ N _ Classification of steady states
- 3 semi-batch reaction with variing starting

concentrations
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pump rate

Results: Validation of IHM Model < BAM

Lab Experiments in Batch along Reaction Co-ordinate

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

LIHMDS Dos.

N
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Experimental Design ; BAM

Continuous Lithiation Reaction Set-up at BAM

Reaction Scheme:

- Independent Variation Of FNB amino- Li-HMDS NDPA HMDS
NO ORenes NO
flowrates / stoichiometric 2 2 ! 2 H
conditions @I ' © * (0557 si(cH,), @ O (H30)Si” S|(CH ), HF
R
- s R =CH . . g
Coarse variation: ? Fine variation:
Optimal
) ., process
2 ’ i
window
@ Li-Toluidin a
= 1 %
I —_
| |
x — x
0
1
+'\
A
% 0.5
0 _ —
% _Toidin
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Monitoring of Continuous Aromatic
Substitution Reaction by Low Field NMR

< BAM
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< BAM

Smart NMR Sensor Concept
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Current and Future Requirements to ; BAM
Smart Process Sensors
As Parts of Cyber-Physical Production Systems

o (Conventional
Connectivity and 4-20 mA)

Communication
Ability OPC-UA i)))

e.g.,
license
server

([ ]
I
L]

Virtual

") Interaction Description

Ability

Maintenance and
Internal Functions

Traceability and
Compliance
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Online NMR Module: Data flows

Programmable

Fieldbus Controller:

- Collection of Sensor
data (T, p, Flow,
NMR data)

- Triggering of NMR

- OPC UA
Communication

- 4-20 mA Output

ATEX

< BAM

P>
< .
&3 &
1
1

TCP/ My SQL
Connection

E%

Nitrogen Purge
Unit:

Onboard Windows PC:

- Matlab watchdog
function

- Spectrometer
software

AN

MysoLs

v
MATLAB
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Access Point
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: WAGO
WebVisu

! WAGD
P AN
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|
|
i
I OPC UA
: Client
|
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CONSENS: Deliverable of Fully < BAM
Automated NMR Analyser

NMR Analyser at BAM Set-up at INVITE, Leverkusen

: L Rl i
Module size: B : d[* =
850 x 570 x 570 mm : ; 'le J
: " — ' 7—
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Closing the Gap ... ; BAM
Key Attributes of Compact NMR Spectroscopy for
Industrial Online Applications

Laboratory research Chemical industry

Sensitivity/sufficient S/N v/ ATEX/Explosion proof v/
Long term A PLC interfaces (V)
stability v
Validation in Automated data analysis v/
lab scale v —

Validation in industrial

Spectral environment %

assignments v/

Dispersions and

Emulsions %

N

Thermostated and : )
. High pand T % Smart Field Bus (%)
optimized flow probes x
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Smart NMR Sensor Concept ; BAM

Module size: Safety devices Conventional

850 x 570 x 570 mm
— Nitrogen purge control 4-20 mA

f’ B’ ﬁ! - Leakage safeguard TTTT

! Measuring Conditions \

Programmable
Fieldbus

I‘." ‘\“
| | @ @ @ é \\ : !
| Controller
Data Acqiusition / www.wago.de @
<

— Triggering (00
| - Automated evaluation ,{5“
(Matlab) AY
@ — MySQL Database OPC-UA
ATEX [Client J(— Ethernet =>»
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Data Preparation ; BAM

= Spectra for repeated batches vary, e.g., due to the quality of the respective shim

= fundamental acceptance criteria for online NMR spectroscopy:

robust data pretreatment and evaluation
> strategy with the potential for automation

1200 start of reaction .
end of reaction
Comparison 1000
of proton =
< 800
spectra of -
different = 600
runs =
c
9 400
£
200

84 82 8 78 76 74 1.2 7 6.8 66 64

e chemical shift, &/ ppm
consens
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Contemporary Process Engineering ; 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 y,

~N

Development Virtual Model Production Usage and Maintenance

A . .0-0‘ \
Process Sensor ’ e "
(CPS) 50 [
Instance
Production Sytem
(CPPS)

R sensor

Production Usage and Maintenance

>4 4> 2

Instance

Production Usage and Maintenance

Instance

coNnsens.
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