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Division 1.4: Process Analytical Technology ; BAM

Our Key Areas | M
: | ‘ nalytic City Adlersho

Gas Analysis
e Primary Reference Gas Mixtures
e Gas Analysis, Gas Metrology

e Certification of Sec. Gas Mixtures

Process Spectroscopy
Online NMR Spectroscopy, gNMR
Raman Spectroscopy and Microscopy
NIR, MIR, FIR spectr., IR Microscopy
Data Treatment: Statistics, Numerics

e Measurement Uncertalnty EvaIuatlon

Inorganic Process Anal. Technol XRF

e X-ray fluorescence Analysis (XRF)

e Laser-induced Breakdown (LIBS)
e Total Reflectance XRF (T-XRF)



Process Analytical Technology ; BAM

Online-, in- hvsi
line-, at-line Physico

techniques chemical
reedback . data Specification?

Raw Process Process Process ..

Non-chemical

Feed forward parameters

Motivation _ _
Optimal design ("quality by design") Quality by design
Demanded product quality with an Objective description

of quality
- comprehensive
understanding

optimum use of equipment, raw
materials, and energy

Affordable quality costs

12.07.2017 S. Kern, M. Maiwald Low field NMR spectroscopy for process control



Process Analytical Technology ; BAM
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http://www.logistik-heute.de
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From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

Past PTOP- _|GUIon LB
bus  |labPC =
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From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

PaSt : |
. ¢ runtime process control
resen environment (PLC) system

=
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From Lousy Interfaces to “Industrie 4.0 ; BAM

Use of Runtime Environments

Sensor Acquisition Data evaluation Decision

Past
Present

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

Flexible Intensified Continuous Plant

Characteristics Benefits
Miniaturized e ) Product
equipment \ | : uniformity
Intensified Sustainability
heat & mass
transfer
: g o Fast adaption to
: X " g oy B market demand
Posdsnlaly . 1 0 q. o T Innovative
modular T products
setup .
Containerized modular plant source: INVITE GmbH
* X %
* *
coNsens oS
i * *
* 4 *
INTEGRATED CONTROL AND SENSING
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Continuous Lithiation Reaction Set-up ; BAM

Flexible Intensified Continuous Plant

Performance  Sensor Failure Plant-wide
Monitoring Detection optimizing control

Ethernet, OPC-UA, HART

Standardized
plant modules
(for “"Plug &

; ; Produce)
online || £ °° with

| | | NMR || instrumentation
Sensor : :
. T ; and local control

......... ot (LC)

&
=

= Miniaturized flexible equipment

= Fast and complex exothermic reaction

= Hazardous and inflammable substances - Explosion protection!
= Prone to fouling & clogging

= Multi-objective constrained optimization
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CONSENS: Case Study 1 < BAM

Intensified Synthesis of Organic Compounds Modular plant

Control Data-usage Sensors

Online
——————————— —»| performance

monitoring
* r - <Other sensorsD Source: INVITE GmbH

| . .
Online state Sensor failure |« - Explosion proof housing

& parameter [+ — - detection & [¢ - - {Other Sensor)

estimation correction [¢ ]

""( NMR

1 By-pass stream

Model-based
control

A

v

o Mixing,
: > cooling >
I
: T Product stream
I
[

FNB Aniline LiFHRDS NDPA HMDS

NO, NH, NG, H

Reaction Scheme: F . u — N . H + LiFs
(H3C}3Si’ "Si(CI-I3)3 (H3C)3Si' “Si(CH3)3
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Conventional and Smart Functions
Enabling Runtime Environments

Fast ATEX proof
Field Bus
'ﬂ\ @

4 RN
N &
1S T N
C‘O/?\\\ To
Failsafe Functions: Conventional NAMUR ”@,7;\\70
* Leakage control 4-20 mA Status Signals s, SN O,
- Temperature Failsafe 4 by, \\:7

« Sample Pressure . A" . %y S

consens. |,
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Reaction Monitoring in Lab-scale ; BAM
at BAM

Syringe pumps

i)
Thermostated

Glass - transfer tubes
reactors

Ny
N
il
| \‘
b,
nk Ak

..PY-FOCESS
UV/VIS
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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

[
»

i
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NMR Spectroscopy

Jf- -\\"l
Analogy to a Bell /f”’ > By
_ R f SR
/ \\,‘ III OH I|
IlI \ I',I || ||
|I I| j '
| H | / \
/ H—#—OH | ;
/ \ _Benzoic acid
Methano\ _,,J T ket
Tk ‘
P signal
/ N\ | t
| II'. f-—_\. ]
|I I /"f E\ ,_.f/- \_____ ,_.f"f \"‘H
I| - | . .- / \\ / \H
/ H))uuuluH— \ ic/\/\ ||'I U -,Ill ||'I -,Ill
| [ e | |
Water _J;I | v woo | | HsC CHz |
S e JEEL SR
13 D-Fructosa L-Fructosa “
_Ester (2C) _ Fructose Neopentane )
e I —
Strukturformeln von http://de.wikipedia.org/wiki/ — _'/
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< BAM

Reaction Monitoring on Lab Scale
at BAM




Reaction Characterization in Lab ; BAM
Lab Experiments in Batch along Reaction Co-ordinate

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

L.Fast" and ,slow loop™

= Li-HMDS was dosed stepwise

Experimental set-up

= Exothermic reaction
= required cooling (28.5 °C)

Li-HMDS

H= —

P1

= Li-HMDS in two-fold excess

Reaction Scheme:

heating and
cooling

pviline s NG FNB Aniline Li-HMDS NDPA HMDS
o9 NO, NH, NO, H

. Li N ¥
C1 @l * © ¥ (H3C}3Si'N”Si(CH3)3 - @l O ¥ (Haclssi'N‘Si(CHal?»-k HH

consens. .

12.07.2017 S. Kern, M. Maiwald Low field NMR spectroscopy for process control



Online 'H NMR Spectra of Lithiation ; BAM
Reaction Step

High field (500 MHZz) Low field (43 MHZ2) -
x 105
3 5 i T T T T T T T T T ] 20000 FT T T T T T T T T ‘x =
: start of reaction start of reaction ‘
gl end of reaction - end of reaction SOIV nt
= 15000 |
S25¢ . = N \
= 2 l = 10000 |
£ _|aromats 1|2 aromats |
g 8
£ 1r ‘_l_\ . £ 5000+ l
0.5 1
0 TERPEY VY N - pa M “‘ L‘r — *.—i — 0 E—— 1 B — | — 1 —
8 7 6 5 4 3 2 1 0 9 8 7 6 5 4 8 2
chemical shift, &/ ppm chemical shift, &/ ppm
12000 start of reaction 1 1000 start of reaction J
end of reaction end of reaction
5 10000 1 5 800 |
2 gooo | o
- — 600 .
= 6000 - . =
c 400 1
2 4000 F 1 2
= IS
2000 j M 200 A .
0 L — mm;ﬁfm—@m — T/l x\hw (0] e—— Aj' L I I I I I I I [—
9 7 6.5 6 O15 5) 4.5 4 9 8.5 8 7.5 7 6.5 6 515 5) 4.5 4
chemical shift, &/ 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

Raw spectra

u

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 -

5 10000 -

u

Polynomial fit:

(4]
o
o
o

intensity, //a

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

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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Challenges in Automated Data Analysis ; BAM

Young PhD student

Data pretreatment \

Integration \

MCR

Binning/ PLS-R
GSD/ Edited Sum — |

IHM /

http://collegeaffordology.com/

12.07.2017 S. Kern, M. Maiwald Low field NMR spectroscopy for process control consens, 23



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 - 6)2 )’2 ] 200\/\@

V= a[,B-exp (—ln(Z) 2 >+ (1 —,B)W

a = peak maximum 0 6 75 7 .
B = Gaussian-Lorentzian-ratio “0
y = half width 2 [
d = center position g o
['4
40 | I I I | I
9 8.5 8 75 7 6.5 6
ppm
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IHM — ,,component fitting**

Pure component models

——Hard Modsl ]

Spectum [FHEI|

| NO32 ]

W Cr
| y _ ]
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Experimental Spectrum

®10°

95 § 85 B 75§ 7 B85 6 &5
PPM

Hﬂw%wug

Low field NMR spectroscopy for process control

< 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!

consans 25



IHM — ,,component fitting* ; BAM

Pure component models Deconvoluted spectrum
I —— Analysis >“component fitting” o _ . —~
: S
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Results: Validation of IHM Model ; BAM

Lab Experiments in Batch along Reaction Co-ordinate

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

. 09
concentrations : o aniine ()
0.3 ¢ NDPA (LF) |
9 oFNB (LF)
- 1500 Spectra for each HF- and NF-NMR T of : ot | |
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05 O :
o Aniline i b4 ¢ gop
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o
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o
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o
o
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o
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S
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e )
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’% @@ Time, t / hours
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<

0 g@g R I Sch
0.05 @ﬁ b eaction Scheme:
0 &4 I ] ] I ] 1 1 1 1 ] ENB Aniline Li-HMIDS NDPA HMDS
0 005 01 015 02 025 03 035 04 045 05 G e N0
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pump rate

Results: Validation of IHM Model ; BAM

Lab Experiments in Batch along Reaction Co-ordinate

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

w | |

v

1 1
[ ] T [ ] T
2 —o—E(t) —*— F(t) LF-NMR 2
"
1/8" tube reactor .
=
: g
Step tracer experiments
15 ; ; ; ‘ ; 15
Step 1 Step2 Step 3 Step 4
03:27 03:20 03:10 03:23 LF, t7 min i ‘
08:55 08:49 08:35 09:09 HF, £/ min (\?, 0 5 I 15
1 1 T I
——pump rate g 2F o e HF-NMR 2
—e—LF-NMR 5 E(t) F(t)
—e— HF-NMR B
5 |
2 151 1.5
0.5 05 £ - |
< £ .
£ = 1T v I
8 EJ/ @
0 0 0.5F /1 0.5
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 () (0000000000000000000000000888d SO IRy ==40)

0 1 5
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Monitoring of Continuous Aromatic

< BAM

Substitution Reaction by Low Field NMR

A1
_ H
o8
[=]
E
o 08
5
Eos
=
£

A (1 ) I HF-Toluidin

—— HF-FNB
HF-LiToluidin
— HF-LIMNDPA

LF-Toluidin
LF-FNB
LF-LiToluidin
LF-LIMNDPA

03:00:00
Time, t / hhomm:ss

o
o
I

Conceantration, ¢ / mol L™
-
I

12.07.2017

S. Kern, M. Maiwald

03:00:00
Time, t / hixmm:ss

Low field NMR spectroscopy for process control
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Monitoring of Continuous Aromatic
Substitution Reaction by Low Field NMR

< BAM

T T T T T T T T
< 94 Toluidin
' 0.8 O @ |-
-, - HH FNB
2 0.7 | & Li-Toluidin .
~ = ¥ Li-MNDPA \
© 06 %H .
c
o
B 0.5 T
<
0.4r .

: - R

O 03F *» .
x »
= 02 V i
o M
L L i B

"""" prd 01 #
Oa | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
HF-NMR Concentration, ¢ / mol L - -
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Problem: Overestimation of ; BAM
Components at Low Concentrations

1 1
S
L b ¥ E i Mo M
0.9 ‘2 5 {;—"‘ X {;; KK%%H—%K;} 2]
o
0B s sl & {ﬁ%"& ¢¢¢¢<¥>Q>&¢§:¢¢ {}ﬁb{}{}%} S
&R
H
0.7 1%
]
"; 0.6 | < Aniline {IHM)
a ¢ NDPA {IHM)
= 057 ¢ oFNB (IHM)
- *  Aniline (PLSR)
2047 % NDPA (PLSR)
= “  oFNB (PLSR)

fw b W
.?ﬁi“fi .:‘g":"‘ T

0.2 0.4 0.6 0.8 1 14 16 18 2 2.2 24
Time, ¢/ hours Time, t/ hours
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Challenges in Industrial Scale ; BAM
Varying Peak Width

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

1200 start of reaction —
end of reaction
1000 + Comparison I i
of proton t‘
) spectra of ()
f 800 r different runs ]
> 600
‘0
-
D 400
£
200

8.4 8.2 8 7.8 7.6 7.4 7.2 7 6.8 6.6 6.4
chemical shift, &/ ppm
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Challenges in Industrial Scale ; BAM

Unknown Components

Model derived from Lab data Model adaption to ,,process conditions**
300 300
measured spectrum measured spectrum
250 Spectral Model | 250 Spectral Model |
. 200 . 200 - oy 1
a = Stabilizer
=150 =150
& &
@ 100 2 100
E E
— m — 50
0 or
-50 -50
in 200 = 20
© m
8 0 8 0
B 2
_m 1 1 L L Il 1 _m
) 8.5 a 7.5 7 8.5 -] 85 g 8.5 B 7.5 7 8.5 L 55
chamical shift, J/ppm chemical shift, §/ppm
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< BAM
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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)
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Process Automation ; BAM
The Classical Automation Pyramid - is Outdated!

ERP = Enterprise Ressource
Planning
MES = Manufacturing Execution
ERP OUEI=Dasel System
ONLra PCS = Process Control System
APC = Advanced Process Control
enterprise network (LAN SCADA = Supervisory Control and
elalle Data Acquisition
SLR - PLC =  Progammable Logic
Controller
automation ork
i =

allipl d O
2 (] PLS APC l SCADA'

classical field bus

| |
PLC PLC
O 500 COC
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Process Analytical Technology for

Intensified Processes
Examples from BAM

< BAM

gNMR (Metrology)\:
Gases and

Catalysis:

o
-

*

-« in micro emulsions

CO, H,
R prr-— Rm
catalyst CHO
Alkene n-Aldehyde

g Hydroformylations of C12-alkenes

+

condensed phases
up to 1000 bar

J
\

CHO

iso-Aldehyde - Esterifications

hY#

(Pharmaceuticals:

(model reactions)
:‘:ﬁ:t

_J

Zeit. t/ min

CO, scrubbing B
Liberation kinetics e o s o
2 4
- Tabletten-Zerfall — Fgc/\OH + )I\ > PN )]\
o —— Weibull-Fit AR co, HO (MEA) HO F3C O
T ket v : $ \ )
:: ] liquid phase 0 RO MeA ( | . \
= / . e - .
§ 2,0x10°4 / Weibull-Fkt.: Co, + HO :; Heo, -‘: co, Ca ta yS I S . Q
3 () .
8 1 ox10°4 / 1=l {1-6’T) +CO, +CO, -
£ DU 9 . Ho NN e AINGOOT H yd ro g e n a tl O n S palladiumchemicals.com
KX -H -H s i
00 Lnste S 09 d = fi CH, —C=C—CH, —0= CH,—CH=CH—CH, —
6. - - | | | Cat J) (g Cat
\ ¢ OH OH H H

[ Y4 . -
Reaction Engineering: Reaction En.glneerm.g. _ Mo
Lithiation reactions Photo reactions (,click chemistry™) *..
FNB Aniline Li-HMDS NDPA HMDS He i NHBo:  + N ("MW_,..M G O NF;E ‘
102 g 52 u NOZS " ’ \o)ﬁf Ho ACN - DMSO: DUK Tt Y
+ + LN —_— + N + LiFt sH Lt Ho g
[ j {H:C)3517 7 Si[CH @ I: ;l {H2CaSi " Si(CH ), = b0 min
\ ) \ A B c )




Experimental Design ; BAM

Continuous Lithiation Reaction Set-up at BAM

Reaction Scheme:

— Independent variation of B swive-  LEHMDS NDP# HMDS
. . . NO b:l:l\_;zenes NO
flowrates / stoichiometric 2 . ’ i *H H
conditions ©/ ' © " (s sichal @ O LR G
R
- R = CH . -
Coarse variation: ? Fine variation:
Optimal
3 . process
" window
8 LiTolukdin ‘g B10
= 4 = 24
I ~
0 7
x — 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

| a! - Leakage safeguard

Measuring Conditions \

| %
ey
| -
] 2
| 'm \
" \
i N
.
/ |
/ o
/ &

Programmable

Fieldbus
Controller
Data Acgiusition / www. wago.de LD
: . S ad
— Triggering <o°
- Automated evaluation | «<<j\~'
(Matlab) -’%?‘
[ ]
@ - MySQL Database OPC-UA
ATEX [Client J(— Ethernet =>
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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

TCP/ My SQL
Connection

G

Nitrogen Purge
Unit:

Onboard Windows PC:

- Matlab watchdog
function

- Spectrometer
software ’

MysoiL®

0 v
MATLAB

>
@ i
@ e
|
|

Access Point

WAGO

WebVisu WAEU

OPC UA
Client




CONSENS: Deliverable of Fully ; BAM
Automated NMR Analyser

NMR Analyser at BAM Set-up at INVITE, Leverkusen
Module size: : =l 1® : ;‘7 — |5 B |

850 x 570 x 570 mm
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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 Z PLC interfaces (V)
stability v
Validation in Automated data analysis v
lab scale v/ —

Validation in industrial

Spectral environment %

assignments v/

Dispersions and

Emulsions %

NN

Thermostated and

optimized flow probes x High pand T % Smart Field Bus (%)

conseans. s
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< BAM

NMR-Grundlagen




Quantenmechanische Einschrankung & BAM

spin angular  magnetic spin ‘

momentum momentum p 1
/ ‘ﬂ K} /" / U
M=
Lo

4
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Quantenmechanische Einschrankung ; BAM

Die Spins richten sich im Magnetfeld auf Kegelmanteln aus

Z ¥4

B, . magnetization
M=0 il A M>0
_ ground state
(higher population)
S
= Y

excited state
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90°-Anregung mit ; BAM
Radiofrequenzpuls

Z RF power
B, ‘ 90° pulse
f t ground state
(o} >
90 time
y
e
X
excited state
magnetization M shows into x-y-plane
™
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Variation der Pulslange
(Kalibrierung)

< BAM

(jeder Schritt +1.5 ms) t
90 © Puls 180 © Puls
ca. 9 ms ca. 18 ms
90° ;
'?:.%1800
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Relaxation ; BAM

time
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Relaxation ; BAM

ground state

excited state
(higher population)

time
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Chemische Verschiebung

spin angular  magnetic spin
momentum , momentum p CH,

- '
H,C —Si—CH,

S
Coroen> ChH,

tetramethylsilane TMS

< BAM

NM R'freduer'lcy VIMHz

12.07.2017 S. Kern, M. Maiwald Low field NMR spectroscopy for process control




Chemische Verschiebung < BAM

reference

400.0 MHz
CH,

H,C—éi—CH,
a
>

2884 0 Hz
' o
2000.0 Hz
i
7720 Hz

'fred'uericy offset Av/Hz
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Chemische Verschiebung d-Skala < BAM

100 (9.4 T) o0 =1,93 ppm
100 MHz (2,3 T) -
I
6 = 7,21 ppm 6 - 5,00 ppm CHs_i;CHS
l =0 ppm
I 721,0 Hz
500,0 Hz
1930 Hz

N

80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 O
chemical shift &/ppm

unshielded shieled
low field < high field

frequency v/Hz
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IH-NMR-Spektrum von Ethanol

< BAM
H 3Jyu=6 HZH?

Kernspins der CH,-Gruppe

\

4 | HO=— = £ p
o3 H;:
v / \
| | | 4 44 B,
+ + + + + + H H*
A 4 | | 7
€ ;
Energie beobachtete Kerne: -CH;
HO- -CH,- -CH,
<€
chemische Verschiebung &/ppm
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IH-NMR-Spektrum von Ethanol

| Kernspins der CH,-Gruppe
114 +I++ \\/7
\AdBNE 2 1
LIL 1AL 144 444 HO— (— G‘H
vy viv vl 111 B
AL 44l
RAZNEN A
< _ ‘H H
nergie
beobachtete Kerne: -CH,-
HO- -CH.- -CH,
I
<

chemische Verschiebung &/ppm

O consens,
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14d_ -
H-NMR-Spektrum von Ethanol ; BAM

3J,y=6 Hz

V _JHL
L .

4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
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