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Contemporary process engineering
Towards Cyber-Physical Production Systems (CPPS)

Lab Miniplant

ProcessProcess

Simulation

Process engineering focuses on the design, operation, control, and 
optimization of chemical, physical, or biological processes. 

 Involves creating production facilities that translate raw
materials into value-added products along the supply chain

 Conversions typically take place in repeated reaction and separation 
steps – either in batch or continuous processes.

 Computer aided tools: mass transfer, thermodynamic, kinetic, and 
other physical properties of treated materials

 Sufficient understanding of such properties is available 
and implemented in dynamic numeric models.
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Contemporary process engineering
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.

ProcessProcess
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Integrated process design and 
intensified processes

 Intensified continuous processes

More efficient and 
flexible low to medium 
scale production of 
specialty chemicals

Motivation

 Continuous Processing

 Standardized modular equipment

 Numbering-up on demand

 Fast response to marked change

Intensified production concepts require for adaptive sensor and 
process control technology

 Short set-up times

 Modular control strategies
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Integrated process design and 
intensified processes
Example: Flow Chemistry

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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Catalysis:
Hydroformylations of C12-alkenes
in micro emulsions

Pharmaceuticals:
Liberation kinetics

CO2 scrubbing

Reaction Engineering:
Lithiation reactions

Method development:
Esterifications 
(model reactions)

Process analytical technology for
intensified processes
Examples from BAM

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

Catalysis:
Hydrogenations

Reaction Engineering:
Photo reactions („click chemistry“)

palladiumchemicals.com
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Validation lab experiments in tube 
reactor
Continuous Lithiation Reaction Set-up at BAM 

 Experimental design for
validation of spectral models

 Full conversion was achieved

Reaction Scheme

Mixing

Dos.LiHMDS

Dos.Aniline

Dos.FNB

High-field NMR

 same residence 
time as
pilot plant

Residence time
distribution

Low field NMRNMR

Other Sensor

Sensors

Online state 
& parameter 
estimation

Model-based 
control

Control

Sensor failure 
detection &
correction

Online performance monitoring

Data-usage
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Proton NMR Spectra 500 MHz vs 43 MHz
Lab experiments in batch along reaction co-ordinate
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Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Validation with HF-NMR
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Indirect Hard Modeling (IHM)
How it works

Pure component models

Experimental Spectrum

Deconvoluted spectrum
R = H (Aniline)
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 Model limitations for low concentration of Aniline
 Prediction uncertainty 5‒7 % relative, i.e., 0.25‒0.35 % absolute

Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Current Limitations
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 Model limitations for low concentration of Aniline
 Prediction uncertainty 5‒7 % relative, i.e., 0.25‒0.35 % absolute

PLS-R
Reference

IHM

Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Current Limitations
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Model Validation 
Lab Experiments (DoE) in Continuous Tube Reactor

 Two series covering 1 : 1 : 2.3 (FNB : Aniline : Li-HMDS)

 Additional experiments, e.g., concentration variation in THF etc.
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Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Current Limitations

High field NMR
as reference method
(RTD corrected)

NDPA

FNB
Aniline

DoE: 10% less Li-HMDS, Ratio 1:1:2,6 
(Anilin : FNB : Li-HMDS)
Concentration FNB and Anilin 0,6 mol/L

 Model limitations for low concentrations of Aniline
 Prediction uncertainty 5‒7 % relative, i.e., 0.25‒0.35 % absolute
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Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Current Limitations

High field NMR
as reference method
(RTD corrected)

NDPA

FNB
Aniline

DoE: 10% less Li-HMDS, Ratio 1:1:2,6 
(Anilin : FNB : Li-HMDS)
Concentration FNB and Anilin 0,6 mol/L

Calibration free (100 % method)
Molar concentration

calibration

 Model limitations for low concentrations of Aniline
 Prediction uncertainty 5‒7 % relative, i.e., 0.25‒0.35 % absolute
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 Various substituents
 Fast adaption of

spectral models to
various substituents

 Calibration-free

R = H, CH3, F

Lunch time

Model Validation 
Variation of Substituents in Continuous Tube Reactor
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“Click” analytics for “click” chemistry –
a simple method for calibration-free 
evaluation of online NMR spectra

S. Kern, A. Onichimowska, et al., J. Magn. Reson. submitted 2016

Reaction mechanism of the thio-ene coupling 
monitored with online NMR spectroscopy:

Recorded online spectra: Kinetic information for
various solvents:
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Processes

Dispersions

Emulsions

Technical 
conditions in T 
and p

Flow Probe

Thermo-stating

Optimized pre-
magnetisation

Pressure
resistance

Optimized probe 
design

Instruments

Automated
shimming

Stable lock

Line shape
stability

Long-term 
stability

Lab remote 
control

Data 
Preparation

Automated
phasing

Automated
baseline
correction

Data quality
evaluation

Data 
Analysis

Spectral 
Modeling

Sensor 
fusion

„Semantic“ 
models

Summary: Low Field Reaction Monitoring
And it’s Way to Industrial Automation
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Current and future requirements to 
process 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. 

 Use of „complicated“ sensors has to be simplified towards „plug and 
play“

2220.01.2017 M. Maiwald Man Proposes - God Disposes 2. NMRPM, Kaiserslautern

Sensor

Fully functional
instrument

Automation

Robustness

Explosion 
safety

Applied 
standards

(e.g. EN 60079)

Zone 
classification

Explosion group

Temperature 
class

Pressurized
housing

Leakage control

Communi-
cation

Safeguard
control

„SIL“ = safety
integrity level

4‒20 mA signals

Fast field bus
(e.g., remote 

control)

Status signals

Full Docu-
mentation

ATEX certificate

CE certificate
(Europe)

Documentation
(Manual)

Safety and 
Operation

Safety audits

Safety
instructions

Operation 
training

Industrial Automation
Current Technical and Cultural Requirements 

to Process Sensors
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Communication Concept

Safety Information
- Leakage, T, p

NAMUR
status signals

Conventional
4-20 mA

OPC-UA
Client Fast field bus
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How to enable (self-)organising systems?Smart Sensors
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From Lousy Interfaces to “Industrie 4.0“
Use of Runtime Environments
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From Lousy Interfaces to “Industrie 4.0“
Use of Runtime Environments
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From Lousy Interfaces to “Industrie 4.0“
Use of Runtime Environments

e.g., 
license 
server
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Process Control

 Contemporary process engineering 

 Integrated process design and intensified 
processes
 Intensified continuous processes

 Integrated processes

 Towards continuous pharmaceutical 
manufacturing

 Flow chemistry

 Contemporary automation and process control

 Current and future requirements to process 
sensors

3020.01.2017 M. Maiwald Man Proposes - God Disposes 2. NMRPM, Kaiserslautern

Integrated process design and 
intensified processes
Towards continuous pharmaceutical manufacturing
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Contemporary automation and 
process control

 Current focuses of research are closed-loop adaptive control 
concepts for plant-wide process control, which make use of specific 
or non-specific sensors along with conventional plant instruments.

 Such advanced control solutions could give more information than 
only control information, such as 

 sensor failure detection

 control performance monitoring

and improve simulation-based engineering.

Motivation

 processes can automatically be driven much closer to the optimal 
operating limit

 adaptation during the life cycle of the process

 potential to automatically cope with changes of the raw-materials 
as well as process conditions
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Model Building: IHM and PLS-R
Lab experiments in Batch Along Reaction Co-ordinate

Current Limitations

Calibration free (100 % 
method)

Molar concentration
calibration

High field NMR
as reference method
(RTD corrected)

NDPA

FNB

Aniline

DoE: 50 % less Li-HMDS, Ratio 1:1:2,6 
(Anilin : FNB : Li-HMDS);
Concentration of FNB and Anilin 0,6 mol/L



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


