Universitat (i
Rostock

7 Traditio et Innovatio

ONLINE MONITORING SYSTEM USING REACTOR
AND MASS SPECTROMETRY

Thesis
To
The acquisition of the academic degree
Doctor of Engineering (Dr. Eng)
Faculty of Computer Science and Electrical Engineering

University of Rostock

Rostock, 2017

Submitted by: Adyvisors:
M.Sc Vinh Quang Do PD. Dr.-Ing. habil. Heidi Fleischer
From Vietnam Prof. Dr.-Ing. habil. Kerstin Thurow

Born on 16.10.1984 in Can Tho

urn:nbn:de:gbv:28-diss2018-0044-1


mailto:Vinh.do@uni-rostock.de
zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2018-0044-1

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext





Reviewers:

1. Reviewer:
Prof. Dr. -Ing. habil. Kerstin Thurow
Institute of Automation, University of Rostock, Germany

2. Reviewer:
PD. Dr. -Ing. habil. Heidi Fleischer,
Institute of Automation, University of Rostock, Germany

3. Reviewer:
Prof. Robin A. Felder, Ph.D.
Department of Pathology, University of Virginia School of Medicine, USA

Date of Submission: 5™ September, 2017
Date of Defense: 5™ March, 2018






ABSTRACT

An online reaction monitoring system can offer fast data acquisition at different reaction stages of every
time-point in a reaction process. This facilitates the study of reaction mechanism and reaction kinetics
through the monitoring of reactants, products and transient species. And at a higher level, reaction
conditions can be influenced automatically based on feedback data so that reaction parameters such as
reaction rate, product quality or product quantity can be optimized. For constructing an online reaction
monitoring system with basic operations, different tasks in different areas of engineering are involved
such as: (chemical engineering) determining purposes of the system construction and its main functions,
system configuration as well as component devices; (mechanical and control engineering) suitable
arrangement, housing and control of individual devices if necessary; (computer engineering) combination
of discrete functioning of component devices into an automation process for performing meaningful
actions; and creation of the Graphical User Interface (GUI) for ease and convenience in control to
operators. A mobile reaction system coupling to an ESI-TOF-MS for online analysis purpose has been
implemented in our lab. The system implements the flow injection (FI) idea that solution from the micro
reactor outflow is injected into a carrier stream which is coupled to an analyzer. The system is computer-
based controlled with its all actions to be automated through the GUL In this work, a modification and
extension of an existing online reaction monitoring system are aimed at so that the system performance as

well as its utilities can be improved. Different tasks have been performed to accomplish the goal.

1) Addition of the dilution module so that the problem associated with sample overloading can be

avoided.

2) Integration of the micro reactor system to the ICP-MS for metal detection.

3) Modification of the monitoring method (or sampling method) for saving time and materials.
4) Modification of the heating module for tempering a reaction.

5) Correction for the errors of peak missing and double-sized peaks in sampling of the existing system.

This helps bring the standard deviation in sampling replication down to less than 10%.
6) Modification of the existing control software for accommodating new functions and modules.

7) Communication with the analyzer’s control software for a convenience in operation and data

extraction.






ACKNOWLEDGEMENTS

In order to be at this phase of my Ph.D. program, I have received a lot of support from my supervisors,
my family, and my friends.

Firstly, I would like to express my sincere thanks to Frau Prof. Kerstin Thurow for giving me a chance to
follow this Ph.D. program which I had never dreamed of even after my bachelor graduation. Her
instructions are valuable for me during the years. I would like to send my deepest gratefulness to my
supervisor Frau PD. Dr. Heidi Fleischer who has accompanied me during the last duration. She not only
guided me with her care, patience and enthusiasm but also encouraged me a lot during this long and
challenging period. I would like to thank also other members in Celisca for their kind supports, especially
Dr. Thomas Roddelkopf, Herr Lars Woinar, Herr Heiko Engelhardt, Dr. Steffen Junginger, Frau Grit
Koch, Frau Sybille Horn.

Secondly, I am extremely grateful to my family who always love me and stay by my side no matter where
I am and what I do. I would like to thank my friends, especially Ankit, Ali, Kim Chi, Minh Thu, Trang
Thuy, Ha Giang, Xuan Hong, Phuong Linh, Xuan Can and Van Muot, for their kind helps and
encouragement and for the pleasure time we had.

Finally, I would like to thank the Vietnam Ministry of Education and Training for the Project 911
Scholarship for the financial support of my study. This gives me a chance to study in Germany where
people love to work and willing to share their knowledge. Time when I have been here is a meaningful

experience and unforgettable memory in my life.

Thank you again and wish you all the best.






CONTENTS

AADSITACE ...ttt et ettt ettt a et ettt b e e h e et bt et e bt e a e e et bt et e bt ea e et e e bt en e e bt eat et e ehe et e eheeneeteeneenee v
ACKNOWIBAGEIMENES ...ttt rb ettt et e bt e bt e s bt e eateeabeembe e beesbeesseesaeeeneean vii
ST OF FI@UIES ...ttt ettt ettt et e bt e sb e e s bt e sateeateeate e beeebeeeaeeemteenbeebeenbeenaeas xiil
LSt OF TADIES ...ttt ettt s a et b e et e bt eae et e sb e et e e b e eat et e ese et e sbeeneenaeeneens Xvii
CHAPTER 1 INEEOAUCTION ...ttt et ettt e bt e s bt e et e et eeabe e e eees 1
CHAPTER 2 The State Of ATt....ceiiiieieieiieiieesteee ettt ettt ettt st sae et e b et entesaeeaeas 5
2.1 IMICTO REACLOTS ...ttt ettt sttt e a et e bt et s bt et e et sbe et e sbeeneeeeeaeenee 5
2.2 Reaction Monitoring TeChNOIOZIES........c.ceiuiiiiiiiieiiee et 8
2.2.1 BaCKZIOUNG .....ocuiiiiieiiecie ettt ettt s tb e e b e e b e e ba e ttesrtesebeenseenbeenreennes 8
2.2.2 Reaction Monitoring with Fluorescent SpectroSCOPY .....cvveerveerieeriercriecreeriesieesieesvesveenens 10
223 Reaction Monitoring with UV-VIS SpectroSCOPY ....ceeveerieeriirriierieeiieieeieesieesieesiee e 14
2.2.4 Reaction Monitoring with Infrared SpectroSCOPY ......cccvvvvvierieeriierienciieie et eve e 16
2.2.5 Reaction Monitoring with Raman SpectroSCOPY .....cveevveevveeriierierieerieieereesieeseeeseesveenneas 20
2.2.6 Reaction Monitoring with NMR SpectrOSCOPY.....eevvverueerierriieniienieeieeieeieesieesieesee e eneeas 22
2.2.7 Reaction Monitoring with Mass SPECtIOMELY ........ceeeveevieerieerieerreereereereeseesseesnesneesnens 26

23 Summary for Different Spectroscopic Methods ..........coceveeviiniiiininiiiineeeeee 32
CHAPTER 3 SyStemM OVETVIEW ..ccuviitiiiiiiiiiiiierieetete ettt ettt ettt et sbt et bt sttt sat et sbeeaesaesaeens 35
3.1 N1 00 G0 4 o) o APPSR 35
3.2 Initial State 0f the SYStEIM ......couiiiiiiiiiieee ettt 36
33 Current State 0f the SYSIEIM .....coiiriiiiiiiieee ettt et 39
3.4 MAIN FUNCHONS ...eeiiiiieiiit ettt ettt et ettt e e et et e e e ss e et e teeneenseeneeneenseenean 40
3.5 Objective and Contributions of the Thesis.......cocceceririeriniiierieeeeeeeee e 41
CHAPTER 4 System VerifiCation.......c.cccveriieriiirieiieeieeie et esteesitestesteeteeseesseesseesnsessseesseesseessaessnenns 43
4.1 Verification of PUMP OPeration.........cc.ecvieeiieviieniienieiieere e esreesreesteesreeaeeeveesveesseesssessnesssessvees 44
4.2 Verification of the Carrier SOIvent PUMP .........ccccooviiiiiniiiiieeceeeeeee e 45
4.3 Testing the SWItChING ValVe .......cccuiiiiiiiiiiiieiiceeeestese ettt sttt ssaesnne e 46
4.4  Estimation of the Possible Residence Time ..........ccoocieririeiienieieeeieeee e 47
4.5 Time Resolution of the SYStem........ccuiviiiiiiiiiieeeeeee et 47
CHAPTER 5  Modification of the Fast Sampling Method ...........ccccccvveeviiiieiiiniicie e 51

5.1 Existing Algorithm of the Slow Sampling and Fast Sampling Method...........c..cccevvvevieiiennnn, 51



TR N o 01 (o : Tl s PRSPPI 52

5.2.1 A Simple Case With 3 NOAES ....cc.eeviiriieiieiieiereesee ettt sre s reesre e e e ssaessnessseenseas 52
522 Extension of the Fast Sampling Method to M+1 NOdeSs ........cooeeiieeiiieiieeiienienienieeeee 53
TR N o o) o : Tl s 5RO 55
5.3.1 Derivation of the Additional Reaction Time from Reaction Stage i-1 to Reaction Stage i 55
532 Calculation of the Total Working Time and Total Material Consumption............cc..cc....... 56
54 Testing and RESUILS ......c.ccciiiiiiiiciieieeesee ettt ettt teessa et e steessbeesseesseessaessaessnenns 57
54.1 Quantification of Reduction Capability of the Algorithm ............ccccooviniiiiiiiiinie 57
54.2 Implementation with Acetylation Reaction ..........cc.ccoeceeviieiiiniiniiniieeeeeeeceee e 58
5.5 SUINITIATY ...eeeevieeiiieeiie et e siteesteestee e steessteeesseessseeassseeanseeassseessseesssseessseesnssessnseesnseeesssessnseesnsseenn 63
CHAPTER 6  Integration of the Heating Module...........cccooiiiiiiiiiiiieieeeeee et 65
6.1 OVETVIEW ...ttt ettt ettt ettt et e s bt e satesateeat e e bt e ebeeeaeeeateembeeabeenbe e st e s tesatesnteenseenseeseasseasnneans 65
6.2  Derivation of Parameters for the PID Controller...........ccccovieiiriiienineeiceeeee e 66
6.3 A Simplified Modeling of the Heating Problem ............ccooiiriiriiiiiiiieeeeeeeeeeee e 68
6.4  Selection of Suitable Heating SChemes..........c.cccueiviiiiierieiiecii et 71
6.5 Integration into the Control SOFtWAIE ..........ccceivvierieriieiie ettt sene e 72
6.6  Testing and RESUILS ........cooiiiiiiiieie ettt sttt et e et e saeesnee e 75
6.7 SUINITIATY ..ot vvveeietieeiieeeieeeteeesteeeteeeseteessteeesseessseeesseeasseeassseeasseesssseessseesnssessssessnsssessseesseessssenn 76
CHAPTER 7 Dilution MOQUIE.....c.oeuieiiiieiee ettt ettt s ae e 77
7.1 OVETVIBW ...ttt ettt te et e et ettt ettt et e e s bt e satesateeate e bt esteesaeesnteenseenseenseenseenseesstesnseenseenseenseesseasnsens 77
7.2 Selection of Dilution Scheme for Integration to the System...........ccceveviievieiiiiiieereeseeeieeiens 78
7.3 Related Results in the LIterature ...........ccooiiiiiiieieeieee et 80
7.4  Integration of the Active Splitting Dilution to the Main System ..........cccceveevierenreeneneenenennne. 80
7.5 A Problem with Variation of Micro Reactor Flow Rate .............coccoiiiiiiiiieiiiieceeeee 82
7.6 Back-Pressure APPrOACK..........ccivciiiiiierieiieiie ettt ettt ste sttt et e snaesnteenseesaesnaeenne e 83
7.7  Separating Effects from Micro Reactor FIow Rate..........cccccoecuieeiieiiiniiniiiicciecececeeeeee 85
7.8 Flow Compensation CONCEPL........ccveruieiieeriereerieeseeiteeetreereesseesseesseesssessseesseesseessessssesssessesnsens 86
7.8.1 Diluting AlGOTItRIM......cooiiiiieieieeee ettt s enreeneees 86
7.8.2 Testing and RESUILS .......cviiiiieieieieeeee ettt ssaesnseenseeneeas 87
7.9 SUINIMIATY ..o eiviieiiieciee et e et e erteeeteeesebeessteeeeaeessseeessseeasseeasssaeasseesssseessseeassseessseesssssensseessseeenssennn 91



8.1 OVETVIEW ..ttt ettt e e e e e ettt ee e e e e e et e eeeeessaaaaaaeteeeeessaaseateeeeessssansssseeeesssssanssaseeeessannns 93

8.2  Integration Schemes and APPLICALIONS........cccvevverriecrieiieriieree e e ereereesteesreesaessressseenseesseesses 93
8.3 INtEGIatioN COMCEPES ..eeuieuieiiiieiiet et te ettt ettt et e st e e bt e s et e e abe e bt e bt e bt e sbtesaeesaeeenteenbeesbeesaeesaneens 94
8.4  Testing and RESUILS .......ecvviiiiiiiieiie ettt ettt et e st e e sbe e taessaessnessseenseensaenses 96
8.4.1 Variation of Carrier Solvent Flow Rate (Configuration 1) ........cccccoeoiiiiiiiiniinienneeeen, 96
8.4.2 Changing of Carrier Solvent Type (Configuration 1) .........cccocoeeiiiiiiniiniiiiiieeeeeseeeee 97
8.4.3 Variation of Micro Reactor Flow Rate (Configuration 2).........ccccceevevvecveecieenienvenvenveennens 99

8.5 Dilution with ICP-MS in Spectrum mMOE..........ccccuiiiiiieiiiieiiieeiie ettt eeve e veeeseveeevee e 101
8.5.1 Experimental Procedure and Setup ..........coecuieiieiiieiieiierce ettt 102
8.5.2 RESUILS ..ttt ettt ettt et s a et e st e st et e e bt et e nneenean 103

8.6  Dilution with ICP-MS using Time-Resolved Analysis (TRA) Mode.........ccccceevvenirnienerennen. 107
8.6.1 ExXperimental SEtHINES ........cueeiuieriiiiieeiiee ettt ettt et 107
8.6.2 RESUILS ..ttt sttt ettt et e e te e st et e e bt et e naeenean 108

8.7 SUIMIMAIY ...einiiiieieeiieete ettt ettt ettt et e te et e b e e st estesseensessesseessaeseessenseassensesseensensenssansenseenes 111
CHAPTER 9  Modification of the Graphical User INterface ..........ccoceevveererciiecriecieieriesee e 113
9.1 17530 1 PSP 113
9.1.1 (070311 go) BN T<To1 101 1 U RUPRR PR 114
9.1.2 N E 11 I 1T 1103 + SRS 117
9.1.3 LLOZ SECLION ... .viieiieuiieiieciiecte e ettt et et e eb e s b e e b e esbeesteestbestbeesbeesseesseessesssesssenssensseesseenses 119

9.2 Graphical User Interface AUtOmMAtiON ........cc.eocveviiriiriienenienieneetere ettt 119
9.2.1 OVETVIEW ...ttt ettt ettt et et e et e e bt eat e st es e et e e st ene e teene et e eseemtenseeneensesneensensesneens 119
9.2.2 INtroduction t0 AULOIE .....cc.eeiiiieiee ettt et eaees 120
9.23 Automation of the MassHunter GUI using Autolt library ........c..cccccveevenernencneencnennne. 121
CHAPTER 10 Summary and FUture WOrKS .........ccoviiiiiiiiiiiiiieieceeceeeee sttt senesvnesene e s 123
CHAPTER 11 EXperimental SECHION ........c.eccveeevieriieriieniieseeeie et eieesteesieesseeseeenseenseesseesseessnessnesnsesnsens 127
11.1  Devices and Materials .........coeveereriirieieieeriee ettt ettt et st te b saeens 127
11.2  EXPerimental SELINES .....ccvecveriiirierietieiteesteesieestteereesteeteesteestsessseessesssessseesessssesssssssessesssens 128
11.2.1  EXPEIIMENE 1 ..eiiiiiiiiiieiieiie ettt ettt ettt et et e saaessteesteensaesseessaesssesnsesnseenseenses 128
11.2.2  EXPEIIMENE 2 ..eeiiieiiieiieiieeiieeite et eie et e site st esteesteeteeseesssesssessseensaensaesseesssesssesnsesnsennseenses 129
11.2.3  EXPEIIMENL 3..iiiiiiiiiiiieiieiieeieeiie et et esteesteesteeetaeetbeesbeesbeestaesssessseesseessessseesssesssesssesssessses 130

11.2.4  EXPEIIMENE 4 ...o.eviieiieiieiieeie ettt ettt e st et e et e eebeesseesseessaesssessseesseensaesseesssesssesssennsennsesnses 131



11.2.5  EXPEIIMENE S..oiiiiiiieiiiiiecie ettt ettt sit e st et eeebe et e et e staessaessseesseessaesseesssesssesnsesnsennsennses 132

11.2.6 EXPEIIMENL O...e.evieeiieiieiieeiie et eie et esieesete st e seteeeteesseesseesesessaessseesseessaesseesssesssesssennsesssesnses 133
11.2.7  EXPEIIMENL 7 ...oiiiiiiiiiiieeiie et eeiee ettt e et e et e e sveeeteeestveeesbaeeseseessbaeessseesssasensseesssessssseenssenns 134
11.2.8  EXPEIIMENLE 8 ...oveviieiieiieiieciie ettt ettt et e st et e et et eesaestaessaessseesseessaesseesssesssesssennseesseenses 135
11.2.9  EXPEIIMENE D ..eoeiiiiiiiiieciie ettt ettt e et e et e e ebeeesebeessbaeeeseesssaeessaeesssessssseenssenns 136
11.2.10 EXPErimMENt 10 .....ccuviiiiiieiiiceiie ettt et e et e et e e tae e e beeebaeeabeeensaeeenneaas 137
11.2.11 25 q 0T U030 L USRS 138
11.2.12 EXPEIIMENT 12 ...iiiiiiiiiiieiieeeee ettt ettt e et e e e e ta e e s beeebaeesbeeensaeesnseaas 139
ADDTEVIATIONS ..ttt ettt ettt et b et s bt et s bt e st et e bt et e sb e et e s bt ebt et e e bt et e nbe et e naeebeens 140
RETEIEIICES ...ttt sttt ettt b ettt ettt e aes 141
PUDLICATIONS ...ttt ettt s h et bt et b e bt et sb et e s bt sbee bt s bt eabesbeeabesiesbeens 147
TRESES .ttt h et bttt et b e et b e a et bt et h e ehe et bt et e bt et e ntesbeens 148

DIECIATALION ...ttt ettt e ettt e e e e e e e e e a e eeeeesese e aeeeeeeesaeeeaaeeeeeesessaansareseesssssennsaaeeeessnnnas 150



LIST OF FIGURES

Figure 2-1: Various types of micro reactor and other micro fluidic components [26]: a) branch capillary
micro reactors using couplers, b) glass micro reactor integrated within chip-to-word coupling interface, c)
silicon micro reactor with integrated frit to hold catalytic particles, d) silicon micro reactor with integrated
high aspect-ratio posts and flow disruption features, e) glass micro reactor chip for catalyst reactions, f)
commercial multi-micro reactor based SYStEIM ........cccuiiiiiiiiiiieiieei e 5

Figure 2-2: Emission spectrum of a flame. The broad background emission bands from polyatomic

species such as OH and CH are seen. Superimposed on the broad background emission are the very

narrow atomic emission lines from the elements Mg, Ni, Na, and K [31] ..c..cccoevvevieviieniieniinieeeeeeene 9
Figure 2-3: Integration scheme using an inverted microSCOPE [37]...cccveerveereerienieeieeieeieerieesee st eee e 12
Figure 2-4: Schematic view of spectrofluorimetric microdetector [38].......cccevveerieriieriiieiierieniesee e 12
Figure 2-5: Microlens ewide (focal length 550 m) [39] .ecvveiieiiieiiiiiieieee et 13
Figure 2-6: Light coupled along a microfluidic channel segment [40].........cccoceeviieiieniieiiinienienieeeeee, 13
Figure 2-7: Z-shaped micro-flow thorough cell with 50 pl inner volume [49] .......ccoooieiinieiiiieeeeee, 16
Figure 2-8: Schematic top view of the IMAAS [50].....ccciiiierieiiecie ettt eveeseresresereenrees 16

Figure 2-9: Schematic of the IR-measurement set-up: (top) measurement in the MIR-range using a high-

resolution FTIR-microscope; and (bottom) measurements in the NIR-range using a NIR-fibre optic probe

Figure 2-10: Exemplary setup for monitoring the product formation within a continuous flow processing
using the Vapourtec R2+/R4 flow chemistry system. a) R2+double pump unit, b) R4 unit with CFC

reactor connected, c) Omnifit column filled with polymer supported scavenger, d) MT IR flow cell, e)

ReactIR 45m, f) flask containing product SOIUtION [68] .......ccceeriiiriiiiiiiieieeeie et 19
Figure 2-11: Photograph of on-chip Raman analysis [81].........cceceiirieiinieeieee e 21
Figure 2-12: Schematic of a micro reactor integrated with waveguide confined Raman spectroscopy [78]
.................................................................................................................................................................... 22
Figure 2-13: Schematic diagram of MICCS-NMR [90] ......cooiiiiiiiiieieiee s 25
Figure 2-14: The NMR microchip with a fluidic channel passing through a wire bonded micro coil [97]
.................................................................................................................................................................... 25
Figure 2-15: Micro reactor coupled online to ESI source with the reaction quenched at the second

1001 (03 002 0010: 1 ol 8 0 7 PSPPSR 30
Figure 2-16: Microsaic 3500 MiD miniature mass spectrometer coupled to a Unigsis FlowSyn flow
ChemMISLIY SYSEEIM[23 ] .. .iiiiii ittt ettt e et e e et e e teessaessseenbeenseenseensaesseesnseasseesseenseenseessnenns 30

Figure 2-17: Schematic diagram of the online quench-flow micro reactor used for time-resolved ESI-
FTICR MS eXPeriments [L116] ....cccveiiiiiieiiieriieeiiesieeie ettt eitesieeseeesaaeeteeteessaessaesnsesnsesnseenseesseesnsesssennses 31


file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159101
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159101
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159101
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159101
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159101
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159102
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159102
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159102
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159103
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159104
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159105
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159106
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159107
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159108
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159109
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159109
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159109
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159110
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159110
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159110
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159110
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159111
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159112
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159112
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159113
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159114
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159114
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159115
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159115
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159116
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159116
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159117
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159117

Figure 3-1: Initial configuration of the Online reaction monitoring system: (T) mixer, (P;) educt pump,
(P,) educt pump, (P;) carrier solvent pump, (M13) mass flow controller, (MP_V) multiport valve......... 37

Figure 3-2: Current configuration of the Online reaction monitoring system: a) schematic diagram, b) 3D

Figure 3-3: Each sample transferred to the MS is recognized as a peak........ccccoeceeeiieiieiiineeninnienieeen, 39
Figure 3-4: Velocity profile of a fully developed laminar pipe flow and formula of mean residence time 40

Figure 4-1: Configuration scheme of the measurement structure: 1) pump module, 2) micro reactor, 3)
carrier solvent module, 4) MUIIPOTE VAIVE.......ccvviviiiiiiiiiieeie ettt ettt see e e srseeseessaessaessnenes 43

Figure 4-2: Response of Knauer pumps to different flow rate Settings ..........cooceeveeverienenenienenceeneeneen 44

Figure 4-3: Response of the mzr 2942 to a step input and to sampling: yellow line is the input power; red
line is the setpoint; green line is the measured fIOW Tate .........ccoeoeiirieiiiieiere e 46

Figure 4-4: Peak OVEIlapPing......ccceeruiiiiieiteiti ettt ettt ettt st ettt et e st eenteeabe e bt e bt e sbeeseeesaneennean 49
Figure 5-1: Principle of sampling methods: a) slow sampling method, b) the old fast sampling method...51

Figure 5-2: Principle of the FSM approach 1with 3 nodes ...........ccoeerieiiiiiiiiieeeeeeee e 52
Figure 5-3: Extension of the FSM approach ©.........ccociiiiiiiiiiiiieeeee et 54
Figure 5-4: Principle of the second approach ............coceiieiiiiiieiereeeeeee e 55

Figure 5-5: Measurement signals for the slow and modified fast sampling method approach 1 with
reaction stages at 1.5, 3, 4.5 minutes: a) FSM (M=2) with product signal, b) FSM (M=4) with product
signal, ¢) FSM (M=6) with product signal, d) SSM with product signal ............ccccceeeiriirinieiiineeeeeee 59

Figure 5-6: Measurement signals of educt, internal standard and product with the FSM approach 2: red
curve is signal of the educt; green curve is signal of the internal standard; blue curve is signal of the

0004 L o1 PSP URRPRR 61
Figure 5-7: Plots of educt (a), internal standard (b) and product (c) with the FSM approach 2 vs. SSM... 61

Figure 5-8: a) first smaller peak with acetic acid solvent measured by the ORMS, b) peaks are normal

with methanol solvent, c) peaks are normal with acetic acid solvent measured by an HPLC system........ 62
Figure 6-1: External heating CONfIGUIAtiON ...........cccviiiiieiiiiiieiiecieeeee e ere et estaesereeereeveeveesaeeseneeeneeanes 66
Figure 6-2: System tuned using the Ziegler-Nichols method [81]........cccceviiiiininiieniniiinineeeeeen 67
Figure 6-3: Oscillatory response of the system for derivation of PID parameters..........cccccoeeeerveeeneeneennen. 67
Figure 6-4: System response to different sets of PID parameters...........ccoeceeverierieneiieienceieneeceee e 68

Figure 6-5: Temperature response of the real system (upper) and temperature response from model
SIMUIATION (JOWET) ..cuviiiiiiiieiiieie ettt ctt e ettt e vttt e steestbeetbeesbeebeesbeesssessseasseesseessaessaassseasseasseessaesseesseessseans 70

Figure 6-6: Different Heating configurations: a) initial configuration of Julabo circulator and micro

reactor, b) insulation was installed on the piping system and micro reactor; later, 3 resistors was applied


file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159118
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159118
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159119
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159119
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159120
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159121
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159122
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159122
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159123
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159124
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159124
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159125
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159126
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159127
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159128
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159129
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159130
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159130
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159130
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159131
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159131
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159131
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159132
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159133
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159133
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159134
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159135
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159136
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159137
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159138
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159138
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159139
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159139

indirectly to the micro reactor, ¢) curvature connectors was removed from the piping system, d) a

heating/chilling plate was installed for additional heating/cooling...........ccccceevieriiiiiiiiiiiieeeeeen 73
Figure 6-7: GUI of the heating mOdULE............ooiiiiiiiiiie et 74
Figure 6-8: Algorithm for Heating/Cooling in automatic measuring mode............cccceoeerererreeneneeneenennnn. 74

Figure 6-9: Response of acetylation reaction according to reaction time (1.5, 3 and 4.5 min) and
temperature (25°C and 55°C) using SSM and FSM (M=2, 4, 6): a) internal standard, b) educts, c¢) product

.................................................................................................................................................................... 75
Figure 7-1: Linear dynamic range for splitting ratio [107] .....cccceeoeririeninieenieeeee e 78
Figure 7-2: a) Post-sampling dilution, b) Volumetric dilution [157]....ccccoevieiininneninieeneeeeeceeeeen 79

Figure 7-3: Diagram of the system integrating with the active splitter or mass rate attenuator (MRA)..... 81
Figure 7-4: Working principle of the active SPIItter........c..ccveviiiieiiiiie ettt ere e 81

Figure 7-5: Dependency of a diluted solution on the flow rate of micro reactor. In this experiment, the
split factor (3) and dilution flow rate (1 mL/min) are fixed. Only the micro reactor flow rate (or sample
flow rate) is varied. Solution: Octanoic acid (OS) and 4-Methyl octanoic acid (4-MOS) in Methanol ..... 83

Figure 7-6: Back-pressure regulation CONCEPL ......cc.ueiiiiiieiiieriieitieriie ettt ettt ettt e bt e seeesaee e s 83

Figure 7-7: Dilution with a back-pressure regulator. Measuring with pressure in micro reactor 5 bars, Split
factor (SF)=3 and different flow rate of the Micro reactor...........ccccvieviiieiiiiciieceeee e 84

Figure 7-8: Estimating the response curve by a formula. This formula is used for calculating the

compensation factor that will be used to adjust flow rate of the dilution pump ..........ccceceerieereerienennnnnn. 84
Figure 7-9: Separating effects from micro 1eactor flow Tate..........ccoereeriiniriiininiieneneeceteeeceeseen 85

Figure 7-10: The concept of separating the effects from micro reactor flow rate variation. Dilution ratio:

1/50, 1/25, 1/12.5. Stock solution: 4-MOS in MEOH ...........coooviiiiiiiiii e 85
Figure 7-11: Flow cOMPENSAtION CONCEPL.....ccvierrierrreeriariesreesieesiresreaseesseesseesseesssesssessseessesssessssesssessessens 86
Figure 7-12: Algorithm for diluting with the flow compensation Concept ...........cceeeveeerievieereerrencreereenens 87
Figure 7-13: Improvement in dilution with the flow compensation COncept..........cecvevveerireneeneereeeceeennenn 88

Figure 7-14: Automatic dilution and Manual dilution with dilution ratios of 1:500, 1:300, 1:100 and 1:50

OF OS I IMEOH ...ttt bttt et s b et e st s b et bt e st e bt e st e tesbeeatenaeeaeens 90
Figure 7-15: Dependence of the diluted solution on concentration of the stock solution..............cccce.... 90
Figure 7-16: Dependence of the diluted solution on different SOIVENts ..........ccceeeveririeienieieseeeie e 92
Figure 7-17: Influence of different solvents and component’s age on the dilution ............cccceevevvrvrrnennnen. 92

Figure 8-1: Schematic representation of the online CSPOM-MF/ICP-MS system.........cccccceeeereeeeneeneennen. 94


file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159139
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159139
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159140
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159141
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159142
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159142
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159142
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159143
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159144
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159145
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159146
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159147
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159147
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159147
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159148
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159149
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159149
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159150
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159150
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159151
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159152
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159152
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159153
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159154
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159155
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159156
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159156
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159157
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159158
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159159
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159160

Figure 8-2: First configuration: Direct integration of the micro reactor system to ICP-MS. 1) HPLC pump,
2) micro reactor, 3) multiport valve, 4) micro annular gear pump, 5) heating/cooling module, 6) nebulizer,
7) PETISTAITIC PUITIP 1..veeiieieieeiie et et te st e et e bt e e e et e steestaeesbeesseesseessaesseessseasseasseesssessaesssesssenssessseessensseensennns 95

Figure 8-3: Second configuration of integration the micro reactor system to ICP-MS. 1) HPLC pump, 2)

micro reactor, 3) multiport valve, 4) micro annular gear pump, 5) heating/cooling module, 6) nebulizer, 7)

peristaltic pump, 8) TEE JOINL .......eiuiiiieieiiee ettt ettt et e ettt e bt e bt e sbeesaeesaeeeneean 96
Figure 8-4: Li (a), Al (b) and Cu (c) elements measured with H,O as carrier solvent and with 1%HNO; as
carrier solvent. The carrier solvent was from 0.2 mL/min to 0.6 mL/mMin.........cccceccoeirieninienenienenencene 97
Figure 8-5: TIC signal according to the changing of micro reactor flow rate...........ccceceevieiieeienieeneenne. 100
Figure 8-6: Second concept for integration to ICP-MS including the dilution module..............c.ccccenee. 101

Figure 8-7: Concentration of Fe, Mn and Li in blank solution of 1% HNO; and ultrapure water sampled
by ALS and by ORMS system at different dilution ratios and different flow rates of the micro reactor . 104

Figure 8-8: Manual vs. automatic dilution of 5 mg/L ICP multi-element standard in 1% HNOs at dilution
ratios 1:1000, 1:500, 1:100 and 1:50 (left) and its automatic dilution in more details (right) for some
representatives Li (2), M (D), FE (C) cuuiiviiiiiiiiiieiiecieciects ettt ere e e st s s eesse e es 105

Figure 8-9: Manual vs. automatic dilution of 5 mg/L ICP multi-element standard in ultrapure water at
dilution ratios 1:1000, 1:500, 1:100 and 1:50 (left) and its automatic dilution in more details (right) for
some representatives Li (2), M (D), FE (C).eouuiiiiiiiiiiieie ettt 107

Figure 8-10: Integrating configuration used for testing the dilution module with ICP-MS in TRA mode

.................................................................................................................................................................. 108
Figure 8-11: Manual and automatic dilution in TRA mode for Pb (207) ....c.ceoveveevienieniieieeeeeeeee 110
Figure 8-12: Manual and automatic dilution in TRA mode for Fe (56) ......ccccoovvvvevieniieiiieiiereereeene, 110

Figure 9-1: Schematic view of the workflow in the control of online reaction monitoring process [19].113

Figure 9-2: The modified GUI........cccoiiiiiiiiiiiieee ettt sttt sttt 114
Figure 9-3: Control section: Carrier SOIVENL .........cc.eeiiiiiiieiere ettt ettt 115
Figure 9-4: Control section: a) manual measuring, b) auto MEASUTING..........ccceereerieerierrerireereereeeeenees 115
Figure 9-5: Control section: a) heater, b) dilution...........c.cccuieeiiiviieiierieiie e 116
Figure 9-6: Control section: a) ESI-MS automation, b) I[CP-MS automation .............ccccceeveererierereencne 116
Figure 9-7: Control section: a) socket communication, b) COM POTt........ccceevveeriieriieriienieeieeieeieeieenees 117
Figure 9-8: Status section 0f the GUI .........cooiiiiiiiieeie et 118

Figure 9-9: Log section 0f the GUIL...........ooiiiiiiiieeee ettt 119


file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159161
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159161
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159161
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159162
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159162
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159162
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159163
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159163
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159164
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159165
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159166
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159166
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159167
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159167
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159167
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159168
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159168
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159168
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159169
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159169
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159170
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159171
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159172
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159173
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159174
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159175
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159176
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159177
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159178
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159179
file:///C:/Users/Vinh%20Quang%20Do/OneDrive/Rostock%20University/2017/3.%20Thesis/Final/1.%20Vinh%20Quang%20Do_Ph.D.%20Dissertation_Final.docx%23_Toc492159180

LIST OF TABLES

Table 2-1: Some commercial micro reactor systems available on the market...........ccccevveevievciencieniennennne, 7
Table 2-2: Transition state in molecules and N ALOMIS. .........eecuiiiieiieiieree e 9
Table 2-3: Ionization techniques for molecules and atOmS............cccveeeeiiieriieiiiieciee e 27
Table 2-4: Different mass analyzZer teChNIQUES ........cccvevvreiieeriierieerie e eie et eieeie et eseesseeseesseessaesseenes 28
Table 2-5: A summary for different spectroscopic teChNIqUES ..........cocueevieiiieriiniieieeeeeeeee e 33
Table 3-1: SyStem SPECITICALIONS ....cccueiiuiiiiieitieitieeiie ettt ettt ettt et et e et e eateeabeeabeebe e bt e saeeeaeeeneean 39
Table 4-1: Determination of pump’s accuracy in transferring liquid..........cccecvevierierierncienieereeseesee s 45
Table 4-2: Testing results for the sWitching ValVe ...........coocciiiiiiiiiiiiee e 46
Table 4-3: Effect of sampling interval on the peak area with different flow rate of carrier solvent........... 48
Table 5-1: Step by step derivation of the fast algorithm with 3 nodes...........ccceevvevieriiiciiiiieeeeecee s 52
Table 5-2: Step by step derivation of the fast algorithm with M+7 nodes .........cccceecveeiieiieniininieieeen, 54
Table 5-3: Measurement of time and material consumption with slow and fast sampling method............ 57
Table 5-4: Summary for the acetylation reaction using the SSM and FSM approach 1..........ccccccvevvennnn. 60
Table 5-5: Summary for the acetylation reaction using the SSM and FSM approach 2.........c.ccccceeveenen. 62
Table 6-1: Different heating MEthOd..........cecoieiieiiiiiiiieeeee e e b reesre e s rneeareenres 65
Table 6-2: Closed-loop calculation of K, T, and Ty ......c.ccoouiiiiiiiiiiiiiiiiiiiicicccceecee e 67
Table 6-3: Different configurations for heating/CoOlNE ........ccceerirriiriiiiiiiieceee e 72
Table 7-1: Table for selection of split factor depending on flow rate of the micro reactor and the split ratio
.................................................................................................................................................................... 82
Table 7-2: Automatic dilution and manual dilution of OS in MeOH (Run 2, 91 mg/L OS + 91 mg/L 4-

LAY (O NI s A (<10 ) ) TSP 89

Table 8-1: Measured peak area (signals) of selected elements in two carrier solvents at various flow rates.

Relative percentage (RP): variation of the signal in the carrier solvent HNO; related to the signal in the

CaITICT SOIVENIE HO .. eiuiiiiiiiiiiee ettt st ettt s b et bt et e bt e bt et sbeeatentesaeens 98
Table 8-2: Standard deviation of elements in different carrier solvents at different flow rate ................... 99
Table 8-3: Advantages and disadvantages of the integration concepts to [CP-MS ..........ccccovvvvrvrrinenen. 100
Table 8-4: Change settings for the PeriStaltic PUMP ........cccvevirriiieriieiieeeeeee e 102
Table 8-5: Measurement results of Automatic vs. Manual dilution for Pb...........ccocoeviiininniiiiree 109
Table 9-1: Some main features of GUI automation Utilities ..........ceereereerieriienieeiieieeeesee e see e 120

Table 11-1: Main devices used in the SYSEIM .......ceecieriiriiiieeieee ettt seaeenneenee s 127



Table 11-2: List of materials used fOr EXPEriMENLtS .........ccccevevrrrieeriierieerienieeieereereeseeseesseeseresssesnseenseas 127

Table 11-3: Settings for experiment 1 (time reSOIULION) .......cceevcveeriieriierierie e eie et seeere e 128
Table 11-4: Settings for Experiment 2 (Fast Sampling Method - Approach 1).......cccoeceiiiiiiiiiienneene 129
Table 11-5: Settings for Experiment 3 (Fast Sampling Method - Approach 2).........cccceevevvevvvncvencreennen. 130
Table 11-6: Settings for Experiment 4 (Heating module)............ccocceeriiiiiiiiiiiiiieeeee e 131
Table 11-7: Settings for experiment 5 (Testing for dilution Before and After using the flow compensation
Y001 (0Tl 1) TSP 132
Table 11-8: Settings for experiment 6 (Dilution Module)...........ccceceerieriiniiiiiiiieee e 133
Table 11-9: Settings for experiment 7 (Integration to ICP-MS) .......cccccovveriiriinciieieeeeeeeee e 134

Table 11-10: Settings for experiment 8 (Integration to ICP-MS — Dilution with blank 1% HNO;)......... 135
Table 11-11: Settings for experiment 9 (Integration to ICP-MS — Dilution with blank ultrapure water). 136

Table 11-12: Settings for experiment 10 (ICP-MS in spectrum mode — Dilution of 5 mg/L ICP multi-
element standard solution IV in HNO; (1%, v/v) with HNO; (1%, v/v) as a diluent)..........ccccceeeerreennnen. 137

Table 11-13: Settings for experiment 11 (ICP-MS in spectrum mode — Dilution of 5 mg/L ICP multi-
element standard solution IV in ultrapure water with ultrapure water as a diluent) .............cccceveerreenen. 138

Table 11-14: Settings for experiment 12 (ICP-MS in TRA mode — Dilution of 5 mg/L ICP multi-element
standard solution IV in HNOj; (1%, v/v) with HNOj; (1%, v/v) as a diluent) .........c.cccceevvevvenvenvenreennen. 139



CHAPTER 1 INTRODUCTION

A chemical reactor is a device properly designed for reactions to occur under controlled conditions
toward specified products [1]. It can be roughly categorized into batch reactors and flow reactors although
there are other types of reactor available such as semi-batch reactors, continuous stirred tank reactors,
organelles, cells, and tissues. In batch reaction such as a reaction in a flask and a beaker, the concentration
of species evolves with time or concentration is a function of time. Meanwhile, for a flow reaction at its
steady state, the concentration at each specific location is unchanged with time but evolves with spatial
location along the reactor. In other words, concentration in flow reactor is a function of position [2]. The
residence time in flow reaction is defined as the time for which the solution resides in the flow reactor. It
can be considered equivalent to a certain elapsed time for a reaction in batch reactor. For setting different
residence time in flow reaction, either the reactor volume or stream flow rate can be varied. Batch
reaction is widely used in fine chemicals and drugs. Meanwhile, flow reaction is more dominated in mass

manufacture such as petrochemical and commodity chemical industry [3].

Micro reactor is a branch of flow reactor which has been investigated since the mid-1990 as a tool for
chemical research by academic researchers. Today, this technology is not limited to the field of chemistry
but is used in biotechnology, pharmaceutical industry and medicine, life science, clinical and

environmental diagnostics [4].

Advantages and disadvantages: An advantage of micro reactors is rapid mixing that occurs due to short
diffusion distances and therefore side reactions that occur due to poor mixing can be suppressed [4][5].
Efficient mass transfer that increases reaction selectivity' [6] and efficient heat transfer that enables
higher temperatures and pressures applied to slow reactions as well as safer operations with exothermic
reactions are further advantages [7]. Micro reactors can be modulus since different functioning blocks can
be connected together such as mixing modules, reaction modules, and heating modules. Therefore, a
micro reactor system can be easily scaled up by numbering up channels and is flexible enough to respond
to changes in the market or supply chain [8]. In addition, process conditions in micro reactors can be well
controlled such as flow pattern, efficient mixing, uniform or gradient temperature distribution [9][10].
Indeed, those factors of small size, robustness, controllability, and scalability of micro reactors make it
beneficial for implementing chemistry-related automation system in lab scale. One drawback of micro
reactors is not being tolerant to particulates whose size exceeds 10% of the smallest dimension of the
system channel [8].

Some applications relating to micro reactors include:
- High-throughput screening: isomerization of allylic alcohols, gas/liquid asymmetric
hydrogenation [11].
- High purity chemical products such as photo cyclization, photocycloaddition, photo isomerization

reactions [12].

1
The selectivity may be defined as the conversion of the reactant to the desired product divided by the overall conversion of the reactant. It may also be stated as the

rate of conversion of the feed to the desired product divided by the overall conversion rate of the feed.
http://www.eptq.com/qandaquestion.aspx?q=c37ac6f6-3748-4704-8dcf-dfed45 1 eeS4e
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- Highly exothermic reactions: Nitration of toluene using concentrated nitric acid as the nitrating
agent with a packed bed micro reactor [13], reaction of methyl chloroformate with amines to form
methyl caramates [14].

- Reaction at elevated temperature: Newman-Kuart rearrangement involving O-(2-nitrophenyl)-
N,N-dimethylthiocarbamate at 170°C with CYTOS system [14], hydrogen production at >700°C
[15].

- Fuel cell construction: hydrogen production from ceramic micro reactor [15].

- Emulsification and microencapsulation [16].

- Precision particle manufacture: calcium carbonate precipitation and silver particle synthesis [17].

- Portable chemical analysis: Lab on chip or total analysis system [18].

Motivations: Combination of micro reactors and analytical devices for online monitoring of chemical
processes even widens the application of this field in industry and research. This combination exploits the
advantages of micro reactors and the advantages of analytical devices for fast and reliable data
acquisition. Therefore, with an online reaction monitoring system, the qualitative, quantitative and
structural information of analytes can be derived [19]. Therefore, reaction mechanism and reaction
kinetics can be studied conveniently through the monitoring of reactants, products and transient species.
And at a higher level, reaction conditions can be influenced automatically based on feedback data so that
reaction parameters such as reaction rate, product quality or product quantity can be optimized [20]. This
technology of automated optimization of reactions, catalysts, and solvents exploits the revolutionary
algorithm or self-optimization (i.e. the Nelder-Mead simplex algorithm NMSIM or the stable noisy
optimization by branch and fit SNOBFIT algorithm), design of experiments (DoE) and kinetic parameters
[21].

For monitoring a chemical reaction, there are 3 techniques namely online, inline and offline. For the first
two techniques, samples are not required to be transferred remotely; the process can be measured at real-
time and the transient intermediates in millisecond range can be detected [22]. In the inline technique, all
the flow is continuously analyzed or the probe is inserted into the reactor, whereas representative aliquots
are periodically analyzed or the reactor is hyphenated to an instrument in the online technique [23][24]. In
the offline technique, the time the process properties are obtained is normally longer than the time the
process properties are changed. Therefore, this method is often impossible to detect short-lived
intermediate. /n situ or inline monitoring techniques has advantages for not introducing sampling delays
and less disturbing the reaction process. Meanwhile, in online methods more realistic reaction conditions

such as heating, cooling, inert or reactive gas atmosphere and mixing are easily realized [24].

Online reaction monitoring can be realized by the integration of physical sensors or spectroscopic
methods. Via installation of physical sensors, the reaction temperature can be monitored by thermometer,
bimetal, thermistor, thermal-couple; and reaction flow rate can be measured with micro pressure sensors,
micro flow anemometers, optical fiber cantilevers. In spectroscopic methods fluorescence spectroscopy,
ultraviolet-visible spectroscopy (UV/VIS), infrared spectroscopy (IR), Raman spectroscopy, X-Ray
spectroscopy (XRF) and nuclear magnetic resonance spectroscopy (NMR) are common techniques of



employment by measuring electromagnetic signals. Mass spectrometry is used via the detection of the

mass to charge ratio (m/z) of a chemical element or compound.

Practically, all control systems implemented today are based on computer control [25]. Since the
pioneering period (= 1955), computer-based control has advanced rapidly through the direct-digital-
control, minicomputer, microcomputer, general use of digital control and distributed control, and recently
Internet of Things (IoT). Parallel to the advancement of computer technology is the increasing of the
mean time between failure (MTBF) and the steady decreasing in price of the computer unit. These factors

contribute to the popularity of computer controlled systems nowadays.

As the author’s understanding, the idea of control is to mainly deal with how a device or system behaves
when a change in setpoint or a disturbance occurs. This relates to the problems of Trajectory tracking or
Servo problem and regulatory problem respectively. Meanwhile, automation is normally to integrate some
or many component devices (which are already well controlled) to automate a desired operation/process
so that human labor can be released. The two concepts are interrelated and both are included in a

computer control system.

In the lab, a computer-based automation system has been built order to realize the benefits as well as to
investigate the analytical capability of the combination. The aim of this project is to construct a mobile
online reaction system (ORMS) coupled to a spectrometric method for online monitoring chemical
reaction in a micro reactor. The system can facilitate users with different tools and utilities necessary for
the analytical work. The system should be automated so that users can conveniently manipulate the
process as well as the resulting data. An initial setup of the system with the control software (ORMS
software) was available that it can perform basic functions of sampling and injection. In this work, a
modification and extension of the existing system are aimed at in order to improve the system

performance as well as to elaborate the system functioning. This includes:

1) Addition of the dilution module so that the problem associated with sample overloading can be

avoided.

2) Integration of the micro reactor system to the ICP-MS for metal detection.
3) Modification of the monitoring method for save of time and materials.

4) Modification of the heating module for tempering a reaction.

5) Correction for the errors of peak missing and double-sized peaks in sampling of the existing system.

This helps bring the standard deviation in sampling replication down to less than 10%.
6) Modification of the existing control software for an accommodation of new functions and modules.
7) Communication with analyzer’s control software for a convenience in operation and data extraction.

Text arrangement: The first chapter briefly introduces micro reactors and reaction monitoring techniques.
An overview of the project’s aims and tasks are also included. The second chapter gives the state of art of

different technologies applied for online reaction monitoring in micro reactors or micro fluidic devices.



Chapter 3 introduces the system in the laboratory as well as the objectives of the work in more details.
Chapter 4 verifies the performance of the system components. Chapter 5 introduces different sampling
methods and the proposed fast sampling method for time and materials saving. Chapter 6 presents the
heating module with different heating configurations and the automatic heating algorithm. Chapter 7
discusses the integration of the dilution module with different dilution configurations and the algorithm
for automatic dilution. Chapter 8 presents the system in coupling to the ICP-MS with two proposed
configurations. Testing of the dilution module in coupling with the ICP-MS system is also shown in this
chapter. Chapter 9 focuses on the GUI modification of the control software (ORMS software) and the
communication to the analyzer’s control software using the Graphical User Interface (GUI) automation
techniques. Chapter 10 is the summary, conclusion and future work. Finally, chapter 11 summarizes all

chemicals and parameter settings for the analytical device that are used for testing and experiments.



CHAPTER 2 THE STATE OF ART

In this chapter, operation principles and some applications of popular spectroscopic methods are reviewed
briefly such as fluorescence spectroscopy, ultraviolet-visible spectroscopy (UV/VIS), infrared
spectroscopy (IR), Raman spectroscopy, nuclear magnetic resonance spectroscopy (NMR) and mass
spectrometry. In particular, the integration of those methods to micro reactors for online reaction

monitoring purposes will be considered. A short introduction to micro reactors is presented first.

2.1 Micro Reactors

Micro reactors are considered as devices containing typically a micro channel with lateral dimensions of
<lmm in which a continuous flow reaction can take place [26]. There are different types of micro reactor
depending on reaction types such as: micro reactors for liquid phase process; micro reactor for gas-liquid
process; and micro reactor for gas phase reaction. Regardless of their specialized usage, a micro reactor is
often a planar surface with ducts or channels machined into. Sometimes, the reaction volume can be in a
T-mixer or a capillary. Some types of micro reactor are shown in Figure 2-1. For a liquid-based micro
reactor, the typical cross sectional dimensions of the channels used are normally in a range of 10-500 pm
[27].

Figure 2-1: Various types of micro reactor and other micro fluidic components [26]: a) branch capillary micro reactors using
couplers, b) glass micro reactor integrated within chip-to-word coupling interface, c) silicon micro reactor with integrated
frit to hold catalytic particles, d) silicon micro reactor with integrated high aspect-ratio posts and flow disruption features, e)
glass micro reactor chip for catalyst reactions, f) commercial multi-micro reactor based system

Materials and fabrication techniques: Micro reactors can be fabricated from different materials such as
metal (stainless steel, copper), silicon, glass (FOTURAN), fused silica and quartz, thermal plastic
(polymethylmethacrylate-PMMA, polycarbonate-PC and Topas®-COC), thermoset polymers (SUS,



Kapton), elastomers (polydimethylsiloxane-PDMS), thermoplastic elastomers, fluorinated homopolymers
(polytetrafluoroethylene-PTFE), fluorinated copolymers (perfluoroalkoxy-PFA, Teflon AF, fluorinated
ethylene propylene-FEP), ceramic, polytheretherketone-PEEK etc. There are many considerations on
materials for fabrication of micro reactors, for example, thermal tolerance to processing conditions,
temporal stability of surface energy, surface chemistry, the chemical inert, thermal and electrical
properties, compatibility with reagents/analytes and solvents used, light transparency, compatibility with
fabrication protocol used and compatibility with the analyzing techniques [26][28]. Different techniques
have also been adapted or developed for processing micro reactors such as laser ablation, wet chemical

etching, abrasive micromachining, deep reactive ion etching, molding, embossing, casting and milling.

Manufacturers: The field of micro flow reactor is now growing bigger that there are more and more
companies get involved in this market. They offer (1) complete products or integrated systems in which
different operations (pumping and metering of reagents, mixing, temperature control, chemical or thermal
quench, pressure control, product collection) are integrated into a compact unit as well as (2) separate
components (component-based system) for more flexibility of the system [3]. Some of the known
manufacturers are mentioned below with some of their typical products about micro reactor system:

Ehrfeld Mikrotechnik (Germany): The company offers a variety of products and modules for flow
chemistry from laboratory scale (Modular MikroReaction System — MMRS) with a yield of 0.05 - 10 L/h
to production scale (Miprowa®) with a yield of 40 — 10,000 L/h [29]. Most of the modules offered are
made from metal (stainless steel, hastelloy). Reactors are varied from micro reactors to mini-structured
reactors. A reaction system is normally a combination of separate modules. A process automation system

for MMRS named LabManager® is also offered by the company.

Chemtrix (Netherland): The manufacturer also offers products used for laboratories (Labtrix® with glass
micro reactor, Protrix® with ceramic (SiC) reactor) and for ton scale production (Plantrix® with ceramic
(SiC) reactor). Labtrix® S1 with dedicated control software enables the automatic data logging, sample
collection and control [30]. In addition, 3D printed flow reactors, glass reactor modules (Gramflow®,

Kiloflow®) can be found in the company’s product list.

Unigsis (UK): This company offers small scale applications with three lines of flow reaction models
called FlowLab, FlowLab Plus and FlowSyn. Each module as well as material options can be selected for
specific use. This manufacturer and other like manufacturers such as Syrris, ThalLesNano, Accendo
Corporation are more focused on small scale and integrated systems which are more suitable for
application analysts than for engineers. They can be operated manually via a built-in keypad or
automatically via a control software. These systems are built in order to facilitate for the self-analysis or
being integrated to an external analyzer.

Other manufactures for micro reaction systems can be referred to are: Cetoni, Amar equipment, Little
Things Factory (LTF), Corning, Sigma-Aldrich, HiTec Zang, Institute for microtechnich Mainz,
Mikroglas, Synthesechemie Dr. Penth, Micronit.



Table 2-1: Some commercial micro reactor systems available on the market

Manufacturers Products Properties and applications
Ehrfeld Mikrotechnik |Modular MicroReaction System (MMRS) |Different modules can be combined easily and quickly.
Can be used for research and development, and for small-
quantity production such as
mixing/emulsification/dispersion/particle precipitation;
homogeneous/heterogeneous synthesis; photochemistry.

ART® plate reactors Milli-structured plate reactors with excellent heat transfer;
quick and easy scale-up.

Suitable for research & development or production
application.

Application in multi-purpose plants for flexible product
change-over.

Miprowa® Highly efficient reactors and heat exchangers.

Fast upscaling from miniature to production level.
Suitable for laboratory scale, pilot plant or production
application.

Chemtrix Labtrix® S1 'Plug and play' continuous flow reaction system.
Dedicated software which provides automatic data logging,
sample collection, and control.
Suitable for assessment of process feasibility; exploration of]
novel reaction conditions; process parameter optimization and
process validation.

Plantrix® Ceramic continuous flow reactors which are suitable for
chemically challenging reactions such as fast, highly
exothermic reactions; reactions with aggressive media;
reactions employing unstable intermediates and hazardous
reactions not accessible under batch conditions.

3D printed flow reactor Flexible tool for high pressure and high temperature flow
chemistry applications.

Suited for process development and kg production.

High temperature applications (-100 to 300°C)

High pressure applications (<100 bars).

Customized 3D printing of reactors is possible.
Unigqisis FlowLab Plus™ A modular flow chemistry system with some features:

Dedicated control software.

Remote Wi-Fi or LAN operation.

-40 to +300 °C temperature range options.

Versatile dual channel high pressure flow reactor system.

Compatible with standard Unigsis reactors.

FlowSyn series

A series that include various products with keys features:
FlowSyn: for single reactions.
FlowSyn Maxi: For scale up and high throughput processes.

FlowSyn Multi-X: Multi-experiment package for reaction
sequences.

FlowSyn Auto-LF: For automated combinatorial experiments.
FlowSyn Polar Bear™: Advanced cooling for flow chemistry.

FlowSyn Cold: For
experiments.

low and multi-zone temperature




2.2 Reaction Monitoring Technologies

Knowing what is happening in real-time of a reaction process offers a lot of benefits. In R&D phase,
reactions can be designed and controlled in an optimal way such as to increase product yields, improve
product purity, reduce side reactions and therefore by-products, reduce production costs and risks from
unexpected processes. In manufacturing phase, online monitoring helps operators know the progressing of
the process and have an early intervention before something unexpected may occur. In scientific research,
the abundance real-time data allows researchers to determine kinetics, mechanisms of reactions that can
be exploited for online reaction optimization or for synthesizing new compounds. There are different
techniques can be used for online reaction monitoring including spectroscopic techniques such as infrared
(IR), Raman, ultraviolet-visible (UV-vis) and nuclear magnetic resonance (NMR) spectroscopies) as well as
other methods such as calorimetry, mass spectrometry, electrochemistry, chromatography, and chemical
analysis [24]. For spectroscopic methods such as IR and UV-vis, the absorbance spectrum is what can be
used to identify functional groups or chemical bonding of compounds which are useful for identification
of species and study of reaction mechanisms. In addition, by using standard calibration solutions,
concentrations of educts or products as a function of time can be derived and employed to determine
reaction kinetics. For NMR, the absorption spectrum of radiowaves by nuclei (of some combined atoms
in molecule) in a magnetic field are useful for studying the shape, structure of molecules and their
concentrations, chemical equilibria, reaction kinetics, motion of molecules, and intermolecular
interactions [31]. For mass spectrometry, mass spectrum (m/z) and their relative abundance can be used to
determine structures and elemental compositions of molecules and to calculate their concentrations (using

standard calibration samples).

2.2.1 Background

A light can be considered as a wave, which is represented by its frequency (v), wavelength (1) and

amplitude, or as a stream of particle (photon) with energy of each photon represented as

hxc (2-1)

E=h =
*x U 7

h: Planck’s constant, 6.626x107* I.s
c: velocity constant of light in vacuum, 2.997x10® m/s

The radiation power P (energy per second per unit area) or intensity I (power per solid angle) of a light

beam is related to the square amplitude of that light beam.

There is an interaction between electromagnetic radiation (light) with matter; this interaction is also the
study subject of spectroscopy [31]. Under the relevant interaction with radiation, matter (in this case
includes atoms, ions, molecules) which is always in constant motion, changes their energy in form of
changing in motion and in electron energy level. In order words, they are in tramsition state. It is
important to note that the transition state in molecules and in atoms or monoatomic ions are different as
compared in Table 2-2. For molecules, there are vibrational transitions, rotational transitions, electronic

transitions, etc. in which the transitional energy is vibration < rotation < electronic. However, for atoms



or monoatomic ions, they do not have either vibrational or rotational transitions but electronic

transitions. Even the electronic transition state of molecules and of atoms are somehow different.

Table 2-2: Transition state in molecules and in atoms

Transition State Molecule Atom
Vibration X -
Rotation X 3
Electronic X X

Outer (valence) electrons promote from ground state molecular|Outer (valence) electrons promote from
ground state orbitals to higher energy

orbitals to higher energy molecular orbitals (i.e. bonding m->|5"% >
orbitals (i.e. 2p -> 2s).

antibonding 1T *). (Molecular orbitals are formed by the
combination of electrons from atoms).

Due to different transitional states existing in molecules, an absorption/emission of energy involves a
combination of changes in rotational, vibrational and/or electronic energy. In other words, a molecule can
absorb/emit various wavelength depending on the state it will be excited to or released from. This
explains for the broad absorption/emission band in molecules and narrow band in atoms. A demonstration
is shown in Figure 2-2 which shows an emission spectrum of a flame that includes polyatomic species
and atomic elements.

Na K
OH Ni 341.4 589.5 766.5
bapds |~ 589.0 760.0

cH O
y oH | 4]
9
2852 | }l/')\
IS 1 L 1 1 J
200 300 700 500 300 700 800

Wavelength (nm)

Figure 2-2: Emission spectrum of a flame. The broad background emission bands from polyatomic species such as OH and
CH are seen. Superimposed on the broad background emission are the very narrow atomic emission lines from the elements
Mg, Ni, Na, and K [31]

A transition in energy state of matter can take place only when the absorption energy/emission energy

exactly equals the energy difference between the initial (£)) and the final (E;) state.

hxc (2-2)
P

AE=E1_E0=

Absorption Laws

Matter can only absorb light of certain frequencies (wavelengths) as related to its photon energy defined
in equation (2-1). In addition, intensity at a particular frequency that can be absorbed/emitted (of the

matter) is also unique. Frequencies of maximum absorption result in absorption peaks (or maxima) in the
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absorption band. It is important to note that, the intensity of a light beam (which is closely related to the
average energy transport) is independent of its frequency, but the energy of photons depends on its
frequency. In order words, if two beams of light have the same intensity but different frequencies, the one
with higher frequency produces fewer photons than the other. The absorption law relates the intensity of
incoming light (/) and of outgoing light (/) as it passes through a sample.

I
A =log(=Y) (2-3)
I
With A the absorbance of the sample

The Beer—Lambert—Bouguer Law further describes the relationship between the absorptivity and
concentration of absorbing species if the path length and wavelength of the radiation beam are kept

unchanged:
Iy — g—abc (2-4)

a: absorptivity, (¢: molar absorptivity, L/mol*cm)
b: path length of the sample, cm
c¢: concentration of absorbing species, mol/L

2.2.2  Reaction Monitoring with Fluorescent Spectroscopy

2.2.2.1 Opverview of Fluorescence Spectroscopy

Fluorescence of molecule is their emission of light when they absorb visible or ultraviolet radiation in the
range of 180 nm — 800 nm. Molecules via the absorption of radiation are transitioned from the ground
state to a vibrational excited electronic state. The emission of photons when molecules return to the
ground state is instantaneous after 1-20 ns of the excitation. Due to the non-radiation loss of vibrational
energy, the emitted photons have lower energy (longer wavelengths) than the excited photons.
Fluorescence can occur in gas, liquid or solid chemical compounds and a molecule with fluorescence

capability is called a fluorophore [32].

Relationship Between Fluorescence Intensity and Concentration

Fluorescence intensity (F) can be defined as:

F=(o—-1)¢ (2-5)

Iy and I, are the intensity of the incoming light and outgoing light respectively
¢ _ No.of quanta emitted

- No.of quanta absorbed

, is the quantum efficiency

From the Beer’s law, substitute for /; into equation (2-5):

F = Io(1 - e")g (2-6)
The fluorescence intensity depends on the analyte concentration, quantum efficiency, intensity of the
exciting radiation and the absorptivity of the analyte.

When abc is sufficiently small, (2-6) becomes F = [yabc¢. The fluorescence intensity is linear to the

analyte concentration, from 10° — 10™* M.
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The shape of the emission (fluorescence) spectrum and wavelength of the fluorescence maximum (peak)
do not depend on the excitation wavelength. It means that for any wavelength that the compound can
absorb, the same fluorescence spectrum is obtained. But the fluorescence intensity depends on the
excitation wavelength and its intensity [31]. Therefore, it is the best to select an excitation wavelength

that provides good intense fluorescence but also avoids decomposing the compound.

Information from the wavelength, intensity of the obtained fluorescent can be used, for instance, to
determine the detection limit of an optical system, to investigate the mixing quality of a micro mixer, to
study kinetic parameters of a reaction. Fluorometry is applied in the analysis of clinical and
environmental samples, pharmaceuticals, and natural products. There are fluorescence methods for
steroids, lipids, proteins, amino acids, enzymes, drugs, inorganic electrolytes, chlorophylls, natural and
synthetic pigments, vitamins, and many other types of analytes [31]. Fluorescent is also applied in most

microtiter plate and continuous flow biochemical assays that are based on fluorescent labels [33].

Some advantages of using fluorescence: high sensitivity due to a zero background signal (the receiving
path is normally orthogonal to the emitting path); high specificity because not all molecules fluoresce and
two wavelengths (excitement and emission) are used; and large linear dynamic range (6-7 order of

magnitude) [31].

However, the fluorescent spectrum is subjected to interference possibly from other fluorescent
compounds, other emission or scattering processes; the reversal of fluorescent or self-quenching at high
concentration; photochemical decomposition or photochemical reaction due to intense light sources. In
addition, changes in pH, temperature, and viscosity may cause changes in fluorescence intensity [31]. In
addition, the fluorescent spectroscopy is material-specific and in most cases requires an addition of
reporter molecules, which might sometimes cause extra time for labeling reaction and multiple

derivatization products [34].

2.2.2.2 Integration Schemes and Applications

Integration schemes: Fluorescent measurement is a widely used method in chemical analysis for its
characteristics of extremely high sensitivity with a limit of detection (LOD) in some cases in the range of
parts per billion (10" - 10™* mole/lit), which is 10 to 1,000 times better than that of absorption
spectroscopy [35]. In addition, a large range of linear relationship between analyte concentration and
fluorescent intensity is another advantage being exploited for in most applications. Moreover, fluorescent

emission lifetime and excitation spectrum are also useful information for the analytical purpose [36].

A common setup for fluorescent detection in micro reactor includes basically a source of radiation (laser,
LEDs, lamps), transmission fibers, fluorescent substances, and a fluorometer. Emitted light is in a range
of wavelength in visible region with different intensity and is detected by the fluorometer. Some

integration schemes for micro reactor to fluorescent spectroscopy can be seen as in the following.

In a trivial arrangement as in Figure 2-3 [37], an exciting source is coupled to an inverted microscope.

Fluorescence is filtered before reaching to the CCD camera while the reflected light from the exciting
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source is blocked. This detection scheme, however, used large size optical elements so that other
integration schemes have been proposed to miniaturize the system and to improve the detection limit.
Optical fibers, waveguides, and micro lenses have been integrated into chips. The use of planar

waveguides, in addition, can enable multipoint detection by beam splitting.

Microscope

Figure 2-3: Integration scheme using an inverted microscope [37]

In Figure 2-4, a simple integration of an on-chip optical fiber was performed by SYLWESTER ET AL. [38].
To increase the intensity of the excitation light, a chip with a V-groove engraved on was used for
positioning the optical fiber, whose tip contacts with fluid in the micro channel. The second fiber which
was perpendicular to the first fiber collected the emitted fluorescence to the spectrofluorimeter. ROULET
ET AL. created a chip with micro lenses on both of its sides so that excitation beam could be focused on
the micro channel and emitted fluorescence could be focused on the detection device, which is placed
nearby (Figure 2-5) [39]. MOGENSEN ET AL. fabricated a chip with planar waveguides of SU8 material
and fiber-to-waveguide couplers that ensured self-alignment between the optics and the fluidics (Figure
2-6) [40]. The system is applied to characterizing coupling loss, sensitivity and limit of detection for

measurements of the dye bromothymol blue.

Emitted fluroscent
light

T.?» EM

Excitation light Fibre 2
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0=125um

Silicon

Figure 2-4: Schematic view of spectrofluorimetric microdetector [38]
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Figure 2-6: Light coupled along a microfluidic channel segment [40]

Applications: The application of fluorescence is often based on the following forms: (a) Some analytes
are themselves fluorescent so that they can be detected directly. Cy5™ (Amersham Life Science Ltd.)
solution was used to test the detection limit of micro lenses-integrated-on chip and the result found to be
20 nM [39]. HOFFMANN ET AL. employed Rhodamine B to investigate mixing quality and specific contact
area between species in the T-shaped micromixers [41]. Not all chemicals are fluorescent, however, they
can be detected indirectly. (b) A reaction of two nonfluorescent compounds can produce a fluorescent
compound. ISMAGILOV ET AL. used Fluo-3 (pentaammonium salt), which is essentially a nonfluorescent
compound, to combine with calcium ion of CaCl, to form a strongly fluorescent complex [42]. This
combination was applied to examine the transverse broadening of two chemical solutions in laminar flow
in micro channels. KERBY ET AL. used alkaline phosphatase (AP) enzyme as an immobilized substrate for
dephosphorylation of 6,8-difluoro-4-methylumbelliferyl to fluorescent 6,8-difluoro-4-methylum-
belliferone [43]. The reaction was applied for measuring kinetic properties of AP. (c) Nonfluorescent
compounds bind with fluorescent dyes to form fluorescent products. LU used a derivatized 4-fulfonic
calix [6] arene binding with UO,* to detect uranium (VI) with the limit of detection of 4.4 pM for UO,*"
[44]. Moreover, effects of chemical environment to fluorescence of a substance were also exploited.
HOFFMANN ET AL. took advantage of the dependence of fluorescent intensity on pH [41]. Disodium
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fluorescein, which is active above pH = 4 and excited by Arion-laser at wavelength 488 nm, was applied
for monitoring product concentration of the neutralization reaction between NaOH and HCI so that

mixing and reaction along the micro channel could be studied.

2.2.3  Reaction Monitoring with UV-VIS Spectroscopy

2.2.3.1 Overview of UV-VIS Spectroscopy

Ultraviolet and visible light are light at wavelength ranging from 200 nm — 400 nm and 400 nm — 800 nm
respectively. The UV-VIS absorption spectroscopy is an analytical technique based on the absorption
capability of chemical species with electromagnetic radiation in the UV-VIS range. Via the absorption, an
electron will be excited from an occupied molecular orbital to an unoccupied (or singularity occupied)
molecular orbital [45]. Chromophores is a term used to indicate molecular groups that can absorb UV-
VIS light. There are multiple vibrational and rotational energy levels in each electronic energy level
which constitutes to the broadband of the UV-VIS absorption. In more details, if there are initially a
million molecules mostly in the ground state, they may be in various vibrational states after excitation
[31].

In order to analyze a sample, each wavelength in the UV/VIS spectrum is sequentially directed to the
sample for absorption measurement. The wavelength of absorption peaks and their intensity are most
interested in identifying species and their concentration in the sample. And the fundamental relationship
between the absorptivity and concentration of an analyte is described by the Beer’s law, which is

represented in the previous section of this chapter.

Bonding electrons are excited as a result of light absorption. Therefore, the bonding types in molecules
can be correlated to the wavelengths of the absorption peaks. In order words, functional groups in a
molecule can be identified via molecular absorption spectroscopy [35]. In addition to qualitative analysis,
UV-VIS absorption spectroscopy can be employed to evaluate dissolution of active pharmaceutical
ingredients from formulations, compounds stability, reaction kinetics, equilibria, metal or ligand binding
and quantitative analysis [45]. It can be found in research, clinical analysis, industrial analysis,
environmental analysis, and many other applications. Some typical applications of UV absorption
spectroscopy include the determination of the concentration of phenol, nonionic surfactants, sulfate,
sulfide, phosphates, fluoride, nitrate, a variety of metal ions, and other chemicals in drinking water in
environmental testing; natural products, such as steroids or chlorophyll; dyestuff materials; and vitamins,
proteins, DNA, and enzymes in biochemistry [31]. LOD in UV-VIS depends on the molar absorptivity of
the analyte being measured and can be in micro molar range [45]. A limitation for using UV/VIS is its
spectrum does not contain as much information as that of the IR and Raman spectroscopy [46]. In
addition, the linear working range for spectrophotometry, one to two orders of magnitude, is smaller than

that of fluorescence [31].
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2.2.3.2 Integration Schemes and Applications

Integration schemes: The integration of UV/VIS spectroscopy to micro reactors has been done in
different schemes. LU ET AL. aligned a microscope above the micro channel to create an optical cell for
detection of colchicine and four alkaloids [47]. However, this arrangement often faces with difficult and
complex optical alignment process. FERSTL ET AL. used flow-through cells that connected externally to
the output of a micro reactor for studying toluene nitration [46]. BARZIN ET AL. also monitored pH in a
micro mixer indirectly by using a Z-shaped micro-flow-through cell as shown in Figure 2-7 [48]. YUE ET
AL. employed a cross-type flow-through cell for online process analysis of gold nanoparticle synthesis in
segmented flow [49]. The use of flow-through cells for online analysis helps reduce time for analysis
compared to the offline analysis method. It also simplifies the fabrication process for micro reactors
compared to the in-situ integration method that it will be considered in the next paragraphs. These
advantages make it commercially available. As a general concern in spectroscopic techniques, materials
for micro reactor chips are considered an important factor not only in detection limits but also in aspects
of auto fluorescence, price, and ease of fabrication. Improvement in optical condition is also important.
These concerns can be achieved by using improved optics or integrating waveguides on chips for a better
light transmission. PARK ET AL. fabricated an Integrated MicroAmmonia Analysis System (IMAAS) as
shown in Figure 2-8 [50]. The system included a micro reactor and two in-plane optical fibers acting as a
source and a detector for ammonia analysis of reaction rate and reaction concentration at different
temperatures. The micro detection cell with SiO, windows of 2 um thickness lied between the optical
source and detector. The alignment of optical fibers was precise by using new techniques in micro
channel guiding for optical fiber (silicon deep RIE process based on Berthelot reaction). PETERSEN ET AL.
integrated waveguides and a 750 pum detection cell in a microfluidic device to evaluate the absorbance
sensitivity by measuring the absorbance at 254 nm of caffeine, paracetamol, ketoprofen and ascorbic acid
[51]. PRABHAKAR ET AL. fabricated a microchip incorporated with U-bend waveguides along with micro
channels for evanescent field absorption [52]. This integration increased length of detection cell and
reduced the problem of light scattering. The limit of detection for methylene blue was found to be 10 uM.
An Automatic Continuous Online Monitoring of Polymerization Reactions (ACOMP) system is available
in the commercial market. The system employs different detectors in series (static light scattering, UV-
Vis spectroscopy, differential refractometry, viscometer) to monitor polymerization reactions by
withdrawing a steady stream of product from the reactor and diluting it [53]. The system is highly
automated that it is controlled by the LABVIEW software interface.

Applications: Applications of UV/VIS spectroscopy in reaction monitoring are usually through measuring
solution concentration of a reaction evolution. LU ET AL. monitored pinacol formation in a photochemical
reaction of benzophenone in isopropanol [54]. Two detection schemes were presented: (1) coupling with
a separate chip for detection, and (2) integrating reaction and detection functions on the chip. UV
absorption of the reaction mixture was measured at different flow rates and compared with the
measurement of standard solution to determine the conversion. The result is in agreement with the
analysis using high performance liquid chromatography (HPLC). FERSTL ET AL. compared the analysis

precision of three spectroscopic methods: Raman, near infrared and visible spectroscopy by monitoring
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the toluene nitration reaction with pure nitric acid, which showed the highest precision of Raman
spectroscopy [46]. In the second experiment of toluene nitration reaction using mixed acids, equivalent
precision was obtained for three methods. WAGNER ET AL. reported an application of in situ UV/VIS
spectroscopy for online monitoring and kinetic measurements of gold and silver nanoparticles production
by monitoring reduction of metal salt solutions with borohydride [55]. EDEL ET AL. used UV-VIS
spectrometer to study CdS nanoparticles synthesis via its absorption spectrum [56].

Optical fiber

Figure 2-7: Z-shaped micro-flow thorough cell with 50 ul inner volume [49]
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Figure 2-8: Schematic top view of the IMAAS [50]

2.2.4 Reaction Monitoring with Infrared Spectroscopy

2.2.4.1 Overview of IR Spectroscopy

Infrared spectroscopy is an analytical technique employing the infrared spectrum for identification and
quantitative measurement of a myriad of molecular species. The infrared spectrum is further divided into
three sub-regions: near-IR (0.75-2.5 um), mid-IR (2.5-20 pm), and far-IR (20-200 pm) in which mid-
infrared spectroscopy (MIR) is the most widely used technique. The working principle of this technique is
based on molecular absorption that results in vibration of their chemical bond: stretching and bending
(with IR excitation wavelength from 1 — 100 pm) and rotation (with IR excitation wavelength from >100
pum) [57]. And, the vibrational frequency of a chemical bond is intrinsic to the chemical bond of interest
[58]. In order for a molecule to absorb IR radiation, (1) the molecule must have covalence bonds; (2) the
natural vibrational frequency of the molecule must be equal to the incident radiation frequency; (3) the

radiation energy must equal the energy difference between the vibrational states involved; (4) the dipole
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moment of the molecule must be changed by the vibration; (5) The amount of radiation absorbed is
proportional to the square of the rate of change of the dipole during the vibration; (6) The energy
difference between the vibrational energy levels is modified by coupling to rotational energy levels and

coupling between vibrations [31].

The frequency of stretching vibration of two atoms in a molecule can be estimated as in (2-7), with f
measures the strength of the chemical bond of two atoms. f'and u are constant for a given set of atoms and
chemical bonds. Therefore, the radiation absorbed by the system has the same frequency and is constant

for a given set of atoms and chemical bonds [31].

s L |f 2-7)
2mc |u

7: the wavenumber of the absorption maximum (cm™)
c: the speed of light (cm/s)
f: force constant of the bond (dyn/cm)
u: the reduced mass (g)
MaMp

My + Mp

M,, Mg: mass of atom A, B respectively in molecular AB

u=

In MIR, absorption, reflectance, and emission could be measured and the spectrum is often divided into
regions: a) Group frequency region is often useful for initial guess about the presence of organic
functional groups; b) “Fingerprint” region is often helpful for compound identification by matching with

spectrums of known pure compounds [35]. The detection limit can be at micro mole [59][60].

Infrared spectroscopy is sensitive to chemical composition and molecule architecture. Infrared spectrum
carries high information content; has large a range of application from small soluble proteins to large
membrane proteins, high time resolution (down to 1 ps), short measuring time, low amount of sample
required (typically 10-100 pg) and relatively low costs of the instruments [57]. Although there is a strong
mid-IR absorption of many solvents (particularly water) that limits the quality of analyte solution [61],
this technique is one of the most important analytical techniques to scientists today [57]. No solvent is
transparent to the entire mid-IR region so that the analyst must choose a solvent that is transparent to the

region of interest.

IR spectroscopy can be applied to identify organic molecules, inorganic molecules and investigate
dynamic processes (i.e. chemical reactions, phase transitions, sedimentations) [62]. In the field of
polymer, IR spectroscopy can be used to identify the composition of polymers, monitor polymerization
processes, characterize polymer structure, examine polymer surfaces and investigate polymer degradation
processes. It is also applied to biological system for study of lipids, proteins, peptides, bio membranes,
nucleic acids, animal tissues, diseased tissues, microbial cells, plants and clinical samples; to
pharmaceutical applications such as evaluation of raw materials used in production, the active ingredients
and the excipient; to food science such as the study of fats, oils, milk, wine and other alcoholic beverages,

or quantitative measurement of water, proteins, fats and carbohydrates; to agriculture such as qualitative
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and quantitative study major constituents of grains (water, protein, oil, fiber, minerals and carbohydrates);
to pulp/paper industries, paint industry, and environmental applications such as measurement of trace
gases, atmospheric compositions, investigation of solid pollutants [63].

2.2.4.2 Integration Schemes and Applications

Integration schemes: For integration of micro reactors to IR detection devices, a straightforward scheme
is to place the micro reactor in the sample compartment of the IR spectrometer. Pumps placed outside to
supply solutions and IR light passing through the reactor from the bench is recorded for the transmission
spectrum [64]. KEOSCHKERJAN ET AL. arranged the FTIR spectrometer as a unit in the modular micro
reaction system to monitor the chemical process of diethyl-urea dissolved in dichloroethane as in Figure
2-9 [65]. The micro channels were deposited with gold so that MIR and NIR reflection spectroscopy
could be performed.

FTIR
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Figure 2-9: Schematic of the IR-measurement set-up: (top) measurement in the MIR-range using a high-resolution FTIR-
microscope; and (bottom) measurements in the NIR-range using a NIR-fibre optic probe [65]

PRIM ET AL. connected a microfluidic system to a flow-through cell with IR-transparent windows made of
CaF, for online monitoring the conformation of protein under the pH variation [66]. The use of flow-

through cell releases the difficulty in fabricating micro reactors with materials, which are transparent at
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the IR wavelength. HINSMANN ET AL. used a Time-Resolved Fourier Transform Infrared Spectroscopy
(TR-FTIR) device to measure the spectrum of reactants before and during the reaction in a flow-through
cell at the stopped-flow mode [67]. The reaction of acetic acid and NaOH, formaldehyde and sodium
bisulfite, and methyl monochloracetate and NaOH were performed as a demonstration.

ATR FTIR spectroscopy method is capable of decreasing the problem of strong absorbance solvents to
MIR spectrum [61]. CARTER ET AL. used a ATR flow cell which was directly connected to the FT-IR
device in one end and indirectly connected to the output of the reaction coil at the other end via the
quenching and cleaning up column (Figure 2-10) [68]. The system performed online monitoring of
reagent/analyte consumption, product formation and short-lived intermediates such as fluorination
reaction; oxazole formation from isocyanide and acid chloride; or hydrogenation of BDA-derivative 11.

Figure 2-10: Exemplary setup for monitoring the product formation within a continuous flow processing using the Vapourtec
R2+/R4 flow chemistry system. a) R2+double pump unit, b) R4 unit with CFC reactor connected, ¢) Omnifit column filled
with polymer supported scavenger, d) MT IR flow cell, e) ReactIR 45m, f) flask containing product solution [68]

Applications: GREENER ET AL. integrated a micro reactor to an ATR FTIR device such that solution inside
the micro reactor contacts directly to the surface of the ATR crystal [69]. The integration was verified by
detecting PNIPAm and PEG polymer at a concentration down to 5 and 10 pmole respectively. Further
experiments were also performed to monitor the concentration of PNIPAm and PEG mixture by varying

the mixture ratio and to verify that the effect of flow rates on the absorbance was unchanged.

FLOYD ET AL. presented an integrated micro chemical system with micro mixing, reaction channel, IR
detection region, and temperature control to monitor and study the kinetics of liquid phase reactions [64].
The mixing was evaluated by an acid-base reaction. The rate constants were calculated via monitoring the
alkaline hydrolysis of methyl formate. KEYBL ET AL. used a ATR-FTIR device in a micro reactor system
to determine homogeneous catalyst kinetic parameters of high-pressure gas-liquid continuous flow [70].
A reaction kinetic determination of rhodium catalyst in the hydroformylation reaction was performed as a
demonstration of the system usage.
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Other applications of IR spectroscopy for reaction monitoring can be mentioned such as HERZIG-MARX
ET AL. monitored the kinetics of ethyl acetate hydrolysis over a range of HCI concentration and the
amidization of surface-tethered amine groups [61]. BRODMANN ET AL. used a micro scale ReactIR flow
cell that attached to the micro reactor as an inline analytical tool for monitoring the Grignard formation
[71]. RUEPING ET AL. also used an inline ReactIR flow cell to monitor the asymmetric organo catalytic
hydrogenation of benzoxazines, quinolines, quinoxalines and 3H-indoles for its capability of fast and

convenient optimization of the reaction parameters [72].

2.2.5 Reaction Monitoring with Raman Spectroscopy

2.2.5.1 Opverview of Raman Spectroscopy

Raman spectroscopy is an analytical technique based on the inelastic collision of molecules from
monochromatic light. The result of this inelastic collision is a shift in wavelength of the scattered light to
lower energy (Stoke Raman scattering) and to higher energy (anti-Stock Raman scattering). The
excitation source is normally in the UV/VIS or near-IR region. The Raman spectrum can be treated as the
finger print of a compound, similar to other vibrational techniques such as IR absorption, vibrational
resonant sum frequency generation, or high resolution electron energy loss spectroscopy [73]. Raman
spectroscopy utilizes scattered light to gain knowledge about molecular vibrations which can provide
information regarding the structure, symmetry, electronic environment and bonding of the molecule, thus
permits the quantitative and qualitative analysis of the individual compounds [74]. There are two major
technologies for collecting the Raman spectra, Dispersive Raman spectroscopy and Fourier transform
Raman spectroscopy, and other different advanced Raman techniques include: surface-enhanced Raman
spectroscopy (SERS), confocal Raman microscopy, coherent anti-Stokes Raman scattering (CARS),
resonance Raman spectroscopy (RRS), tip-enhanced Raman spectroscopy (TERS), Raman sensing. Those
techniques help improve the limit of detection (up to 10™'* mol/l [73]), efficiency, cost and size of the

instrument.

Some applications of this technology can be seen in forensic science such as analysis of fibers,
explosives, drugs, paints, inorganic, lipsticks; in biology such as analysis of hemoglobin-oxygen
saturation in living tissue, structural information about the change in proteins, water and lipids of muscle
food, analysis of toxic agents, drugs, diseases, cell death and differentiation; in diagnostics such as
examination and characterization of the outermost layer of human skin, endoscopic imaging and
quantization of biochemical constituents, analysis of blood, human epidermal keratinocytes; in material
science such as structural characterization and investigation of semiconductor properties, measurement of
stress, crystal lattice disorder, phase-separation of supersaturated solid solutions and homogeneity of
materials, online monitoring of NO,/NO;™ in waste water; in pharmaceuticals such as characterization of
drug formulations, elucidation of kinetic processes in drug delivery; in nanotechnology such as probing
and characterization of nanomaterials like nanosensor, nanotube and nanowire [75]. Raman spectroscopy

has been found coupled with many hyphenated analytical techniques like HPLC, micro chromatography,
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scanning tunneling microscopy atomic force microscopy, etc. and given a possibility for useful analysis at
trace level studies.

Raman spectroscopy offers a number of advantages over other spectroscopic techniques for chemical
analysis and has been used effectively for process analysis monitoring in recent years [76]. Organic
species without UV/VIS chromophores can be analyzed by Raman spectroscopy. Unlike IR method,
Raman spectroscopy is almost unabsorbed by water, therefore, it is suited for analyzing aqueous based
reaction media [77]. The technique can achieve multi-component detection in a solution as each
component would exhibit its own fingerprint bands in the acquired Raman spectrum. Therefore, it is
possible to achieve simultaneous monitoring of multiple analyte components in a microfluidic channel
[78]. The technique is also independent of the excitation wavelength and conveniently works with glass
and quart cell. Weak scattering signal that may make it overwhelmed by a strong spectral background and
fluorescence interference from analyte or solution matrices are two major disadvantages of this method
[78] [79]. However, using longer wavelength sources in the near-IR region can help suppress unwanted
fluorescence background signal [80]. In relative to UV/VIS methods, the sensitivity of Raman
spectroscopy is poor and hence either high concentrations, long data acquisition times or the use of

specialist Raman techniques such as surface or resonance enhancement techniques are required [77].

2.2.5.2 Integration Schemes and Applications

Integration schemes: Raman spectroscopy instruments have been integrated to micro reactors in different
schemes for qualitative and quantitative analysis. URAKAWA ET AL. placed the Raman probe directly in
front of the micro reactor (Figure 2-11) to monitor phase behavior and reaction performance of
heterogeneous catalytic reaction, cyclohexene hydrogenation in dense carbon dioxide [81]. FERSTL ET AL.
monitored a toluene nitration process via a small flow-through Raman cell [46]. FLETCHER ET AL. used a
Raman microscope spectrometer for monitoring the synthesis of ethyl acetate from ethanol and acetic acid

[77] are examples of straightforward integration schemes with conventional instrumentations.

Catalystbe .
Mixing channel Catalystinlet

Figure 2-11: Photograph of on-chip Raman analysis [81]

ASHOK ET AL. created a Raman spectroscopic detection scheme called Waveguide Confined Raman
Spectroscopy (WCRS) by embedding fibers on the PDMS chip for exciting and collecting Raman spectra
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(Figure 2-12) [78]. The limit of detection for this scheme is 80 mM for urea detection. The reaction of
acetic anhydride and ethanol was monitored to demonstrate the system capability to study the reaction
dynamics. The portability of this scheme makes it possible to be integrated with different Raman

spectroscopy techniques such as SERS or resonance Raman spectroscopy.
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Figure 2-12: Schematic of a micro reactor integrated with waveguide confined Raman spectroscopy [78]

Applications: Microfluidic Raman spectroscopy (MRS) has been used for a variety of chemical and
biological applications ranging from basic analyte detection to reaction monitoring in a micro reactor
[78]. KIM ET AL. used the surface-enhanced Raman scattering to detect Turnip yellow mosaic virus
(TYMV) in Chinese cabbage plants [82]. FLETCHER ET AL. used an inverted Raman microscopic
spectrometer to profile the micro channel network, to describe spacious image for the mixing of ethanol
and acetic acid, and to monitor the concentration of reagents and product of this catalytic reaction [77].
WILSON ET AL. demonstrated the improvement in detection limit of both surface-enhanced Raman
scattering (SERS) and surface-enhanced resonance Raman scattering (SERRS) techniques [83]. The
system is applied in R6G detection (with detection limit at 50 fM) and identification of scytonemin (with
a limit of detection at 10 pM). LISZKA ET AL. designed a microfluidic chip coupled with a confocal
Raman imaging spectrometer. This specific-designed system is tested by imaging biological cells, that

were transported by flow into the microfluidic chip [84].

2.2.6 Reaction Monitoring with NMR Spectroscopy

2.2.6.1 Overview of NMR Spectroscopy

NMR spectroscopy is an analytical technique based on measuring the interaction between an oscillating
radio frequency (RF) radiation and a collection of nuclei (with magnetic dipoles), which are immersed in
a strong external magnetic field [85]. It is one of the most powerful techniques available for studying the
structure of molecules [86]. This method is applicable for both qualitative and quantitative analyses,
particularly of organic compounds [87]. The fundamental to NMR is the Larmor equation, which can be

derived as follows.
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Let E be the energy of a nucleus at a certain nuclear energy level in a magnetic field B,

h h
E=-m (E —n) By = —m(y5-)By (2-8)

With m is the magnetic quantum number; u is the nuclear magnetic spin; B, is the applied magnetic field; I is the spin
angular momentum; y is the magnetogyric ratio; and h is Plank’s constant.
The energy required for transition between two quantum levels of a nucleus should be equal to the energy
absorbed by the nucleus from the RF radiation, 4E=hv.

For the case of /H nucleus (/=1/2), this equality is expressed as:

a8 = ho = —(+3(75) B0) - (=3 (75) o)
u h h
a8 = v = ()80 = (1 ) o

Therefore, the frequency v (in Hz) that can be absorbed from a transition of 4E is:

1
v = VﬁBo

w =2nv = yB, (2-9)
With  is the frequency in (rad/s)

This (2-9) is the Larmor equation. For a given nucleus there is a direct relationship between the frequency
v of RF radiation absorbed by that nucleus and the applied magnetic field B,[31]. The equation can be
utilized in the way that B, is kept constant and the frequency of RF can be varied to measure the

absorption. Or vice versa, the RF is kept constant and varies B,.

However, the continuous wave (CW) or field sweep NMR (that varies either the frequency of RF
radiation or magnetic field By) often requires much time and gives limited resolution that all modern

NMR spectrometers are Fourier Transform instruments (FT-NMR) [31].

In FT-NMR, the strong magnetic field (By) helps align the random-oriented nuclei which results in a net
magnetic moment (M) from the sample. This magnetization behaves as a magnet so that it rotates when
there applies a current to a surrounding coil. The RF pulse (on the order of 10 ps and a few second
interval between pulses) is applied at the right angle to B,. This generates the second magnetic field B,
perpendicular to B, and causes this magnetization moment misaligned from B,. When the RF is
discontinued, M begins rotating at an angle to B,. This induces a current at radio frequencies on the
detector coil placed around the sample. The larger the magnetic field By, the stronger the signal can be
generated [88]. The energy involved in RF radiation is too small to vibrate, rotate, or electronically excite
molecules as UV/VIS or IR radiation. However, it is great enough to affect the nuclear spin of atoms in
molecules [31].
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Some applications of NMR include: to study chemical equilibria, reaction kinetics, the motion of
molecules, and intermolecular interactions. NMR instruments and experimental methods allow the
determination of the 3D structure of proteins (as large as 900,000 Da) as well as studying solids such as
polymers, 13C, 19F, 31P, 29Si, and other nuclei. NMR imaging techniques or magnetic resonance
imaging (MRI) are wildly used in noninvasive diagnosis of cancer and other medical problems. NMR
instruments coupled to liquid chromatographs and mass spectrometers for separation and characterization

of unknowns are commercially available [31].

As other discussed techniques, NMR is a noninvasive method that it does not destroy samples. In
addition, it is flexible that can be used to investigate various chemical and biological processes [89].
However, this technique can only be used to measure nuclei with magnetic moments. In addition, it may
be less sensitivity than other spectroscopic methods, that it requires higher sample amount for analysis
[88]. With modern instruments, the detection and identification of ppm concentrations of substances can
be achieved and detection limits are approaching ng levels [31]. However, in real world, due to the purity
problems, the practical lower limit for most structural elucidation by NMR is to be close to 500 ng. The
high magnetic field working environment has potential to impact on human health and on electronics or

computer controlled devices. In addition, its motion sensitivity may lead to signal distortions [88].

NMR has been hyphenated with LC, MS or HPLC to form different techniques such as LC-MS-NMR,
LC-NMR that can increase sensitivity or the capability of solving structural problems of mixtures of
unknown compounds. Other chromatographic techniques coupled online to NMR include size-exclusion
chromatography (SEC)-NMR, solid-phase extraction (SPE)-NMR, capillary electrophoresis (CE)-NMR,
and capillary-based HPLC (capLC)-NMR [86].

2.2.6.2 Integration Schemes and Applications

Integration schemes: For integration of the micro reactor to the NMR instrument, the direct scheme is to
fit the micro reactor into a conventional NMR flow probe. TAKAHASHI ET AL. fabricated a Mlcro
Channeled Cell for Synthesis monitoring (MICCS) for real-time monitoring of the Wittig reaction and
Grignard reaction [90]. The MICCS was placed into a 5 mm NMR sample tube as in Figure 2-13. By
similar integration, NAKAKOSHI ET AL. was able to detect unstable intermediates in the radical addition
reaction of oxime ether 1 mediated by triethylborane (Et(3)B) [91]. SANS ET AL. developed a self-
optimizing synthetic organic reactor system based on LABVIEW control [92]. A coil reactor was
connected to a flow-cell which was based on a 5 mm NMR tube. The system was tested by monitor,
kinetic study and structural characterization of the imine (N-bezylidenbenzylamine) formation.
Furthermore, by using NMR instrument as a sensor for feedback data, the author demonstrated the
possibilities of reaction self-optimization with the catalytic synthesis of an imine using aniline as the
catalyst. The low sensitivity of NMR especially when sample volume is reduced has motivated
researchers to look for better solutions.
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Figure 2-13: Schematic diagram of MICCS-NMR [90]

There are many solutions that have been implemented such as higher magnetic field strengths, cryogenic
probes, and hyperpolarization techniques and micro coil probes [93]. Micro coil is the more concerned
method to reduce sample volume and to increase the measurement sensitivity. The findings are that the
smaller the diameter of the detector coil is, the more efficient the solenoid measures the NMR signal [94].
The integration could be simply to wrap a solenoid RF micro coil around an NMR flow cell which is
connected to a micro reactor output [95]; or a micro solenoid wound around a capillary [96]; or to
fabricate a planar on-chip micro coil [97] in which the micro channel passes through a wire bonded micro
coil as in Figure 2-14 or the design of microstriplines that intrinsically improves sensitivity to solenoid
and planar coils [98]; or the use of micro slot probes that show its capability to obtain NMR spectra of
sample quantity in 100 pmol range [99]. The limitation for a fixed fluidic infrastructure to accommodate
the sample of those integrations has led to the development of the contactless microfluidic chip. In this
configuration, the planar micro coils are inductively coupled to the NMR probe assembly [100]. A wider
and deeper look on this integration can be found in the report of Fratila and Velders [93].
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Figure 2-14: The NMR microchip with a fluidic channel pass-in-g fhrougli a wire bonded micro coil [97]

Applications: The integration of NMR to micro reactor can be used for different applications such as to
monitor a chemical reaction, identification of intermediate and product, to study reaction conditions and
kinetics. TAKAHASHI ET AL. with the MICCS as mentioned above performed real-time monitoring of the
Wittig reaction and Grignard reaction [90]. The system is also useful for qualitative detection for
microchip-based synthesis. KAKUTA ET AL. integrated a micro mixer and a micro coil NMR probe to
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study the conformation of Ubiquitin in interaction with methanol solutions under low pH [95]. The
change of Ubiquitin from native state to A-state was observed for evaluation of Ubiquitin transition
kinetics. Reactions in timescale of seconds can be measured. CIOBANU ET AL. used a continuous-flow
NMR spectroscopy with multiple micro receiver coil detection to demonstrate the possibility of NMR to
study chemical kinetics of small amount of materials and reaction time (a few seconds). The reaction
kinetics of D-xylose and borate reaction was investigated [101]. The three coils wrapped around the
capillary at different positions after the mixer helped decrease the detection volume down to 31 nL and
consequently the sample volume required. WENSINK ET AL. demonstrated the design, fabrication, and
testing of a micro reactor chip with an integrated micro coil for NMR measurement [102]. The system
was applied to monitor the reaction kinetics of benzaldehyde and aniline to form imine. He found that the
kinetics of this reaction in the microchip was two times faster than that took place in the conventional
NMR probe due to better mixing condition. GOMEZ ET AL. implemented a microliter-microwave reactor
(flow cell < 2pL) hyphenated with a custom-made nanoliter NMR spectrometry (6 nL detection volume
microfluidic with an integrated planar radio frequency transceiver micro coils). An online monitoring of
the Diels-Alder cycloaddition of 2,5-dimethylfuran and dimelthylacetylene dicarboxylate was performed
to demonstrate the capability of this microwave-NMR concept in rapid optimization of reaction
conditions [103]. BART ET AL. presented a microfluidic high-resolution NMR flow probe based on a
stripline detector chip for monitoring reaction kinetics at full NMR resolution [98]. An online monitoring
of reactant and product of the toluene diisocyanate and pure ethanol was performed. Reaction time range
of 30 min could be studied (depending on the flow rate). The system was further applied for real-time
monitoring the acetylation of benzyl alcohol with acetyl chloride in the presence of N,N-

diisopropylethylamine (DIPEA) and study of the human cerebrospinal fluid (CSF).

2.2.7 Reaction Monitoring with Mass Spectrometry

2.2.7.1 Overview of Mass Spectrometry

Mass spectrometry (MS) is an analytical technique for creating gas phase ions of molecules or atoms in a
sample, followed by separating the ions according to their mass-to-charge ratio, m/z, and measuring the
abundance of the created ions. It is one of the most powerful modern physical-chemical methods for
identifying compounds, and for studying their structure and reactivity [104]; and is currently one of the
most rapidly advancing fields of instrumental analysis [31]. MS offers advantages over conventional
spectroscopic assays because it enables structural determination of reactants while preserving temporal
resolution [31]. Due to its detection capability of short-lived reaction intermediates or labile metabolites,
this tool is used for study of chemical reactions, chemical kinetics and biochemical dynamics [105] [33].
MS offers diverse information ranging from the structure of complex organic and biomolecules to
quantitative determination at ppb concentrations of elements and molecules in samples. This is one of the
cornerstone techniques used to elucidate the structure of biomolecules, especially high molecular weight
proteins up to >10,000,000 Da [106]. MS is also widely applied for real-time monitoring of
chemical/biochemical reactions for its ability of fast response, high sensitivity and multiple-components

measurement [107].
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There are some major steps in the MS technique: ionization of the sample; separation of ions based on

their mass-to-charge ratio; and detection of the ions.

Ionization techniques as its name are responsible for converting analyte elements into molecular ions or

atomic ions. There are techniques for molecular (usually applied for organic analyte) and atomic (usually

applied for inorganic analyte) ionization. Some of the ionization techniques are listed in Table 2-3.

Table 2-3: Ionization techniques for molecules and atoms

Ionization Principle Category
Techniques
Fast Atom A beam of fast moving neutral inert gas atoms is used to ionize large molecules. Molecular ionization
Bombardment

Electron Ionization
(ED)

Use an electron beam to bombard the sample to create molecular ions.

Molecular ionization

Chemical Ionization
(Ch

Assisted reagent gas is ionized by an electron beam initially.
This ionized gas then collides with analytes for ionization.

Molecular ionization

Electrospray
ionization (ESI)

Sample flows through a metallic capillary, which is subjected to a strong electric
field, and becomes dispersed into fine spray of electrically charged.

Drying gas helps evaporate the solvent so that analyte ions can be desorbed from the
droplets.

Molecular ionization

Atmospheric
Pressure Chemical
Ionization (APCI)

Sample is nebulized into fine droplets without an applied potential at the spray tip.
The fine droplets are evaporated by heated sheath gas (heated from ceramic tubes).

Corona discharge of electrons from a sharp-high voltage-metal needle ionizes air first
(N,', 0,", H,0", NO"), then reagent (solvent) and finally sample molecules (like the
CI process).

Molecular ionization

Laser Desorption
and Matrix-Assisted
Laser Desorption

Dried sample is radiated by intense pulses of laser.

The matrix absorbs most of the energy from the radiation and is heated rapidly. This
causes the desolvation and ionization of analytes.

Molecular ionization

Ionization (MALDI)
Glow Discharge High potential imposing across the electrodes helps ionize the argon gas and create a|Atomic ionization
Sources (GD) and  |plasma.

Spark Sources

Electrons and argon ions accelerated in high electric field sputter off atoms from the
cathode material, which is the sample (analyte).

The sample atoms collide with electrons or excited argon in the plasma to form ions;
The method is more suitable for solid samples.

Inductively Coupled
Plasma (ICP)

Radio Frequency (RF — 27 MHz or 40 MHz) in a load coil surrounding at end part of]
the quartz torch forms an intense electromagnetic field.

This field helps cascade the creation and sustain of electrons, argon ions and finally
the plasma (after the argon gas is sparked by high-voltage).

A sample solution is introduced to the nebulizer, then to the plasma where the sample
aerosols are dried, vaporized, atomized and ionized.

Atomic ionization

Mass analyzer is the heart of the system and is responsible for separating different ions according to their

mass-to-charge ratio (m/z). A list of different mass analyzer techniques is represented in Table 2-4.



28

Table 2-4: Different mass analyzer techniques

Technique

Principle

Type

Magnetic and Electric Sector

An ion with electric charge (z) and velocity (v) of the ion moving
through a magnetic field will be imposed an attractive force in
proportion to the applied field (B) which curves the ion’s route.
Changing B allows ions of different m/z values passing through a
fixed radius flight tube.

Electric Sector that separates ions according to their kinetic energy
acts as an energy filter; only ions with a very narrow kinetic energy
distribution can pass through.

One ion is scanned at a
time

Quadrupole

Separate ions in a time-variation electric field (the quadrupole field).

The field is created by applying a constant DC voltage to a set of 4
metal rods and an oscillating radio frequency (RF) voltage as AC
voltage.

Ion separation can be achieved by varying the potentials of the DC
and RF fields (keeping their ratio constant) and keep the oscillation
frequency of the RF field constant.

One ion is scanned at a
time

Time of Flight

Ion pulses are extracted at frequencies of 5 — 20 kHz and accelerated
in voltages up to 30kV in a drift tube of 1 —2m.

If all ions have the same kinetic energy and the same charge, the ion
separation is based on their mass. Lighter ions will reach to the
detector sooner than heavier ions.

Simultaneous
transmission of all ions

MS-MS or Tandem MS

Two or more stages of MS are connected which then combines with
a process so that mass of interested ions can be changed.

Simultaneous
transmission of all ions

Quadrupole Ion Trap (QIT)

Ions can be formed and confined in a trap by an electric field and/or
magnetic field.

Extraction of ions from the trap is enabled by changing the
amplitude of the field.

Simultaneous
transmission of all ions

Fourier Transform Ton-
Cyclotron Resonance (FTICR)

Each m/z moves in a circular orbit at a specific cyclotron frequency
in the presence of a high magnetic field.

The RF pulse (a few milliseconds) containing a range of frequency is
selected to excite the desired m/z range.

The excitation causes the ions to move in larger circular orbits at
unchanged frequencies.

When the RF pulse is off, image currents are induced in the receiver
plates as all ions exit.

The application of Fourier transform mathematically converts output
current containing all frequencies and magnitude information from
all presenting ions into a mass spectrum.

Simultaneous
transmission of all ions

And for detection of ions, there are the techniques of electron multiplier (EM), Faraday cup or array

detectors.

Applications and properties:

MS has a wide range of applications and can be found from clinical chemists, pharmaceutical chemists to

nuclear science because of its sensitivity and selectivity. The applications are as diverse as determination

of molecular weight, molecular structure, reaction kinetics, dating of minerals, fossils and artifacts,

fundamental studies of ion—molecule reactions, and quantitative analysis of elements and compounds at
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sub-ppb concentrations, analysis of inorganic and organic solids, liquids and gases, study of subcellular
structures [31]. MS is a key technique in the expanding field of proteomics. It is the choice for many

environmental, industrial, clinical, and forensic analyses [104].

The MS techniques offer high sensitivity and the detection limit can reach nanomolar [108]. It is more
suitable for short timescale measuring than other spectrometric techniques such as UV/VIS, IR, NMR that
reactions in less than 1s can be screened [109]. MS can simultaneously detect multiple analytes. Due to its
ability to induce chemical transformations, MS is a unique technique that can obtain information about
the intrinsic properties of isolated ions and molecules, solvates, clusters, non-covalent complexes [104].
In addition, by combining with different ionization techniques, the number of analytes that can be
potentially detected increases. Although MS is a destructive technique, it does not consume much
samples. However, MS technique, especially in elemental analysis, requires hyphenating with other
separation techniques (i.e. GC, LC, IC, CE ) to be useful for structural analysis [110]. Another drawback
of the technique is its requirement for sample preparation such as different columns and optimization of
ionization conditions, which is less demanding in other nondestructive spectroscopic methods (i.e. NMR)
[108].

2.2.7.2 Integration Schemes and Applications

Combinations of various types of micro reactors and mass spectrometers have been successfully realized.
OOSTERBROEK ET AL. performed two simple designs, namely a monolithical interface and a modular
approach, for direct coupling to an MS with electrospray ionization (ESI-MS) [111]. The connection was
applied to study the reaction kinetics of f-cyclodextrine and adamantine. SANTOS ET AL. directly coupled
a micro reactor to an ESI quadrupol time-of-flight MS (ESI-QTOF-MS) to study the Ziegler-Natta
polymerization of ethane with a homogeneous catalyst [Cp,ZrCl,]/MAO (methyl aluminoxane) [112]. In
this configuration, a commercially available PEEK Mixing Tee that acts as a micro reactor was connected
to another micro mixer for reaction quenching purpose before coupled to the analyzer as shown in Figure
2-15. MARTHA ET AL. combined a coil reactor with atmospheric pressure chemical ionization MS (APCI-
MS) for the demonstration of the system capability to simultaneously determine product formation,
substrate conversion and catalyst identification [113]. This system implements the flow injection analysis
(FIA) concept that sample is periodically injected into the solvent carrier stream. BROWNE ET AL. coupled
a miniature MS to the Unigsis FlowSyn flow chemistry system, that used the FIA concept, for online
reaction monitoring [23] (Figure 2-16). This commercial flow system, that was expanded with the
diluting function, was used to study the generation of benzyne and its subsequent reaction with furan.
Micro reactor with FIA concept is also applied to ICP-MS to trace metals in drinking water samples as
demonstrated by HSU ET AL. [114]. The micro reactor is coated with an immobilized reagent for
separating trivalent [Cr(Il)] and hexavalent [Cr(VI)] chromium species in aqueous samples. More about
the integration between micro reactor to equipment for elemental analysis will be discussed in CHAPTER
8.
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Figure 2-16: Microsaic 3500 MiD miniature mass spectrometer coupled to a Unigsis FlowSyn flow chemistry system[23]

BRIVIO ET AL. connected an on-chip microfluidic device to a matrix-assisted laser desorption ionization
TOF-MS (MALDI-TOF-MS) for real-time monitoring of different organic syntheses and biochemical
reactions [115]. CLARKE ET AL. coupled a capillary-based reactor to an ESI Fourier transform ion
cyclotron resonance MS (FTICR-MS) to obtain the kinetic parameters for the hydrolysis of p-nitro phenyl
acetate by enzyme chymotrypsin [116]. The first nanomixer was used for mixing the two educts; the
second nanomixer was used for quenching the reaction (Figure 2-17). BARNES ET AL. implemented an
ESI ion trap TOF-MS to study the oxidative degradation of quercetin in an aqueous solution at pH 5.9 and
7.4 [105]. The influence of heat as well as the mechanism and pathway of oxidative degradation of
quercetin was investigated. The reaction time in the range of 2 — 21 minutes could be adjusted by varying

flow rate of the syringe pump, the diameter of the outer tube and position of the inner tube. DANIEL ET
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AL. reported a development of a new Internet-based software system (LeyLab) that can be used for
monitoring and controlling chemical reactions from anywhere in the world via the Internet [117]. The
software was tested by connecting a reaction system with an online MS and later an inline IR detector for
monitoring and self-optimizing (via feedback data from the detector) 1) the conversion of 3-

Cyanopyridine over MnO; to its amide 2) Appel reaction, respectively.

Quench Pump

Flow rate | r---------—m-om3 ® j—y 'l'

control

ESl source

Reaction Capillary :

Figure 2-17: Schematic diagram of the online quench-flow micro reactor used for time-resolved ESI-FTICR MS
experiments [116]

There are many applications for the combination between micro reactor and MS in chemical and
biological reactions. ARAKAWA ET AL. reported the application of ES-MS to observe the photo
substitution reactions of metal complexes of bidentate in acetonitrile [118]. Intermediates and products
with lifetimes of minutes can be investigated by exciting the quart cell; and short-lived intermediates in
the range of milliseconds can be detected by irradiation at the spray tip. SILVA ET AL. employed the ESI-
MS/MS to investigate the Sandmeyer reaction online [109]. The short-lived intermediates and products
are reported to be identified and characterized. His team also carried out the investigation of the Ziegler-
Natta polymerization of ethane with a homogeneous catalyst and the Brookhart polymerization of ethane
and 1-butene with homogeneous catalyst diimine using the ESI-MS. The solution was then diluted with
acetonitrile online via another micro reactor before being fed to the ESI-MS for direct detection and
characterization of transient species. BRIVIO ET AL. monolithically and later modularly integrated a
reaction chip to a nanoflow ESI-TOF-MS [28]. The modular integration scheme was used to investigate
the metal-ligand interactions of Zn-porphyrin with N-containing ligands in acetonitrile and the
encapsulation of small organic molecules into B-cyclodextrin. BOER ET AL. showed the integration of an
HPLC to a reaction system for detecting enzyme inhibitor in complex samples [33]. The HPLC was used
to separate each component in the samples and the coil was where reactions took place. In his later work,
two reaction coils were replaced by a two-stage microchip for bioactivity screening of complex mixtures
[119]. The amount of samples was reduced and a more flexibility in using materials, dimensions and
design for the microchip was enabled. WANG ET AL. coupled a microfluidic, which was used for metal
extraction purpose, to an ElectroThermal Vaporization (ETV) - ICP MS [120]. Trace Cu, Zn, Cd, Hg, Pb
and Bi in HepG, cell, Jurkat T cells and human serum was quantitative determined with the limit of
detection found to be in the range of 6.6 — 89.3 pg/mL.
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2.3 Summary for Different Spectroscopic Methods

From the survey, it can be seen that the combination of micro reactor and analytical devices is popular to
academic research and industrial sectors with a variety of integrations and applications. Some reactor
systems are manually operated [111] [112] via buttons on component devices; some systems with their
components can be controlled individually through an in-house software [116] but not the software for the
whole system; and some systems are automated with the control software commonly written in
LABVIEW [53][121]. Feedback control is implemented in some systems as well with the control
algorithm usually done in MATLAB [121][122][123][124]. A review for this innovation of using
feedback can be seen in [125]. A chemical reaction is further monitored, controlled and autonomously
self-optimized reaction parameters via the Internet [117]. A summary of the presented methods is shown
in Table 2-5.

Different spectroscopic methods employ electromagnetic spectrum at different ranges of wavelength to
interact with matter (molecules, atoms). The matter via energy absorption enters the excited state such as
electronic transition, vibration, rotation in which information about the matter can be obtained, for
example functional groups, unsaturated bonds presented in molecules (UV/VIS/IR/Raman/Fluorescence
method), or number and type of protons and carbon atoms, position of the nuclei in the molecule relative
to each other (NMR method). This information is useful in identification and quantitation of matter and
finds many applications in reality. Except for the fluorescence spectroscopy with very high sensitivity
(ultratrace/subtrace level of detection limit), other methods of this family fall into the micromolar range

(trace level) of detection limit, which is less sensitive than that of the MS method.

For every technique, there are some benefits as well as some drawbacks which make them suitable or not
suitable for certain applications. Spectroscopies are fast that they can be used as real-time feedback
techniques to access the steady state of a continuous flow reactor. Fluorescent spectroscopy is very
sensitive but restricts itself in applications containing fluorescence species. UV/VIS spectroscopy does
not contain as much information as that of the IR and Raman spectroscopy [50] and is replaced by NMR
and IR for organic compound identification [31]. IR spectroscopy is strongly absorbed by aqueous
solvents, complex in spectra, and difficult to calibrate for multi-component systems [21]. NMR
spectroscopy can provide more structural information but easier to analyze than IR. However, NMR
systems (i.e. miniaturized low-field bench-top NMR spectrometers) normally have less sensitivity than
other methods otherwise the price is very high for high magnetic field strength instruments. Although MS
method is a destructive method, the amount of sample consumption is not considerable (with input flow
rate normally smaller than 1 mL/min). In addition, the MS technique offers higher sensitivity and lower
detection limit than other spectroscopic methods (except Fluorescence) and is versatile that analytes are
not limited to a specific category such as fluorescence species or chromophore species. By coupling a
micro reactor system to different types of MS, organic (molecular form) or inorganic (atomic form)
analytes can be detected. Moreover, they are fast, capable of multiple analyte detection and suitable for
short timescale measuring so that they could be used to investigate transient species which are often not
suitable for UV/VIS, IR, or NMR spectroscopy [109]. Furthermore, a flow-through cell, which is
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commonly employed for convenient integration of micro reactors to spectroscopic methods, is not
required when integrating with MS. This reduces the additional reaction volume to the system. Finally,
the technique is currently one of the most advancing fields of instrumental analysis that provides
qualitative and quantitative information (i.e. masses of molecules and atoms in samples as well as
molecular structures of organic and inorganic compounds) that it is interesting to investigate their power.

There have been a number of integration of micro reactors with MS of different types as well as their
applications. Some of the integrated systems operate manually, semi-automated or automated with
feedback control for autonomously self-optimized. There are different configurations in which the system
can simply send the reagent directly from the micro reactor to the MS or use the FIA concept for sending
pulses of sample. Different modules such as heating, quenching and diluting for the solution are also
concerned through the design. One of the typical characteristics of a continuous flow system is the
variation of the reagent flow rate due to different settings of the resident time. This flow rate variation
usually causes difficulty to achieve a dilution module with stability and high dilution ratio. A Mass Rate
Attenuator (MRA) or Active Splitter can be used for the dilution purpose. However, the device is often
operated manually and is not seriously concerned about the variation of the input flow rate. Therefore, it
is necessary to have a dilution module which can dilute at high ratios and automatically change its
settings to adapt to the input condition. In addition, micro reactors which are widely integrated with
molecular mass spectrometric techniques find little application in the field of atomic spectrometry in
general or ICP-MS in specific. In the found literature, when being coupled to ICP-MS, the micro reactor
was only functioned as a separation element (as a column to separate analytes) but not as its main purpose
of a compartment in which chemical reaction can take place. Therefore, an attempt to connect the micro
reactor system to the ICP-MS to detect metal contamination from the ORMS system to the sample would
be interesting. The dilution module can also be included for testing its functionality by using ICP-MS.

These are the two main tasks as well as the main contribution of this work.

Table 2-5: A summary for different spectroscopic techniques

Fluorescence UV/VIS IR Raman NMR MS
Absorption 180 —-800 nM [31]|180—800 nM [31]| 0.75—200 pM 200 — 1064 nM 0.5-10m[31] -
Wavelength [31] [126][127]
Emission >180 - 800 nM - - - - -
wavelength
Detection 10" - 10" mole/lit| micromolar range | micromolar range | micromolar range | micromolar range | nanomolar range
limit [36] [45] [69] [128] [31] [108]
Operation Shared electrons in |Shared electrons in [Covalent bond of |Inelastic collision |Interaction Creating gas phase
principle molecular orbitals |molecular orbitals |molecules absorbs |of molecules from |between an ions from the
absorb photons, absorb photons and [IR photons which |monochromatic oscillating radio  [molecules or atoms
promote to promote to causes excitation (light that results in |frequency (RF) in a sample;
vibrationally electronic of molecules to a shift in radiation and a followed by
excited electronic |excitation states.  |vibrational wavelength of the |collection of nuclei |separating the ions
state, then emit transition state scattered light to  |(with magnetic according to their
photons at longer (stretching and lower energy dipoles), which are [mass-to-charge
bending of (Stoke Raman immersed in a ratio, m/z; finally
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wavelengths. chemical bonds) or [scattering) and to  [strong external measuring the
rotational higher energy magnetic field. abundance of the
transition state. (anti-Stock Raman formed ions.
scattering).

Applications |Determination of |Identification of  |Identification of  |Fingerprint Qualitative and Determination of
unsaturated functional groups |organic molecules |information for quantitative molecular weight
compounds, (e.g., -(C=C)n-, - |(via identifying organic and analyses, and elemental
particularly C=0, -C=N) [31] |functional groups), |inorganic particularly of composition.
aromatics [31]. and structure of  |inorganic compounds. organic Characterization of
Determination of |molecules molecules and Quantitative and ~|c0mpounds [87]. Istryctures of
the detection limit |containing investigation of g yalitative analysis [Study of chemical |complex bio-
of an optical unsaturated bonds |dynamic processes |of the individual ~|equilibria, reaction |organic molecules.
system. [31]. (i-e. chemical compounds [74].  |kinetics, motion of | Analvsis of
I  ati Detection of reactions, phase molecules, and Y

nvestigation of the |’ ) transitions . > polymers and
mixing quality of a [IROTZaNIC s dimenta{ions) intermolecular proteomics.
micro mixer [129]. compo_unds (e.g., interactions [31]. .
.. transitional metal |[71]- Quantlt.atlye
Study of kinetic complex). Quantitative determmatlon of
parameters of a e analvsis of organic organic
reaction. Quantitative Y go components of
determination of compound. (at % solid, liquid or gas
unsaturated concentration sampyle or elements
compounds [31]. level). at ppt
concentrations
[31].

Advantages |High sensitivity, |Fast and easy Infrared spectrum |Organic species  |Probably the most |High sensitivity
high specificity analysis capability. |carries high without UV/VIS  |powerful tool for |and low detection
[130]. information chromophores can |determining limit [108].

Large linear content. be analyzed by molecular Suitable for short
dynamic range High time Raman structures of many |(imegcale
[31]. resolution (down ~ [spectroscopy [77]. |organic and measuring [109].
to 1 ps), short Suitable for morganic :
measuring time,  |analyzing aqueous |compounds [131]. (Siértr:égg?le(());l )
low amount of based reaction Can be used for multiple analyte.
sample required  [media [27]. investigating .
- ) . . Obtaining
(typically 10-100 Multi-component ~[Various chemical | :
. : information about
ug). detection in a and biological the intrinsic
Relatively low  [solution [78]. processes [132]. properties of
costs of equipment isolated ions and
[57]. molecules [104].

Disadvantages [Require Spectrum does not |Strong mid-IR Weak scattering  |Applicable to Destructive
fluorescence contain as much  |absorption of many [signal that may nuclei with analysis technique.
species [31]. information as that [solvents make it be magnetic Requirement of
Subject to of'the IR and (particularly water) [overwhelmed by a |moments. hyphenating with
interference from |Raman [61]. strong spectral Insensitivity in other separation
quenching effects  [sPectroscopy [46]. background. comparison to for structural
or from spectral  [Replaced by NMR Fluorescence other spectroscopic [analysis [110].
overlap from other |and IR for organic interference from |methods, which More effort
compounds [31].  [compound analytes or requires a higher requirement in

identification [31]. solution matrices |sample amount for sample preparation
[78][79]. an analysis [88]. [108].
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CHAPTER 3 SYSTEM OVERVIEW

3.1 System Concept

In chemical engineering, monitoring chemical reactions as well as qualitative and quantitative
determination of reactants and resulting products are generally performed by online analysis systems [19].
As described in the previous chapter, an online monitoring system of chemical reaction in micro reactor
has many advantages in reaction efficiency and fast data acquisition. In order to realize such benefits as
well as to investigate the analytical capability of such a system, a mobile reaction system coupled to an

analyzer has been planned in the laboratory. Some features and functionalities are required for the system:

- A chemical reaction can be performed and monitored at real-time.
- The system is effectively and simply coupled to a high sensitive analyzer.
- The system operation is automatic through a control software.
- The system can perform various functionalities:
o Taking sample at different reaction stages
o Enabling multiple sampling at every reaction stage
o A sampling method for saving waiting time and materials between different reaction
stages
A heating module for tempering chemical/reagent/analytical solution in micro reactor
A dilution module that allows users to set different dilution ratios

A quenching module to extinguish the reacting process

O O O O

The control software can communicate and perform some basic functions to the

analyzer’s control software for convenience in data acquisition and data analysis

- Micro reactors of different sizes and types can be easily plugged in for various possible
measuring time, in which good mixing has to be guaranteed.

- The system can be coupled to different types of analyzers so that molecules and atoms (or organic
and inorganic components) can be measured.

- The system has a good robustness and repeatability.

In order to realize the system, two important decisions are (1) to decide an analyzer from different
possibilities and (2) to determine an integration scheme for sending analyte to the analyzer. From the
literature review in CHAPTER 2, it can be seen that there are various integration schemes of micro
reactors to spectroscopic/spectrometric techniques. Such developments are benefits for followers that they
have massive sources of reference. Advantages and disadvantages of every spectroscopic/spectrometric
technique as well as of every integration scheme are also discovered. Therefore, a constructing for an
online monitoring system can select a monitoring technique and an integration scheme that best fit their
specifications. They can either follow an existing integration scheme or develop their own scheme based

on the reference resources.
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1) For the existing system, the MS technique (ESI-MS and ICP-MS) are selected for coupling to the
micro reactor system instead of the spectroscopic techniques. The detailed comparison is given in section
2.3 and in Table 2-5. A summary is listed as the following:

- The MS technique offers higher sensitivity and lower detection limit than other spectroscopic
methods (except Fluorescence) and the analytes are not limited to specific categories such as
fluorescence species or chromophore species.

- By coupling the micro reactor system to different types of MS, organic (molecular form) or
inorganic (atomic form) analytes can be detected.

- They are fast, multiple analyte detection and suitable for short timescale measuring.

- In addition, a flow-through cell, which is commonly employed for a convenient integration of
micro reactors to spectroscopic methods, is not required when integrating to the MS. This reduces
additional reaction volume to the system.

2) For a stable operation of the MS and therefore of the signal, the MS flow must be stable and below a
threshold (commonly 1 mL/min). A direct connection of the micro reactor system to the MS is not
suitable because the micro reactor flow rate varies according to the residence time (or reaction stage) and
normally is greater than 1 mL/min. Therefore, the flow injection analysis concept (FIA) or (SIA —
sequential injection analysis) is selected. The idea is to inject a liquid sample into a moving, non-
segmented uninterrupted carrier stream of a suitable liquid [133]. The technique supports automated
sampling which is helpful for the consistency of data; lowers impurities and improves accuracy over
manual sampling [134]. It also offers many advantages such as high sampling rate, high throughput, low
cost, low reagent consumption, and ease of design. It was proved to minimize clogging from salt
deposition onto the sampler and skimmer cones of the interface to the MS and help reduce material
consumption and fast contamination to the MS [135] because the MS almost contacts with a suitable
solvent only. Therefore, the technique is extensively used in pharmaceutical chemistry, clinical chemistry,

environmental monitoring, and forensic analysis.

3.2 Initial State of the System

The system in the laboratory is basically a computer controlled system. Components used in the system
offer their functions that are well-controlled (via their manufacturers) for the automatic control purpose.
The control software (called ORMS software) coded in C++ language helps corporate those components
so that a variety of system’s functionalities could be achieved. In general, the ORMS software calls and
combines functions from the components for bigger automation tasks. There is no implementation of truly
closed loop control in the software except setting for an input so that the corresponding component
adjusts itself to reach the setpoint. Data communication in the system is realized via RS232 interfaces and
from RS232 hubs to a computer by USB interface. The MassHunter Workstation Software from Agilent
Technologies is responsible for data acquisition and analysis from the mass spectrometer.

Initially, the system was set up by experts in our lab. It was later developed by students and DI Frohlich
in her Ph.D. work [136]. The system is shown in Figure 3-1. As mentioned, the system implemented the
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FIA concept that solution from the micro reactor outflow can be sampled and injected into a carrier
stream. The carrier stream, which is manipulated by a mass flow controller, sends the sample to the
analyzer. The system with its control software (ORMS software) can operate some basic measuring tasks
such as to set flow rate for the carrier solvent stream, for educt pumps, to switch the multiport valve as
well as the communication with the analyzer’s control software using the API functions from Microsoft

Windows.

T: Split Plate Mixer (LH2) MP V
P1: Educt pump (WellChrome K-501) -
P2: Educt pump (Smartline 100) o
P3: Carrier solvent pump (mzr 2942) Ps M13
M13: Mass flow meter mini (CORI-FLOW M13) Wast ESI-MS
MP_V: Multiport valve aste
Heat circulater (F26-HP)

C ) ‘ P

. Meander reactor 11 o -@ .
l | . P2
Heat circulator .

Figure 3-1: Initial configuration of the Online reaction monitoring system: (T) mixer, (P,) educt pump, (P,) educt pump, (P3)
carrier solvent pump, (M13) mass flow controller, (MP_V) multiport valve

However, for better performance and for an elaboration of functioning, the system needs to be improved:

- There is a problem of operation missing due to the loss of command from the control software
such as missing command of taking a sample that results in peak missing. The problem is
identified to be caused by the simultaneous reading and writing to the same object.

- The heating module is integrated but the heating rate is very slow (= 1°C/min).

- The idea of exploiting the elapsed time in the occurred reaction stage to save waiting time and
materials is great but the algorithm is not efficient.

- The requirement of a dilution module that can function stably under different flow rates of the
micro reactor and possible to dilute at high ratios.

- Integration to the ICP-MS to enable elemental analysis of the system.

- An expansion of the control software interface to accommodate new functions of the system.

- There are different utilities such as Autolt, UIPath, Automa, Selenium, AutoHotKey, etc. that can
be used for GUI automation instead of using API functions of Windows.
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T: Split Plate Mixer (LH2)

P1: Educt pump (WellChrome K-501) MP_V a )
P2: Educt pump (Smartline 100) f-\
P3: Carrier solvent pump (mzr 2942) P3 M13 (/(’ ”‘1 ESI-MS
P4: Dilution pump (WellChrome K-501) %,‘.)—' ICP-MS
P5: Compensation pump (Isocratic pump G1310) Waste i
M13: Mass flow meter mini (CORI-FLOW M13)
MRA: Mass Rate Attenuator (MRA-100-00) P4 —1_—
MP_V: Multiport valve - o -
Heat circulator (F26-HP) RS N
ks MRA
C 1@
D)
C
C e P
)
‘ [ _
Meander reactor 11
' ' O 2
Heat circulator

HPLC pump (educt)

Micro reactor

Multiport valve

Mass flow meter

Carrier solvent pump

Power supply rack

Communication hub

Mass rate attenuator or| _

active splitter

9. HPLC pump (diluent)

10. Isocratic pump
(compensation)

11. Heating plate

12. Heating circulator

G A B0 oo B9 9 (2

Figure 3-2: Current configuration of the Online reaction monitoring system: a) schematic diagram, b) 3D model
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3.3  Current State of the System

The current configuration of the system is shown in Figure 3-2. The system includes the following main
components: Two educt pumps HPLC WellChrom K-501 and Smartline 100 (Knauer, Berlin, Germany)
are used for transferring reactants/educts to an 11.2 mL meander reactor (Ehrfeld Mikrotechnik BTS,
Wendelsheim, Germany). Solution temperature in this micro reactor can be controlled by a F26-HP
refrigerated/heating circulator (Julabo, Seelbach, Germany) and an additional heating/chilling plate (Cole-
Parmer, Kehl/Rhein, Germany). After leaving the micro reactor the solution is diluted by the dilution
module (Mass rate attenuator (Rheodyne, L.P., Rohnert Park, CA, USA)) before entering a multiport
valve assembled with a two-position micro electric valve actuator (Valco Instruments Co. Inc, Schenkon,
Switzerland). This valve is used for sample injection. The sample is then transferred to the analytical
device (TOF-MS G1969A, Agilent Technologies, Waldbronn, Germany) by the Micro annular gear pump
mzr-2942 (HNP Mikrosystem GmbH, Schwerin, Germany). The flow rate of this pump is controlled by
the mass flow meter mini CORI-FLOW™ model M13 (Bronkhorst Mittig, Kamen, Germany). Later, the
micro reactor system is connected to the Agilent 7700x ICP-MS (Agilent Technologies, Waldbronn,

Germany). The system specification is shown in Table 3-1.

Table 3-1: System specifications

Micro reactor volume (mL) 11.2

Maximum flow rate of each educt pump (mL/min) 7

Allowable range of reaction stage (min) 0.8-56

Solvent carrier flow rate (mL/min) <1

Dilution ratio 10— 100,000
Temperature range (°C) -20: +180

Heating solvent Thermal H10, Julabo

When the sample reaches the MS, the signal appears as a peak as in Figure 3-3. The concentration of a
particular reagent can then be derived by specifying its m/z for extracting the chromatogram and relating

its peak height or the area under the peak profile (peak area) to a standard calibration curve.

x10 8 |-ES| TIC Scan Frag=175.0V 50-05-4MOS in ACM 50 Manual Dilution(4.d

[= |

0s 1 15 2 25 3 35 4 45 & 5§
Counts vs. Acquisition Time (min)

6.5

Figure 3-3: Each sample transferred to the MS is recognized as a peak
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3.4 Main Functions

The system can be operated in manual operating mode and in automatic operating mode. In manual
operating mode, users can set flow rates for the educt pumps, take samples by switching the multiport
valve, set temperature for the heating component, and set flow rate and split factor directly for the dilution
module. In automatic operating mode, there are the slow sampling method (SSM) and fast sampling
method (FSM) that enables multiple reaction stages to be specified (in time ascending order), for
example, reaction stages of a reaction at 1 min, 2 min, 3 min. The reaction stage in this case reflects a
certain state of a reaction and is defined as the residence time, which is the duration of traveling of a
solution from the input to the output of the micro reactor (Figure 3-4). This residence time (or reaction
stage) should be distinguished to the reaction time, which is considered in this work as elapsed time of a
reaction since reactants are mixed. Details about this two sampling methods will be discussed in
CHAPTER 5.

In general, the two methods can execute all reaction stages sequentially in one run. Flow rates for the
pumps are calculated and samples are taken automatically based on those reaction stages. In the slow
sampling method, for every reaction stage, completely new reactant solutions are used or a reaction starts
from time zero for every new stage. Meanwhile, the idea in the fast sampling method is to exploit the
reaction time that has elapsed in previous reaction stages to begin a new stage. Therefore, intuitively, the

fast sampling method has advantages over the slow sampling method in time and material consumption.

A heating module is integrated with the control software so that the solution temperature can be
conditioned. Two operation modes of the heating module are available. Preheating mode uses the internal
heating mode of the circulator for manipulating the heating reagent to the setpoint. Meanwhile, the
automatic heating mode uses the external heating mode of the circulator, which is interconnected with the
automatic operation mode of the system, to heat up a solution in micro reactor to the setpoint. In this
mode, a reaction stage can begin only when the solution temperature is close enough to the setpoint. The
topic is presented in CHAPTER 6.

Cross-section (A) Vevg -

Flow rate (F) -

|

|

|
-~

I

\—Length rvn——
Mean residence time = (A*L)/F

Figure 3-4: Velocity profile of a fully developed laminar pipe flow and formula of mean residence time

A dilution module using the low flow compensation approach is employed for diluting reaction solution
to different dilution ratios (up to 100,000) in different conditions of the micro reactor flow rate. This

module can operate in manual and automatic diluting mode. In manual diluting mode, each component of
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the module can be controlled manually. Also, a dilution ratio can be specified, then, settings for each
component will be done automatically but not taking consideration of the micro reactor flow rate. In
automatic diluting mode, the flow rate in micro reactor for every reaction stage is considered in
calculating parameters of the dilution module. In order words, setting for the dilution module is
performed for every reaction stage. This mode is active only when the system is in the aufomatic
operating mode. This module is discussed in CHAPTER 7.

In addition to integrating with ESI-MS for molecular analysis, the micro reactor system has been
integrated with ICP-MS for elemental analysis via one of the two concepts. The first concept includes a
direct coupling of the micro reactor to ICP-MS without the use of the auto sampler (ALS). The second
concept integrates an ALS that increases the flexibility in sample handling. This second concept also
enables the standard start-up of ICP-MS with warm up, calibration and tuning. Finally, the dilution
module is included and tested with the ICP-MS system. Details of this implementation are treated in
CHAPTER 8.

Finally, for automation purposes, the ORMS control software not only controls the hardware devices
(pumps, multiport valve etc.) but also be enabled to control the analyzer’s control software. The
MassHunter Workstation Software LC/MS Data Acquisition Version B.04.00 for the ESI-TOF-MS
(Agilent Technologies, Waldbronn, Germany) and the MassHunter 4.2 Workstation software for ICP-MS
Top version C.01.02 (Agilent Technologies, Waldbronn, Germany) are automated so that some sequences
of operation in these softwares can be performed via the ORMS software. The approach called GUI
automation is applied to fulfill the task. A library from the Autolt scripting language has been applied for
this task instead of using functions from Windows API. This topic is discussed in CHAPTER 9.

3.5 Objective and Contributions of the Thesis

The objective of this thesis is to improve the system performance according to the requirements specified
in Section 3.1. The system can facilitate users with online monitoring of a chemical reaction and with
different tools and utilities necessary for the analytical work. In more details, after sample preparation
finishes, users only have to specify different parameters for the experiment. The system will do its tasks
automatically. Data acquisition and extraction can be performed directly from the control software. In

order to achieve the goals, different tasks have been done:

- Implementation of a dilution module to enable the system to work with highly concentrated
reagent without sample overloading problem.

- Integration of the system to an [CP-MS for elemental measurement.

- Insertion of the dilution module in testing with the ICP-MS in which the sample concentration
can be quantified conveniently using spectrum mode of the acquisition method.

- Modification of the fast sampling method to make it more efficient in reducing waiting time and
materials in a series of reaction stages.

- Modification of the heating module for temperature conditioning of a reaction.
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- Correction for the problem of peak missing due to simultaneous object accessing from two
threads.

- Verification of performance of the system components to make sure they work correctly.

- Modification of the Graphical User Interface (GUI) of the ORMS control software due to system
expansion. The modified GUI has different tabs in which similar control functions are grouped
into a tab.

- The ORMS software can communicate with the operational and analytical software of the MS for

convenience in data acquisition and extraction.

Throughout the thesis, there are always replications for every measurement. The values of average,
standard deviation (STD), coefficient of variation (or STD in %) of the measurements are often included
in the result table to show mean values as well as distribution of the measurements. Formulas for
calculating are listed below:

mi+ms,..+my

- Mean value: m = , m;: i" measured values, n: number of measurement

n

Xiz,(mi—m)?

- Standard deviation: § =
(n-1)

- Coefficient of variation: CV = % * 100
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CHAPTER 4 SYSTEM VERIFICATION

In order to evaluate the system performance, it is necessary to verify the performance of main

components in the system. In other words, a system can work well when its components are well-

functioned. The system setup for the testing is in Figure 4-1. The chapter begins by validating the educt

pumps, carrier solvent pump, and the multiport valve. The chapter ends by estimating reaction stages that

can be performed by the system, and by estimating the time gap between two consecutive samplings so

that peak overlapping does not occur.

10 ports Valco
switching valve

Gear pump
MZR-2942

Figure 4-1: Configuration scheme of the measurement structure: 1) pump module, 2) micro reactor, 3) carrier solvent module,

4) multiport valve



44

4.1 Verification of Pump Operation

The two HPLC pumps were tested for their performance. Figure 4-2 shows the response of two HPLC
pumps (P, and P,) to different flow rate setpoints. The output from micro reactor is connected to the mass
flow meter for measuring the flow rate of two pumps. The FlowDDE and FlowPlot software (Bronkhorst
Mittig, Kamen, Germany), that manipulate the mass flow controller (Coriflow M13), were applied for
indicating the flow as in the figure. The flow rate of each pump was varied from 0.01 mL/min to 2
mL/min. It can be seen that at a high flow rate (' > 0.5 mL/min), the pump responses instantly to the
command and in less than 5s the flow rate reaches the setpoints without overshooting. At lower flow
rates, the pump is slower in reaching the setpoint (= 10s) and the flow is also more oscillating due to slow
movement of the two pistons. This pulsating behavior of the pumps is reduced after the micro reactor and
the sample loop, which act as a capacitor. At higher flow rate (¥ > 0.5 mL/min), the pulse is more
condensed so that the oscillation seems disappeared.

o

F=0.01ml/min

M a0 o om0 do M b o
Time ()

Figure 4-2: Response of Knauer pumps to different flow rate settings

Liquid was also collected in order to determine the actually deliveried volume (¥). In this test, flow rates
of both pumps were varied from 0.1 mL/min to 7 mL/min. Operating duration of the pumps was
calculated so that the total volume corresponding to every tested flow rate is 11.2 mL. The experiment ran
three times. Measurement results are shown in Table 4-1.



45

Table 4-1: Determination of pump’s accuracy in transferring liquid

Flow rate P,P, (mL/min) 0.1 0.5 1 2 3 5 7
Pressure (0.1 Mpa) 1 2 4 7 11 20 32
Tap Water Density (mg/mL) at 21°C 998.02

Expected Weight (g) 11.18 11.18 11.18 11.18 11.18 | 11.18 11.18
Mean Weight (g) 11.42 11.56 11.54 11.47 1143 | 11.24 11.00
STD (in g) 0.10 0.00 0.00 0.01 0.02 0.02 0.11
STD in % or Coefficient of Variation (%) 0.9 0.0 0.0 0.1 0.2 0.2 1.0

The result demonstrates a good performance of the pump in supplying accurate volume at different
working range (from 0.1 mL/min to 7 mL/min). In most cases, the pump gives more flow than the
specified value. This is a good compromise for the additional volume from capillaries, mixer or
connectors. In addition, the deviations from the 3 replications are very small (< 1.5%) that shows a very
good precision of the pumps.

Remarks: The most easily damaged parts of these pumps are the two check valves. The next parts are the
piston seals and O-rings. Therefore, when the pump does not give sufficient flow, it is recommended to
examine the check valve first and run the pump again before making replacement one of those parts.

4.2  Verification of the Carrier Solvent Pump

A stable carrier flow to the MS is very important in giving a reliable measurement. The solvent carrier
flow has been tuned and verified for its operation [137]. The pump works fine afterward. As in Figure
4-3, the pump can reach to a new flow rate in less than 20s. Its response to a disturbance (when the
multiport valve switches that it blocks the flow instantly) is good that the flow quickly returns to its
stability in less than 4s. Some remarks for this pump: The pump is under PID control by the mass flow
meter (Coriflow M13). An aggressive setting for the controller (K, large, 7; small; i.e. K,=15.27,
T;=0.01), therefore, results in short transient response time but large overshoot and oscillation of the
actuator. With this settings, the pump can work well under the high pressure of the ESI-MS but in
atmospheric pressure and low flow rate, the pump does not perform well. Therefore, it is better to tune the
pump with K, smaller and 7; larger (i.e. K,=12.27, T;=0.03). The transient response time is longer;
however, the pump flow rate is more stable under various working pressure and disturbance from the
switching of the multiport valve as can be seen in the figure.

In addition, the MS is very sensitive that any debris, dirt in the solvent or from the gear pump will cause
the signal up-hill. In this case, flushing the pump with MeOH can solve the problem. Moreover, a
blockage of the micro filter behind the MS connector with the ORMS system increases the pressure of the
stream that makes the pump run at higher speed. This often results in an unstable flow rate of the pump
and sometimes puts the pump controller board into error mode (LED turns red). As a practical experience,

at 0.6 ml/min, if the pump speed is more than 4,300 revolutions/min the micro filter should be renewed.
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Normal speed of mzr 2942 pump when connecting to the ESI-MS in the lab is around 2,200
revolutions/min when a new micro filter is used. Finally, the ORMS software only uses a function to send
the desired flow rate value to the Coriflow controller. Therefore, tuning the PID value to adjust the flow

response has to be performed directly in the FlowDDE and FlowPlot software.
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Figure 4-3: Response of the mzr 2942 to a step input and to sampling: yellow line is the input power; red line is the setpoint;
green line is the measured flow rate

4.3  Testing the Switching Valve

When the multiport valve switches, it disturbs the carrier flow temporarily. It may cause the flow become
unstable and send an erroneous amount of sample to the MS. This can make high STD for the sampling
replication. Therefore, a test was performed to know the effect of this component onto the system (or to
the current setting for the carrier solvent flow so that modification of the PID parameters for this has to be
made if necessary). Tests for the switching valve was carried out using 4-Methyloctanoic acid (4-MOS)
as an internal standard in acetonitrile (40%)/ultrapure water (60%) (ACN/H,O) solvent. The system was
configured as in Figure 4-1 for this test. The measurement was repeated two times with 50 samplings for
each run. The result shows that the STD values are in the range of 6-7%. This result shows a normal
operation of the multiport valve and its insignificant effect on the measurement. Details of system settings

are shown in Table 4-2.

Table 4-2: Testing results for the switching valve

Solution 4-MOS in ACN/H,0
Micro reactor flow rate (mL/min) 2
Carrier solvent flow rate (mL/min) 0.4
Peak replicate 50
Sampling duration (s) 0.2
Sampling interval (s) 25

Run 1 Run 2
Average (Abr. Unit) 1,324,599 1,340,779
STD 87,252 81,824
STD in % 6.6 6.1
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4.4  Estimation of the Possible Residence Time

The residence time of a solution in the micro reactor is calculated followed:

V
Tres =%

F

With T,,,: mean residence time (s)
V: micro reactor volume (mL)
F flow rate of solution in micro reactor (mL/min)

Intuitively, a certain reactor volume can accommodate a solution with any flow rate or with any residence
time. However, for a chemical reaction, two reagents must be guaranteed to be well-mixed at the micro
reactor input instead of relying on the dispersion effect. Therefore, flow rate of the reagents must be high
enough for good mixing at the mixer. This limits the minimum input flow rate. The system uses the
Micromixer (Ehrfeld LH2) which has recommended flow rate of greater than 0.2 mL/min for good

mixing. Therefore,

Tres max = 02 56 min

In addition, the two pumps (WellChrom HPLC-Pump K-501 and Smartline Pump 100) have each
maximum flow rate for safe operation of the system: 7 mL/min (max: 10 mL/min). This limits the

maximum input flow rate to 14 mL/min.

11.2 _
Tres_min = 7*—2 = 0.8 min

Therefore, a suitable working range of flow rate for the system is from 0.2 mL/min to 14 mL/min (two
pumps). Consequently, a suitable range of residence time (or reaction stages) of the current system is

from 0.8 min to 56 min.

4.5  Time Resolution of the System

The time resolution of the system determines how close the two samplings can be taken without
overlapping to each other. Therefore, a good approximation of this parameter will enable time and
material saving without losing analytical information. For the slow sampling method, time resolution
limits the minimum sampling interval which is a time interval between two adjacent sampling in one
reaction stage. And for the fast sampling method that will be presented in chapter 5, the time resolution

determines the maximum number of stages between the first and the last stage in every run.

The system measures the sample as peaks. A peak width depends on the sampling duration, flow rate of
carrier solvent to the analyzer, solution concentration and solution composition. Theoretically, the
switching time of the micro electric valve actuator (Valco Instruments Co. Inc) from position A to
position B or vice versa is 140ms = 0.14s, total delay time: 2ms, sampling duration: 0 - 60s. Thus, a
sampling cycle takes minimum <300ms or 0.3s. Therefore, time between two adjacent samplings cannot
be smaller than 0.3s.
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An experiment with 80 pL/L Octanoic acid (OS) and 40 pL/L 4-Methyl Octanoic acid with different
sampling intervals and different carrier solvent flow rates was performed in order to estimate the time
resolution of the system. The experiment settings are tabulated in Section 11.2 (Experiment I). The results
are represented in Table 4-3.

Table 4-3: Effect of sampling interval on the peak area with different flow rate of carrier solvent

Flow rate Sampling Interval (s)
(P3-mL/min) 7 10 15 20 30 40
0.4 12,320,748 | 17,867,092 | 20,234,200 18,404,470 | 24,861,466
0.6 pt;lirjfeea 08 5,138,024 | 8,344,905 9,485,880 8,848,170 9,629,238 8,980,851
0.4 (Abr. Unit) AMOS 18,938,242 | 23,784,822 | 25,768,129 | 24,722,108 | 28,373,156
0.6 9,339,217 | 12,341,667 | 13,582,125 13,642,310 14,083,772 | 14,185,010

As shown in the table, the carrier solvent flow rate impacts on the peak area by diluting sample and
changing ionization efficiency of the analyzer. In addition, a higher flow rate decreases the residence time
of the sample in the nebulizer so that lesser ions can get into the MS. As a result, an increase in the carrier
solvent flow rate from 0.4 mL/min to 0.6 mL/min causes a decrease in peak areas by roughly half in this
case. In addition, if the sampling interval gets smaller than a certain threshold, overlapping occurs which
results in a reduction in the peak area. In the case of OS with carrier solvent flow rate 0.4 mL/min, there is
a big difference in the peak area between sampling interval 15s (17,867,092) and 10s (12,320,748). This
indicates the happening of peak overlapping. It can be concluded from the table that, with peak areas
around 20 million (arbitrary unit), sampling interval 15s would be sufficient; and with peak area around
14 million, sampling interval 10s would be sufficient. In practice, it is better to first estimate the sampling
interval and run for one time in order to determine the final value of the sampling interval for the
afterward runs. Figure 4-4 is shown to additionally visualize the situation of peak overlapping occurred in

this experiment. As can be seen, the base line is lifted up and the peaks get smaller.
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a) 724_10s-0.4-0S-4MOS_undiluted12.d
1 1

b) 5.0V 20150724 _10s-0.4-0S-4MOS_undiluted12.d

1 *0.576

C) 5.0V 20150724_10s-0.4-0S-4MOS_undiluted12.d

1 1
0.924
0410 0.56 0.758 1.089

0 02 0.4 06 038 1 12 1.4 16
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Figure 4-4: Peak overlapping caused by dense sampling which rises the base line and reduces peak areas. a) Total ion
current (TIC) chromatogram, b) Extracted ion chromatogram (EIC) for OS, c) EIC signal for 4-MOS
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CHAPTER 5 MODIFICATION OF THE FAST SAMPLING METHOD

An important aspect after system construction is to optimize the system operation so that equivalent
analytical results can be achieved with less time and material consumption. This factor contributes to the
economics of the system. In the current system, for monitoring a series of reaction stages sequentially in
one run (multiple reaction stages), there are two methods namely slow sampling method (SSM) and fast
sampling method (FSM). In SSM completely new reactant solutions are used for every reaction stage and
the reaction time starts from zero for every new stage. Meanwhile, the idea in FSM is to exploit the
reaction time that has elapsed in previous reaction stages to begin a new stage [19]. The chapter begins by
discussing the existing algorithm of the SSM, FSM and their limitations. The two improved approaches
are presented next. And, the chapter continues by comparing those sampling approaches in the aspect of
time and material consumption and closes by monitoring a chemical reaction using the SSM and FSM.

5.1 Existing Algorithm of the Slow Sampling and Fast Sampling Method

In the automatic operation mode, there are the SSM and FSM in which flow rates for the educt pumps are
calculated and samples are automatically taken based on the reactor volume and reaction stages. In the
SSM, for every reaction stage, flow rate (F;) is set based on the whole reactor volume (V) and the current
reaction stage (7;) following the relation F; = V/T;. The reaction time starts from zero (Figure 5-1a) for
every reaction stage. Meanwhile, the FSM exploits the reaction time that has elapsed in previous reaction
stages to begin a new stage [19]. In other words, the reaction time of a new reaction stage (except for the
first stage) does not start from zero (Figure 5-1b). Flow rate (F;) for every two reaction stages (starting
from stage 2) is set equal the smaller flow rate (or flow rate of the later reaction stage with larger time), so
that total time to perform two reaction stages equals the time of the later stage only or AT, +AT5,+ ;=T 3,+1.

In general, the result of this method is a time reduction of all even stages.

a) 0s Fy{ml/min) .
| | |Stage1: Tyls)
0s F5{ml/min})
l | Stage 2: T,(s)
0s Fy{ml/min])
. |Stage 3: T4(s)
b
) Os %(s)
. . | |Stage1: Tyls)
{ml/min]
Mim\r:'li‘.rjl'z(s} \ATQFS\A
| . . Stage 2: T,(s)
Os vis) ATF
. Stage 3: T4(s)

lw? l FE‘
aT,(5) \M\.
| |

. Staged: T,y(s)

Fs
AT,

| .Stages: Ts(s)

Figure 5-1: Principle of sampling methods: a) slow sampling method, b) the old fast sampling method
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However, the algorithm is quite complicated. Also, the formula for calculating the waiting time for
sampling (or additional reaction time (AT)) of a new stage has two cases for odd and even reaction stages
with the even stage depending on the afterward stage, which may not always be available. Therefore, a
new algorithm to overcome the mentioned limitations as well as to further reduce time and material
consumption would be necessary. Two approaches for fast sampling have been proposed and
implemented. Here, the additional (reaction) time (AT;) is defined as the waiting time from stage i-1 to

stage i for sampling.

5.2  Approach 1
5.2.1 A Simple Case with 3 Nodes

Consider a reaction volume to have channel-type with an equal cross area so that the flow condition is
identical over the reactor. A simple case of the modified algorithm for the purpose of understanding is
sketched as in Figure 5-2. The idea is to divide the reactor volume (V) into 2 equal parts by 3 nodes
(starting from node 0). After the first reaction stage completes, for every reaction stage afterward, the
timing starts from the middle of the reactor (node 1). At this point, the current reaction stage has elapsed
for a certain amount of time. For example, when the first reaction stage set at 60s has reached, at the
middle of the reactor, the reaction has elapsed 30s. Therefore, to reach the second reaction stage of 120s,
the reaction solution needs to move from the middle point to the sampling point in just 90s more. In other
words, an amount of 30s is saved for the second reaction stage. It is similar for the third stage that has to
wait 150s more instead of 240s because the reaction has been started for 90s at the middle point. In
general, the additional time AT; to stage i is: AT; = T;- AT,.; (with i>1), which is also the saving time to
stage i+ (Table 5-1). Similarly, by starting a new reaction stage in the middle of the reaction volume, the

required materials for every following stage are also reduced by 50%.

Table 5-1: Step by step derivation of the fast algorithm with 3 nodes.

Node 0 Node 1 Node 2
Ty
0 AT, = — T
1= 1
AT, =T, — AT, T,
0 AT; = T3 — AT, T;
0 AT; = T; — AT;_4 T;
0 AT, =T, — AT,,_4 T,
Os AT,=30s
l l | ‘ Stage 1: T1=60s
AT;=905

L || B stage 2: To=120s

\ATFM,
l Stage 3: T3=240s

Figure 5-2: Principle of the FSM approach 1with 3 nodes
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Derivation of Total Working Time and Total Reaction Material

Total working time (6T) is the time to finish all reaction stages in each run. As specified in Table 5-1 this
is a series problem that sequentially sums all A7; (i>1) and T;. Detailed steps for deriving the general
equation for this simple case is presented below with 8T; the total working time until reaction stage i:
ST]_ = T1
I I
6T2 =AT2 +6T1 =T2 _?+T1 =T2+?
6T3 =AT3 +8T2 =T3_AT2+AT2 +8T1 =T3+T1

8Ti = ATL + 8Ti—1 = Ti - ATi—l + ATi—l + 6Tl’_2

8T, = AT, + 8Ty =Ty — ATy_y + ATy + 6Tps

It can be noticed that the total working time until stage » equals the current reaction stage (n) plus the
total working time until stage n-2. Therefore, the total working time in this case can be formulated as:

floor(n—_l) -1
2 mod (“5-) 5D
STfast = Tl + ATZ + -+ ATn = Z Tn_z*l' + 2 * Tl
i=0

With n is the number of stage; f loor(nT_l) is the largest integer not greater than nT_l and mod (nT_l) is the Modulo

operation that finds the remainder of nT_l
Similar to the total working time, the total reaction material (6V) is the material amount required to

complete all reaction stages of each run. Both two values might be important to analysts for the sample

amount they need to prepare and time when they could check for results and start another experiment.

It can be noticed that except for the first stage that requires a full reaction volume, the remaining reaction
stages require only half of the reaction volume. Therefore,

v, v, V v v 5
5Vfast=V1+?+---+7n=z+n*5=(1+n)§ (5 )

As a continuation of the example mentioned above, for 3 reaction stages 60s, 120s, 240s, if the SSM is
applied 6T = 60 + 120 + 240 = 420s and 6V, = 11.2 4+ 11.2 + 11.2 = 33.6 mL.

Meanwhile, 6Tq5 = 60 + 90 + 150 = 3005 and 6Vyqqe = 11.2 + == + == = 22.4 mL.

5.2.2  Extension of the Fast Sampling Method to M+1 Nodes

The philosophy of reducing the waiting time and reaction solution can be extended by further dividing the
reactor volume into 3, 4 ... or to any M equal parts by M+ nodes. For reaction stage n (7, n>1), its

starting time will be counted starting from the elapsed reaction time at node M-1 of stage n-1 (X,.;a1).
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Therefore, additional time to reach reaction stage n is A7,=T,-X,.; )., (with n>1). Similarly, required
materials are also reduced to one volume portion (¥/M). In that case, the flow rate for both educt pumps
will be changed according to this volume portion (V/M) and the additional time (47,). Step by step

derivation of the algorithm is shown in Table 5-2.

From node M-1 of stage i-1, the additional time required to reach stage i is A47; (in bold). This additional
time is also the elapsed reaction time of the reaction solution at node / (X;;) of stage i. The reaction time
of solution at node 2 (X;;) of this stage (i) now equals the reaction time at node / (X;,; of stage i-/) plus
this additional time AT;. It is similar for every node afterward of the stage that it has to add this additional

time to reach the next node. The total working time and total reaction material for this general case are

formulated and shown in equations (5-3) and (5-4), where M denotes the number of parts equally divided

from the reactor. The algorithm is illustrated in Figure 5-3 with M=3.

20s

40s

i

| |stage 1: T,=60s

\ SN 1005 AT,=80s

l i

al

[ stage 2: T,=120s

05 0, 220NE=1405

140s

]

[ stage 3: T,=2405

Figure 5-3: Extension of the FSM approach 1

Table 5-2: Step by step derivation of the fast algorithm with M+1 nodes

Node 0 Node 1 Node 2 | | Node M-1 Node M
Unit: Time
AT|=X|1:T1/M X12:2T|/M X],M_lz(M-l)*Tl/M T]
0 AT=X51=T-X | ma1 X=X 1+AT, Xom1=X 1 matAT, T,
AT3=X3=T3-X5 m-1 X3=X,tAT; X3m1=Xom2TAT; T
0 AT=X=Ti- X1 M1 X=X, TAT; Xim 1= X1 M2 AT T;
0 AT =X =Tp-Xp1 M1 Xpp=Xo1, TAT, KoM= X1 M2 tAT, T,
-1
floor(nT) n—1
mod (“3-)

6Tfast = T1 +AT2 + "'+ATn = Z Tn—M*i +T*T1

S5V, o2 MDYV (M =1+n) %’

= J— cee _———- nx—= —_ n)x—

fast = "1 Ty M M M M

(5-3)

(5-4)

In the SSM, the total working time and material requirement (in case the sampling replication is 1) are:
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n
6TSZOW - Tl +T2 + "'+Tn = S“Tl

5V510W=V1+V2+---+Vn=n*V

Therefore, percentage of time and material saving of the FSM over

respectively:

(STslow - (STfast 6Tfast
OST(%) =|————]*100 =1 —
(/0) < 5Tslow i ) slow

sV,
V(%) = <1 - W’l““) %100
Stow

5.3 Approach 2

(5-3)

(5-6)

the SSM can be represented
) 100 (5-7)

(5-8)

This approach is the extension of the original idea in [136] that is presented in Section 5.1. In this

extension, after the first reaction stage finishes, the flow rate of all remaining stages is set equal to that of

the last reaction stage. Therefore, the total working time and reaction volume are always equal to the

summation of the first and the last stage. The additional waiting time for sampling (47;) for other stages is

calculated and taken in between the first and the final stage.

. A . A , F1=V/T, (mL/min)
Os| \l \

| Stage 1: Ty(s)

\A Stage 2:T,(s)

T A Stage i Ti(s)

| Stage n: T,(s)

Figure 5-4: Principle of the second approach

5.3.1 Derivation of the Additional Reaction Time from Reaction Stage

For realization the concept in the control software, an algorithm must be

Stage 3:Ts(s) F,=F,=...=F,=V/T,(mL/min)

i-1 to Reaction Stage i

derived. The idea is to find the

additional time (47;) to reaction stages 75, T3, ..., T, so that the software knows when to take sampling for

each reaction stage.

Call y; the additional time from reaction stage / (after stage / completed) to the i reaction stage.

Q;=V/T;, flow rate at reaction stage /
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0,=V/T,, flow rate of the last reaction stage (also equal to flow rate of other remaining reaction stages)
We have two balance conditions (refer to Figure 5-4):

+ Volume portion (V) filled at flow rate Q; for time (7}- &) + Volume portion (V) filled at flow rate Q,

for time y; = reactor volume (V).

+ Reaction time with flow rate Q, (T,—;) + additional time at flow rate Q, to stage i (y;) = reaction stage
i(T))

This can be expressed mathematically:

(T —&)Q1+vi*xQn=V
5-9
{ Ti—e&+yi =T, (>-9)

|74 V
(Tl—fi)T—l‘l'Yi*T—n:V €Y)

I, -Ti+yi=¢ 2)

Substitute ¢; from (2) into (1):

1 v
T —-T—yi+T)—+=1

n T

with some reduction we have:

yy = nTi=To) (5-10)
T,-T,
Call 47; the additional time from stage i-/ to stage i (starting from stage 2)
AT; = yi- i
Therefore,
ap (T =T Ta(Tiy = T0)
' Th—Th Ih—Th
ar, = i~ Ti) (5-11)
r,-T,

5.3.2 Calculation of the Total Working Time and Total Material Consumption

Similar to the first approach, total working time and total material consumption are calculated to estimate
the required time and material for every run and also to evaluate the efficiency of the algorithm in

comparison to other approaches.
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Total working time:

‘sTfast =T,+T,

Total material consumption:

5Vfast =V,+V,

5.4  Testing and Results
5.4.1 Quantification of Reduction Capability of the Algorithm

An experiment has been performed to quantify the actual reduction capability in time and materials of
FSM over SSM. Six reaction stages 1, 2, 4, 7, 11, 16 min were sequentially executed in each run. SSM
was repeated 3 times; FSM approach 1 was repeated 9 times (3 runs for each M=2, M=4, M=6) and
approach 2 was repeated 3 times. Average amount of material (water) consumption and time consumption
for each sampling method were measured and shown in Table 5-3 as in row “Measured”. Those
theoretical values were also calculated from equation (5-3), (5-4), (5-5) and (5-6) and shown in row
“Estimated” in the same table in order to compare to the actual measured values. Note, in theoretical
calculation, the additional volumes apart from the reactor such as capillaries, mixer, etc. were accounted
for that made the reaction volume larger (11.2 mL + 0.98 mL (additional volume from capillaries, mixer,
etc.) = 12.18 mL). The table also includes the percentage of reduction of FSM over SSM approach that
was calculated for both theoretical values and practical values, and for both time and material

consumption.

Table 5-3: Measurement of time and material consumption with slow and fast sampling method

Sampling method SSM Existing FSM| FSM — Approach 1 FSM -
Approach 2
Number of Node - 1 - - M=2|M=4|M=6 -
Reaction stage (min) 1,2,4,7,11,16
Peak per reaction stage 1 4 1 1 1 1 1
Total time consumption (min) Estimated | 41 47 32 25.50 | 18.25 | 16.83 17
Measured | 41.35 47.44 - 25.58 | 18.32 | 16.91 17.13
Reduction percentage over SSM (%) |Estimated - - 22.0 37.8 | 55.5 | 59.0 58.2
Measured - - - 38.1 | 55.7 | 59.1 58.6
Total educt consumption (mL) Estimated | 73.07 98 48.72 42.63 | 27.40 | 22.33 24.36
Measured | 78.33 104.20 45.17 | 28.50 | 23.33 25.33
Reduction percentage over SSM (%) |Estimated - - 333 41.7 | 62.5 | 694 66.7
Measured - - - 423 | 63.6 | 70.2 67.7

It can be seen that the estimated time and material consumption are approximate to those measured values
for both sampling methods. This proves an agreement between theoretical calculation and actual
performance. The physical measurement again shows an advantage in time and material of the FSM over

the SSM (with one sampling per reaction stage). This can be seen by the smaller amount of time and
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material consumption or the higher percent of reduction of the FSM than the SSM such as 38.1% (M=2),
55.7% (M=4) and 59.1% (M=6) in time with the first approach and 58.6 % with the second approach; and
42.3% (M=2), 63.6% (M=4) and 70.2% (M=6) in volume with the first approach and 67.7% with the
second approach. However, if the SSM has more sampling repetitions per reaction stage, the average time
(or volume)/peak will be reduced significantly. This is proved when 4 samples/reaction stage requires
47.43 minutes (104.2 mL) or in average, one sample requires less than 12 minutes (26 mL). This value is
smaller than 18.32 minutes (27.40 mL) of the case with AM=4 in the first approach.

Between the two fast sampling approaches, the second approach requires time and materials in this case
less than that of the first approach with M = 2, 4 and similar to M = 6. The reduction will further increase
when there are more reaction stages because to total time and material consumption do not change for the
second approach. In addition, approach 2 offers a simpler algorithm, therefore, it is simpler in
implementation to the software. The total working time and volume are calculated easily by adding the
first and last stage. Finally, flow rate (except reaction stage 1) does not change for every reaction stage as

in approach 1. This helps reduce possible disturbance and increase the reliability of the measurement.

By comparing to the existing (old) FSM, the two new FSM are more efficient with the measuring time
and material less than 50%. Therefore, the two new FSM was further implemented to monitor a real

chemical reaction.

5.4.2 Implementation with Acetylation Reaction

The sampling methods have been implemented in the control software and tested through the acetylation
of N-DL-tryptophan (NDL, MW=204.2) using acetic acid anhydride (444) to form N-Acetyltryptophan
(NAT, MW=246.26) with the internal standard N-Formyl-DL-tryptophan (NFT, MW=232.24).

5.4.2.1 First Approach of FSM vs. SSM

The acetylation reaction was measured at reaction stages 1.5 — 3 — 4.5 min using the FSM (M=2, 4, 6) and
SSM. Detailed settings for this test can be referred to in the table of Experiment 2 in Section 11.2. The
result is represented in Figure 5-5 and Table 5-4. Sampling peaks of the reaction product (NAT) are
shown in plot (a), (b) and (c) for the FSM (with M = 2, 4, 6 respectively) and in (d) for the SSM. The
table shows the average, STD and STD in % of peak areas of educt, internal standard, and product

measured by those sampling methods.

In (a), (b) and (c), the density of peaks increases as M increases, which means more time-saving. Those
waiting time are visually smaller than those of the SSM in (d). This result is in agreement with the

demonstration in Table 5-4 of the previous section.

Table 5-4 provides a more detailed summary of 3 runs of each sampling method. The average peak areas
reflect the common sense of a reaction that there is an increase of product formation, a decrease of
reactant or educt, and a stability of internal standard when the reaction time increases. This can also be

seen in Figure 5-5 by noticing on the peak height and peak width. However, there are higher standard
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deviations at some measurements especially in the FSM at higher M and higher flow rate, for example,
23.5%, 18.0% at reaction stage of 1.5 minutes with M=4 and M=6 respectively. This can be caused by a
significant change in flow dynamics when a sudden change from high flow rate to lower flow rate occurs.
The table also indicates an acceptable similarity in peak areas among different values of M of the FSM
and also between the SSM and FSM in their measurement. This proves the equivalent of two sampling
methods. This result is relevant to the expectation that the measurement should depend on the reaction
time, or sampling duration but not on the sampling method.

%108 |-ES1 EIC(245.0988) Scan Frag=175.0V 2015030 _25Fast 2_ Healingl5.d E

ﬂ.‘. 1 1

Figure 5-5: Measurement signals for the slow and modified fast sampling method approach 1 with reaction stages at 1.5, 3,
4.5 minutes: a) FSM (M=2) with product signal, b) FSM (M=4) with product signal, c) FSM (M=6) with product signal, d)
SSM with product signal

Remarks: In theory, it is possible to number M up to any value, however, signal peaks from the sampling
may overlap. This M,,,, depends on the time difference between two adjacent reaction stages and the peak
width. It should be selected so that A7;> peak width. For example, stage i is 60s; stage i+/ is 70s and
peak width is 21s. If M,,.. > 6, AT; < 20s, which means that peak overlapping occurs because A7; (20s) <
peak width (21s). Also, the flow rate may get too low for the pumps to operate accurately when M is high.

The accuracy of the algorithm depends on the accuracy of the pumps as well as the external physical
effects to the flow. If a quick blocking of the flow due to sampling or a sudden change in flow rate does
not cause a considerable change in the flow dynamics, reaction time from node to node can be added
algebraically as shown in Table 5-2. In addition, due to including different flow rates in one reaction
stage, the reaction time of solution at every position in the micro reactor is not so stable as in the SSM but
drifts continuously. Therefore, the method is not suitable for multiple sampling. However, it is more
suitable for fast data acquisition of a reaction or when there is a limitation in time and material amount.
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Table 5-4: Summary for the acetylation reaction using the SSM and FSM approach 1

Slow method Educts Internal Standard Product
(N-DL) (NFT) (NAT)
Reaction stage 1.5 min 3 min 4.5 min | 1.5 min 3 min 4.5 min | 1.5 min 3 min 4.5 min

Average (Abr. Unit) | 1,273,243 | 1,326,340 | 1,224,797 | 1,030,422 | 1,096,525 | 1,092,907 | 532,276 | 652,629 | 944,128

STD (Abr. Unit) 189,896 | 41,519 18,831 122,203 | 28,321 19,501 32,438 45,965 21,556

STD (%) 14.9 3.1 1.5 11.8 2.6 1.8 6.1 7.0 23

Fast method

M=2

Average (Abr. Unit) | 1,404,264 | 1,248,841 | 1,207,518 | 1,127,043 | 1,052,131 | 1,037,548 | 650,912 | 821,058 | 998,965

STD (Abr. Unit) 34,159 31,421 27,353 31,692 30,534 36,632 19,336 30,258 17,340

STD (%) 24 2.5 23 2.8 2.9 3.5 3.0 3.7 1.7

M=4

Average (Abr. Unit) | 1,210,125 1,201,483 | 1,138,898 | 1,064,294 | 1,093,723 | 1,054,787 | 846,057 | 999,938 |1,166,445

STD (Abr. Unit) 62,586 76,100 25,643 12,038 56,185 23,512 198,558 | 99,923 81,241

STD (%) 52 6.3 23 1.1 5.1 22 235 10 7.0

M=6

Average (Abr. Unit) | 1,219,733 1,172,089 | 1,108,064 | 1,060,928 | 1,063,522 | 1,074,421 | 835,783 |1,007,770 (1,219,847

STD (Abr. Unit) 60,536 18,074 28,400 8,516 13,637 6,235 150,783 | 110,536 | 71,322

STD (%) 5.0 1.5 2.6 0.8 1.3 0.6 18.0 11.0 59

5.4.2.2 Second Approach of FSM vs. SSM

The acetylation reaction was measured at 10 reaction stages (1 -2 —-3-4-5—-6-7—-8 -9 — 10 min)
using the FSM approach 2 and the SSM. Detailed settings for this test can be referred to in the table of
Experiment 3 in Section 11.2. The result is represented in Figure 5-6, Figure 5-7 and Table 5-5.
Measurement with the FSM and its plots are shown in Figure 5-6 and Table 5-5 for the educt, internal
standard and product respectively. And the table shows the average, STD and STD in % of peak areas of
the educt, internal standard, and product of 3 runs with SSM and 5 runs with FSM.

The result is logical with an increase of the product, decrease of the educt and quite stable of the internal
standard in both SSM and FSM. Figure 5-7 also compares the SSM and FSM visually. Both methods
show good agreement with the other. This agreement is reflected in the table as the average peak area of
every reaction stage of both methods are approximately similar. However, closely look at the STD in the
table for the SSM, there is an abnormal issue that makes their STD high up to 32%. The first peak in each
sampling series is smaller than the rest due to a sudden drop of the baseline after the first sampling
(Figure 5-8a). The situation occurs with the current system when using acetic acid as a solvent. It does not
happen when using MeOH, ACN, or ACN/H,O as solvents (Figure 5-8b) or when the HPLC system is
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used for sampling solution with acetic acid solvent (Figure 5-8c). So far, we have no explanation for this
issue.

x10 ® -ESI EIC(203.0800) Scan Frag=175.0V 20160412_25-1-12-FSM08.d
54/10.564 1668 2757 3.861 4.966
6.071 7159 8264 9.369 10.474

J L

x10 5 |-ESI EIC(231.0800) Scan Frag=175.0V 20160412_25-1-12-FSM08.d
10564 1668 2773 3861 4966 6071 7.176 8281 9369 10474

, L

x10 5 -ESI EIC(245.0900) Scan Frag=175.0V 20160412_25-1-12-FSM08.d
1

7176 8.281 9.3
3861 4966 6071

1668 2.773

0.564

1 2 3 4 5 6 7 8 9 10

Counts vs. Acquisition Time (min)

Figure 5-6: Measurement signals of educt, internal standard and product with the FSM approach 2: red curve is signal of the
educt; green curve is signal of the internal standard: blue curve is signal of the product

a) b)
£2500000 - % 3000000 —NAT——
£ 'N-DL-Tryptophan C
2000000 - £ 2500000
< < 2000000
= 1500000 g
© —4—FSM S 1500000 - FSM
-
1
3 000000 —m-ssM @ 1000000 - —=S55M
500000 500000 -
o 0 +——r———r—+—+—+—+
1234567 8910
123456 7Resact2)nls%age(min) Reaction stage (min)
)
— 1600000 NFT
EPottall oo = T~ S
~ 1200000 -
S 1000000
= 800000 =4=FSM
5 600000 —m—5SM
E 400000
& 200000
0 +— —

12345678910
Reaction stage (min)

Figure 5-7: Plots of educt (a), internal standard (b) and product (c) with the FSM approach 2 vs. SSM
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Table 5-5: Summary for the acetylation reaction using the SSM and FSM approach 2

FSM SSM FSM SSM FSM SSM
N-DL-Tryptophan NFT NAT
Stage STD STD STD STD STD STD
(min)| Average | STD |in % | Average | STD |in % | Average | STD |in % | Average | STD |in % | Average | STD |in % | Average | STD |in %
1 1,816,997 65,245 | 3.6 [1,981,060(217,129| 11.0 {1,269,361| 75,239 | 5.9 |1,387,976|202,986| 14.6 | 777,607 | 25,127 | 3.2 | 603,800 | 56,112| 9.3
2 (1,803,280 86,938 | 4.8 [1,784,482]266,526| 15.0 {1,377,832|100,153| 7.3 |1,323,534|272,473| 20.6 |1,061,485| 64,678 | 6.1 | 779,690 | 84,190 | 10.8
3 |1,724,704| 62,646 | 3.6 [1,750,527(308,238| 17.6 |1,357,502| 82,668 | 6.1 |1,365,372|352,098| 25.8 1,344,938 89,221 | 6.6 [1,077,592|190,408| 17.7
4 |1,648,366| 58,095 | 3.5 |1,563,922(218,733| 14.0 |1,406,139(116,668| 8.3 |1,268,450(263,580( 20.8 |1,634,494(152,210( 9.3 |1,311,669(178,659| 13.6
5 |1,576,215| 85,890 | 5.5 |1,510,427(255,210( 16.9 |1,388,178|116,684| 8.4 [1,301,476|315,564| 24.3 1,893,852|157,195| 8.3 [1,619,244|236,376| 14.6
6 |1,454,011(19,959| 1.4 [1,424,123|262,378| 18.4 |1,396,323| 26,425 | 1.0 |1,273,852(328,114| 25.8 (2,137,071| 44,155 | 2.1 [1,851,415]|274,292| 14.8
7 11,366,333| 52,197 | 3.8 [1,312,932]252,309| 19.2 {1,338,072| 72,889 | 5.5 |1,244,141|341,715| 27.5 |2,309,483|108,045| 4.7 {2,032,306(|329,751| 16.2
8 11,228,540| 56,142 | 4.6 |1,237,094(269,785| 21.8 [1,246,551| 63,277 | 5.1 |1,215,054|390,032| 32.1 |2,356,421(108,260( 4.6 (2,215,963|464,874| 21.0
9 [1,161,037| 55,994 | 4.8 (1,178,138|209,978| 17.8 |1,184,948|103,374| 8.7 [1,216,209|324,086| 26.7 |2,411,995|191,519| 7.9 (2,440,708|397,847| 16.3
10 (1,116,191 18,406 | 1.7 |1,106,721|210,030| 19.0 | 1,210,559 67,494 | 5.6 {1,207,132|346,931| 28.7 |2,578,639|128,860| 5.0 |2,619,771|470,836| 18.0
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Figure 5-8: a) first smaller peak with acetic acid solvent measured by the ORMS, b) peaks are normal with methanol solvent,
¢) peaks are normal with acetic acid solvent measured by an HPLC system
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5.5 Summary

Two sampling approaches for fast sampling are presented for saving time and material consumption of a
reaction series. Both of them fulfill this purpose. The first approach is more complicated than the second
approach in the algorithm. In addition, the first approach includes different reaction flow rates for every
reaction stage which may cause the measurement unreliable. Therefore, the second approach is more

preferred for implementation in the control software.

In general, the SSM with multiple sampling capabilities is more economical in measurements that require
sampling repetitions. Meanwhile, the FSM is more suitable for fast data acquisition of a reaction or when

there is a limitation in time and material amount.



64



65

CHAPTER 6 INTEGRATION OF THE HEATING MODULE

6.1 Overview

Temperature has significant effects on many physical, chemical and biological processes. It impacts on
the reaction rate through the number of high energy molecules as well as their collision probability. An
increase in temperature causes molecules to move faster, therefore, improves the mixing efficiency of
reagents. An accurate control of temperature is therefore very important in managing reaction rate and
improving product purity. In smaller scale applications, temperature is further used to modulate
electrophoretic mobility for detection of low-concentrated species in small volume or to drive particles in
microfluidic devices [138]. Some applications of temperature in biology include keeping cells alive by
maintaining constant temperature [139]; controlling temperature cycling for Polymerase Chain Reactions
[140]; or to drive droplets in droplet-based microfluidic applications in which the droplets are considered

as discrete biological reactors [141].

Heat can be transferred by conduction, convection or radiation process [142]. Conduction takes place
when heat is transferred through a stationary medium; convection mode is when heat is transferred
between a moving fluid and a surface. And radiation occurs when heat is transferred in form of
electromagnetic waves. The control of temperature profile in micro reactors includes homogeneous
temperature regulation, which attempts to create a homogeneous heat on a controlled surface, and
temperature gradient (or linear temperature profile), which creates a temperature gradient over the
controlled surface. Different techniques have been implemented to achieve the heating/cooling purpose.

They are listed in the below table:

Table 6-1: Different heating methods

Heating Methods
Integrated Heating . .
External Heating Joule Heating Chemical reaction Electromagnetic Radiation
Preheated liquid, Peltier Electric current passes Endothermic and Microwaves, laser
elements through the conductor exothermic processes

External heating includes the use of preheated liquids [143] or commercial components [144] as the
external heating sources. Liquids are heated and circulated through a micro reactor for heat exchange or a
micro reactor is in contact with Peltier elements or a heating/cooling plate. The integrated heating method
exploits the heat diffusion from the integrated heating sources such as Joule heating [145] and chemical
reaction [146]. The Joule heating method employs heating resistors embedded in a micro reactor system
and the chemical reaction heating uses energy consumed/generated by an endothermic/exothermic
process for heat exchange with the solution in the microfluidic channels. In these techniques, heat
transferred is dominated by convection and conduction. Finally, the non-contact delivery energy approach
uses electromagnetic radiation such as microwaves [147] and laser [148] for the heating purpose. These

techniques employed the heat radiation process.
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6.2  Derivation of Parameters for the PID Controller

The heating method applied in our system is the external heating method that uses preheated oil
circulating around the micro reactor for heat exchange (Figure 6-1). The Julabo heating device, with
2000W heating capacity and PID control, has two operating modes: the internal control mode uses a
sensor located in the circulator bath as a feedback signal to control temperature of the heating solvent; and
the external control mode uses signal from the PT100 located at the micro reactor output to control
temperature of the reagent/analytical solution.

Heating device
Figure 6-1: External heating configuration

Both the internal and external heating modes are able to bring a reagent solution to a desired temperature.
However, the external mode was selected as a main heating mode due to its capability to quickly and
precisely bring the solution’s temperature to steady state. The possibly big gap in temperature between the
heating solvent and the setpoint allows compensating for heat requirement from the metallic reactor block
and heat loss as well as boosting the thermal transmission between materials. However, this mode may
also cause high-temperature overshoot to the reagent solution. Meanwhile, the internal mode, which is

safer but slower, can be used for preheating the reactor.

For the Julabo F26-HP in the laboratory, the PID controller works well with the internal control mode as
the heating solvent reaches the setpoint fast with no overshoot. However, in the external control mode, the
system is sluggish that it takes >10 mins to heat up 10°C for a solution in micro reactor. Therefore,

Ziegler-Nichols tuning method is applied to this closed-loop system. The procedure is presented [ 149]:

- Remove the integral and derivative action, in this case, by setting the integral time constant to its
maximum value (7,) and the derivative time constant to its minimum value (7).

- Proportional gain (K.) will be tuned so that the response will oscillate constantly as shown in
Figure 6-2.

- Determine the ultimate proportional gain (K,) and ultimate period of oscillation (P,).

- Determine parameters for the PID controller based on Table 6-2. If a P controller is used, only K.
is derived following the second row of the table. If a P/ controller is preferred, K. and 7, can be
derived following the third row of the table. And the last row is for deriving parameters of the
PID controller.
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Figure 6-2: System tuned using the Ziegler-Nichols method [81]

Table 6-2: Closed-loop calculation of X, T, and T,

K. T, T,
P K,/2
PI K,/2.2 P/1.2
PID K/1.7 P2 P./8

This procedure is then applied to the Julabo circulator. There is a slight difference in the notation of PID

parameters used in the Julabo circulator and those commonly used. In this case:
X,=100/K. : Proportional band (X,)= inversion of the proportional gain (K.) times 100.

The parameter set in the device for an oscillatory response is X,=0.1; T,=5000;, T,=0. The system
response is shown in Figure 6-3. From the response, the ultimate proportional band (X,) and ultimate
period of oscillation (P,) is found (X,=100/K,=0.1 or K,=1000 and P,=60). In this case, the period of
oscillation 1s determined by looking at the power signal (green line) but not the reagent solution
temperature because it is not as clear as the power signal. It can be seen that the power oscillation is not
constant but damping. However, it is selected because that is the minimum proportional band that the

system can reach. After that, implementing Table 6-2 gives the sets of parameters for the controller.

| - Set the controller: || - From the table: [
: I X]J:Ol Ta=5000. Tv=0 I (KC: :'\SU)Xp Ol-l" T 10. Tv=7 |

I || (Ke=454)Xp=0.22, Tn=50, Tv=0 |

. - Find out: Ku=1000, Pu=60 |

e

e Gl

h !
o | External ™ [T AL AN NI AN WA

Figure 6-3: Oscillatory response of the system for derivation of PID parameters
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The found sets of PID parameters (X,=0.17, T,=30, T,=7) and PI parameters (X,=0.22, T,=50, T,=0)
were applied to the Julabo circulator. Large overshoot was observed with those values. Therefore, a fine
tuning is necessary. Due to its simplicity and popular usage in industrial control, the P/ scheme was
selected for fine tuning. The proportional gain (K.) was reduced (or increase the proportional band X,)
and the integral time constant (T,) was increased. The chosen set of parameters was X,=0.4-0.6, T,=100-

150, T,=0. System temperature response with some sets of PID parameters is shown in Figure 6-4.

- Fine tuning with T+=0 so that the I
controller is not affected by a sudden Xp 0.5, T=100, T.=0
change in temperature

Xp 0.5, T.=50, T+~=0
Temperature setting: 25-50 °C Temperature setting: 25-50 °C
Overshoot reduced I Overshoot reduced

Settlling time: 8 min - Increase Xp and increase Tnslow down || -  Settling time: 9 min

Heating solvent: water the response of the system | - Heating solvent: water

= ma
Figure 6-4: System response to different sets of PID parameters

As can be seen, the heating solvent temperature (blue curve) is higher than of the reagent solution (olive
green curve) to compensate for heat loss and heat requirement by the reactor. Temperature of reagent
solution reaches the setpoint (red curve) with low overshoot. The steady state is maintained with no

oscillation of the input power (green curve).

6.3 A Simplified Modeling of the Heating Problem

The heat transfer problem is simplified as the model shown in Figure 6-1. Due to a huge mass difference
between the reactor metal block (2,200g) and the analytical (reagent) solution (V=11.2mL = 11.2g), it is
assumed that the outflow solution can reach to the temperature setpoint only when the reactor block has
reached to that temperature. Therefore, the problem is simplified to heating a solvent that circulates

around a metal block.

The heating solvent is powered by the heating coil, which can supply maximum 2000W power. The PID
controller manipulates the heating power. Temperature of the heating solvent (7)) is a function of time
that depends on the heating time () and heating power u(?) as in equation (6-1). Temperature of the
heating solvent can also be derived directly from the data obtained from the temperature response of this
heating solvent.
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t
Ths(t) = fo 0.2 * u(t)dt (6-1)

With 0.2: actual heating rate of the heating solvent (0il) when heating power is 100% (°C/s)
u(t): heating power (%)

Energy required by the reactor block to increase its temperature by 1 degree (Oz).

Properties of the micro reactor:
Material: Stainless steel 316
Specific heat: 0.5 kJ/(kg*K)
Density: 7.99 g/em’
Thermal conductivity k,,: 16.2 W/(m.K)
Mass: 2200g

Qr=m=*C*xAT =22%05x1=11kJ =1100]
The heating solvent gives energy and the metal block receives energy. Heat transfer rate is calculated as:
Qr =U=*xA=*AT
U: Total heat transfer coefficient - W/(m*’C)

A: contact area of the fluid and the metal surface — m
AT: temperature difference between them - °C

2

The heat transfer rate in this situation is dominated by the convection (from heating fluid to the reactor)

and conduction process (heat conduction in the reactor). Total heat transfer coefficient U in this case:

1 1 L, 1 001

U~ Tk, 170 " T62
w
U=154m

hy,: convection heat transfer coefficient from Oil to stainless steel: 60-1800 W/m’K: select 170
L,,: thickness of the micro reactor metal block: 10 mm=0.01m
k.- Thermal conductivity - 16.2 W/(m.K)

ContactarcaA=n*a*b =2%0.1%0.1 = 0.02m? (a, b are the length and width of the reactor; 7 is

the two reactor surfaces that contact with the heating fluid.

Therefore, the heat transfer rate (Qr) between the heating solvent and the reactor when AT=1 °C can be

estimated

154%0.02%1= 3.08 J/s.

Total energy transfered from the heating solvent to the reactor (Q) over time
t
Q= f 3.08 * AT(t)dt
0

With AT(t) is the temperature difference between the heating solvent (7},) and the reactor (7,):

AT(t) = Tps(6) — T () = Ths(t) — %
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Substitute for the above equation, we have

Q
Q= f 3,08+ (Tyy — To0)dt
This can be solved in the discrete time domain
Qk-1 (6-2)
0 = z 3.08(Thsi — 1)

The model has been implemented to simulate the temperature response of the analytical solution
according to the heating solvent input (Figure 6-5). The upper figure is the real measurement data from
the circulator with the red curve is temperature of heating solvent (input) and the blue curve is
temperature of reagent solution (output). By estimating input data as a polynomial using Excel or Matlab,
temperature of the reagent can be estimated according to equation (6-2) as shown in the lower part.

A further idea for this model is to integrate the P/D controller for feedback control. The controller will
manipulate the heating power which influences the heating solvent and, as a consequence, the reagent
solution. Temperature of the reagent solution is compared with the set temperature for the error
(difference). This error is fed to the controller for modifying the heating power.

Plot of Temperature vs Time
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70 / Heating solvent
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Figure 6-5: Temperature response of the real system (upper) and temperature response from model simulation (lower)
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6.4  Selection of Suitable Heating Schemes

The new PID parameters for the external control mode help the solution reach the setpoint faster.
However, the heating rate is still small and a further improvement is required. Therefore, different heating
configurations were attempted for possible improvements and the results are summarized in Table 6-3.
For homogeneous testing condition, oil (Thermal H10, Julabo, Seelbach, Germany) is used as the heating
solvent. The flow rate of solution (water) in micro reactor is fixed at 4 mL/min. The temperature test

range is selected between 20°C to 55°C.

The first configuration (a) uses only the Julabo with its original configuration in which the heating stream
is circulated around the Julabo and heat exchanger of the micro reactor (Figure 6-6a). This configuration
gives a heating rate about 4.29°C/min. When there is insulation of tubes and the reactor (b) for reducing
heat loss, the heating rate is slightly improved to 4.37°C/min (Figure 6-6b). An addition of 3x25W
resistors (¢) indirectly on the micro reactor via an aluminum plate under its base further improves the
heating rate to 4.7°C/min (Figure 6-6b). A simple removal of the curvature connectors in the tubing
system (d) helps increase the heating rate remarkably because flow rate through the heat exchanger is
enhanced (Figure 6-6¢). The heating rate in this case is at 4.85°C/min. However, changing to soft tubes
(instead of metal tubes) with similar length (e) decreases the heating rate to 4.37°C/min due to its high
specific heat capacity that absorbs heat from the flow. In configuration (f), the whole micro reactor block
including its base is placed on a heating plate (EKT Hei-Con, 800W, Germany) (Figure 6-6d). The
heating plate with high power capacity is responsible for initial heating of the micro reactor. It is turned
on for 3.5 minutes to supply initial aid for heating. Heat is transferred from the heat source through the
base plate, the aluminum plate and finally to the reactor. In combination with the Julabo, it is expected to
increase the heating rate significantly, however, the heating rate is only at 5.38°C/min. The inefficient
heat transfer between the base plate surface, which is not flat but has grooves, and the aluminum plate,
and between the aluminum plate and the micro reactor is one of the reasons. In addition, the PID
controller of the Julabo reduces its power when the heating rate is fast enough in order to avoid
overshooting in temperature response. Moreover, the cooling rate of the system is decreased because this
heating plate does not have a cooling function and heat is stored in the base plate of the micro reactor.
The EKT is replaced by the NeoLab heating plate (400W, NeoLab) for its capability of communication to
computers (g). Temperature setpoint for the heating plate is the same as for the Julabo. In this case, the
heating rate is at 5°C/min but experienced the slow cooling as reasoned above. An integration of another
heating/cooling plate (Cole-Parmer, 50W) (4, k) slightly improves both the heating rate (5°C/min) and
cooling rate (1.03°C/min). This configuration is observed later to help stabilize the temperature reading of
external sensor from flow rate fluctuation in micro reactor better than in the case of the standalone Julabo.
The reason is that both the upper and lower surfaces of the micro reactor are heated so that a

homogeneous temperature condition over the whole micro reactor is achieved.

The last three concepts use the heating circulator from another manufacturer (Huber, Offenburg,
Germany) (/, m, n). The Huber MiniStat 125 with 1,000W heating capacity and only internal control
mode has the worst performance of all the configurations (1.79°C/min in heating). The more advanced
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device, Huber Tango, with 1.5kW (at 230V) and 3kW (at 400V — not tested) performs superior to the
Julabo in cooling (2.6°C/min) but worse in heating (4.37°C/min). Further reducing the transmission hoses

from 2m to 0.5m helps slightly increase its performance (heating: 4.67°C/min; cooling: 2.9°C/min).

In all tested configurations, the application of the Huber thermostat offers the optimal performance in

heating and cooling. The technology applied with this method does not heat/cool the complete heating

solvent as with the Julabo F26-HP, instead, the solvent with low self-heating capacity is heated/cooled

inline. However, this Huber device has a large size, which makes it not really suitable for the current

construction. Therefore, configuration (h) is chosen for further integrated into the control software and

tested with chemical reactions.

Table 6-3: Different configurations for heating/cooling

Schemes Notes Temperature | Time | Heating rate | Cooling rate | Controllable by
range ("C) | (min) | (°C/min) (°C/min) software
Julabo (a) 30 7 4.29 Yes
Julabo+Insulation (b) 35 8 4.37 35/37=0.946 Yes
Julabo+Power Resistors: 33 7 4.7 Yes
resistor+Insulation (c) 3x25W=75W
Julabo+Removal of lower 34 7 4.85 35.3/39=0.93 Yes
curve tubes (d)
Julabo+Soft tubes (e) 35 8 4.37 Yes
Julabo+Heating plate (EKT 800W 35 6.5 5.38 35/40=0.875 | Heating plate: No
Hei-Con) () Heating plate setpoint:
150°C
Turn ON in 3.5

minutes
Julabo+Heating plate 400W 35 7 5 Yes
(NeoLab) (g) Heating plate setpoint

= 55°C
Julabo+Cole-Parmer S0W 35 7 5 36/35=1.03 Yes
Heating/Chilling Plate (h) | Heating plate setpoint

= 55°C
Julabo up to micro reactor 50W 35 7.5 4.67 Yes
level+Cole-Parmer (k) Heating plate setpoint:

55°C

Huber MiniStat 125 (1) 25 14 1.79 No
Huber Tango (m) 2x2m hoses 35 8 4.37 34/13=2.615 Yes
Huber Tango (n) 2x0.5m hoses 35 7.5 4.67 35/12=2.9 Yes
6.5 Integration into the Control Software

For automatic operation, the heating module has been integrated to the ORMS control software. The GUI

is shown in Figure 6-7. It contains 3 buttons for temperature settings; turn on and turn off the heating

devices (Julabo circulator and Cole Parmer heating/cooling plate). Additionally, the current status of the

heating module is indicated such as internal temperature, external temperature, status (ON/OFF/ERROR).
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The module has two modes of operation, manual and automatic heating mode. In manual heating mode,
pressing the preheat button, the internal heating mode is used. The main purpose of this button is to
condition temperature for the metal block while the operator is busy with sample preparation tasks. The
internal control mode is chosen for safety reason. When the reagent solution is in standstill, its
temperature changes slowly. Therefore, temperature at the external sensor changes slowly too. If the
external mode was selected, the controller had to increase power to the heating solvent to accelerate the
heating process. This would cause a large difference in temperature between the reagent and heating
solvent, which is not desired.

a)

Figure 6-6: Different Heating configurations: a) initial configuration of Julabo circulator and micro reactor, b)
insulation was installed on the piping system and micro reactor; later, 3 resistors was applied indirectly to the micro
reactor, ¢) curvature connectors was removed from the piping system, d) a heating/chilling plate was installed for
additional heating/cooling

The heating module changes to automatic heating mode after the temperature is set and the automatic
operation mode is triggered. Figure 6-8 shows the algorithm for both heating and cooling when the
automatic operation mode is selected. In general, the controller is switched to the external heating mode
and the educt pumps P, P, are set to a certain flow rate to wait for temperature of the reagent solution
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close to the setpoint (to save materials). The reaction series is triggered when the reagent’s temperature is

within £2°C around the setpoint.
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Figure 6-7: GUI of the heating module
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6.6  Testing and Results

Again the acetylation of N-DL-tryptophan (MW=204.2) using acetic acid anhydride (AAA) to form N-
Acetyl tryptophan (NAT, MW=246.26) with the internal standard N-Formyl-DL-tryptophan (NFT,
MW=232.24) was performed. Materials and equipment settings are presented in Experiment 4 in Section
11.2. The reaction was measured at 1.5 — 3 — 4.5 min at 25°C and 55°C using the FSM approach 1 and
SSM. The results are plotted in Figure 6-9.

The effects of different reaction temperatures and reaction time on chemical reactions are shown in Figure
6-9. The stability of the internal standard (NFT) with time and temperature is confirmed (plot a). All
measured signals (peak areas) are equivalent to each other (with 2.8% deviation). The signal intensity of
educt (N-DL-Tryptophan) decreases by increasing reaction time from 1.5 min — 3 min — 4.5 min. There is
a significant difference in educts consumption between 25°C and 55°C as shown in plot (b). At lower
temperature, fewer educts are consumed (or more educts remains) which results in higher peak areas than
at 55°C. The opposite trend is observed for the product N-Acetyl tryptophan (NAT) as in plot (c). The

signals are growing with increasing reaction time and temperature.
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Figure 6-9Measurement results of acetylation reaction according to reaction time (1.5, 3 and 4.5 min) and temperature (25°C
and 55°C) using SSM and FSM (M=2, 4, 6): a) internal standard, b) educts, ¢) product



76

These plots also compare the system performance between the SSM and the FSM approach 1. In the
FSM, measurements with M=2 give similar results to those measured with M=4 and M=6 with standard
deviations at 25°C in the range of 1.41% — 11.53% and 1.64% — 7.57% at 55°C. Those results of FSM are
similar to results measured by the SSM with standard deviation in the range of 1.77%-18.40% and 1.77%-
6.70% at 25°C and 55°C respectively. The relevance of both methods is indicated in the plots via groups

of lines that represent effects of time and temperature on a reaction.

6.7 Summary

Although different heating configurations have been attempted, the heating performance remains
unsatisfied. It takes a long time to increase solution temperature in the micro reactor (7, 8§ minutes for

AT=35°C). Some of the possible reasons are:

- Heat required by a large quantity of the heating solvent (4.5L).

- Heat required by the micro reactor block (2,200g)

- Small inlet/outlet size of the micro reactor, which reduces flow through the heat exchanger for an
efficient heat exchange.

However, the module is able to condition temperature of reagent in the micro reactor to a setpoint. Both
heating modes (internal/external) have been exploited to compromise between the heating speed and
safety. Finally, a chemical reaction was performed to demonstrate the influence of temperature on

reaction kinetics.
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CHAPTER 7 DILUTION MODULE

7.1  Overview

Sample overloading due to the high molar concentration of reaction mixtures is a further important issue
in online monitoring of chemical reaction. The problem causes an excitation of the detector operation
range associated with a detector overload and a shorter detector lifetime. This also may result in the

contamination of the mass spectrometer and in distorted mass spectra [150][151].

For solving this problem, there are two major approaches: modification of the ionization techniques and
dilution of the analytical solution. The introduction of ionization techniques such as low temperature
plasma (LTP), extracted electrospray ionization (EESI), and direct analysis in real-time (DART) shows
their capability to analyze chemical reactions at molar concentrations [107]. However, a more flexible
approach is to dilute the analytical solution, which comprises the precise metering of two or several
solutions, followed by mixing [152]. The dilution can be based on the ratio of input flows such as dilution
by variation of the flow rate [153], frequency [154], time [152], or based on the ratio of volume [155]. For
high dilutions up to 100, 200, 500, 1,000, in addition to serial dilution, another dilution method is to use
an Active Splitter or Mass Rate Attenuator (MRA), which can reach a dilution ratio up to 100,000. Some

of the dilution works are presented.

initial volume

CLINTON ET AL. used a microporous membrane interface to achieve high dilution ratios ( P volume)

[156]. A donor solvent containing the sample was pumped to waste through the groove on one side of the
membrane interface. Acceptor solvent was pumped through the other side of the membrane in the
opposite direction into an atmospheric pressure chemical ionization-quadrupole mass spectrometer
(APCI-MS). A dilution ratio of approx. five orders magnitude was achieved for the Michael addition
reaction of phenylethylamine (PEA) and acrylonitrile in ethanol. However, the analytical response was
influenced to changes in pressure and flow rate of the donor and acceptor solvents. DELL'ORCO ET AL.
reported the application of HPLC pumps and a flow splitter to dilute the concentration of the reaction
mixtures by approximately 3,000 times [150]. The delay time in this configuration was 4-6 minutes for
the sample introduction to the mass spectrometer. However, this is not a true “dead” time since the
reaction was quenched by the diluting agent. The important reaction intermediates and reaction kinetic
time scale were identified although quantitation of these species was still problematic. Using also HPLC
pump and splitter coupled with an atmospheric pressure chemical ionization mass spectrometry
(FIA/APCI-MS), ZHU ET AL. has reported to have quantitative real-time monitoring of a model reaction
performed at 1.63M level, a concentration often required by process control [107]. The incorporation and
step by step testing of an automatic internal sample injector, a post injection splitter, an ion-transport
capillary and an optional FIA solvent modifier were performed. And, the corresponding consequence was
the increment of the upper-limit of solution concentrations that were still in the linear dynamic range of
the spectrometer. It can also be observed in this work (from Figure 7-1) that for different concentrations
and flow rates of the analytical solution, the linear dynamic range of the mass spectrometer is not the

same. For example, with undiluted solution and flow rate of 1 mL/min, the upper-limit of linearity for
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peak area of the extracted ion profiles (XIPs) is larger than 2.0e+7 (curve A); with 1:10 splitting ratio, the
corresponding value is less than 5.0e+6 (curve B); and with 1:100 splitting ratio, this value is around
2.5e+6 (curve C).

2.5e+7

2.0e+7 1

1.5e+7 4

1.0e+7

Peak Area (Arb. Unit)

5.0e+6 1

0.0 - - - - .
0.00 0.40 0.80 1.20 1.60

Concentration of PEAP, M

Figure 7-1: Linear dynamic range for splitting ratio [107]

7.2 Selection of Dilution Scheme for Integration to the System
For our system, different dilution concepts have been proposed and tested [157].

(1) Post-Sampling Dilution: In this configuration, flow from a dilution pump is added to the carrier
solvent flow (from pump P;) right after the multiport valve via a T-mixer (Figure 7-2a). Due to the
possible smaller pressure of pump P;, a check valve is added before the multiport valve to avoid back
pressure. Dilution ratio is adjusted via flow rate variation of dilution pump only (additive mixing) or of
both dilution pump and carrier solvent pump (relative mixing) to have a constant total flow rate to the
mass spectrometer. The concept is simple because only one pump is required additionally for dilution.
Different testing shows that the additive mixing configuration could work well at lower flow rate of pump
P;. However, the configuration is only suitable for low dilution ratio due to limitation of flow rate to the
analyzer and of pump accuracy. In addition, there is high potential of long tail of detected peaks because

the mixing occurs behind the switching valve.

(2) Volumetric dilution: This dilution concept uses the principle of volumetric ratio. There are two loops
with optional ratio, one for the sample and another for the solvent, that can be coupled for mixing (Figure
7-2b). For higher dilution ratio, serial dilution is applied in which the initial diluted solution is mixed
further by keeping the sample loop but flushing the solvent loop with new solvent. The dilution
performance for this configuration is good with linear dilution capability. However, there are many
factors effects on the dilution process such as solvent filling time, switching time, mixing time, mixing
speed which contribute to the complication of this concept for integration to the main system. In addition,
the dilution may require many steps to achieve a required concentration, which makes it a slow dilution
process. Moreover, the diluted sample of every step flows into the mass spectrometer in which there may

have peaks at very high concentration.
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Figure 7-2: a) Post-sampling dilution, b) Volumetric dilution [157]
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(3) Active splitting dilution: This dilution scheme is based on a commercial active splitter or mass rate
attenuator (MRA). This configuration is selected for integration to the main system for its good
performance in dilution due to the main device is a commercial product and is specialized for dilution,

and the integration is not too complicated.

7.3  Related Results in the Literature

The application of MRA for dilution is not new. CAI ET AL. reported the use of MRA in replace for the
passive splitting device in coupling an MS to preparative HPLC in a purification system [151]. They
showed the benefit in system plumbing, volume reduction of the collected fraction and its evaporating
time to reclaim the purified products. Similar applications of MRA in purification of combinatorial
libraries, drug metabolites or characterizable impurities can be found in the work of TORIBIO AND
LEISTER [158][159]. BRISTOW ET AL. coupled the MRA in their online monitoring system for continuous
flow chemical synthesis for sampling and transferring the analyte to the make-up flow (dilution flow)
[160]. This flow is then directly sent to a portable, small footprint MS. The system was applied to monitor
one of the stages of an industrial chemical process, the Hoffman degradation reaction. JEURISSEN ET AL.
also employed the MRA after the HPLC column for diluting extracts (inhibitors of human cytochrome
P450 1A2) in an online HPLC detection system [161]. However, in those applications, the main usage of
the MRA is to decrease the solution concentration down to a suitable working range of the mass
spectrometer. In other words, there is no focus on the accuracy of the dilution by comparing different
dilution ratios or comparing with manual dilution. In addition, due to the restricted information from the
manufacturer, the MRA is mostly operated manually by setting the keypad for a desired split factor.
Therefore, an automated dilution module which is able to automatically select its parameters based on a

desired dilution value is necessary.

7.4  Integration of the Active Splitting Dilution to the Main System

Figure 7-3 shows a diagram of the system with the dilution module. Solution stream from the micro
reactor (called HPLC flow according to the device manual or micro reactor flow as in this work) enters
the MRA where a portion of it is transferred to the second flow (as in Figure 7-4). This second flow (MS
flow or dilution flow or make-up flow) is supplied by another HPLC pump (called dilution pump — P,).
The remaining of the micro reactor flows to waste, meanwhile, the dilution flow with sample goes to the
switching valve where it is sampled and sent to the analyzer by the carrier solvent stream of pump Ps. It
should be noticed that, by using the MRA, the original micro reactor flow is not used after the MRA but

the diluted flow. It means that flow to the micro reactor will always be diluted before it reaches the MS.
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Figure 7-3: Diagram of the system integrating with the active splitter or mass rate attenuator (MRA)

In the active splitter, the amount of sample from the micro reactor flow transferred to the dilution flow is
determined by the split factor (SF) programmed on it as shown in Table 7-1. There are 59 split factors in
which each of them decides the transfer frequency (0.2 Hz-2 Hz) as well as the aliquot volume (22 nL,
100 nL, 300 nL). It is important in this case to understand the split ratio in the table. Split ratio is the
ratio of flow being transferred (or split) relative to the micro reactor flow. For example, if a split ratio is
100:1 and micro reactor flow rate is 100 mL/min, then the split flow rate is 1 mL/min. Therefore, in the
table, from left to right, by increasing the split ratio, less sample is transferred to the dilution flow; and
from top to bottom, the split ratio is unchanged but more sample is transferred to the dilution flow
because the nominal micro reactor flow rate increases and the split factor changes.

s—
]

MS Flow
* ap

Figure 7-4: Working principle of the active splitter
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There are two main parameters that could be manipulated in order to achieve a desired dilution ratio or

initial volume

dilution factor ( ), namely split factor and the dilution flow rate. The first determines the

final volume
sample volume and the latter determines the diluent volume.

Table 7-1: Table for selection of split factor depending on flow rate of the micro reactor and the split ratio

Split Ratio
100:1 | 500:1 | 1000:1 | 4000:1 | 10000:1 | 20000:1 | 100000:1
= 1 1 4 12
E 2 2 5 13 2
z 4 3 6 14 23 34
Pt 6 7 15 24 35 45
£ 8 8 16 25 36 46
é 10 9 17 26 37 47
= 15 10 18 27 38 48
2 20 11 19 28 39 49
= 30 20 29 40 50 55
S 40 21 30 41 51 56
= 60 31 42 52 57
80 32 43 53 58
100 33 44 54 59

7.5 A Problem with Variation of Micro Reactor Flow Rate

A typical feature of our system is that the micro reactor outflow varies according to different reaction
stages. Therefore, the input to the MRA is variable too. For a stable dilution ratio, however, the split flow

should be stable to different input flow conditions.

In theory, sample amount in an MRA (V)) that can be transferred depends on the sample flow rate (Q;in
mlL/min) and half of switching cycle (1/2f):
Q1

Vf_@*Z*f

For example, with O, = 0.2 mL/min, f= 2.222
Vy=0.75 uL/cycle = 750 nL/cycle

This Vyis greater than the largest aliquot volume (300 nL) of the MRA. In other words, even with a very
low flow rate of the micro reactor (0.2 mL/min) and the highest switching frequency of the MRA (2.2 Hz)
all aliquot volumes should be fully filled.

However, initial testing showed a strong dependency of the signal amount (peak area) of the diluted
solution on the micro reactor flow rate as shown in Figure 7-5. The plot was obtained by varying only the
micro reactor flow rate from 0.2 mL/min to 6 mL/min. At micro reactor flow rate from 0.2 mL/min to 3
mL/min, the concentration of diluted octanoic acid varies roughly from 200,000 to 4,000,000. The
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dilution is quite stable at a flow rate higher than 3 mL/min. This influence of flow rate variation to the

MRA is unexpected and impacts the dilution results. Therefore, different approaches have been attempted
to circumvent the issue.
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Figure 7-5: Dependency of a diluted solution on the flow rate of micro reactor. In this experiment, the split factor (3) and
dilution flow rate (1 mL/min) are fixed. Only the micro reactor flow rate (or sample flow rate) is varied. Solution: Octanoic
acid (OS) and 4-Methyl octanoic acid (4-MOS) in Methanol

7.6  Back-Pressure Approach

The assumption is that, at a very low flow rate, the micro reactor pressure is not high enough to fill in the
aliquot. Therefore, this concept attempts to increase the pressure in front of the aliquot on the rotor seal by

using a back-pressure regulator (Figure 7-6).
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Figure 7-6: Back-pressure regulation concept

Testing with this concept was performed at 5 bars of educt pumps using 4-methyloctanoic acid as internal
standards. The results are plotted in Figure 7-7. The dilution still strongly depends on the micro reactor

flow rate as it is varied from 0.5 mL/min up to 6 mL/min. At higher flow rate, the diluted solution has
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higher concentration (peak area) than the one at lower flow rate. Therefore, this concept does not solve
the current issue.
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Figure 7-7: Dilution with a back-pressure regulator. Measuring with pressure in micro reactor 5 bars, Split factor (SF)=3 and
different flow rate of the micro reactor

Another idea is to estimate the dependency curve by a formula as in Figure 7-8. This formula is applied to
calculate the compensation factor corresponding to every micro reactor flow rate. After that, this
compensation factor is multiplied by the nominal dilution flow rate to get the actual dilution ratio
(assumed that the relation between the dilution ratio and dilution flow rate is linear). This approach can
reduce the dependence on flow rate variation of the micro reactor. However, the practical approach is not
recommended because the derived function depends on each split factor as well as on the chemicals used.

In other words, for different split factors or different reagents, the estimated curve could be different.
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Figure 7-8: Estimating the response curve by a formula. This formula is used for calculating the compensation factor that
will be used to adjust flow rate of the dilution pump
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7.7  Separating Effects from Micro Reactor Flow Rate

Another idea is to avoid the variation of input flow rate to the MRA by using another multiport valve with
a larger loop volume to transfer bulks of sample. The sample in this loop is sent to the splitter by a stable
flow supplied by the flushing pump. This flushing flow can be controlled to fit with a certain split factor.
The dilution pump is controlled to give a desired dilution ratio and the diluted solution is sampled by the
second switching valve and sent to MS via a carrier solvent flow. The concept is presented in Figure 7-9.

Flow rate variation
according to reaction stage

Pump f Sample loop

> | —> Waste
Pump 2 Multiport valve 1 = gsmssn
Flushing pump 1 .:
Split flow

Dilution pump s Waste
— ESI-MS

Solvent carrier module Multlport valve 2

Figure 7-9: Separating effects from micro reactor flow rate

This concept has been tested which shows its diluting capability and less dependence on the fluctuation of
micro reactor flow rate. A further test was performed using similar stock solution (4-MOS in MeOH) with
dilution ratio 1:50, 1:25, 1:12.5. The result is plotted in Figure 7-10 that shows a logical increase of peak
area as dilution ratio decreases from 1:50 to 1:12.5. However, the concept is quite complicated with more
hardware requirements; System operation is delayed for filling the large sample loop; the MRA can work

with only some split factors that require low input flow rate.

4000000

3500000 »

3000000 -

2500000

Peak area (Abr. Unit)

7

2000000

/ ——4-MOS in MeOH
1500000 /
1000000

500000

0 T T T ]
0 1/50 1/25 3/50 2/25 1/10 Dilution ratio

Figure 7-10: The concept of separating the effects from micro reactor flow rate variation. Dilution ratio: 1/50, 1/25, 1/12.5.
Stock solution: 4-MOS in MeOH
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7.8  Flow Compensation Concept

Another idea is to compensate for the micro reactor flow. By observing that the split flow is more stable
with micro reactor flow rate greater than 3 mL/min, an isocratic pump (G1310A, Agilent Technologies,
Waldbronn, Germany) for low flow compensation has been added to circumvent this problem. This
compensation pump will be triggered when the main flow is lower than the threshold (3 mL/min). In turn,
the flow rate of the dilution pump (Smartline 100, Knauer, Germany) will be reduced corresponding to
the added portion to the main stream. This dilution process is automatic so that the split factor, dilution
flow rate and compensation flow rate are automatically selected based on the dilution ratio and reaction
stages set by users. As an example, given a dilution ratio 1:100, if micro reactor flow rate is 4 mL/min (>3
mL/min), the split factor will be 1 and dilution flow rate will be 1 mL/min (refer to Table 7-1). However,
when micro reactor flow rate is 1 mL/min (<3 mL/min), the compensation flow will be 2 mL/min. In that
case, the original solution is diluted 2/3 or 66.7%, or the required dilution ratio is now only 1:33.
Therefore, the dilution flow reduces to 0.33 mL/min to achieve the desired dilution ratio (1:100). The
concepts are presented in Figure 7-11.

Flow rate variation
according to reaction stage Compensation pump

Pump 1

o |
Micro reactor @80 Waste

s
Pump 2 $ .:
=, Split flow
Dilution pump & Waste
j — ESI-MS

Solvent carrier pump Multiport valve

Figure 7-11: Flow compensation concept

7.8.1 Diluting Algorithm

The dilution module is integrated into the control software for automatic operation. GUI for this module
is presented in CHAPTER 9. The diluting algorithm is shown in Figure 7-12. There are two possible
routes. One has no knowledge about the micro reactor flow rate. That is when the user enters a desired
diluting ratio. All data in Table 7-1 is loaded into a 59x3 matrix for convenient reference. 59 rows
correspond to 59 split factors available in the table. Every split factor (1 — 59) is stored in column 1, its
corresponding split ratio is stored in column 2 and its corresponding micro reactor flow rate is stored in
column 3. For example, the first row has split factor = 1 in column 1, split ratio = 100 in column 2 and
micro reactor flow rate = 1 in column 3. The algorithm then searches for a split factor that has its
corresponding split ratio closest to the input dilution ratio. The dilution flow rate is calculated afterward.
If this value is not smaller than 0.4 mL/min (practical experiments in the laboratory showed a signal
reduction when the dilution flow rate got below 0.3 mL/min), the split factor and dilution flow rate are set

onto the relevant devices. Else, the next split factor of the same split ratio is selected to recalculate the
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dilution flow rate. In the second route with knowledge about the current micro reactor flow rate (when the
automatic operation mode starts), the compensation flow rate is calculated first. Due to the possible
compensation flow, the micro reactor flow rate might be partially diluted (if micro reactor flow >= 3
mL/min, no compensation flow is added). As a result, the dilution ratio is re-calculated. The new dilution
ratio is then used for finding the split ratio, split factor and dilution flow rate. This process again follows

some of the steps in the first route.

Enter dilution ratio / \
Get current micro
reactor flow rate

W

SRl EHR T I Calculate compensation flow rate I
Factor into a 59x3 matrix P

|

Select from the matrix a split ratio that

[ — l
closest to the desired dilution ratio \I Calculatelnew/dilutionliatio /

\L With flow

| Search for the corresponding Split Factor I compensation
]

Cannot dilute

Split Factor ++

I Calculate the dilution flow rate |

No

Yes

Start diluting devices

Without flow
compensation

Figure 7-12: Algorithm for diluting with the flow compensation concept

7.8.2  Testing and Results
7.8.2.1 Testing for Diluting Performance Before and After Flow Compensation

OS and 4-MOS in MeOH solvent were used for comparing between dilution using MRA with and
without flow compensation. The micro reactor flow rate was varied from 0.6 mL/min to 6 mL/min,
meanwhile, other parameters were kept unchanged (Refer to Experiment 5 in Section 11.2). The result is
shown in Figure 7-13. The plot (a) shows a strong dependence of the diluted solution on flow rate
variation of the micro reactor. Meanwhile, the diluted solution on plot (b) is more stable, especially from
the flow rate larger than 1 mL/min. This result proves the stability of this concept to the instability of the

input flow rate.
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Figure 7-13: Improvement in dilution with the flow compensation concept
a) without flow compensation, b) with flow compensation

7.8.2.2  Automatic vs. Manual Dilution

A comparison between automatic and manual dilution was performed using OS and 4-MOS in MeOH
with 4 dilution ratios 1/500, 1/300, 1/100, 1/50. For every dilution ratio, different micro reactor flow rates
(4, 2, 1 mL/min) was attempted. Detail settings can be found in Experiment 6 in Section 11.2. Some of
the results are shown in Table 7-2 and Figure 7-14b.

In every dilution ratio, the average peak area and STD of every reaction flow rate (4, 2, 1 mL/min) for 3
runs are calculated, which gives STD in a range of 1.9% - 10.5%. The average peak area and STD of all
peaks for every dilution ratio are also calculated. Those results show a logical increase of the sampling
peak areas (from 428,582 to 4,322,822 for OS and from 503,726 to 5,737,318 for 4-MOS) as dilution
ratio decreases (from 1:500 to 1:50). They are also approximate to the manually diluted solutions of
similar ratios (from 609,015 to 5,148,866 for OS). It should be noticed that the manual dilution is not
affected by the micro reactor flow rate variation in the testing range (1 — 4 mL/min) because the sampling
loop is only SuL. Due to the (possibly) different settings of the dilution module (split factor,
compensation flow rate and dilution flow rate) and different micro reactor flow rate for every reaction
stage, the standard deviations measured with automatic dilution (3.3% - 9.7% for OS) are normally higher
and in larger range than those measured with manual dilution (3.9% - 6.4%). Further comparison the
signal intensity between different dilution ratios (1:50, 1:100, 1:300) with dilution ratio 1:500, we get
values in two rows “expected quotient” and “actual quotient”. It is expected that the signal intensity of
dilution ratio 1:50 would be 10 times larger than that with dilution ratio 1:500. The actual quotient in this
case (4,322,822/428,582) is 10.09 which is very good. Other logical quotients are also obtained for other
ratios such as with dilution ratio 1:100 (expected quotient: 5 — actual quotient: 5.08 (2,178,413/428,582))
and with dilution ratio 1:300 (expected quotient: 1.67 — actual quotient: 1.61 (690,117/428,582)).

This experiment shows the approximation between automatic vs. manual dilution in one concentration of
stock solution. Further questions are how the module performs in different concentrations of stock

solution or in different solvents. These issues will be presented in the next two sections.
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Table 7-2: Automatic dilution and manual dilution of OS in MeOH (Run 2, 91 mg/L OS + 91 mg/L 4-MOS in MeOH)

Automatic Dilution

Dilution ratio 1:500 1:300 1:100 1:50
Average peak area (4 mL/min) 428,506 657,404 2,222,846 4,256,341
STD 21,959 32,704 50629 80,670
STD in % 5.1 5.0 2.3 1.9
Average peak area (2 mL/min) 403,190 675,048 2,127,199 4,163,563
STD 20,444 69,761 77,942 158,831
STD in % 5.1 10.3 3.7 3.8
Average peak area (1mL/min) 454,051 737,899 2,185,195 4,548,562
STD 20,374 62,335 45,233 478,179
STD in % 4.5 8.4 2.1 10.5
Average of all peaks 428,582 690,117 2,178,413 4,322,822
STD 29,488 66,839 71,478 337,210
STD in % 6.9 9.7 33 7.8
Expected quotient 1 1.67 5 10
Actual quotient 1 1.61 5.08 10.09
Manual Dilution

Average of all peaks 609,015 1,013,662 2,758,547 5,148,866
STD 38,835 61,433 105,813 216,010
STD in % 6.4 6.1 3.9 4.2

7.8.2.3  Dilution in Different Concentrations of Stock Solution

The dilution using different concentrations of stock solution was performed with the same settings as in
the previous experiment. Stock solution one (low concentration) contained 45.5 mg/L OS and 45.5 mg/L
4-MOS; stock solution two (high concentration) contained 136.5 mg/L OS and 136.5 mg/L 4-MOS.

Measurement results are plotted in Figure 7-14a and Figure 7-14c¢ which present the comparison of
automatic vs. manual dilution. As in the previous case with medium concentration of stock solution, both
automatic and manual dilution give logical results with higher peak area obtained as dilution ratio to be
lower. And the performance of automatic dilution and manual dilution are approximate to each other.
Furthermore, Figure 7-14c¢ also indicates a situation where the diluted solution does not fall in the linear
dynamic range of the MS. This makes these lines curve instead of linear. Therefore, a higher dilution ratio
would be recommended to this case.

Figure 7-15 summarizes the automatic dilution with same dilution ratios but different concentrations of
stock solution (low concentration, medium concentration and high concentration). As it can be seen, for
every concentration of the stock solution, signal intensity of the diluted solution increases as the dilution

ratio decreases from 1:500 to 1:50. In addition, for every same dilution ratio, peak areas of stock solution
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with higher concentration are higher. This results in a much steeper slope of the green curve (from stock
solution 3) over the steeper slope of the red curve (from stock solution 2) and over the blue curve (from

stock solution 1).
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7.8.2.4  Dilution in Different Solvents

In this test, the dilution with same dilution ratios was performed using another solvent, pure ACN. Similar
stock concentrations (solution 1: 45.5 mg/L OS + 45.5 mg/L 4-MOS; solution 2: 91 mg/L. OS + 91 mg/L
4-MOS; solution 3: 136.5 mg/L OS + 136.5 mg/L. 4-MOS) were prepared. Pure ACN was used as the
diluent by both dilution pump and compensation pump. A summary of dilution in different solvents are
shown in Figure 7-16.

The first column in the figure presents automatic dilution and the second column presents the
corresponding manual dilution. Each row presents the dilution with same concentration of analytes in
different solvents. In all plots, the dilution using ACN solvent gives larger signals than with MeOH. The
effect of different solvents (with different characteristics such as specific conductance, surface tension,
and viscosity) to the analytes (OS, 4-MOS) in this case is clearly seen for both automatic and manual
dilution. This phenomenon was confirmed by doing another experiment in which the MRA was set to a
fixed split factor (SF=3). The dilution was conducted with 2 stock solutions sequentially (91 mg/L OS
and 91 mg/L 4-MOS in MeOH; 91 mg/L OS and 91 mg/L 4 MOS in ACN). In order to further confirm
the impact of abrasion to the rofor seal and stator face assembly for their continuous contacting, the test
was repeated after replacing a new pair of those components. As can be seen in Figure 7-17, ACN gives
the higher signal intensity of analyte (OS) than MeOH does both with the old pair (2,034,084 vs.
1,590,062) and the new pair (2,819,071 vs. 2,013,855). The results also confirm the abrasion of the rotor
seal and stator face assembly with time by lessening the aliquot volume and so the split amount of
sample. Further literature review solidifies the influence of the make-up flow/dilution flow solvent on the
mass spectrometry data [160]. Bristow et al. monitored the starting material amide (m/z 325) (in the
reaction to form isocyanate intermediate) and plotted its absolute abundances as a function of reaction
temperature for different sampling make-up flow compositions (50:50 acetonitrile:water + 0.1% formic
acid; 20:80 acetonitrile:water + 0.1% formic acid; and 50:50 acetonitrile:water + 0.05% TFA). He
reported that the absolute abundances varied depending on the composition of the make-up flow used in
which acetonitrile:water (50:50) + 0.1% formic acid produced the highest ion abundance for the amide

(from 20°C — 80°C) compared with the other two make-up flows.

7.9  Summary

A dilution module, which is based mainly on the MRA, has been presented for solving the problem of
high concentration solution to the mass spectrometer. The approach of low flow compensation is applied
to circumvent the strong dependence of diluted solutions on the low flow rate of the micro reactor.
Different tests were performed that show the module’s ability in diluting different solutions at their
different initial concentrations. In addition to decreasing human labor, automatic dilution can help reduce
potential errors made by operators via manual dilution. Although there are high standard deviations due to
effects from different flow rates and device performance, the process is automated and able to perform
various dilution ratios starting from 10. Finally, due to the contact and abrasion of the rofor seal and

stator face assembly pair, a regular replacement to these essential components is recommended.
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CHAPTER 8 INTEGRATION THE MICRO REACTOR SYSTEM TO THE ICP/MS

8.1 Overview

Atomic spectroscopy with different optical and mass spectrometric methods such as atomic absorption
spectroscopy (AAS), atomic emission spectroscopy (AES or optical emission spectroscopy - OES), atomic
fluorescent spectroscopy (AFS) and mass spectrometry, are the most powerful methods for elemental
analysis for a variety of sample types and concentrations [162]. Inductively coupled plasma (ICP)-MS
offers a wide elemental coverage, high sensitivity (ng/L range) and low background, fast analysis times,
wide linear dynamic range of operation (up to nine orders of magnitude), and isotopic information. These
advantages compensate the limitations of graphite furnace AAS (GFAAS) for single element measurement
or of ICP-OES for complex interferences, quite complex emission spectrum and accuracy at ultra-trace
levels [163] [164]. As a consequence, ICP-MS has become a growing technique in analytical laboratories
at the expense of other atomic spectroscopic techniques [110]. However, the instrument is very costly to
afford, non-availability of certified reference standards for most of the pharmaceutical products, or the
problem of polyatomic ions due to the combination with argon from the plasma or components from

solvent or from the sample matrix [165][164].

ICP-MS can be used for metal speciation, quantification of proteins and biomolecules (metal-coded
affinity tags — MeCAT) and elemental analysis. It finds its application in medical and forensic field,
specifically, toxicology such as metal assay from blood, urine, plasma, serum. In environmental field such
as metal analysis for drinking water, sea water, or water and other material analysis in industrial process. In
industrial and biological monitoring such as analysis of blood or urine for metal toxicity of individuals
working in battery factory or in environment exposed to metals. In geochemistry for radiometric dating. In
pharmaceutical industry, for detection of inorganic impurities in pharmaceuticals and their ingredients
[166][167].

8.2  Integration Schemes and Applications

As a standalone device, an ICP-MS does not provide information about the structural form of analytes.
Therefore, a combination of ICP-MS with separation techniques (or in short “hyphenated techniques”)
such as gas chromatography (GC), liquid chromatography (LC), ion chromatography (IC), or capillary
electrophoresis (CE) are popular in research and application areas [110]. Micro reactors which are widely
integrated to molecular mass spectrometric techniques find little application in the field of atomic
spectrometry in general or with ICP-MS in specific. In the found literature, when being coupled to ICP-
MS, the micro reactor was only functioned as a separation element (as a column to separate analytes) but

not as its main purpose of a compartment in which chemical reaction can take place.

HSU ET AL. coupled an ICP-MS with a polyoxometalate cluster (POM)/microfluidic (MF) separation
system for determination of trivalent [Cr(Ill)] and hexavalent [Cr(VI)] chromium species in aqueous
samples (water) [114] (Figure 8-1). Cs, sHysPW,04 (CsPOM) as an immobilized reagent was coated in
the micro reactor chamber. The Cr(III) was absorbed by CsPOM, meanwhile, the Cr(VI) was sent to the
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ICP-MS by the carrier solvent. After that, HNO; as eluent solvent eluted Cr(Ill) directly to the ICP-MS.
The system was tested for its optimal operating conditions such as the effects of pH, diluent flow rate,
adsorption flow rate, reactor chamber, etc. Another technique named capillary micro extraction (CME) in
which the inner surface of an open tubular capillary column is coated with extraction medium. HU ET AL.
coated the capillary with Al,O; and coupled it to ICP-MS for trace analysis of inorganic As(III)/As(V)
and Cr(III)/Cr(VI) in natural waters [168]. A similar application of CME-ICP-MS for determination of
trace Co, Ni and Cd in water, rice and urine samples can be found in [169]. WANG ET AL. fabricated a
chip-based liquid phase micro extraction (LPME) device for metal extraction [170]. The aqueous flow
and organic flow from the inlets formed a lamina stream in the micro channel. Their interfacial contact
was where the target reagent dispersed to the organic phase. The organic phase was then collected and
analyzed via the electro thermal vaporization (ETV) — ICP-MS. The method was applied for metal ion
determination (Cu, Zn, Cd, Hg, Pb, Bi) in HepG; cell, Jurkat T cells and human serum sample. In another
example of detecting rare earth elements in sea water, a commercial SEAFAST (Elemental Scientific,
NE, USA) column was used to preconcentrate the target analyte and eliminate sample matrices. All the
carrier streams were operated by peristaltic pumps for their low cost and non-contact with chemicals
[171]. Another configuration which used Integrated sample Introduction system (ISIS, Agilent
Technologies, Waldbronn, Germany) was employed for loading sample to the sample loop [172]. A
second pump continuously transferred carrier and internal standard solution (mixed at the mixing T) to
the ICP-MS’s nebulizer. Samples were injected discretely to the carrier flow by switching the valve to the

injection mode. The system was used to detect 13 trace elements in tea infusion.

Figure 8-1: Schematic representation of the online CsSPOM-MF/ICP-MS system [114]

8.3 Integration Concepts

A stable and “in the working range” input flow rate to an analyzer is required in order to insure
measurement stability. However, the flow rate in micro reactor depends on the reaction stage accordingly
and is normally larger than the accepted threshold (< 1 mL/min) of an MS. Therefore, using the complete

outflow from the micro reactor is not usually suitable.
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Two integration schemes between the micro reactor system and the analyzer are proposed: The first
scheme is the same as that used in connection to the ESI-MS with the FIA approach. The carrier solvent
through the multiport valve is directly connected to the nebulizer inlet of the ICP-MS via a 0.25 mm ID
capillary (as in Figure 8-2). The micro reactor stream, which is supplied by two HPLC pumps, fills in the
sample loop (5uL) and goes to waste. At injection position of the valve, the carrier stream flushes the
sample loop content and send it to the ICP-MS. One channel of the peristaltic pump/nebulizer pump is
used to drain waste from the nebulizer.

e

Flow ratevariation
according to reaction stage

Multiport
5§ valve

l Pe:ic—,r

Waste
pump

Figure 8-2: First configuration: Direct integration of the micro reactor system to ICP-MS. 1) HPLC pump, 2) micro reactor, 3) multiport
valve, 4) micro annular gear pump, 5) heating/cooling module, 6) nebulizer, 7) peristaltic pump

SW-dOI

This scheme offers a simple connection. Multiple samplings per reaction stage are possible as in the
integration to the ESI-MS. However, tuning and optimization of the Agilent 7700x ICP-MS are missing
in this scheme due to the exclusion of the auto sampler (ALS). These procedures are required so that the
plasma gives efficient ion production; the ion optics give the best sensitivity; the Quadrupole gives
optimal mass resolution and mass calibration; and the detector gives optimal sensitivity and linear
dynamic range [110]. Thus, the second scheme which cooperates ALS, ORMS, and ICP-MS is
implemented as in Figure 8-3.

Both the ALS and micro reactor are connected to the multiport valve in which one of them can be
selected at a time. In position 1 of the multiport valve, the ALS flow is connected to one of the channels
of the peristaltic pump (using a Peri-pump tubing, internal diameter (ID) = 1.02 mm), which supplies
solution (via a capillary, ID=0.5 mm) for the nebulizer. In position 2, the solution from micro reactor flow
is connected to the peristaltic pump. The peristaltic pump plays the main role in regulating sample flow

rate to the nebulizer. Whenever flow rate from the micro reactor is higher than flow requirement of the
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peristaltic pump, the excessive flow will be discharged via the drainage line (number 8 in the figure). The
drainage line (ID = 0.5 mm) with an adjustable back pressure regulator is used not only for releasing

excessive flow from the micro reactor but also to prevent ambient air from sucking into the main stream.
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Figure 8-3: Second configuration of integration the micro reactor system to [CP-MS. 1) HPLC pump, 2) micro reactor, 3) multiport valve,
4) micro annular gear pump, 5) heating/cooling module, 6) nebulizer, 7) peristaltic pump, 8) Tee joint

In this concept, the micro reactor system is added to the standard configuration of the ICP-MS system. In
more details, the system starts up with warming, calibration, and tuning. After that, the valve is switched
so that analytes from the micro reactor can be supplied and mixed with the internal standard line before
entering the nebulizer. In addition, the carrier solvent pump of the micro reactor system is not required,

instead, the peristaltic pump is used, which is standard for introducing sample to ICP-MS.

8.4  Testing and Results

The purpose of integration to ICP-MS is to enable the capability of the system to detect metals. However,
the system itself contains different parts made of metals which directly contact to solutions such as micro
reactor, pumps, multiport valve. Therefore, apart from testing the feasibility of the two integration

concepts, testing for contamination caused by the micro reactor system is also important.

CertiPUR® ICP multi-element standard solution IV and CertiPUR® Lutetium ICP standard were used for
the testing purpose. Sample solution was prepared with 100 pug/L ICP multi-element standard solution IV
in HNO; (1%, v/v). Internal standard solution contained 500 pg/L Iutetium in HNO; (5%, v/v). Two
separate solutions as carrier solvent were prepared: ultrapure water and HNO; (1%, v/v). Detailed settings

for all measurements are summarized in Experiment 7 section 11.2.

8.4.1 Variation of Carrier Solvent Flow Rate (Configuration 1)

In this test, different flow rates of carrier solvent (from 0.2 mL/min to 0.6 mL/min) were attempted in order

to determine their influence on the measured signal.



As flow rate of the carrier solvent is varied from 0.2 mL/min to 0.6 mL/min, the response time reduces
from 13s to 7s and the peak width is reduced from 21s to 11s. This enables the peak to peak sampling time
to be lower than 30s. However, starting from 0.6 mL/min, the drain tube from the nebulizer is filling since
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more large droplets are formed and the peristaltic pump drains the waste at 0.1 rps (= 0.4 mL/min).

As more carrier solvent enters the plasma, the baseline is higher. Meanwhile, the amount of sample is
unchanged (5uL). As a consequence, the measured signal for each element is reduced as the carrier solvent
flow rate increases (see Figure 8-4). In addition, as flow rate increases, the residence time of analytes in the

plasma is shorter that reduces their ion quantity passing through the skimmer to the MS.
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Li (a), Al (b) and Cu (c) elements measured with H,O as carrier solvent and with 1%HNOj as carrier solvent. The carrier

solvent was from 0.2 mL/min to 0.6 mL/min

8.4.2 Changing of Carrier Solvent Type (Configuration 1)

The solvent carrier pump is manufactured from metallic materials which might affect the analytical results.

In order to see how different solvents may influence on the carrier pump’s metal dissolution, two different
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carrier solvents (H,O and 1% HNO;) were used to transfer samples and results are shown in Table 8-1 for
selected elements. The average peak areas of 10 samplings for each flow rate are calculated as well as their
relative percentage (RP). The result is, some elements are not influenced by different carrier solvents since
they are not present in the pump materials or not influenced by the solvents. They have similar peak
profiles and peak areas in H,O and in 1% HNO; at different flow rates (Figure 8-4a), such as Li, Co, and
Pb. Their relative percentage is in the range 74.3% — 110.4%. Some elements including Mg, Al, and Zn are
slightly impacted. This results in different peak profiles and peak areas in H,O and in 1% HNO; (Figure
8-4b). The RP values in this case are normally higher and in a larger range (69.7% — 144.7%) than in the
previous case. This indicates their existence in the pump material. Finally, elements such as Cu and Fe are
heavily influenced by 1% HNO; solvent (Figure 8-4c). No peaks are observed because the baseline is too
high. This indicates the high concentration of Cu and Fe in the pump and the pump is the main source of

metal contamination to the solution.

Table 8-1: Measured peak area (signals) of selected elements in two carrier solvents at various flow rates. Relative percentage
(RP): variation of the signal in the carrier solvent HNOj related to the signal in the carrier solvent H,O

Elements (Fn'l"LV/an‘;; 0.20 0.30 0.40 0.50 0.60
Carrier solvent Average peak area (arbitrary unit)
Not influenced
H,0 931 723 552 344 324
Li (7) 1% HNO; 1,006 764 622 463 313
RP (%) 92.5 94.6 88.7 74.3 103.5
H,0 874,211 700,319 491,116 341,324 281,131
Co (59) 1% HNO; 815,822 667,652 544,645 415,372 339,279
RP (%) 107.2 104.9 90.1 82.2 82.9
H,0 332,471 248,627 183,496 137,731 86,382
Pb (208) 1% HNO; 301,252 253,760 199,020 159,221 98,477
RP (%) 1104 98.0 92.2 86.5 87.7
Slightly influenced
H,0 12,077 10,133 6,858 4,992 4,092
Mg (24) 1% HNO; 9,473 8,073 6,416 4,760 3,548
RP (%) 127.5 125.5 106.9 104.9 115.3
H,0 4,136 3,352 2,701 1,629 1,906
Al (27) 1% HNO; 2,859 2,862 1,891 1,665 1,427
RP (%) 144.7 117.1 142.8 97.8 133.6
H,0 106,559 82,996 58,430 44234 26,179
Zn (66) 1% HNO; 83,230 75,982 55,886 45,070 37,582
RP (%) 128.0 109.2 104.6 98.1 69.7
Strongly influenced
Fe 56) H,0 1,195,177] 930,988 649,684] 478,419] 380,292
1% HNO; no signal, baseline too high
Cu (63 H,0 740,151] 568,158 422,349 303,414] 211,554
1% HNO; no signal, baseline too high
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Additionally, the corresponding standard deviations (STD) in % of the measurements are calculated and
presented in a separate table (Table 8-2) for easier interpretation of the results. The STD in this
configuration is mainly determined by the stability and the dynamics of the carrier solvent (that depends on
the flow rate and flow interruption as the multiport valve switches), the abrasion and dissolution of pump
materials to the carrier solvent. These parameters contribute to the rather high STD in the range of 0.9% -
26.1% for the first group of elements and 2.7% - 43.7% for the second group of elements. This is logical

because the second group is more sensitive to different carrier solvents.

Table 8-2: Standard deviation of elements in different carrier solvents at different flow rate

Flow rate
Elements (mL/min) 0.20 0.30 0.40 0.50 0.60
Carrier
solvent STD in %
Not influenced
H,0 11.0 7.2 26.0 22.0 21.6
Li (7)
1% HNO; 7.2 12.5 7.8 24.2 24.7
H,0 3.0 8.4 13.4 21.8 17.8
Co (59)
1% HNO; 0.9 3.8 133 14.7 1.8
H,0 6.0 4.5 12.7 23.8 9.1
Pb (208)
1% HNO; 1.8 4.1 13.5 16.7 26.1
Slightly influenced
H,0 7.3 6.1 19.5 19.2 4.7
Mg (24)
1% HNO; 11.8 6.7 18.6 29.7 23.6
H,0 11.6 11.0 17.3 244 20.6
Al (27)
1% HNO; 43.7 28.6 37.5 26.9 43.7
H,0 2.7 8.8 15.8 19.2 23.6
Zn (66)
1% HNO; 8.3 5.1 22.0 22.6 38.1
Strongly influenced
H,0 40 | 34 | 128 | 112 | 149
Fe (56) - - -
1% HNO; no signal, baseline too high
H,0 50 | 120 [ 142 [ 224 | 236
Cu (63) - - -
1% HNO; no signal, baseline too high

8.4.3 Variation of Micro Reactor Flow Rate (Configuration 2)

Flow rate in the micro reactor were changed from 0.6 mL/min to 8 mL/min in order to examine the
stability of the measured signal. In addition, a suitable working range of the micro reactor could be

estimated.

As shown in Figure 8-5, the total ion current (7/C) signal as well as other component signals Fe, Cu, Al,
etc. show a slight slope as the micro reactor flow rate increases. Although the drainage line functions well,
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a higher pressure is created in the suction line of the peristaltic pump that causes a higher sample amount
entering the analyzer. This variation of the acquired signal can be reduced by using a bigger drainage
diameter or longer capillary from the tee joint to the suction point of the peristaltic pump. However, the
variation of the signal intensity is not significant in this case. Therefore, this second configuration can be
considered stable for large variations of the flow rate of the micro reactor.

TIC : 001SMPL.d

Micro reactor flow rate:

w0 . 06-2-3-4-5-6-7-8mL/min_

RT(min)
Figure 8-5: TIC signal according to the changing of micro reactor flow rate

Some advantages and disadvantages of the two connection concepts are listed in Table 8-3. In general, the
second concept offers a stable and continuous sample flow from the micro reactor to the peristaltic pump,
inclusion of the ALS and especially exclusion of the carrier solvent pump (P;) which is the main source of
metal contamination to sample. As a consequence, this concept is selected for further testing the dilution
module in the connection to [CP-MS.

Table 8-3: Advantages and disadvantages of the integration concepts to [CP-MS

Concept 1 Concept 2
Advantages Simple and direct connection. Continous flow from the micro reactor to the
Multiple peaks per reaction stage. peristaltic pump.
Including ALS.

Not including the mzr pump.

Large range of flow rate from ORMS to ICP-MS
(>0.4 mL/min).

Disadvantages  |Not including ALS: no suitable warm-up, tuning, and
calibration for ICP-MS.

A small range of flow rate from ORMS to ICP-MS
(<0.6 mL/min).

Including the mzr pump which is the main source of
metal contamination from the ORMS system.
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8.5  Dilution with ICP-MS in Spectrum mode
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Figure 8-6: Second concept for integration to ICP-MS including the dilution module

The second integration scheme is selected for quantitative verification of the dilution module. As shown
in Figure 8-6, flow from the micro reactor after diluted using the flow compensation approach is
connected to the multiport valve. The valve’s position decides either ALS or the diluted flow to be linked

to the peristaltic input flow.

For every reaction stage, flow rate of the micro reactor system is fixed. For ICP-MS, flow rate of the
peristaltic pump at its default settings is different (Sample uptake: 0.4 rps = 1.6 mL/min; Probe rinse: 0.1
ps = 0.4 mL/min; Probe rinse 1: 0.3 rps = 1.2 mL/min). Therefore, the flow requirement from the
peristaltic pump would be often greater than what ORMS can supply (sometimes only 0.4 mL/min). This
would result in air bubble in the main stream that enters via the drainage line. The issue is circumvented
at a cost of time increasing up to 4 minutes per sample by changing settings for the peristaltic pump
(Table 8-4). In all steps of a sampling cycle, flow rate of the peristaltic pump/nebulizer pump is fixed at
0.1 rps which is equal to the smallest flow rate from the ORMS. Due to flow reduction, the uptake time is
increased from 30s to 140s to guarantee the sample to arrive and to be stable at the acquisition period.
This value is estimated by manually monitoring the signal changes (from low to high or high to low) in
the tuning step of ICP-MS. In addition, the ALS measures calibration samples from low to high
concentration and it is not used when the OMRS line is connected to MS that the rinse time can be set to

0Os to save time.
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Table 8-4: Change settings for the Peristaltic pump

Steps Time (s) Speed (rps) of Nebulizer Pump
Sample Uptake 140 0.10
Probe Rinse (Sample) 0 0.10
Probe Rinse (Std)
Rinse 1 0 0.10

Probe Rinse 1

Rinse 2 0 0.10

Probe Rinse 2

8.5.1 Experimental Procedure and Setup

By enabling a stable flow to the nebulizer the ICP-MS is also enabled to work with the spectrum
acquisition mode. This helps to make the calibration curve conveniently and therefore the quantitation of
the dilution can be done easily. Because the procedure for performing the experiment includes ALS and
ORMS with some steps, it is necessary to enumerate them. The following steps and values were used in
the third experiment to measure quantitatively the dilution of 5 mg/L ICP multi-element standard in 1%
HNO; with 1% HNO; as a diluent (Section 8.5.2.3).

- Prepare samples for a standard calibration (1 — 5 — 10 — 50 — 100 pg/L ICP multi-element
standard in 1% HNOs).

- Prepare stock solution for automatic dilution (5 mg/L ICP multi-element standard in 1% HNOs).

- Manually dilute the stock solution in different dilution ratios (1:1000 — 1:500 — 1:100 — 1:50).
These manually diluted samples are used to compare with automatic dilution. These samples as
well as samples for calibration are sent to the analyzer via the ALS.

- Set the multiport valve in a position (position A — default) so that the ALS connects to the
peristaltic pump.

- Start the ICP-MS as normal and remember to tighten up the back-pressure regulator for no
suction of air bubbles.

- Create a batch and a list of samples for the ICP-MS to measure. Then, change settings as in Table
8-4 for the peristaltic pump at Batch\Acq Method\PeriPump-ISIS.

- Set one dilution ratio (from high to low, 1:1000 — 1:500 — 1:100 — 1:50), flow rates (4 — 2 — 1
mL/min), sampling interval and other parameters for the ORMS as in Experiment 10 Table 11-12.

- Manually switch the multiport valve in order to connect the ORMS to ICP-MS after ICP-MS
tuning has finished. Then, release the back-pressure regular for no pressure accumulation in the
main stream and start the ORMS.

- Set a new dilution ratio after the previous measurement finishes.
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These steps were applied to perform dilution with different solutions: (1) blank solvent (1% HNOs), (2)
blank solvent (ultrapure water), (3) solution with 5 mg/L ICP multi-element standard in 1% HNO; and (4)
solution with 5 mg/L ICP multi-element standard in ultrapure water. The results are presented for every

experiment separately.

8.5.2 Results

8.5.2.1 Dilution in Spectrum Mode of ICP-MS with 1% HNQO; Blank Solvent

Detail settings for the experiment can be found in Experiment 8 Section 11.2. In general, the experiment
first runs calibration samples, then blank solvent (1% HNO;) via ALS and finally, automatic dilution via
the ORMS system. The results are plotted in Figure 8-7a for some representatives (Fe, Mn, Li). The
yellow bar shows the average value from 4 vials of the blank solvent transferred via ALS. Other bar
groups indicate results of automatic dilution with blank solvent at ratio 1/500, 1/100 and 1/50 with micro
reactor flow rate from 4 mL/min to 1 mL/min.

As it can be seen, there is contamination from ORMS to the solution in micro reactor because
contaminant’s concentration before the ORMS is smaller than that after the ORMS such as Fe and Cr.
More specific, Fe and Cr contaminate sample the most with their high concentration difference before and
after ORMS (1.274 pg/L for Fe and 0.520 pg/L for Cr). Some elements such as Mn, Ni, Cu and Al
contaminate sample with lower concentration (0.156 pg/L for Mn and 0.073 pg/L for Cu). Other elements
such as Li, B, Mg, Co, Zn, Ga, Ag, Cd, Ba, and Pb have very little or no contamination to sample due to
the difference in their concentration before and after the ORMS is very small.

8.5.2.2 Dilution in Spectrum Mode of ICP-MS with Milipore water

A similar experiment was performed for Milipore water. Detail settings are stored in Experiment 9

Section 11.2. Results are plotted in Figure 8-7b for some selected elements (Fe, Mn, Li).

In this case, Fe is a higher contaminant than other elements with its concentration difference before and
after the ORMS is 0.289 pg/L. Some elements such as Cr, Mn, Ni, Cu and Al contaminate sample with a
lower concentration (0.189 pg/L for Cr and 0.102 pg/L for Mn). Other elements such as Li, Mg, Co, Zn,
Ga, Ag, Cd, Ba, and Pb have very little or no contamination to the sample due to the difference in
concentration before and after the ORMS 1is very small. It can also be seen that the contamination for

most elements in ultrapure water is smaller than in 1% HNO;.
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Figure 8-7: Concentration of Fe, Mn and Li in blank solution of 1% HNO; and ultrapure water sampled by ALS and by
ORMS system at different dilution ratios and different flow rates of the micro reactor
a) in 1% HNO;, b) in ultrapure water

8.5.2.3 Dilution of 5 mg/L ICP multi-element standard in 1% HNO;

Details settings for the experiment has been explained in Section 8.5.1 and summarized in Experiment 10
Section 11.2. Results for some selected elements (Li, Mn, Fe) are shown in Figure 8-8. Plots on the left
compare manual vs. automatic dilution; and plots on the right show details measurements of automatic
dilution. In the top left plot as for Lithium (Li), values from manual dilution plotted in blue (1:1000 —
1:500 — 1:100 — 1:50) are linear and close to the expected concentrations (5 — 10 — 50 — 100 pg/L).
Automatic dilution at different micro reactor’s flow rates gives equivalent results to manual dilution of
the same dilution ratio as indicated by green line (4 mL/min), red line (2 mL/min) and yellow line (1
mL/min). This automatic dilution is further displayed in the plot besides that shows detail measurement
for each diluting condition (each diluting condition is measured 4 — 5 times). In general, results of
automatic dilution are logical (higher dilution ratio-lower concentration of the diluted solution and vice
versa), stable with various flow rates of the micro reactor and in accordance with the expected
concentrations as well as with results of manual dilution. Dilution 1:1000 (with expected concentration 5
pg/L, manual dilution: 4.94 pg/L) is displayed at the left most bar group. This group shows a good
dilution in different flow rates of the micro reactor such as 4.90 pg/L at 4 mL/min (green bars), 4.94 pg/L
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at 2 mL/min (red bars) and 4.77 pg/L at 1 mL/min (yellow bars). The dilution is stable because different
sampling repetition (one bar represents one sampling’s result) gives similar values. Similarly, the dilution
results are good with >90% the expected concentration for other dilution ratios such as 1:500 (second bar
group - expected concentration: 10 pg/L, manual dilution: 9.82 pg/L), 1:100 (third bar group - expected
concentration 50 pg/L, manual dilution: 51.47 pug/L) and 1:50 (last bar group - expected concentration
100 pg/L, manual dilution: 108.34 pg/L). However, at ratio 1:50 (flow rate 1 mL/min), the dilution gives
about 80% of the expected concentration. This makes the yellow bar group lower than two other bar
groups. The reason might come from the change to another split factor (from SF=2 to SF=3) which does

not work as well as the previous one.
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Figure 8-8: Manual vs. automatic dilution of 5 mg/L ICP multi-element standard in 1% HNOj at dilution ratios 1:1000,
1:500, 1:100 and 1:50 (left) and its automatic dilution in more details (right) for some representatives Li (a), Mn (b), Fe (c)

Every sampling set on ICP-MS is taken at every 4 minutes without knowing about the ORMS’s operation.
The ORMS changes its working conditions for every new reaction stage or dilution ratio that it requires
some time to be stable. If ICP-MS’s sampling period falls into that transient period, the measured signal
will be not good. This normally occurs in the first sampling of every new reaction stage and every new
dilution ratio as seen at ratio 1:100 — flow rate 2 mL/min or 1:50 — flow rate 2 mL/min and 1 mL/min. As

a result, the first sampling in every new reaction stage or new dilution ratio should be omitted.
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The calibration and dilution for other elements are not much different. Plot & (Mn) and ¢ (Fe) that
respectively belong to group “slightly influenced” and “influenced” by metal dissolution from the micro
reactor (as in two previous experiments) show a good dilution. There is no or very little influence from
the contaminants to the dilution because the measurements are approximate to the expected
concentrations; calibration curves for Mn and Fe are linear (not shown); and the automatic dilution for

Mn, Fe is as good as that of Li.

8.5.2.4 Dilution of 5 mg/L ICP multi-element standard in Ultrapure water

Dilution of 5 mg/L ICP multi-element standard in ultrapure water was carried on with ultrapure water as a
diluent. Detail settings for the ORMS can be found in Experiment 11 Section 11.2. Main settings are:
dilution ratio 1:1000 — 1:500 — 1:100 — 1:50; micro reactor flow rate: 4 mL/min - 2 mL/min — 1 mL/min

(reaction stage: 3 min — 6 min — 12 min).

The results for some selected elements (Li, Mn, Fe) are shown in Figure 8-9 with its arrangement in the
same way as in the previous figure. Results for diluting with ultrapure water are not remarkably different
from the previous case with HNO; (1%, v/v). In the top left plot as for Li, values from manual dilution
plotted in blue (1:1000 — 1:500 — 1:100 — 1:50) are linear and close to the expected concentrations (5 — 10
—50-100 pg/L). In the top left plot, automatic dilution at different micro reactor’s flow rates gives stable
and equivalent results to manual dilution of the same dilution ratio as indicated by green line (4 mL/min),
red line (2 mL/min) and yellow line (1 mL/min). In the top right plot, dilution 1:1000 shows a good
dilution at different flow rates of the micro reactor such as 5.11/5 pg/L at 4 mL/min (green bars), 4.78/5
ug/L at 2 mL/min (red bars) and 4.40/5 pg/L at 1 mL/min (yellow bars). Similarly, the dilution results are
good with >90% the expected concentrations for other dilution ratios 1:500 (second bar group - expected
concentration 10 ug/L, manual dilution: 10.51 ug/L), 1:100 (third bar group - expected concentration 50
pg/L, manual dilution: 53.54 pg/L) and 1:50 (last group - expected concentration 100 pg/L, manual
dilution: 103.72 pg/L). At flow rate 1 mL/min of ratio 1:50, the dilution again gives smaller value
(78.45/100 pg/L) than at other flow rates due to the change to another split factor which does not work
very well. There are also some abnormal bars at the first sampling in every new reaction stage or new
dilution ratio. This can be similarly reasoned as in the previous experiment for 1% HNO;. Finally,
dilution for other elements is also not much different to that of Li as shown in plot » for Mn, except for Fe
in plot ¢. The calibration curve for Fe as well as its dilution are not good which may be reasoned by
effects from the sample matrix.

In comparison to the previous test using 1% HNO;, dilution using ultrapure provide similar results. The
concentration of diluted solution with ultrapure water is a bit smaller than that of the previous test with
1% HNO; for all dilution ratios. However, the reason comes from the physical abrasion of the rofor seal
and stator face assembly pair. This reduces the amount of transferred sample as the aliquot volume get
smaller over operation time. The effect of different solvents is not clearly observed in this test because
both concentration and Count per second (CPS) of the diluted sample in both cases are not remarkably
different. It is also observed that, the CPSs for different elements with same concentration in a solution
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are different. For example, 100 pg/L of Cu (in the calibration solution) gives a CPS of 997,839 but 100
pg/L of Zn (in the same calibration solution) gives a CPS of 167,990.
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Figure 8-9: Manual vs. automatic dilution of 5 mg/L ICP multi-element standard in ultrapure water at dilution ratios 1:1000,
1:500, 1:100 and 1:50 (left) and its automatic dilution in more details (right) for some representatives Li (a), Mn (b), Fe (c)

8.6  Dilution with ICP-MS using Time-Resolved Analysis (TRA) Mode

One drawback of using the previous concept is its high sampling cycle time (approx. 4 minutes for each
sample). Another attempt has been made in order to reduce this sampling period by modifying the
integrating configuration (Figure 8-10) and using the TRA mode of ICP-MS. At normal operating
condition, diluted solution runs through a sample loop (SuL) to waste and the ALS connects to the
peristaltic pump via the multiport valve. When this valve switches, sample in the sample loop is
withdrawn and sent to the MS. ALS plays a role supplying carrier solvent to carry sample to MS. The
direct connection approach (configuration 1) as presented in Section 8.3 is not selected because it does
not include the ALS; it has strong contamination of Fe and Cu from the mzr carrier solvent pump and this

pump is not suitable for working in acidic environment.

8.6.1 Experimental settings

A familiar experiment diluting 5 mg/L multi-element standard solution in 1% HNO; was performed.

Manual dilution was also conducted in order to compare with automatic dilution. Detail settings for the
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experiment are shown in Experiment 12 Section 11.2. Main settings are: dilution ratio 1:500 — 1:100 —
1:50; micro reactor flow rate: 4 mL/min - 2 mL/min — 1 mL/min (reaction stage: 3 min - 6 min — 12 min);
and diluent is 1% HNO;.

T: Split Plate Mixer (LH2)

P1: Educt pump (WellChrome K-501)

P2: Educt pump (Smartine 100)

P3: Carrier solvent pump (mzr 2942)

P4: Dilution pump (WellChrome K-501)

P5: Compensation pump (Isocratic pump G1310)
MRA: Mass Rate Attenuator (MRA-100-00)
MP_V: Multiport vaie

Heat circulator (F26-HP) Ps I
ALS: Autosampler (ASX-500 Seres)

ICP-MS 7700x

Autosampler

ICP-MS

T
Meander reactor 11 T @
i i o

P2

Heat circulator

Figure 8-10: Integrating configuration used for testing the dilution module with ICP-MS in TRA mode

8.6.2 Results

The results are presented for some elements that are not or very little contaminated and contaminated by
the micro reactor system. Figure 8-11 is the dilution result of Pb with the first 4 groups displaying
manually diluted samples and the last 3 groups displaying automatic dilution. Each diluting condition is
sampled 5 times. In general, results of automatic dilution are logical (higher dilution ratio-lower
concentration of the diluted solution and vice versa), stable with various flow rates of the micro reactor
system (4 — 2 — 1 mL/min). More details of the measurement are presented in Table 8-5. In every dilution
ratio, the average peak areca and STD of 5 peaks for every reaction flow rate (4, 2, 1 mL/min) are
calculated, which give STD in the range of 1.2% - 16.7%. The average peak area of all peaks for every
dilution ratio is also calculated which equals approximately 75% of manual dilution. Further comparison
of the signal intensity between different dilution ratios (1:50, 1:100) with dilution ratio 1:500, we get
values in two rows “expected quotient” and “actual quotient”. It is expected that the signal intensity of
dilution ratio 1:50 would be 10 times larger than that with dilution ratio 1:500. The actual quotient in this
case (438,216/44,556) is 9.84 which is very good. Another logical quotient is also obtained with dilution
ratio 1:100 (expected quotient: 5 — actual quotient: 5.08 (226,424/44,556)). For other elements which are
not or little influenced by the micro reactor such as Li, Cu, Mg, Co, Zn, Ga, Ag, Cd, Ba, ... the dilution
results are logical and can be interpreted the same as for Pb. These dilution results once again confirm the

diluting capability of the module.
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Table 8-5: Measurement results of Automatic vs. Manual dilution for Pb

Automatic dilution

Dilution ratio 1/1000 1/500 1/100 1/50
Average peak area-4 mL/min (Abr. unit) 48,121 225,370 477,826
STD 8,042 10,549 11,765
STD in % 16.7 4.7 2.5
Average peak area-2 mL/min (Abr. unit) 38,394| 220,908 459,192
STD 1,696 5,948 5,603
STD in % 4.4 2.7 1.2
Average peak area-1 mL/min (Abr. unit) 47,152 232,993 377,629
STD 1,626 2,899 9,821
STD in % 34 1.2 2.6
Average of all peaks (Abr. unit) 44,556 226,424 438,216
STD 6,522 8,751 44,520
STD in % 14.6 3.9 10.2
Expected quotient 1 5 10
Actual quotient 1 5.08 9.84
Manual Dilution

Average of all peaks (Abr. unit) 30,019 57,750 288,660 597,681
STD 1,742 3,459 13,241 24,221
STD in % 5.8 6.0 4.6 4.1

However, for those elements that are influenced by the micro reactor such as Fe, Cr, Mn, the dilution is
not good that signals measured from both manual and automatic dilution at different dilution ratios are not
clearly different. All the peaks measured almost have similar areas as shown in Figure 8-12 for Fe. Those
results are also different from those measured in Section 8.5.2.4 using the spectrum mode although they
are supposed to be similar. The difference, however, has not had an explanation currently. In general, the
measurement for the dilution module with TRA mode gives as logical results as with the spectrum mode

except for some elements contaminated by the ORMS such as Fe, Cr, and Mn.

Using the TRA mode and the current configuration, the mzr pump is not included that prevents a strong
contaminating source of Fe and Cu; the ALS is included that the warming up and tuning procedure are
performed conveniently. In addition, using the TRA mode allows consecutive measurements without fear
of significant contamination from previous measurements [173]. However, due to pressing effects from
the peristaltic pump, the sample is dispersed which results in wide peak (normally >60s depending on the
diluted concentration). In addition, it requires about 50s for the sample to reach the detector. These make
the sampling interval be selected as long as 160s. Although this value is rather high, it is smaller than in

the previous configuration (= 240s). In addition, the sample-dispersing effect also reduces the
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measurement sensitivity of elements, for example, Li and Al, which can be quantified in spectrum mode,

give weak signals in TRA mode.
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Figure 8-11: Manual and automatic dilution in TRA mode for Pb (207)
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Figure 8-12: Manual and automatic dilution in TRA mode for Fe (56)
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8.7 Summary

Two concepts for coupling the micro reactor system to an ICP-MS have been proposed. In both concepts,
the micro reactor system is successfully coupled to the ICP-MS that elements in the standard solution
from the micro reactor system are detected. Testing results in the first concept shows a strong
contamination of Cu and Fe from the system materials to the sample due to the mzr carrier solvent pump.
It also shows more abrasion of the carrier pump’s materials with 1% HNOj; solvent than with ultrapure
water. The second concept, which includes an ALS, provides more flexibility in sample handling and is
stable to flow rate variations of the micro reactor. This second concept is further applied in determining
the contaminants from the ORMS (excluding the mzr pump) to the sample such as Fe, Mn, Cr and
quantify the dilution using 1% HNOj; and ultrapure water as diluents in which the ICP-MS operates in
spectrum mode. An attempt to reduce the time gap between each sampling has also been made with the
ICP-MS in TRA mode. This helps decrease the sampling interval from 240s to 160s although the dilution
result in TRA mode is not as good as that in the spectrum mode. However, in both operating modes of

ICP-MS, the dilution module again shows its capability to give logical results at various dilution ratios.

In order to prevent air bubble from the drainage line, an inline check valve (CV-3323, IDEX Health &
Science LLC, Oak Harbor, WA, USA) was used. However, it did not help that a back-pressure regulator
was finally chosen. When the ALS connects to the peristaltic pump, this regulator is manually turned to
maximum pressure to prevent air from the ambient. Later, it is manually released to atmospheric pressure
when the micro reactor flow is connected to the peristaltic pump so that there is no pressure built up in the

main stream and the excessive flow is easily discharged.
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CHAPTER 9 MODIFICATION OF THE GRAPHICAL USER INTERFACE

A software module programmed in C++ (ORMS software) controls the system operation. Initially, the
control software was realized to automate some core functions of the system as described in Section 3.2.
It also monitors the status of main components of the system and records actions performed by the system
in a log file. In addition, the ORMS software can communicate with the Data Acquisition software of the
MassHunter Workstation Software series for the ESI-TOF-MS (Agilent Technologies, Waldbronn,
Germany) using the classical Windows API approach. Due to the integration of new modules and new
functions, the control software has been modified in order to adapt with the system expansion. However,

the overall structure of the system is unchanged as shown in Figure 9-1.

MS

Agilent MassHunter Agilent MassHunter
Data Acquisition Quantltatlve Analysis
—>

[EEEE =]
= . MS excel table

Main Window
Online Reaction
- Monitoring
Log File| [ |[€— ,
g Fi ¢ g\/
Supply of educts
t and solvents

Dialog — - Coupllng system:
Reaction Reactor, pumps,
Stage = valve, flow-meter

Figure 9-1: Schematic view of the workflow in the control of online reaction monitoring process [19]

9.1 System GUI

The modified graphical user interface (GUI) has three sections: control section, status section and log
section. The control section involves different tabs in which each tab manipulates one functioning module
of the system. The status section monitors the current status of main components. The log section is used

for saving and archiving activities of the system. The system GUI is presented in Figure 9-2.
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File Edit Settings About Carrier solvent

CARRIER SOLVENT | MANUAL MEASURING | AUTO MEASURING | HEATER | pmuil <[ Manual Measuring

- - e R Control Auto measuring
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ESI-MS automation
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ICP-MS automation
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Actual solvent: N/A Time Remaining: 0
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LOG
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T M > Log section
Dilution: OFF
Julabo: OFF Reset Log

Save File -

Figure 9-2: The modified GUI

9.1.1 Control Section

The control section is responsible for manipulating all component devices and linking them so that
desired operations can be realized. In this section, there are different tabs with different control functions.

Functions of each tab will be described in details.

CARRIER SOLVENT: This tab is used for selecting a carrier solvent that carries sample to the MS. In
addition, users can set its flow rate so that the mass flow meter (Coriflow) can control the carrier pump’s
speed (Figure 9-3). The flow rate of this pump (P5) is calculated based on the specific density (g/mL) of
the solvent. The permissible flow rate is in the range of 0.1 to 1 mL/min. In addition, users are allowed to

add new solvents to the list one by one by specifying their name and density.

MANUAL MEASURING: This tab is used for manually testing individual devices of the micro reactor
module. Users can directly set the reactor volume and flow rate of HPLC Knauer pumps (pump P, and
pump P,), which transfer educts to the reactor (Figure 9-4a). Residence time can be set so that flow rates
of these pumps are automatically calculated with 50-50% contribution from each stream. In addition,
manual switching of the multiport valve, to position A or to position B, can be performed here. Other
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sampling parameters can be edited such as sampling duration, sampling interval and number of repeated

sampling so that a specified number of samplings can be executed.

g Online Reaction Monitoring - — . @E&

File Edit Settings About

CARRIER SOLVENT | MANUAL MEASURING | AUTO MEASURING | HEATER | pmut <[

DR PUMP OFF |
Density 0 gfml J
Name
Flowrate: 0.6 mifmin

Figure 9-3: Control section: carrier solvent

AUTO MEASURING: The automatic operation mode of the system is set in this tab (Figure 9-4b). Users
can click on “Table” button to specify a sequence of reaction stages in time ascending order as well as to
set flow rate ratio for two educt pumps. The reactor volume and additional volume (for volume of mixer,
capillaries, etc.) can be set. After either the fast sampling method or slow sampling method is selected,
total time and volume requirement are estimated. Other sampling parameters (sampling repetition,
sampling duration, sampling interval) have to be defined in this tab before automatic measurement (or
automatic operation mode) can be started. For fully operated in automatic mode including automatic
heating and automatic dilution, these modules must be set and triggered first. After settings for reaction
stages completes and the “automatic measurement” button is clicked, the heating module and dilution

module will be automatically activated to work in the auto mode.

" Onine Reacion Moritoring e AN S W o ELESH T3] e Reacton oriorr ST T s

File Edit Settings About File Edit Settings About

| CARRIER SOLVENT | MANUAL MEASURING A.UTONEASL.RING HEATER | DILUT * |* \ SOLVENT CARRIER [ MANUAL MEASURING | AUTOMEASURING | HEATER |pnul«|*

Reactor Volume:
Dead Volume:

Reactor Volume: 11.2 + 1 ml
Estimated working time: 19.00 min

Pump1: 2 mifmin [Punps ON
5 ] Estmated working material: 2449 m  Number of States: 2.00
Pump 2: | 2 mifmin  |pumps OFF
L Fast method
) Sampling o 5 y \
o O sec | Manual Sampling
[E chaton 7 | Number of Sample per Stadium: 5 Repeat: 2
ToPosB | Repmri ] 4 Samping duration: 0.2  Second —
atic
Interval: 15 A Interval between each sampling: 29 Second Measurement
a) b)

Figure 9-4: Control section: a) manual measuring, b) auto measuring

HEATER: Temperature for the circulator and heating plate can be set in this tab (Figure 9-5a). When the
“Preheat” button is pressed, the circulator works in the internal heating mode. It will switch to the
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external heating mode when the system starts measuring with the automatic operation mode. Temperature
of the heating solvent and of the analytical solution as well as heater status are displayed. This module
can also be referred to in CHAPTER 6.

r - )
gih Online Reaction Monitoring W SRR leoslsEhE3a] " 2 Online Reaction Monitoring e S S || B |

File Edit Settings About File Edit Settings About
A -
CARRIER SOLVENT | MANUAL MEASURING | AUTO MEASURING | HEATER [onu[ <[> | MANUAL MEASURING | AUTO MEASURING | HEATER | DILUTION |Esivs auTomal « |
Reactor Temperature: 25 Set Diuton Ratio:  ©
‘—]OFF Manual Dilution:
Pre-Heat Start Dilution
Split Factor: b Stop Dilution
Temperature Setpoint: 25.0 °C Heating Solvent 245 =
Temperature:
Heater Status: ~ 02REMOTESTOR ...  Solution 249 o Dition Pump Flowrate=}) 0 i fwin
Temperature: .
Compensation Flowrate: 0 mlfmin
Start Stop
a) b) '

Figure 9-5: Control section: a) heater, b) dilution

DILUTION: In this tab, users can specify and start a desired dilution ratio, then splitting factor and
dilution flow rate is automatically selected (Figure 9-5b). This is the initial selection without considering
to the variation of the micro reactor flow rate. Similar to the heating module, when the automatic
operation mode begins, those dilution parameters are recalculated based on the micro reactor flow rate
and the module restarts. For more flexibility to the system, all diluting components such as the MRA,

dilution pump and compensation pump can be manually controlled.

¢ Online Reaction Monitoring

bl E1 S 73" Oriine Reaction Monitoring TR W ol

File Edit Settings About File Edit Settings About
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| AUTO MEASURING | HEATER | DILUTION | ESI-MS AUTOMATION | ICP-M5 AUTOMATI( * | » I HEATER | DILUTION | ESI-MS AUTOMATION | ICP-MS AUTOMATION | SOCKET comm. * [ »
(openesis i e p—
C\oseES]‘MSK Select Acquisition method: - Open [CP-MS | | Close ICP-MS
File Name: Master Batch: [—]
Path: ) [ smarr ] Batch Name: ™
eatvedostes ) [ Plasma o ] losma oFF |
Openar S
mfz: Extract Chromatogram
Extract XML
a) b)

Figure 9-6: Control section: a) ESI-MS automation, b) ICP-MS automation

ESI-MS AUTOMATION: In this tab (Figure 9-6a), some basic operations of the Data Acquisition
software for the ESI-TOF-MS can be performed via the ORMS software such as open/close the
MassHunter, select an acquisition method. Users can update a file name and path name to store data; turn
on the MS instrument/put it in standby mode; and start/stop an acquisition. In addition, the Qualitative
Analysis software can be automated as well: open/close the software, and open a data file so that specific
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m/z values can be sequentially extracted for its chromatogram. This tab is responsible for data acquisition.
Therefore, if an ESI-MS is connected to the ORMS, it should be activated before the OMRS starts to
transfer sample.

ICP-MS AUTOMATION: In this tab (Figure 9-6b), some basic operations of the ICP- MS Instrument
Control software can be performed via the ORMS software such as open/close the MassHunter; Create a
new measurement series (also called: batch) by using an existing master batch template; ignite and
shutdown the plasma. This tab is responsible for data acquisition. Therefore, if an ICP-MS is connected to
the ORMS, it should be activated before the OMRS starts to transfer sample.

SOCKET COMMUNICATION: The ORMS software can communicate with a server via Internet by
specifying the IP address and Port of the target sever (Figure 9-7a). A file in *.xml/ format can also be
received or transferred. The CSocket class and a library called TinyXML2 were implemented to fulfill
this task. This tab is built for future usage when the ORMS might communicate to a server program in the
laboratory (i.e. SAMI®).

COM PORT: There are different devices such as pumps, heater, multiport valve and MRA under control
by the software via RS232 and then USB hubs (Figure 9-7b). Since COM Port assignment for a device is
different from computer to computer and from USB port to USB port of a computer, a manual assignment
of each device for initial connection is necessary. After an initial selection, the choice is stored and
retrieved every time the software to be launched. Connection status of every device to the software is
indicated in a list box so that users can select another COM port if the connection status is failed. This tab
should be checked first to make sure all devices be successfully communicated by the software so that

further tasks from users could be executed.
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Figure 9-7: Control section: a) socket communication, b) COM port

9.1.2 Status Section

Monitoring of the current status of the system is necessary so that suitable actions could be taken in time.
The monitored states are displayed in one separate section for some devices, and some other less
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important are distributed in their corresponding tabs (Figure 9-8). In the main status section, calculated
flow rate of two educt pumps (P, P,); flow rate and speed of carrier solvent pump (P;); temperature of
heating solvent and reagent solution, etc. are indicated. Current reaction stage, time remaining before a
sampling action and number of remaining peaks for each reaction stage are also indicated by two slide
bars with their relevant values. Current status of the ESI-MS such standby, wait, ready is also included
when it is connected to the ORMS software. Based on the current status of devices, a user has to
determine himself whether an action should be taken place or not because, currently, there is no

implementation of any algorithm which helps notify abnormal situations.

Current Status
PumpPl: 1.2 ml fmin Ventil Position: A
PumpP2: 1.2 ml fmin Internal Temperature: 24,5 «C
Carrier Solvent Pump: 0.54987 g/min External Temperature:  24.9 ~

MS status:  Not Connected

Actual ed: 262 U /mi
e . CurrentStage:  1/2: 5.00 min

Actual solvent: ACN/H20(40%/60%) Time Remaining: - e 288

Peaks Remaining: | 5

Figure 9-8: Status section of the GUI

Timers are used for updating the system status. They update the system status periodically by querying
data from the system components or by taking the calculated values (flow rate of Py, P, split factor, etc.).
However, there exists a potential of concurrent reading and writing of commands to a device that might
cause loss of commands. As a consequence, the device might not execute desired commands. This
problem was experienced in the current system when there was the peak missing problem which was
produced by the multiport valve for its not switching. In order to handle this problem, thread
synchronization for reading and writing processes has been applied. An object of class Cmutex, which is a
synchronization object that allows only one thread access a resource at a time, is created and commonly
used for protecting the reading and writing operations onto a device. For example, the common Cmutex
object is locked first when the reading thread is used, therefore, the writing thread will be blocked until
the reading thread unlocks the Cmutex object. By using this technique, the reading and writing processes
can be performed reliably. In addition, for write/read action, it is common to close the COM port after
sending a command. However, if the system processing time is slow or the RS232 hub is slow, then, the
COM port might be closed before the command actually reaches the device or data is read from the
device. Therefore, it is recommended to give the system a little time after sending command for its
processing (i.e. Sleep(300)).
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9.1.3 Log section

The log section is used for showing actions performed in the system such as turn on/turn off a pump, a
heater, or switch a valve as shown in Figure 9-9. Those activities can also be stored in chronological order
in a text file by hitting the Save button. The file contains all settings for the system such as carrier solvent

flow rate, reaction stages, sampling duration, sampling interval, time when a pump is turned on or off.

16:47:23 Solvent pump P3: ON, Setpoint: 0.55 g/min; Specific Density: 0.91 .

CARRIER SOLVENT: ON Solvent: ACN/H20 Density: 0.91 Flow rate: 0.60
AUTOMATIC MEASUREMENT Sampling times: 2 Sampling interval: 30.0 Sa

Knauer 1: ON , FlowRate: 2.03 , COMPORT: -858993460

Knauer2: ON , FlowRate: 2.03 , COMPORT: -858993460 - :
MANUAL SAMPLING Sampling duration: 0.50 Sampling interval: 15 Sampling| =
16:48: 19 VidValve: Pos B

16:48:19 VidValve: Pos A =

Figure 9-9: Log section of the GUI

9.2  Graphical User Interface Automation

9.2.1 Overview

For automation purpose, the ORMS control software not only controls the hardware devices (pumps,
multiport valve etc. as described in [19]) but should also be able to control the analyzer’s control software
such as Data Acquisition software and Qualitative Analysis software of MassHunter Workstation
Software series for the ESI-TOF-MS (Agilent Technologies, Waldbronn, Germany) and the ICP-MS
Instrument Control software (or ICP-MS MassHunter, Agilent Technologies, Waldbronn, Germany) for
the ICP-MS. The approach called Graphical User Inferface (GUI) automation is applied to fulfill the task.
GUI automation is popularly used in testing GUI of an application (GUI testing) [174] so that repeated
operations performed by humans (keystrokes, mouse movement and mouse click) can be automated via a
software. This would be an equivalent ideology of implementing a robot for repeated tests of durability of
a device/system before putting it on massive production.

The GUI automation process can be done through mouse clicks and through control actions. The first
technique imitates the mouse movement, mouse click, and keystroke, therefore, the controlled GUI must
be active and shown on the top window. This imitation is not a reliable method because “the coordinates
of the controls on the screen are subjected to changes in screen resolution” [175]. The second technique
obtains handles of the windows/controls (on the target GUI, the MassHunter) before sending command.
The controlled GUI does not need to show on the top window. This method is considered more reliable
than the first because the handle is specific to a window/control. The Application Programming Interface
(API) functions from Microsoft Windows can be used directly for both methods, however, the
implementation often requires more effort. Therefore, using a software or library specialized in GUI
automation is more preferred. There are many relevant softwares available such as UIPath, Automa,
Selenium, JUnit, AutoHotKey, Autolt, etc [176]. Among those, UlPath is a commercial product that

offers many functions such as Web automation, GUI automation, Excel automation, Screen scraping.
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However, it is not straightforward to use and is not free. Automa is a high-level command tool which is
very easy to use. However, the tool is not a free product and its library supports for Python only.
Selenium is free tool but it is built for Web applications only. Meanwhile, Autolt is free and it offers the
scripting tasks through mouse-clicks and through control-actions. In addition, its library with lots of
functions that wrap around the core API can be conveniently incorporated into C++ code. As a
consequence, Autolt is selected for the GUI automation purpose. Table 9-1 summarizes some mains
features for these utilities.

Table 9-1: Some main features of GUI automation utilities

UIPath Automa Selenium Autolt
Features Web automation. GUI automation. Web automation. GUI automation.
GUI automation. Good record/playback|Good record/playback|Good record/playback
Excel automation. support. support. support.
Screen scraping. f simple scripting
Good record/playback angtiage.
support.
Advantages (Various functions and|Simple to use. Free. Free.
capabilities. Selenium can convert its|Written in C++ so that the
UiPath API can be used scripts to several different|library is conveniently used
from a wide variety of] formats such as Javalin a C++ program.
languages: C++, VB6, CH, (JUnit), Python, Ruby, C#, Library includes functions
VB.NET, and Delphi. Perl, and PHP. for accessing and
controlling SQLite
databases, Excel
spreadsheets, and  the
Internet Explorer browser.
An active user community.
Disadvantages|Commercial product. Commercial product. Not suitable for use in GUI
Not easy to use. Automa is a Python library|automation.
which is not easily
integrated into a C++
program.

9.2.2 Introduction to Autolt

“Autolt v3 is a freeware BASIC-like scripting language designed for automating the Windows GUI and
general scripting” [177]. Autolt is a powerful scripting language” that can be used for automating
administrative tasks and anything in a Windows environment [178]. Autolt source is coded completely in
C++ however, Autolt itself is procedural but not object-oriented [176]. Autolt offers the Dynamic Link
Library/Component Object Model (DLL/COM) and GUI so that it can be used conveniently not only by
external projects but also to create applications from its Integrated Development Environment (IDE).

A scripting or script language is a programming language that supports scripts, programs written for a special run-time
environment that automates the execution of tasks that could alternatively be executed one-by-one by a human operator.
Scripting languages are often interpreted (rather than compiled). (Wikipedia)
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With Autolt, the GUI automation can be completed conveniently using the Record/Playback technique
(using AU3Recorder utility). The keystroke and mouse activities from operators are recorded. After that,
code of these activities is automatically generated so that these activities can be played back effortlessly.
In addition, an application can be written in script so that a system testing/automation framework with
different test cases is possible. Autolt can be found in some publications as the case studies such as: to
automate the connection of a phone support service to a Macintosh or Windows 2000 computer; to
automate a virus updating and burning into CD on demand; or to automate the closing of Ariel software
and opening of Acrobat software and vice versa [175][176][179] or laboratory applications such as
automation of three dimensions - energy dispersive X-ray spectroscopy (3D-EDXS) reconstruction

process of the Genesis software [180] or automated scanning electron microscope data [181].

The applications of Autolt found in literature were directly created on the GUI of Autolt. There have not
been any publications applying the open library of Autolt as well as the automation of the MassHunter
software.

9.2.3 Automation of the MassHunter GUI using Autolt library

In our software, the library of Autolt was used by incorporating the AutoltX3 DLL.dIL
AutoltX3 DLL.lib file, and AutoltX3 DLL.h to the project. In general, the inclusion of other libraries
into our project is done by copying the LIB file (*.lib) and header file (*.h) to the folder where the main
file of the project (*.sln) locates. And, the DLL file (*.dll) is copied into the same folder (Debug or
Release) of the execution file (*.exe) that is generated when the project has compiled. Then, the

Linker/Input/Additional Dependencies (in Property page) has to include the file name of the LIB file.

The windows/controls (of the target GUI) can be treated depending on (1) their handles® being available
(using AU3 WindowGetHandle, AU3 ControlGetHanlde to obtain) and (2) their handles not being
available. In the first case, handles of controls can be manipulated by sending them relevant commands,
for examples AU3 ControlSend/AU3 ControlSetText to send text to an Edit box control;
AU3 ControlSend/AU3 ControlCommand to manipulate ComboBox or Tab controls; or
AU3_ ControlClick to simulate click action on a button. The automation is also possible by using the
menu bar (using functions: AU3_WinMenuSelectltem or sending keystroke i.e. AU3_Send(“!f{n}”))). As
an personal experience with the ICP-MS MassHunter, the control ID obtained from the Autolt Window
Info tool (similar to Spy++ utility in Visual Studio) such as: “INSTANCE”, “CLASSNAMENN”, “ID”,
“CLASS” and handle, is highly possibly changed in every new software launching. Therefore, it is
recommended to use “NAME” and “TEXT” to obtain the current Window/Control handles.

In the second case when control handles are neither available nor possibly performed by keyboard control
such as “Auto Sampler”, “Nebulizer Pump Speed”, mouse-click simulation is the only choice. This can be

done simply by moving the mouse cursor to a predefined position on the screen and click (function:

> A handle is an abstract reference to a resource. It is often an integer number or it can be a pointer that allows access to further

information. (Wikipedia)
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AU3 MouseClick). This method is not reliable as explained above. Therefore, another way by matching
image of a control on its containing GUI is implemented. This can be done by using MatchTemplate
function in OpenCV library or ImageSearch function in external library of Autolt. With ImageSearch, an
image of a control (or template image) is required so that it could be compared with the current top most
window for the matched area. The return location is then supplied to the AU3 MouseClick function. The
function is fast. However, it only works well if the template is taken from the current GUIL In other
words, it does not work when being used in another PC with different screen size. Therefore, a new
template has to be taken every time using on a new PC. With MatchTemplate, the template image of the
control is compared to the GUI image (instead of a top most window), which is obtained by screenshot
function. The minMaxLoc will include the position which is best fit the template on the GUI image. The
function gives more reliable result even with different PCs. Its drawback is required more processing
time. Therefore, it should be used only when the handle of a control is not available.

With these techniques at hand, some basic functions of the softwares for ESI-MS and ICP-MS have been
automated as presented in tabs “ESI-MS automation” and “ICP-MS automation” in Section 9.1.1.
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CHAPTER 10 SUMMARY AND FUTURE WORKS

In this work, an online reaction monitoring system combining the advantages of micro reactor systems
and analytical devices has been improved in performance and scope of functions. The system is
computer-controlled with all actions are automated via the GUI. From the initial setup as described in

Section 3.2, the system has improved through different works.

1) The addition of the dilution module enables the system to work with high concentrated solution
without sample overloading problems for the MS. An active flow splitter (or mass rate attenuator) in
combination with a compensation pump is applied that permits a dilution ratio from 10 to 100,000. The

dilution is possible with different solvents and stable in different flow rates of the micro reactor.

2) The online reaction monitoring system (ORMS) including the dilution module can be integrated with
an ESI-MS operating in time-resolved analysis (TRA) mode to measure the diluted solution online.
Different concentrations of stock solution and different types of solvent (MeOH, ACN) for stock solution
are used. The dilution gives logical results (higher dilution ratio gives lower concentration and vice versa)
for all tested stock solutions. The effects of different solvents onto the obtained peak areas are also

observed.

3) The micro reactor system was integrated with an ICP-MS for metal detection. Two integration schemes
are proposed and tested. The results show a strong contamination of Fe and Cu from the carrier pump to
the sample. There is also a strong influence of solvents to metal dissolution of the carrier pump to the

sample.

4) The dilution was quantified using the ICP-MS in spectrum mode. The dilution is able to give >90%
accuracy under various micro reactor’s flow rates. It is also observed that, CPSs (count per second) for

different elements with a similar concentration in a solution are different.

5) The dilution system was evaluated using ICP-MS in TRA mode. The dilution gives logical results
(higher dilution ratio gives lower concentration and vice versa) and is stable in different flow rates of the

micro reactor. In general, measuring in TRA mode gives as logical results as with the spectrum mode.

6) The sampling method was modified for saving time and materials. Two algorithms are further

developed and both of them fulfill this purpose.

7) The second algorithm in which the total time and material consumption for a series of reaction stages
equals the sum of the first and the last reaction stages is selected for implementation in the control
software. The test with 6 reaction stages showed a reduction larger than 55% in time and material
consumption. Moreover, the more reaction stages in a series are, the higher reduction percentage the

system gets.

8) The heating module was modified to allow a faster heating rate (about 5°C/min). The temperature of
the reagent solution can be conditioned from -20°C up to 180°C. The internal and external working modes
of the circulator are also used to heat the micro reactor block safely.
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9) A chemical reaction was performed successfully at 25°C and 55°C to demonstrate the working

possibility of the heating module and the influence of temperature on reaction kinetics.

10) The errors of simultaneous reading from and writing to devices which caused peak missing and
double sized-peak in sampling of the existing system were corrected. This reduced the standard deviation

in sampling replication down to less than 10%.

11) The existing control software was modified for accommodation of new functions and modules. The

modified GUI has tab structure and each tab manipulates a functioning module.

12) A communication was established with the analyzer’s control software for a convenience in operation
and data processing. The Autolt library is implemented for this GUI automation purpose. Basic functions
in the MassHunter Workstation software for ESI-MS and ICP-MS are automated.

However, some drawbacks in the system and possible solutions are worth mentioning:

1) The problem of first smaller sampling peak when using acetic acid solvent as presented in section 5.4.2

has not yet been solved.

2) The slow heating/cooling rate of the system due to heat requirement by 4.5L of heating solvent, 2,200g
of the metallic micro reactor block and smaller inlet/outlet of the heat exchanger. For further testing, the
heating/cooling module could be connected to other types of micro reactor to check for the

heating/cooling rate.

3) High STD of measurement with the dilution module due to different settings in the MRA for different

flow rates of micro reactor.

4) The small housing does not conveniently include all system components. A bigger design for the

system compartment is preferred.
For future work,

1) Different types and sizes of micro reactor could be connected for various possible measuring time and

heating rate.

2) For different layers of automation, a microcontroller could be used to replace the USB relay board,
which uses the QLIB library. This device is very expensive and its driver must be installed in the PC but
it is only used to switch ON/OFF the relay for the valve of the carrier solvent flow only.

3) SAMI® AUTOMATED METHOD DEVELOPMENT INTERFACE, which is a graphical method
development tool for use with automatic system to develop, schedule, monitor, and run assays, has been
using in the laboratory. The OMRS is an automatic analytical system so that it is worth attempting the
communication between OMRS and SAMI®. SAMI” could send commands in *.xml form to control
different work stations. The ORMS control software will receive commands aimed for it from SAMI and
interpret those commands in order to control its peripheral devices. In this case, different automation

layers can be realized (physical layer — control layer — management layer).
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4) By online reading signals of a reaction’s products, reaction conditions can be influenced automatically
based on these feedback data. As a result, reaction rate, product quality or product quantity can be
optimized. The revolutionary algorithm or self-optimization (i.e. the Nelder-Mead simplex algorithm
NMSIM or the stable noisy optimization by branch and fit SNOBFIT algorithm), design of experiments

(DoE) and kinetic parameters can be used for this purpose.
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CHAPTER 11 EXPERIMENTAL SECTION

11.1 Devices and Materials

Details of devices and chemicals used in this work are listed in Table 11-1 and Table 11-2 respectively.

Table 11-1: Main devices used in the system

Device Name Manufacturer Quantity Module
HPLC pump Wellchrome K-501 Knauer, Berlin, Germany 2 Reactor
Micro reactor Meander 11 Ehrfeld, Wendelsheim, Germany 1 Reactor
Micro annualar gear pump [MZR 2942 HNP Mikrosysteme Schwerin, Germany 1 Reactor
Flow meter Mini Cori-flow, M13  |Bronkhorst Mittig, Kamen, Germany 1 Reactor
Switching multiport valve |{C10UW Vici, Schenkon, Switzerland 1 Reactor
CoUW Vici, Schenkon, Switzerland 1 Reactor

Refrigerated/heating F26 HP Julabo, Seelbach, Germany 1 Heating/Cooling
circulator
Chilling/heating block Cole-Parmer, Kehl/Rhein, Germany 1 Heating/Cooling
Mass selective analysis ESI-TOF-MS G1969A |Agilent Technologies, Waldbronn, Germany 1 Analyzer
system
Mass selective analysis ICP-MS 7700x Agilent Technologies, Waldbronn, Germany 1 Analyzer
system
HPLC pump Smartline 100 Knauer, Berlin, Germany 1 Dilution
Isocratic pump GI310A Agilent Technologies, Waldbronn, Germany 1 Dilution
Active flow splitter MRA-100-00-AG Rheodyne, L.P., Rohnert Park, CA, USA 1 Dilution
Table 11-2: List of materials used for experiments

Name Concentration Manufacturer
Acetonitrile ROTISOLV® (ACN) HPLC gradient grade Roth, Karlsruhe, Germany
Methanol ROTISOLV® (MeOH) HPLC gradient grade Roth, Karlsruhe, Germany
Acetic acid ROTIPURAN® 100% Roth, Karlsruhe, Germany
Acetic acid anhydride ROTIPURAN® (AAA) >99% Roth, Karlsruhe, Germany
L-Tryptophan CELLPURE®™ (NDL) >99% Roth, Karlsruhe, Germany
N-Formyl-DL-tryptophan (NFT) 90-100% MP Biomedicals, Illkirch, France
Octanoic acid (OS) >99% Merck-Schuchardt (Hohenbrunn, Germany)
4-Methyloctanoic acid (4-MOS) >98% Sigma Aldrich (Steinheim, Germany)
CertiPUR® ICP multi-element standard solution IV 1000 mg/L Merck (Darmstadt, Germany)
CertiPUR® Lutetium ICP standard 1000 mg/L Merck (Darmstadt, Germany)
Nitric acid supra-quality ROTIPURAN® Supra (HNO;) |69% Carl Roth (Karlsruhe, Germany)
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11.2 Experimental Settings

11.2.1 Experiment 1

Table 11-3 shows the experimental settings for estimating the time resolution of the system. A solution of
80 uL/L Octanoic acid (OS) and 40 pL/L 4-Methyl Octanoic acid in Methanol ran through the micro
reactor at flow rate 2 mL/min. Acetonitrile/water (40%:60%) used as a carrier solvent ran at flow rate 0.4
mL/min and 0.6 mL/min respectively to see its influence on the signal intensity. Different sampling
intervals (7, 10, 15, 20, 30, 40s) were attempted in order to observe when peak overlapping occurs. The

experiment was repeated 3 times with 5 peaks for each sampling series.

Table 11-3: Settings for experiment 1 (time resolution)

Experiment 1 Section 4.5
Solution 80 pl/l Octanoic acid (OS) and 40 pl/l 4-Methyl Octanoic acid in MeOH
Micro reactor flow rate (mL/min) 2
Educt pump ratio (P;:P;) 1:1
Solvent carrier ACN/H,0 (40%:60%)
Carrier solvent flow rate (P3) (mL/min)|0.4, 0.6
Sampling duration (s) 0.2
Sampling interval (s) 7,10, 15, 20, 30, 40
Peak replication 5
Number of runs 3
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11.2.2 Experiment 2

Table 11-4 contains settings for testing the FSM-approach 1. The acetylation reaction with solution 1: 20
mg/L N-DL-Tryptophan and 2.5 mg/L NFT in acetic acid and solution 2: a mixture of 20 ml/L acetic
anhydride acid (AAA) in acetic acid was measured at reaction stage 1.5 — 3 — 4.5 min using the FSM
(M=2, 4, 6) and SSM. Acetonitrile/water (40%:60%) used as a carrier solvent ran at flow rate 0.4 mL/min
to transfer samples to the analyzer. The experiment ran 3 times for FSM and 3 times for SSM with 5 peak

replications for each reaction stage. Sampling duration was 0.2s and sampling interval was 20s for the
SSM.

Table 11-4: Settings for Experiment 2 (Fast Sampling Method - Approach 1)

Experiment 2 Section 5.4.2
Reaction stage (min) 1.5-3-45
Temperature (°C) Ambient
Carrier Solvent ACN/H,0 (40%:60%)
Carrier solvent flow rate (mL/min) 0.4
Educt pump ratio (P:P,) 1:1
Solution 1 20 mg/L N-DL-Tryptophan + 2.5 mg/L NFT in acetic acid
Solution 2 20mL/L Acetic anhydride acid in acetic acid
Sampling method FSM (M=2, 4, 6) SSM
Peak repetition 1 5
Runs 3 3
Sampling duration (s) 0.2 0.2
Sampling interval (s) - 20
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11.2.3 Experiment 3

Table 11-5 is settings for testing the FSM approach 2 and of the SSM. The acetylation reaction with
solution 1: 20 mg/L N-DL-Tryptophan and 5 mg/L NFT in acetic acid and solution 2: a mixture of
20 ml/L AAA in acetic acid was measured at reaction stage from 1 to 10 min using the FSM approach 2
and SSM. Acetonitrile/water (40%:60%) used as a carrier solvent ran at flow rate 0.6 mL/min to transfer
samples to the analyzer. The experiment was run 5 times for FSM and 3 times for SSM with 5 peak
replications for each reaction stage. Sampling duration was 0.2s and sampling interval was 19s for the
SSM.

Table 11-5: Settings for Experiment 3 (Fast Sampling Method - Approach 2)

Experiment 3 Section 5.4.2
Reaction stage (min) 1,2,3,4,5,6,7,8,9, 10
Temperature (°C) Ambient
Carrier solvent ACN/H,0 (40%:60%)
Carrier solvent flow rate (mL/min) 0.6
Educt pump ratio (P;:P,) 1:1
Solution 1 20 mg/L N-DL-Tryp + 5 mg/L NFT in acetic acid
Solution 2 100 mL/L Acetic anhydride acid in acetic acid
Sampling method FSM SSM
Peak repetition 1 4
Runs 5 3
Sampling duration (s) 0.2 0.2
Sampling interval (s) - 19
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11.2.4 Experiment 4

Table 11-6 is the settings for testing the heating module using FSM approach 1 and of the SSM. The
acetylation reaction with solution 1: 20 mg/L. N-DL-Tryptophan and 2.5 mg/L NFT in acetic acid and
solution 2: a mixture of 20 ml/L AAA in acetic acid was measured at reaction stages 1.5 — 3 — 4.5 min at
25°C and at 55°C. Acetonitrile/water (40%:60%) used as a carrier solvent ran at flow rate 0.4 mL/min to
transfer samples to the analyzer. The experiment was run 3 times for FSM and 3 times for SSM with 5

peak replications. Sampling duration was 0.2s and sampling interval was 20s for SSM.

Table 11-6: Settings for Experiment 4 (Heating module)

Experiment 4 Section 6.6
Reaction stage (min) 1.5-3-45
Temperature (°C) 25-55
Carrier solvent ACN/H,0 (40%:60%)
Solvent carrier flow rate (mL/min) 0.4
Educt pump ratio (P,:P,) 1:1
Solution 1 20 mg/L N-DL-Tryptophan + 2.5 mg/L NFT in acetic acid
Solution 2 20 mL/L Acetic anhydride acid in acetic acid
Sampling method FSM (M=2, 4, 6) SSM
Peak repetition 1 5
Runs 3 3
Sampling duration (s) 0.2 0.2
Sampling interval (s) - 20
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11.2.5 Experiment 5

Table 11-7 shows settings of a test for comparing dilution using the mass rate attenuator (MRA) with and
without flow compensation. OS and 4-MOS in MeOH solvent were run through the micro reactor at flow
rates varied from 0.6 mL/min to 6 mL/min while other parameters were kept unchanged.
Acetonitrile/water (40%:60%) used as a carrier solvent ran at flow rate 0.4 mL/min to transfer samples to
the analyzer. For the first case, the flow rate of the diluent solvent, methanol, is fixed at 0.6 mL/min and
split factor is 3. Meanwhile, for the second case with flow compensation, the diluent, compensation flow
rate and split factor were automatically calculated based on the dilution ratio (100) and micro reactor flow
rate. The experiment was run 3 times for each scheme with 5 peak replications for each flow rate

(reaction stage). Sampling duration was 0.2s and sampling interval was 16s.

Table 11-7: Settings for experiment 5 (Testing for dilution Before and After using the flow compensation approach)

Experiment 5

Section 7.8.2

Without With flow compensation

Solution

OS + 4-MOS in MeOH

Solvent carrier

ACN/H,0 (40%:60%)

Solvent carrier flow rate (mL/min)

0.4

Micro reactor flow rate (mL/min)

06-08-1-2-4-6

Educt pump ratio (P;:P,)

1:1

Sampling duration (s) 0.2

Sampling interval (s) 16

Peak replicate (peaks/reaction state) 5

Number of runs 3

Diluent MeOH

Compensation solvent - MeOH
Compensation flow rate (mL/min) - Automatically calculated
Diluent flow rate (mL/min) 0.6 Automatically calculated

Split Factor: 3 Dilution ratio: 100

Split ratio: 100
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11.2.6 Experiment 6

Table 11-8 shows settings of a test for comparing automatic dilution and manual dilution. Four dilution
ratios (1:500 — 1:300 — 1:100 — 1:50) were tested. Initially, stock solution 1 with 91 mg/L OS + 91 mg/L
4-MOS in MeOH ran through the micro reactor at flow rates 4 — 2 — 1 mL/min. Acetonitrile/water
(40%:60%) used as carrier solvent ran at flow rate 0.6 mL/min to transfer samples to the analyzer. MeOH
was used as the diluent and compensation solvent for automatic dilution. The experiment ran 3 times for
automatic dilution with 5 peak replications and 1 time for manual dilution with 20 peak replications.

Sampling duration was 0.2s and sampling interval was 16s.

Then, the experiment was repeated with the same settings using stock solution 1 (low concentration) and
later stock solution 3 (high concentration). These experiments are used to test the dilution in different

concentrations of stock solution.

Finally, the experiment was repeated for stock solution 4, 5, and 6 in order to compare the dilution in
different solvents. The system’s settings are the same except for the diluent and compensation solvent are
ACN.

Table 11-8: Settings for experiment 6 (Dilution module)

Experiment 6 Section 7.8.2
Dilution Automatic Manual
Stock solution 1 (low concentration) 45.5 mg/L OS +45.5 mg/L 4-MOS in MeOH
Stock solution 2 (medium concentration) 91 mg/L OS + 91 mg/L 4-MOS in MeOH
Stock solution 3 (high concentration) 136.5 mg/L OS + 136.5 mg/L 4-MOS in MeOH
Stock solution 4 (low concentration) 45.5 mg/L OS + 45.5 mg/L 4-MOS in ACN
Stock solution 5 (medium concentration) 91 mg/L OS + 91 mg/L 4-MOS in ACN
Stock solution 6 (high concentration) 136.5 mg/L OS + 136.5 mg/L 4-MOS in ACN
Dilution Ratio 1:500 — 1:300 — 1:100 — 1:50
Micro reactor flow rate (mL/min) 4-2-1
Or reaction stage (min) 3-6-12
Solvent carrier ACN/H,0 (40%:60%)
Solvent carrier flow rate (ml/min) 0.6
Educt pump ratio (P;:P,) 1:1
Sampling time (s) 0.2
Sampling interval (s) 16
Diluent 1 MeOH
Diluent 2 ACN -
Compensation solvent 1 MeOH
Compensation solvent 2 ACN -
Run 3 1
Peaks 5 20
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11.2.7 Experiment 7

Table 11-9 is the settings of the experiment for testing two schemes of integration to ICP-MS. 100 pg/L
ICP multi-element standard solution IV in HNO; (1%, v/v) and an internal standard solution contained 500
pg/L lutetium in HNO; (5%, v/v) were used. In the first concept, micro reactor flow rate was fixed at 2
mL/min. Carrier solvent, ultrapure water and HNO; (1%, v/v), ran separately from 0.2 mL/min to 0.6
mL/min. Meanwhile, in the second concept, micro reactor flow rate varied from 0.6 mL/min to 8 mL/min
and no carrier solvent was used because the carrier pump was not included. In addition, the sample flow to

the ICP-MS was continuous that there was no requirement for sampling in this concept.

Table 11-9: Settings for experiment 7 (Integration to ICP-MS)

Experiment 7 Section 8.4
Configuration 1 Configuration 2
Solution 100 pg/L ICP multi-element standard solution IV in HNO; (1%, v/v)
Internal standard - 500 pg/L lutetium in HNO; (5%, v/v).
Carrier solvent flow rate (mL/min) 0.2-0.6 -

Carrier solvent Ultrapure water
HNO; (1%, v/v)

Sampling duration (s) 3 -
Sampling interval (s) 50-30 -
Peak replicate 10 -
Sample loop (uL) 5 5
Micro reactor flow rate (mL/min) 2 06-8

Speed of peristaltic pump (rps) - 0.1




11.2.8 Experiment 8

Table 11-10 shows settings for a testing with blank 1% HNOj; solvent in order to determine contaminants
from the ORMS to sample. Five vials of calibration solution and four vials of blank solution HNO; (1%,
v/v) were prepared and taken by the ALS. After that, four dilution ratios (1:1000 — 1:500 — 1:100 — 1:50)
were tested using the ORMS with the automatic diluting mode. HNO; (1%, v/v) ran through the micro
reactor at flow rates 4 — 2 — 1 mL/min sequentially. HNO; (1%, v/v) was used as a diluent and
compensation solvent. The experiment was 2 times. Sampling duration was 0.2s; sampling interval was
790s so that the ICP-MS could repeat measuring 4 to 5 samples.
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Table 11-10: Settings for experiment 8 (Integration to ICP-MS — Dilution with blank 1% HNOs3)

Experiment 8

Section 8.5.2.1

Automatic dilution (ORMS)

ALS

Calibration solution

1-5-10-50-100 pg/L ICP multi-element
standard solution IV in HNOj3 (1%, v/v)

Sample for ALS

4 vials of blank HNOj; (1%, v/v)

Solution

Blank HNO; (1%, v/v)

Dilution Ratio

1:1000 — 1:500 — 1:100 — 1:50

Micro reactor flow rate (mL/min)

4-2-1

Dilution solvent/Diluent

HNO; (1%, v/v)

Compensation solvent

HNO; (1%, viv)

Educt pump ratio (P;:P,) 1:1 -
Sampling time (s) 0.2 -
Sampling interval (s) 790 -
Sampling repetition 2 -
Run 2 times 2 times
Speed of peristaltic pump (rps) - 0.1
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Table 11-11 shows settings for a testing with ultrapure water solvent in order to determine contaminants

from the ORMS to sample. Five vials of calibration solution and four vials of blank solution were
prepared and taken by the ALS. After that, four dilution ratios (1:1000 — 1:500 — 1:100 — 1:50) were
tested sequentially using the ORMS with the automatic diluting mode. Ultrapure water ran through the

micro reactor at flow rates 4 — 2 — 1 mL/min sequentially. Ultrapure water was used as a diluent and

compensation solvent. The experiment was run 2 times. Sampling duration was 0.2s; sampling interval

was 790s so that the ICP-MS could repeat measuring 4 to 5 samples.

Table 11-11: Settings for experiment 9 (Integration to ICP-MS — Dilution with blank ultrapure water)

Experiment 9

Section 8.5.2.2

Automatic dilution (ORMS)

ALS

Calibration solution

1-5-10-50-100 pg/L ICP multi-element
standard solution IV in ultrapure water

Sample for ALS

4 vials of ultrapure water

Solution

ultrapure water

Dilution Ratio

1:1000 — 1:500 — 1:100 — 1:50

Micro reactor flow rate (mL/min)

4-2-1

Dilution solvent/Diluent

ultrapure water

Compensation solvent

ultrapure water

Educt pump ratio (P;:P,) 1:1 -
Sampling time (s) 0.2 -
Sampling interval (s) 790 -
Sampling repetition 2 -
Run 2 times 2 times
Speed of peristaltic pump (rps) - 0.1




11.2.10 Experiment 10

137

Table 11-12 shows settings of a test for comparing automatic dilution and manual dilution in integration

with an ICP-MS system operating in spectrum mode. Four dilution ratios (1:1000 — 1:500 — 1:100 — 1:50)

were tested. 5 mg/L ICP multi-element standard solution IV in 1% HNO; ran through the micro reactor at

flow rates 4 — 2 — 1 mL/min. HNO; (1%, v/v) was used as a diluent and ultrapure water was used as a

compensation solvent in automatic dilution. The experiment was run 2 times. Sampling duration was 0.2s;

sampling interval was 790s so that the ICP-MS could repeat measuring 4 to 5 samples. The measurement

of calibration solution and manually diluted samples were conducted when the ALS was connected to the

ICP-MS.

Table 11-12: Settings for experiment 10 (ICP-MS in spectrum mode — Dilution of 5 mg/L ICP multi-element standard solution
IV in HNO; (1%, v/v) with HNO; (1%, v/v) as a diluent)

Experiment 10

Section 8.5.2.3

Automatic dilution (ORMS)

Manual dilution (ALS)

Calibration solution

1-5-10-50-100 pg/L ICP multi-element
standard solution IV in HNO; (1%, v/v)

Sample for ALS 4 vials of manually diluted solution
5 mg/L ICP multi-element standard 5 mg/L ICP multi-element standard solution IV
Solution solution IV in HNOj3 (1%, v/v) in HNOj; (1%, v/v)

Dilution Ratio

1:1000 — 1:500 — 1:100 — 1:50

1:1000 — 1:500 — 1:100 — 1:50

Micro reactor flow rate (mL/min)

4-2-1

Dilution solvent/Diluent

HNO; (1%, v/v)

Compensation solvent

ultrapure water

Educt pump ratio (P;:P,) 1:1 -
Sampling time (s) 0.2 -
Sampling interval (s) 790 -
Sampling repetition 2 -
Run 2 2
Speed of peristaltic pump (rps) - 0.1
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11.2.11 Experiment 11

Table 11-13 shows settings of a test for comparing automatic dilution and manual dilution in integration
with an ICP-MS system operating in spectrum mode. Four dilution ratios (1:1000 — 1:500 — 1:100 — 1:50)
were tested. 5 mg/L ICP multi-element standard solution IV in ultrapure water ran through the micro
reactor at flow rates 4 — 2 — 1 mL/min. Ultrapure water was used as a diluent and compensation solvent in
automatic dilution. The experiment was run 2 times. Sampling duration was 0.2s; sampling interval was
790s so that the ICP-MS could repeat measuring 4 to 5 samples. The measurement of calibration solution

and manually diluted samples were conducted when the ALS was connected to the ICP-MS.

Table 11-13: Settings for experiment 11 (ICP-MS in spectrum mode — Dilution of 5 mg/L ICP multi-element standard solution
IV in ultrapure water with ultrapure water as a diluent)

Experiment 11 Section 8.5.2.4

Automatic dilution (ORMS) Manual dilution (ALS)

1-5-10-50-100 pg/L ICP multi-element

Calibration solution standard solution IV in ultrapure water

Sample for ALS 4 vials of manually diluted solution

5 mg/L ICP multi-element standard 5 mg/L ICP multi-element standard solution IV

Stock Solution

solution IV in ultrapure water

in ultrapure water

Dilution Ratio

1:1000 — 1:500 — 1:100 — 1:50

1:1000 — 1:500 — 1:100 — 1:50

Micro reactor flow rate (mL/min)

4-2-1

Dilution solvent/Diluent

ultrapure water

Compensation solvent

ultrapure water

Educt pump ratio (P;:P»)

1:1

Sampling time (s) 0.2 -
Sampling interval (s) 790 -
Sampling repetition 2 -
Run 2 2
Speed of peristaltic pump (rps) - 0.1
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11.2.12 Experiment 12

Table 11-14 shows settings of a test for comparing automatic dilution and manual dilution in integration
with an ICP-MS system operating in TRA mode. Four manually diluted solution at ratios 1:1000, 1:500,
1:100, 1:50 were sequentially run by the ORMS. After that, four diluting ratios (1:1000 — 1:500 — 1:100 —
1:50) were automatically diluted using the ORMS. 5 mg/L ICP multi-element standard solution IV in 1%
HNO; ran through the micro reactor at flow rates 4 — 2 — 1 mL/min. HNO; (1%, v/v) was used as diluent
and compensation solvent in automatic dilution. The experiment was run 2 times. Sampling duration was
3s; and sampling interval was 160s.

Table 11-14: Settings for experiment 12 (ICP-MS in TRA mode — Dilution of 5 mg/L ICP multi-element standard solution IV in
HNO; (1%, v/v) with HNO; (1%, v/v) as a diluent)

Experiment 12 Section 8.6.2
Automatic dilution (ORMS) Manual dilution (ORMS)

Stock solution 5 mg/L ICP multi-element standard solution IV in HNO; (1%, v/v)
Dilution Ratio 1:500 — 1:100 — 1:50 1:1000 — 1:500 — 1:100 — 1:50
Micro reactor flow rate (mL/min) 4-2-1 1

Dilution solvent/Diluent HNO; (1%, v/v) -

Compensation solvent HNO; (1%, v/v) -

Educt pump ratio (P:P,) 1:1 1:1

Sampling time (s) 3 3

Sampling interval (s) 160 160

Sampling repetition 5 5

Run 2 2

Speed of peristaltic pump (rps) - -
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ABBREVIATIONS

AAS:
AES:
AFS:
ALS:
APCI:
API:
CPS:
DART:
EESI:
ESI:
FIA:
FSM:
GC:
GUI:
HPLC:
ICP:
1D:
IDE:
LC:
LTP:
MS:
MRA:
mazr:
OES:
ORMS:
P1, P2:
P3:
P4:
PC:
PID:
SF:
SIA:
SSM:
STD:
TOF:
TIC:
TRA:

Atomic absorption spectroscopy
Atomic emission spectroscopy
Atomic fluorescent spectroscopy
Auto sampler

Atmospheric pressure chemical ionization
Application programming interface
Count per second

Direct analysis in real-time
Extracted electrospray ionization
Electrospray ionization

Flow injection analysis

Fast sampling method

Gas chromatography

Graphical user interface

High performance liquid chromatography
Inductively-coupled plasma
Internal diameter

Integrated development environment
Liquid chromatography

Low temperature plasma

Mass spectrometry

Mass rate attenuator

Micro annular gear pump

Optical emission spectroscopy
Online reaction monitoring system
HPLC Knauer pump

Carrier solvent pump

Dilution pump

Personal computer

Proportional - integral - derivative
Split factor

Sequential injection analysis

Slow sampling method

Standard deviation

Time of flight

Total ion current

Time-Resolved Analysis
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THESES

1) An online reaction monitoring system (ORMS) combining the advantages of micro reactor systems and

analytical devices has been improved in performance and scope of functions.

2) The system is computer-controlled with all actions are automated via the GUIL From the initial setup,

the system has improved through different works.

3) The dilution module, which combines an active flow splitter (or mass rate attenuator) with a
compensation pump, enables the system to work with high concentrated solution without the sample

overloading problem for the MS.

4) The dilution is able to dilute automatically various ratios with various stock solutions at different

concentrations and stable for different flow rates of the micro reactor.

5) The online reaction monitoring system including the dilution module can be integrated with an ESI-MS
operating in time-resolved analysis (TRA) mode to measure the diluted solution online. Results from

automatic dilution are comparable to manual dilution.

6) By integrating with an ICP-MS, the ORMS is capable of metal detection. Two integration schemes
were proposed and tested. The results show a strong contamination of Fe and Cu from the carrier pump to
the sample. There is also a strong influence of solvents to metal dissolution of the carrier pump to the

sample.

7) The dilution was quantified using the ICP-MS in spectrum mode. The dilution is able to give >90%

accuracy under various micro reactor’s flow rates.

8) The dilution module also gives logical results (higher dilution ratio gives lower concentration and vice
versa) when the ICP-MS operates in TRA mode. In general, measuring in TRA mode of ICP-MS gives as

logical results as with the spectrum mode.

9) Both algorithms for sampling, which were further developed from the existing ones, are more versatile,

and save time and materials more efficiently.

10) The second algorithm in which the total time and material consumption for a series of reaction stages
equal the sum of the first and the last reaction stages is selected for implementation in the control
software. This algorithm is simple to understand and more efficient when there are more reaction stages

1n a series.

11) The heating module is speeded up with the heating rate about 5°C/min after removing unnecessary
curve connectors and using an additional heating plate. Temperature of reagent solution could be
conditioned from -20°C up to 180°C.

12) The internal working mode of the heating circulator is used to heat the micro reactor block safely.

And its external working mode is used to heat the micro reactor block quickly.
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13) The errors of simultaneous reading from and writing to devices which caused peak missing and

double sized-peak in sampling of the existing system were corrected. This reduced the standard deviation

in sampling replication down to less than 10%.

14) The existing control software was modified for accommodation of new functions and modules. The

modified GUI has tab structure and each tab manipulates a functioning module.

15) The ORMS control software can communicate with the analyzer’s control software for a convenience
in operation and data processing. The Autolt library is implemented for this GUI automation purpose.
Basic functions in the MassHunter Workstation software for ESI-MS and ICP-MS are automated.
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