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Abstract: With the commercial availability of integrated microreactor systems,the
numbersof chemical processeghat are performednowadaysin a continuousflow is
growing rapidly. The control over mixing efficiency and homogeneouseatingin these
reactorsallows industrial scale productionthat was often hamperedby the use of large
amountsof hazardouschemicals.Accurateactuationand in line measurementsf the
flows, to havea bettercontrol over the chemicalreaction,is of addedvaluefor increasing
reproducibilityanda safeproduction.
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1. Introduction

With the commercialavailability of microfluidic devicessuchas microreactorsystemsjntegrated
dispensingunitsandin-line analysisthe numbersof lab scalechemicalprocessethatareperformedn
a continuousflow, is currently growing rapidly and severalexamplesof industrial processesre
known [17 3]. Where initial developments in microreactechnology mainly focused on the design of
the microreactochips(silicon, glass,polymerslike polydimethylsiloxanejfor a controlledadditionof
small quantitiesof reagenin reactionchannelsup to microliter volumes a clearshift is observedrom
the designof microreactorsto the developmentf chemicalprocesses a microreactorfor a precise
controlof reactionparameter§4i 6].
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Microreactor technology enablesincreasedprocess control due to inherently excellent heat
dissipation especiallyin scaleup, andoften showsbeneficialeffectwhenbatchwisesynthesesurn out
to be low yielded [7,8]. There are three main types of reactionsdescribedin literature that show
enhancecfficiency whenperformedin a continuoudlow: (i) finstantaneousreactiongt; < 1 s) which
are controlledby mixing efficiency, (ii) fifas reactions(1 s < t, < 10 min) which are predominantly
kinetically controlledand ii) slow reactions(t; > 10 min) [9]. Although reactiontimes longer than
10 min in generaldo not benefit from flow chemistry,reactiors can be significantly intensified,
therebydecreamg reactiontime by effectiveheatingandmixing atincreasegressuren a microreactor

The ability for engineeringalreadyin the early stageof new productdevelopmentallows chemists
to perform exothermicreactionsand the ability to work with highly toxic chemicalsat industrial
scale[10i 12]. The capabilityfor accurateflow actuationandin line measurementsf theseflows, to
havea bettercontrol overthe chemicalreaction,showsadditionalvaluein increasedeproducibility at
lab scale andis of majorimportanceor a safeproductionin scaleup.

In this article we describethe opportunitiesof flow meteringin flow chemistryon microliter scale
measuredvith a massflow meter(MFM). Initially, the accuracyof the pumpswasmeasued with the
MFM using water as solvent Next, the robustnes®f the MFM wasinvestigaed with a diversity of
organicsolventsfrequentlyusedin organicprocesseslo conclude threedifferentchemicalprocesses
werescreenedh flow, usingthe MFM asanexternalfeedbackon actualflow rate

2. Resultsand Discussion
2.1. Apparatus

Fut ur e ChHEawbtartEvo (SéeBigurel) [13] wasusedin the flow chemistryexperiments
The glassmicroreactorusedhadan internalvolumeof 100 L, achannelwidth of 600 pm, achannel
depth of 500 pm and an effective channellength of 360 mm. The channellayout containedan
additional mixing unit (M), being of the folding flow type [14]. Flowcontrol measurementsvere
performedusingthe Liquiflow mini massflow meter(MFM) from BronkhorstHigh Tech[15].

Figure 1. Schematicdrawingof the microfluidic setup(a) including (b) the Liquiflow mini
and(c) theFlowStartEva.
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http://www.bronkhorst.com/en/products/liquid_flow_meters_&_controllers/liquiflow_mini_lm02/
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2.2 Fluidic Activation Accuracyof PumpingDevices

Developmentand scaleup of a chemicalreactionis a time consumingprocess.Flow chemistry
significanty decreasethis time for developmenbecausehis techniqueenablesa fast optimizationof
processparametersvith controlled reactiontimesin a microreactorby accurateflow rates Liquids
rangingfrom test samplesto variousreagentsand washfluids must be dispensedn thesereactors,
dependingon its application.Dispensingof liquids is generallycontrolled by positive displacement
metering pumps with a high resolution steppermotor. Its high resolution allows fluid actuation
of solventsat very low flow rates downto 0.21 (L/min usinga 1l mL syringe Fut ur e Che mi s
FlowStartEvo hasthreeintegratedsyringe pumpsfor accuratefluid handling With desiredresidence
timesvaryingfrom 10 secondsip to 20 minutesin the microreactorflow ratesrangingfrom 1.5 |L/min
upto 850L/min arerequired.

In microreactortechnology dispengg of liquids becomes critical parametein the submicroliter
range.To investigatethe accuracyof the pumpsin the Flowstart Evo, they were testedin a range
from 0.0625up to 10.0 i/min. Without backpressureapplied,an excellentinearrespons of average
flow ratewas obtainedwith a flow rate>0.5 (L/min andwith only 1i 2% deviationfrom the setflow
rate (See Figure 2). With a flow rate <0.5 pL/min however,a significant deviaton was measured
resultingin a high offsetin the calibrationcurve Despitethe excellentaccuracyof the pumps,a large
fluctuationin actualflow wasobtained(SeeFigure 3, greenline). This fluctuationis causedyy a small
pressuregradientsetover the flow path causedoy the smallinner diameterof the tubing( 0, Ol 0 ) .
orderto suppresshesefluctuations, a back pressurg40 PSI) was connectecendof-line to moderate
the pressureandthusthe flow, andthe flow ratewasmeasuredvith a fixed flow rate (seeFigure 3,
blue line). Whilst the fluctuation in flow decreasedsignificantly, the averageflow rate was left
unchangedWith a microreactorplacedin betweenthe pumpandthe back pressureegulatorsimilar
flow rates wereobtained BPR, SeeFigurel).

Figure 2. Average flow rates in a range fraheft) Oi 1.0 (L/min and(right): Oi 10 L/min.
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Figure 3. Influenceof backpressurdo actualflow rate with setflow rateat 6.0 |.L/min .
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Thefluctuationof the flow is mainly causedyy the stepresolutionof the pump (volumedispensed
per step);the higherthe stepresolution,the lower the fluctuaion in flow. The 1 mL volume syringe
usedin the previousexperimentshasan internal diameterof 4.61 mm. To investigatethe influence
of the internal diameterto the fluctuation, syringeswith different internal diameterwere testd
(SeeEquation(1)). A 100 L volumesyringe(d = 1.01 mm) with a four-folded decreasen internal
diameterwasthereforeoughtto further decreasductuaion of the flow. Althoughthe deviationof the
actualaverageflow rate wasonly 2% from the setvalue, the fluctuation appearedo be unchanged.
Moreover,arepetitiverefill of the syringemakesit impracticalto use.An increasan internaldiameter
ontheotherhand,usinga5 mL syringewith aninternaldiameterof 10.3mm, resultedin only a slight

increasen deviationof theaveragdlow rate
I pm A A

W - (1)

where V = Volumedispenseger step(LL/step)
A = minimum pusheradvancg=0.02261163m/step)
d = internaldiameterof the syringe(mm)

Theinherentoscillationof the flow is causedy a slight curvatureof the threadandits threadpitch
gaugecorrelatedo the periodof oscillation;the smallerthe threadpitch gauge the smallerthe period
at fixed flow rate (SeeEquation (2)). The threadpitch gaugeof 1.20 mm (F = 0.1, T = 200, See
Figure 3), calculatedfrom the experimentalresultsusinga 1 mL syringe (d = 4.61 mm), nicely
correspondsvith the pitch gaugeasmeasurd (1.1% mm).

& 4 1

0 = 2)

where P = Threadpitch gauge(mm)
F = Flow rate(}L/s)
T = Period(s)
d = Internaldiameterof the syringe(mm)
With areproducibleflow measuredn arangeof 0.5 10.0L/min, usingdemiwaterasthe solvent,

the possibilitiesof reattime flow measurementsf organicsolventswith the MFM wereinvestigated.
The flow meteroperaten a thermal,thru-flow measuringprinciple basedon the heatcapacity(Cp)
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of the solvent. Differencesin respone are thereforemainly explainedby the differencesin heat
capacityof the solvens of choice.With a fixed flow, a variety of organicsolventthatis extensivey
usedin organicsynthesisvasscreenedSeeFigure4). The resultsshowsimilar oscillating effectand
standarddeviation for most organic solventscomparedto water. Volatile solventlike diethylether
(bp = 35 €) anddichloromethangbp = 40 €) however,show large deviationsin flow, ranging
from O to 100%relative flow rate.Basedon the thermalmeasuringprinciple of the MFM, it is most
likely thatthesefluctuationsresultfrom vaporformationof the solventinsidethe MFM.

Figure 4. Responsen flow rateof differentorganicsolvents.
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With the nontvolatile organic solventssuccessfullymeasuredvith the MFM, the viability of the
flow meterusing (heterogeneoughixturesand salt solutionswasinvestigated SeeFigure 5). When
a saturatedsolution of sodiumchloride (NaCl) was pumpedthroughthe flow meterduring onehour,
a consistenflow of solventwascollectedwithout precipitationof saltsin the MFM. A similar result,
albeit with increasedluctuation, was obtainedwhen a homogeneousnixture of acetonitrileand an
aqueoussolutionof sodiumchloride (NaCl) (1:1) waspumpedthroughthe MFM. A two phasdiquid
flow of tolueneandan aqueoussolutionof sodiumchloride (NaCl) (1:1) showeda drasticincreaseof
fluctuationandwerethereforeunableto be measure@ccuratelywith the MFM.

Figure 5. Responseon flow rate with Demiwater (H.O); A homogeneousnixture of
acetonitrileandaqueoudNacCl (1:1); A saturatedodiumchloridesolution
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2.4. Applicationof Flow Metersin ChemicalProcesses

External feedbackon flow rate providesadditional information in flow chemistryfor increasd
safetywhen working at large scale e.g, when outflow of reactiveintermediatess observeddueto
high offset or whenhighly toxic reagentsaareused To demonstratehe useof the MFM alreadyin the
early stageof developmenttherebyrecordingthe actualflow rateduring the reaction theinlet of the
substraten differentchemicalreactionshasbeenscreenedisingthe MFM for flow metering.

2.4.1 PhotochemicaDxidationof Furanone

Photochemistrys anorganicchemistrytool oftenneglectedThis is mostly dueto batchlimitations,
wherelight penetratiorinto the vesselis minimal, reactionreproducibilityis hamperedy differences
in setup and the reactionmixture is significantly heatedby the lamp. In continuousflow, reaction
volumesaresmallmostof thetime, andrelativelylow optical poweris requiredto efficiently penetrate
the microreactorchannel.Therefore LEDs canbe usedaslight source which canbedescribedn most
casesas (almost) monochromatigphoton sourceswith well-defined power. The temperatureof the
small microreactorvolume is also easily controlled. A photochemicaloxidation of furanonewas
performedusingthe setupasdepictedin Figure6 [16]. A backpressurdBPR) of 40 PSlwasapplied
for aconsistenflow, asmeasuredby the massflow meter.

Figure 6. Schematisetupfor the photochemicabxidationof furanone
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The Syringe A was loadedwith the furanone(0.05M solutionin isopropanolandsyringeB with a
photosensitize(10% v/v . DMBP solution in isopropanol) Upon UV-radiation a reactionis then
performed.The resultsfrom the flow analysiswith the MFM indicatea stable systemwithin 15 min,
with a setflow rateof 10.0 tlL/min (t, = 10 min). Sampleswvere collectedevery5 min (tcoect= 1.0 min)
and analyzed dine. After 20 min the flow rate was set at 20.0 [.L/mipXt5.0 min) Again, samples
were colleced every5 min (SeeFigure 7). The samplescollectedwereanalyzedusingHPLC andthe
resultsplotted,asdepictedin the graph.The flows were measuredisingthe MFM. Smallfluctuations
in flow arecompensatetly extendedeactiontimesto obtainfull conversionasfoundin the screening
of reactiontime. The resultsshow86% conversiorwithin 5 min anda full conversiorwith a reaction
time of 10 min.
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Figure 7. Flow meteringof the photochemicateaction
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2.4.2 GrignardReactionof Benzaldehyde

The Grignardreactionis a very usefulorganictransformationasit effectively providesa carbanion
by treatmentof the correspondinghalide with magnesiummetal [17]. Alternatively, a variety of
Grignard reagentsis available as commercial solutions. In batch, Grignard reactionshave to be
conductedat strict anhydrousconditionsunderan inert atmosphereasthe reagents very sensitiveto
atmospherienoisture.Continuoudlow solvesthis issue asthe total systemis inherentlyfree of air. A
Grignardreactionwith benzaldehydevas performedusingthe setupasdepictedin Figure 8. A back
pressurdBPR) of 40 PSIwasappliedfor a consistenflow, asmeasuredy the massflow meter.

Figure 8. Schematicsetupfor the Grignardreactionwith benzaldehyde
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The syringe A was loadedwith the substratgbenzaldehyde).33 M) and SyringeB was loaded
with ethyl magnesiunbromide(1.0 M solutionin THF). The reactionwas quenchedvith ammonium
chloride (Q). The samplescollectedwere analyzedusing GC and the resultsplotted, as depictedin
Figure 9. The resultsshoweda consistentconversionof 84% within 10 s with a benzaldehyddo
ethylmagnesiuntbromideratio of 1.25at 30 €, with the flow of the Grignardreagentmeasuredvith
the massflow meter.In general,Grignardreactionsmight be sensitiveto clogging the microreactor
dueto precipitationof magnesiunsaltsformedin the reaction,dependingon its concentrationln this
case,flow control can provide additionalvaluein a continuousproductionrelatedto robustnesand
reproducibilityof the process.
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Figure 9. Flow meteringof the Grignardreaction
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2.4.3 '®r-Radiolabeling

Positronemissiontomography(PET) is a nuclearmedicineimaging techniquewhich producesa
threedimensionalscanof functional processesn the body by injecting a radiolabeled biologically
active molecule (tracer)into a patient. PET is often usedin clinical oncology (medicalimaging of
tumorg, andfor clinical diagnosisof certaindiffuse braindiseasesuchasthosecausingvarioustypes
of dementiasPET is alsoan importantresearchool to map normalhumanbrain and heartfunction.
The batch synthesisof thesePET tracersin hospitalsis limited due to the necessityof specialized
laboratorieequippedwith largehotcells,requiredfor shieldingof theradiationduringsynthesis.

Figure 10. Schematisetupfor the synthesiof a PET-tracer(FMISO).

Becausethe preparationof the PET tracersis not trivial, microreactortechnologyhasbecomeof
interestin the synthesisof PET-tracersdueto their enhancedeproducibility. Flowcontrolis of great
additional value now to avoid unwantedradiation exposure.As an example,a generally usel
PET-tracercalledFMISO, is preparedn atwo-stepprocedurausingthe setupasdepictedn Figurel0.
A backpressurg BPR) of 40 PSIwas appliedfor a consistentlow, as measuredy the massflow
meter.Leakageof the radionuclide(**F) canresultin extendedradiationexposureto the user.In this
caseflow control providesadditionalvaluefor a continuougroductionin a safemanner.
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