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Abstract

Results are reported on a study of materials used in the CERN Closed Loop recirculation
gas system presently under test with the RPC muon detectors in the CMS experiment
at the LHC. Studies include a sampling campaign in a low-radiation environment (cos-
mic rays at the CERN ISR test site). We describe the dedicated RPC chamber tests, the
chemical analysis of the filters and gas used, and discuss the results of the Closed Loop
system.
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1 Intr oduction

Resistive PlateCounters[1] (RPC)areusedin themuondetectorof theCompactMuon

Solenoid(CMS)experiment[2] at theCERNLargeHadronCollider. Theconstituentele-

mentsof RPCsaretwo parallelelectrode,high-resistivity bakelite platesbetweenwhich,

in a 2 mm gap,a gasmixture at ordinarypressureis circulated.A 9.0-10.0kV voltage

dropis appliedbetweenplates.RPCusefluorine-basedgasmixturewhosemaincompo-

nentis Freon.Becauseof thehighcostof Freonandthevery largegasvolumesinvolved

in the full system,the designof the CMS RPCgassystemis basedon a recirculation

systemcalledtheClosedLoop (CL) system.

The absenceof gascontaminantsis of paramountimportancein all gasdetectors,

andespeciallyin RPCdueto thehigh reactivity of theF-basedgasmixtureused[3] [4].

A gasgain monitoringsystem[5][6][7] hasbeendesigned,built andis beingcommis-

sionedby theCMSRPCgroupfor thefastmonitoringof theworkingpoint,basedon the

monitoringof theavalanchechargeandof thechamberefficiency. Thegasgainmonitor-

ing systemis basedonthreesingle-gapRPCsubdetectorsflushedwith cleanmixture,CL

mixtureafterpurifiersbeforecrossingCMS RPC,andCL mixture from thereturnlines.

Thegasgainmonitoringwill provideawarningin caseof aworkingpointchange.A gas

qualitymonitoringsystemis beingdevelopedby theCMSRPCgroupwhichwill perform

chemicalanalysessuchasGasChromatography(GC),High PressureLiquid Chromatog-

raphy(HPLC),pH meters,etc. following thereleaseof awarningcondition.

No aspectof thechemistryof purifiersusedin CL is fully understood,nor theex-

tentor thenatureof contaminantswith theexceptionof fluoridric acid,whosepresence

is established.Tests[8][9] at theGammaIrradiationFacility (GIF) [10] showedthepres-

enceof HF, which is detectedby accumulationmethodsor by theuseof HPLC,or ionic

column-equippedGC. We have proposed[11]a systematicinvestigationaimedto fully

clarify thechemistryof purifiersusedin theCL, structuredin threephases.Purifiersand

filters werefirstly studiedat the ISR testareaduring chambertestingwith cosmicrays

(phaseone).At completionof ISRchambertesting,new RPCdetectorsdedicatedto con-

taminantstudieswill be deployed (phasetwo). The systembehavior will be studiedby

allowing currentsto increaseunderproductionof contaminants.Finally, high-radiation

environmentandcontaminantswill bestudiedat theCL at theGIF facility (phasethree).

Results[12] [13] reportedonin thispaperreferto phaseonewhichtookplacein Septem-

ber2006.
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2 The ClosedLoop system

TheCMSClosedLoop(CL) [2][14][15] gassystemis shown in Fig.1. Thebasicfunction

of thegassystemis to mix thedifferentgascomponentsin theappropriateproportionsand

to distributethemixtureto theindividualchambers.Thelargedetectorvolumeandtheuse

of a relatively expensive gasmixturemake a closed-loopcirculationsystemmandatory.

Thesystemconsistsof severalmodules:theprimarygassupply, mixer andclosed-loop

circulationsystem,gasdistributors to RPCchambers,purifier, pump,andgas-analysis

station. In theCL system,gaspurity is guaranteedby a multistagepurifier system.The

full closed-loopcirculation systemextendsfrom the surfacegasbuilding SGX to the

USC55servicecavernandUXC55experimentalcavern.

Testswith a scaled-down prototypeCL system(Fig. 2) wereperformedin 2001at

theGIF[8][9] with theaim of selectingthepurifier materials.Purifiermaterialswerese-

lectedsuchthatcontaminantscomponents(appearingasspuriouspeaksin aGCotherthan

themixture known gases)wereminimized. Thepurifiersselectedwerezeolitemolecu-

lar sieve[16],BASFCuO-ZnOcatalyst(R3-12)[17], BASFCuO(R3-11G)[17],LEUNA

NiAlO + catalyst[18].Theabsorptioncapacityfor thevariouscontaminantswasnot stud-

ied.

In thestudydescribedin thispaper, resultsoncharacterizationof filter materialsfol-

lowing ananalysiscampaigncarriedout at theprototypeCL installedarereported.The

prototypeCL (Fig.2) is composedof mixer, purifiers,recirculationpumpanddistribution

to RPC detectors.EachRPC detectoris composedof two gaps(upstreamand down-

stream)whosegaslines areserially connected.RPCdetectorsareoperatedat a 9.2 kV

power supply. The anodedark currentdrawn becauseof the high bakelite resistivity is

approximately(1-2) , A. Gassamplingpointsbeforeandafter eachfilter in the closed

loopallow to samplegasfor chemicalandgaschromatographanalysis.While thefraction

of freshgasplannedfor useat the full CMS RPCdetectoris 2%, thecleangasmixture

fractionusedfor this studyis 10%.

Purifiermaterialwasusedoverseveralregenerationcycles(see- 3 for regeneration

procedure).Watersaturationof filters occurredafterabouttwentydays,followedaftera

few daysby anincreaseof thedarkcurrentdrawn accrossthebakelitegap.(Fig. 3). Dark

currentsof theupstreamdetectorareobservedrisingmuchmorethandarkcurrentsin the

downstreamdetectorasshown in Fig.3 a). Suchabehavior is consistentwith thepresence

of oneor moreunknowncontaminantsgeneratedby bothdetectors,thataccumulatein the

upstreamdetectorwhich actsasa filter. Contaminantsareremovedby purifiersaslong

asnot saturatedwith water. Replacingandregeneratingfilters afterabout25 daysallows

operationof theCL without darkcurrentsincreasein theRPCdetectors.A bestfit of an
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Figure1: TheCMSRPCClosedLoop recirculationgassystem.
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Figure2: Thescaled-down prototypeClosedLoopsystem.
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exponentialcurve to datapoints(Fig. 3 b) yieldsa .0/�1�2314/�5 daysdarkcurrentrisetime,

while thefall time is 64/8792:1;/8< days.

3 Filters

With theoriginalselectioncriteriabeingthefiltering of H= O andO= , testsatGIF showed

GCpeaksof unknown pollutantsthatdisappearedafterthefollowing purifiers

> purifier 1. consistingof a 24-litre cartridgefilled with 5Å Type molecularsieve

manufacturedby ZEOCHEM

> purifier2: consistingof two 24-litre cartridges,eachfilled with a combinationof:

1. 25%Cu-Znfilter typeR12manufacturedby BASF

2. 25%Cufilter typeR3-11Gmanufacturedby BASF

3. 50%Ni AlO ? filter type6525manufacturedLEUNA

Thefilters studiedin this paperaredescribedin AppendixI. Theregenerationprocedure

consistedof theheatingat 240@BA in a H= /Ar (7/93)flux of 100 liters/hourfor 16 hours,

followedby a2-hourcleaningwith Ar.

Unused,contaminatedandregeneratedpurifiersweresampled,andchemicalanal-

ysesperformedfor majorandtraceelements,aswell asfor sulphurandcarbon(graphitic,

totalandorganic),Ionic Chromatography(IC) to analyzefluorine,XRD analysesto iden-

tify zeolitetype andto evaluatea possiblecrystallinestructureof compounds,possibly

occurringaftergasfiltering. Theaimsof theseanalyseswereto characterizecontaminants

in filters, to identify their form (crystalline,in solution,amorphous),andto definethefil-

terscompositionafter regeneration.A brief descriptionof the analysismethodsusedis

givenin AppendixII.

Thezeolitegrainsizeanddiffractrometricpatternwasstudied.We found that the

molecularsieve materialconsistedof a mixture of a 5Å type anda 3Å type zeolite,

with the 5Å samplebeing measuredwith a grain size in the rangeof 2.0 mm to 2.8

mm, andthe3Å samplewith a grainsizein therangeof 1.0mm to 1.4 mm. Following

thesefindingsfilters wereopened,andfilter materialcompletelyreplacedwith unused

material.Thecompositionof thefilters usedfor themeasurementsreportedin this paper

is 100%molecularsieve 5Å type. We performeda XRD of the unused5Å molecular

sievematerialandcomparedit with existingdata.Theunknown compoundwell matches

zeoliteLINDE TypeA.

An increaseof traceelementsin filtersafteroperationandregenerationis observed.

In zeolitemolecularsieve, Cu, Ni andZn increaseafter purificationandonly partially
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Figure3: (a) Increaseof darkcurrentin RPCchambersundertestat the ISR in CL gas
systemwhenpurifiersaresaturated.Dark currentstartsdecreasingwhenchamberis set
in OpenLoop, anddecreasefurther whenchamberis returnedto CL with regenerated
purifiers.(b) Resultsof abestfit of anexponentialcurve to data.
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areremovedafter regeneration(Fig. 4), andthis is alsoshown for thesamefor F andS

(Fig. 5) andmajorelements(Fig. 6).

The zeolitemolecularsieve filters not only HC O, but also traceelementsleached

duringthegasflux from theCL system.At this stageof purification,thezeoliteactsasa

buffer andpH of gasmixtureincreasesfrom pH 4.9to pH 6.0.

Analysesof LEUNA 6525Ni-Al purifier show a decreaseof Cr, Cu andZn after

purification,andonly a partial recover of theseelementsafter regeneration,i.e., Cr, Cu

andZn arereleasedin thesystemandthey arenotcompletelyrecoveredafterregeneration

(Figs. 7, 8). F andS increaseafter filtration in the LEUNA filter, but arenot removed

afterregeneration(Fig. 9).

In theR3-12/R3-11Gfilter theF andS aretrappedbut not releasedafterregenera-

tion (Fig. 10). Substantialissuesareraisedby regeneratingtheR3-12purifier, which is

declarednot regenerablein datasheet.R3-12filter is usuallyusedfor removing tracesof

arsine,phosphine,COS,HC S from vaporor liquid phases.Suchcomponentsform CuS

andZnSsulphideswhichneithermigratenordesorboff of thecatalyst.S is presentin the

gasmixtureasSFD , andif released,Scouldbindwith CuandZn in asulphideform. This

is confirmedby theNi-basedLEUNA purifier high S content,which remainsin purifier

evenafterregeneration.

Finally, bothmetallicfiltersreleaseaveryfinedustresidue.Wecheckedonthetech-

nical specsandthepresenceof graphiteis confirmed.Particulatefilters (20 E m) should

beinstalled.

4 Gas

Thegasmixtureusedis 95.2%of FGCIH�CKJML in its environmental-friendlyversionR137a,

4.5%of NOFGLIHQP(R , and0.3% STJMD to suppressstreamerandoperatein saturatedavalanche

mode.Gasmixtureis humidifiedatthe45%RH level typically to balanceambienthumid-

ity, whichaffectstheresistivity of highly hygroscopicbakelite,andto improveefficiency

at lower operatingvoltage.TheCL is operatedwith a fractionof freshmixturecontinu-

ously injectedinto the system.Baselinefreshmixture fraction for CMS is 2%, the test

CL systemwasoperatedat 10%freshmixture.

Thestrategy adoptedfor thegasanalysiswasto searchfor elementslikely released

by filters, i.e.,metals,Na,K andCain first priority. No previousstudyexisted,therefore

averybroadspectrumof metallicelementswassearchedfor. Gassamplesweretakenby

bubblinggasmixturein HC O atfour samplingspotsof CL, namelycleanmixture(YV10),

after RPCdetectorsandbeforethe zeolitefilter (HV61), after zeolitefilter (HV62) and

after metallic filters (HV66) for a total of approximately20 daysanda total volumeof
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Figure4: Zeolitetraceelementstrend(Cu,Ni, Pb,Zn)

1 mU . Watersolutionwasanalyzedat HPLC.

Gasanalysisin samplingpointsdownstreamof zeolitefilters show Cacontentin-

creasein gasmixture, probablyreleasedby the 5Å Ca zeolite type during filtration.

Resultsalsoshow presenceof metalsandFV in gasmixture (Figs.11, 12, 13). ThepH

of gasmixturewasmonitored,findingconfirmationfor a bufferingactionof zeolitefrom

pH 4.5to pH 7 (Fig.14).

5 Bakelite

Thematerialusedfor thecontainersof gasvolumein CMSRPCdetectors(calledbakelite)

is a plastic laminateobtainedby wetting papersheetswith several kinds of resins. As

such,bakelite is composedof many elements.Plasticlaminatesareproducedby using

mainly melaminicandfenolic resins.For theRPCdetectors,a laminate[19] composed

of abulk of paperwet by fenolic resinwasused,surroundedby two outerlayersof paper

wet by melaminicresin,up to a 2 mm thickness.In CMS RPCdetectors,theouterlayer

of thebakelite sheetexposedto thegasmixtureis coatedwith linseedoil [21].

To study the effect of gasmixture on bakelite, samplesof pure unoiled bakelite

(sampleA) andof oiled bakelite (sampleB) weretaken from a RPCdetectorirradiated

at theGIF [9]. TheRPCwasfluxedwith thestandardCMS RPCgasmixture in Closed
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Figure5: Zeolitetraceelementstrend(F, S,C).
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Figure6: ZeolitemajorelementsSiO2,Al2O3, CaO,NaO,MgO.
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Figure7: Ni-Al filter (Cu,Cr).

Figure8: Ni filter (Cr, Cu).
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Figure9: Ni filter (S-IR,S-TD/ICP, F).

Figure10: Cu-CuZnfilters (S-IR,S-TD/ICP, F).
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Figure11: GasconcentrationsF, Na,Ca.
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Figure12: GasconcentrationsCdPb.
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Figure13: GasconcentrationsCuZn.
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Figure 14: pH of gasmixture sampledbeforepurifiers (HV61) and after all purifiers
(HV66).
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Figure15: Large RPCchamber(2 m W 1 m) exposedat GIF with defectsandoil drip-
pings.

Loop,andirradiatedby a X(YBZ Csradioactivesourceat a total doseof 650GBq.

To avoid theproductionof bakelite debris,theRPCwasopenby blowing air until

thespacerdetachment.Fig. 15showstheinnersurface(linseed-oilcoatedbakelite)of an

openRPCdetector:spacers,linseedoil drippingsandwhite defectsarevisible.

After separatingthe anodeandcathodeplates,defectshave beenmarked on the

bakelite innersurface.Thedefectareasof interesthavebeenprotectedby adhesiveguard

ringsto avoid theproductionof bakelitedebris.A slow-motiondrill with a4 cm-diameter

tapwasusedto samplediscsfor SEManalysis.Bakelitesampleshavebeencataloguedas

Centre-Cell(CC) (undefectedsamplesamongspacers),Defect(D) wheredefectsappear

atvisualinspection,andManina(M) for areascloseto spacerswith linseedoil dripping.

SEM-EDSanalysiswasperformedonunused,unoiledbakelitesamples(sampleA),

andon unused,oiled bakelite (sampleB). Both samplesA andB areunused,i.e., never

fluxed with gasmixture, and are consideredreferencesamples. Averagecomposition

of samplesA andB is shown in Figs. 16,17: SEM-EDSdistributionsarevery similar,

sincebakelite and linseedoil arecomposedof the sameprincipal atomiccomponents.

TheN peakis consistentwith thepresenceof melaminicresinin theouterbakelite layer.

The compositionof two fluxed bakelite samplesfrom 50cmx 50cmRPCsexposedin

openloop (sampleCC andsampleD) is shown in Figs.18,19.TheF peakis prominent,

as well as the higher intensity of the Na peak,and the disappearanceof the N peak.

Thedefectareasareanerosionof themelaminicouterlayerwhich allows oneto access

17



Figure16: SEM-EDSof unused,unoiledbakelite (A).

Figure17: SEM-EDSof unused,oiled bakelite (B).

the compositionof the inner fenolic layers,whereN is absent.The presenceof Na is

explainedwith NaOHusedascatalyzerin polimerizationof resin,in amountslessthan

1% for resin and lessthan 0.02%on the final product [19][20], as also suggestedby

similar results[8].

Observationunderstereomicroscopeof defectedareasshowedtheir3D morphology

(Fig. 20). Analysesat SEM-EDSallowed a studyof compositionof defectareason a

bakelite cross-section.Resultsshowedthepresenceof Na andF, presenceconfirmedby

SEM-EDSanalysisof bakelitecross-section(Fig. 21).

Samplesof defectedareaswerealsoanalyzedat XRD. Thediffractionspectrumof

defectedbakelite shows two high-anglepeakswhich matchthe standardpeaksof NaF

(Fig. 22 top). Thesamepeaksarenot observedin thediffractionspectrumof undefected

bakelite (Fig. 22 bottom).Thismeasurementsconstitutesthefirst observationof theNaF

crystalstructurefor defectsin bakelite of RPCdetectorsexposedto high radiationenvi-

ronment.

Chemicalanalyseshavebeenperformedto characterizebakelitecompositionof the

traceelements.Traceelementsmay changedependingon the productionof bakelites.
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Figure18: SEM-EDSof bakeliteused,oiledcentre-cellbakelite (CC).

Figure19: SEM-EDSof bakelitedefect(D).
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Figure20: Macrophotoof defect.
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Figure21: Cross-sectionof bakelite defect.
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Figure22: XRD spectrumshowing NaFstructureof defects.Arrowsshow thetwo peaks
in defectedbakelite characteristicof NaF, absentin undefectedbakelite.
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Figure23: Bakelite concentrations(Cu,As, Cr, Co,Sb,Ni).

Fluxedandnonfluxedbakeliteshavebeenanalyzed,resultsareshown in Fig. 23,24,sev-

eral minor componentsaredepletedin fluxed bakelites. A leachingeffect is arguedfor

Ni, Cr, Cu, As, Sb, that arethereforereleasedin the systemandin the RPCchambers.

Sulphuris alsodepleted.

6 Conclusionsand outlook

The purifierspresentlyusedwereselectedoriginally in order to filter out HÇ O andOÇ
while, giventhegasmixturereactivity andthe low pH, traceelementsarereleasedfrom

purifiersandsentto theCL. ThepurifiersR3-12andR3-11Gareofficially usedto remove

S andAs from vaporor from solutions.SincethegasmixtureusedcontainsS, a partof

it will interactwith the filters depositingsulphideswhich will stayin thefilters. Filters

releasetraceelementsnaturallypresentin their unusedcomposition(i.e., Cu andCr in

Ni-basedfilters). Ni-basedfilters trapS, very easilyboundto Ni asa sulphide,which is

not removedafterregeneration.

Ni-Al Ç OÈ filters releaseCu andCr during purification. They captureF andS, but

regenerationdoesnot desorbfilters. In Cu filters,S caneasilyform Cu andZn sulphide,

difficult to remove from filters. Both metallicfilters captureF andS but theregeneration

doesnotdesorbthemcompletely.

ZeolitescapturesF, Cu,Ni, S but regenerationdoesnot fully desorbthem.Thegas
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Figure24: Bakelite concentration(S).
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mixture(dueto thepresenceof HF) tendsto leachSiOÛ andAl Û OÜ i.e. theframework of

zeolite. Chemicalanalysesshow a depletionin Si, Al contentsin zeolites.A buffering

effect is observed,with pH changingfrom 4.5to 7.0beforeandafterthezeolitepurifier.

The regenerationprocedureusedwasnot optimizedfor eachfilter. The regenera-

tion procedureusedis probablytheonerecommendedby thezeoliteproducer. Purifiers

CuandCuO-ZnOaredeclaredasnonregenerable[17], andtheregenerationprotocolfol-

lowed(seeÝ 3) is notableto desorbthepurifiers,asit is notsufficient to achievecomplete

Cureductionwhichrequirestemperaturesin the350Þ C range.ElementssuchasAs andS

reactwith theCuandZn constituentsin thecatalystto form stablemetalcomplexeswhich

donotmigrateor desorboff of thecatalyst.It is importantto characterizethefilters (both

metallic andzeolite) in orderto understandtheir selective absorptionandion-exchange

possibility, their lifetime (in function of the complex systemat CL), andfinally it is of

paramountimportanceto setupaspecificdesorbtionprocedure.

The traceelementsfound clearly in the gasmixture areCd, Pb, Zn. A lot of F,

Na andCais alsofound. Zn couldbereleasedby zeolites,but no depletionis shown by

zeoliteanalyses.Nais abundantlypresentin gasbeforefiltering (probablyreleasedby the

bakelite of RPCs),it decreasesafterthezeolite(beingexchangedwith Cain thezeolite),

but it staysabundantafter the metallic purifiers. The presenceof Ca in the gasmixture

hasimplicationsthatshouldbestudiedin moredetail. Finally, theoperationdurationof

R3-12filters critically dependson theabundanceof As andS. Full understandingof the

CL chemistrycalls for moredetailedandsystematicgasanalyses.The traceelements

foundarelikely not to haveeffecton theoperationof RPCdetectors,namelytheincrease

of darkcurrentsobserved. Laterstudieson thecorrelationbetweendarkcurrentincrease

andamountof contaminantswill besubjectof anupcomingpaper.

In all fluxedbakelitesamplesweobservethepresenceof defects,in agreementwith

[8] [5]. Thecrystallinestructureof defectshasbeenobserved for thefirst time, aswell

as the identificationof sucha crystallinestructureasNaF. The presenceof Na canbe

explainedasaccumulationprocesson defectof Na normallypresentin thebakelite bulk

in form of NaOH.

Bakelites releaseelements(Ni, Cr, Cu, Zn) dueto a leachingprocessby the gas

mixture. Theseelementscan be filtered, and they actually are filtered by the zeolite

whichkeepssuchelementsandundergoessuccessfulregenerationfor them.Thebakelite

samplesanalyzedshow adepletionin sometraceelements( Cu,Ni, As, Cr,Sb)afterflux,

with CuandNi possiblybeingadsorbedin zeolite.

Although this study explains someeffects of the complex materialsciencephe-

nomenologyin theRPCdetectorat theCL gassystem,mostof thebasicquestionsonthe

chemistryof gasandpurifiersremainobscure.A systematicinvestigationis in progress
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at theCL prototypesetupfor chemicalsamplingof gasandpurifiers,andcorrelationwith

currentsbehaviour in dedicatedRPCdetectors.

7 APPENDIX I

A brief descriptionof thematerialsusedfor purifying thegasmixtureat theCL systemis

givenin this Appendix.

7.1 Molecular sieve5Å Typeby ZEOCHEM

Zeolite molecularsieves are crystalline,highly porousmaterials,which belongto the

classof aluminosilicates.Thesecrystalsarecharacterizedby a three-dimensionalpore

system,with poresof a preciselydefineddiameter. The correspondingcrystallographic

structureis formedby tetrahedronsof (AlO ß ) and(SiOß ). Thesetetrahedronsarethebasic

building blocksfor variouszeolitestructures,suchaszeolitesA andX, themostcommon

commercialadsorbents.

Due to the presenceof alumina,zeolitesexhibit a negatively chargedframework,

which is counter-balancedby positive cationsresultingin a strongelectrostaticfield on

theinternalsurface.Thesecationscanbeexchangedto fine-tunetheporesizeor thead-

sorptioncharacteristics.For instance,thesodiumform of zeolitetypeA hasaporeopen-

ing of approximately4Å, andit is calledcalleda 4Å molecularsieve. If thesodiumion

is exchangedwith thelargerpotassiumion, theporeopeningis reducedto approximately

3Å (3Å molecularsieve). On ion exchangewith calcium, one calcium ion replaces

two sodiumions. Thus, the poreopeningincreasesto approximately5Å (5Å molec-

ular sieve). Ion exchangewith othercationsis sometimesusedfor particularseparation

purposes[25].

ZeoliteA, likeotherzeolites,is synthesizedin agellingprocess.Sourcesof alumina

(usuallysodiumaluminate)andsilica (usuallysodiumsilicate)aremixedin basicwater

solutiontogiveagel. Thealkali agentcanbeNaOHorsolutionsof quaternaryammonium

salts,amines,or otherpolarorganics.Thegel is thenheatedto 70-300à C to crystallize

thezeolite.Thezeoliteis normallysynthesizedin theNaá form. Thiscanaccountfor Na

presencein the5Å zeoliteLINDE TypeA, andthenon-completeion exchangeof Naá by

Caáâá canjustify a5%of NaOin CL molecularsieve. Chemicalcompositionof standard

LINDE TypeA zeoliteis [26–31]

ã�ä0åBæOç�è;éTêëåíì�îðïòñ�åíìKó9ôíõ ß÷öùøTú0ûKüýøTþ äBÿ ú0ø�� ãòäKì ß ö���� ó � ô��íì	� 
íæ éTêëåíì î:ï�ñëåíìIó ôíõ ß÷öùûKü�ø þ ä�ÿ ú0ø�� (1)

ZEOCHEM[16] MolecularSievetype5Å is analkali aluminoSilicate,andit is the

calciumform of theTypeA crystalstructure.Typical chemicalformula for ZEOCHEM
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molecularsieve5Å is

���������������������������� !���#"$�%�&(')�#�*�+#,-���
(2)

Type5Å hasaneffectiveporeopeningof 5Å. It is especiallysuitablefor PressureSwing

Adsorption(PSA)applicationswhereit maybeusedfor theseparationof normal-andiso-

paraffins (C4 to C6 species),in PSAhydrogenpurificationandin oxygenconcentrators.

It is an excellentadsorbentto remove water, CO
�
, H

�
S from sournaturalgasstreams,

while minimizing COSformation. Light mercaptansarealsoadsorbed.It is alsoused

for theseparationof normal-andiso paraffins,andproductionof high purity N
�
, O

�
, H

�
andinert gasesfrom mixedgasstreams.ZEOCHEM molecularsieve Type 5Å canbe

regeneratedby eitherheatingin thecaseof thermalswingprocesses;or by loweringthe

pressurein thecaseof PSAprocesses.To remove moisturefrom a 5Å molecularsieve,

a temperatureof 250-300. C is required.A properlyregeneratedmolecularsievecangive

moisturedew pointsbelow -100 . C, or mercaptanor CO
�

levelsbelow 2 ppm[16].

7.2 Cu-Zn filter type R3-12 by BASF (25%), Cu filter type R3-11G fr om BASF
(25%).

BASF CatalystR3-12[17] is designedfor removal of arsine,phosphine,H
�
S andCOS

in the treatmentof processandproductstreams.CatalystR3-12 is widely usedin the

purificationof polymergradepropylene,andin guardbedsto protectnoblemetalcatalysts

from arsenicandsulphur. Arsenicandsulphurreactwith theCu andZn constituentsin

the catalystto form stablemetal complexeswhich do not migrateor desorboff of the

catalyst,thereforemakingR3-12not regenerable.Thecompositionis nominally40wt.%

CuO,40wt.% ZnO,and20wt.% Al
�
O
"
.

BASF CatalystR3-11G[17]is designedfor regenerative removal of O, CO, H and

othersfrom industrialgasesandliquids,compositionis CuO.Capacityandlifetime vary,

dependingon levelsof arsineandsulphur, on thespacevelocity, andotherfactors.

7.3 Ni-AlO
"

filter type 6525by LEUNA (50%)

LEUNA CatalystNi-AlO
"

filter type6525[18]is usedfor hydrogenationof benzene,phe-

nols andcresols,reductionaminationof alcohols,aldeydesandketonesinto the corre-

spondingamines,methanations.The catalystconsistsof approximately60 wt % Ni in

aluminatabletform. Thedatasheetsuggeststheneedto inquirethecompany for a suit-

ableregenerationprocedure.It is declaredvulnerableto humidity, andthe presenceof

veryfinedustyparticulateswhich callsfor a particulatefilter.
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8 APPENDIX II

Materialsstudiedin thispaperwereanalyzedfollowing theprotocolsstandardof chemical

analysis.Table1 showstheanalysistechnicquefor eachsample,abrief descriptionof the

techniquesis alsoaddedfor thereaderinformations.

Table1: Synopsisof chemicalanalysesperformedonfilters,gasandbakelite.

SAMPLE ANALYSES
MOL. SIEVE 5Å UNUSED 1,2
MOL. SIEVE 3Å UNUSED 1,2
Ni Al / O 0 UNUSED 1
CuCuZnUNUSED 1
CuPIPEUNUSED 1,3
BAKELITE A OILED UNUSED 1,3
BAKELITE B OILED UNUSED 1,3
BAKELITE C OILED GRAPHITEUNUSED 1
MOL. SIEVE 5Å USED 1,2
Ni Al / O 0 USED 1
CuCuZnUSED 1
BAKELITE A OILED GRAPHITEUSED 1,3
BAKELITE B OILED GRAPHITEUSEDDEFECT 1,3
MOL. SIEVE 5Å REGENERATED 1,2
MOL. SIEVE 3Å REGENERATED 1,2
Ni Al / O 0 REGENERATED 1
CuCuZnREGENERATED 1
WHITE SAMPLE NATURAL ZEOLYTE 1,2
GAS BEFOREAND AFTER FILTERS 4

ABBREVIA TIONS
1 X-Ray Fluorescence

ICP-AES(Inductive CoupledPlasma-Atomic EmissionSpectroscopy)
NAA (NeutronActivationAnalysis)
ICP-MS(Inductive CoupledPlasma-MassSpectrometry)

2 XRD (X-Ray Diffraction)
3 SEM-EDS(Scan.ElectronMicr. - Energy Dispersive Spectrum)
4 HPLC (High PressureLiquid Chromatography)

A brief descriptionof analysismethodsusedin thisstudyis given[32]

1 XRF (X-Ray Fluorescence)is the emissionof characteristic”secondary”(or flu-

orescent)X-rays from a materialthathasbeenexcitedby bombardingwith high-

energy X-raysor gammarays.

1 ICP-MS (Inductively coupledplasmamassspectrometry)is a type of massspec-

trometry that is highly sensitive and capableof the determinationof a rangeof

metalsandseveralnon-metalsatconcentrationsbelow onepartin 1012.It is based

on couplingtogetheraninductively coupledplasmaasa methodof producingions

(ionization)with a massspectrometerasa methodof separatinganddetectingthe

ions. ICP-MS is also capableof monitoring isotopic speciationfor the ions of

choice.
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2 NAA (NeutronActivationAnalysis)is a nuclearprocessusedfor determiningcer-

tainconcentrationsof elementsin avastamountof materials.NAA allowsdiscrete

samplingof elementsasit disregardsthe chemicalform of a sample,andfocuses

solely on its nucleus. The methodis basedon neutronactivation and therefore

requiresasourceof neutrons;a rangeof differentsourcescanbeused.

2 ICP-AES(Inductively CoupledPlasma-MassSpectrometry),alsoreferredto asin-

ductively coupledplasmaopticalemissionspectrometry(ICP-OES),is ananalyti-

cal techniqueusedfor thedetectionof tracemetals.It is a typeof emissionspec-

troscopy that usesthe inductively coupledplasmato produceexcited atomsand

ionsthatemit electromagneticradiationat wavelengthscharacteristicof a particu-

lar element.Theintensityof this emissionis indicative of theconcentrationof the

elementwithin thesample.

2 XRD (X-RayDiffraction)Powderdiffractionis atechniqueusedto characterisethe

crystallographicstructure,crystallitesize(grainsize),andpreferredorientationin

polycrystallineor powderedsolid samples.Powder diffraction is commonlyused

to identify unknown substances,by comparingdiffractiondataagainsta database

maintainedby the InternationalCentrefor Dif fraction Data. It may alsobe used

to characterizeheterogeneoussolid mixturesto determinerelative abundanceof

crystallinecompoundsand,whencoupledwith latticerefinementtechniques,such

asRietveld refinement,canprovide structuralinformationon unknown materials.

Powderdiffractionis alsoa commonmethodfor determiningstrainsin crystalline

materials.An effectof thefinite crystallitesizesis seenasabroadeningof thepeaks

in anX-ray diffractionasis explainedby theScherrerEquation.

2 SEM-EDS(Scan. ElectronMicr. - Energy Dispersive Spectrum)is an analytical

techniqueusedfor theelementalanalysisor chemicalcharacterizationof asample.

It is oneof the variantsof XRF. As a type of spectroscopy, it relieson the inves-

tigation of a samplethroughinteractionsbetweenelectromagneticradiationand

matter, analyzingx-raysemittedby thematterin responseto beinghit with charged

particles. Its characterizationcapabilitiesareduein large part to the fundamental

principle thateachelementhasa uniqueatomicstructureallowing x-raysthatare

characteristicof anelement’s atomicstructureto be identifieduniquelyfrom each

other.

2 HPLC(HighPressureLiquid Chromatography)High-performanceliquid chromatog-

raphy(or High pressureliquid chromatography, HPLC) is a form of columnchro-

matographyusedfrequentlyin biochemistryandanalyticalchemistryto separate,
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identify, andquantify compounds.HPLC utilizes a columnthat holdschromato-

graphicpackingmaterial(stationaryphase),apumpthatmovesthemobilephase(s)

throughthecolumn,andadetectorthatshowstheretentiontimesof themolecules.

Retentiontime variesdependingon the interactionsbetweenthestationaryphase,

themoleculesbeinganalyzed,andthesolvent(s)used. In this method,high pres-

sure(ratherthangravity forces)canpropelmobilephasethroughthecolumnpacked

with astationaryphaseof muchsmallerparticlesizes.Thisallowsfor aquickerand

morepreciseanalysisoncolumnsof shorterlength,whencomparedto plaincolumn

chromatography.
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