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Interaction of Alkali Salt Promoters and Silicon
Impurities in Rochow Contact Masses
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Cesium chloride- and rubidium chloride-pro-
moted Rochow contact masses based on both
technical-grade and highly pure silicon have
been investigated in the Rochow reaction and by
REM/EDX surface analysis. The alkali-salt
promoters seem to act analogously to the well-
known zinc promoter, by localizing the reaction
to distinct reactive areas and keeping free the
surface area for the reaction, probably for the
formation of catalytically active Cu-Si surface
species. The alkali salts exhibited their promot-
ing action only in combination with the impu-
rites within the technical-grade silicon.
Otherwise, they acted as blocking poisons. The
promoter action of alkali chlorides in contact
masses based on technical-grade silicon is
possibly connected with the formation of salt
melts, containing alkali chlorides and impurities.
These melts, analogously to zinc chloride, could
dissolve oxidic impurities from the silicon sur-
face which otherwise would enhance the block-
ing of potentially active surface by extensive
copper deposition.©) 1998 John Wiley & Sons,
Ltd.
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INTRODUCTION
The Rochow process

. copper catalyst
S'powder+ CH3C|9a5—>

(CHg),HySICl, x+y+z=4

produces the raw materials for the whole of the
silicone industry. It is based on the reaction of a
mechanical mixture of silicon, a copper component
and promoters, called the “contact mass”, with
methyl chloride in fluid-bed reactors.

The reaction itself and the processes in the
working contact mass have been poorly understood,
despite numerous relevant papers (seé&gOne
of the unsolved problems is the mode of operation
of the promoters. There are numerous differing
proposals |n the literature to explain promoter
actions>>1% At present, it is not yet possible to
judge about the reality of these proposals in detail.
It is not even possible to decide whether more than
one, and if so how many, independent promoter
mechanisms exist, and whether one promoter can
act also in more than one way. A significant group
of these hypotheses suggest a more or less direct
interference of the promoters into the reaction
mechanism, resulting in a real acceleration of the
chemical reaction rate.

By our recent investigatiol: on which we
comment in this paper, we showed that the famous
Rochow promoter zinc doegot act as a real
accelerator of the reaction rate. It turned out that
zinc acts as a kind of structural promoter and rather
as a moderator than as an accelerator. Zinc keeps a
sufficiently large part of the silicon surface free of
copper species, which act as poisons if their
coverage and thickness become too high. Free
silicon surface is necessary for the formation of Cu—
Si surface species, which seem to be catalytically
active and more important than X-ray-detectable
Cu-Si phases such asCugS|

Moreover, we showed in this recent paper that

Berlin—Adlershof, Rudower Chaussee 5, D-12484 Berlin, Germany.the action of zinc has something to do with the
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presenceor absenceof impurities in the silicon.
Contact massesbased on highly pure silicon
achievea relatively high stable activity evenin
the absencef a promoter.Technical-gradesilicon
contactmassesvithout promoteriosetheir initially
high activity aftera shorttime andthenexhibit low
reactivity, but zinc-promotedcontactmassegrom
technical-grade silicon reach high and stable
activities. Hence, there seemsto be a certain
interaction betweenthe promoterand the silicon
impurities. Thepromotemeutralizedharmfulaction
of theimpurities.

In this paper,we would like to showthat such
interaction of promoterswith impurities is not
restrictedto zinc asa promoter,but seemgo be of
more general importance. Moreover, we will
demonstratethat there are caseswhere not only
the promoter neutralizes detrimental impurity
influences,but also a real co-operationbetween
the promoter substanceadded and the silicon
impurities seemsto be necessaryto bring about
the real promotereffect. We will demonstratehis
by meansof the exampleof alkali-saltswhich were
recently proposedas new Rochow promoters:3
Hitherto, little hasbeendonetowardsunderstand-
ing the actionof thesenew promotersalthoughan
importantrole of thechemistryof themoltenalkali-
chloride promotershasbeensuggested?

EXPERIMENTAL

Materials

The contactmassesvere preparedby mixing the
silicon with the respective copper compound
(‘catalyst’) and, if applied, the promoter. Two
silicon chargeswere used: a highly pure poly-
crystallinesilicon of semiconductoquality, Sipyre
(Wacker-ChemieGermany)anda technical-grade
silicon, Siech (Silgrain, Elkem,Norway;impurities:
0.20wt% Al, 0.13wt% Fe, 0.03wt% Ca,
0.015wt% Ti, < 20ppmV, Cr, Mn, Ni, P). The
particlesizesof thetwo samplegangedfrom 71to
250pum. Copperwas added either as anhydrous
copper(ll) chloride, CuCh, or ascopper(ll) oxide,
CuO (Merck, Germany). The original copper
contentin the contact masseswas 5.0wt%. As
promoters, cesium chloride, CsCl (Fluka,
Germany;> 99.0%), rubidium chloride, RbCI
(Fluka, Germany;> 99.0%), and metallic zinc
powder(ECKA AS 011, Germany;> 99.5%)have
been applied, mostly with a concentration of
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0.5wt% in the contactmass.The methyl chloride
used (CH3Cl, > 99.6%) was dried by molecular
sieve4-A.

Four basic types of contactmasseshave been
investigated CuCL/Sipyre CUCL/Siiech CUO/Shyre
and CuO/Sjec, eachof them preparedwithout or
with one of the promotersmentionedabove.

Catalytic experiments

Reaction rates for comparing catalytic perfor-
manceswere measuredoy meansof a fluidized-
bedreactor,describecelsewhere? A 10g portion
of the contactmasswas loadedinto the reactor,
heatedby a radiation furnace. The mixture was
dried in a nitrogen streamat 150°C for 30min
beforemethylchloridewasfedin. Theflow rateof
CHsCl was2.71 h™1. The reactionwascarriedout
at 340°C. The methyl chloride conversionandthe
product distribution of methylchlorosilanesvere
determinecevery15min by on-line gaschromato-
graphy.

The methyl chloride conversionwas calculated
accordingto Ref. 7. Total reactionratesr, as a
measureof the catalytic activity of the contact
masses,were calculated according to r = Fx/W
(F = CHsCI flow rate; x = CHsCI conversioninto
silane products;W = contactmassweight), with x
beinglessthan0.15in all casesln additionto the
formationof silaneproducts,on all contactmasses
methyl chloride cracking,indicatedby the forma-
tion of methaneand hydrogenchloride,took place
atarateof 0.2—0.4mmol CH5CI perg contactmass
perh. This rather low side reactionwill not be
discussedin this paper. The selectivity of the
formation of dimethyldichlorosilane(DDS) was
calculated as the molar ratio DDS/(DDS+
methyltrichlorosilae + trimethylchlorosilane +
methyldichlorosilaner dimethylchlorosilane)The
errorsin the reactionrateshave mostly beenless
than+ 15%.

Determination of the surface
composition

Thecombineduseof scanningelectronmicroscopy
(SEM)andenergy-dispersiv¥-ray (EDX) spectro-
scopygaveaccesso the surfacecompositionof the
contactmassafter the reaction. The SEM studies
were performedin a CambridgelnstrumentsS360
electronmicroscopepperatingat a beamenergyof
15kV. The EDX experimentswere carried out
usinga Delta ClassAnalyzer8000(KEVEX). The
resolving power of EDX spot analysishas been
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Figure 1 CHsCI consumptiorratesat 340°C versusreaction
time on the contactmasses(a) CuCL/Siecry (b) CuCh/SkecH
CsCl; (c) CuClL/Siiec{RbCI; and(d) CuCh/Siiec{Zn.

about2 um. The EDX resultsare given asweight
percentwithin the spotanalysedSmallamountsof
the reactedcontact-massamplesvereanalyzedn
the microscopeimmediately after the catalytic
experiments.The low amountsof oxygen taken
up after shortair contactdo not significantly affect
the surfacecompositionwith respecto copperand
silicon.

RESULTS

Activity/time dependences of
contact masses

In Fig. 1 thetime coursesf the catalyticactivities
of CuCbL/Siech, CUCL/Siiec{CSCl, CuCb/SiiecH

RbCI and CuCL/Siec{Zn are depicted (analo-
gously to Fig. 1 in Ref. 11). The non-promoted
systemis characterizedy a fast activity increase
up to high values,but also by a dramaticloss of

activity after the maximum. Unlike the latter, the

alkali-promotedsamplesxhibit a stableactivity at

almostthe level of the maximum of CuCb/Siiech

overalong period,withoutthis strongdecline.That

meansthat their behaviouris similar to the zinc-

promotedCuClL/Siec{Zn samplelt is clearthatthe

low steady-stateeactionrate with CuCL/Siech iS

not a result of a generally low reactivity, but

exclusively of the sharp decline after the high

startingactivity.

© 1998JohnWiley & Sons,Ltd.
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Figure 2 Reactiorrates(a) andDDS selectivitieg(b) after3 h
of reactionat 340°C on contactmassesasedon CuCL/Sipyre
and CuCL/Siiecn With variouspromoters.

Steady state activities

For comparison,Figs 2 and 3 include catalytic
activities (a) and DDS selectivities(b) after 3 h of
reactionat 340°C of non-promotedand promoted
contactmassedasedon Si,,re aNd Siech

Figure2 givestheresultsfor contactmassesvith
copperchlorideasthe coppercomponenbriginally
addedNon-promotedCuChL/Siy,r xhibitsa stable
mediumactivity. The correspondingnon-promoted
CuClb/Siechis far lessactivethanCuChL/Siy e after
3 h,duetoits fastdeactivatioraftertheshortperiod
of high activity mentionedabove.Zinc promotion
causeshigh and stable reaction rates both with
Sipure@NdSiecr Unlike thezinc-promotedsamples,
with alkali-saltpromotiondramaticdifferencesare
observedbetweencontactmassesasedon Siech
and Sipyre With Sipre addition of CsCland RbCl
leadsto a strongpoisoningof theactivity, butin the
caseof Siech the alkali salts prove to be very
efficient promoterswith the promoteractionbeing
proportional to its content, as can be seenwith
CsCI. The reactionrateson Siyre and Skecn differ
by factorsof upto about20. Onemustbeawarethat
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Figure 3 Reactiorrates(a)andDDS selectivitieg(b) after3 h

of reactionat340°C oncontactmassedasen CuO/Speand
CuO/Sjecn With variouspromoters.

this huge difference can only be a more or less
directconsequencef the presencef impuritiesin
thetechnical-gradesilicon, Siecn

The differencesin the DDS selectivities are
essentiallymoremoderatehanthosein thereaction
rates. These differences cannot be explained at
present.

Figure3 givesanalogousesultswith CuOasthe
original copper component.Unlike the contact
masseswith CuCb, both the two non-promoted
systemsexhibit low reactionratesfrom the very
beginning,the reasondor which are not presently
understood? Zinc increaseshe activity up to a
level comparablevith the CuCl, contactmassesin
contrastto the efficient promoteraction of alkali
saltsin CuCL/Siecnsamplesthealkali saltsarenot
ableto activatetheinefficientcontactmassedased
on CuO.

SEM/EDX images

In Fig. 4 and Figs 5 and 6, respectively, SEM
imagesof CuCk/SiichandCuClL/Sie.{CsClareto
be seen.

The surfaceof non-promotedCuClL/Siiech (Fig.
4) is coveredoredominantlyby copperspeciesafter
running the Rochow reaction, just as we found
recently*! Thecoppersurfaceconcentratioronthis

Figure 4 Scanningelectronmicrographof non-promotedCuCL/Siecn after 3 h of reactionat 340°C. EDX resultsof the reacted
surfacecoveredby copperspeciegpoint1): 77 wt% Cuand20wt% Si; andof thenon-reactedilicon surface(point 2): 0.5wt% Cu

and98wt% Si.

© 1998JohnWiley & Sons,Ltd.
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Figure 5 Scanningelectronmicrographof CuCkL/Sie./CsCl after 3 h of reactionat 340°C. EDX resultsof a reactiveareawith
bright particles(point 1): 12wt% Cu, 1 wt% Csand75wt% Si; andof the non-reacteailicon surface(point 2): < 0.5wt% Cuand
96 wt% Si.

Figure 6 Scanningelectronmicrographof CuCk/Siec{CsClafter3 h of reactionat340°C. EDX resultsfor adarkblister(point1):
8 wt% Cu, 16 wt% Csand66 wt% Si; andof a hollow ball (point 2): 19wt% Cu, 37 wt% Cs and 35wt% Si.

coveredsurfacemeasuredby EDX, hasbeenfound  2),i.e.it did notreactandremainedreeof blocking
to beatahigh level between70 and84wt% (=~ 58  copperdeposits.

atom%) (seefor examplepoint 1 on the micro- In contrasto the non-promotedCuClL/Siiecr, the
graph). Only a minor part of the silicon surface  surfaceémageof thecesium-promote@€uCh/SiecH
exhibitedlow EDX copperpercentageg¢seepoint  CsClin Fig. 5 is typical for a normally working
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Rochow contactmass.Distinct localized reactive
areas,where silicon has been consumedby the

reaction of silane formation, are surroundedby

large copper-freeareas,which have not reacted.
This picture corresponddully to the resultswith

CuCl/SiecZn, describedpreviously'* Figure 6

givesanothewiew of the CuCL/Sic/CsClcontact
massesThis micrographrevealssurfacestructures
like blisters and hollow balls, which doubtless
resultfrom speciesnoltenpreviously.Thesebodies
are distinguished by high cesium and copper
contents. The surface concentrationsof copper
and cesiumin the blister were found to be 8 wt%

and 16wt% respectively,and of the hollow ball

19wt% and 37 wt%.

DISCUSSION

Analogy between zinc and alkali -
salt promoter

The results with the CuCb-containing contact
masseshowedhatthe non-promote®iiec,System
exhibited low steady-stateactivity, less than the

correspondingSi,ure System. However, this low

activity wasnot a consequencef a generallylow

reactivity of Siecr Onthecontrary,it provedto be

very activeevenaftera shortinductionperiod, but

it rapidly lost its high activity afterwards.Unlike

this non-promoted system, the corresponding
alkali-promotedcontactmasskeptits high activity

over hours. On the whole, it seemsthat the

promoterdid notreally acceleratéhe reactionrate,

but only ensuredhe stationarystateof the activity.

This behaviouris fully analogougo that of zinc-

promotedCuCh/Siec/Zn.**

The SEM images help to understandthese
findings. CuClL/Siecn lost its initially high activity
within ashorttime, becauséts surfacevasseverely
blocked by copper species.The surface of the
contactmasswasessentiallyblockedby thesehigh
amounts of copper. Unlike the non-promoted
sample, a considerablesurface portion of the
cesium-promote@CuCl/Sie{CsClremainedfree.
The reaction proceeded, localized to distinct
reactiveareas('pits’). This observationis alsoin
completeanalogyto the zinc promoter.

Thesefacts can be interpretedin terms of a
modelwhich assumes certaincatalytic action of
theimpuritieson the silicon surfaceanda cleaning
action of the promoter substancesThe silicon
impuritiesareableto catalysethe attackof copper

© 1998JohnWiley & Sons,Ltd.

specien the silicon surface g.g.by disturbingits

surface structureor by disturbing the protecting
SiO, overlayer.If the impurities are presentover
the whole surfacein a sufficientconcentrationthe

whole surfacewill be attackedby copperspecies
andwill be blocked.The promoterszinc or alkali

salts,areablesomehowto cleantheilicon surface
from the harmful impurities. The cleanedsurface
will be attackedby copperspeciesonly at a few

points, resulting in the typical pit structureof a

working contactmasssurface An essentiapart of

the silicon surfaceremainsfree. This free silicon

surface is necessaryfor the existence or the

formation of the active Cu-Si surface species
which are mainly responsiblefor the catalytic
activity of Rochowcontactmasses?

Co-operation of promoters and
silicon impurities

The most remarkableexperimentalresult is the
impressiveanfluenceof the quality of thesilicon on
the effectivenesf promoteradditionsto CuClb-
containing contact masses.The direction of the
promoteractioncanevenreversedependingnthe
silicon quality. With pure silicon, CsCland RbCl
act as strong poisons. But with technical-grade
siliconthealkali saltsstronglyenhancéhereaction
rate,with the effectof the promoterproportionalto
its concentrationThis leadsto extremedifferences
in the activity of Si,, & and Siecrcontaining
contact masseswith the reaction rates differing
by factorsof up to morethan20. Unlike the alkali
salts, with the zinc promoter no pronounced
differencescanbeobservedetweerthetwo silicon
qualities.Zinc increaseghe catalytic activity with
bothtypesof silicon, but at the sametime it levels
the activity differenceswhich existedbetweenthe
two non-promotedsystems.

Thus, alkali salts can be poisons with pure
silicon, but they can be strong promoterswith
technical-gradesilicon. Taking into accountthat
the two silicon typesultimately differ only in the
absenceor presenceof impurities, one has to
concludethattheseimpuritiesplay a crucialrole if
alkali promotersare used.It seemshat thereis a
real co-operatiorbetweenthe promotersubstances
addedandtheimpurities.Thealkali promoteralone
doesnot work. Only with the combination[alkali
salt+ impurities] is there an effective promoter
system.

CsCl and RbCI poisonthe catalytic activity of
CuCb/Sipyure far less than the DDS selectivity.
Therefore jt seemdo bereasonabléo assumehat

Appl. OrganometalChem.12, 257-264(1998)
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their poisoningaction consistsin a mereblocking
of catalytically active surface If so,it seemdo be
reasonabldo suggestthat the promotercombina-
tion [alkali salt+ impurities] acts by increasing
active surface areasor keeping them free. This
would bein agreementvith our modelof actionof

alkali promotersandof zinc promoter,proposedn

the precedingsection.

Limited analogy between zinc and
alkali-salt promoters

First, the resultswith CuO asthe original copper
componentonce more confirm the strong depen-
denceof contact- mas?roperneson the natureof
the coppercomponent.” This strong dependence
also appliesto the responseof the systemto the
addition of promoters.Both of the non-promoted
CuO-containingsystems,basedon Siy,e and on
Siech areof low activity. This is surprisingin the
caseof Siyye Which is remarkablyactive evenin
the non-promotedstate if CuCl is used as the
copper component. The reasonfor the activity
difference betweenthe two coppercompoundss
not yet clear. As we could show!? 4-CusSi is
formed in both the types of contact massesin
similar amountsand similar statesof dispersion.
Hence,differencesin the #-CusSi statecannotbe
responsibldor the activity difference.That means
that the catalytic action of this phaseis question-
able. One could imagine that the oxygen from
added copper oxide forms oxidic overlayers,
impeding the reaction by blocking potentially
active surface areas.Zinc as a promoter could
overcomethis blockadeand therebyaugmentthe
reactionrate. Unlike zinc, the alkali saltsare not
ableto actaccordingly neitherwith Siye NOr with
Siech Hence the analogyof the actionof zinc and
alkali-saltpromoterss a limited oneandthereare
also differencesin their mode of action. This is
discussedelow.

Possible nature of promoter action
and promoter-impurity interaction

The more detailednatureof the promoteractions
and of the interactionbetweenthe alkali saltsand
the silicon impurities observed can only be
discussedn a speculativeway. As mentionedthe
resultsallow usto proposesomesurfacecleaning
actionof the promoters.The impurities,which are
predominantlyconcentratecn the surfaceof the
silicon crystallites, possibly act as nuclei for the
attack of copper specieson the silicon surface,

© 1998JohnWiley & Sons,Ltd.

which is normally protectedby the native SiO,
overlayer.If the impurity surfaceconcentratioris
high, the surfacewill be attackedin many places
and will be covered by copper speciesas a
consequencen casef lowerimpurity concentra-
tions, only a few placeswill be attacked.In such
places, the known demarcatedpits are formed,
which grow in the courseof the synthesigeaction.
There remains sufficient space on the silicon
surface for continuousformation of the active
Cu- SlsurfacespeC|eswh|ch accordingo ourview
are catalytically active?

The cleaning action of the promoters could
consistin a complexationof the silicon impurities.
Zinc, which surely exists as zinc chloride in the
working contactmasscould perhapseactaccord
ing to ZnCl, + MeO - Me[ZnCL,0],*" where
MeO denotesan oxidic impurity on the silicon
surface. It is known that zinc chloride acts in
soldering proceduresin this way, too, i.e. it
dissolvesoxidic overlayersfrom metal surfaces.
Sucha reactionshould preferably proceedin the
liquid phaselt is remarkablehatthe melting point
of zinc chloride (318°C) is in the range of the
reactiontemperatureof the Rochowreaction.A
role for molten-salt species has already been
suggested?

Actually, cesiumchloride alone can hardly be
imaginedasa substanceredestinedo promotethe
contactmasssurfacein analogyto zinc chloride,or
to poison it. Apart from its different chemical
nature this would be preventecanywayby its high
meltingpointof about638°C andby its low vapour
pressureHowever,it is knownthatcesiumchloride
is ableto form low-meltingbinarysystemsogether
with (for example)CuCl, which shouldbe present
in Rochow contact masses,at least during the
inductionperiod! As an example at the composi-
tion CsCUZCI3 the system CuCI-CsCl melts at
274°C18

On the one hand, such molten speciescould
block active surfaceareasand bring aboutin this
way thedramaticlossof activity whichis observed
with CsCladditionto a non-promotedCuChL/Si, e
contact mass (see Fig. 2). On the other hand,
togetherwith the silicon impurities these melts
could act as promoters,somehowsimilar to zinc
chloride. As to be seenfrom Fig. 6, it is evident
that molten specieswere formedin a CuCk/Siecnh
contact mass which had been promoted with
0.5wt% CsCl, resultingin high activity. Anyway,
the alkali saltsexhibit their promotingactiononly
in the presencef impurities.However,atthe same
time the resultsshow that the assumedoromoter
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combination[alkali salt+ impurities] cannotsub-
stitutefor zinc chloridein eachcase This promoter
systemseemdo be unable for exampleto remove
excessiveoxide layers,which are possiblyformed
if copperoxide is usedasthe coppercomponent.

It shouldberepeatedhattheaboveinterpretation
is aspeculativeone.Furtherresearcthasto bedone
in orderto checktheseassumptiongndto under-
standpromoteractionsin Rochowcontactmasses
more generally. Our model of ‘cleaning salt’
specieswould give an explanationof the modeof
operation of such promoters,which are usually
addedto a contactmassin percentagesomparable
with the percentagef silicon impurities,i.e. zinc,
aluminium, cadmiumand alkali salts,sayat 0.1—
1.0wt%. Other types of promoters, such as
antimonyor tin, which areaddedwith percentages
in theppmrange,probablyactin otherways.

CONCLUSIONS

The mode of operationof cesium chloride and
rubidium chloride as promotersof the Rochow
reaction has been investigated.If effective, the
alkali-saltpromotersseemto actanalogouslyo the
well-known zinc promoterby localizing the reac-
tion to distinct reactive areasand keepingfree a
sufficientportion of contactmasssurfaceareafor
the surfacereaction,probablyfor the formation of
catalytically active Cu—Sisurfacespecies.

The alkali saltsexhibitedtheir promotingaction
only in combinationwith the impuritieswithin the
technical-gradesilicon. Otherwise,they acted as
blocking poisons.

Thepromoteractionof alkali chloridesin contact
massedasedon technical-gradsilicon is possibly
connectedvith theformationof saltmelts,contain-
ing alkali chlorides and impurities. These melts
could dissolve oxidic impurities which otherwise
would enhancethe blocking of potentially active

© 1998JohnWiley & Sons,Ltd.

surfaceby extensivecopperdeposition,and could
cleanthe silicon surfacein this way.
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