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A numerical study has been performed modeling the gas-phase reactions occurring during the chemical vapor d€M3jtion

of alumina from AICL/CO, /H, mixtures. The purpose is to answer whether and to what extent trends in the decomposition of
AICl; via gas-phase reactions can explain experimentally observed trends in CVD deposition of aluminum-containing films. The
AICI; decomposition is predicted to occur via a free-radical chain mechanism that, in the presencehaSHH atoms and the

AICI, radical as the primary chain carriers. We find that the present kinetic model predicts trends for the decomposition rate of
AICl; in the gas phase that are consistent with trends observed experimentally for,@e d&position rate. Based on these
results, the chemical kinetics model is used to study the effects ony #i€tmal decomposition of other additivés,0,, H,0,

0O,, Cl,) for which no experimental data are available in the literatugg®.Hs predicted to be a particularly efficient promoter for

AICI; thermal decomposition. The mechanism also predicts that the presence gfdd@iatically increases the rate of®
production compared to # production from C@ and H, in the absence of AlGL
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Aluminum trichloride (AICE) is a popular Al-containing precur- Reaction Mechanism and Thermochemistry

sor for the gas-phase combustion synthesis of particles and for pye to space limitations, it is not possible to list the complete
chemical vapor depositiofCVD) of films and coatings. Depending reaction mechanism, but it can be obtained from the authors upon
on the material to be deposited, several gas mixtures have beerequest. This mechanism consists of 104 reversible chemical reac-
considered. The CVD of alumina (&D;) has been realized with tions among 35 species. It is based on an AI/HCI submechanism
various mixtures, but most frequently using AAGCO, /H, mix- proposed by Swiharet al,® primarily devoted to the combustion

2 : of aluminum particles in HCI, and relevant reactions from the less
;Lirzlsf Egéeeste;tada% Lol::](:rr;d sg::r?irfegcr?fetﬁfr:;"alg?jlserzblﬁre well-understood Al/C/O/CI/H system. Some possible reactions are

. » ) not included in the model, due to the lack of kinetic data and infor-
AICI5/CO, /H, /HCI mixtures for the deposition of alumina, and  mation on whether they can even occur, and this model cannot be

Nitodas and Sotirchdsstudied the codeposition of alumina and considered as final. In particular, pathways for the gaseous forma-

silica using AICL/SiCl,/H,/CO, mixtures and CHSIClz/AICI5/ tion of alumina and nucleation of alumina particles are not included

CO, /H, mixtures’ in detail. However, since the surface reactions are also not consid-
Although various effects of reactor conditions on the deposition €réd here, our goal here is not to examine the deposition rate of

kinetics of alumina have been observed and reported in the above?lumina in terms of alumina formation, but in terms of AjGle-

cited works and references therein, the fundamental gas-phase aff@mposition rate. The question we attempt to answer here is whether

surface chemistry occurring in these systems remains largely unaﬂgsteo r\ggc?[tio?]xstir:nt:;?)?:irine;gir?rﬁg?lgﬁssggcs)gr\% dél?:; dgsaisr; CVD
studied. Thls_ is not surprising, since, on one hand, therg is a_Iack .Ogeposition of aluminum-containing films from it.
thermochemical and elementary kinetic data for reactions in this™ 1o cHEMKIN-I129 and SENKIN® codes were used to integrate

system and, on the other hand, the overall deposition process ine time dependent rate equations derived from the reaction mecha-
volves many homogeneous and heterogeneous reactions; it is n@fism for a well-mixed, batch reactor. The thermodynamic properties
obvious which of these reactions control material growth rates andfor the Al-containing species have been calculated usingnitio

properties. quantum chemical method8All the data for the non-Al-containing
The aim of this paper is to study numerically the thermal decom-species have been taken from the CHEMKIN-II Librkrpr from
position of AICk in the presence of various gaseous additités,  the thermochemical tables of Burcat and McBrifle.
HCI, CO,) at conditiongcomposition, temperature, and press$uie
interest for CVD of alumina. In the present study, we confine our
investigation to gas-phase chemistry only, though surface reactions Effect of the partial pressure of J4=—Hydrogen plays an impor-
are obviously also important and will be the topic of future studies.tant role as it enhances the deposition rate ofQal from
Rate parameters for a large number of gas-phase reactions have beafCl;-CO, mixtures. The trends observed for the alumina deposi-
computed or estimated based ain initio quantum chemical calcu- tion are expected to follow the trends predicted for Al@&compo-
lations using transition state theoff'ST) and unimolecular rate sition. This enhancing effect of Hs predicted by the kinetic model
theories. For reactions not studied lap initio methods, semi- under consideration, as shown in Fig. 1. For the mixture 2 mbar
empirical techniques have been used to estimate rate paramete’8ICl; + 2 mbar CQ + 96 mbar Ar at 1323 K, AlG decomposes
This has allowed the construction of a detailed gas-phase reactiomery little for times up to 4 s. For the mixture 2 mbar A{CI

mechanism for this system and its use to simulate Algicompo- ~ + 2mbar CQ + 96 mbar H at 1323 K, AICL decomposes more

sition as described above. significantly. Local sensitivity analyses show that several reactions
are responsible for the enhancing effect observed. Reaction se-
quences involved are

Experimental Trends Rationalized by this Kinetic Model

* Electrochemical Society Active Member. o
2 E-mail: catoire@cnrs-orleans.fr Initiation step B+M-H+H+M [1]
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Figure 2. Calculated AIC} profiles at total pressure of 100 mbar and at
1323 K for the mixtures:(1) 0.1 mol % HCI+ 1mol % AICl

+ 0.6 mol % CQ + 2mol % H, in Ar; (2) HCI, AICI3, and CQ as in 1

+ 7mol % H, in Ar; (3) HCI, AICl;, and CQ as in 1+ 20 mol % H in

Ar; (4) HCI, AICI3, and CQ as in 1+ 50 mol % H, in Ar; and (5) HCI,
AlCl;, and CQasinlin H.

Figure 1. Calculated AIC} profiles for the mixture 2 mol % AIGI
+2mol % CQ in Ar (full line) and for the mixture 2 mol % AIGI
+ 2mol % CG in H, (dashed ling Total pressure for both mixtures is 100
mbar and the temperature is 1323 K.

Propagation step AlGlI+ H < AICI, + HCI [2]

; increases. In fact, the situation appears complex as the apparent
Propagation step AlGl+ Hp — AIHCI, + H (3] reaction order evolves with time. H%Svever, the F?act that the dggosi-
together with tion rate increases as AlCpartial pressure increases can be ex-

plained based on occurrences in the gas phase. Note that if AICI
Alternative initiation steps AlGI+ M < AICIl, + Cl + M decomposition were first order, all four curves in Fig. 5 would be the
[4] same. Thus, the reaction rate is more than first order in AHEI
H, + Cl« HCI + H [5]
The influence of the Kpartial pressure on the /D5 deposition rate ! 1
from AICI;/CO,/H, mixtures has been experimentally shown by
Schierlinget al?® for five different mixtures(see Fig. 9 in Ref. 5 1 2
Increasing the K partial pressure in the feed gas increases the depo-
sition rate. The kinetic model predicts that the rate of decomposition 0.8 —
of AICI; is increased by increasing,Hpartial pressure as shownin o 3
Fig. 2 and 3 for two of the Schierlingt al. experimental mixtures, -
one at 100 mbar total pressure, and the other at 1000 mbar tote©
pressure. <C
= 06—

Effect of the partial pressure of HG-Schierlinget al,® among o
others, show that increasing HCI partial pressure leads to a decreas© i
in the ALO; deposition rate(see Fig. 2 in Ref. b The present =,
model predicts that the Algldecomposition rate decreases if a sig- 0.4 4
nificant amount of HCl is present in the mixture as shown in Fig. 4. )
A sensitivity analysis shows that HCI inhibits the AiCthermal
decomposition by reacting with Algl according to AIC) ]
+ HCI « AICI; + H, i.e, AlICl; is reformed by the reverse of Re-
action 2 listed above. The inhibitory effect of HCI only becomes 0.2 ‘ I \ \ T I ‘

apparent at relatively large concentrations of HCI, since these large
concentrations are required to significantly shift the equilibrium of ]
Reaction 2. Time (s)

Eﬁ‘?‘_’t OT the partial pr.essur.e of A|§24—Th(_3 rate of alumina Figure 3. Calculated AIC} profiles at total pressure of 1000 mbar and at
deposition is reported to rise with the AlCbartial pressure but to 1373 K for the mixtures(1) 0.8 mbar HCI+ 0.8 mbar AICK + 5.2 mbar
become constant above a certain Al@fressuré. The reaction or- CO, + 6 mbar H in Ar; (2) HC, AICI;, and CQ as in 1+ 40 mbar H in
ders with respect to AlGlwere between 2 and OFigure 5 shows  Ar: (3) HCI, AICI5, and CQ as in 1+ 90 mbar H in Ar; and (4) HCI,

that the AICk decomposition rate increases as Al@artial pressure  AICI;, and CQ as in 1+ 384 mbar H in Ar.
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Figure 4. Calculated AIC} profiles at total pressure of 100 mbar and at

1323 K for the mixtures(1) 0.06 mbar HCH 1.3 mbar AIC} + 4 mbar
CO, + 60 mbar H in Ar; (2) H,, AICl;, and CQ as in 1+ 0.5 mbar HCI
in Ar; and (3) H,, AICI;, and CQ as in 1+ 26 mbar HCl in Ar.

short times and at low AlGlconcentrations, but less than first order

in AICI; at higher AICE concentrations and at longer times.

Effect of the partial pressure of GG-Schierlinget al® ob-
served that increasing the GQartial pressure increases the,®}

deposition rate. Nitodas and SotircAahiow that, depending on the
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Figure 6. Calculated AIC} profiles at total pressure of 100 torr and at 1273
K for the mixtures:(1) 1.2 mol % AICkL + 3.5 mol % CQ in H,; (2) 1.2
mol % AICl; + 10mol % CQ in H,; and (3) 1.2 mol % AICk

+ 24 mol % CQ in H,.

sition rate. Figure 6 shows that the AlGlecomposition rate is not
strongly influenced by the COmole fraction. However, for the
corresponding AlO; deposition rate reported by Nitodas and Sotir-
chos(see Fig. 6 in Ref. § the promoting effect of the COpartial
pressure on the alumina deposition rate was relatively weak. In that
case, an increase by a factor of 6up to 24 mol % in the partial

values of the other operating parameters, an increase in the COpressure of C@led to an increase in the alumina deposition rate by
mole fraction may increase, decrease, or have no effect on the depenly a factor of 1.5. One can also interpret this result as indicating
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Figure 5. Calculated AIC} profiles at total pressure of 100 mbar and at

1323 K for the mixtures:(1) 0.3 mbar HCI+ 1 mbar AICk + 4 mbar
CO, + 60 mbar H in Ar; (2) 0.3 mbar HCI+ 5 mbar AICL + 4 mbar
CO, + 60 mbar H in Ar; (3) 0.3 mbar HCI+ 9 mbar AICL + 4 mbar
CO, + 60 mbar H in Ar; and (4) 0.3 mbar HCI+ 18.7 mbar AIC}
+ 4 mbar CQ + 60 mbar H in Ar.

that the effect of C® concentration on alumina deposition is not
due to reactions in the gas phase, or that it is due to gas-phase
processes, such as the rate gfCHproduction, that are not directly
reflected by the rate of AlGldecomposition.

Effect of the temperature-Experimentally, an increase in tem-
perature increases the A); deposition rate. Figure 7 shows that, as
expected, an increase in temperature also increases the predicted
AICI; decomposition rate.

Summary of Gas-Phase AIC}/CO,/H,/HCI Chemistry

Schierling et al. in their recent publication recognized that the
details of the gas-phase chemistry in this system remain to be
investigated®. Based on the consistency of the present model with a
variety of experimental observations, we now apply this model to
attempt to understand what happens in the gas phase.

It has been widely proposed that the CVD of alumina from
AICI;/H,/CO, mixtures follows the following overall equations

b(g) + CO,(g) < HyO(g) + CO(g) (6]
2AIGI+ 3H,0 < Al,O; + 6HCI [7]

Gas reaction

Surface reaction

Nevertheless, the present kinetic model predicts that at the tempera-
ture of about 1300-1350 K, the,HICO, reaction, in the absence of
AICl5, does not produce water in significant amounts even after
very long reaction times of several tens of seconds. In fact, gas-
phase formation of significant amounts of water in a reasonable
reactor residence time at these temperatures requires the presence of
AICl;, as shown in Fig. 8. Therefore, the kinetics in the gas phase
are not as simple as those of the single Reaction 6 above, and we
consider them in more detail here.
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Figure 7. Calculated AIC} profiles at total pressure of 100 mbar for the
mixture 0.1 mol % HCH+ 1 mol % AICI; + 2 mol % CG + 60 mol % H, Figure 9. Sensitivity plot for H: (@ H, (+M) « H + H(+M), (¢
in Ar at (1) 1359 K, (2) 1323 K, (3) 1228 K, and(4) 1187 K. AIHCI, < AICl, + H, (d) AICl; + H < AICI, + HCI, and (f) AIHCI,
+ H < AICI, + H,.

Local sensitivity analyses have been performed for all the spe-
cies for the representative mixture 0.8 mbar AlGi 0.8 mbar Water formation is predicted to occur primarily by the reaction
HCI + 5.2 mbar CQ + 384 mbar H in Ar (see Schierlingt al®)
at 1000 mbar total pressure and 1323 K. These sensitivity analyses AlO + Hp — Al + H,0 (9]
show that AIC} disappears principally through Reaction 2. The H . . .
atoms being initially produced by the Reactior(see Fig. 9, and ~ AlO is formed by the reactiongsee Fig. 10

later by Reaction 3 and OAICI + H « AIO + HCI [10]
AHCI, < AICI, + H (8] Al + CO, — AlO + CO [11]

Note that Reaction 8 serves as a chain branching step in the fregyc) is mostly formed by
radical decomposition of AlG| since it converts a molecular prod-
uct of a propagation step (AIHQ! into two free-radical chain car- AICI + CO, < OAICI + CO [12]

riers (AICI, and H).
2 AICI is formed by the sequence Reaction 3 followed by

| 2E+016 — AIHCI, < AICI + HCI [13]
The formation of water is potentially of importance as it is generally

2 believed that alumina is formed through the global surface Reaction
7. As stated above, the present work predicts that water is formed
primarily via Reaction 9, and the reaction sequence

8.0E+015 — CO, + H— CO+ OH [14]

followed by

H, + OH«~ H,O0+ H [15]
4.0E+015 — . . -

(globally the water shift reactionappears to be unimportant. Its
removal from the kinetic model does not appreciably change the
computed water concentration profiles.
It is known that the reverse of Reaction 14 (GOOH — CO,

+ H) occurs as a chemically activated reaction, and exhibits pres-
0.0E+000 = , ' . : | 1 sure dependence. Therefore, we initially used a Lindemann treat-

0 P 4 6 8 10 ment of this pressure dependence with the rate conskantkigh-
pressure limiting rate constanand k, (low-pressure limiting rate
constant calculated by Larsoret al’® However, above 1090 K
Figure 8. H,O profile formed in the mixture at 1000 mbar total pressure and IN the pressure range 0.19-0.82 atm, Wooldridgeal*® did not
1323 K: (1) 5.2 mbar CQ + 384 mbar H in Ar, and (2) 5.2 mbar CQ observe any measurable pressure dependence and proposed a

+ 384 mbar H + 0.8 mbar AIC} + 0.8 mbar HCI in Ar (mixture from pressure-independent rate constakt (cn® mol*s™t) = 2.12
Ref. 5. X 10" exp(—2630M) for this reaction. Wooldridgeet al. also

[HoO] (molecule cm-3)

Time (s)



Journal of The Electrochemical Socigty49 (5) C261-C267(2002 C265

o 2

< _ g i 3

8 0.96 —

‘qE) 0.5 — _

S =

= ] h = 092

a o -

(&} <

= Sl -

E 0.0 E"

= O 088

c 1 <C

(b — -

[45]

o

g -0.5 — 0.84 — 1

‘©

£ | i

o

= f 0.8 l i l i . i l
‘10 T \:HHI‘ T IHHH‘ T \HHH‘ T \FHH[] T HHHI‘ T \HHH‘ T HHHI‘ 0 1 2 3 4

1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 Time (s)

Time (s)
] o Figure 11. Calculated AIC} profiles at total pressure of 100 mbar and at
Figure 10. Sensitivity plot for AlO: (f) Al + H,O < AIO + H,, (g) AlO 1323 K for the mixtures(1) 0.06 mbar GJ + 1.3 mbar AIC} + 4 mbar
+ HCl < OAICI + H, and(h) Al + CO, <> AIO + CO. CO, + 60 mbar H in Ar; (2) H,, AICI5, and CQ as in 1+ 26 mbar C} in
Ar; and (3) H,, AICl;, and CQ as in 1+ 26 mbar HCl in Ar.

showed good agreement of their experiments with the treatment fol-  Effect of the partial pressure of waterWater is predicted to
lowed by Larsoret al® The use of the rate constant of Wooldridge have no significant effect on the thermal decomposition rate of

et al’® slightly extrapolated to 1 bar in the kinetic model leads to AICI; under CVD conditions, even when present in significant quan-
the conclusion that water is formed competitively through the reac-jjties as shown in Fig. 12.

tion sequence given aboy®eactions 9-18 and the following se-
quence of Reactions 14 and 15 followed by Effect of the partial pressure of hydrogen peroxidélydrogen
peroxide (HO,) is predicted to be a promoter for AlCthermal
decomposition even at very low levels as shown in Fig. 13 and 14.
HCI + OH < H,O + ClI [16]  with significant amount of KO, in the mixture, the AlGJ decom-
position rate is dramatically increased as shown in Fig. 13 and 14.

) o The explanation of this promoting effect is given by the reaction
However, removal of Reaction 15 from the kinetic model leads only sequence

to a slightly decrease in water production, and it appears that the
water/gas shift reaction is not necessary to explain the formation of H20,(+M) < OH + OH(+M) [17]
water. In fact, only the simultaneous removal of Reactions 9, 15, and
16 is able to dramatically decrease the predicted formation of waterfollowed by Reaction 15 that serves as a source of H atoms for
Each channel on its own is able to form water in comparablereaction with AICL. However, the conditions of mixture 3 of Fig.
amounts, and therefore the three channels are not only competitivé4 are not realistic ones for CVD processes, as this mixture is pre-
but coupled. Note that even when water formation via Reaction 9,dicted by this kinetic model to lead, under adiabatic conditions, to
which directly involves an aluminum containing species, is elimi- ignition almost instantaneouslygnition delay time of about {us,
nated, AIC} still accelerates water formation. This is because AICI constant-volume flame temperature of about 2640 His is rel-
serves as a source of the H radicals that participate in Reaction 18vant to the flame particle synthesis process, but not to conventional
above, via the reaction sequence Reaction 4 followed by Reaction 5CVD. In contrast, mixture 2 is predicted to react under about iso-
thermal and isobaric conditions due to the low level of hydrogen
- : : peroxide present in the mixtur®.06 mol %. This promoting effect
Effect of Additives Not Studied Experimentally of hydrogen peroxide can, therefore, be of potential use in the CVD
This chemical kinetic model has also been used to predict of theprocess to increase deposition rates. However, as underlined above,
effect of additives that have not been studied experimentally, includthese kinetics considerations only concern the gas phase, and the
ing O, Cl,, H,O, H,O,. However, this effect only concerns the predicted promoting effect of hydrogen peroxide has to be experi-
gas phase and nothing can be said here about the ability of sucthentally demonstrated. Experimentally, addingO4 to this depo-
mixtures to form alumina with the appropriate propertigspurity  sition system would introduce substantial new safety concerns, due
content, powder size and morphology, film morphology,ettis of  to the possibility of forming explosive mixtures. In this regard, de-
interest to search for additives able to increase the deposition rate ahkiled chemical kinetic models like the one used here can be of use
alumina, which is, in many of the experiments presented in thein identifying explosion limits, allowing experiments to be con-
literature, relatively slow. ducted outside of them.

Effect of the partial pressure of G+Cl, is predicted to be an Effect of the partial pressure of CO-Strictly speaking, CO has
inhibitor of the AICKL thermal decomposition, just as HCI is, when been studied as an additive for the kinetics of alumina deposition
present in significant amounts. Moreover, as shown in Fig. 11, Cl from AICIl;/CO,/H, mixtures, but the compositions of the mixtures
has a stronger inhibiting effect than HGlt least for the conditions studied are not given in the literature. A retarding effect of CO is
considered heje reported by Lux and Schachferhereas, according to Schierling
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Figure 12. Calculated AIC} profiles at total pressure of 100 mbar and at Figure 14. Calculgted AIC4 profiles at total pressure of 100 mbar and at
) . 1323 K for the mixtures(1) 0.06 mbar HCH 1.3 mbar AIC} + 4 mbar
1323 K for the mixtures:(——) 0.06 mbar HCH 1.3 mbar AIC} ) ;
) SR : CO, + 60 mbar B in Ar; (2) H,, AICI;, and CQ as in 1+ 0.06 mbar
+ 4 mbar CQ + 60 mbar H in Ar; ( ) H,, AICl;, and CQ as in H,0, in Al: and (3) H,, AIC] dc in 1+ 26 mb 0. inA
1 + 0.06 mbar HO in Ar (H,O has replaced HCI in the mixtyreand 292 INAL an 2 3» and €Q as in mbar HO, in Ar.
(—) Hy, AICI;, and CQ as in 1+ 26 mbar HO in Ar.

promoter for AICL thermal decomposition even at very low levels
et al,> CO has no effect in the pressure range te§letb 14 mbar, ~ as shown in Fig. 16. With a significant amount of @ the mixture,
but the partial pressures of the other constituents are not )given the AICl; decomposition rate is dramatically increased. However,
Here, we have considered only one mixture, and in this case, CO it¢he addition of high amounts of 0 in the presence of }{ is pre-
predicted to have no effect at low levels and to be a promoter wherdicted by this kinetic model to lead, under adiabatic conditions, to
present in significant amounts as shown in Fig. 15. As was the casggnition. In contrast, mixtures 2 and 3 are predicted to react under
for CO,, the role of CO has to be clarified further. nearly isothermal and isobaric conditions due to the low level of

] ] ) oxygen present in the mixture. Therefore, this promoting effect of
Effect of the partial pressure of 5—0O, is predicted to be a oxygen can be of potential use in the CVD process to reduce the
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Figure 13. Calculated AIC} profiles at total pressure of 100 mbar and at Figure 15. Calculated AIC} profiles at total pressure of 100 mbar and at
1323 K for the mixtures(1) 0.06 mbar HCH 1.3 mbar AIC} + 4 mbar 1323 K for the mixtures(1) 0.06 mbar HCH 1.3 mbar AIC} + 4 mbar
CO, + 60 mbar H in Ar; (2) H,, AICl;, and CQ as in 1+ 0.06 mbar CO, + 60 mbar H in Ar; (2) H,, AICI;, and CQ as in 1+ 0.06 mbar CO
H,0, in Ar; and (3) H,, AICl;, and CQ as in 1+ 26 mbar HO, in Ar. in Ar; and (3) H,, AICl;, and CQ as in 1+ 26 mbar CO in Ar.
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presence of Kl has H atoms and the AlCkadical as the primary
chain carriers. Sensitivity analyses have been performed to examine
the reaction pathways for the decomposition of the precursor as well
as for the formation of water, a molecule that has been proposed to
play a major role in the heterogeneous chemistry. Depending on the
rate constant taken for the reaction GOOH «— CO, + H, the

CO, + H, global reaction(water-gas shijtis shown to produce
either(i) very little water at the temperatures of interest for the CVD
processes, and a reaction sequence is proposed to explain the for-
mation of water in significant amounts, ¢ii) to produce water
competitively with the other water-producing channels AIO

+ H, «< H,O + Al and HCI + OH < H,O + CI. The effects of
some additives on the Algldecomposition rate have been exam-
ined with the help of the above kinetic model ,@ predicted to be

a more efficient inhibitor than HCI. Water is predicted to have no
effect even if high amounts are added. Hydrogen peroxide and mo-
lecular oxygen are predicted to be promoters, even at very low

= 0.9
©
Q
= ]
o
Q
< 08—
07 . | ]
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levels.
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