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Abstract

The chlorination of a SpD;—CeQ—-C mixture with gaseous chlorine was studied by thermogravimetry (TG). The effect of the reaction
temperature between 400 and 980on the reaction rate was analyzed. The reaction products were studied by X-ray diffraction (XRD) and
energy dispersive spectroscopy (EDS). Compared to the results previously found in the individual systems, it was concluded that each oxide
evolves as being an individual in the mixture. Combined with TG results along with observations done using scanning electron microscopy
(SEM), the stoichiometries of the reactions involved were obtained. From these results, a two-stage separation method for both oxides was
proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 400°C [12] producing SmOCI (s) in one stage up to 68D

and SmOCI (s) and Smg(s, |, g) in two successive stages

The importance of both cerium and samarium compounds from 650 to 950 C [12].

has increased markedly in the last decades. As pure oxides, These differences in reactivity towards C (s) + Q)
both lanthanides are used in fuel cdlls2]. Cerium oxide [12,13] suggest using this difference to separate these ox-
is used in catalysif3,4] while samarium as either oxychlo- ides. The chlorides and oxychlorides formed occur in dif-
ride, oxide or metal is used in permanent magnets and forferent agregation states and have differences in their vapor
unique optical material®,6]. The marked chemical similar-  pressures suggests separation by physical methods such as
ities[7] between lanthanide oxides along with their high sta- volatilization or fractional distillation.
bility [8] make separation a difficult task. To overcome this
problem, different separation methods have been proposed

[9-11]. 2. Experimental
The chlorination and carbochlorination of $@g and ]
CeQ and their mixture were previously studigti2—16]. 2.1. Materials and procedure
Reaction products were identified and by TG analysis, the ) )
stoichiometry of these reactions was obtaif2-16]. Ar99.999% purity (AGA, Argentina), GI99.8% (Indupa,

CeQ carbochlorination starts above 70D producing ~ Argentina) and raw Sp0s, CeQ, and C were the reactants

CeCk (s, |, g)[13] and SmO; carbochlorination starts over used. These solids were previously character[zaalrlﬁ].
These reactants were weighed and mixed mechanically to

* Corresponding author. Tel.: +54 2944 445293/5337; obtain a Ce@ (45 wt%)-Sm0Os (45 Wt%)—C (10 wt%) mix'
fax: +54 2944 445299, ture. The percentage of each oxide was determined us-
E-mail addressesquivel@cab.cnea.gov.ar (M.R. Esquivel). ing the Rietveld method17] (see appendix for sample
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Nomenclature

cell parameterf()

cell parameterA)

cell parameterf()

diffusion coefficient (Ms-1)
apparent activation energy (kJ mé)

stoichiometric correction coefficient (diment

sionless)

formula weight (kg mot?)

coefficient that relateAw to the mass change
of carbon, Ce@and SmO;3 (dimensionless)
characteristic dimension of the sample (m)
initial mass sample (mg)

mass variation (mg)

balance mass variation (mg)

molar flow of chlorine (mols?)

normal pressure and temperature conditions
reaction rate (1)

reaction rate (molst)

time (s)

temperature°C)

adjustable parameter

Greek symbols

cell angle ¢)

ac,smo, carbon, SOz reaction degree (dimension

less)

cell angle ¢)

cell angle ¢)

kinematic viscosity (ris™1)

were treated and auxiliary measurements done in a globe box
[12-15].

2.2. Expression of results

For non-isothermal runs, TG data are expressed@as
versusT, whereAw andT are the mass change in milligrams
and the temperature fC, respectively. For isothermal runs,
TG data are expressed as either the fractional carbon mass
loss given byxc = Am(C)/my(C), whereAm(C) andmg(C)
are the carbon mass change and carbon initial mass, respec-
tively, or the fractional samarium oxide mass loss given by
asmo; = Am(Smp03)/mo(SmpO3). Either SmO3 or car-
bon consumption is related to the observed mass change by
Am(CorSm0O3) = g Aw. g is a coefficient which relates
the Aw to the mass change of carbon, Geahd SmOs,
and which depends on both the stoichiometry of the reaction
and the aggregation state of reactants and products. Then, the
reaction degree is transformed to:

g Am(C, SmpOg)
aC,sSmog = ———————— (1)
mo(C,Sm0s)
where the parenthesis indicates that the symbol con-
tained within the formula corresponds to either carbon or
SmpO3.The reaction rate (3) is:

. _dac,swoa, B g dm

dr ~ mo(c.smoy) df

)

The reaction rate (mol g6~1) is:

_ dngy,

R— _ fmo(c,smog) - T

= 3
dr FW(C,Smp03) 3
wheren is the moles of chloringf, a coefficient that relates

the stoichiometric consumption of moles of either carbon or
Smp0O3 to moles of chlorine and FW is the formula weight

parameters detail). Carbon percentage was determined byf either carbon or SpDs.

weighing it before and after burning the mixture at 980

[12,13,16].
Athermogravimetric analyzer based on a Cahn 2000 elec-3. Results and discussion

trobalance described elsewh§t8] was used to measure the

chlorination rate. The mass change resolution of the system3.1. Reactivity of the Ce2Sm0O3—C system with

was+10wg under the experimental conditiofis2,13,15].
Samples of SB0O3—CeQ—C of 10 mg were placed inside a
quartz crucible suspended by a quartz fiber inside a furnace.

chlorine and reaction products

Non-isothermal experiments were made to determine the

Isothermal and non-isothermal measurements were made unmain products of reaction from room temperature to 950

der an overall pressure of 101.3 kPa and a total gas flow rateThe corrected TG curve is shown in curve (1Fig. 1. For

of 7.91h~1 (NPT). In the isothermal experiments, samples comparison, the corrected TG curves of the individual car-

were first heated for 1 h in Ar at the desired operation tem- bochlorination of both Ce&X2) [13] and SmOs (3) [12] are

perature, then Glwas injected into the system reaching a also shown. In the Ce2SmpyOs—Cl,—C system, the start-

pClk =30.3kPa.
In the temperature scanning experiments, samples werethe curve. As temperature raises, the mass increases reach-

heated from room temperature to 98Dat 2.6°C min— ! at
a pCb=30.3kPa in flowing Ar-Gl. In both cases, mass

ing temperature of reaction (19Q) is indicated by “A’ in

ing a maximum at 350C where a flat zone corresponding
to the formation of a condensed phase is indicated by “B”.

changes were measured and apparent mass changes we&ow formation of another condensed phase is observed up to

corrected as explained elsewhdfd]. Since the reaction
products, SmGland Ced, are hygroscopil9], samples

480°C (“C"), followed by a flat zone. Above 650C, a fur-
ther slow mass gain extends up to 7@X(“D”). Between 700
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Fig. 1. (1) Non-isothermal curve of the chlorination of 853—CeQ—C. 26
XRD, EDS and SEM obsgrvatlons areln_d|cated by full circles, hollow (_:|rc|_es Fig. 2. Diffraction pattems of the reaction products at 560
and full squares, respectively. (2) Non-isothermal curve of the chlorination
of Ce—C[13]. (3) Non-isothermal curve of the chlorination of $83—C ) o
[12]. Reaction productil 2,13]are labeled in the figure. only SmpOg3 reacts with the stoichiometry,

2SmpO3(s) + 2Ck(g) + C(s)
and 800°C (“E”), a marked mass gain occurs. Above 8@) — 4SmOCI (s)+ CO, (g) (4)
an increasing rate of mass loss is observed up ta°@50
This mass loss is attributed to vaporization of the reaction =~ XRD and SEM analysis performed at temperatures lower
products. This curve resembles the curves for the individual than 400°C indicated that only direct chlorination of S@3
carbochlorination of SpO3 [12] and CeQ [13] suggesting occurs[12,14]. Like the individual Ce@-Cl, system[15],
formation of similar products. Differences in mass gain be- no chlorination of the Ce@present in the SpD3—-CeQ-C
tween the mixture and the individual oxide in each tempera- mixture is observed.
ture range are attributed to the differences in the C content in
the initial mixtureg12,13]. The identity of phases formedin  3.3. Stoichiometries and reaction products between 650
each of the individual systenj$2,13]are labeled irFig. 1. and 700°C

To identify the reaction products, isothermal experiments
were done at selected temperatures and the reaction products Six hundred and fifty and 70@ were selected for analy-
were characterized by XRD, EDS and SEM at the points on sjs of the reaction products. The diffraction patterns obtained

the TG curve oFig. lindicated by full circles, hollow circles  at various times at both temperatures are showfign3. At
and full squares, respectively. With the aid of mass balances,

the stoichiometries of the reactions involved were assessed. — 7T T 773

50 32) 650°C 3min
P SR TT IL,JILL,J._I a4
3.2. Stoichiometries and reaction products between 400 5010 650°C 3min
and 625°C A ORI 5 T¥ S .*l,u.ln —a ]
- 5019 l ' 650°C 48 h ]
Four hundred and 55@ were selected as representative ‘§ 0 sl ]
temperatures in this range. The diffraction patterns of the £ 5,19 L 700°C 3 min |
reaction products at 3 min (a), 20 min (b) and 40 min (c) at ?>> A V0 ! WY ¥ W | I T
550°C along with the reference patterns of Gef0] (d) B 5010 700°C1h ]
SmpO3 [21] (e) and SMOC]22] (f) are displayed irFig. 2. e o1l — iLIJi b | : | O P
SmOCI diffraction lines increase with time as the ones of 50—:(f)‘ ‘| ol [ SmCl,[23] ]
SmpO3 decreases. No Ce compound other than £is@b- N L L L
served. No product of interaction between Sm and Ce is ob- 58'-(9)‘ . | | | olgoz[zo]l g
served in the diffraction patterns. SEM images of reaction 503(h) ' ‘ ' ‘ ' ' ' "smocl (22] ]
products at 400C show chemical attack in the shape of pits 0+ —T— R e
.. . e . . 20 40 60 80
on the carbon indicating it is involved in the react{d2,13]. 29

These results along with mass balances at various temper-
atures lead to the conclusion that in this temperature range Fig. 3. Diffraction patterns of the reaction products at 650 and’Z00
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Fig. 4. Diffraction patterns of the reaction products at 750, 800 and @00
[20-24].

shorter times at both temperatures (Fig. 3a and d), the for-
mation of SmOCI is detected. At longer times, the further
carbochlorination of this oxychloride leads to the formation
of SmCk. This product is incompletely obtained at 65D
(Fig. 3c). At 700°C, the successive formation of both com-
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range indicate that CeQs carbochlorinated according to
2CeQ (s) + 3Cla(g) + 4C(s)

— 2CeCk(l, s) + 4CO(g) (6)

which is the same stoichiometry as that of the individual car-
bochlorinatior[13]. Like the SmO3—ClL—C systenj12], the
mass balances indicated that #g is carbochlorinated in
two steps. Between 700 and 88D, SmOCI is produced ac-
cording to Eq(4). At higher temperatures, the formation of
SmOCI as afirst step is observed but no stoichiometry can be
assigned. At 725C, the second step leads to the carbochlo-
rination of SmOCI to produce Smgaccording to

2SmOCI(s)+ 2Clh (g) + C(s)
= 2SmCk(l, s) + CO2(9)
And between 750 and 95C:
SmOCI(s)+ Cl2(g) + C(s) = SmCk(l, s) + CO(g)

()

(8)
The global reaction at 72% is described by:
3SmpOs(s) + 6Cla(g) + 3C(s)
= 4SmCk(l, s) + 3CO(9) ©)

While the global reaction between 750 and 980is de-

pounds is observed but no SmOCl is detected at longer timesscribed by:

(Fig. 3e). No products of the carbochlorination of Gefde

observed in this temperature range (Fig. 3a—e). These result$SM03 (S) + 6Cl2(9) + 6C(s)

are in agreement with those obtained from the individual car-
bochlorination of each oxidfgl2,13]. A SEM image of the
reaction products at 65C analyzed by EDS shows SmCI
particles that were vaporized during the preparation of the

= 4SmCk(l, s) + 6CO(g) (10)

Traces of both CeG@Gland SmC} were observed on SEM
images which is in agreement with their respective melting

sample. These results along with mass balances led to the?0ints of 816 and 681C [25].

conclusion that only SpD3 reacts in two steps, the first one
defined by Eq(4) and the second one,

2Smp0O3(s) + 3C(s)+ 6Clr(g) = 4SmCE+3CO ()

)
which is the same as the individual carbochlorination of
SmpO3 [12].

3.4. Stoichiometries and reaction products between 700
and 950°C

Seven hundred and fifty, 800 and 9@ were selected

3.5. Effect of the temperature on the reaction rate

Isothermal TG curves are shownhig. 5. At T< 675°C,
the carbochlorination is achieved in one step corresponding
to the formation of SmOCI according to E¢ft). The rate
increases as the temperature is raised, i.e., time needed to
achieveasm,o0, = 0.9 is 607, 90 and 20s at 400, 500 and
600°C, respectivelyTable 1displays reaction rates calcu-
lated at varioustsm,o, by EQ.(3) along with the theoretical
values obtained from the equation of Ranz-MarsHal-15]
corrected as suggest¢ei6]. Since both sets of values are
similar, it is concluded that carbochlorination of the mixture

as the representative temperatures in this range. The reactiotis achieved under external mass transfer control which in-
products obtained atthese temperatures at various times alongreases as temperature increg$2sl5]. The values are also

with the reference patterns are showrFig. 4. At shorter
times at 750 and 80CC, formation of SmOCI is observed.
At longer times, both Sm@land Ce are detected. These
results are the same as the individual carbochlorination of
each oxidg12,13]. As observed at the lower temperatures
(Figs. 2 and 3), no interaction between cerium and samarium

compared to those for the individual carbochlorination sys-
tems[12,13]. The values in the mixture are of the same order
of magnitude as those for carbochlorination of 8 [12]
indicating that no changes are produced due to the presence
of Cey inthe mixture. Ce@presents no reaction in this tem-
perature range which is also in agreement with the individual

compounds is observed. Mass balances in this temperaturesystem13].



M.R. Esquivel et al. / Thermochimica Acta 432 (2005) 47-55

4 T T T T
0,0 (@)
-0,4 4 .
One stage - SmOCI -Eq. (4) 1
. 0.8 1 \ 400 °C ]
< v
5 600°C  500°C
S o0 F . . . T
. (b)
First stage - SmOC1 (Eq.4 1
P ¢ (Ea) L 650°C
0.4 - At g R
675°C |
08 | / Second stage SmCI-Eq.(5)
700 °C
T T T T T
0 1 2 3
time /ks

Fig. 5. (a) Effect of the temperature between 400 and°625The global
stoichiometry is calculated using E@). (b) Effect of the temperature be-
tween 650 and 700C. In these curves, the global stoichiometry is calculated
according to Eq(5). Formation of products at each stage from XRD, EDS

and SEM measurements are signaled by full circles, hollow circles and full

squares, respectively.

The TG curves corresponding to 650—7@are displayed
in Fig. 5b. At 650 and 675C, carbochlorination of SpO3
leads to a complete formation of SmOCI in the first stage but of Egs.(6), (9) and(10). The carbochlorination rates at lower

not to the full formation of SmGlin the second.

At temper-

atures higher than 67%, formation of Sm{ is complete
according to Eq(5). This behavior was previously observed dicates the reaction evolves under different kinetic regimes.
in the carbochlorination of Sp3 [12]. The experimental

Table 1

Comparison between(experimental) andll (theoretical) reaction rates

51

reaction rates are compared to those of the Ranz-Marshall
equation[12-15]in Table 1. The first stage reaction rate is
similar to those of the Ranz-Marshall equation indicating the
first stage is controlled by mass transfer. The second stage
is two orders of magnitudes lower suggesting a different re-
action regime closer to chemical-mixed control. Similar ex-
perimental reaction rates values and the presence of two re-
action stages in this temperature range were observed in the
individual carbochlorination of Sp®O3 [12] suggesting no
interaction with Ce@ in the mixture. As discussed in Sec-
tion 3.3, the carbochlorination of Ce@s not achieved in this
temperature range.

The TG curves at 725-95C are displayed ifrig. 6. In
this case, curves are expressed as the consumption of carbon
because this reactant is the one common to reaction of both
oxides. Like that of S0z [12], the carbochlorination of the
mixture occurs in two stages. In the first, formation of SmOCI
is achieved. (Fig. 4a and c). In the second, the formation of
both SmC4 and CeCl is achieved (Fig. 4b, d and e). As also
observed in the carbochlorination of 8% [12], the rate in
the second stage is more dependent on temperature than the
first. The time to reackkc=0.20 is 10, 17 and 20s at 950,
800 and 7258C, while the time to reactic =0.80 is 50, 168
and 461 s at the same temperatures, respectively.

Table 1displays the carbochlorination rate at various tem-
peratures andc using Eq.(3) with the global stoichiometry

ac values are faster, by at least one order of magnitude, than
those at highesc values at the same temperatures. This in-

As discussed in the previous section, the first stage is un-

T(°C) D (cms?) v (cms?) N (mol Cl s72) Equation used o R(molClh s72)
This work [12] [13]
400 0.43 0.39 6.01x 1078 (4) 0.2 3.28x 1078 1.15x 1078 -
0.5 2.71x 1078 1.27x 1078 -
600 0.76 0.67 4301077 @) 0.2 9.64x 1078 4.42x 1077 -
0.5 4.78x 1078 5.98x 1077 -
650 0.83 0.74 4.5% 1077 @) 0.2 9.75x 10~/ 3.76x 1077 -
(5) 0.45 7.00x 10710 7.37x 10710 -
700 0.92 0.81 5.06 107 (5) 0.2 8.16x 107 8.05x 1077 -
0.5 1.25x 1079 1.67x 1079 -
750 1.00 0.89 5.28 107 (6), (10) 0.2 8.45x 107 5.25x 10~/ -
0.5 7.10x 10°° 2.0x 1079 -
800 1.09 0.96 6.0& 107 (6), (10) 0.2 8.62x 107 3.02x 1077 3.67x 1077
0.5 9.02x 107° 6.02x 10°° 1.50x 107
850 1.18 1.04 7.52x 1077 (6),(10) 0.2 8.76x 107 5.86x 10~/ 4.70x 1677
0.5 5.00x 10~8 8.04x 107° 3.27x 1077
950 1.36 1.21 8.01x 1077 (6), (10) 0.2 9.90x 107 7.32x 1077 6.91x 107
0.5 5.78x 1078 1.78x 1078 2.40% 1077

Values ofD andv at various temperatures are estimated fopbp(30.3 kPaN values are calculated according to the Ranz-Marshall equation and corrected as
suggestedl5,26]. In this equatiorl. =0.30. The experimental values Rfare obtained for 10 mg of Sf®;—CeQ—C under a pGl=30.3 kPa and a total gas
flow rate of 7.911h! at each temperature. Eighth and ninth columns display these values for the individual carbochlorinatie®ofi3and CeQ [13].
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T T T T T T T T T T T T T T T Table 2
0,0 I 7.91 bt - Activation energy for the formation of SmOCI and Srg&CeC} in the
carbochlorination of the Ce©2Sm0O3; mixture
0z 303 kPa J Process Temperature o Range Eap (kJ mol1)
range (C)
First stage-SmOC1 SmOCI formation 400-625 0.10-0.90 F3B
04 — 7 650-850  0.10-0.90 124
= 06 SmCkg-CeC}k formation 725-950 0.10-0.50 1?24
' Second stage-CeCl,, SmCl, 0.60-0.90 753
-0,8

] tween 400 and 625C, theEap value is 79 3kJ molL. At
4 625°C, the lines break. TH'eafvaIue calculated between 625
L and 850°C is 12+ 3kJ mol*, only some reaction degrees

6 5 10 15 20 25 30 35 are shown, but calculation was done for values between 0.1

time / ks and 0.9. Theeyp values are lower and the temperature were

Fig. 6. Effect of the temperature between 725 and “€50In this case, the lines break is higher than those of the carbochlorlnatlon
g=0.5399. SmO3 global consumption is expressed according to Egs. of SmpO;3 [12] (seeTable 2). This effect is attributed to the
and(10) at 725 and 750 to 95, respectively. Ce@global consumption presence of a higher amount of C available to react with the
is calculated according to E(p). SmpO3 present in the mixture.

/ 725 °C
Wl /

- 1 o o
950 °C 850 °C ™800 °C 750 °C
1 1 1 1 1 | L 1 1 | L

der external mass transfer. Unlike the 625-70Qemper- 3.6.2. The formation of Cegand SmCJ

ature range in which the first and second stages differ by at Like that of the carbochlorination of $1®s [12], the for-
least two orders of magnitude, both stagesinthistemperaturemation of SmC4 occurs as a second stage after the for-
range differs by only one order of magnitude, as observed in mation of SmOCI. No total conversion of the SmOCI is
Table 1. This indicates that external mass transfer Contmlsachieved at temperatures lower than 6@0as observed in
the first stage and influences, not controls, the second stage, .., Figs. 5b and 3a—c. The formation of solid Sm@In-

in this temperature rand@7]. This behavior was observed dering the progress of the reaction is attributed to this dis-

previously in the Si0Os—-C-Cl systen{12]. continuity of the reaction curves at temperatures lower than
690°C as observed ifig. 5b.

3.6. The activation energy and regimes of reaction If compared with the curves of the carbochlorination
_ of SmpO3 [12], those of the carbochlorination of the
3.6.1. The formation of SmOCI CeG-Smp03 mixture shown inFig. 5 are quicker. As ex-

The calculation of the activation energy for the formation ample, the time to reaasm,o0, = 0.4 and 0.8 at 700C are
of SmOCI in the 400-850C range is shown iffrig. 7. Be- 27 and 141 s for the Ce©SmpO3 mixture, while itis 119 and
3046 s for the individual carbochlorination of $@g [12].
T T 1 ' l " 1 This effect is attributed to the presence of a higher amount of
6~  Formation of SMOCL (Eq.4) Ogm,0, = 0-7 carbon available to react with the S8 in the mixture than
Usm,0, =05 | that available in the individual carbochlorinatigt?]. De-
O8my0,= 03 | spite the fact that the percentage of carbon in theGgnC
Ogm,0,=0.1 | [12] and thatin SmO3-CeQ—C are approximately the same,
the total amount of C in the samples of the mixture are higher
because these samples have a total mass four times higher.
As studied in a previous worKL3], carbon produces a ki-
netic effect which accelerates the ratio of reac{di. It is
attributed to the presence of intermediaries of reaction incre-
. mented with the amount of carbon present in the sample and
available to reacfl3]. At temperatures higher than 700,
this increment on the reaction ratio is also due to the forma-
. ) . ) . ) . tion of liquid SmCk. As discussed in a previous wopk?],
1,00 1.20 1,40 1,60 the formation of SmGl(I) enhances the diffusion of reactive
species from or to the reactive SmOCI surface and favoring
the carbochlorination of Sg3 in the process. This process
Fig. 7. Plot of Int vs. T-1 at various conversions for 10mg of also favors the carbochlorination of Ce&As observed in

CeO~SmOs—C between 400 and 85C. The stoichiometry considered ~ Fi9- 6, the carbochlorination of CeCaccording to Eq(6)
corresponds to Eq4). and that of Sm0O3 according to EqY9) and(10)in the mix-

Eap: 12 + 4kJ.mol"

Int

Eap= 79 = 3kJ.mol

T, 1x10°, K*
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70 1 : T - T : 1 - T ues ofa raise is attributed to the evolution of two different
Formation of SmCl, (Eq.9 and 10 ) and CeCl, (Eq.6) mechanisms of reaction: the formation of SmOCI in the first
r e step and the formation of both SmGind CeCl in the sec-
oL i ond. Although this behavior was observed previoJiB],
the Eqp values for the second step are lower in the case of
the present work. It is due to the kinetic effect produced by
the presence of a higher amount of C allowable to rgjt
= 5L 4 Its combined effect with the formation of both liquid chlo-
B rides shifts the chemical-mixed control observed in the case
" 6208 of the carbochlorination of Sp3 [12] to chemical-mixed
\ influenced by external mass transfer observed in the present
4 0;=08 T work.
0,=07 Eap: 75 = 3 Kj.mol"
[%e=06 ! . ! . 1 . ! 3.7. Separation method for this mixture
0,80 0,85 0,90 0,95 1,00
T, 1x10°%, K- The separation of these oxides at temperatures lower

than 700°C was discussed in previous workks,30]. At
Fig. 8. Plot of Int vs. T"! at various conversions for 10mg of  higher temperatures, the simultaneous formation of €eCl
CeG—-Smp0O3—C between 700 and 95C. The stoichiometries considered and SmC} is achieved as discussed in the previous section.
correspond to Eqg6), (9) and(10). . L )
Then, the separation method should consist in two steps:

ture are completed. Although the individual carbochlorina- (1) The carbochlorination of the Ce@smO3 mixture us-

tion of SmpyO3 is completed in this temperature rande], ing the minimum amount of C needed according to the
that of CeQ is not[13]. This last reaction only achieves the stoichiometries of Eq$6), (9) and(10)to produce CeGl
maximumaceo, at temperatures higher than 73D[13]. In and SmC{ chlorides.

CeQ carbochlorination, the formation of liquid Ce{én- (2) Since no interaction between the initial oxides and the
hances the completion of the reaction at higher temperatures ~ produced chlorides is observed, the chlorides can be sep-
by coalescing and leaving unreacted GefDrface exposed arated using differential volatilization or any other phys-
to chlorine chemical attack 3]. When Ce@-SmpO3-C is ical method taking advantage of the differences on their
chlorinated, the formation of liquid Smght lower temper- vapor pressurg25].

atures due to its mp of 68T [25] not only coalesces and

exposes the SmOCI surface to further carbochlorination as

observed irFig. 6, but also exposes the Cg8urface to re- 4. Conclusions
act and the full carbochlorination of both oxides is favored

in the process. At temperatures higher than 80the pres- Inthis work, the effect of the temperature on the carbochlo-
ence of carbon which accelerates the carbochlorination raterination of a Ce@-SnpOs mixture was studied. The starting
of the mixture and the simultaneous formation of SgQI temperature of the carbochlorination is observed at°@0

and Ced (l) (mp 816°C [25]) produces a global increment  where only SmOs is carbochlorinated. Between this tem-
of the reaction rate. This combined effect is observed in the perature and 628C, this oxide reacts in one stage forming
Eap values of the reaction. The,p values calculated in this ~ SmOCI (s). Over 650C and up to 950C, the formation
temperature range are shownHig. 8. Although only four of SmCk occurs as a second step. The stoichiometries and
a values are shown, the calculation was donexftaetween temperature ranges of reaction coincide with those of the in-
0.1 and 0.9. The calculation of between 0.1 and 0.5 (not  dividual carbochlorination of this oxidg.2]. Over 700°C,
shown here) led té&,p values of 124 kJ mol® similar to the full carbochlorination of Ce£in the mixture is achieved
those obtained for the formation of SmOCIl inthe 625-850  with the same stoichiometry of its individudi3].

range which is reasonable if considering that this stageisalso  The Eap values involved in the formation of SmOCI
occurring at this temperature range. Thg values found (s) are 79:3kImol! between 400 and 62%& and
indicate that this stage occurs under external mass transfel2+ 4 kJ mol! between 650 and 85, respectively. The
control[28,29]. It is confirmed by observing that experimen- same value is obtained at higher temperatures. The formation
tal and theoretical reaction rates are of the same order asof SmOCI is achieved under external mass transfer control.
displayed inTable 1. TheEap values foro values between  TheEgpvalue involved on the formation of Smgnd Ce(4

0.6 and 0.9 shown ifFig. 8 are parallel indicating that the is of the order of 75 3kJ motL. The stage is assumed to
mechanism of reaction remains the same. The values are obe under chemical-mixed control influences by external mass
the order of 75 3kJ molL. These values suggest the pres- transfer.

ence of chemical-mixed control influenced by external mass  Although no interactions between the oxides are observed,
transfer. The shift from low to higlap values as the val-  aglobal acceleration of the carbochlorination ratio of the mix-
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ture is observed. It is attributed to the presence of a higher

amount of carbon available to react per surface Hr@pand

the formation of liquid SmGl which not only enhances the
further carbochlorination of SmOCI formed in the first stage
but also favors the full carbochlorination of Cg®etween
700 and 800C by coalescing and exposing the unreacted
Ce(Q surface to chlorine chemical attack. The simultane-
ous formation of both liquids at higher temperatures also in-
creases the global reaction rate of the carbochlorination.

As a conclusion, a two-step method based on the car-

bochlorination and further vaporization of the chlorides to
separate the oxides in the initial mixture is proposed.

Appendix A
A.1l. Refinements

SmOCI phase was refined with tRéd/nmmspace group.
Cell parameters, b and c are equal to 3.982, 3.982 and
6.712A, respectively.«, 8 andy angles are equal to 90
Atoms Wyckoff position of SmOCI used during Rietveld
refinements were Sm (2c), O (2a)5@.17) and CI (2c)
(z=0.63).z stands for the adjustable parameter.

Cubic SmO3 phase was refined with tha3 space group.
Cell parameten is equal to 10.92. o, B andy angles are
equal to 90. Atoms Wyckoff positions were Sm1 (8b), Sm2
(24d) and O (48e).

Cubic CeQ phase was refined with thEm3m space
group. Cell parametexis equal to 5.398. «, Bandy angles
are equal to 90 Atom Wyckoff positions are Ce (4a) and O
(8c).

A.2. Mass balances

As used in previous workfl2,13], mass balances were
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Fig. 9. (a) TG curve at 700C and (b) at 950C. Both curves are used to
exemplify the mass balances performed in this system.

Table 3
Examples of mass balances used to determine the stoichiometries of the
reactions involved in this system

T(°C) Substances Masses measuredin Masses measured
points shown in after evaporation in
Fig. 9(mg) Ar (g)* and burning
A B in Air” (mg)
700 SmO3 4468 O 0
CeQ 4.468  4.468 4.468
CeCh 0 0 0
SmCk 0 6.550 0
C 0.995 0.764 0.764, 0"
950 SmOs 4490 O 0
CeO® 4490 O 0
CeCh 0 6.610 0
SmChk 0 6.429 0
C 1.066 0.166 0.166, 0"

performed in this system to assess the reaction stoichiome-950°C. After that, remaining C (s) is burning in air and the
tries. Two representative temperatures were selected to excrucible is weighed. A resume of results is also displayed in

plain how the mass balances were done: 700 and®@50
Both TG curves are displayed iig. 9a and b, respectively.
In “A” point at Fig. 9a, the initial constituents are: Sy
(s), CeQ (s) and C (s). At that point, €l(g) is injected. Be-
tween “A” and “B”, only SmyO3 reacts according to E¢5).
Ce(Q presents no reaction at this temperature. At “B” point,
SmCk (s, 1), CeQ (s) and C (s) are present. At this point,
Cl (g) injection is closed and Sm&(l, s) is vaporized in Ar

at 950°C. After that, only CeQ (s) and C (s) remain in the
crucible. Crucible is weighed and removed. C (s) is burning
in air at 950°C. Remaining Ce@(s) is weighed. A resume
of results is displayed ifable 3.

In “A” point in Figs. 9b, the initial constituents are the
same as the previous case. Between “A’ and “B"8mand
CeQ react according to Eq$10) and (6), respectively. At
“B” point, the compounds present are Sm@l, s), CeC}

(I, s) and remaining C (s). At this point, £(g) injection is

Table 3. In all cases, chlorine adsorption on C surface and
oxidation of C was considered in the mass balafi8tk
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