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a b s t r a c t

The chlorination kinetics of the Y2O3–sucrose carbon system was studied by thermogravimetry. This
work is a continuation of a previous one in which the reaction stages and the stoichiometry of each
reaction have been determined. The influence of carbon content, total flow rate, sample initial mass and
chlorine partial pressure was evaluated. The effect of carbon content on the reactive mixture was studied
between 6.7 and 70% (carbon mass/total mass). The results showed that the reaction rate of each stage is
strongly increased as the carbon content increases and the range of occurrence of the stages depends on
the amount of carbon in the solid reactive mixture. The formation reaction of YOCl (STAGE I) is chemically
controlled for temperatures lower than 700 ◦C with average effective activation energies of 165 ± 6 and
152 ± 7 kJ/mol for 8.7 and 16.7%C, respectively. The formation of the YOCl follows a nucleation and growth
mechanism, with a combination of continuous nucleation and site saturation, and anisotropic growth
controlled by diffusion. The kinetics of STAGE I can be expressed by the following global rate equation
that includes the variables analyzed:

d˛ = k B exp
(

− Ea
)

pCl {n(1 − ˛)[− ln(1 − ˛)]}(n−1)/n
dt
0

RgT
2

where k0B = 1.9 × 104, n = 1.20 for 8.7%C, and k0B = 8.4 × 103, n = 1.14 for 16.7%C.
STAGES II and III correspond to the YOCl carbochlorination to form YCl3, being these stages kinetically

different. It was not possible to obtain kinetic parameters for these stages. The reaction rate of STAGE II
is affected by diffusion of Cl2 through the gas film surrounding the sample and mass changes in STAGE III

nent
have two opposite compo

. Introduction

In a work recently published [1] we have studied the chlorina-
ion reaction of a mixture composed by Y2O3 and sucrose carbon
C). It was concluded that the reaction progresses through three
uccessive stages until the complete formation of YCl3. The occur-
ences of these stages depend on the temperature and carbon
ontent. Fig. 1 shows a thermogravimetric curve obtained in the

2O3–C (30%) chlorination at 750 ◦C. STAGE I consists of the Y2O3
arbochlorination to produce YOCl, and STAGES II and III corre-
pond to the YOCl carbochlorination to form YCl3 (which is liquid
t 750 ◦C, TfYCl3 = 685 ◦C [1]). The difference between these last

∗ Corresponding author at: División Cinética Química - Complejo Tecnológico Pil-
aniyeu - Centro Atómico Bariloche - Comisión Nacional de Energía Atómica, Av.
ustillo km 9500 (8400), S.C. de Bariloche, Río Negro, Argentina.
el.: +54 02 94 444 5100; fax: +54 02 94 444 5293.

E-mail addresses: gaviriaj@cab.cnea.gov.ar, juanpablogaviria@yahoo.com.ar
J.P. Gaviría).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.01.026
s: formation and evaporation of liquid YCl3.
© 2011 Elsevier B.V. All rights reserved.

stages is the kinetic nature, being called fast and slow, respec-
tively.

The reactions in each stage are the followings:

STAGE I : Y2O3(s) + (w/2)C(s) + Cl2(g) → 2YOCl(s)

+(w − 1)CO(g) + (1 − w/2)CO2(g) (1)

STAGEII: YOCl(s) + (n/2)C(s) + Cl2(g) → YCl3(s, l)

+ (n − 1)CO(g) + (1 − n/2)CO2(g) (2)

STAGEIII: YOCl(s) + (p/2)C(s) + Cl2(g)

→ YCl3(s, l) + (p − 1)CO(g) + (1 − p/2)CO2(g) (3)
GlobalReaction: Y2O3(s) + (z/2)C(s) + 3Cl2(g)

→ 2YCl3(s, l) + (z − 3)CO(g) + (3 − z/2)CO2(g) (4)

where 1 ≤ w, n, p ≤ 2 and 3 ≤ z ≤ 6.

dx.doi.org/10.1016/j.tca.2011.01.026
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:gaviriaj@cab.cnea.gov.ar
mailto:juanpablogaviria@yahoo.com.ar
dx.doi.org/10.1016/j.tca.2011.01.026
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Fig. 1. Reaction stages in the chlorination of Y2O3–C.

The stoichiometries of the STAGE I and Global Reaction were cal-
ulated from mass balances obtaining w = 1.16(600–650 ◦C) and
= 4(725–775 ◦C) [1]. In order to perform these calculations the

nteraction between sucrose carbon and chlorine was analyzed by
hermogravimetry and it was quantified the amount of chlorine
hich is adsorbed on the carbon surface. The aim of the present
ork is the kinetic study of the stages involved in the overall reac-

ion.

. Materials and methods

Solid reactants used were an yttrium oxide powder 99.99%
Aldrich Chemical Company, Inc., Milwaukee, MI) and sucrose
arbon. The mean particle size of the oxide measured by laser
iffraction was 10 �m and showed a size distribution highly
omogeneous (Mastersizer, Malvern Instruments Limited, Worces-
ershire, UK) [2]. Carbon was obtained from the pyrolysis of sucrose
Fluka Chemie AG) in inert atmosphere at 980 ◦C during 48 h and
ieved to a size of 400 mesh (ASTM, square aperture of 37 �m).
arbon characteristics are well described by González et al. [3].
morebieta and Colussi [4] and Pasquevich [5] utilized sucrose
arbon and determined by mass spectroscopy that this type of
arbon does not have volatile organic residues at the reaction con-
itions. The oxide and carbon powder have a BET surface area of 3.7
nd 7.2 m2/g, respectively (Digisorb 2600 Micrometeritics Instru-
ent, Norcross, GA). Respective amounts of the solid reactants
ere weighed and mixed mechanically to obtain Y2O3–C mixtures

n the range of 6.7–70% (wt/wt, carbon mass/total mass). The kinetic
nalysis were performed with mixtures of 8.7%C (carbon is 20% in
xcess with respect to the stoichiometry of reaction (1) with only
O2(g) as gas product) and 16.7%C (carbon is 20% in excess with
espect to the stoichiometry of reaction (1) with only CO(g) as gas
roduct).

Gases used were Cl2 99.8% purity (Indupa, Bahía Blanca,
rgentina) and Ar 99.99% purity (AGA, Buenos Aires, Argentina).

Solids were analyzed by X-ray diffraction (XRD) (Philips PW
310-01) and scanning electron microscopy (SEM) (SEM 515,
hilips Electronic Instruments).

The chlorinations reactions were performed using a thermo-
ravimetric system, which has been described elsewhere [6]. It
onsists of an electrobalance (Cahn 2000, Cahn Instruments, Inc.,
erritos, CA) adapted to work with corrosive atmospheres, a ver-
ical tube furnace, a gas line, and a data acquisition system. The

ensitivity of the system is ±5 �g while operating at 1000 ◦C under

gas flow rate of 9 L/h, measured at normal temperature and
ressure. Each sample was placed in a cylindrical quartz crucible
7.8-mm inner diameter and 3.3-mm deep), which hangs from one
f the arms of the electrobalance through a quartz wire. A quartz
Fig. 2. Effect of the carbon content in the chlorination of Y2O3–C. (a) 600 ◦C and (b)
750 ◦C.

hangdown tube (4.6-cm diameter) carried the gases to the sam-
ple. The temperature of the sample was measured using a Pt–Pt
(10% Rh) thermocouple encapsulated in quartz, which was placed
2 mm below the crucible. Flows of Ar and Cl2 were controlled by
means of flow meters and they were dried by passing through sil-
ica gel and CaCl2, respectively. The Y2O3–C samples were heated in
flowing Ar until the reaction temperature was reached. After tem-
perature stabilization, chlorine was admitted into the hangdown
tube while mass changes were continuously monitored (the mass
changes were acquired every 2.5 s). The acquired data of mass and
time were carefully analyzed to determine the reaction zero time.

3. Results and discussion

3.1. Influence of carbon content

Fig. 2 shows the thermogravimetries of chlorinations of Y2O3–C
mixtures with carbon contents between 0 and 70% at 600 and
750 ◦C, keeping the other experimental conditions (QAr–Cl2 : 4 L/h,
m0: 10 mg and pCl2: 35 kPa). These curves indicate that the car-
bon content has a noticeable influence on kinetics and reaction
phenomenology.

The XRD analysis of final products of the reactions at 600 ◦C
gave YOCl as only phase present. The curves show that the rate was

increased as the carbon content was increased, being more evident
for %C lower than 16.7. The mixtures with %C lower than 8.7 pro-
ceed with mass gain until complete YOCl formation through STAGE
I. The samples of 16.7 and 30%C react according to STAGE I until the
shoulder placed at �m/m0Y2O3 ≈ 0.11 and 0.13, respectively. After
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Table 1
Values of relative mass gain of STAGE II–III transitions for the curves of Fig. 2 (750 ◦C).

%C STAGE II–III transition

�m/m0Y2O3

measured
�m/m0Y2O3 corrected
by Cl2–C interaction

6.7 0.353 0.350
8.7 0.373 0.369

16.7 0.384 0.376
ig. 3. Effect of flow rate of Ar–Cl2 on the carbochlorination rate of Y2O3. (a) 625 ◦C
nd (b) 700 ◦C.

he shoulder, STAGES I and II occur simultaneously. The YOCl formed
n the STAGE I is carbochlorinated producing solid YCl3, which reacts
uickly with non-reacted Y2O3 to form YOCl. The reactions involved
re the followings:

YOCl(s) + (n/2)C(s) + Cl2(g) → YCl3(s, l)

+ (n − 1)CO(g) + (1 − n/2)CO2(g) (2)

2O3(s) + YCl3(s, l) → 3YOCl(s)[fast] (5)

Being the stoichiometry of the global reaction:

Y2O3(s) + (n/2)C(s) + Cl2(g) → 2YOCl(s, l)

+ (n − 1)CO(g) + (1 − n/2)CO2(g) (6)

This reaction mechanism contributes to the formation of YOCl
roduced by the direct carbochlorination of Y2O3 (reaction (1)),
ausing an increase of the global mass gain rate.

The standard Gibbs free energy of reaction (5) has the following
ependence on the temperature [7]:

G0 = −85.15 + 0.0255 × T(kJ/mol) [500–700 ◦C] (I)
G0 = −118.85 + 0.0588 × T(kJ/mol) [750–1000 ◦C] (II)

The �G0 value is negative in all the temperature range used in
his work, being −62.9 and −58.7 kJ/mol at 600 and 750 ◦C, respec-
ively. The occurrence of reaction (5) was verified by heating in
30 0.434 0.416
50 0.545 0.503
70 Reaction proceeds through STAGE II until complete

formation of YCl3

argon atmosphere mixtures of Y2O3–YCl3 at 640 and 700 ◦C. The
XRD analysis of the final products showed in both cases the forma-
tion of YOCl.

Fig. 2b shows the thermogravimetric curves of the reactive sys-
tem Y2O3–C–Cl2 at 750 ◦C. The sample without carbon experiences
a mass gain until reach a final value of �m/m0Y2O3 correspond-
ing to the total formation of YOCl. In the samples carbochlorinated
the oxide is transformed into YOCl via STAGE I and later the oxy-
chloride is carbochlorinated producing liquid YCl3 via STAGE II. The
beginning of the STAGE II depends on the carbon content, starting at
lower relative mass change as the carbon content increase. STAGE
II begins at �m/m0Y2O3 = 0.2, 0.15, 0.09, 0.08, 0.05 and 0.02 for
%C = 6.7, 8.7, 16.7, 30, 50 and 70, respectively. The curves do not
take into account the chlorine adsorbed on the carbon surface [1],
therefore the true values for �m/m0Y2O3 are smaller than those
given above, and they are smaller as the %C is increased.

The start of the STAGE III is also affected by the carbon content,
but unlike STAGE I–II transition, in this case the beginning of the
next stage occurs at higher �m/m0Y2O3 values as the carbon content
increases. Therefore, correction for chlorine adsorption by unre-
acted carbon has to be made in order to get a correct analysis of
the carbon content influence. Table 1 shows the �m/m0Y2O3 values
taken from the thermogravimetries in the STAGE I–II transition, and
the values corrected by the Cl2–C interaction. The calculations were
performed according to the results obtained for the maximum rela-
tive mass gain experienced by the sucrose carbon in the interaction
with chlorine [1] and were applied to the initial total carbon mass
(in this way the results are conservatives).

The results show that even taking into account the Cl2–C inter-
action, STAGE II is extended when the carbon content increases, and
the mixture with 70%C progress through STAGE II until the complete
formation of YCl3.

The final samples (exposed to atmosphere) of reactions
showed in Fig. 2b were analyzed by XRD, obtaining the follow-
ing compounds: YOCl (0%C), YOCl + YCl3·6H2O (6.7%C), YCl3·6H2O
(%C ≥ 8.7). Yttrium chloride was produced anhydrous inside the
reactor, and it was hydrated when it was exposed to atmosphere
[1]. The final product of the Y2O3 carbochlorination with 6.7%C was
not completely YCl3 due to the carbon content was in defect respect
to the stoichiometry of the following reaction, which requires the
minimum carbon content for producing YCl3 by carbochlorination
of Y2O3 [reaction (4) with z = 3]:

Y2O3(s) + 3/2C(s) + 3Cl2(g) → 2YCl3(s, l) + 3/2CO2(g) (7)

The behaviour observed for the carbon content influence can be
explained by taking into account the thermodynamic and kinetic
effects of the sucrose carbon. STAGE II progresses through the
gaseous intermediate species produced in the Cl2–C interaction.

As higher carbon content in the reactive mixture, higher are the
number of intermediate species and the extent of this stage. Once
the intermediates are consumed the system behaves in a differ-
ent way according to the temperature and carbon content. If the
temperature is higher than the melting point of YCl3 (685 ◦C) and
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ig. 4. Effect of the reaction bed thickness on reaction rate of chlorination of Y2O3–C
8.7%). (a) 625 ◦C and (b) 700 ◦C.

C higher than stoichiometry of reaction (7) the system advances
hrough STAGE III until the complete formation of the chloride. If
he temperature is lower than TfYCl3 or %C lower than stoichiome-
ry of reaction (7) a fraction of the YOCl produced through STAGE I
s carbochlorated forming YCl3 and the final product is composed
y YOCl + YCl3 (STAGE III does not occur).

Several kinetic studies of oxide–Cl2–sucrose carbon systems
ave shown that the carbochlorination reaction has two stages:
rO2 [6,8], TiO2 [9,10], Fe2O3 [11], FeTiO3 [12]. The first stage is
alled fast and it is influenced by the gaseous intermediate species
enerated in the Cl2–C interaction. The second one is denomi-
ated slow and the carbon acts thermodynamically, diminishing
he oxygen potential. The stages fast and slow in these systems
re equivalent to the STAGES II and III in the Y2O3–C–Cl2 sys-
em.

.2. STAGE I

.2.1. Effect of the gas phase mass transfer
The overall rate in gas–solid reactions can be controlled by gas

hase mass transfer by two processes: (1) reacting gas starva-
ion and (2) convective mass transfer through the boundary layer

13,14]. The first process can be analyzed studying the effect of the
otal flow rate (QAr–Cl2 ) on the reaction rate. Fig. 3 shows the influ-
nce of QAr–Cl2 at 625 and 700 ◦C, in a range of 2–8 L/h. The curves at
25 ◦C and 8.7%C show that the reaction rate at 2 L/h is a bit slower
han the experiments at 4 and 8 L/h, and these two last curves have
Fig. 5. Effect of chlorine partial pressure on the kinetics of chlorination of Y2O3–C
(8.7%). (a) 625 ◦C and (b) 700 ◦C.

the same reaction rate. The conversion degree of STAGE I (�Y2O3) is
defined with respect to the consumption of Y2O3, according to the
stoichiometry of reaction (1) (w = 1.16).

Fig. 3b shows thermogravimetries performed at 700 ◦C and
16.7%C at different QAr–Cl2 . Curves at 675 and 725 ◦C are also shown
to compare the effect of the temperature with respect to the influ-
ence of QAr–Cl2 . It can be seen that the total flow rate has not an
influence on the reaction rate of the STAGE I (�m/m0Y2O3 < 0.125,
which represents an ˛Y2O3 ≈ 0.59)

When the flow rate does not have an influence on the reaction
rate it can be concluded that the system is not under conditions
of reacting gas starvation. The experiments shown in Fig. 3 allow
concluding that using QAr–Cl2 ≥ 4 L/h is high enough for avoiding
starvation effects in the STAGE I of carbochlorination of Y2O3 at
T ≤ 700 ◦C, %C ≤ 16.7 and pCl2 ≤ 35 kPa.

The chlorine convective mass transfer through the boundary
layer surrounding the sample is the other process in gas phase
that can affect the reaction rate, even if the reacting gas starva-
tion is absent. The molar flow of Cl2 can be estimated by using the
Ranz–Marshall correlation [15,16]:

D · (2 + 0.6 · N 1/2 · N 1/3)

hD = Ar–Cl2 Re Sc

L
(III)

where hD is the mass transfer coefficient, DAr–Cl2 is the binary dif-
fusion coefficient for Ar–Cl2, NRe = U·L/� represents the Reynolds
number (U is the linear fluid velocity and � is the kinematic vis-
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ig. 6. Plot of Eq. (VIII) at various conversions in the STAGE I. (a) 625 ◦C and (b) 700 ◦C.

osity), Nsc = �/DAr–Cl2 is the Schmidt number, and L is the sample
haracteristic dimension.

The rate at which mass is being transferred from the fluid to the
olid per unit solid surface is given by:

Cl2 = 1
A

· dnCl2
dt

= hD · (CCl2,0 − CCl2,S) = hD

Rg · T
· (PCl2,0 − PCl2,S)

(IV)

here A is the sample external surface, dnCl2 /dt is the chlorine
olar flow, CCl2 is the chlorine partial pressure, the subscripts 0 and
represent the bulk and sample surface, and Rg is the gas constant.

Combining Eqs. (III) and (IV):

dnCl2
dt

= DAr–Cl2 · (2 + 0.6 · NRe
1/2 · NSc

1/3)

L
· (PCl2,0 − PCl2,S)

Rg · T
· A (V)

The values of dnCl2 /dt calculated by Eq. (V) for tempera-
ures between 600 and 800 ◦C and carbon contents of 8.7 and
6.7% are shown in Table 2. Reaction (1) can be assumed as

rreversible since the values of the equilibrium constants are
.54 × 1014 and 1.67 × 1011 at 600 and 800 ◦C, respectively (w =
.16, [7]). Therefore, the value of PCl2,S employed in the calcu-

us is zero. The � and DAr–Cl2 values were obtained from the
hapman–Enskog theory [13,17], and experimental conditions
mployed were pCl2 = PCl2,S : 35 kPa, QAr–Cl2 : 4 L/h. The chlorine

ows calculated by Eq. (V) are valid for a pellet in a freely flow-

ng gas. Hills [14] and Hakvoort [18] proposed that the values
btained by the Ranz–Marshall correlation are more than one
rder of magnitude higher than the mass transfer rates into pow-
ers contained within crucibles. The criterion used in this work
Fig. 7. Effect of temperature on chlorination of Y2O3–C (STAGE I). (a) 8.7%C and (b)
16.7%C.

for conclude that the reaction rate is not influenced by the con-
vective mass transfer is when the experimental rate is at least
two orders of magnitude smaller than the rate calculated by Eq.
(V).

The table also include the experimental chlorine molar flow cal-
culated using the stoichiometry of reaction (1) with w = 1.16. The
results show that for temperatures below 700 ◦C and carbon con-
tents lower than 16.7%, the kinetics is not affected by the chlorine
transfer through the boundary layer.

3.2.2. Analysis of mass transfer through the interparticle voids
The influence of the pore diffusion on the reaction rate was

evaluated by varying the reaction bed thickness. For this, the
sample mass was varied between 2 and 40 mg. Fig. 4a shows
the effect of the sample mass in carbochlorinations performed at
625 ◦C and 8.7%C. The thermogravimetric curves show that the
reaction kinetics does not depend on mass transfer through the
sample pores. The effect of the sample mass at 700 ◦C and 8.7%C
is shown in Fig. 4b. It can be seen that until the shoulder placed
at �m/m0Y2O3 ≈ 0.17 (after which STAGE II begins) the curves are
very similar, indicating that the sample mass has not influence on
the kinetics of STAGE I. The effect of the reaction bed thickness was
also analyzed at 700 ◦C and 16.7%C, obtaining the same result as
8.7%C.

3.2.3. Determination of the equation rate

The results discussed in the previous sections showed that gas

phase and interparticle pore diffusion do not affect the kinetics of
STAGE I at temperatures below 700 ◦C and carbon content of 8.7
and 16.7%. Therefore, the reaction is under chemical control and
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ig. 8. Plot of ln t(˛) vs. 1/T (Eq. (IX)) at various conversions for STAGE I of Y2O3

arbochlorination. The stoichiometry considered corresponds to reaction (1) (w =
.16). (a) 8.7%C and (b) 16.7%C.

he reaction rate can be expressed as follows

d˛

dt
= k(T) · F(pCl2) · G(˛) (VI)

here k(T) refers to an Arrhenius equation, F(pCl2) expresses the
ependence of reaction rate on pCl2, and G(˛) is a function that
escribes the geometric evolution of the solid reactant. The con-
ersion degree is defined as

= ˛Y2O3 = �m

m0
.
1
f

(VII)

here �m is the mass change measured by the thermobalance at
given time, m0 is the Y2O3 initial mass and f is the final relative
ass change of reaction (1) (f = 0.212 for w = 1.16).

.2.3.1. Reaction order with respect to the chlorine partial pressure.
he effect of the chlorine partial pressure (pCl2) on the reaction
ate of carbochlorination of Y2O3 was studied at 625 and 700 ◦C,
ith 8.7%C, QAr–Cl2 : 4 L/h, and m0: 10 mg (Fig. 5). The range of pCl2

nalyzed was 10–70 kPa.
The procedure to obtain the reaction order with respect to the

hlorine partial pressure is the following: Eq. (VI) is integrated,
(pCl2) is assumed as equal to B × pCl2x (where B is a constant and

is the reaction order with respect to pCl2), temperature is main-

ained constant, and natural logarithms are applied. The expression
btained is

ln t(˛) = H(˛) + x ln pCl2 (VIII)
Fig. 9. SEM images of: (a) unreacted Y2O3; (b) and (c) 675 ◦C, ˛Y2O3 = 1.

where t(˛) is the time at which the reaction reaches a conversion
degree ˛ at a given temperature and H(˛) is a function that depends
on ˛ (since T is kept constant). The reaction order for a given ˛ and T
is obtained by plotting −ln t(˛) in function of ln pCl2 and calculating
the slope of the curve. Fig. 6 shows the fits of Eq. (VIII) for the curves
of Fig. 5, obtaining average reaction orders of 1.05 and 1.02 for 8.7
and 16.7%C. These values are very close to 1, which is the reaction
order obtained for the direct chlorination of Y2O3 to produce YOCl
[2]. It was considered an experimental scattering error of 10% in
the time to reach a given conversion.
3.2.3.2. Effect of the temperature—activation energy. Fig. 7 shows
the effect of the temperature on STAGE I of the chlorination of
Y2O3–C in samples with 8.7 and 16.7%C at temperatures between
550 and 715 ◦C. The other experimental conditions were QAr–Cl2 :
4 L/h, m0: 10 mg and pCl2: 35 kPa.
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Table 2
Comparison between calculated and measured molar flow of chlorine for STAGE I.

T (◦C) DAr–Cl2 (cm2/s) � (cm2/s) dnCl2 /dt
[calculated]
(mol Cl2/s)a

dnCl2 /dt [experimental] (mol Cl2/s)b (dnCl2 /dt)CALC/(dnCl2 /dt)exp

8.7%C 16.7%C 8.7%C 16.7%C

600 0.76 0.64 5.46 × 10−6 5.79 × 10−9 6.27 × 10−9 944 871
650 0.83 0.71 5.67 × 10−6 1.77 × 10−8 1.99 × 10−8 320 285
700 0.92 0.77 5.88 × 10−6 4.47 × 10−8 5.50 × 10−8 132 107
750 1 0.85 6.08 × 10−6 1.20 × 10−7 1.43 × 10−7 51 42
800 1.09 0.92 6.27 × 10−6 2.90 × 10−7 4.01 × 10−7 22 16
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ata used for the calculus: L = 0.74 cm; A = 0.43 cm2; pCl2 = 35 kPa; QAr–Cl2 = 4 L/h.
a Calculated from Eq. (V).
b Obtained from the linear range of the thermogravimetric curves in STAGE I (sto

The comparison of Fig. 7a and b evidence that STAGE II (car-
ochlorination of YOCl) starts at a lower value of �m/m0Y2O3 for the
amples with higher carbon content. For instance, at 625 ◦C STAGE
I begins at 0.14 and 0.19 for 16.7 and 8.7%C, respectively.

The activation energy (Ea) was calculated using the “model-free”
ethod [19,20]: Eq. (VI) is integrated, k(T) is assumed that follows

n Arrhenius form, pCl2 is a constant value, and natural logarithms
re applied:

n t(˛) = C(˛) +
(

Ea

Rg

)
1
T

(IX)

here C(˛) is a function that only depends on ˛ (pCl2 is constant).
plot of ln t(˛) vs. 1/T for a given ˛ allow calculate Ea through the

lope of the curve.
The curves of Fig. 7 were converted into conversion curves

˛Y2O3 vs. t, right vertical axe) taking into account the stoichiome-
ry of reaction (1) (w = 1.16). Fig. 8 shows the plots of Eq. (IX) for
hese conversion curves, being 675 ◦C the maximum temperature
nalyzed. This value was selected because at 700 ◦C the reaction
f YOCl carbochlorination to form YCl3 (STAGE II) is more feasible
o occur since the chloride is in liquid state. The maximum val-
es of ˛ were 0.7 and 0.4 for 8.7 and 16.7%C, respectively. These
aximum values were used to assure that the activation energy

btained belong to the STAGE I. The fit straight lines are practically

arallels for every conversion value; this behaviour is indicating
hat the controlling mechanism is the same at all conversions ana-
yzed. The values obtained for Ea were 158 ± 7 and 153 ± 6 kJ/mol
or 8.7 and 16.7%C, respectively. The activation energies are practi-
ally the same and they are lower than the obtained by us using the

ig. 10. Conversion curves of Fig. 7a (8.7%C) fitted with the JMA model. Line graphs:
xperimental curves; scatter graphs: calculated curves.
etry of reaction (1) with w = 1.16).

model-free method for the formation of YOCl by Y2O3 chlorination,
which it was equal to 190 kJ/mol [2].

Data found in the literature for the formation of YOCl cor-
respond to the reactive systems YPO4(s) + C(s) + Cl2(g) [21] and
YPO4(s) + CCl4(g) [22]. The values for Ea reported by these authors
are 75 and 47 kJ/mol, respectively. The reasons why these Ea are
lower than those obtained by us can be related with the features
of the reactive systems: Augusto and Oliveira [22] used CCl4(g) as
chlorinating agent and Gimenes [21] used coal with a content of
56.5% (wt/wt, carbon mass/total mass). Besides, both authors used
a rare-earth mineral (xenotime), particle size higher than 45 �m
and sample mass higher than 100 mg.

3.2.3.3. Reaction model–determination of G(˛). In the previous
work we have determined that the reaction of formation of YOCl
by Y2O3–C chlorination proceeds through a nucleation and growth
mechanism [1]. Fig. 9 shows SEM images of (a) unreacted Y2O3 and
(b and c) reacted sample at 675 ◦C until ˛Y2O3 = 1.

The conversion curves were analyzed with
Johnson–Mehl–Avrami model (JMA) [23–26], which describes
this type of mechanism. The JMA description proposes that the
expression of the conversion for isothermal transformations is the
following

˛ = 1 − exp [−K(T)t]n (X)

K = K0 exp

(
−Ea

RgT

)
(XI)

where n is the JMA exponent, K(T) is the rate constant, K0 is the
pre-exponential factor and Ea is the effective activation energy.
The parameters n, K0 and Ea depend on the nucleation and growth
mechanisms.

The conversion curves of Fig. 7 were fitted with Eq. (X), and
the values of n and K for each temperature and %C were obtained.
The curves were carefully analyzed in order to fit only the STAGE I
of the reaction. For this, the chlorination curves of mixtures with
8.7%C were fully fitted with the JMA model for T ≤ 600 ◦C, and
until ˛Y2O3 = 0.75 for T ≥ 625 ◦C, whereas curves corresponding to
16.7%C were fully fitted for T ≤ 575 ◦C, and until ˛Y2O3 = 0.40 for
T ≥ 600 ◦C ([1], Table 1).

The results for the mixture with 8.7%C are showed in Fig. 10. The
experimental curves are showed as line graph and the calculated
curves as scatter graph. The experimental curves were adequately
fitted and the JMA parameters obtained were the following (Ea is
calculated through the slope of the ln K vs. 1/T graph):
8.7%C → naverage: 1.20 ± 0.07; Ea : 165 ± 6 kJ/mol

16.7%C → naverage: 1.14 ± 0.04; Ea : 152 ± 7 kJ/mol

The values obtained for the effective Ea are in good agree-
ment with those obtained by the model-free method (158 ± 7 and
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53 ± 6 kJ/mol, for 8.7 and 16.7%C, respectively). A discussion of the
heoretical development of the JMA model is needed in order to
nderstand the physical and kinetic significance of the JMA expo-
ent (n) obtained. In principle, for isokinetic transformations n can
nly take specific values from the different nucleation and growth
odels [27]. However, Kempen et al. [28] demonstrated numeri-

ally that intermediate and temperature dependent values of JMA
arameters are also possible for combination of the different nucle-
tion models. The nucleation models considered are continuous

ucleation and site saturation, whereas the growth models are vol-
me diffusion and interface processes. Volume diffusion controlled
rowth can occur upon phase transformations where long range
ompositional changes take place. The case of interface controlled

ig. 11. Effect of the reaction temperature on chlorination of Y2O3–C. (a) 8.7%C, (b)
6.7%C and (c) 30%C. Experimental conditions: pCl2: 35 kPa, QAr–Cl2 : 4 L/h, and m0:
0 mg.
a Acta 517 (2011) 24–33 31

growth can occur in absence of compositional changes (allotropic
phase transformations) [28]. Therefore, we can consider that the
growth of YOCl nuclei is diffusion controlled. For this situation, n
can take the following values: (1) between 1/2 (one-dimensional
growth) and 3/2 (three-dimensional growth) for site saturation
and (2) between 3/2 (one-dimensional growth) and 5/2 (three-
dimensional growth) for continuous nucleation.

The n value in the reaction of YOCl formation by direct chlorina-
tion of Y2O3 calculate by us was equal to 1.51 ± 0.14 [2]. This value
is compatible with an anisotropic growth of YOCl nuclei and contin-
uous nucleation. In the Y2O3 carbochlorination the growth of YOCl
nuclei are also anisotropic as can be observed in the SEM images of
Fig. 9b and c. The JMA exponents obtained in the carbochlorinations
are lower than those obtained by the direct chlorination and can be
compatibles with a combination of nucleation models (site satu-
ration and continuous nucleation) and anisotropic growth. In this
case, n varies between 1/2 for site saturation and 3/2 for continuous
nucleation. The addition of sucrose carbon in the Y2O3–Cl2 system
causes that a given number of YOCl nuclei are present at a time near
to zero, and others nuclei are nucleated in a continuous form. The
effective Ea value is affected by the activation energies associated
to the nucleation and growth models. In the carbochlorination the
nucleation is a combination of site saturation and continuous nucle-
ation. The site saturation mechanism supposes that the number
of supercritical nuclei does not change during the transformation;
therefore all nuclei are present at zero time. Then, this mechanism
is not an activated process and its Ea is zero. This behaviour explains
the Ea decrease, from 187 kJ/mol for direct chlorination [2], to an
average value of 158 kJ/mol for carbochlorination.

The expression for the function G(˛) can be obtained by com-
bining Eq. (VI) and (X):

G(˛) = n · (1 − ˛) · [− ln(1 − ˛)](n−1)/n (XII)

with the following values of n = 1.20 (8.7%C) and 1.14 (16.7%C)

3.3. STAGES II–III

STAGES II and III of the overall reaction consist of the YOCl car-
bochlorination to produce YCl3. The kinetic analysis of these stages
is more complex than for STAGE I. STAGE II can begin at values of
�m/m0Y2O3 lower than 0.19, which is the minimum for total con-
version of Y2O3 into YOCl. Therefore, at a given conditions, there
is an interval of reaction where STAGES I and II are simultaneous,
complicating the kinetic study. STAGE III is observed for temper-
atures higher than melting point of yttrium trichloride. Then, the
mass change in this stage is affected by two opposite effects: (1)
mass gain due to the formation of liquid YCl3 and (2) mass loss due
to the YCl3 evaporation.

In order to analyze the influence of gas mass transfer on reac-
tion rate, the experimental mass gain rates were compared with
chlorine molar flow rates calculated by Eq. (V) [13,15,16]. The
results are showed in Tables 3 (STAGE II) and 4 (STAGE III). Data
used for the calculus are the same than those used for STAGE I:
L = 0.74 cm; A = 0.43 cm2; pCl2 = 35 kPa; QAr–Cl2 = 4 L/h. The stoi-
chiometry used was the same for both stages, and it was calculated
from reactions (1) and (4) with w = 1.16 and z = 4 [1]. The results
in Table 3 show that the calculated rates never were two orders of
magnitude higher than the experimental rate (at 700 ◦C the ratio
calculated/experimental rate is 53.9 and 15.2 for 8.7 and 16.7%C).
Therefore, the reaction rate may be affected by the chlorine diffu-
sion through the boundary layer surrounding the solid sample. The

results for STAGE III (Table 4) indicate that for 16.7%C the convec-
tive chlorine transfer can be influencing the reaction kinetics in the
whole temperature range of this stage. For 8.7%C, the reaction rate
is not affected by the convective mass transfer for temperatures
lower than 850 ◦C.
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Table 3
Comparison between calculated and measured chlorine molar flow for STAGE II.

T (◦C) dnCl2 /dt [calculated] (mol Cl2/s)a dnCl2 /dt [experimental] (mol Cl2/s)b (dnCl2 /dt)CALC/(dnCl2 /dt)exp

8.7%C 16.7%C 8.7%C 16.7%C

700 5.88 × 10−6 1.09 × 10−7 3.87 × 10−7 53.9 15.2
750 6.08 × 10−6 0.375 × 10−6 1.51 × 10−6 16.2 4.0
800 6.27 × 10−6 0.79 × 10−6 2.24 × 10−6 7.9 2.8
850 6.47 × 10−6 1.38 × 10−6 2.86 × 10−6 4.7 2.3

a Calculated from Eq. (V).
b Obtained from the linear range of the thermogravimetric curves in STAGE II (stoichiometry of reaction (2) with n = 1.42).

Table 4
Comparison between calculated and measured chlorine molar flow for STAGE III.

T (◦C) dnCl2 /dt
[calculated]
(mol Cl2/s)a

dnCl2 /dt [experimental] (mol Cl2/s)b (dnCl2 /dt)CALC/(dnCl2 /dt)exp

8.7%C 16.7%C 8.7%C 16.7%C

750 6.08 × 10−6 4.9 × 10−9 8.25 × 10−8 1241 73.7
800 6.27 × 10−6 1.37 × 10−8 1.4 × 10−7 457 44.8
850 6.47 × 10−6 4.74 × 10−8 2.4 × 10−7 136 27
900 6.66 × 10−6 1.06 × 10−7 4.7 × 10−7 62.8 14.2
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950 6.84 × 10−6 1.92 × 10−7

a Calculated from Eq. (V).
b Obtained from the linear range of the thermogravimetric curves in STAGE III in

The effect of the temperature on the Y2O3 carbochlorination
inetics is shown in Fig. 11 for the samples with carbon content
f 8.7, 16.7 and 30%. The ranges of �m/m0Y2O3 corresponding at
ach stage are showed. The results analyzed above evidenced that
he kinetics of STAGE II may be affected by the gas mass transfer.
he kinetic behaviour of this stage in the curves of Fig. 11 agrees
ith this, because the slopes of STAGE II are almost independent of

he temperature. In the carbochlorinations performed at 850 and
50 ◦C with 30%C the curves are practically the same for STAGES I
nd II, being different from the beginning of STAGE III.

. Conclusions

The reaction kinetics of Y2O3-sucrose carbon chlorination was
tudied. The reaction proceeds through three successive stages
ntil the formation of liquid YCl3. The characterization and sto-

chiometry of the stages were determined by the authors in a
revious paper. STAGE I corresponds to formation of solid YOCl
nd it was found that reaction is under chemical control for tem-
eratures below 700 ◦C. The YOCl formation follows a nucleation
nd growth model and the conversion curves were analyzed with
he Johnson–Mehl–Avrami description. The calculated curves fitted
dequately the experimental data, obtaining values for n of 1.20
8.7%C) and 1.14 (16.7%C). These JMA exponents are compatible
ith a combination of nucleation models (continuous nucleation

nd site saturation) and anisotropic growth controlled by diffu-
ion. The effects of parameters evaluated can be expressed by
lobal reaction rate equations for the two carbon contents ana-
yzed:

d˛

dt
= 1.9 × 104(kPa seg)−1 · exp

(
−165 kJ mol−1

Rg · T

)

·pCl2 · {1.20 · (1 − ˛) · [− ln(1 − ˛)]}1/6 (8.7%C)

d˛
(

152 kJ mol−1
)

dt
= 8.4 × 103(kPa seg)−1 · exp −

Rg · T

·pCl2 · {1.14 · (1 − ˛) · [− ln(1 − ˛)]}0.123 (16.7%C)
7.3 × 10−7 35.6 9.4

ne of higher rate (stoichiometry of reaction (3) with p = 1.42).

The effective activation energy for STAGE I was also calculated
by the model-free method, obtaining 158 and 153 kJ/mol for 8.7
and 16.7%C, respectively. These values are in good agreement with
those obtained through an Arrhenius plot of the rate constants
resulting of the JMA treatment.

It was not possible to obtain kinetic parameters of the STAGES
II and III. STAGE II is the fastest of overall reaction and the kinetics
is affected by gas mass transfer. The kinetic analysis showed that
the rate of STAGE III is not affected by the gas phase diffusion for
temperatures below to 850 ◦C (8.7%C). However, mass change in
the STAGE III involves two opposite processes: mass gain produced
by the formation of liquid YCl3 and mass loss due to YCl3 evapo-
ration. Discrimination of these factors is required to obtain kinetic
parameters.
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