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a b s t r a c t

A thermo-gravimetric analysis system for hull chlorination reaction (TGA-HC) was employed to measure
weight change of ZIRLO cladding hulls in-situ during the chlorination reaction. The total flow rate (Q)
experiments suggested that the chlorination reaction of ZIRLO is within the gas phase transport limited
region for Q of 120 and 240 mL/min conditions. The SharpeHancock plot was employed to determine the
most suitable geometry function, and the volumetric contraction model was identified as the best model
although it is valid only in a reaction progress range of (0e0.5). The effect of chlorine partial pressure
(pCl2) on the reaction rate was investigated for pCl2 of 9.21, 16.9, and 23.4 kPa, and it was identified that
the chlorination rate is proportional to chlorine partial pressure on the order of (0.873). An activation
energy of 7.21 kJ/mol was achieved from reaction temperature experiments, but the value was not
decisive because increasing reaction temperature also affected the gas phase transport rate. Thus, the
final reaction equation rate was achieved as a function chlorine partial pressure as follows:

da
dt ¼ 3� ð0:00738 � pCl0:8732 Þ � ð1� aÞ2=3

© 2015 Published by Elsevier B.V.
1. Introduction

The Korea Atomic Energy Research Institute (KAERI) is under
intensive research on the development of the pyroprocessing,
which is an electrochemical reaction technique to recover uranium
and transuranic (TRU) nuclides from used nuclear fuel (UNF) in a
proliferation-resistant way [1,2]. During the pyroprocessing, three
kinds of wastes are generated: 1) filter waste from heat treatment
of volatile and semi-volatile nuclides such as I, Cs, Tc, and Ru, 2)
electrolyte waste from electro-reduction and electro-refining pro-
cesses which employ LiCl and LiCleKCl eutectic salts as the elec-
trolyte, respectively, and 3) metal waste which is composed of
hardware, cladding hull and noble metal wastes. Compared to the
filter and electrolyte wastes, the metal waste did not bring much
attention in the early stage of the pyroprocessing research owing to
its relatively low radioactivity and decay heat. But, recent reports
Development Division, Korea
89-111, Yuseong-gu, Daejeon
showed that the hardware and cladding hull wastes need more
investigation owing to their large volume and radioactivity [3,4].
The radioactivation calculation results revealed that these wastes
might be categorized into intermediate level waste (ILW) according
to the Korean regulation owing to high radioactivity [3]. In addition,
these wastes cannot be disposed of in the Wolsung LILW (Low and
Intermediate Level Waste) disposal center (WLDS) located in
Gyeongju City of Republic of Korea (ROK). In other words, a large
amount of ILW will be generated from the pyroprocessing which
are not acceptable to theWLDS which is currently the only disposal
site of ROK. As about 0.1 MT of hardware and 0.25 MT of cladding
hull wastes are generated from the pyroprocessing for every tone of
uranium, the amount of metal (and ILW) waste is not negligible at
all.

At KAERI, a chlorination process began to be focused owing to its
ability to selectively recover zirconium from the cladding hull
waste. As zirconium consists of more than 97 wt.% of Zr alloy
cladding hulls, a selective recovery of Zr can greatly reduce the
amount of ILW from the pyroprocessing. Based on the estimation of
KAERI, the amount of ILW generated from the cladding hull waste
can be reduced to 1/10e1/20 using the chlorination process. The
most significant merits of the chlorination process are 1)
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straightforward reaction between metallic Zr and gaseous chlorine
(Eq. (1)) and 2) easy separation of reaction product (ZrCl4) at a low
temperature of 331 �C (sublimation temperature of ZrCl4). In other
words, we can easily convert metallic zirconium into its chloride
form and separate it from the other nuclides including residual UNF
and radioactivation products.

ZrðsÞ þ 2Cl2ðgÞ4ZrCl4ðgÞ (1)

In addition to KAERI, the Oak Ridge National Laboratory (ORNL)
of the Unites States is also working on the chlorination process as a
part of interim storage of UNF [5]. They performed the chlorination
reaction in a hot cell using an actual UNF cladding hull, and re-
ported decontamination factors of 177, 667, and >1200 for 241Am,
60Co, and total radiation, respectively. Institute of Research and
Innovation (IRI) of Japan also demonstrated the chlorination pro-
cess to achieve a successful recovery of zirconium from amixture of
Zircaloy-2 cladding hulls in the presence of CsCl and UO2 [6]. At
KAERI, fundamental approaches including reaction kinetics were
mainly made to build a database for scale-up [7e9]. The first ap-
proaches were done using a quartz reactor by repeated experi-
ments for various reaction periods [7]. In that study, a linear
reaction rate equation was achieved for bare Zircaloy-4 cladding
hulls, while delayed reaction rate was observed in oxidized
Zircaloy-4 cladding hulls. But precise modeling of the reaction was
not possible, because this experiment provided only discrete in-
formation. Therefore, development of a thermo-gravimetric anal-
ysis (TGA) system for the chlorination reaction of cladding hulls
was strongly recommended. Although commercial systems are
available which can operate under a chlorine atmosphere, the
commercial ones could hold small amount or pieces of cladding
hulls. Cladding hulls normally have a diameter close to 1 cm, and
intrinsic reaction kinetics of the cladding materials in their powder
or other forms might be different from those of tubes owing to heat
andmechanical processes applied tomanufacture the tubes. Thus, a
TGA system which can hold the cladding hulls in its tube form
under a chlorine atmosphere was developed at KAERI [8]. But the
initial version of the TGA system for the hull chlorination (TGA-HC)
exhibited a problem owing to the buoyancy effect. A modified
version of the TGA-HC system was successfully demonstrated in
our previous work, where the chlorination reaction kinetics of 3 cm
long Zircaloy-4 tubes were achieved [9]. Here, it needs to be
mentioned that Zircaloy-4 contains Sn, Fe, and Cr as major alloy
elements, while ZIRLO has Sn, Nb, and Fe as its alloying constitu-
ents. As it was well established that the two cladding materials
exhibit significantly different oxidation behaviors [10,11], it is ex-
pected that the chlorination reaction mechanism of the two ma-
terials can differ. In the present study, the TGA-HC system was
employed to investigate the chlorination reaction kinetics of ZIRLO
cladding tubes.
2. Experimental

The modified TGA-HC system introduced in our previous work
[9] was employed for this study. Briefly, a balance was put on the
top of the systemwhich is covered by an acryl box and connected to
an argon inlet and computer system through an RS232C cable. As
the balance has a hook beneath its bottom, the hook was connected
to a quartz sample holder through a stainless steel wire. A quartz
reactor of 4 cm diameter was employed as a reactor which covers
the sample parts and guides gas flow streams. Chlorine gas was
introduced through a port of the quartz reactor to be mixed with
argon coming from the top of the system. After the reaction occurs
at the heating zone where the sample is held in the middle, the
gases (argon and unreacted chlorine) and gaseous reaction
products flow downward to reach a cooling zone, where metal
chlorides are gathered in their solid form while gases are intro-
duced to a scrubbing system. The weight of the sample was
measured for every 10 s by the computer connected to the balance.
To verify the chlorination reaction kinetics of ZIRLO cladding hulls,
the experiments were performed for various chlorine partial
pressures (9.21e23.4 kPa), reaction temperatures (350e600 �C),
and total flow rates (120 and 240 mL/min).
3. Results and discussion

3.1. Effect of the gas phase mass transfer

Before establishing reaction equations, it needs to be identified
if the reaction is affected by gas phase mass transfer. In a gasesolid
reaction, two gas phase phenomena should be considered: gas
phase diffusion through the boundary layer and supply of gas phase
reactant [12]. The former can be calculated using the
RanzeMarshall equation [13e15]:

dnCl2
dt

¼
DAr�Cl2

�
2þ 0:6N

1
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ReN

1
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�
�
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�
RgT

� A (2)

where dnCl2=dt is the chlorine molar flow rate, DAr�Cl2 is the binary
diffusion coefficient for Ar-Cl2 system, NRe is the Reynolds number
(NRe¼U$L/n, U is the linear fluid velocity, n is the kinematic vis-
cosity), NSc is the Schmidt number (NSc ¼ n=DAr�Cl2 ), L is the
sample characteristic dimension (diameter of cladding hulls
(9.5 mm) was employed), PCl2 is the chlorine partial pressure at
bulk and sample surface (subscript 0 and S, respectively), Rg is the
gas constant, T is the absolute temperature, and A is the sample
external surface. The ChapmaneEnskog theory [12,16] was
employed to derive n and DAr�Cl2 values. The calculation results
under the condition of the present study are listed in Table 1 with
experimental values when the conversion fraction is 1/2. The
conversion fraction is defined by

a ¼ m0 �mt

m0 �m∞
(3)

where m0 is the initial weight, mt is the weight at time t, and m∞
is the weight at the end of the reaction [17]. In this study, m0 was
set to zero before chlorine gas was fed, resulting in negative
values for mt and m∞ owing to a continuous removal of the re-
action products (ZrCl4). One thing should be noted here that the
values calculated using the RanzeMarshall equation assumed
that the samples are under a freely flowing gas condition. Thus, it
was suggested by Hills [18] and Hakvroot [19] that one order
reduction should be applied to the values calculated from the
RanzeMarshall effect for the samples contained in a crucible. As
shown in Table 1, the calculated values were about 10 times
larger than the measured ones suggesting that the diffusion rate
are high enough to be eliminated from a reaction rate equation of
this study.

The effect of gas phase supply can be identified by experiments
at various total flow rates (Q), because increasing Qmight not affect
the reaction rate if enough gas phase reactant is supplied already.
On the other hand, increasing Qwill induce increasing reaction rate
in a gas phase deficient condition which is so-called the starvation
condition. Fig. 1 shows the experimental results performed at
different Q while chlorine partial pressure and temperature were
set identical. A significant increase in the reaction rate was
observed at 9.21 kPa of pCl2 with an increase of Q from 120 to
240 mL/min, and an increase of reaction rate was also noticeable at



Table 1
List of calculated and measured chlorine molar flow rates.

T (�C) Total flow rate (mL/min) Chlorine partial pressure (kPa) dnCl2 =dt [calculated] (mol/s) dnCl2 =dt [measured, a ¼ 0.5] (mol/s)

400 120 9.21 3.608 � 10�5 1.864 � 10�6

400 120 16.9 6.620 � 10�5 2.713 � 10�6

400 120 23.4 9.166 � 10�5 4.656 � 10�6

350 120 16.9 6.327 � 10�5 2.425 � 10�6

500 120 16.9 7.210 � 10�5 5.146 � 10�6

600 120 16.9 7.765 � 10�5 8.183 � 10�6
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16.9 kPa of pCl2 when Q increased from 120 to 180 mL/min. This
result suggests that the conditions of these experiments are under
the influence of total flow rate, in other words, the experiments
were performed in the starvation condition. In the present study,
the total flow rate was fixed at 120 mL/min owing to limitations of
the TGA system, and to compare the results with those of Zircaloy-4
shown in our previous work [9]. Thus, the Q term was not
considered as a variable in the present study, but it should be noted
that the reaction rate might increase with increasing Q.
3.2. Determination of geometry function

In a solidegas reaction, a morphological change of solid phase
should be included in reaction rate equations. Thus, determining a
Fig. 1. Influence of total flow rate on the chlorination reaction rate of ZIRLO when
chlorine partial pressure is (a) 9.21 and (b) 16.9 kPa.
suitable geometry function is a key step in completing a reaction
rate equation. The geometry function is normally divided into four
categories of nucleation (and growth), geometrical contraction,
diffusion, and reaction-order models [17]. One can determine the
most suitable model 1) by comparing (da/dt) versus a graphs
because each model has characteristic shape, 2) by fitting experi-
mental results for all models, or 3) by using the SharpeHancock
plot [20]. The third option was employed in the present study,
because it was identified in our previous work on Zircaloy-4 that a
change of reaction mechanism occurs during the reaction [9], and
the SharpeHancock plot can clarify simultaneously both the most
suitable reaction mechanism and a regionwhere the mechanism is
Fig. 2. (a) The experimental results and (b) their SharpeHancock plot fitting results as
a function of chlorine partial pressure at T ¼ 400 �C and Q ¼ 120 mL/min condition.
Insets of (a) are pictures of bare ZIRLO cladding hull and recovered ZrCl4.
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available. The SharpeHancock plot can be achieved using an
equation of

ln½�lnð1� aÞ� ¼ lnðBÞ þm lnðtÞ (4)

where B is a constant andm is a slope of ln[�ln(1 � a)] versus ln(t)
plot. A linear region of the SharpeHancock plot indicates that this
region shares an identical reaction mechanism, and the slope (m) of
the linear region reveals which geometry function is the most
suitable [12]. The experimental results performed as a function of
chlorine partial pressure and their SharpeHancock plot fitting re-
sults are shown in Fig. 2. The SharpeHancock plots revealed that
linear fitting was available for different regions (0 � a � 0.69 at
pCl2 ¼ 9.21 kPa, 0 � a � 0.73 at pCl2 ¼ 16.9 kPa, and 0 � a � 0.50 at
pCl2 ¼ 23.4 kPa). It is worth mentioning that the linear region is
relatively narrow in the 23.4 kPa case although the reason cannot
be accounted for at this stage. To achieve a reaction equationwhich
can cover the range of chlorine partial pressure, the range where
the geometry function is available was limited to 0 � a � 0.50
through this work. As noted above, the slope of the linear fitting
results can reveal the most suitable geometry function. An average
slope value of 1.06 was achieved from Fig. 2, which means that a
contracting volumemodel (slope¼ 1.07) is the most suitable one as
the case of Zircaloy-4 [9]. The contracting volume model is
expressed as:

gðaÞ ¼ 1� ð1� aÞ1=3 ¼ kappt (5)

where kapp is the apparent reaction constant and t is reaction time
(h).
3.3. Effect of chlorine partial pressure

The reaction rate of a solidestate reaction can be written as:

R ¼ da
dt

¼ kðTÞFðpCl2ÞGðaÞ (6)

where k(T) accounts for the effect of reaction temperature, F(pCl2)
represents the effect of chlorine partial pressure, and G(a) is a
differentiation form of g(a). Combining Eqs. (5) and (6), a following
equation is derived:
Fig. 3. The eln(t) versus ln(pCl2) fitting results at T ¼ 400 �C and Q ¼ 120 mL/min
condition.
gðaÞ ¼ 1� ð1� aÞ1=3 ¼ kappt ¼ kðTÞ � f ðpCl2Þ � t (7)

where k(T) is an Arrhenius equation and f(pCl2) is an integral form
of F(pCl2). Eq. (7) can be expressed as following by assuming that
f(pCl2) employs a power law type dependence on chlorine partial
pressure:

gðaÞ ¼ 1� ð1� aÞ1=3 ¼ kappt ¼ kðTÞ � A0$pClm0
2 � t (8)

where A0 is a constant and m0 is reaction order. Eq. (8) can be
rearranged as:

1
t
¼ kðTÞ$A0$Q 0

1� ð1� aÞ1=3
� ðpCl2Þm

0
(9)

�lnðtÞ ¼ ln

"
kðTÞ$A0$Q 0

1� ð1� aÞ13

#
þm0 � lnðpCl2Þ (10)

Eq. (10) reveals that them0 value can be achieved from a slope of
eln(t) versus ln(pCl2) graph, and the fitting results are illustrated in
Fig. 3. The m0 value was identified as 0.873 from an average of the
five a cases.
3.4. Effect of reaction temperature

By using the Arrhenius equation and m0 value of 0.873, Eq. (8)
can be re-written as follows:
Fig. 4. (a) The eln(t) versus 1/T graph and fitting results for various reaction tem-
peratures and a values. (b) Experimental results obtained for various reaction tem-
peratures at pCl2 ¼ 16.9 kPa and Q ¼ 120 mL/min condition.
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gðaÞ ¼ 1� ð1� aÞ13 ¼ kðTÞ � A0$pCl0:8732 � t

¼ k0$e
� Ea

RgT � pCl0:8732 � t (11)

where k0 is an apparent pre-exponential factor which includes A0 ,
Ea is an activation energy, and Rg is the gas constant. For experi-
ments performed at identical pCl2 condition, the pCl2 term can be
regarded as a constant resulting in following equations:

1
t
¼ k0$pCl0:8732

1� ð1� aÞ1=3
� e�

Ea
RgT (12)

�lnðtÞ ¼ ln

"
k0$pCl0:8732

1� ð1� aÞ13

#
þ
�
� Ea
Rg

�
1
T

(13)

The fitting results obtained using Eq. (13) are shown in Fig. 4(a)
for the temperature range of 350e600 �C. But, it was identified that
the results of 350 �C were not in line with the results of other
temperatures suggesting that the reaction is under the influence of
other parameters at this temperature. As shown in Fig. 4(b), an
incubation time was observed for the results of 350 �C experiment,
which accounts for the fitting results of Fig. 4(a). Back to Fig. 4(a),
slopes of the graphswere calculated resulting in�874 as an average
leading to an activation energy of 7.27 kJ/mol. This value is signif-
icantly lower than 26.2 kJ/mol of the Zircaloy-4 case [9], and it can
be interpreted as high reaction rate and gas phase transport limited
reaction. Because it is normally accepted that low activation energy
below 25 kJ/mol indicates gas phase transport limited reaction, and
it was already discussed in Fig. 1. In addition, calculation of the k0
values for increasing reaction temperature from 400 to 500, and
600 �C resulted in an increase of the k0 values from 0.02477 to
0.03482, and 0.04004, respectively. These results lead to a conclu-
sion that both Arrhenius equation term and gas phase transport
affects the reaction rate, and the effect of each term cannot be
clarified in this study owing to amechanical limitation in increasing
total flow rate. Thus, the final form of Eq. (11) should have a limited
version as follows:

gðaÞ ¼ 1� ð1� aÞ13 ¼ 0:00738� pCl0:8732 � t (14)

The value (0.00738) was achieved from an average value of
Fig. 5. The experimental and final fitting results achieved using Eq. (15) as a function
of chlorine partial pressure at T ¼ 400 �C and Q ¼ 120 mL/min.
fitting results for various pCl2. Here, in addition, it needs to be
declared that Eq. (14) is valid only when Q ¼ 120 mL/min and
T ¼ 400 �C condition. From Eq. (14), final forms of reaction rate
equations can be derived as following, and the final fitting results
are shown in Fig. 5:

a ¼ 1�
�
1� 0:00738� pCl0:8732 � t

�3
(15)

da
dt

¼ 3�
�
0:00738� pCl0:8732

�
� ð1� aÞ2=3 (16)

Here, it might be helpful to discuss what should be done to
achieve more precise reaction rate equation that includes the ef-
fects of reaction temperature and excludes the gas phase transport
limitation. Currently, the maximum flow rate for argon and chlo-
rine gases are 300 and 30 mL/min, respectively, and it is hard to
increase the flow rate because it has quartz and pyrex parts con-
nected with 24/40 joints. Thus, the reactor design should be
modified so that it can handle higher flow rate to eliminate the gas
phase transport effects. The effect of temperature part might be
clarified under a high flow rate condition, and heating up to higher
temperature will be helpful. But, validity of a new system might be
Fig. 6. Chlorination reaction experiment results for ZIRLO and Zircaloy-4 at 400 �C and
Q ¼ 120 mL/min condition. (a) Experimental results for 3 cm long pieces and (b) re-
drawing of (a) considering weight of each cladding hull.
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required before the high temperature experiments, because higher
temperature brings larger buoyancy force to the sample.

3.5. ZIRLO versus Zircaloy-4

It would be interesting to compare the chlorination reaction
behavior between ZIRLO and Zircaloy-4 cladding materials. As
noted in the introduction section, these two alloys have different
major alloying metals; ZIRLO contains Nb, Sn, and Fe, while
Zircaloy-4 includes Sn, Fe, and Cr. In Fig. 6(a), a comparison was
made for the chlorination reaction behavior between the two alloys
when an identical length (3.0 cm) and experimental conditionwere
employed. In the 0 � a � 0.5 region where the volumetric
contraction model is applicable, the difference is not significant
when chlorine partial pressure is 16.9 kPa, while significant in-
crease in the reaction ratewas observed in the ZIRLO case when the
chlorine partial pressure increased to 23.4 kPa. This result came
from the different influence of chlorine partial pressure on the re-
action rate; for ZIRLO reaction rate was proportional to (pCl20.873)
while it was (pCl20.669) for Zircaloy-4 (Eq. 19 of Ref. 9). Considering
that ZIRLO and Zircaloy-4 have different weight for 3 cm long
pieces (3.16 g for ZIRLO and 3.85 g for Zircaloy-4), Fig. 6(a) was re-
drawn based on weight loss in Fig. 6(b). When pCl2 is 16.9 kPa, the
reaction rate of ZIRLO is slower than that of Zircaloy-4, while that of
ZIRLO is significantly increased when pCl2 increased to 23.4 kPa.
This result suggests that increasing pCl2 can accelerate the reaction
rate for both cases, but the effect will be more significant in ZIRLO
as shown in Fig. 6.

Significant differences between ZIRLO was Zircaloy-4 were also
revealed in the total flow rate and reaction temperature experi-
ments. It was identified that, under the condition of this work,
ZIRLO is under the gas phase transport limitation region, while
Zircaloy-4 is not. This result means that increasing total flow rate
will cause an increase in the reaction rate of ZIRLO while no
changes will be made for Zircaloy-4. The activation energy values
achieved from the experiments were 7.27 and 26.2 kJ/mol for ZIRLO
and Zircaloy-4, respectively, meaning that increasing reaction
temperature will contribute to an increase of reaction rate more
significantly in ZIRLO, although the value for ZIRLO is not certain. It
also needs to be recognized that the ZIRLO cladding hulls were not
reactive at 300 �C, while Zircaloy-4 hull were. In summary, it can be
concluded that the chlorination reaction rate of Zircaloy-4 is su-
perior at low temperature, low pCl2, and low total flow rate, but
increasing T, pCl2, and Q will increase the reaction rate of ZIRLO
more significantly.

Using the TGA-HC system, the chlorination reaction rates of
Zircaloy-4 and ZIRLO were achieved although the system needs
further modifications for ZIRLO application as discussed above. For
the final purpose of this work, fabrication of a commercial-scale
cladding hull waste chlorination system, the TGA-HC system
might need further research to simulate the behavior of actual
cladding hulls. First of all, the next work should be done for
oxidized cladding hulls, because actual cladding hulls have micro-
meters thick oxide layers on their side walls. It was qualitatively
identified that oxidized cladding hulls suffer from incubation time
[5] or late reaction rate in an early stage of the chlorination reaction
[7]. A quantitative analysis on the effect of oxide layer formation
can be identified using the TGA-HC system, and the results will
contribute to the design of a large scale cladding hull chlorination
system. The effect of cross-section opening is also an interesting
issue. Actual cladding hulls might have bare or slightly oxidized
cross-sections generated during shearing or cutting processes.
These processes are normally performed before the chlorination
process to separate nuclear materials from cladding hulls. The
exposure of fresh cross-sections might help to initiate and accel-
erate the chlorination reaction, although quantitative contribution
needs to be identified. One more issue not to be missed is purifi-
cation of recovered ZrCl4. As chlorides of some alloying constitu-
ents including Sn, Nb, and Fewill be evaporated and recoveredwith
ZrCl4, purification of ZrCl4 might be necessary for disposal or re-use.
The TGA-HC system can be a powerful tool for the ZrCl4 purification
study as it contains the recovery part in its bottom.
4. Conclusion

The chlorination reaction rate for ZIRLO cladding hulls was
studied using the TGA-HC system resulting in a following equation:

da
dt

¼ 3�
�
0:00738� pCl0:8732

�
� ð1� aÞ2=3

The effect of reaction temperature could not be identified,
because the reaction condition of the present study lied within the
gas phase transport limited region. Thus, the reaction equation
achieved in the present study is valid only at 400 �C of reaction
temperature and 120 mL/min of total flow rate. Modification of the
TGA-HC system to handle higher flow rate is necessary to achieve
more precise reaction rate equation for the chlorination reaction of
ZIRLO. Issues to be managed using the TGA-HC system in the future
for the fabrication of a commercial-scale cladding hull waste
chlorination reactor could be summarized as follows: 1) the effect
of oxide layers on the chlorination reaction rate, 2) the effect of
cross-section opening on the reaction rate, and 3) purification of
recovered ZrCl4.
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