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Chlorination Reaction Behavior of Zircaloy-4 Hulls:
A Preliminary Study on the Effect of the Oxidation Process
on the Reaction Rate
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The recovery of Zr from Zircaloy-4 (Zry-4) cladding hulls was demonstrated to investigate the effect of the
oxidation process on the reaction rate of the chlorination reaction. In chlorination reaction experiments per-
formed for 6 h, where reaction products were collected every 2 h, it was observed that a significant decrease
in the reaction rate was caused by the oxidation process (500°C, 10 h under an air atmosphere) within the
reaction period of 0 — 2 h. The amount of reaction residue increased from 0.95 to 1.65wt% of initial weights
in the fresh and Zry-500-10 (Zry-4 hulls oxidized at 500°C for 10 h under an air atmosphere) hulls, respec-
tively. The purity of the recovered Zr was identical at 99.61wt% for the fresh Zry-4 and Zry-500-10 hulls.
Quantitative analysis of the chlorination reaction rate was performed by varying the reaction time from 0.5
to 1.0, 2.0, and 4.0 h. The fitting results showed that the relationship between weight loss and reaction time
can be interpreted by a linear line with a slope of 23.35wt%/h for the fresh Zry-4 case, while two linear lines
were necessary to fit the results of Zry-500-10. In addition, the slope values were 17.12 and 27.16wt%/h
for (0 — 20) and (20 — 100)wt% loss regions, respectively.

Key words: Hull waste, Chlorination reaction, Zr recovery, Pyroprocess, Reaction rate

B AFol| A= Aket A o] Zircaloy-4 (Zry-4) 3] E-#o] 28} vkS o v A& JFS A3 sk Zry-4 &
o] Has} vk AE-S T At 2417 vt v A ES 3|k F 6 AlRE ERF Aast kg A S

E38) 500204 10 AI7E B AFsLE Zry-49] A$ 27] 0-2 AZF TR A whg & & 3] =5 )
& ZHFE fresh Zry-49}F AFShE Zry-4oll A Z42E Z2715A1€] 0.95, 1.65witn= 1A, 3|44H Zro] S F 44
T 99.61winN= FUAT. W S0 AFA A4S fef vEke] uk3 AREE 0.5, 1,2, 4 A3E %
Fstdet. A 23 BAE 53 fresh Zry-49] 739 A ol AA 23.35wtwn/he] T AZHE FAFAE 218 F 9l
AL, At Zry-49] B9k S50t T JHo g vn= AL GRlsk . AtshE Zry-49] FA A S 020wt 9
oAM= 17.12wt%/h, 20-100wt% % ol A= 27, 16wit%/h o 2 YEFITE,

APy

s
-

Aol I Ed H7E, dast vk, Zr 35, so| R T2 A X vk

*Corresponding Author . E-mail: minku@kaeri.re kr, Tel: +82.42.868.2435

dJ. Korean Radioact. Waste Soc. Vol.11 No.3 p.69-75, March 2013 69



Min Ku Jeon. et al : Chlorination Reaction Behavior of Zircaloy-4 Hulls: A Preliminary Study on the Effect of the Oxidation Process

on the Reaction Rate

1. Introduction

The management of Spent Nuclear Fuel (SNF) is under
intensive research in Korea, as the capacity of SNF storage
pools at reactor sites is facing its limit. To solve this problem,
KAERI (Korea Atomic Energy Research Institute) is devel-
oping a pyroprocess technique that employs electrochemi-
cal reactions instead of chemical reactions for a treatment of
the SNFs [1-4]. The SNF consists of fuel material (fission-
able material and fission products), cladding hull, and hard-
ware waste, and the mass ratio of each component is about
100: 25: 5.7 [5]. It was also reported that the cladding hull
waste generated during the wet reprocessing of SNF should
be treated as Greater Than Class C (GTCC) waste or High
Level Waste (HLW) [5, 6]. In the case of the pyroprocess,
it was suggested that the hull wastes generated during the
pyroprocess needs further treatment to be recycled or dis-
posed of as low level waste, owing to the residual SINF stuck
on the inner surface of the hulls, the fission products (FPs)
penetrated into the hulls, and the radioactivation of cladding
hull constituents [6-8]. To minimize the amount of HLW
generated during the pyroprocess, KAERI is developing a
chlorination technique as a hull waste treatment method
[8-12]. The chlorination method extracts Zr, which consists
of more than 97wt% of Zr based cladding hull materials
including Zircaloy and ZIRLO, by reacting Zr with Cl, gas to
produce gaseous ZrCly. The low sublimation temperature
of ZrCl, (331°C) enables the easy separation of ZrCl, from
other constituent elements. The extraction of Zr can drasti-
cally reduce the amount of HLW owing to the high weight
ratio of Zr in cladding hull waste.

Several reports were published on the treatment of clad-
ding hull waste through the chlorination process [8-16].
As noted above, KAERI is working on a chlorination tech-
nique, and reported the fundamental calculation and ex-
periment results [8-13]. The theoretical calculation results
performed using the HSC chemistry code [17] revealed
that the chlorination method is an efficient way to selec-
tively recover Zr in the presence of residual SNF owing to
the low sublimation temperature of ZrCl, and high reactivity
of Zr with Cly gas [9-11]. The experimental results showed
that Zr of high purity (> 99.97wt%) can be achieved via
the chlorination reaction of Zircaloy-4 (Zry-4) hulls [11]. In
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addition, it was revealed that the chlorination technique can
be employed for the oxidized Zry-4 hulls (at 500°C), sug-
gesting that the oxide layers generated during the oxidative
decladding process cannot completely protect the hulls from
the chlorination reaction [12]. Yasuike et al. [14] reported
the successful separation of Zr from Zircaloy-2 hulls even
in the presence of impurities including Co, U, Ni, and Cs.
At the Oak Ridge National Laboratory, the feasibility of the
chlorination technique was investigated in a hot cell, and a
high decontamination factor of 1200 was achieved based
on radiation dose of recovered Zr [15]. Bohe et al. [16]
demonstrated a recovery of Zr from zircaloy shavings at
temperatures between 220 and 450°C, and it was shown
that the chlorination reaction can be performed at tempera-
tures as low as 220°C. Although these results show some
promise for the chlorination technique, intensive research
should be performed including a scale-up, hot-cell demon-
stration, and reaction kinetics.

In this study, the chlorination reaction of Zry-4 hulls was
investigated from a reaction rate point of view. The experi-
ments were performed for fresh and oxidized Zry-4 hulls to
simulate the effect of the oxidative decladding process on

the reaction rate of the chlorination process.

2. Experimental

Before the reaction experiments, the hulls were cut into 3
cm long pieces. Some of the hulls were oxidized at 500°C
for 10 h under an air atmosphere to verify the effect of the
oxidative decladding process on reaction rate. The chlori-
nation reaction was performed in a quartz reactor, which
has a quart frit in the middle to support Zry-4 hulls and re-
action residues while removing gaseous products from the
heating zone. Reaction gas (Ar + Cl,) was fed from the top
of the reactor and gaseous products were removed from the
heating zone by passing through the quartz frit down to the
bottom of the reactor. The flow of Ar, unreacted Cl, and
gaseous reaction products pass through a collection zone
where the temperature is kept at room temperature to col-
lect ZrCly in its solid form while Ar and Cl, are introduced to
an exhaust treatment system. Detailed information on the

reaction system is well described in our previous work [11].
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All reaction experiments were performed at 380°C.

Two types of experiments were performed in this study.
First, fresh Zry-4 (without oxidation) and Zry-500-10 (Zry-4
oxidized at 500°C for 10 h under an air atmosphere) hulls
were reacted with chlorine gas for 6 h while collecting re-
action products every 2 h. The reaction products were
analyzed using an ICP-AES (Inductively Coupled Plasma
— Atomic Emission Spectroscopy) system, while the reac-
tion residues were analyzed using a SEM-EDS (Scanning
Electron Microscopy — Energy Dispersive Spectroscopy)
system owing to their high insolubility in acid solutions. A
mixed gas of Ar and Cl, was fed with a flow rate of 30 cc/
min for each gas. Second, the Zry-4 and Zry-500-10 hulls
were reacted with chlorine gas for 0.5, 1.0, 2.0, and 4.0 h
to measure the chlorination reaction rate of the hulls. In this
case, (20 cc/min Ar + 10 cc¢/min Cly) gas was employed as
a reactant flow.

3. Results and discussion

Fig. 1 shows the chlorination reaction results performed
for 6 h while collecting the reaction products every 2 h. The
properties (weight and composition) of the reaction prod-
ucts (recovered ZrCly) and residues are listed in Table 1. In

on the Reaction Rate

the pictures of the reactants (Fig. 1), a change in the colors of
the Zry-4 hulls is clear: after the oxidization process (b), the
hulls exhibited a light black color, while it was shiny metallic
before the oxidation. In addition, it is interesting to compare
the changes in the color of the reaction products with the in-
crease in the reaction time. In both the fresh Zry-4 and Zry-
500-10 hulls, the color of the products changed from whit-
ish orange (0 — 2 h) to brown (4 — 6 h). As it is known that
ZxCl, exhibits a white color, the changes in the color of the
products suggest that the concentration of by-products (pre-
sumably Sn and iron chlorides) has increased with the reac-
tion time. The composition analysis results shown in Table
1 support this assumption that the purity of Zr decreases
with an increase in the reaction time although a quantita-
tive correlation between the color of the reaction products
and purity of recovered Zr is hard to achieve. The weight
ratios of Cr and Fe significantly increased with the reaction
time, while that of Sn was almost constant regardless of the
reaction time. A summary of the properties of the reaction
products (shown in Table 1) revealed that the overall reac-
tion products exhibited a high Zr purity of 99.61wt% for
both the fresh Zry-4 and Zry-500-10 cases. The composi-
tion analysis results also showed that the high purity of Zr
was originated from lower Sn and Cr contents in the reac-
tion products when compared to the initial contents. Pre-

Table 1. Weight and composition measurement values of the reactants, reaction products, and residues
employed for the chlorination reaction performed at 380°C for 6 h flowing 30 cc/min Ar + 30 cc/min Clo.

Reaction products were collected every 2 h

a) Compositions of the residues were measured using the SEM-EDS system.

Composition (Wt%)

Fresh Zry-4 7 Sn o Fe Weight (g)
Reactant 98.09 1.60 0.21 0.10 15.72
Product (0 —2 h) 99.77 0.18 0.05 N/D 17.86
Product (2 — 4 h) 99.54 0.18 0.08 0.21 15.84
Product (4 — 6 h) 97.93 0.20 0.13 1.73 0.98
Product total 99.61 0.18 0.07 0.14 34.68
Residue? 88.30 1.83 9.87 N/D 0.15
Zry-500-10 Zr Sn Cr Fe Weight (g)
Reactant 98.09 1.60 0.21 0.10 15.71
Product (0 — 2 h) 99.82 0.13 0.05 N/D 13.67
Product (2 — 4 h) 99.72 0.13 0.05 0.10 15.65
Product (4 — 6 h) 98.61 0.15 0.13 1.11 4.66
Product total 99.61 0.13 0.06 0.20 33.98
Residue? 93.51 1.09 5.02 0.38 0.26
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Fig. 1. Pictures of the reactants, products, and residues of the (a) fresh Zry-4 and (b) Zry-500-10 samples performed
at 380°C for 6 h. A mixed gas of 30 cc/min Ar + 30 cc/min Clg was fed as a reactant. The reaction products were

collected for every 2 h.

viously, it was suggested that the composition of Cr might
be reduced after the chlorination process owing to a high
boiling point (decomposition at 1300°C) of CrCl3[11]. But
the detection of Cr in the reaction products suggests that
volatile Cr chlorides such as CrCly [18] might have been
produced during the chlorination reaction. In the case of
Fe, the content was not reduced after the chlorination reac-
tion, presumably owing to a formation of volatile FeCls. It
should be mentioned that the Sn content was significantly
reduced in the reaction products of both cases. Previously,
it was suggested that SnCly(g) is a preferred chloride form to
be produced through the chlorination process [10], but the
relatively low content of Sn in the reaction products needs
further investigation. The properties of the reaction residues
also need clarification, as it has been suggested that they
might be managed as HLWs or GTCC wastes owing to the
presence of residual SNE As noted in Table 1, the weight
ratios of the reaction residues were only 0.95 and 1.65wt%
of the initial values for the fresh Zry-4 and Zry-500-10 hulls,
respectively, suggesting that the chlorination method is
an efficient way to extract Zr from cladding hull waste. It
should be discussed here that an increase in the amount
of reaction residue was observed in the Zry-500-10 case.
In our previous study [13], where an extraction of Zr from
oxidized Zry-4 hulls was demonstrated at a 50 g scale, the
amount of reaction residue was 0.95wt%, which is identical
to the case of the fresh Zry-4 of the present study. There-
fore, it is not reasonable to clarify a relationship between the
oxidation process and the amount of reaction residue at this
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stage. However, it can be estimated that the amount of the
reaction residues might range from 0.95 to 1.65wt% of the
initial weight whether the hulls were oxidized (500°C, 10 h)
or not. A compositional analysis of the reaction residues
was performed using the SEM-EDS technique, the results of
which are shown in Table 1. As expected from the ICP-AES
results of the reaction products, the purity of the recovered
Zr was reduced to 88.30 and 93.51wt% in the fresh Zry-4
and Zry-500-10 hulls, respectively. It was also shown that
the residues exhibit high Cr and Sn contents in accordance
with the analysis results of the reaction products. A change
in the weight of the reaction products should be discussed
here; as clearly shown in Table 1 (and Fig. 1), the weight
of the reaction products in each reaction period exhibits a
different trend in the fresh Zry-4 and Zry-500-10 samples.
In the period of a 0 — 2 h reaction, the fresh Zry-4 hulls pro-
duced more products (17.86 g) than the Zry-500-10 hulls
(13.67 g). On the other hand, only 0.98 g of the product
was collected in the 4 — 6 h period for the fresh Zry-4 case,
while 4.66 g was achieved for the Zry-500-10 hulls within
the identical reaction time period. These results clearly show
that the two cladding hulls have different reaction rates: the
fresh Zry-4 hulls exhibit a higher reaction rate for the chlo-
rination reaction than the Zry-500-10 hulls. Further inves-
tigation was performed to clarify the effect of the oxidation
process on the chlorination reaction rate of Zry-4 hulls.

The reaction rate of the Zry-4 hulls was investigated by
performing the chlorination reaction for 0.5, 1.0, 2.0, and
4.0 h, and pictures of the reactants and reaction products
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are shown in Fig. 2 and 3 for the fresh and oxidized Zry-4
hulls, respectively. In the case of the fresh Zry-4 hulls (Fig.
2), the weight losses of the reactants were 11.59, 24.46,
48.06, and 92.47wt% after the chlorination reaction for 0.5,
1.0, 2.0, and 4.0 h, respectively. In the Zry-500-10 case
(Fig. 3), the weight losses of the reactants were 8.95, 16.92,
42.14, and 96.46wt% after 0.5, 1.0, 2.0, and 4.0 h of the
chlorination reaction, respectively. It should be noted that
the weight loss of the fresh Zry-4 samples was higher than
that of the Zry-500-10 samples for up to 2.0 h, while it is re-
versed in 4.0 h. The reaction time-weight loss relationship
was evaluated by fitting the experimental results as shown
in Fig. 4. A linear fit was employed for the results of the

(@ (®) (© @
B - - - -

Residue

N -

on the Reaction Rate

fresh Zry-4 hulls, resulting in a slope value of 23.35wt%/h,
while a linear fitting was not successful for the Zry-500-10
case. Recalling the results of the 6 h chlorination, which
showed that the amount of the reaction product had a trend
of Zry-4 > Zry-500-10 (0 - 2 h period), Zry-4 = Zry-500-10
(2 —4 hperiod), and Zry-4 < Zry-500-10 (4 — 6 h period), a
fitting of the Zry-500-10 case was performed by employing
two linear lines, resulting in two slope values of 17.12 and
27.16wt%/h for the (0 — 20wt% loss) and (20 — 100wt%
loss) periods, respectively. The fitting results suggest that the
oxide layer formed by the oxidation process works as a pas-
sivation layer resulting in a reduced reaction rate during an
early stage of the reaction. However, at some point (20wt%

Flg 2. The pictures of the reactants, products, and residues of the fresh Zry-4 hulls chlorinated for (a) 0.5 h, (b) 1.0
h, (c) 2.0 h, and (d) 4.0 h at 380°C A mixed gas of 20 cc/min Ar + 10 cc/min Clz was employed as a reactant.

Reactant

Residue

N - - -

Flg 3. The pictures of the reactants, products, and residues of the Zry-500-10 hulls chlorinated for (a) 0.5 h, (b) 1.0
¢) 2.0 h, and (d) 4.0 h at 380°C. A mixed gas of 20 cc/min Ar + 10 cc/min Clz was employed as a reactant.
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Fig. 4. The fitting results of the chlorination reaction results for the fresh
Zry-4 and Zry-500-10 hulls.

loss in the present study), the effect of the oxidation layer is
removed, and the hulls are chlorinated even faster than the
fresh hulls. Although a quantitative analysis on the oxide
layer—chlorination inhibition relationship is not clear at this
point, these results clearly show that the oxide layer is one
of the key parameters that determine the reaction rate of the

chlorination reaction.

4. Conclusions

The effect of the oxidation process on the chlorination
reaction rate of Zry-4 hulls was investigated. It was revealed
that the oxidation process did not affect the purity of the
recovered Zr. Although an increase in the amount of the
reaction residue was observed in the oxidized Zry-4 hulls,
further investigation is essential to clarify a quantitative re-
lationship between the oxidation process and the amount
of the reaction residues. The reaction rate experiments
showed that the weight loss of the fresh Zry-4 hulls caused
by the chlorination reaction follows a linear fitting with a
slope of 23.35wt%/h, while two regions with slopes of 17.12
(0 —20wt% loss region) and 27.16wt%/h (20 — 100wt% loss
region) were observed in the Zry-500-10 hulls. According
to the reaction rate measurement results, it was concluded
that the oxide layers formed during the oxidation process
suppress the chlorination reaction during an early stage of

about a 20wt% loss.
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