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Effects of iron corrosion products on the degradation of
bentonite structure and properties
Yupeng Sun1,2, Yangtao Zhou2, Xin Wei2✉, Junhua Dong 2✉, Nan Chen2, Qiying Ren2, Junhu Wang3 and Wei Ke4

Bentonite is a key material for engineering barriers to prevent groundwater and nuclide migration in the multi-barrier system of
high-level radioactive waste (HLW) geological disposal. However, its barrier property will be degraded under the action of iron
corrosion products of steel disposal containers. In this paper, the effects of iron corrosion products on the degradation of bentonite
structure and properties were investigated in the simulated environments for HLW geological disposal. The results showed that
Fe2+/Fe3+ dissolved from iron powder could enter montmorillonite (Mt) interlayer and substituted part of Na+, which caused the
decrease of the volume and interlayer spacing of Mt, and the structural integrity of Mt was destroyed. Macroscopically, the water
absorption and swelling property of bentonite were significantly decreased. The degradation mechanism of Mt structure was
mainly that Fe2+/Fe3+ generated by iron corrosion entered the interlayer domain of Mt to compensate for the interlayer charge
deficit.
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INTRODUCTION
Deep geological disposal is generally accepted by most countries
as the only feasible scheme to treat high-level radioactive waste
(HLW), which mainly adopts the multi-barrier system to perma-
nently isolate HLW from the living environment1–3. In the multi-
barrier system, the iron-based container and buffer/backfill
material are the key engineering materials to prevent nuclide
leakage4. Among them, the corrosion resistance of iron-based
container is the core element to meet the stability and durability
of the repository system5. For the buffer/backfill material filled
between the surrounding rock and the metal container, it should
have appropriate mechanical properties and buffering capacity6,7.
Its main function is to relieve the pressure of surrounding rock on
metal containers. When the container fails due to corrosion
perforation, it can also effectively block the migration of
radionuclides to the surrounding environment8. Therefore, in the
deep geological disposal of HLW, the buffer/backfill material
system plays a crucial role in engineering barrier, hydraulic barrier
and chemical barrier as well as the conduction and dissipation of
heat from radioactive waste decay, and it is an effective guarantee
for the long-term safety and stability of the geological repository
of HLW9,10. However, it will face the threat of destabilization and
degradation with the disposal, which can accelerate the leakage of
nuclide, and then bring great harm to international public health
and ecological environment.
Bentonite has been selected by many countries as the buffering

material for the geological repository of HLW because of its extremely
low water conductivity and good nuclide adsorption properties11.
Montmorillonite (Mt) is the main mineral component that swells
when bentonite absorbs water or solutions12. The crystal structure of
Mt belongs to the monoclinic system, and each unit layer is
composed of one Al-O octahedral sheet and two Si-O tetrahedral
sheets. The surface of the Mt lamellar layer is negatively charged due
to the isomorphic substitution of Mg2+/Fe2+ for Al3+ in octahedral

sheet and/or Al3+ for Si4+ in tetrahedral sheet, and the negative
charge can be balanced by interlayer cations such as Na+, K+, Ca2+ or
Mg2+12,13. These interlayer cations are commonly hydrated and
exchangeable, thus bentonite has a strong water swelling capacity,
cation adsorption capacity and cation exchange capacity (CEC)14,15.
Groundwater usually contains cations such as K+, Ca2+ and Na+,
which have an important impact on the structure and buffering
performance of Mt. Egloffstein reported that Ca2+ in the salt solution
can easily substitute Na+ of Mt interlayers in bentonite, thus
decreasing the interlayer spacing and swelling capacity of Mt16.
Karnland et al. found that Mt could be dissolved under high pH value
(pHå 12) and generate non-swelling minerals17–19. Furthermore, the
porosity and permeability of bentonite increased, while the buffering
barrier performance decreased20. When the concentration of these
cations in the solution is too high, the negative charge of bentonite
colloidal particles decreases under the action of electric neutralization,
and the mutual repulsion decreases, resulting in the aggregation and
sedimentation of bentonite colloidal particles21. This effect simply
corresponds to the decrease of the thickness of the electric double
layer with the increase of ionic strength, and the influence of ionic
strength on the structure and properties of Mt deserves further study.
Meanwhile, the cation adsorption capacity of bentonite will also
significantly decrease. Furthermore, the collapse of Mt interlayer may
further hinder cation exchange.
In the long-term geological disposal process, the buffering

performance of bentonite is not only related to the composition
and concentration of cations in groundwater but also largely
depends on the amount of iron corrosion products (Fe2+/Fe3+)
generated by the corrosion of its internal iron-based container22.
The physical/chemical properties and buffering performance of
bentonite are inevitably affected by the corrosion products
generated at the iron-based container/bentonite interface as the
container corrodes23,24. Moreover, the proportion of iron corrosion
products in bentonite at different distances from iron-based
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containers is varied, which has different effects on the buffering
performance of bentonite. Previous studies mainly focused on the
reaction between clay minerals and iron, and found that the
properties of reaction products were related to experimental
conditions such as reaction temperature, initial properties of clay
minerals and solid/liquid ratio25. Lantenois et al. studied Mts with
various crystal chemical compositions and discovered that only
dioctahedral Mt was destabilized in the presence of iron26. The
presence of Na+ ions in the Mt interlayers and the higher contents
of structural Fe3+ in the octahedral sheets can promote the
alteration of Mt. In addition, the higher pH value (pH>7) was more
favorable for the occurrence of such alterations. Perronnet et al.
proposed that the heterogeneity of interlayer structure, interlayer
charge and surface energy of Mt may also affect the reaction
rate27. However, it is still unclear how the characteristics, structure
and swelling capacity of bentonite are affected by the corrosion
products dissolved from iron-based containers. Moreover, there is
also no unified conclusion about the occurrence oxidation state of
Fe3+/Fe2+ produced by iron corrosion in Mt structure, whether
they are only adsorbed on the surface of Mt and enter the Mt
interlayer28–30, or further migrate into the octahedral site of Mt like
natural Fe3+ in iron-rich Mt26,31–33. Thus, it is necessary to carry out
this research based on the deep geological disposal scheme of
HLW in China and the groundwater characteristics of pre-
selected site.
The nuclear waste storage will start with aerobic condition due

to the presence of atmosphere in the construction period of
repository. With the closure of repository, it turned into an anoxic
environment. In order to simulate the evolution process of HLW
disposal environment, iron powder, bentonite and simulated
Beishan groundwater were thoroughly mixed in different propor-
tions to form experimental systems. With increasing time, the
residual trace oxygen in the mixed sample was gradually
consumed, and the experimental system turned to an anoxic
condition. The main purpose of this work is to study the effects of
iron corrosion products on the mineral composition, microstruc-
ture and buffering performance of surrounding bentonite. By
combining with the parameters variations of Mt interlayer
exchangeable cation content, mineral composition, interlayer
spacing, occurrence state of iron in Mt, water absorption and
swelling capacity, it reveals the degradation mechanism of Mt
structure. The research results provide an important theoretical
basis for the formulation of China’s HLW geological disposal
scheme.

RESULTS AND DISCUSSION
Iron corrosion products
Figure 1 shows the XRD patterns of the corrosion product after 1:1
bentonite/iron powder reacted at 15% and 30% water content
(B1_I1_W15, B1_I1_W30) for 90 days. It can be seen that the iron
corrosion products of B1_I1_W15 sample are mainly Fe3O4/γ-
Fe2O3 and α-FeOOH. Furthermore, the diffraction peaks of metallic
iron are also detected, indicating that there was still iron powder
in the mixed sample after 90 days of reaction. In contrast, γ-
FeOOH is also detected in the iron corrosion products of
B1_I1_W30 sample, which illustrates that the water content
during the reaction of bentonite/iron powder has a great
influence on the chemical compositions of the corrosion products.
Meanwhile, the diffraction peaks of minerals such as Mt25,34,35 and
quartz36,37 are also detected, meaning that a small amount of
bentonite minerals are still contained in the corrosion products.
Figure 2 shows the corrosion morphology and Raman spectra of

corrosion products of B1_I1_W15 and B1_I1_W30 samples reacted
for 90 days. As shown in Fig. 2, the above B1_I1 samples consists
of two kinds of aggregates: black iron corrosion products and
brown/reddish brown degraded bentonite. The Raman spectrum

of point A in Fig. 2b shows typical bands corresponding to Fe3O4

(308 cm−1, 396 cm−1, 548 cm−1, 675 cm−1)38–40. In comparison,
the Raman spectra of point B in Fig. 2b1 shows typical bands of α-
FeOOH (207 cm−1, 298 cm−1, 383 cm−1)39,41, γ-FeOOH (218 cm−1,
252 cm−1)41,42, and Fe3O4 (470 cm−1, 679 cm−1)38,43.
The Raman results obtained for the corrosion products in Fig. 2

are basically consistent with the XRD results in Fig. 1. The only
difference is that α-FeOOH is not found in Fig. 2b, this is because it
only shows the spectrum of corrosion products corresponding to
the green dots in Fig. 2a. In addition, it can be inferred that Fe3O4

is the main corrosion product generated in the reaction of
bentonite/iron powder, and the γ-FeOOH also be produced with
the increase of water content. Among them, the α-FeOOH and γ-
FeOOH can be produced by electrochemical oxidation and/or
chemical oxidation of ferrous corrosion products such as Fe(OH)2,
Fe2(OH)2CO3, Fe6(OH)12CO3 and Fe6(OH)12SO4

44,45. Furthermore,
partial α/γ-FeOOH (in particular γ-FeOOH that is more reactive)
may be reduced to Fe3O4 under anoxic conditions46–49.

CEC of Mt interlayers in bentonite
Table 1 shows that the contents of Na+ and Fe2+/Fe3+ in Mt interlayer
of original GMZ Na-bentonite are 43.7·10–2mol kg−1 and
0.2·10–2mol kg−1, respectively. The trace iron originally existing in
bentonite are mainly Fe3+, which can be reduced to Fe2+ by reacting
with metallic iron50. After 100:1 bentonite/iron powder reacted at 15%
water content (B100_I1_W15) for 30 days, 60 days and 90 days, the
Na+ contents in Mt interlayer are 43.2·10–2mol kg−1,
41.9·10–2mol kg−1 and 41.5·10–2mol kg−1, respectively. Meanwhile,
the Fe2+/Fe3+ contents are 0.2·10–2mol kg−1, 0.9·10–2mol kg−1 and
1.3·10–2mol kg−1, respectively. As the water content increases to 30%
(B100_I1_W30), the Na+ contents in Mt interlayer decrease to
42.1·10–2mol kg−1, 39.4·10–2mol kg−1 and 37.5·10–2mol kg−1, while
the Fe2+/Fe3+ contents increase to 0.9·10–2mol kg−1,
2.6·10–2mol kg−1 and 3.2·10–2mol kg−1 respectively. For 1:1 bento-
nite/iron powder, the Na+ contents in Mt interlayer are
41.5·10–2mol kg−1, 25.7·10–2mol kg−1 and 24.3·10–2mol kg−1 after
30 days, 60 days and 90 days of reaction at 15% water content
(B1_I1_W15), and the Fe2+/Fe3+ contents are 1.2·10–2mol kg−1,
9.9·10–2mol kg−1 and 10.7·10–2mol kg−1, respectively. When the
water content increases to 30% (B1_I1_W30), the Na+ contents in
Mt interlayer decrease to 35.2·10–2mol kg−1, 18.1·10–2mol kg−1 and
16.2·10–2mol kg−1, while the Fe2+/Fe3+ contents increase to
4.5·10–2mol kg−1, 14.3·10–2mol kg−1 and 15.7·10–2mol kg−1, respec-
tively. By comparison, it is found that with the increase of reaction
time, iron powder proportion and water content, the Na+ contents of
Mt interlayer in degraded bentonite gradually decrease, while the
Fe2+/Fe3+ contents increase, suggesting that part of Na+ in Mt
interlayer are substituted by Fe2+/Fe3+.

Composition and structure of bentonite
The interlayer spacing of Mt is determined by the interplanar
spacing d001-value of the strongest basal plane (001) diffraction.
Therefore, the diffraction peak of Mt (001) crystal plane is usually
used as the characteristic peak of Mt51,52. Figure 3 shows the
diffraction peak position (2θ) of Mt (001) crystal plane in the
original GMZ Na-bentonite and degraded bentonite
(B100_I1_W15, B100_I1_W30, B1_I1_W15 and B1_I1_W30 samples
reacted for 90 days, and after removal of the iron powder/iron
corrosion products) are 5.87°, 6.07°, 6.11°, 6.26° and 6.56°,
respectively. Based on the Bragg equation: 2dsinθ= λ
(λ= 0.15406 nm), the interlayer spacing (d) values of Mt in the
above bentonite samples are 1.50 nm, 1.45 nm, 1.44 nm, 1.41 nm
and 1.35 nm, respectively. This shows that in the reaction process
of bentonite/iron powder, the interlayer spacing of Mt gradually
decreases with the increase of water content and iron powder
proportion. Furthermore, the intensity of the Mt diffraction peak
decreases and the peak broadens, which may be caused by the
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Fig. 1 XRD patterns of corrosion products of B1_I1_W15 and
B1_I1_W30 samples reacted for 90 days.

Fig. 2 Macro-morphology and corrosion product analysis of B1_I1_W15 and B1_I1_W30 samples reacted for 90 days.
a Macromorphology, b Raman spectrum of Point A and B.

Table 1. CEC of Mt interlayers in different bentonite samples.

Time
(days)

Samples Water
content (%)

Na+ (10–2

mol/kg)
Fe2+/Fe3+

(10–2 mol/
kg)

GMZ Na-bentonite - 43.7 0.2

30 Bentonite : Iron
powder= 100:1

15% 43.2 0.2

30% 42.1 0.9

Bentonite : Iron
powder= 1:1

15% 41.5 1.2

30% 35.2 4.5

60 Bentonite : Iron
powder= 100:1

15% 41.9 0.9

30% 39.4 2.6

Bentonite : Iron
powder= 1:1

15% 25.7 9.9

30% 18.1 14.3

90 Bentonite : Iron
powder= 100:1

15% 41.5 1.3

30% 37.5 3.2

Bentonite : Iron
powder= 1:1

15% 24.3 10.7

30% 16.2 15.7
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decrease of Mt crystallinity53,54. To further understand the
influence of iron corrosion products on the structure of Mt, the
FITR spectra of original GMZ bentonite and degraded bentonite
were performed.
Figure 4 shows the FTIR spectra of original GMZ Na-bentonite

and degraded bentonite (B100_I1_W15, B100_I1_W30, B1_I1_W15
and B1_I1_W30 samples reacted for 90 days, and after removal of
the iron powder/iron corrosion products). The obvious differences
between FTIR spectra of degraded bentonite and original GMZ Na-
bentonite are mainly manifested in the regions of absorption
bands related to the vibrations of the octahedral ions. In the
functional group region (4000–1330 cm−1), the intensity of AlAlOH
(~3622 cm−1) stretching band in degraded bentonite exhibits a
significant decrease, while that of AlMgOH (~3432 cm−1) stretch-
ing band only shows a slight decrease25.This may be related to the
deprotonation of OH groups and partial collapse or destruction of
Mt octahedral structure25,26. In the fingerprint region
(1330–400 cm−1), the variation of the stretching band intensities
of AlAlOH (~915 cm−1) and AlMgOH (~848 cm−1) are consistent
with those of the functional groups region25,26. Meanwhile, the
intensities of bending bands of Si-O (~1090 cm−1, ~1035 cm−1,
~797 cm−1), Al-O (~620 cm−1), Si-O-Al (~519 cm−1) and Si-O-Si
(~470 cm−1) are also decreased, which can be attributed to the
partial dissolution or destruction of the Mt layer25. It can also be
found that with the increase of water content and iron powder
proportion, the intensities of these stretching bands and bending
bands decrease, indicating that the deprotonation reaction of OH
groups of Mt and the degree of dissolution or destruction of Mt
structure are aggravated. Furthermore, a Si-O-Fe bending band is
detected at the wavelength of 420 cm−1 of the FTIR spectra in
degraded bentonite samples in Fig. 4, suggesting that Fe-
containing silicate was generated, which may be composed of
Fe2+/Fe3+ adsorbed on the surface of Mt and Si-O- in Mt structure.
Figure 5a shows the TEM picture of the dry original GMZ Na-

bentonite, and its main mineral component-Mt has a lamellar
structure with a layer spacing value of 0.96 nm. Electron diffraction
shows that the sample is in the [001] direction. Figure 5b and c show
the TEM pictures of original GMZ Na-bentonite and degraded
bentonite (B100_I1_W30 sample reacted for 90 days, and after
removal of the iron powder/iron corrosion products) dispersed with
water and acetone, respectively. It can be seen that the lamellar
structure of Mt in the original GMZ Na-bentonite is intact, and the
layer spacing value is 1.10 nm, which demonstrates that the layer
spacing value of Mt increases after GMZ Na-bentonite is dispersed by
water and acetone. The overall structure of Mt in degraded bentonite
did not undergo any fundamental transformation, but as shown in
the red dotted area in Fig. 5c, the edge of Mt sheet collapses,

Fig. 3 XRD patterns of original GMZ Na-bentonite and degraded
bentonite (B100_I1_W15, B100_I1_W30, B1_I1_W15, and
B1_I1_W30 samples reacted for 90 days, and after removal of the
iron powder/iron corrosion products).

Fig. 4 FTIR patterns of original GMZ Na-bentonite and degraded
bentonite (B100_I1_W15, B100_I1_W30, B1_I1_W15, and
B1_I1_W30 samples reacted for 90 days, and after removal of the
iron powder/iron corrosion products).

Fig. 5 TEM pictures. Dry original GMZ Na-bentonite (a), original GMZ Na-bentonite and dispersed with water and acetone (b) and the
degraded bentonite (B100_I1_W30 sample reacted for 90 days, and after removal of the iron powder/iron corrosion products) dispersed with
water and acetone (c).
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meaning that the edge structure of Mt is partially destroyed. In
addition, compared with the original GMZ Na-bentonite, the layer
spacing value of Mt in degraded bentonite is 0.97 nm, which further
confirms that the layer spacing of Mt decreases after the bentonite
was degraded.

Occurrence state of iron in Mt
Figure 6 shows the 57Fe Mössbauer spectra of original GMZ Na-
bentonite and degraded bentonite (B1_I1_W30 sample reacted for
90 days, and after removal of the iron powder/iron corrosion
products). Based on the CEC measurement results of Mt interlayers
in Table 1, it can be calculated that the iron ions content in
original GMZ Na-bentonite is only 0.01%, far lower than the
detection level of Mössbauer spectrum31. Therefore, the obtained
resonance of 57Fe Mössbauer spectrum in Fig. 6a is disordered.
The Mössbauer spectrum can unambiguously differentiate the
chemical states of Fe2+ and Fe3+29. For the degraded bentonite,
the experimental Mössbauer spectrum in Fig. 6b shows the typical
broad Fe3+ resonance observed for most Mts, and the intensities
of the component peaks of this resonance are definitely
asymmetric55.
Generally speaking, the Mössbauer spectra of iron oxides and

hydroxides usually consists of six magnetic splitting lines30. However,
there is no discernible six magnetic splitting lines in Fig. 6b.
Meanwhile, the phases of iron, iron oxides and hydroxides were not
detected in the corresponding XRD patterns of degraded bentonite in
Fig. 3. Therefore, it is certain that Fe3+ in the degraded bentonite
either enters Mt interlayer or Al-O octahedral sites. If Fe3+ occupies
the Al-O octahedral sites, the saturation coordination number around
Fe should be 6, the symmetry is very high, and the electric
quadrupole splitting value (Δ) should be very small. However, the Δ
value of Fe3+ in Fig. 6b is large, indicating that the partial charge of Fe
is incompletely balanced by the (number of) attached ligands.
Thence, the Fe3+ is more likely to be adsorbed on the surface of Mt
laminate and enter the Mt interlayer29,30. This is consistent with TEM
and XRD results that the interlayer spacing of Mt decreases after
bentonite/iron powder reaction. Furthermore, the in-layer diffusion of
divalent cations (as demonstrated for Ni2+) into the clay octahedral
sheet (the so-called Hofmann-Klemen) is not expected to occur below
50 °C56. The Ni2+ is similar to Fe2+/Fe3+ in terms of ionic radius and
affinity towards the clay structure57,58, and the experiments were
performed at ambient temperatures, which further confirms that iron
ions generated by iron corrosion mainly enters the interlayer domain
of Mt.

Water absorption and swelling performance of bentonite
Figure 7 shows the time-history curves of constant volume
swelling force of compacted samples of original GMZ Na-
bentonite (1#), original bentonite/iron powder (B100_I1 2#,
B10_I1 5#, B1_I1 8#) and their reacted at 15%, 30% water content
(B100_I1_W15 3#, B100_I1_W30 4#, B10_I1_W15 6#, B100_I1_W30
7#, B1_I1_W15 9#, B1_I1_W30 10#) for 90 days. It can be seen that
the time-history curves of swelling force of the 1–3# samples
present a typical double-peak characteristic59, that is, the swelling
force of the sample rapidly increases after absorbing water,
decreases slightly after reaching the peak value, then increases
again, and finally tends to be stable. However, the time-history
curves of swelling force of 4–10# samples show a typical single-
peak characteristic, that is, the swelling force of the sample
increases rapidly after absorbing water, then gradually decreases
after reaching the peak value, and finally becomes stable. The
evolution process of swelling force of bentonite and bentonite/
iron powder (before and after degradation) under the condition of
constant volume is essentially the accumulation process of
"wedge" force formed between crystal layers and laminates due
to the restriction of the thickening process of the bonding water
film between crystal layers and the diffuse double electric layer
between laminates60. This accumulated "wedge" force will
decrease due to the crack of the laminates and the collapse of
the pores between the aggregates and then increase again with
the continued water absorption and swelling of the cracked
laminates61. Macroscopically, it shows the double-peak or single-
peak shape of the time-history curve of swelling force. Therefore,
the swelling force can be regarded as the superposition result of
the accumulated "wedge" force Ps+ caused by the swelling of the
crystal layer and the electric double layer and the dissipated
"wedge" force Ps- caused by the lamination cracking and the pore
collapse between aggregates62.
Table 2 shows the swelling force parameters of 1–10# samples

in the process of water absorption. It can be found that the peak
value, final value and the time required to reach the peak value of
the original GMZ Na-bentonite (1#) are higher than those of the
bentonite/iron powder samples (2–10#). This can be attributed to
the higher bentonite content and better swelling capacity of the
original GMZ Na-bentonite compacted sample. Also, it has not
been degraded by iron corrosion products and has better colloidal
stability and swelling capacity. For the samples containing iron
powder with different proportions (2–4#, 5–7#, 8–10#), the peak
value, the final value and the time needed to reach the peak value
of swelling force all decrease whether before or after degradation
of bentonite. Based on the results in sections 2.2–2.4, the reasons
for the decrease of the swelling performance of degraded

Fig. 6 57Fe Mössbauer spectra. Original GMZ Na-bentonite (a) and degraded bentonite-B1_I1_W30 sample reacted for 90 days, and after
removal of the iron powder/iron corrosion products (b).
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bentonite can be summarized as follows: (1) The Fe2+/Fe3+

produced by iron corrosion migrate to Mt crystal layer and
substitute Na+, which leads to the decrease of cation hydration
ability and interlayer spacing53. (2) The destruction of the Mt
structural integrity can cause the decrease of Mt content in
bentonite. (3) The adsorption of Fe2+/Fe3+ on the surface of Mt
laminate can neutralize the negative charge of Mt, thus reducing
the repulsive force of the diffused electric double layer on the
surface of the laminate16. Furthermore, with the decrease of
bentonite swelling force and the formation of iron corrosion

products, the porosity and permeability of bentonite increase, and
the time needed to reach the peak value of swelling force is
shortened.
Figure 8 shows the water absorption after wetting for

10,000 min of 1–10 # compacted samples. It can be seen that
the water absorption (wt.%) of the original GMZ Na-bentonite
compacted sample (1#) is 31.03%, which is higher than that of
bentonite/iron powder samples (2–10#). This can be attributed to
the high Mt content, large interlayer spacing and strong water
absorption capacity of the original GMZ Na-bentonite. For 100:1

Fig. 7 Time-history curves of swelling force of compacted samples. Original GMZ Na-bentonite (a), original bentonite/iron powder (100:1
(b), 10:1 (c), 1:1 (d)) and their reacted at 15%, 30% water content for 90 days.

Table 2. Swelling force parameters of different bentonite compacted samples in the process of water absorption.

No Samples Preparation conditions Peak swelling force (kPa) Time (min) Final swelling force (kPa)

1# GMZ Na-bentonite Original 1095 1388 897

2# Bentonite : iron power= 100:1 Original 1071 1283 873

3# 15% water content, 90 days 985 931 764

4# 30% water content, 90 days 941 798 614

5# Bentonite : iron power= 10:1 Original 774 916 673

6# 15% water content, 90 days 696 770 434

7# 30% water content, 90 days 435 483 366

8# Bentonite : iron power= 1:1 Original 42 812 34

9# 15% water content, 90 days 40 15 26

10# 30% water content, 90 days 37 5 26
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bentonite/iron powder, the water absorption of 2–4# samples
gradually decreases as follows: 30.04%, 29.30% and 27.44%,
respectively. This is mainly related to the decrease of water
absorption capacity of bentonite caused by the decrease of Mt
content, lamination volume and interlayer spacing. Meanwhile,
the pores between bentonite aggregates increases, which leads to
the increase of free water entering bentonite62. Therefore, the
water absorption of the sample ultimately depends on its water
absorption capacity and pores between aggregates. For 10:1
bentonite/iron powder, the water absorption of 5# and 6# samples
are 27.38% and 25.82% respectively, showing a decreasing trend,
which is similar to those of 2–4# samples. Compared with 5# and
6# samples, the water absorption rate of 7# sample increases to
28.33%, indicated that water absorption of 7# sample is mainly
affected by the increase of pores between aggregates. For 1:1
bentonite/iron powder, the water absorption of 8–10# samples
gradually increases as follows: 28.71%, 29.37% and 29.44%,
respectively, which is similar to that of 7# sample. In addition,
the existence of iron powder and iron corrosion products can also
increase the porosity of the sample and has a great influence on
its water absorption.

Degradation mechanism of Mt structure
As the main mineral component of bentonite, the variations in Mt
structure and physicochemical properties are the key factors
affecting the buffering barrier performance of bentonite. In mildly
acidic (aerated) conditions, the protons in the solution are
abundant, thus Mt does not participate directly in the corrosion
of metallic iron26. However, under alkaline conditions, protons
mainly exist in Mt structure with the form of OH groups, and
deprotonation can occur at both Mt interlayer and edge sites.
Therefore, in the weak alkaline environment of simulated Beishan
groundwater (pH= 8.15), the deprotonation of OH groups in Mt
structure is very likely to participate in the corrosion process of
iron-based containers for HLW disposal. It has been recognized
that the high affinity of metallic iron for Mt and the resulting
interaction are the causes of steel pipe corrosion when using clay-
containing drilling fluid63. The presence of metallic iron can induce
deprotonation of OH groups of octahedral Mt, while metallic iron
loses electrons and further corrodes. Therefore, with the passage
of time, the metallic iron is continuously corroded, and Mt is
gradually degraded.
For the degraded bentonite, the intensities of AlAlOH and

AlMgOH stretching bands in FTIR decrease, illustrating that the

OH group in Mt structure participated in deprotonation
reaction25. Moreover, the formation of Si-O-Fe bending band
and the results of CEC, Mössbauer spectrum, XRD, TEM further
indicate that Fe2+/Fe3+generated by iron corrosion mainly
entered the interlayer domain of Mt (directly or through
substitution with interlayer low-valent cations). Therefore, as
shown in Fig. 9, a conceptual model of Mt structure destabiliza-
tion and degradation is put forward: (a) The activity of reduced
iron powder can promote the deprotonation of OH group of
octahedral Mt, and pH increase, which further accelerated the
ionization of AlAlOH and AlMgOH, release H+ to form AlAlO-

and AlMgO-. Meanwhile, Fe2+/Fe3+ is dissolved from metal
iron corrosion. (b) The formation of AlAlO- and AlMgO- causes
Fe2+/Fe3+ to be adsorbed on the surface of the Mt laminate and
further enter into the Mt crystal layer (directly or through
substitution with interlayer low-valent cations) to compensate
for the interlayer charge deficit. (c) With time, the metallic iron is
continuously dissolved, the amount of Fe2+/Fe3+ entering the
Mt structure increases, and the Mt interlayer spacing gradually
decreases.
In summary, the microstructure analysis shows that Fe2+/Fe3+

dissolved from the reduced iron powder could adsorbed on the
surface of montmorillonite (Mt) laminate and substituted part of Na+

in Mt interlayer, which caused the decrease of the volume
and interlayer spacing of Mt. Meanwhile, the structural integrity of
Mt in bentonite was destroyed. In terms of macroscopic properties,
Fe2+/Fe3+ generated by iron corrosion significantly decreased the
water absorption and swelling capacity of bentonite. Furthermore,
the degradation of bentonite structure and properties was
aggravated with the increase of iron powder proportion, water
content and reaction time. The destabilization and degradation
mechanism of Mt structure in bentonite was put forward: Fe2+/Fe3+

generated by iron corrosion entered the interlayer domain of Mt
(directly or through substitution with interlayer low-valent cations) to
compensate the interlayer charge deficit.

METHODS
Sample preparation
The mineral composition of GMZ Na-bentonite in Inner Mongolia is:
montmorillonite, 75 ± 1%; quartz, 12 ± 1%; cristobalite, 7 ± 1%;
feldspar, 4 ± 1%; kaolinite, 1 ± 1%; calcite, 1 ± 1%64. Before the
experiment, the bentonite powder was dried in an oven at
105 ± 3 °C (under ambient conditions) for 8 hours to remove the
naturally absorbed water in the bentonite. The simulated Beishan
groundwater solution was prepared under aerobic conditions
according to the groundwater sample composition of BS03 well in
the old well section of Beishan area49, and the specific components
are given as follows: NaSO4, 1.5777 g L−1; NaCl, 1.4876 g L−1; CaCl2,
0.5792 g L−1; MgSO4·7H2O, 0.5716 g L−1; NaHCO3, 0.1384 g L−1;
NaNO3, 0.0372 g L−1; KCl, 0.0382 g L−1.
The prepared simulated solution was frozen at −40 °C, crushed

by an ice crusher, and sieved to obtain ultrafine ice powder with a
particle size of <10 μm. In order to explore the influence of the
corrosion degree of iron-based containers on the structure and
properties of bentonite, iron powder, bentonite and ice powder
were thoroughly mixed and stirred in different proportions (see
Table 3) at the low temperature of −40 °C, then vacuum sealed
and reacted at room temperature. Through the analysis of iron
corrosion products, combined with the parameters variations of
Mt interlayer exchangeable cation content, mineral composition,
interlayer spacing, occurrence state of iron in Mt, water absorption
and swelling capacity to reveal the mechanism of degradation of
Mt structure.
The preparation process of iron corrosion products/degraded

bentonite for XRD analysis (idem for the other techniques) was
as follows: (1) B1_I1_W15 and B1_I1_W30 samples reacted for

Fig. 8 Water absorption after wetting for 10,000 min of compacted
samples of original GMZ Na-bentonite, original bentonite/iron
powder (100:1, 10:1, 1:1) and their reacted at 15%, 30% water
content for 90 days.
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90 days under sealed anoxic conditions; (2) The mixed samples
after the reaction were put in a glove box, dried with high purity
nitrogen (>99.999%), grounded, sieved and vacuum sealed; (3)
The iron powder/iron corrosion products and degraded bento-
nite were separated from the mixed samples by a strong-field
magnet.

Analysis of iron corrosion products
X-ray diffraction (XRD, Cu-K-alpha, Smartlab 9 kW, Rigaku, Japan)
and Raman spectroscopy (HR800, Horiba Jobin-Yvon, France) were
used to characterize the phase composition of the iron corrosion
products. The XRD test was carried out with Cu ka
(λ= 0.15406 nm) at 50 kv-250mA, and the scanning range and

Fig. 9 Conceptual model of Mt structural degradation. a AlAlOH and AlMgOH ionize and release H+ to form AlAlO− and AlMgO−, b Fe2+/Fe3+

mainly enter into the Mt interlayer to compensate for the interlayer charge deficit. cWith time, the amount of Fe2+/Fe3+ entering the Mt structure
increases, and the Mt interlayer spacing gradually decreases.
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speed were set at 5–70° and 10° min−1 respectively. The results
were qualitatively analyzed by Jade 6.0 software. For the Raman
spectrum analysis, a He-Ne light source with a wavelength of
632.8 nm was adopted as the laser beam, the spot size was 1 μm2,
and the objective used to focus the beam was x50LWD. In
addition, the laser power was always kept below 1mW to avoid
the composition of corrosion products being changed by laser
heating, and the accumulation time was 30 s. The results were
qualitatively analyzed based on the published literatures38–43.

CEC measurement of Mt interlayers in bentonite
To investigate the effect of Fe2+/Fe3+ dissolved from iron
corrosion on the CEC of Mt interlayers in GMZ Na-bentonite,
Inductively coupled plasma emission spectroscopy (ICP-OES, iCAP
7000, Thermo Fisher, Singapore) was employed to measure the
Na+ and Fe2+/Fe3+ content of Mt interlayer in original GMZ
bentonite and degraded bentonite (B100_I1_W15, B100_I1_W30,
B1_I1_W15 and B1_I1_W30 samples reacted for 30 days, 60 days
and 90 days, and after removal of the iron powder/iron corrosion
products). Before ICP-OES measurement, the bentonite was rinsed
several times with deionized water under the anoxic condition in a
glovebox to remove the salt solution adsorbed on the surface of
the sample, and then dried with high-purity nitrogen, ground,
sieved, and sealed for storage. The CEC in Mt interlayer was
measured by the NH3·H2O-NH4Cl method65, and the reaction
formula was given as follows:

MtðKþ;Ca2þ;Naþ;Mg2þ; Fe2þ; Fe3þÞ þ NHþ
4 Cl ! MtðNHþ

4 Þ
þ KClþ CaCl2 þ NaCl

þMgCl2 þ FeCl2 þ FeCl3

(1)

Composition and structure analysis of bentonite
XRD was applied to analyze the mineral composition of the original
GMZ Na-bentonite and degraded bentonite (B100_I1_W15,
B100_I1_W30, B1_I1_W15 and B1_I1_W30 samples reacted for
90 days, and after removal of the iron powder/iron corrosion
products). The XRD test was carried out with Cu ka (λ= 0.15406 nm)
at 50 kv-250 mA, and the scanning range and speed were set at
5–40° and 10°min−1 respectively. The results were qualitatively
analyzed by Jade 6.0 software.
Fourier transform infrared spectroscopy (FTIR, EQUINOX 55,

Bruker, Europe) was employed to detect the chemical bonds and
functional groups of bentonite molecular structure, and the
transmittance was measured on KBr pressed-disc technique (1 mg
of sample and 200 mg of KBr)25,26. For each sample, 16 scans were
recorded with a resolution of 2 cm−1. The measurement range of
infrared wavelength was 4000–400 cm−1, and the spectral
manipulations were performed using the OMNIC software
package25.

Spherical-aberration-corrected transmission electron micro-
scope (TEM, Titan G2 60–300, FEI, U.S.) was used to analyze the
microstructure of Mt in the original GMZ Na-bentonite and
degraded bentonite (B100_I1_W30 sample reacted for 90 days,
and after removal of the iron powder/iron corrosion products).
Before TEM measurement, the bentonite was dispersed in acetone
solution at a ratio of 1:50, and then the sample was fished with a
230-mesh copper net. Furthermore, it is worth noting that the
average thickness difference between TEM samples of Mt
microcrystal was not affected by humidity25,66,67.

The 57Fe Mössbauer spectra of iron in Mt
The Mössbauer spectroscopy was used to characterize the
occurrence state of iron in original GMZ Na-bentonite and
degraded bentonite (B1_I1_W30 sample reacted for 90 days,
and after removal of the iron powder/iron corrosion products). The
Mössbauer spectrometer (57Co (Rh) source, MFD-500AV, Topolo-
gic, Japan) was used to record 57Fe Mössbauer spectra at room
temperature (RT, 298 K). The velocity scale was calibrated with
reference to α-Fe, with the midpoint of the iron hyperfine
spectrum defining zero velocity. The data analysis and fitting of
57Fe Mössbauer spectrum were carried out by Mosswinn 4.0 soft-
ware. To eliminate the effects of absorber thickness, all the
absorber samples contained 7–10mg Fe cm−2 29.

Measurement of water absorption and swelling performance
A self-developed bentonite compaction apparatus was employed
to prepare compacted samples of original GMZ Na-bentonite and
100:1, 10:1 and 1:1 bentonite/iron powder (before/after degrada-
tion). Before sample preparation, the original bentonite powder
was dried in an oven at 105 ± 3 °C (under ambient conditions) for
8 h. The reacted bentonite/iron powder mixed samples were dried
with high purity nitrogen in a glove box at room temperature
(under anoxic conditions) until the weight remained stable. Table
4 shows the relevant trial parameters of different compacted
bentonite samples described above. The motor loading fully

Table 3. Compositions proportion of bentonite/iron powder mixed
samples.

Bentonite : Iron
powder

Water
content (%)

Ice powder
(g)

Bentonite (g) Iron
powder (g)

100:1 15 17.65 100 1

30 42.88 100 1

10:1 15 17.65 100 10

30 42.88 100 10

1:1 15 17.65 100 100

30 42.88 100 100

Table 4. Related parameters of different compacted bentonite sample
preparation.

No. Samples Preparation
conditions

Total
weight
(g)

Total
Density
(g/cm3)

Height
(cm)

1# GMZ Na-bentonite Original 95.3 1.512 2.192

2# Bentonite : Iron
powder= 100:1

Original 95.8 1.517 2.196

3# 15% water
content,
90 days

95.4 1.521 2.181

4# 30% water
content,
90 days

96.3 1.534 2.184

5# Bentonite : Iron
powder= 10:1

Original 96.1 1.527 2.189

6# 15% water
content,
90 days

95.9 1.534 2.175

7# 30% water
content,
90 days

96.2 1.533 2.182

8# Bentonite : Iron
powder= 1:1

Original 96.2 1.575 2.124

9# 15% water
content,
90 days

96.5 1.567 2.142

10# 30% water
content,
90 days

96.3 1.568 2.136
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automated-mechanical apparatus (YUC.YJZPZ-1, Yuchuang tech-
nology, China) was used for real-time monitoring of the constant
volume swelling force of different compacted samples in the
process of water absorption. The swelling force test adopted the
loading mode of constant deformation, the running speed was
0.1 mmmin−1, and the test period lasted for 10,000 min. The
water absorption of compacted samples of original GMZ
bentonite and bentonite/iron powder (before/after degradation)
was calculated by the following formula:

Water absorptionð%Þ ¼ W1 �W0

W0
(2)

W0 is the initial weight of sample, W1 the weight of sample after
water absorption.
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