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The uptake of radiocesium (RCs) by plants is key to the assessment of its environmental risk. However, the transfer process of RCs
in the water-vegetable system still remains unclear. In this work, the uptake and accumulation processes of Cs* (0-10mM) in
lettuce were explored under different conditions by using hydroponics. The results showed that the higher exposure
concentration of Cs* could lead to a faster uptake rate and would be beneficial to the uptake and accumulation of Cs™. The
uptake of K* by roots and leaves was inhibited significantly when Cs* concentration increased, but unapparent for Ca** and
Mg™". It was found that the higher K" and Ca®" concentration was, the higher inhibition was found for the uptake of Cs" in
root. The uptake of Cs” leads the decrease of chlorophyll content and brought a negative effect on plant photosynthesis,
consequently, a negative effect on lettuce morphology and obvious decrease of biomass and root length. The contents of
glutathione (GSH), malondialdehyde (MDA), and root vitality were increasing during the growth following stress of high
concentrations of Cs*, which caused stresses on the antioxidant system of lettuce. The enrichment coeflicient for Cs* in leaves
was in the range of 8-217. Moreover, the transfer factor was in the range of 0.114-0.828, which suggested that the high Cs"
concentration could enhance the transfer of Cs* from lettuce root to leaf. This study provides more information on the
transfer of RCs from water to food chain, promoting the understanding of the potential risk of RCs.

and weathering of rock could also contribute to the accumulation
of Cs in water (including ground and surface water) and soil [2].

Radiocesium (RCs) is one of the typical and important fission
products of uranium in terms of the high fission yield (~10%),
with low melting temperature and long half-life. Due to the high
radiotoxicity and mobility, RCs is easy to transfer in the environ-
ment and accumulate in the food chain, which would possibly
induce harm to the whole ecological environment. In the envi-
ronment, the sources of RCs mainly include the nuclear weapon
tests, the leakage of nuclear facility sites, and the nuclear acci-
dents such as Chernobyl and Fukushima. In addition to RCs,
the stable cesium also has a certain harm to the environment,
mainly originating from the industrial production activities, such
as the processes of mining and milling and the production of
crushed cesium grenade ore [1]. Moreover, the natural erosion

In the environment, RCs and the stable cesium could enter
plants through the roots growing in contaminated water and
soil [3]. In general, the translocation of RCs from soil to plants
should experience the soil-water, soil-plant, and water-plant
interfaces, in which the water-plant interface is extremely
important to the migration and translocation of RCs. Plant
roots take up Cs* from the soil solution firstly and then trans-
ported simplistically to the xylem [4]. Due to the similar
chemical properties to K*, there is a relatively high competitive
effect between K™ and Cs" at binding sites in proteins [5]. In
addition, Cs" could inhibit the inward-rectifying potassium
channels in the plasma membranes of plant cells, e.g., AtAKT1
in Arabidopsis (Arabidopsis thaliana) [4, 6]. Theoretical
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Ficure 1: Effects of Cs* exposure on lettuce root lengths and leaf height. Notes: the different lowercase letters indicate that significant
differences (P < 0.05) exist between treatment groups with different Cs levels in lettuce (LSD test).

models suggest that, in K-replete plants, the influx of Cs* to
root cells is predominant through voltage-insensitive cation
channels (VICCs), with “high-affinity” K1/H1 symporters
transporting the remainder [4]. In fact, cesium is not a nutri-
ent element required for the plant growth, and the cells in
plant could be damaged due to the radiation of RCs [7]. It is
reported that Cs* exhibited an obvious phytotoxicity when
its concentration was higher than 0.2mM [4, 8]. Previous
studies have confirmed that the accumulation of stable Cs
could result in a harmful reaction in plants, which would affect
physiological and metabolic processes of plants such as
growth, photosynthetic reactions, and genetics [9-12].
Transfer factor (TF) is a macroscopic parameter that
integrates soil chemical, biological, hydrological, physical,
and plant physiological processes. In a simple model, these
transfer parameters represent the ratio of radionuclide con-
centrations in roots and shoot parts. To determine the radio-
logical impacts, it is essential to understand the uptake and
translocation processes and pathways in the soil-plant sys-
tem. Generally, plants do not discriminate stable and radio-
active cesium. Therefore, a high correlation about TFs was

frequently observed for '**Cs, '**Cs, and '*’Cs [13, 14].
Consequently, the long-term transfer processes of RCs could
be predicted well by using the transfer of stable Cs from
water and soil to plants. A high distribution correlation
between '*’Cs and '**Cs in plants showed no significant dif-
ference in the uptake of RCs and stable Cs in sunflower.
Thus, the uptake patterns of *’Cs and '**Cs are similar in
plants [13].

Vegetable is an important medium and a key link for the
transmission of mineral elements in the natural environ-
ment to humans. Lettuce (Lactuca sativa L.) is a popular
leafy vegetable and is available worldwide. Lettuce is a good
model for identifying determinants controlling cesium accu-
mulation in plant tissues and developing breeding strategies
aimed at limiting heavy metal accumulation in edible tissues
[15]. In this work, we conducted hydroponic experiments of
lettuce by using stable cesium at different treatment condi-
tions. The objective of the cultivation experiment was to elu-
cidate the effects of various factors on Cs* uptake and
migration, such as Cs* concentration, the growth time, and
the coexisting ions. Moreover, we attempted to evaluate the
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TasLe 1: Effects of exposure to Cs* on biomass of lettuce.

Cs treatment (mM) Leaf fresh weight (g)

Root fresh weight (g)

Leaf dry weight (g) Root dry weight (g)

0 42.447 +10.96*
0.005 34.853 +2.491%
0.05 36.100 + 4.603*
0.5 37.537 + 7.342°
1.0 31.230 + 0.142°
5.0 18.710 £ 5.779°
10.0 16.207 +2.199°

3.247 +0.513°
2.747 +0.264%
3.183 £0.619°
3.227 £0.567°
2.640 +0.529°
1.523 +0.701°
1.490 +0.191°

0.247 + 0.066
0.207 + 0.026™°
0.239 + 0.039°
0.222 +0.037°
0.183 + 0.036%"
0.118 + 0.034°
0.132 £ 0.026"

2.604  0.526°
2.318+0.211°
2.659 + 0.055°
2.403 + 0.524°
2.062+0.197°
1.370 +0.423°
1.438 +0.322°

Values are mean + SD (1 = 3 individual plants). The same letters and ns indicate no significant difference at the 5% level by Tukey’s multiple range test.

potentiality of Cs" entering plants by enrichment coefficient
(EC) and TF.

In this study, our work enhanced the understanding of
the migration of RCs through the environment to food
chain. It will have a well prediction to the potential risk of
RCs for the human health in the future.

2. Materials and Methods

2.1. Plant Culture and Nutrient Solution. Lettuce seeds were
purchased from Mianyang Huaxia Modern Seed Industry
Co., Ltd. In this work, lettuce seeds were sterilized with
0.5% NaClO for five minutes and germinated on the filter
paper in a suitable temperature, humidity, and avoidance
environment in a greenhouse. And then, lettuce seeds were
transplanted in the plastic containers (12x8x 10cm in
length, width, and height) with Hoagland’s nutrient solu-
tion. The nutrient solution (pH ~6.0) contained 2.0 mM
MgSO,, 5.0mM Ca(NO;),-4H,0, 5.0mM KNO,, 1.0mM
KH,PO,, and micronutrients (ie., 4.0uM MnCl,-4H,0,
0.40nM Na,Mo0O,2H,0, 0.8nM ZnSO,7H,O, 45nM
H,BO,, 0.3nM CuSO,-5H,0, and 0.02mM C,,H,,FeN,_
NaOy). The growth conditions of lettuce were at 25+ 2 C,
50% + 5 humidity, and photocycle of 12h light and 12h
dark. The photon flux density during the light period was

1600 ymol m ™ s™".

2.2. Hydroponic Experiments

2.2.1. Effects of Cs* Dose and Growth Time. Serial culture
solutions with different Cs* concentrations were prepared
in this study, where Cs* concentrations were in the range
of 0~10mM. After lettuce was transferred into nutrient
solution after growing to 10cm in height, the culture solu-
tion was replenished every 3 days and maintained at a vol-
ume of 0.8L. At 3, 6, 9, 12, 15, 18, and 21 days after
transplanting, lettuce plants were harvested, and then, the
roots were rinsed for five times with tap water and deionized
water, respectively. The harvested lettuce was separated into
leaf and root parts and followed by dried with 48 h in oven at
75°C. Each treatment was carried out with three replicates
and four plants per repetition. Taking Cs™ concentration
and growth time as regulation factors, there were 7 treat-
ment groups, respectively, 49 treatment groups in total.

2.2.2. Effects of Na*, K*, and Ca”* on Uptake of Cs*. High
(1.0mM) and low (0.1mM) Cs* concentrations were

selected to estimate the effects of Na*, K*, and Ca** on let-
tuce here. Na*, K*, and Ca®* were results from NaCl,
KNO,, and Ca(NO,), solutions. The concentrations of cat-
ion were in the range of 0 ~ 10 mM. Lettuces were cultivated
in a completely hydroponic solution firstly. When lettuce
grew to 10 cm for each seedling, the cultivate solutions were
replaced with different concentrations of Na*, K*, and Ca**
that contained Cs*. Lettuce plants were harvested from each
group at 21 days after adding cesium.

2.3. Determination of Cs* Concentration. In order to deter-
mine Cs* content in plants, the dried lettuces were inciner-
ated in muffle furnace at 550°C and grounded into powder
for further analysis. Approximate 250 mg powder sample
was digested in polytetrafluoroethylene tank with a mixed
digestion solution (including 2.0mL HNO, and 1.0mL
H,0,), and then, the polytetrafluoroethylene tanks were
heated for 24h in baking oven at 195°C. After that, the pH
of each sample was set between 3 and 4, and then, the dis-
solved lettuce samples were diluted to 10 mL. Supernatants
were passed through a 0.45um filter. The contents of Cs*
in leaves and roots were determined by using ion chroma-
tography (Thermo Scientific ICS-600).

2.4. Calculation of Enrichment Coefficient and Transfer
Factor. Enrichment coefficient (EC) and transfer factor
(TF) were calculated using the following formula:

EC = Cleave part i ( 1 )
Cculture solution
TF = Cleave part , (2)
Croot part

where Cieyye par 18 the concentration (mg g, with respect to

dry weight (dw)) of Cs" in leave, C_jyre solution 18 the concen-
tration (mgkg™') of Cs* in culture solution, and C

the concentration (mgg', dw) of Cs* in root.

root part 18

2.5. Statistical Analysis. The data obtained in the experi-
ments were subjected to one-way analysis of variance
(ANOVA) with Tukey’s multiple range test to determine
the significance of the difference between the mean values
using SPSS software. Correlation analysis was performed
using a bivariate Pearson test, and the differences were con-
sidered statistically significant when P < 0.05.



4

28 - Leaf

244

;;g 20

> 16 3

)

T 12 A

£

g 81

Q

O 4 M
0

Time (d)

—— 0.5mM Cs
—o— 1.0mM Cs
—— 5.0 mM Cs

(a) Leaf

FIGURE 2: Analysis of the uptake process of cesium in lettuce leaves.
of cesium.

3. Results and Discussion

3.1. Effect of Cs* Stress on Lettuce Growth. As shown in
Figure 1(a), when Cs™ concentration was higher than
2.5mM, lettuce leaves appeared withered symptoms and leaf
area was significantly reduced. The biomass of lettuces was
decreased obviously as revealed in Table 1. Figure 1(b)
shows the growth conditions of lettuce root and leaf, and
the results indicated that the root length of lettuce was
shorter than in the control group and another two groups
with 1.0 and 5.0 mM Cs", respectively. The leaf height of let-
tuce was obviously decreasing with the concentration of Cs*
increased from 0 to 5.0 mM. It could be seen from Section
3.5 that when the concentrations of Cs™ were greater than
0.5mM, the chlorophyll content was significantly decreased,
which might lead to the inhibition of plant photosynthesis.
Therefore, lettuce growth was significantly inhibited under
Cs* stress, which could be attributed to the disruption of
Cs" on the enzymatic activity and cellular structure [7]. Pre-
vious reports have found that high Cs" concentrations could
inhibit the growth and the development of Arabidopsis thali-
ana, and the seed germination was reduced with 1.0 mM Cs*
treatment. Moreover, low Cs* concentrations ranged from
500 to 700 uM could cause seedlings to start showing signs
of chlorosis [16]. Jung et al. [17] also found that not only
chlorosis appeared in specific parts of leaves but also the
elongation of primary roots and root hairs was delayed when
Arabidopsis thaliana was treated with 10 mM CsCL

As shown in Figure 2(a), the Cs" content in leaves
treated with 5.0 mM Cs" is significantly higher than that in
0.5mM and 1.0mM Cs*. Moreover, the concentration of
Cs" in leaves obviously increased with the increasing growth
time and showed the faster uptake rate at 5.0 mM Cs treat-
ment. It was in accordance with the previous findings that
the uptake rate of Cs™ increased with the increasing biomass
of Napier grass [18]. As shown in Figure 2(b), the lower Cs"
level was, the higher EC was observed, and it was more con-
ducive to the enrichment of cesium in lettuce at a long

Adsorption Science & Technology
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growth time. However, it was noted that the enrichment effi-
ciency of Cs" remained a similar level even under various
treatment concentrations.

3.2. Evolution of Cs Distribution in Lettuce. As shown in
Figures 3(a) and 3(b), the contents of K* in lettuce leaf and
root obviously decreased with the increase of Cs™ concentra-
tion, while both Mg>* and Ca** contents did not change sig-
nificantly. The result indicated that Cs" could regulate the
uptake of K* in terms of the competitive uptake of Cs* and
K*. Both Mg2+ and Ca®" are alkaline metal elements, and
their chemical properties are quite different from Cs*. In
fact, K* transport channel has a low affinity to Mg”* and
Ca"; therefore, as expected, there is no obvious influence
of Cs* and K* on the uptake of Mg”* and Ca®* by lettuce.
Some previous researches have confirmed that the influx of
Cs" into root cells was mainly mediated by the alkaline cat-
ions, especially for K" [4, 19, 20]. Our results confirmed that
the stress of Cs* could indirectly regulate the uptake of K*
due to the similar chemical and physical characteristic of
Cs* and K. Sahr et al. [16] found that the transport of K*
through its transport channels was probably inhibited in
the presence of higher Cs™ levels in leaves, as it was reviewed
by [4]. Le Lay et al. [21] observed differences in Cs" distribu-
tion (1.0 mM) in cells and tissues of plant leaves grown in K-
depleted and K-sufficient medium (i.e., 0 and 20.0 mM K")
and proposed that both elements competed for entry inside
plant.

The distribution of Cs" in roots and leaves under differ-
ent culture times is shown in Figures 3(c) and 3(d). The con-
tents of Cs" in roots and leaves increased significantly with
the increase of culture times under all the Cs* treated
groups. In general, Cs" uptake strongly depends on the plant
developmental state, and the interception efficiency of Cs" is
much higher in mature plants and old leaves [22, 23]. More-
over, it is noted that the content of Cs* in roots was much
higher than that in leaves at the same culture time in this
work (Figures 3(c) and 3(d)), which indicated that more
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Cs" would be transferred from root to leaf. An interesting
phenomenon was observed that the content of Cs* in roots
showed a slight decrease when Cs* concentration was higher
than 5.0 mM (Figures 3(a) and 3(c)). It was possibly due to
the fact that high Cs™ concentration benefits to the accumu-
lation of Cs" on/in the root epidermis and cell wall; the Cs*
concentration in this position is much higher than outer
solution, which resulted in the inhibition of Cs™ uptake.
Another possibility was that the water loss and ion channel
destruction of root parts further decreased the uptake of
Cs'. However, the content of Cs* in leaves still increased
even at Cs* concentration of 10 mM, possibly because Cs*
entered in root vascular bundle which was continuing to
transport upward under transpiration power in lettuces.

3.3. Regulation of Cations on Cs* Uptake and Distribution. Pre-
vious researches have reported that K*, NH,", Ca®", and Mg**

have an obvious effect on the uptake of plants to RCs [24, 25].
Figure 4 and Figure S1 show the effects of Na*, K", and Ca**
on the uptake and distribution of Cs* in lettuce. As shown in
Figures 4(a) and 4(b), the contents of Cs" in roots and leaves
firstly increased in the K concentration range of 0-0.5mM
and then decreased when K" concentration was greater than
0.5mM. The function of uptake and metabolism of K™ was
normal under the low K" concentration treatment, so as the
K" content increased, the uptake of Cs" increased. However,
when K" concentration was too high, there was a competition
between K™ and Cs*. Moreover, root activities and metabolic
functions were inhibited, resulting in a decrease in Cs"
content. K" concentration in the external medium clearly
affected the uptake efficiency of Cs". The result was consistent
with the previous molecular studies indicating the role of the
high-affinity K" carrier AtHAK5 in Cs" uptake under K-
deprivation [26]. In fact, the discrimination of plants to Cs"
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FiGuRrE 5: Response of plant physiological indicators to Cs™ stress. (a-d) The contents of glutathione (GSH), malondialdehyde (MDA), root
vitality, and chlorophyll a and chlorophyll b. Notes: the different lowercase letters indicate that significant differences (P < 0.05) exist
between treatment groups with different Cs levels in lettuce (LSD test).

and K" was obviously declining with the decreasing of
concentrations of Cs" and K" due to their similar
physiochemical characteristics [27]. Moreover, a large amount
of Cs" distributed in the cell wall at the low external K*
concentration, which was also ascribed to the similar
adsorption affinity of Cs* and K" on the root surface [28].
Isaure et al. [29] found that cesium distribution was similar to
potassium in Arabidopsis thaliana through microfocused
synchrotron-based X-ray fluorescence analysis. Both Cs* and
K" were mainly concentrated on the vascular system of stems
and leaves, which suggested that Cs* could compete with K*
binding sites in cells [29].

As shown in Figure 4(c), the maximum Cs" content in leaves
was below 1.0mgg™ at 0.1 mM Cs" treatment group, and Ca**
could slightly inhibit the uptake of Cs* in the leaves. However,
the content of Cs" in roots obviously decreased from ~6.0 mgg’
' to ~2.0mgg™" with the increase of Ca®* concentration in the

culture solution (Figure 4(d)). In Figures 4(e) and 4(f), the max-
imum Cs* contents in leaves and roots were below 19 mg g™ and
43mgg " at 1.0mM Cs" treatment group, respectively. Simulta-
neously, the Cs" contents in leaves and roots were increased
firstly and then decreased with the increase of Ca** concentra-
tion in the culture solution, and the maximum uptake of Cs"
appeared at 0.5mM Ca®" treatment (Figures 4(e) and 4(f)).
Moreover, the content of Ca** in leaves graduall;r decreased from
~22mgg’ to ~7mgg" as the increase of Ca®* concentration
from 0.5 to 10mM (Figure 4(e)). High concentration of Ca®"
could lead to excessive salt content in the culture medium and
further inhibit the growth and development of roots. Therefore,
the uptake of Cs" in lettuce was inhibited under the Ca" stress to
some extents. It could be seen from Table S2 that the dry weight
biomass slightly decreased to 1.193 g for leaves and 0.130 g for
roots in the group at 10.0mM Ca**. Due to the competition
among coexisting ions in the culture solution, Ca** indeed
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TaBLE 2: Correlation analysis between Cs treatment concentrations and growth parameters and physiological parameters.

Index Cs concentration FW,..¢ MDA FW._ o GSH Root vitality Chl a Chl b

Cs concentration 1

Leaf-FW -0.912** 1

MDA 0.972** -0.937** 1

Root-FW -0.895** 0.980"* -0.926* 1

GSH 0.650 -0.734 0.779* -0.673 1

Root vitality 0.882** -0.946** 0.909** -0.947%* 0.602 1

Chl a -0.567 0.443 -0.533 0.571 -0.102 -0.454 1

Chl b -0.406 0.368 -0.392 0.529 0.006 -0.388 0.952** 1

**At level 0.01 (double-tail), the correlation was significant. *At level 0.05 (double-tail), the correlation was significant.

inhibited the uptake of Mg2+ significantly (Figures 4(c)-4(f)). As
is well known, porphyrin ring is the main molecular skeleton of
chlorophyll, where Mg>" is present in the structure center of
porphyrin molecule [30]. The deficiency of Mg" could
significantly inhibit the transformation from
coproporphyrinogen III or protoporphyrin IX to chlorophyll
[31]. Meanwhile, Mg®" is a synthetic component of many
enzymes in plants and an activator of some enzymes [30]. The
results clearly showed that high Cs" concentrations could cause
chlorosis of lettuce leaves (Figure 1(a)) and inhibit the uptake
of Mg**, which indicated that Cs* affected the synthesis of
chlorophyll and the occurrence of photosynthesis.

No significant change was observed about Cs* contents in
roots and leaves after lettuce exposed to Na® solution
(Figure S1C-F). Compared with the K- and Ca®*-treated
groups, the lowest uptake amount of Cs™ was observed after
Na® treated, indicating a stronger inhibition of Na® on
uptake of Cs* by lettuce. The inhibition effect of Na* on
lettuce growth mainly suppressed the uptake of essential
elements and water through the increasing osmotic pressure
of root cells [32-36].

As shown in Figure S2A-D, Cs™ content in roots was
much higher than that in leaves, but the accumulation of
Cs" in leaves was much higher than that in roots, which is
due to the fact that the biomass of leaves was much larger
than that of roots. Because the leaves of lettuce are the
main edible parts, it is deduced that Cs* contamination in
leaves may bring threats to the safety of food chain and
human health.

3.4. Response of Plant Physiological Indicators to Cs" Stress.
Glutathione (GSH), malondialdehyde (MDA), root vitality,
and chlorophyll were determined after a 21-day treatment
with Cs*. The detection methods are shown in the Supple-
mentary Materials (available here). As shown in
Figure 5(a), the GSH content significantly increased to
~1200 ug g’lFW from ~800 pg g’lFW when Cs* concentration
was higher than 0.5 mM. Reactive oxygen was produced due
to the oxidative stress when lettuce was subjected to high
concentration of Cs* stress, which inhibited the normal
growth of the plant. To this end, the antioxidant GSH was
produced in plant cells to remove the effects of reactive

oxygen. And the content of GSH was increased with the
increasing of Cs" treatment concentration.

In the case of plant tissue aging or under adverse condi-
tions, the membrane lipid peroxidation often occurred,
where MDA was one of the final decomposition products
of membrane lipid peroxidation [37]. As shown in
Figure 5(b), MDA content kept a constant level which was
less than 0.003 ymolg™” when Cs" concentration was less
than 0.5mM and then significantly increased to
~0.005 umol g* at 10mM Cs™. The results clearly confirmed
that the damage of lettuce could be negligible at low dose of
Cs" due to the low chemical toxicity of stable Cs. However,
high Cs" concentration could produce certain damage to let-
tuce tissue. Figure 5(c) shows that the root reactive oxygen
species increased significantly in the presence of 5.0 and
10.0mM Cs", and it severely inhibited the growth of plant
roots as shown in Figure 1(a). As shown in Table 2, a signif-
icant positive correlation was observed among Cs* concen-
tration, MDA, and root vitality. Root is the main tissue in
which plants absorb water and mineral elements. Root vital-
ity is one of the important parameters to estimate the uptake
of nutrients and other substances. Moreover, root vitality
could reflect the accumulation of peroxides and free radicals
in plants during adversity, which accelerated the oxidation
of plant root aging. High Cs" level treatment inhibited the
growth and the development of lettuce roots, which reduced
biomass and influenced the surface area of root part and
then further affected the transfer of Cs* at the water-root
interface.

As shown in Figure 5(d), the contents of chlorophyll a
and b increased firstly and then decreased with increasing
Cs" concentration, and the greatest value occurred at
0.5mM, which was consistent with the changes in lettuce
biomass. Plant physiology began to show obvious symptoms
after treated with high Cs" concentration. In fact, chloro-
phyll a could transform light energy into chemical energy
by photochemical action in photosynthesis, and chlorophyll
b mainly plays a role of absorbing and transferring light
energy. The total content of chlorophyll indicates the high
sensitivity of lettuce to Cs stress, which affect the photosyn-
thetic efficiency and photosynthetic yield. As shown in
Figure 1(a), the leaf color and species of lettuce were chan-
ged a lot under different Cs* culture solutions, which was
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TasLe 3: Effects of exposure to the different concentrations of Na*, K", and Ca?" on biomass while the lettuces were cultivated in cesium

concentration of 1.0 mM.

Root fresh weight (g)

Leaf dry weight (g)

Root dry weight (g)

Treatment Concentration (mM) Leaf fresh weight (g)
0 17.490 + 0.879%°
0.005 21.290 +4.312%
0.05 8.657 +0.761¢
Na* 0.5 20.190 + 4.196*°
1.0 18.860 + 1.380°°
5.0 17.390 + 1.254%°
10.0 16.090 + 0.869°
Average 17.14
0 7.120 + 1.818
0.005 7.233 + 1.026™
0.05 6.920 + 0.815°
K* 0.5 5.210 +0.061¢
1.0 9.833 +0.822°
5.0 13.317 +2.531°
10.0 15.480 + 1.400°
Average 9.302
0 9.057 + 0.663°
0.005 9.230 + 1.297°
0.05 10.053 + 1.944%
Ca** 0.5 12.480 + 1.231°
1.0 12.330 +1.929°
5.0 17.830 + 0.807°
10.0 16.837 + 1.990°
Average 12.545

2.110 + 0.243%
2.790 + 1.012°
0.837 +0.163°
2.283 +0.660™°
1.933 +0.029%
1.803 +0.218%
1.317 +0.206°
1.868
0.573 +0.204>
0.547 +0.083%
0.450 + 0.020°
0.330 + 0.044°
0.657 +0.081°
0.980 + 0.286°
1.050 £ 0.151°
0.655
1.060 + 0.098™
1.077 +0.395™
1.377 £0.177"
1.213 £0.127™
1.040 +0.160™
1.257 + 0.260™°
1.033 +0.199™
1.151

0.854 + 0.047%°
1.083 £0.227°
0.685 + 0.048°
1.147 + 0.290°
1.076 +0.141°
0.962 + 0.078%°
0.875 +0.031®°
0.955
0.670 +0.187¢
0.726 + 0.106>
0.750 + 0.110°
0.534 + 0.035¢
0.850 + 0.069%>
0.944 +0.199%°
1.013 +0.081°
0.784
0.684 + 0.047¢
0.731 +0.083¢
0.882 +0.121°
0.956 + 0.066*°
0.916 + 0.147°%
1.110 +0.103%
0.994 +0.118%
0.896

0.101 + 0.009"
0.132 +£0.027°°
0.064 + 0.007°
0.157 +0.034%
0.144 + 0.023°
0.133 £ 0.014
0.120  0.005*°
0.122
0.073 +0.018%¢
0.080 + 0.010°
0.088 + 0.006""
0.056 + 0.004¢
0.087 + 0.007%°¢
0.098 + 0.020°°
0.105 + 0.010°
0.084
0.065 + 0.007°
0.069 + 0.017°
0.084 + 0.009®°
0.090 + 0.004%°
0.087 +0.018%°
0.108 +0.017°
0.100 +0.013
0.086

Values are mean + SD (n = 3 individual plants). The same letters and ns indicate no significant difference at the 5% level by Tukey’s multiple range test.

possibly related to the lettuce photosynthesis. Kim et al. [38]
found that the content of photosynthetic pigments increased
or decreased when different varieties of red peppers were
irradiated by radioactive elements and believed that this
phenomenon was not directly related to the increase in early
growth, but related to the varieties of pepper. Therefore, it is
speculated that the increase of chlorophyll content is related
to the variety of lettuce itself and stimulation of low concen-
tration of Cs on lettuce growth. Previous researchers have
found that photosynthesis was inhibited in A. thaliana
under a wide Cs" concentration range from 0.5 to 10 mM
[16, 17, 21]. Kamel et al. [39] observed a decrease of chloro-
phyll content in Epipremnum aureum by the addition of RCs
to nutrient solution. The concentration of chlorophyll a and
b was also significantly decreased in Phytolacca americana
and Amaranthus cruentus with increasing '**Cs concentra-
tion in soil [40]. Stable Cs could lead to abnormal expression
of genes related to photosynthesis pathway and then block
the electron transport process from plastoquinone-QA to
plastoquinone-QB, which resulted in abnormal photosyn-
thesis and growth of B. juncea [41].

3.5. Effect of Cs™ Application on Lettuce Biomass. As shown in
Table 1 and Table S1, the fresh weight of leaves and roots
decreased with the increasing Cs® concentration within 6
days for all groups. However, the biomass increased and

then decreased when sampling time was longer than 9 days,
which was similar to chlorophyll content. The largest
biomass was either at 0.05 or 0.5mM Cs* level, and the
smaller biomass was either at 5.0 or 10.0mM Cs" level. As
shown in Table 2, a significant negative correlation was
found between Cs" concentration and fresh weight of leaves
and roots. It is obvious that high Cs* concentration can
inhibit significantly the growth of lettuce. In similarity, low
concentrations of RCs stimulated the growth of Lepidium
sativum cultivated in hydroponics with a radiation dose of
0.7 mGy [42]. Moreover, Kim et al. [38] confirmed that the
low doses of RCs radiations (2-8 Gy) could enhance the seed
germination and early seedling growth of red pepper, which
was attributed to the activation of plant enzymes promoting
plant metabolism as well as growth processes [43].

In Table 3 and Table S2, the average biomass of lettuce was
the greatest under regulation of different Ca** concentrations,
but the smallest one was related to K* regulation at 0.1 mM
Cs" concentration. In case of 1.0mM Cs" level, the largest
biomass was related to Na* treatment, and the lowest one
corresponds to the K' treatment group. Although the
biomass of roots and leaves could be regulated by K, Ca**,
and Na* ions, however, K" and Ca** could produce more
significant effect on lettuce biomass. Such phenomena
mainly correspond to the variation tendency of Cs™ content
in root and leaf when lettuces were treated with K™ and
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FiGURE 6: Comparison of enrichment coefficient (EC) and transfer factors (TF) at six different Cs* concentrations and sampling days (n =3

individual plants).

Ca®". It suggests that K" and Ca** were main regulation
substance on Cs™ uptake by lettuce in the environment.
According to previous views, more Cs" will be accumulated
in lettuce tissues at the maximum biomass, so it is easily
misleading and producing potentially harmful on human
health [22, 23].

3.6. Analysis of TF and EC. As shown in Figure 6(a) and
Table S3, EC was found to be in the range of 8-217. There was
a notable phenomenon that EC increased with the decrease of
Cs" concentration and the increase of growth time (except for
the 5.0 uM Cs" treatment group). It indicates that RCs is more
likely to enter the plant at low concentrations or trace level.
However, there was much higher amount of Cs* in leaves
when lettuce grew at an exposure of high Cs* level for long
days (Table S3), which suggests that the edible portion of the
plant accumulates more Cs”, and the chances of entering the
human body increase greatly. From Figure 6(b) and Table S3,
TF was ranged from 0.114 to 0.828 under the influence of
different Cs* concentration and sampling time. The transfer
factors showed a trend of increasing with the increasing of Cs
treatment concentration at first, then gradually decreasing little
by little, but increasing at last. At high Cs™ concentration, TF
was much higher than that at low Cs™ concentration, which
indicates that more Cs* transferred from roots to edible partial
leaves. The TF of stable Cs and RCs become influenced by the
presence of other elements. It is therefore very important to
consider type and nutritional status of the soil or culture
solution.

4. Conclusion

This work presents the distribution and accumulation of Cs*
in roots and leaves of the lettuce under different hydroponic
conditions. The results clearly showed that lettuce growth
and development were significantly inhibited at high Cs" level

treatment, where lettuce biomass and root length significantly
decreased. The content of Cs* in roots and leaves increased
with the increase of Cs™ concentration and growth time, and
it was noticed that the content of Cs* in roots was much higher
than that in leaves. The external K" concentration was nega-
tively correlated with Cs* content in lettuce. K" was the main
factor controlling the uptake of Cs" in lettuce. Under the Cs*
stress, the contents of glutathione and malondialdehyde and
the root viability of lettuce were significantly increasing as
the Cs* concentration increased. The oxidative stress reaction
in plant cells after Cs" stress caused damage to the antioxidant
system in the roots and leaves of lettuce. However, the chloro-
phyll content decreased at high Cs" concentration treatment,
which indicates that the stress of Cs* could inhibit photosyn-
thesis reaction and results in an abnormal biological activity
for lettuce. The lower concentration of Cs™ treatment was,
the higher EC in leaf was determined. Higher concentration
of Cs" was treated, and more Cs" ions were transferred from
roots to leaves. The solution-plant system used in this study
ignores other factors, such as organic matter, clay minerals,
and water content. Further consideration of the process in soil
may provide a more comprehensive understanding of the fac-
tors affecting the migration of Cs" to plants. The findings in
this work will be useful for understanding the contamination
of vegetable plants in radioactive contaminated areas.
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Hydroxyapatite (HAP) was a highly efficient decontamination material for its strong adsorption capacity used in the
immobilization of heavy metals, while the particle-size effect was insufficiently investigated during the sorption process. In the
present study, the mechanisms of nickel (Ni(II)) adsorption on HAPs with two different particle sizes were investigated by
combing batch experiments, desorption, and XRD analysis. The results showed that the adsorption capacity of 20nm HAP
(nano-HAP) was much higher than that of 12 ym HAP (micro-HAP). It was noticed that the results of the present study also
clarified the distinct mechanisms in each adsorption process. As for micro-HAP, Ni** adsorbed through slow diffusion and
replacement with Ca®" and then incorporated in the lattice at pH between 6.5 and 9.0, which was confirmed by the results of
kinetics, thermodynamics, and desorption. And a more compact crystalline structure and irreversible desorption behavior of
micro-HAP after Ni(II) adsorption was confirmed by results of XRD and desorption isotherms, respectively. At pH > 9.0,
lattice incorporation and precipitation controlled together. However, for nano-HAP, the sharp increase of Ni(II) adsorption
and ionic strength dependent at pH 6.5 to 9.0 revealed that the dominant mechanisms were ionic exchange and inner-sphere
complexation. XRD results showed that characteristic peaks of cassidyite appeared in Ni(II)-loading nano-HAP. At pH > 9.0, a
precipitate of Ni(II) was the dominant mechanism. The experimental finds demonstrated that nanoscale HAP was a more fast,
efficient, and desorbable adsorbent than micro-HAP for Ni(II) removal. These findings would be favorable for investigating the
removal mechanisms of heavy metals on the HAP materials and designing the synthesis methods.

1. Introduction

Increasing human activities including mining and smelting
production have resulted in growing heavy metal pollution
(e.g., cadmium (Cd), lead (Pb), nickel (Ni), etc.) into the soil,
water, and air [1-3]. Therefore, a fast and effective technol-
ogy is urgent and important to deal with such heavy metal
pollution in the environment [4-6]. Adsorption has been
recognized as a clean and remarkably effective treatment
technology as compared to conventional chemical precipita-
tion, oxidation, and electrochemical [7, 8]. Common natural
adsorbents studied in former research include clay minerals
[9, 10], iron-manganese oxide [11, 12], and hydroxyapatite
(HAP) [2, 4, 5, 8, 13-20]. Among these, HAP has gained

extensive attention because of its low cost, widespread, and
great adsorption capacities [21-26].

HAP is the most abundant phosphate mineral in the
geological environment. Natural HAP minerals contain
mainly calcium and phosphorus (Ca,,(PO,)s(OH),) [2,
27]. In addition, HAP is a kind of green and environment-
friendly material, which possesses a robust hexagonal atomic
framework based on two distinct calcium sites (Ca(I),
Ca(II)), a tetrahedral-phosphate site, and an anion column
along four edges of the unit cell [24]. Indeed, HAP turned
out to be very efficient in immobilizing heavy metals in the
environment, especially for Cd(II), and Pb(II) [4-6, 24,
27]. So far, dissolution-precipitation, cation exchange, and
surface complexation have been proved to be the significant
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mechanisms of heavy metals immobilization by HAP [2, 6].
In the dissolution-precipitation mechanism, HAP occurs a
dissolution and supplies the media with phosphate ions
which are capable of precipitating other surrounding metal
cations (M), especially for Pb(II) [24]. This process can be
portrayed by these two equations [2, 28]:

Ca,((PO,),(OH), + 14H" — 10 Ca’" + 6 H,PO,” + 2H,0,

(1)

10 M*" + 6 H,PO,~ +2H,0 — M,,(PO,),(OH), + 14H".
(2)

A different but equally common adsorption mechanism
is cation exchange, in which metal cations could substitute
the Ca sites into the HAP crystal lattice. The process was
portrayed as followed [2, 28]:

Ca,((PO,),(OH), + xM** — Ca,,_ M, (PO,),(OH), +x Ca®*.

(3)

When it comes to some metal ions such as Cd [4, 6, 14,
26, 27], Zn [14, 20], or Ni [18, 29], the cation exchange
mechanism is rapid and more favorable to take place than
a dissolution-precipitation process because the ionic radii
of these metals are similar or smaller than Ca**(0.099 nm)
[2, 6]. Moreover, according to the former studies, Ca defi-
ciency promotes the adsorption of heavy metals on HAP
[27]. Thereinto, a series of studies have confirmed Ca/P
molar ratio of HAP acted as a key factor in the adsorption
mechanisms [19, 20, 23, 27, 29]. Abound Ca-deficient sites
and higher specific promote the heavy metals removal per-
formance [27]. The effect of particle size on the removal of
heavy metals pollution by HAP has also been studied by pre-
vious studies [30-32]. Wang et al. [31] used three particle-
sized HAP to immobilize Pb in low-acidity soil and observed
that HAP in the particle size of 20.08 nm has the best effi-
ciency compared with other sizes . However, despite numer-
ous investigations into the effect of HAP particle size, more
attention has been focused on the nanoscale thus neglecting
micron-scale HAP and the comparison.

Ni(II) is one of the most typical and widespread heavy
metals in the environment [9, 10, 33]. A large number of
previous studies investigated the adsorption mechanisms of
Ni(II) on clay minerals and iron-manganese oxides [9, 10,
33]. The Ni(II) adsorption was strongly influenced by envi-
ronmental factors such as pH, ionic strength, temperature,
and organic matters. The primary mechanisms include ion
exchange, outer-sphere complexes, inner-sphere complexes,
and surface precipitates [9, 10, 33]. However, only a few
studies have paid attention to the adsorption of Ni(II) on
HAP [18, 34]. Mobasherpour et al., [34] revealed that the
removal capacity of Pb**, Cd*", and Ni*" increased in the
following order: Pb*" > Cd*" > Ni** because of the different
acidity strength and ionic radii among these ions. However,
the detailed mechanism of Ni(II) adsorption on HAP is not
explored. Therefore, two different particle sizes of HAP were
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chosen to conduct the adsorption experiments with Ni(II).
The aims of this study were (i) to characterize the different
properties between these two types of HAP, (ii) to investi-
gate the adsorption of Ni(II) on the HAP, and (iii) to
elucidate the mechanisms of the adsorption of these two
processes. The results of this study will provide important
insights into the treatment of Ni(II) in the environment by
using HAP.

2. Materials and Methods

2.1. Materials. All chemicals used in the experiments were
purchased at analytic purity and used directly without any
further purification. Hydroxyapatite (HAP) samples of
12 ym and 20nm were purchased from Nanjing Emperor
Nano Materials Co., Ltd., which were defined as micro-
HAP and nano-HAP, respectively. Ni(II) stock solution
(500.0 mg/L) was prepared by Ni(NO,),-6H,0. All the stock
solutions and suspensions were prepared with ultrapure
water (18.2 MQ-cm).

2.2. Adsorption and Desorption Experiments. The investiga-
tions of the Ni(II) behaviors and mechanisms on HAP of
12pym and 20nm were conducted through batch experi-
ments in a series of 10mL polyethylene centrifuge tubes.
Certain volumes of HAP suspensions, stock solutions of
NaClO, background electrolyte and Ni(II), and ultrapure
water were pipetted into tubes achieving total volumes of
6.0mL. In each adsorption system, the solid-to-liquid ratio
(s/l) was maintained at 0.6 g/L, and the pH was adjusted to
the desired value using a negligible volume of HCIO, or
NaOH solution. The pH values ranged from 4 to 11. The
kinetic and thermodynamic experiments were maintained
at pH6.7 +0.1. Adsorption isotherms were conducted with
initial concentrations from 0.8 to 66.7 mg/L. After shaking
for 24 hours (kinetic experiments carried out until 72 hours)
in a constant-temperature shaker (IS-RDD3, CRYSTAL) at
298+ 1K (thermodynamic experiments carried out
at318 + 1 K as well), solid and liquid phases were separated
by centrifugation at 12000 rpm for 30 min. The supernatant
was used to determine the aqueous concentration of Ni(II)
(C., mg/L) by spectrophotometry at a wavelength of
530 nm using dimethylglyoxime and disodium ethylenedi-
aminetetraacetic acid. Blank samples are inserted in each
batch of sample testing to control the standard deviations.
The detection limit of spectrophotometry was 0.01 mg/L.
The calculations of adsorption percentage (adsorption%)
and adsorption quantity (Q, mg/g) of Ni(II) were illustrated
in previous works [9, 35]. The solid phases were freeze-dried
for further characterization. Desorption experiments were
conducted following adsorption isotherms. After centrifuga-
tion, half of the supernatant was replaced by an equal vol-
ume of NaClO, background solution of pH6.7+0.1.
Subsequently, the desorption systems were shaken for 168
hours at 298/318 + 1K and then analyzed as described in
the adsorption experiments. All of the experimental data
were the averages of duplicate/triplicate results, and the rel-
ative errors of data were less than 5%.
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Kinetic and thermodynamic fit employed several vali-
dated models, such as pseudo-second-order, Weber-Morris,
and Langmuir models, and described in detail in previous
works [36, 37]. Thus, the equations and parameters would
not repeat and mainly displayed key information.

2.3. Characterization. The pristine and Ni(II)-loading HAP
samples were characterized in terms of morphology, specific
surface area, and structure. The morphology images were
obtained from a Hitachi S-4800 cold field emission high-
resolution scanning electron microscope (FE-SEM). The
Brunauer-Emmett-Teller (BET) method was used to deter-
mine the specific surface area of micro-HAP and nano-
HAP. Brunauer-Emmett-Teller (BET) specific surface area
(SSA) was measured using a Micrometrics ASAP 2020
Accelerated Surface Area. X-ray diffraction (XRD) patterns
were obtained using a powder X-ray diffractometer (X’ Pert
PRO, Malvern PANalytical) equipped with a rotation anode
using Cu-Ka radiation and operated at 40kV and 30mA.
The scanning angle started from 5° to 65° with a step inter-
val of 0.02° at a rate of 4.0°/min. The experimental curves
were normalized to the absolute values without any smooth
process and then identified the diffractions in contrast to the
PDF standards of hydroxyapatite (PDF#09-0432), cassidyite
(PDF#20-0228), gaspeite (PDF#12-0771), and theophrastite
(PDF#14-0117) using Jade 5.0. HAP samples were measured
using Nicolet Nexus 670 Fourier transform infrared spec-
trometer (FTIR) in the spectral range from 4000 to 400 cm’
!. The samples are diluted to 1% with KBr (spectrum pure).
Then, the mixture was blended for 3 min and pressed to a
pellet with a thickness of 10 mm at 120 Pa.

3. Results and Discussion

3.1. Characterization of HAP. HAP samples used in this
study were divided into two different particle sizes including
12 ym and 20 nm, respectively. The SEM images are shown
in Figure 1, and it can be noticed that micro-HAP represents
an aggregative and agglomerative with a uniform spherical
particle, and the surface was clean and smooth (Figure 1(a)),
which exhibited a specific surface area of approximately
11.94 mz/g. In comparison with micro-HAP, nano-HAP
exhibited an amorphous feature of around 20nm in size
(Figure 1(b)). And it has been confirmed from the high spe-
cific surface area of nano-HAP about 63.53 m*/g, which was
about 5.3 times greater than that of micro-HAP. It suggested
that nano-HAP possibly possessed a higher adsorption capac-
ity to metal cations as an example of Ni(II).

The FTIR spectra of micro-HAP and nano-HAP were
shown in Figure 2(a). In the range 400 to 4000 cm’l, the
absorption band at 3400 and 1600 cm ™" is mainly assigned
to the OH stretching and bending vibrations of absorbed
water, respectively. The hydroxyl group of hydroxyapatites
exhibited characteristic spike absorption peaks at 3420 cm”
" and 633cm™. The characteristic bands at 1100-1040
and 600-500 cm™ were assigned to phosphate and carbon-
ate bands at 1550, 1460, 1445, 1415, and 870cm™. The
results showed that the main functional groups of both
HAP samples were consistent. And the nano-HAP con-

tained less adsorbed water. As shown in the XRD patterns
of HAP samples in Figure 2(b), compared to the PDF stan-
dard hydroxyapatite (PDF#09-0432), it can be noticed that
pristine micro-HAP and nano-HAP exhibited obvious
characteristic peaks at 25.88°, 31.77°, 32.20°, and 32.90° cor-
responding {002} and {211}, {112} and {300} crystallo-
graphic facets, respectively [5, 27].

3.2. Kinetic Estimation. The kinetics of Ni(II) adsorption on
micro-HAP and nano-HAP as a function of contact time
was shown in Figure 3. Knowledge of kinetics is important
for the elucidation of adsorption mechanisms. From the
results of kinetics, one can see that both of the adsorption
with micro-HAP and nano-HAP were close to equilibrium
at approximately 500 mins. This equilibrium time was lon-
ger than the adsorption time of Ni(II) on clay minerals (1-
4h) [9, 10, 30], indicating a different mechanism of adsorp-
tion between HAP and clay minerals. The adsorption capac-
ity of nano-HAP was much higher than micro-HAP, which
was consistent with the results of the specific surface area. It
was worth noting that the adsorption of Ni(II) on nano-
HAP has almost reached equilibrium after 500 minutes of
reaction, while the micro-HAP reaction was still slowly
increasing. This indicated that the mechanisms of adsorp-
tion were different between the two adsorbents.

In order to better understand the adsorption behavior
and mechanism of Ni(II) on HAP, two different types of
kinetic models (i.e., the pseudo-second-order model and
the Weber-Morris model) were employed to simulate the
interaction, and the relative parameters of each model were
summarized in Table 1. One noticed that the correlation
coefficient of the pseudo-second-order model was much
closer to the unity of both two types of HAP (micro-HAP:
R?=0.9960; nano-HAP: R*=0.9999), suggesting that the
chemistry adsorption of Ni(II) on HAP possibly be rete-
limited by two different affected by two variables. The
Weber-Morris model revealed that during that adsorbate
uptake varies were controlled by more than one mechanism
since the plot was multilinear in Figure 3 [36, 37]. The initial
stage was attributed to the exterior boundary layer diffusion
or instantaneous adsorption of the most readily available
adsorbing sites on the HAP surface [37], while the second
stage can be ascribed to the interior boundary layer diffusion
[36]. It was worth noticing that the second stage was clearly
different for the two-particle sizes of HA, indicating different
adsorption mechanisms.

3.3. Effect of pH and Ni(Il) Initial Concentration. Figure 4
showed the adsorption edge of Ni(II) on micro-HAP and
nano-HAP as a function of pH at different initial Ni(II) con-
centrations. It can be seen that the adsorption percentage of
Ni(IT) on nano-HAP was much higher than on micro-HAP,
which was scarcely influenced by the specific surface area. In
view of this, the smaller particle size resulted in a larger spe-
cific surface area and more available adsorption sites, thus
the amount of Ni adsorbed increased significantly. It was
noticed that the adsorption edge of Ni(II) on micro-HAP
and nano-HAP was significantly different in pH ranging
from 7.5 to 9.0. For micro-HAP, the adsorption began at
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FIGURE 2: FTIR spectrum (a) and XRD pattern (b) of micro-HAP and nano-HAP.

pH > 7.5 and with the increase of pH, the adsorption per-
centage exhibited steady growth. Moreover, the adsorption
edge of Ni(II) on micro-HAP was independent of the initial
concentration of Ni(II). Therefore, it can be assumed that at
pH < 9.0, Ni(IT) occurred slowly solid diffusion into the crys-
tal lattice of micro-HAP and underwent lattice exchange
with Ca(Il) [2]. This pattern immobilized the Ni(II) stably.
At pH > 9.0, it is controlled by both lattice exchange and pre-
cipitation mechanisms. Compared with the Ni(II) adsorption
on micro-HAP, the adsorption on nano-HAP showed dis-
tinctly different mechanisms. The adsorption exhibited a start
at pH > 5.0 and sparkly increased between 6.0 and 9.0. Over
90% of Ni(II) was adsorbed on nano-HAP above 9.0. The
strong pH dependence suggested that the ionic exchange
(IC) and inner-sphere complexes (ISCs) possibly controlled
Ni(II) adsorption behavior [9]. At pH > 9.0, precipitation
was the dominant mechanism. Unlike the adsorption of
micro-HAP, the adsorption of Ni(II) on nano-HAP was obvi-
ously affected by the initial concentration of Ni(II). At higher
initial Ni(II) concentration (50 mg/L), the adsorption shifted

to higher pH with more than 1.0 pH units, which was similar
to the Ni(II) uptake on illite [9].

3.4. Effect of Ionic Strength. lonic strength is another
important factor affecting the interaction, especially the
adsorption behavior of heavy metals in the environment
[35]. The effect of NaClO, concentration on Ni(II)
adsorption by micro-HAP and nano-HAP at the pH
adsorption edge was shown in Figure 5. As for micro-
HAP from Figure 5(a), the adsorption of Ni(II) was
completely independent of ionic strength, indicating the
mechanism was without the influence of external ionic
exchange. The results were mutually confirmed with the
above results. Generally, the variation of ionic strength
tended to affect the electrostatic interaction and out-
sphere surface complexes rather than lattice substitution
or inner-sphere complexes [27]. In view of this, the neg-
ligible effect of ionic strength on the adsorption behavior
of Ni(II) pointed the potential immobilization mecha-
nisms of lattice replacement reaction with higher



Adsorption Science & Technology

120 4

90

60 ~

q, (mg/g)

t/q, (min-g/mg)

R = 0.9960
30 4

0 1000 2000 3000 4000 5000

Time (min)

micro-HAP, 5 mg/L Ni (II)

0 10 20 30 40 50 60 70
Time'? (min'?)
—— 'The initial stage

—— The second stage

(a)

460 O
450 -
= ?
> E)
B 440 E
§/ E R*=0.9999
- 3
430 -
0 1000 2000 3000 4000 5000
Time (min)
430 . .
micro-HAP, 5 mg/L Ni (II)

T T T T T
0 10 20 30 40 50 60 70
Time'? (min'?)
—— The initial stage

—— The second stage

(b)

FiGure 3: The kinetics of Ni(II) sorption on (a) micro-HAP and (b) nano-HAP (the solid lines: fitting plots of the Weber-Morris model).
Bottom right figures: the fitting plots of the pseudo-second-order equation. (T =298 + 1 K, I = 0.1 mol/L NaClO,, s/l = 0.6 g/L, [Ni(II)] = 5.0

mg/L, and pH=6.7 +0.1).

TaBLE 1: The parameters of pseudo-first-order and Weber-Morris
models of Ni(II) adsorption on micro-HAP and nano-HAP.

Models and parameters Micro-HAP Nano-HAP
Pseudo-first-order model
q, (mg/g) 127.06 460.83
k, (g/mg-min) 4.75%107° 1.68x107°
R 0.9960 0.9999
Weber-Morris model
kg, (mg/gmin™'?) 5.10 2.70
C, -1.63 42291
R/ 0.9759 0.9919
kiq, (mg/g-min"’?) 0.88 0.07
C, 70.79 457.49
R’ 0.9810 0.3116

thermodynamic stability or inner-sphere complexes (i.e.
the covalent binding of Ni(II) with =Ca-OH and =P-OH
functional groups). In a series of former studies, the
adsorption of Hg(II) and Cd(II) by HAP were also found
to be the independent phenomenon of ionic strength var-
iation [21, 27]. However, for the nano-HAP, the adsorp-
tion of Ni(II) was controlled by the ijonic strength,
especially between 6.5 and 8.5. There was an obvious
decline in Ni(II) adsorption with the increase of the ionic
strength concentrations. There may be two reasons for
these phenomena. One was that ionic exchange controlled
the adsorption reaction [13, 27]. Rather, higher ionic
strength might cause a greater possibility for the agglom-
eration of nanoparticles and inhibit the adsorption of
Ni(II) [27]. More characterization and experiments were
needed to support the specific conclusions.
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FiGure 4: The influence of pH on Ni(II) sorption on micro-HAP
and nano-HAP under varying nickel concentrations
(T'=298+1K, I=0.1mol/L NaClO,, and s/I=0.6g/L).

3.5. Thermodynamics and Desorption. Ni(II) adsorption on
micro-HAP and nano-HAP with respect to the temperature
effect is demonstrated in Figure 6. The solid square and cir-
cle represented adsorption isotherms at 298 and 318K,
respectively. It was obvious that the isotherms of nano-
HAP were higher than micro-HAP, which was supported
by adsorption % at pH 6.7 (Figure 4). The enhanced Ni(II)
adsorption induced by temperature increase indicated that
Ni(II) adsorption was endothermic, in accordance with the
results of Ni(II) adsorption on illite [9], smectite [38], and
palygorskite [10]. The temperature effect raised the rate of
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Ficure 5: The influence of ionic strength on Ni(II) sorption on (a) micro-HAP and (b) nano-HAP (T =298 + 1K, s/l =0.6 g/L, and [Ni(
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FIGURE 6: Adsorption/desorption isotherms at 298 K and 318 K of Ni(II) adsorption on (a) micro-HAP and (b) nano-HAP (I = 0.1 mol/L

NaClO,, s/I=0.6g/L, and pH=6.7 +0.1).

approaching equilibrium [9, 36]. Moreover, the Langmuir
fits evidenced that monolayer adsorption of Ni(II) occurred
on both micro-HAP and nano-HAP even in the desorption
process (Figure 6), except for the adsorption at 318 K (fitted
by Freundlich model, data not shown). The parameters of
Langmuir models are listed in Table 2, q,,,, supported the
temperature effect on Ni(II) adsorption. Although tempera-
ture increase might cause changes in adsorption mechanism,
such as accelerated adsorption at the surface of micro-HAP

and nano-HAP, the monolayer adsorption equilibrium of
Ni(IT) reached afresh during the 168-hour desorption.

The results of desorption showed opposite phenomena
in Ni(II) desorption from micro-HAP and nano-HAP (hol-
low square and circle). The higher desorption plots of micro-
HAP represented that Ni(II) adsorption was irreversible and
enlarged slowly at either 298 K or 318 K, which was verified
by the kinetics of Ni(II) adsorbed on micro-HAP (Figure 6(a)).
On the contrary, Ni(II) adsorption of nano-HAP was
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TaBLE 2: The Langmuir parameters of Ni(II) sorption/desorption and sorption-desorption hysteresis (HC%) on micro-HAP and nano-

HAP.

Langmuir model

Adsorption/desorption system Imax K, 2 HC%
(mg/g) (mL/g) *
Micro-HAP, 298 K 60.6
Adsorption 7.23 815.46 0.9480
Desorption 12.25 695.90 0.9728
Micro-HAP, 318K 75.7
Adsorption — — —
Desorption 24.88 259.34 0.9736
Nano-HAP, 298 K -71.6
Adsorption 23.36 180.05 0.9883
Desorption 17.94 182.66 0.9755
Nano-HAP, 318 K -2.0
Adsorption — — —
Desorption 24.90 118.94 0.9718

Ni (II) + micro-HAP, pH 9.0

Ni (II) + micro-HAP, pH 6.7

Normalized intensity

Pristine micro-HAP

Ni (II) + nano-HAP, pH 9.0

Ni (II) + nano-HAP, pH 6.7

Normalized intensity

Pristine nano-HAP

10 20 30 40 50 60

10 20 30 40 50 60

FIGURE 7: XRD patterns of pristine HAPs and Ni(II)-loading HAPs at pH 6.7 and 9.0. (a) micro-HAP and (b) nano-HAP.

reversible, which demonstrated that the quick ionic exchange
of Ni(Il) (Figure 6(b)) existed a weak bind on nano-HAP.
The extents of irreversible or reversible adsorption could be
quantified by the hysteresis coefficient (HC%) in Table 2, and
the equation was described in previous works [36, 37].

3.6. XRD Results. XRD technique was the most intuitive and
efficient method to investigate the crystal structure of mate-
rials. By comparing the crystal structures before and after
adsorption experiments, it was possible to distinguish and
identify the difference and mechanisms of Ni(II) on the
micro-HAP and nano-HAP. The XRD patterns of pristine
HAPs and adsorbed samples were shown in Figure 7. As
shown in Figure 7(a), the diffraction peaks ascribed to
{002} and {211} of Ni(II)-loading micro-HAP samples
slightly shift towards high angles, including samples at
pH 6.7 and 9.0. This phenomenon pointed to the appearance

of a lattice incorporation mechanism [27]. In micro-HAP
lattice, Ni** (0.072nm) with a smaller ionic radius than
Ca®* (0.099nm) substituted Ca®". The lattice replacement
implied the enhancement of the entire micro-HAP crystal-
line structure and verified the effectiveness of Ni(II) substi-
tution. Thus, it can be seen that the crystallization and
orientation were enhanced by Ni(II) adsorption. These
results also verified the previously speculated mechanism
of Ni(II) adsorption on micro-HAP, in which Ni was slowly
diffused into the HAP lattice and underwent lattice substitu-
tion with Ca®". This adsorption form and mechanism was
stable and irreversible. Compared with the XRD patterns
of Ni(II) adsorption on micro-HAP, there was no obvious
shift in XRD patterns of Ni(II) adsorption on nano-HAP.
However, there was a small peak at approximately 29° of
the XRD pattern of nano-HAP adsorption sample at
pH6.7. Based on the comparison, this band might be



associated with the characteristic peak of the cassidyite
(Ca,Ni(PO,),-2H,0), indicating that Ni(II) underwent ionic
exchange with Ca®*. There was neither a shift nor a new
peak in XRD pattern of Ni(II) adsorption on nano-HAP at
pH 9.0, indicating that precipitation of Ni(II) was the domi-
nant mechanism at pH 9.0. It was consistent with the results
of the ionic strength effect.

4. Conclusion

This work integrally investigated the different mechanisms
of Ni(II) adsorption on HAP with two different particle sizes
(12 pm and 20 nm). These two different HAPs exhibited spe-
cific surface areas and crystal structures, resulting in signifi-
cant differences in the behaviors and mechanisms of Ni(II)
adsorption. The results showed that adsorption percentage
of Ni(II) on nano-HAP was much higher than that on
micro-HAP, and it was inhibited by initial Ni(II) concentra-
tion and ionic strength only in the nano-HAP adsorption
systems at pH6.5-9.0. Nevertheless, Ni(II) adsorption on
micro-HAP was independent of both Ni(II) concentration
and ionic strength. These results implied the effect of particle
size of HAPs, which was further investigated in adsorption/
desorption isotherms at 298 K and 318 K. It can be summa-
rized that the adsorption of Ni(II) on micro-HAP was
mainly controlled by the slow diffusion and incorporation
with Ca** from pH 6.5-9.0. At pH > 9.0, precipitation mech-
anisms are incorporated, but lattice incorporation still
played a dominant role. The adsorption of Ni(II) on
micro-HAP was spontaneous, endothermic, and irreversible.
As for nano-HAP, a sharp increase in adsorption of Ni(II)
from pH 6.5 to 9.0 mainly revealed that the adsorption was
controlled by the ionic exchange and ISCs. When the pH
increased to 9.0, precipitation was the dominant mechanism.
These findings revealed that the nanoscale HAP removed
heavy metals more effectively than microscale and provided
a new perspective on condition control and material struc-
ture design for using HAP to remove the heavy metals con-
tamination in the environment.
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Clay minerals are considered as a promising material in the context of geological barrier for the confinement of radioactive and
industrial waste. Understanding the usefulness of the smectite mineral, in this approach, remains insufficient. The deep
investigation about structural response/changes, hydrate stability, cation exchange process, permeability, and heavy metal/
radionuclide adsorption/removal efficiency under external constraints is needed. To explore the structural alteration, the
hydration stability, and the evolution of montmorillonite porosity under a first order of external applied constraints coupling, a
reference Na-rich montmorillonite specimen is used as a starting material, and three exchangeable heavy metal cations (Ba>",
Cu®*, and Co®") have been selected. The applied constraint coupling is realized at laboratory scale and assured by
simultaneously varying of the soil solution pH and the thermal gradient. The evaluation of the mineral fraction response is
established by correlation of quantitative XRD analysis results, thermal analysis, and porosity measurements. The quantitative
XRD analysis allows rebuilding of the theoretical model describing the interlamellar space (IS) configurations/damages,
structural heterogeneity degrees, and hydrous stability. Obtained results show a dominant interstratified hydration character,
for all studied complexes, attributed to a new IS organization versus the applied constraint strength. Furthermore, all samples
exhibit a heterogeneous hydration behavior traduced by the coexistence of different layers of type population within the
crystallite. Additionally, the theoretical XRD profile decomposition allowed us to prove link between the domination of the
segregated stacking layers mode against the constraint strength. Thermal analysis allowed us to develop theoretical models
describing the decrease of the water molecule amounts as a function of the increase in temperature and soil solution pH.
Moreover, a specific hydration footprint response and an interstratification mapping are assigned for each corresponding stress
degrees. The evolution of montmorillonite porosity is determined by adsorption measurement, based on Brunauer, Emmett,
and Teller (BET) and Barrett-Joyner-Halenda (BJH) pore size distribution analyses which confirms for all samples, the
exfoliation process, and the mesopore diameter rise by increasing the constraint intensity.

1. Introduction

Montmorillonite is a 2: 1 phyllosilicate type belonging to the
smectite family. The montmorillonite structure consists of a
stack of an octahedral (O) sheet (MO, (OH),) where (M)
can be (Al) or (Mg) ions sandwiched between two tetrahe-
dral (T) sheets (SiO,). This structure is labeled by T-O-T,
and the associated layer thickness along the ¢* axis is about
10 A [1-4]. The montmorillonite differs from the other dioc-
tahedral smectites (beidellite and nontronite) by the existing

isomorphous substitutions which occurs in the tetrahedral
sheet (i.e., AI>* substitutes for Si**) rather than in the octa-
hedral sheet [5]. Indeed, the isomorphic substitutions
appearing in the (T) or/and (O) sheets are defined by the
localization of different type of cations in the various cavi-
ties. These substitutions result in a load deficit that is com-
pensated on the outside of the layer, by compensating
cations (CC) [5-7]. The intrinsic montmorillonite properties
find a large environmental application domain as depolluant
[8-11], ion exchanger [12-16], natural geological barrier for
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industrial and radioactive waste confinement [17], clay-
based nanocomposite for drug delivery [18-27], cosmetic
compounds [28-31], medicinal application [32-35], anti-
bacterial properties, and as a topical treatment for skin prob-
lems [36-39]. The structural and morphological properties
are at the origin of this efficiency and the great exploitability
in several fields of application. Indeed, the layer type with its
infinite lateral extension (2D), the interlamellar space (IS)
allowing the individual layer swelling (then the swelling of
the crystallites) with the possibility of solvent insertion
(due to the capacity of cation exchange CEC), and the
macroporosity associated with the high specific surface
(SA) (external and internal) are essential assets favoring
the exploitation of such minerals [40, 41]. The montmoril-
lonite layer expansion amount is affected, respectively, by
the intrinsic layer charge location, the type/size/charge of
exchangeable cation, the abundance/organization of water
molecule in the IS, the type/size of organic/inorganic frac-
tion present in the contact solution, the material history
(fatigue/stress/strain), and the surrounding environmental/
geochemical/mechanical conditions [42-46]. The CC and
water molecules are positioned inside the IS, during cation
exchange process, following a discreet arrangement allowing
a progressive swelling process (hydration process) confirmed
by the discretization of the basal spacing distance (d,,) fluc-
tuations. The literature proposed basal spacing level defined
by [5, 6, 47-49] is as follows: dehydrated OW (dyy,~10 A),
one water layer 1W (dyy,~12.4A), two water layers 2W
(dgoy~15.4 A), three water layers 3W (dy,,~18.2A), and
finally, four water layers 4 W (dy,~21 A).

Montmorillonite is widely exploited (in adsorption sci-
ence) for neutralizing the soil heavy metal dispersion/diffu-
sion [50-52]. The adsorption factor usually depends on the
solid/liquid ratio parameters in such kind of application.
Usman et al. (2004) [53] demonstrate that low doses of clay
(about 4% to 8%) eliminate up to 70% of heavy metals. In
addition, the increase in the dose of the clay fraction is
accompanied by the increase in the rate of adsorption [54,
55]. Also, the required dose and the remediation force may
be affected by the variation in the mineral structural compo-
sition [56]. In the other hand, clay plays an essential role in
the basic design of deep storage sites for radioactive and
industrial waste confinement process [57-60]. The architec-
ture of the sites is achieved by the association of several types
of barriers (multibarrier concept). It consists of filler which
is the waste in metal packages, incubated by a thick of con-
crete layer, covered by a clay films buried in well-
determined host rock, at a depth of about 500 m below sea
level. Several reasons, like the high radioactive element’s
adsorption capacity and the low permeability which slows
down the radionuclides migration in the host rock, detailed
in the work of [61-66] are in favor of the use of clay as a geo-
logical coating.

The clay adsorption capacity and the clay permeability
properties are very sensitive to the variation of the soil solu-
tion pH [67-72], the surrounding temperature gradient [56,
67, 68, 72, 73], the kinetic effect during the cation exchange
process [74], the surrounding atmospheric pressure varia-
tion [75, 76], the surrounding relative humidity (RH) con-
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straint [77-81], the solid-liquid ratio effect during heavy
metal removal [41], and the type and nature of the compen-
sating cations [82-85]. Several works [67-72] show that
there is a linearly proportional relationship between the
pH level fluctuation and the performance of the heavy metal
absorber (clay fraction). Es-Sahbany et al. (2019) [72] show
that at room temperature, an optimal value of heavy metal
adsorption rate was obtained; although at slightly lower or
higher temperatures, this result may still be more ideal.
Chantawon et al. (2003) [86] and Usman et al. (2004) [53]
demonstrate good adsorption results at relatively high tem-
peratures of around 36°C unlike some researchers [87] that
observed a decrease in the adsorption rate at temperatures
above 30°C. Other authors [88, 89] have proven that chem-
ical adsorption reactions are essentially faster for tempera-
tures that gradually increase with continuous increases in
temperature.

On the other hand, the experimental approach in the
study of the interaction (adsorption, cationic exchange and
intercalation) of montmorillonite with heavy metals (and
even organic molecules) by XRD analysis has been con-
firmed by theoretical calculations. Zhang et al. (2018) [90]
studied the uranyl ion complexation on montmorillonite
edges using a combined first-principle molecular dynamics
and surface complexation modeling approach. Obtained
results in the case of four selected representative complexing
sites show that uranyl ions form hydrolyzed bidentate com-
plexes on these sites. Liu et al. (2021) [91] used the molecu-
lar dynamic simulations to explain the sorption behaviors of
heavy metal ions (zinc, cadmium, and lead) in the interlayer
and nanopore of Wyoming montmorillonite. The calculated
diffusion coefficients of the selected three cations in inter-
layer and nanopore indicated that their diffusion abilities
were significantly impaired, implying that montmorillonite
adsorbents have a strong ability to fix and retard heavy metal
ions. Zhang et al. (2022) [92] investigates by the molecular
dynamic simulations of the exchange behavior of radionu-
clides into montmorillonite. Authors demonstrate that mul-
tivalent cations prefer to stay in the mid-plane of interlayer
region, and Cs+ and Rb+ cations are located closer to the
basal plane via inner-sphere complexation. Furthermore,
the orientations of interlayer uranyl ions are nearly perpen-
dicular to basal surface. Density functional theory (DFT) is
used to validate XRD data in the case of hydrated Na-
hectorite exchanged with Cs-, Ca-, and Sr-cations [93]. Also,
the first-principle DFT provides a prediction of the struc-
ture, stability, and dynamic properties of organoclays based
on montmorillonite (Mt) intercalated with two types of
organic cations—tetrabutylammonium (TBA) and tetrabu-
tylphosphonium (TBP) [94]. The Cs adsorption on mont-
morillonite clay is investigated by '*’Cs chemical shift
calculations, '*>Cs magic-angle-spinning nuclear magnetic
resonance (MAS NMR) spectroscopy, X-ray diffraction under
controlled relative humidity, and DFT calculations [95].
Obtained results shows that all Cs atoms were positioned
around the center of hexagonal cavities in the upper or lower
tetrahedral sheets. The calculated '*>Cs chemical shifts were
highly sensitive to the tetrahedral Al (Al")-Cs distance and
d-spacing, rather than to the Cs coordination number.



Adsorption Science & Technology

Work on the linkage of constraints has not been ade-
quately addressed in the literature. Indeed, Meftah et al.
(2010) [84] showed that for a well-determined pH value
and at a precise temperature clay can permanently change
its structure. Thus, Marty et al. (2020) [85] explained that
the coupling between the chemistry and hydration of clays
shows a specific behavior for most water molecules consider-
ing RH and interlamellar space composition. The constraint
coupling affecting, respectively, the clay hydration behavior,
the absorber performance, and the ion exchanger efficiency
is timidly approached during the main works carried out
in the last decade focusing the use of clay in the context of
multibarrier [41, 79, 96]. Several works [41, 79, 96] have
concentrated on the effect of individual parameter and
neglecting the coupling and the interaction between exist-
ing/surrounding parameters which generally affect the func-
tionality of the material. Very few works are based on this
very realist approach [12, 71]. To take full advantage of the
huge possibilities of use of these minerals, it is necessary to
simulate, at the laboratory scale, what happens during the
real use. This approach is realized by respecting a scientific
methodology based on five steps. The first is to decipher
the nature and intensity of the constraints affecting the min-
eral (in question), and secondly, to determine the order of
the possible couplings constraints and their nature (e.g., first
coupling order: coupling of two constraints (e.g., T-%RH, T
-pH, T-CEC, S/L ratio-T, ...) and second coupling order:
coupling of three constraints T-pH-S/L ratio and mechani-
cal stress-T-%RH, ...). The third step is to create and imple-
ment these constraint coupling types on a laboratory scale.
The fourth step is to characterize the material’s response.
The last step is the evaluation/optimization based on the
eventual results. The tremendous combination of constraints
increases the challenges. For this purpose, we will focus on
this work only at the first-order coupling between soil solu-
tion pH and thermal gradient designated by (T-pH).

Essentially, this work focuses the structural alteration,
hydration stability, and evolution of montmorillonite poros-
ity by (T-pH) in the case of Na-rich montmorillonite
exchanged with heavy metals M**. This necessarily requires
the realization/validation at the laboratory scale of an exper-
imental first-order coupling which consists of the variations
of geochemical and thermal stresses strength simulta-
neously. The structural evaluation is realized by a specific
quantitative XRD analysis based on the modeling of the
001 reflections. Thermal analysis is used to develop the
model describing interlamellar water molecule amount evo-
lution versus constraint strength. The adsorption specific-
ities and the porosity growth are investigated by BET and
BJH pore size distribution analyses.

2. Materials and Methods

2.1. Baseline Material. A standard dioctahedral smectite
SWy-2 extracted from the cretaceous formations of Wyo-
ming (USA) and provided by the clay mineral repository is
selected for the present study [1]. The structural formula
per half-cell is given by [43]:

4+ 3+ 3+ 3+ 2+ 2+ A+
(Sl 3960 Al 0404) (Al 153 P& g 18, Fe™ g 045, Mg 16> Ti 0401)

- Oy (OH), (Caho‘o% K+0.01Na+0.z)

(1)

This bentonite exhibits a low octahedral charge and
extremely limited tetrahedral Substitutions. The clay cation
exchange capacity (CEC) is 101 meq/100g [43].

2.2. Pretreatment. A pretreatment of the starting material
consists of preparing Na-rich montmorillonite suspension
(SWy-Na) is realized following a classic protocol detailed
by [41] as shown in Figure 1.

2.3. Exchangeable Cations. Three heavy metal cations (Ba®",
Cu®", and Co**) were the subject of the cation exchange pro-
cess. The cation preference is explained by the wonderful
abundance of the latter in industrial and radioactive waste
and the specific characteristics of each one [97].

2.4. First-Order Coupling Constraints. First-order stress cou-
pling is based on the association of geochemical (soil solu-
tion pH) and the thermal gradients (obtained by varying T
°C) at the laboratory scale. To achieve this goal, an MCI,
solution (where M is the metal cation Ba’", Cu*" and
Co”") at a well-determined pH is prepared at a low concen-
tration (0.1 M), followed by the addition of Na-rich mont-
morillonite powder (SWy-Na). For each constraint pair
created (fixed pH and fixed T'), an adjustment of the overall
volume (200 mL) is made by adding the metal chloride solu-
tion and the acid or base additive. Subsequently, and after
several mechanical shaking cycle, a cation exchange process
will take place at a well-determined temperature for a fixed
specified period (24 h) (Figure 2). The soil solution pH var-
iation and temperature values (T°C) are carried out on the
same sample. All experimental parameters are summarized
in Table 1.

2.5. Cation Exchange Process. A cation exchange process is
carried out for each bivalent metal cations Ba®*, Cu®*, and
Co”" brought into contact with the starting sample. The
experimental protocol established for each sample consists
of applying a mechanical shake throughout 48 h, followed
by centrifugation at 4000 rpm. This step is repeated five
times to ensure process achievement. After recovery of the
solid fraction, a series of washes with distilled water will take
place to remove excess of salt from chloride ions. The
obtained sample is labeled SWy-M with M that is the metal
cation type (e.g., SWy-Ba, SWy-Cu, and SWy-Co). The
experimental protocol is summarized in Figure 3.

To be able to analyze the complexes obtained using
XRD, oriented sample was prepared by placing the obtained
suspensions on a glass slide at air dry for 24 h.

2.6. X-Ray Diffraction (XRD). Structural characterization is
carried out using XRD analysis by a Bruker D8 ADVANCE
(Bruker AXS GmbH, Karlsruhe, Germany) with CuKa
monochromatic radiation (A =0.15406 nm) at 40kV and
20mA. The usual scanning parameters were 0.01 (26°) as
the step size and 65 as the counting time per step over the
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‘ 10 g SWy-2 + 100 mL NaCl (1M)
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‘ Mechanical shaking for 24 hours + centrifugation 4000 rpm |
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SWy-2 + M, *+ NaCl » (SWy-2) + Na,"+ MCl,

Excess of salt was washed out by 24 h cycles
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¥

Sample SWy-Na

FiGure 1: Experimental protocol for the purification of the starting material. Excess of salt was washed out by 24 h cycles: centrifugation

8000 rpm + removal of the supernatant.
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FIGURE 2: Experimental assembly of the 1 order coupling,

TaBLE 1: Soil solution pH and temperatures of the coupling of the
1** order of the stresses.

Coupling of the 1° order

Soil ;oéutlon Temperature ("C) Time (h) V (mL)
3 50
Acid
5 60
Neutral 7 70 24 200
, 9 80
Basic
11 90

explored angular range. Indeed, the XRD profiles were
recorded in the 20° range from 3.5 to 60 for all specimens.
All records are made at room temperature under atmo-
spheric pressure. XRD investigations were directed by the
correlation between qualitative and quantitative analyses.

2.6.1. Semiquantitative XRD Analysis. The semiquantitative
XRD investigation is carried out by determining, respec-
tively, the observed homogeneity structure based on the
001 reflections shape, the experimental d,,, basal spacing
value, the calculated full width at the maximum half
FWHM, the calculated crystallite size D, and the calculated
rationality parameter & [98, 99]. This preliminary analysis
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| 0,5 g SWy-Na + 200 mL MCI, (0, 1 N) |
h 2

| Mechanical shaking for 48 hours + centrifugation 4000 rpm |
A 4

| Recuperation of the solidfraction |
v

(SWy-Na) + M**+ 2CI™> (SWy-M?*) + 2NaCl

v
Excess of salt was washed out by 24 h cycles
centrifugation 8000 rpm + removal of the supernatant

v

Sample SWy-M

All ionic exchange process is
investigated by XRD analysis

<

M: Ba**, Cu?* and Co**

FIGURE 3: Experimental cation exchange protocol.

TaBLE 2: The z atomic coordinates within the 2:1 layer framework along the ¢* axis [42].

Atom type 0, 0, 0, 0, 0, 0, OH, OH, Si, Si, Al
Number 2 1 2 2 1 2 1 1 2 2 2
Zn (A) 0 0.20 225 431 6.26 6.59 1.98 428 0.59 6.04 343

remains insufficient to deeply identify interlamellar space
(IS) contents, layer stacking mode at the crystallite size, the
average layer number per stacking, the water molecule abun-
dance and configuration, the saturation of the exchangeable
intern and extern site, the hydration heterogeneities, the
cause of the observed heterogeneity and the position, and
the abundance of the exchangeable cation, and more.

2.6.2. XRD Profile Modeling: Theoretical Diffracted Intensity
and Modeing Strategy. The modeling XRD approach is based
on a matrix mathematical formalism developed by [42]. The
expression of the intensity of the diffracted waves along the
c* axis is as follows:

Too1(26) =L, Spur (Re [¢HW]{[I] 2y [ [Q]"}>’

where Re means the real part of the final matrix, Spur is the
sum of the diagonal terms of the real matrix, L, is the

Lorentz polarization factor, M is the number of layers per
stack, n=1, ..., 1-M-1, [®], is the matrix of the structural
factor, [I] is the unitary matrix, [W] is the diagonal matrix
of the proportions of the different types of layers, and [Q]
is the matrix representing the interference phenomena
between the adjacent layers.

The modeling approach allowed us to identify the abun-
dance of different layer types abundances (W), the type and
the abundance of the mixed layer structure MLS, the stack-
ing mode of different layer types, the average number M of
layers per coherent scattering domain (CSD), and the IS
water molecule distribution [78]. Within a CSD, layer stack-
ing is described by a set of junction probabilities (P;).
Briefly, the relationship between probabilities and W, abun-

dance of two different types of layers (i and j) can be sum-
marized as follows: (i) the segregation tendency is given by
W;<P; and W; <Py, (ii) total demixing is obtained for P;
=P;; =1, (iii) the regular tendency is obtained if W; <P;
<land W;<P;; <1, and (iv) finally, the boundary between

the last distribution labeled chaotic/or random is obtained
when W;=P; =P, and W;=P; =P, with XW;=1and X
P, =1 [42, 100].

The modeling strategy consists of the theoretical repro-
duce of the experimental XRD profile initially from a homo-
geneous structure subsequently improved by adding other
supplementary contributions. The existence of two mixed-
layer structures (MLS) does not reflect the presence of two
populations of particles physically present in the sample
[48, 79, 101]. Therefore, layers with the same hydration state
present in different MLS contributing to the diffracted inten-
sity are assumed to have identical properties (chemical com-
position, layer thickness, and z-coordinates of atoms). The
details of the XRD modeling approach are explained in
detail in previous work of [41, 48, 78, 79, 101]. The atomic
coordinates z in the 2:1 layer framework (octahedral layer
sandwiched between two tetrahedral layers) are shown in
Table 2. The z-coordinates of the IS content (exchangeable
cation, molecules, etc.) are optimized, during the modeling
process [66, 102], to improve the agreement R,;:

G ()
z{z(zei)exp}z

Ryp =

where 1(20;)
1(20;)

exp 18 the experimental diffracted intensity, and

calc is the calculated ones.
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FI1GURE 4: The main input structural parameter for the XRD modeling approach.

2.6.3. Modeling Strategy. The search for optimal structural
parameters passes necessary through the determination of
the shape function called “modulation function.” It is related
to the positions of the characteristic XRD reflections, by

making the variations of the following parameters: (i) the
W, proportions of the different distances and the relative
probabilities P;; of succession law between layer type i and
layer type j and (ii) the average layer number M per stack.
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TaBLE 3: Examples of half-cell structural formulas for raw montmorillonite SWy-2 and exchanged (SWy-2) with sodium and heavy metals

at full saturation.

Samples Structural half-cell formula
SWy-2 (Si4+3.95’ A13+o.04) (A13+1.53> FesJro.ls) Fe2Jr0.045> Mg2+0.26’ Ti4+0.01) 0, (OH) , (Ca2+0_07, K% 01> Na™y,)
SWy-Na (Si4+3,9sr A13+0.o4) (A13+1.53> Fe3+0.18’ 1:e%o.ow Mg2+0.26’ Ti4+o.01) 0Oy (OH) , (Na™( )
SWy-Co (Si4+3.96’ A13+0.04) (A13+1.53’ Fes+0418’ Fez+04045’ Mg2+0.26’ Ti4+0.01) 0, (OH) , (C02+o.14)
SWy-Cu (Si4+3.96’ A13+0.04) (A13+1.53’ Fe3+0_18, Fez+0.045’ Mg2+0.26’ Ti4+0.01) 0, (OH) , (Cu2+0.14)
SWy-Ba (Si4+3.96’ Al3+0.04) (A13+1.53> Fe3+0.18’ Fez+o.045) Mg2+0.26’ Ti4+om) 0, (OH) , (Baz+0.14)
12,33 A
£l
=
— {
{
!
I
)
1
)
J :
1
: *
: A N —
T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65
(26° Cu-Ka)
—— SWy-Na exp

—— SWy-Na theo

FIGURE 5: Best agreement between theoretical and experimental XRD profiles obtained in the case of SWy-Na. *Halite (NaCl).

TaBLE 4: Qualitative XRD investigation in the case of the samples SWy-Na, SWy-Co, SWy-Cu, and SWy-Ba [47, 97].

Sample 26° dyor (A) FWHM (20°) D (A) EA) Character

SWy-Na 7.16 12.33 0.74 18.77 0.062 Homogeneous
SWy-Co [47] 5.86 14.88 0.71 19.55 0.520 Interstratified
SWy-Cu [47] 7.14 12.36 0.61 22.77 0.100 Homogeneous
SWy-Ba [91] 591 14.94 1.55 08.96 0.970 Interstratified

Notes: 26" Bragg’s angle; d,,,: basal distance of the 1° reflection; D: average crystalline size; FWHM: full width at half maximum; &: rationality deviation

parameters.

The agreement between theoretical and experimental
profile is improved (decrease of Ryyp value) by some adjust-
ment attributed to the following parameters: (i) the z posi-
tion of the layer atom composition along the c¢* axis, (ii)
the number and position z of the exchangeable cations,
and (iii) the abundance and the configuration (their z posi-
tions following the normal at the sheet plane [82, 99, 103,
104] of the interlayer water molecules). A brief modeling
strategy summary is reported in Figure 4.

2.7.  Thermal Analysis:  Thermogravimetry/Differential
Thermal Analysis (TG/DTA). The hydration properties are
very sensitive to the amount of water molecule which is
identified by TG-DTA thermal analyses coupled with the

“Labsys TG” model. All TG-DTA records are realized at var-
iable temperatures from 0 to 500°C at a speed of 5°C/min.
The used gas stream is argon. Approximately 10 mg of sam-
ple was used in platinum pans in each analysis. The determi-
nation of nH,O necessarily depends on the results drawn
from the TG-DTA curves followed by a theoretical calcula-
tion via modeling. After having optimized the theoretical
XRD models, a structural formula per half unit cell can be
determined by taking into account the weighting of each
MLS and then of each layer population and its specific
weighting as well as the average number of layers per crystal-
lite (Table 3). Subsequently, the molar mass of the obtained
results is calculated. The number of nH,O (abundance) is
estimated according to the following parameters: the initial
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TaBLE 5: Optimum structural parameters used for modeling XRD profiles in the case of baseline samples [47, 97].
Sample % MLS door nH,0 W, Pya Sy M Ryyp (%)
80 10.5 0
SWy-Na 0.80 0.85 Ry g 10 2.27
20 12.5 2
SWy-Co [47] > 124 M 0.16 0.30 R 8 4.25
-Co . . — .
Y 84 15.2 1.9 e
SWy-Cu [47] 9 124 L1 0.95 0.05 R 8 3.82
-Cu . . — .
Y 05 152 1.9 e
124 1.1
64 0.15 0.15 R,
15.2 1.9
SWy-Ba [91] 8 3.77
36 124 M 0.65 0.77 R
15.2 2.0 ' ' e

Notes: d,: interlamellar distance; nH,O: number of water molecules per half-cell; zH,O: position of the molecules along the ¢* axis of the H,O molecule is
attached to 9.6 A for hydration states 1 W. The position of the exchangeable cations per half-cell calculated along the axis ¢* is fixed 4 9.6 A for hydration states
1 W [41]. M: average number of sheets per stack; S,;: layer stacking mode; R: maximum order; R;: random stacking; R,_y, associated stacking (segregation-
partial order); C: characters; Ho: homogeneous; He: heterogeneous; Ryp: confidence factor.

14,15 A
!
A A Al o o _a PH=11;T=90°C
s AN An o pHoO T80
= 112,334
| pH=7; T=70°C
|
: N pH=5; T=60°C
d
i pH=3; T=50°C
—r1 T r-r 111 T 1T 1 T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65
(260° Cu-Ka)
—— SWy-Cogyp
— SWY‘COtheo

FIGURE 6: Best agreement between theoretical and experimental XRD profiles obtained in the case of SWy-Co.

mass M,,;;, of the sample before analysis, the variation in
sample mass Am, the average number of layers M, and the
number of moles n (deduced from masse molar).

2.8. Adsorption Analysis and Porosity Investigation. This
study uses BET analysis in order to gain insight in particular
surface area (SA) estimation in the case of porous materials,
yielding knowledge in the effects of porosity fate and particle
size evolution versus constraint strength [41, 105, 106]. This
goal is achieved by multilayer nitrogen adsorption isotherm
variation (performed at 77K) versus relative pressure (P
/P0~0.95). This task is fully automated manipulating Quan-
tachrome NOVA 2000e series volumetric gas adsorption
instrument. BJH analysis is employed to define pore area
and specific pore volume by means of adsorption and
desorption procedures. Also, the pore size distribution

(PSD) was identified assuming several pores shape approxi-
mations. The adsorbed nitrogen and oxygen were eliminated
under reduced (vacuum) pressure at 100°C for 8 h before
measuring SA and PSD [107-110].

3. Results and Discussion

3.1. Semiquantitative XRD Investigation of the Baseline
Samples. The experimental XRD profile of the starting
SWy-Na complex (Figure 5) shows three characteristic
reflections (n=1, 2, and 4). The first reflection (001) is
located at 20 =7.16° (d,,, = 12.33 A) probably indicating a
hydration 1W state (Table 4). By calculating the FWHM
and & parameter value, the homogeneous observed character
is confirmed [111, 112]. This result is consistent with the
results of [48] on the same sample. Na-rich montmorillonite
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TaBLE 6: Qualitative XRD investigation in the case of the samples SWy-Co SWy-Cu and SWy-Ba.
Samples 26° door (A) FWHM (20°) D (A) £A) Characters
pH=3; T=50°C 06.22 14.20 1.27 10.93 0.563
pH=5 T=60"C 06.24 14.15 1.18 11.77 0.653
SWy-Co pH=7;T=70°C 06.09 14.50 1.00 13.89 0.406 Interstratified
pH=9; T=80"C 06.07 14.55 1.93 07.19 0.109
pH=11; T=90°C - * : . *
pH=3; T=50°C 07.16 12.34 0.61 22.77 0.016
B Homogeneous
pH=5 T=60C 07.03 12.57 0.71 19.57 0.096
SWy-Cu pH=7; T=70°C 07.08 12.48 1.74 07.98 0.114
pH=9; T=80"C 07.06 12.51 1.97 07.05 0.207 Interstratified
pH=11; T=90C 07.00 12.62 2.14 06.49 0.270
pH=3; T=50"C 07.18 12.30 0.70 19.85 0.055 Homogeneous
pH=5 T=60C 07.14 12.37 1.30 10.69 0.013 Interstratified
SWy-Ba pH=7;,T=70°C 07.20 12.27 0.55 25.26 0.091
pH=9 T=80"C 07.18 12.30 0.68 20.43 0.216 Homogeneous
pH=11; T=90°C 07.35 12.02 0.57 24.38 0.064
Notes:*absence of the 001 reflection.
R pH=11; T=90°C
N pH=9; T=80°C
=
=
= =N pH=7; T=70°C
N pH=5; T=60°C
pH=3; T=50°C
A
T "~ T "~ T T "~ T "~ T "~ T "~ T " T " T "~ T
0 5 10 15 20 25 30 35 40 45 50 55 60 65
(26° Cu-Kar)
— SWy-Cugy,
—— SWy-Cuyeo

FIGURE 7: Best agreement between theoretical and experimental XRD profiles obtained in the case of SWy-Cu.

(SWy-Na) has been studied extensively before since it is con-
sidered a reference sample [5-7, 41, 48, 78-79, 89, 113]. At
this level, our goal is to refine the obtained literature results
related to the SWy-Na sample. For the SWy-Cu, SWy-Co,
and SWy-Ba samples, qualitative and quantitative XRD
results extracted from the same authors earlier works [47,
97] are used (Tables 4 and 5).

3.2. Modeling of XRD Profiles in the Case of SWy-Na Sample.
The mixed layer structure (MLS) used to achieve the best
agreement between the experimental and calculated XRD

model (Figure 5) shows an heterogeneous hydration character
that results in the coexistence of two types of layers (0 W and
1 W) with a strong dominance for the 1 W phase at about 80%.
This opposes the obtained qualitative description.

Indeed, the distribution of IS water molecules has
respected the previous work [5, 6, 48, 88, 101] with a water
sheet located in the middle of the IS for 1 W phase and the
absence of water in the IS for the dehydrated state 0 W.
Regardless of the type of hydration state, the exchangeable
cations Na (per half-cell unit) are positioned in the center
of the IS along the ¢* axis respecting the configuration of
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FIGURE 8: Best agreement between theoretical and experimental XRD profiles obtained in the case of SWy-Ba.

the data provided by the literature [5, 48]. The average num-
ber of layers per crystallite M is equal to 10. The confidence
factor Ryyp is very low (2.27%), which reflects the high qual-
ity of fitting. The structural parameters are summarized in
Table 5.

3.3. Semiquantitative Description of XRD Analysis after
Applying First-Order Coupling Stress

3.3.1. Case of the SWy-Co Sample. The experimental XRD
results for the SWy-Co samples obtained are shown in
Figure 6. For the first three constraint coupling levels
(pH=3; T=50°C— pH=7; T=70°C), there is an asym-
metry for the main 001 reflections located at 6.1 in 26° with
dyo;~ 14.5A synonymous of a minor 2W hydration state
presence attributed to the Co>" cation in IS. Also, a shoulder
towards the wide angles around in 7.2° in 20 (dyy,~12.3 A)
attributed to the existence of the sodium residue resulting
from the starting sample. Generally, the observed asymmet-
ric 001 reflections indicates the coexistence of several hydra-
tion states within the crystallite and/or a partial cation
exchange process. The values of the FWHM and & parame-
ters confirms this idea (Table 6).

In Table 6, for the rest of the samples, a different hydra-
tion behavior was observed. The diffracted intensity ratio
Too1MTo02> Too1/Too3 and I g, /1o, of the complex studied under
(pH =9, T=80°C/pH =11, T = 90°C) decreases if compared
with the three first studied samples. Also, a drastic decrease
in the 001-reflection intensity is observed in both samples
and which probably indicates a bottom transformation that
affected the structure when increasing constraints strength.
This strange structural behavior finds an explanation by
the effect of the increase in temperature and the basic aspect
of the soil solution pH on the cohesion energy between
layers and even destruction of the chemical bonds within

octahedral and tetrahedral sheet forming the layer. The main
structure is affected and an elevated layer’s exfoliation trends
within the crystallites favoring a total transformation of the
original 2:1 phase to a 1:1 clay structure that was estab-
lished. The raised value of the 002-reflection intensity and
the absence of the 001 line can be interpreted in this case
by the beginning of a great structural transformation. This
remains to be proven by quantitative XRD analysis and by
studying the porosity evolution of these two samples.

3.3.2. Case of the SWy-Cu Sample. The experimental XRD
models, in the case of SWy-Cu, obtained by varying the
external constraint strength are summarized in Figure 7.
For the first two constraints of the coupling value (pH = 3;
T=50°C and pH=5; T=60°C), the experimental XRD
models are almost identical with a low FWHM value
(Table 6) indicating probably either the coexistence, within
the stacks, of several hydration states [77] or an unfinished
(partial) cation exchange, knowing that Cu®* cation is
indistinguishable from the starting sodium by simple
XRD analysis at room conditions from the starting sodium
cation [47]. All qualitative parameters are summarized in
Table 6. For the rest of the complexes (pH=7; T=70°C
— pH=11; T=90°C), a stack towards the small angles
(5.9° —15A) appeared and ascribed to the material
response to the applied stress. Indeed, a beginning of 2W
transition, without a real domination, is confirmed by
increasing the coupling constraint intensity. It remains to
be noted that the higher-order peaks have a relatively low
intensity regardless surrounding environment change and
from soil solution pH value =7 and temperature T =70°C,
an abrupt structural change is observed.

3.3.3. Case of the SWy-Ba Sample. The experimental XRD
profiles of SWy-Ba sample are reported in Figure 8. An
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TaBLE 7: Structural parameters of SWy-Co, SWy-Cu, and SWy-Ba.
Samples % MLS xW-echa.cat dyor nH,O W, Pua Sy M M, Ryp
16.68 1 W-Na 122 0.0442 1 1 R, 05
pH=3; T=50°C 1 W-Na 122 0.0346 0 361
83.28 0.0259 040  0.55 Ry_eq 10
2W-Co 15.2
0.0259
16.70 1 W-Na 122 0.0322 1 1 R, 05
pH=5 T=60°C 1 W-Na 122 0.0252 9 379
83.30 0.0189 040  0.55 Ry e 10
2W-Co 15.2
0.0189
SWy-Co 35 1 W-Na 122 0.0230
pH=7; T=70°C o w.C 5, 00300 035 063 Ry eq 08 8 3.42
-Co .
0.0300
40 1 W-Na 122 0.0200
pH=9; T=80"C 0.0243 040 040 R, 07 7 7.45
60 2W-Co 15.2
0.0243
40 1 W-Na 122 00101
pH=11; T=90°C 00113 040  0.40 R, 07 7 9.12
60 2W-Co 152
0.0113
1 W-Na 122 0.1166
81.23 0.0031 095 095 R, 14
2W-Cu 152 sl
pH=3; T=50°C ' 12 3.84
1 W-Na 122 0.0333
18.77 0.0009 095 095 R, 04
2W-Cu 152
0.0009
1 W-Na 122 00797
84.20 0.0070  0.85  0.86 Ry _eq 14
2W-Cu 152 oro
pH=5 T=60°C ' 12 3.56
1 W-Na 122 0.0228
SWy-Cu 15.80 0.0020 085  0.86 Ry_geq 04
2W-Cu 15.2
0.0020
75 1 W-Na 122 0.0410
pH=7; T=70°C )5 WeC 5, 00068 075 090 Ry e 10 10 4.92
-Cu .
0.0068
70 1 W-Na 122 0.0250
pH=9; T=80°C %0 o 5, 00148 070 087 Ry e 08 8 6.04
-Cu .
0.0148
70 1 W-Na 122 0.0284
pH=11; T=90°C 20 SWeC s, 00061 070 087 Ry _seq 08 8 7.73
-Cu .
0.0061
72.17 1 W-Na 122 0.1001 1 1 R, 12
pH=3; T=50°C 1 W-Na 122 0.0446 " 541
27.83 SW.B s, 00045 090 089 Ripord 06
-ba .
0.0045
84 1W-N 122 0.0978
SWy-Ba ] :
pH=5; T=60°C 6 SW.B 15, 00093 084 091 Ry s 10 10 5.96
-ba .
0.0093
95 1 W-Na 122 0.0905
pH=7; T=70°C o SW-B 5, 00045 095 097 Ry _geq 12 12 5.22
-ba .

0.0045




12

Adsorption Science & Technology

TaBLE 7: Continued.

Samples % MLS xW-echa.cat dyor nH,0 W, Pya Sy M M, Ryp
65.75 1 W-Na 12.2 0.0611 1 1 R, 13
pH=9; T=80°C 1W-Na 12.2 0.0202 13 537
34.25 0.0025  0.80  0.85 Ry e 13
2W-Ba 15.2
0.0025
15 0 W-N: 10.2 0.0000
pH=11; T=90°C : 085 083 Ri,oq 13 13 5.16
85 1 W-Ba 12.2 0.0750

Notes: xW-echa.cat: layer type and associated exchangeable cation; d,, : interlamellar distance; nH,O: number of water molecules per half-cell; zH,O: position
of the molecules along the ¢* axis of the H,O molecule is attached to 9.6 A and 11.3 A-13.9 A for hydration states 1 W and 2 W, respectively. The position of
the exchangeable cations per half-cell calculated along the axis ¢* is fixed with 9.60 A and 12.25 A for hydration states 1 W and 2 W [41]; n-echa.cat: number of
exchangeable cations per half-cell is set to 0.28 (for the cation Na*) and at 0.14 (for bivalent metal cations), indicating complete saturation of cation exchange

capacity (CEC); M: average number of sheets per stack; M

tot>

total average number of sheets per stack; S,: layer stacking mode; R,: maximum order; R;:

random stacking; R,_y: associated stacking (segregation-partial order); C: characters; Ho: homogeneous; He: heterogeneous; Ryp: confidence factor.

TaBLE 8: Results from TG/DTA analyses in the case of samples
SWy-Co, SWy-Cu, and SWy-Ba.

Samples Mipiia (M) Am (mg)
pH=3; T=50°C 15.90 09.974
pH=5 T=60C 16.60 13.387
SWy-Co pH=7,T=70°C 06.80 01.820
pH=9; T=80°C 17.10 11.074
pH=11; T=90°C 12.30 08.605
pH=3; T=50°C 17.50 12.975
pH=5 T=60"C 17.40 14.246
SWy-Cu pH=7,T=70°C 15.70 12.836
pH=9; T=80C 11.30 06.972
pH=11; T=90"C 14.00 10.848
pH=3; T=50C 15.00 06.773
pH=5 T=60"C 23.60 19.570
SWy-Ba pH=7,T=70°C 15.00 06.731
pH=9; T=80°C 15.40 03.501
pH=11; T=90"C 19.10 12.462
Notes: m,,;;,;: initial mass of the samples before analysis; Am: change in

mass during analysis.

TaBLE 9: Radius and ionic potential of some cations [110].

Cations Tonic potential (eV) Ionic radius (A)
Na* 1.05 0.95
Ba®* 1.48 1.35
Cu** 2.74 0.73
Co** 3.08 0.65

intense 001 reflection situated at 7.2° (20) (dyy,~12.3A)
indicating a 1 W hydration state dominates all sample. This
probably reflects the existence of a Na* residue originating
from the starting sample or from added NaOH solution used
to balance the pH solution. This opposes the earlier results
[41, 97] on cation exchange in the case of Ba?* which dem-
onstrate a 2W hydration state behavior.

For pH =5/T = 60°C, the XRD profile shows a shoulder
towards the low angles (5.8° — dg,, =15.23A) with an
increase in the FWHM and & parameter value indicating
the 2W hydration state transition beginning. Also, it can
be interpreted by the coexistence, within the stacks, of sev-
eral states of hydration [77] or an unfinished (partial) cation
exchange knowing that the barium hydrate baseline to two
layers of water 2W (15 A). Al qualitatively estimated
parameters are summarized in Table 6.

3.4. XRD Modeling Profiles after Applying First-Order
Coupling Stress

3.4.1. Case of the SWy-Co Samples. The qualitative XRD
analysis suggested heterogeneous hydration behavior for
SWy-Co samples, regardless of the strength of the stresses
applied. This interstratification has been approved by the
001 reflection modeling approach which assumes the coexis-
tence of two different hydration states (e.g., 1 W and 2W).
To improve the agreement between the calculated and
experimental models (Figure 6) and for each constraint
strength from pH=5/T =60°C towards pH=11/T =90°C,
the proposed MLS is theoretically decomposed into two
layer populations type (i.e., 1 W: dyg,~12.2 A and 2W: d,,
~15.2 A) stacked according to specific succession probability
laws. The structural parameters associated with this model-
ing approach are summarized in Table 7. The proposed
MLS is obtained by weighted layer populations that are tol-
erated to have an identical chemical composition, identical
layer thickness, and identical z-atoms coordinates [40, 48].
The CEC of the results is partially saturated by the Na*
and Co** cations since, under ambient conditions, sodium
always has a hydration state of 1W [41, 48], and cobalt
has a hydration state of 2W.

The theoretical decomposition of the SWy-Co sample,
(pH=11; T=90°C) which has undergone fundamental
changes in its basic structure, can be followed by two major
hypotheses:

The 1% consists in considering that it is still a T-O-T type
structure despite the absence of the main 001 reflection
which must be positioned around 6.1° (20) (dy,,~14.5A)
and can be attenuated (is no longer sensitive to X-rays dur-
ing diffractogram recordings) following the increase in the



Adsorption Science & Technology 13
TaBLE 10: Evolution of the nH,O amounts versus constraint strength for samples SWy-Co, SWy-Cu, and SWy-Ba.
Saturation
Samples Phases 9% Na* 9% M2 Mppolar (g/mol) M nH,O
Phase 1 100 0 370.864 05 0.0442
pH=3; T=50°C ase
Phase 2 16.68 83.28 379.250 10 0.0865
Phase 1 1 .864 .0322
pH=5; T=60°C ase 00 0 370.86 05 0.03
SWy-Co Phase 2 16.70 83.30 379.248 10 0.0630
pH=7;,T=70°C %} 35 65 377.406 08 0.0833
pH=9; T=80°C 1] 30 70 377.909 07 0.0686
pH=11; T=90°C 0] 30 70 377.909 07 0.0327
Phase 1 95 05 371.432 14 0.1228
pH=3; T=50°C ase
Phase 2 95 05 371.432 04 0.0351
Phase 1 1 2. 14 .
pH=5; T=60°C ase 85 5 372.568 0.0937
SWy-Cu Phase 2 85 15 372.568 04 0.0268
pH=7;,T=70°C 0} 75 25 373.703 10 0.0546
pH=9; T=80°C %} 70 30 374.271 08 0.0358
pH=11; T=90C (0] 70 30 374.271 08 0.0406
Phase 1 100 00 370.864 12 0.1001
pH=3; T=50°C ase
Phase 2 90 00 374.066 06 0.0496
pH=5 T=60"C (0] 84 16 375.988 10 0.1164
SWy-Ba pH=7;,T=70°C 0] 95 05 372.465 12 0.0995
Phase 1 100 00 370.864 13 0.0611
pH=9; T=80°C ase
Phase 2 80 20 377.267 13 0.0252
pH=11; T=90°C 0] 15 85 398.076 13 0.0750
Notes: phases: modeling phase of each sample; @: absence of phases; m,,,,: molar mass of the sample related to each phase; 4: average number of layers per

stack; nH,O: number of water molecules per half-cell bound to each phase.

applied stress strength. In this case, a theoretical model
based on the heterogeneous mixed 1 W/2 W structure with
a major domination for the phase 2W was adopted with
very low average layer number per crystallite. This hypothe-
sis can be practically verified for the good agreement
towards higher diffraction orders.

The 2" considers that the basic clay structure has been
strictly modified following the coupled increase in tempera-
ture T and the soil solution pH during the cation exchange
process. This supposition is justified through the destruction
of chemical bonds within the crystallite and/or which give
rise to a new structure derived from smectite. This result,
despite its originality, agrees with the work of [108, 109]
which focuses on the hydrothermal synthesis of zeolite from
clay minerals by controlling the pH effect on the synthesis
process. Hence, the transition from a T-O-T phyllosilicate
type (montmorillonite) to another kaolinite T-O phyllosili-
cate type is probabilistic, knowing that kaolinite has a dioc-
tahedral structure [114-116]. Its structural half-cell
formula is defined by (Si, Al, O,, (OH)g), whose basal dis-
tance dy,, is of the order of 7 A [117-119] with a closed IS
accompanied by the absence of isomorphic substitutions
(not CC in the middle of IS). For this hypothesis
(Figure 6), we consider that the first reflection (in the 1%
hypothesis was considered as 2™ reflection 002) is posi-
tioned around 12° (20) (dyy,~7 A) from where the second
reflection is necessarily positioned around 24" (20)

(Table 7). For this hypothesis, we note the presence of a rel-
atively intense reflection around 18° (20). A rational reflec-
tion position is obtained for the three reflections order
(12° — 18° —> 24°). Also, the exchangeable cation has no
place in this configuration, which even calls into question
the cation exchange process. Therefore, the first supposition
seems more scientifically logical. The 1% hypothesis has been
adopted in the rest of the calculations. It remains to be noted
that the quality of the fitting is controlled by the Ry
parameter.

3.4.2. Case of the SWy-Cu Samples. The best agreement
between theoretical and experimental XRD patterns
(Figure 7) of the SWy-Cu samples is obtained using an inter-
stratified structure of two MLS comprising various relative
layers proportions with different hydration states (Table 7).
This variability confirms the heterogeneous hydration char-
acter and the intermediate 1W-2W hydration phase
observed regardless of the intensity of the applied con-
straints. In detail, a minor contribution of the 2W phase
increases from 5% to 30% by increasing the intensity of the
external applied stress (pH=3; T=500C — pH=11; T =
90°C). Indeed, the 2W hydration phase implemented in
the theoretical model is necessarily attributed to the layer
fraction whose CEC is saturated by Cu®*. This weighting
fluctuation is evidence of an incomplete cation exchange

process (dyy, < 15 A). On the other hand, the dominance of
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Ficure 9: nH,0 abundance fluctuation as a function of stress strength for SWy-Co, SWy-Cu, and SWy-Ba samples (black scatter). Red

scatter: the used linear and Lorentz fit function, respectively.

1 W layer hydration phase is interpreted by the existence of a
fraction (quite large) regardless of the applied constraints
applied. This contribution is attributed to the sodium resi-
dues from the starting sample (SWy-Na).

The agreements obtained between the experimental and
theoretical profiles (Ryp ~ 3% to 8%) are generally accept-
able (< 10%), despite the misfit observed after widening
the peaks around 14" and 28" (20). In fact, this disagreement
can be broken down into a good reflection position agree-
ment and a disagreement of diffracted intensity related to
the input fluctuation of the distribution and abundance of
water molecules in the IS. This disagreement led us to
explore wide-angle areas, later to establish a possible link
between CEC saturation and the degree of hydration
heterogeneity.

The logical increase of the R,y factor in the case of SWy-
Cu sample reflects the increase in the heterogeneity’s degree
defined, respectively, by an asymmetry of the first 001 reflec-
tions, the high FWHM value, and the ¢ rationality parame-
ter. Theoretically, this result is related to the variability of
possible MLS configurations allowing a good fit of the 001

reflection. The exploitation of the W,, P,,, M, and Ry,
values allowed us to characterize a specific distribution of
the n normalized layers within the crystallites according to
the generated stacking modes and the contribution of each
phase. This statistical representation of the layer can help
to understand the CEC sensitivity fluctuation (of the starting
sample) following the variation in the temperature T and pH
during the cation exchange process.

3.4.3. Case of the SWy-Ba Samples. For SWy-Ba samples, the
best agreements between theoretical and experimental
models are shown in Figure 8. The main structural parame-
ters used to achieve a good fit are summarized in Table 7.
For each model, several types of layers with variable stacking
mode are used to improve the agreement obtained between
the experimental and calculated models. This MLS is com-
posed by several layers of type populations depending on
the hydration state (0W, 1W, and 2W) whose basal dis-
tance dy, is equal to 10.2 A, 12.2 A, and 15.2 A, respectively.
This variability confirms the heterogeneous hydration char-
acter observed by qualitative XRD analysis for the entire
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FIGURE 10: Average number of layers M evolution versus constraint strength in the case of SWy-Co, SWy-Cu, and SWy-Ba samples (black

scatter). Red scatter: the used Boltzmann fit.

SWy-Ba series (pH=3; T=50°C— pH=11; T =90°C)
with a major dominance for the 1 W hydration phase satu-
rated by Na" cation assigned to the starting sample. In addi-
tion, the 2 W phases are assigned to the fraction whose CEC
is saturated by Ba®* cation [41]. More specifically, for the
first four samples from pH=3/T =50°C towards pH =9
/T =80°C, an omnipresent minor contribution of the 2W
phase which does not exceed 16% is noted and which is evi-
dence of the incomplete cation exchange process. In addi-
tion, the quite important dominance of the 1 W hydration
phase (about 90%) is noted. The last sample (pH=11; T =
90°C) has another intermediate phase 0W/1W which
explain the observed decrease in basal distance probably
resulting in the shrinkage of IS as a result of the temperature
increase. The quality agreements obtained between the theo-
retical and experimental profiles are in average of ~5%
which is generally acceptable.

3.5. Evolution of the Water Molecule Abundances versus
Coupling Constraint Strength

3.5.1. Evolution of the nH,O Amounts versus Constraint
Strength. The delicate theoretical determination of nH,O
amounts for each studied sample is deduced from the results
of thermogravimetry/differential thermal analysis (TG/
DTA) (Figure S1) and summarized in Table 8.

Regardless of the sample type, the hydration state is gov-
erned by the cationic nature, the layer charge value, and the
layer charge location [5-7, 107, 108, 120-122]. All samples
studied belongs to the Wyoming montmorillonite specimen
characterized by the same layer charge and the charge loca-
tion value. The nature of the exchangeable cations and the
external stresses applied to the cation exchange process

(first-order coupling constraint) is at the origin of these spe-
cific water molecule amounts fluctuations. The water affinity
of the exchangeable cation is related to the ionic potential
which is defined by the ratio of the valence of the cation to
its ionic radius [110] (Table 9). As this potential increases,
the cation’s affinity for water also increases. Indeed, bivalent
cations such as cobalt (Co**), copper (Cu®*), and barium
(Ba®*) have a high affinity of water translated by a 2W
hydration state [6, 7]. Unlike monovalent cations like
sodium (Na"), having a low affinity for water mainly gener-
ates monohydrated states 1 W.

Based on the quantitative XRD analysis, a discretization
of the content of the IS is carried out. Indeed, the evolution
of nH,O molecules per half-cell, relative to the constraint
strength, is described by Table 10 and represented in
Figure 9. For all series, a decrease in the water molecules
amounts as a function of the increase in temperature and
soil solution pH.

In the case of SWy-Co sample (Figure 9), there is an
overall linear decrease in the number of water molecules as
a function of the increase applied stresses intensity (pH =3
; T=50°C — pH=11; T =90°C). Using a linear regression
approach, a mathematical equation was developed. The
behavior and evolution of the nH,O abundance fluctuation
re described by the following function:

y=0.14888 — 0.02226.x, (4)

where y is the nH,O abundance fluctuation, and x is the
applied stress intensity.

In the case of SWy-Cu and SWy-Ba samples (Figure 9),
there is a nonlinear water molecule amount decrease unlike
SWy-Co as a function of the increase in external stresses
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FiGure 11: Continued.
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FiGure 11: Mapping representation of the hydration state in the case of SWy-Co (a), SWy-Cu (b), and SWy-Ba (c) samples via XRD

modeling approach.

applied. So, a regression approach based on the Lorentz
equation was adopted to fit this evolution. This variation is
described by function below:

{0 )y @

where y, is the baseline offset, x, is the center of the peak, w
equals the width of the peak at half height, and A is the area
under the peak. The parameters of the used Lorentz function
are presented in Figure 9.

This decrease trends on the water molecule amount
(nH,O) versus constraint strength are predictable when
increasing temperature which automatically affects the IS
closing and subsequently, it affects the cation exchange
capacity of the mineral.

3.5.2. Individual Evolution of the OW, 1W, and 2W
Abundances versus Constraint Strength. The “water foot-
print” schematized on Figure S2 shows the coexistence
within the particle of several phases with different weights.
The variation of the cation exchange process makes it
possible to better understand the structural response of the
starting material (such as fluctuations in basal distance d,
, FWHM, crystalline size, rationality &, average number of
layers M, and mode of stacking layers). Understanding the

CEC functioning mode is closely related to the
discretization of hydration states [48].

For SWy-Co samples, a decrease in the 1 W monohy-
drate state, accompanied by an increase in fluctuation for
the 2W hydration state, represents the main hydration
behavior. This can be interpreted by an easy intercalation
of the compensating cations (Co>") in IS more and more,
replacing the sodium cations (Na*) that will leave the struc-
ture partially according to the applied stress variation. This
hypothesis is confirmed by the global incomplete exchange
process despite the exchange equilibrium time provided
and remains to be noted that abundances in the aqueous
phase are normalized to 100%. For SWy-Cu samples, the
same behavior of the previous sample (SWy-Co) is observed.
A slight fluctuation for the 1 W hydration state followed by a
slow increase of 2W is noted. For the latest SWy-Ba sam-
ples, the water behavior is almost different. There is a slow
decrease in the 1 W state. This fluctuation is accompanied
by a slight increase of 2W phases. This is not valid for the
complex pH =11 and T =90°C (extreme case) which has a
minority anhydrate state of OW (15%) and a majority
hydration state of 1 W (85%). The abundance of individual
layer type deduced from the optimized theoretical MLS used
to reproduce experimental XRD profiles was shown in
Figure S3. Indeed, the 2W hydration state is the most
dominant phase in the entire SWy-Co series. Unlike the
two complexes SWy-Cu and SWy-Ba, the 1 W hydration
state is the most dominant phases.
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3.6. Evolution of the Average Number of Layers versus
Constraint Strength. The average number of layers (M) is a
very important parameter in the crystal structure clay
response when studied by XRD analysis. It has a direct influ-
ence on the 001 reflections of the theoretical and experimen-
tal models. For the low M value, the reflections 001 will be
very wide with elevated value of FMWH and vice versa.
The evolution of M parameter for all SWy-Co, SWy-Cu,
and SWy-Ba samples is shown in Figure 10.

The SWy-Ba sample is the exception and exhibits growth
of M when increasing intensity constraint. The M evolution
as a function of the applied stress applied is fitted for each
sample and shown in Figure 10.

The evolution of M for all complexes following a Boltz-
mann function is shown below:

bt ),

1 + e(x—x/dx)

y=Az+{ (6)

where A, is the initial value, A, is the final value, x, is the
center, and dx is a time constant.
All functions parameters are summarized in Figure 10.

3.7. Evolution of the Layer Stacking Modes. A mapping rep-
resentation of the hydration state in the case of SWy-Co,
SWy-Cu, and SWy-Ba samples via XRD modeling profile
approach is summarized in Figure 11. The light brown, car-
amel, and dark brown colors represent the 0OW, 1'W, and
2'W layer type, respectively. Each line thus represents a layer
with its intrinsic hydration state. The configuration consid-
ered here is an optimal configuration (best agreement
obtained) extracted from the best agreements obtained
between theoretical and experimental XRD profile. For
SWy-Co complexes, the correlation between partial and total
segregation stacking is observed. Thus, for SWy-Cu samples,

we notice that the total segregation aspect is present regard-
less of the applied constraint applied. On the other hand, the
SWy-Ba series shows the existence of two modes of stacking,
segregation accompanied by partial order, with blatant dom-
inance for segregated stacking.

3.8. BET and BJH Pore Size Distribution Analysis. The
exploitation of the results obtained from the structural anal-
ysis by XRD modeling approach demonstrates a variability,
in term of population, within the same crystallite. This
directly influences the internal and external layers surfaces,
which subsequently affects the adsorption properties and
the sample porosity. Our objective is to evaluate the effect
of the applied coupling disturbance (pH and T°C) on these
properties. Indeed, we are looking for a link between struc-
tural damage, the intrinsic properties of the sample, and
the saturation of the CEC. For that, a study based on BET
adsorption measurement and BJH pore size distribution
analysis is directed. Both the single-point and multipoint
BET methods based on the surface area (SA) purpose from
nitrogen isotherms were approved to evaluate external layer
surface perturbation [41, 123-131] (Figure 12). Average
pore diameter is determined using the BJH method
(Figure 13). Whatever the nature of the exchangeable cation,
an increase in the SA values is shown as a function of the
constraint intensity up to a pH =9 and a T = 80°C. After this
limit value, a behavior divergence is shown. In fact, for the
two samples saturated, respectively, by Co and Cu cations,
a decrease in the SA values is observed against the continu-
ous growth in the case of the Ba cation.

The average pore diameter evolution versus constraint
strength (Figure 13) can provide a preliminary explanation
for the observed SA fluctuations.

For all samples, the limit of mesoporosity domain is
respected (where pores whose maximum diameter is
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FIGURE 14: Nitrogen adsorption (ads)-desorption (des)-isotherms in the case of SWy-Co, SWy-Cu, and SWy-Ba.

between 2 and 50 nm). Indeed, the SWy-Ba sample practi-
cally keeps the same average pore diameters values up to
pH=11 and T =90°C. However, the other two samples are
marked by a considerable increase in the average pore diam-
eter, which probably indicates a transformation that affected
the internal configuration of the clay particle. This agrees
with the results obtained from XRD analysis focusing the
evolution of the average number of layers versus constraint
strength.

Obtained nitrogen adsorption (ADS)-desorption (DES)
isotherms curves shape (Figure 14) shows a very closer type
II isotherm classification [127-131]. This allocation con-
firms the supremacy of the mesoporous texture despite the
fluctuations observed and the nature of the exchangeable
cation. The relative large pore size obtained in the case of
stressed SWy-Ba sample is explained by the coupling of
three essential parameters, respectively, the acidic or basic
nature of the soil solution, the intrinsic hydration property,
and the nature of the exchangeable cation. The Ba®" ions

exchange promotes the exfoliation process and thereafter
increases the porosity degree.

To overcome the limits of SA analysis (i.e., nitrogen can
only cover external surfaces and does not interact with inter-
nal surfaces), since it cannot access the information in the
volume of the sample and subsequently, it does not provide
information on the IS configurations/changes, a pore size
distribution (PSD) analysis imposes itself. The application
of PSD analysis requires technical approaches such as (i)
the volumes of micropores, mesopores, and macropores
including nanopores in one gram solid labeled, respectively,
Vi Ve and Vy, (all in mL/g) and (ii) the effects related
to macroporosity are neglected assuming that they do not
affect the properties of adsorption and the specific microme-
sopore volumes (V =V, + V,,.) that is determined using
the desorption data (at the relative equilibrium pressure P
/Py). Fundamental approximations used for the PSD analy-
sis target the shape and characteristics of the pores. Indeed,
cylindrical shape (with radius (r) approximately half of its
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width) is adopted. Also, cylindrical mesopores are character-
ized by r radii which correspond to V values (calculated
from the corrected Kelvin equation using P/P, values).

The PSD plots provide information on the variation of
the cumulative pore volume versus pore radius (V-r)
(Figure 15). Although they have the same trend, the V-r
curves relating to each sample present specificities showing
the effect of the applied stress on the evolution of the poros-
ity. In the case of SWy-Co sample and from a diameter of
4nm, an evolution divergence appears with a “gap” in favor
of high pH and T°C value which reaches 0.086mL/g
(Figure 15). The V-r variation divergence proves, initially,
the achievement of the cation exchange process which is
confirmed by an individual comportment of the V-r curves
despite having the same appearance. In addition, a direct
effect of the increase of the applied stresses appears as an
increase in the V-r “gap.” For SWy-Ba, the maximum cumu-
lative pore volume is 0.062 mL/g attained at pH=9 and T

=80°C. The major remark concerns the last two values of
pH and T. Indeed, although they present a very similar
appearance to the other V-r characteristic curves, there is a
jump (“gap”) of 0.015 mL/g attributed to the acid-base trans-
formation. In the case of SWy-Cu, the V-r curves have
respected the same shape as for the other samples, but the
maximum value did not exceed 0.069 mL/g. The common
behavior for the three samples lies in the existence of a
cumulative pore volume “gap” observed during the acid-
base transformation. The value of this gap is practically very
similar and close for all samples, and it averages around
0.016 mL/g. This variation is consistent with the XRD
modeling profile which predicts layer exfoliation and pres-
ence of highly hydrated rate.

The derivative pore size distribution curve (Figure 16)
confirms the prevailing mesoporosity with a pore diameter
concentration varying between 2.20 and 9.89 nm. A concen-
tration of large pore populations related to the saturated
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Co*" sample (at pH=11 and T =90°C) is observed. This
agrees with the obtained SA results and XRD analysis. The
V-r curve radius derivative for all samples is given in
Figure 16. For the rest of the studied samples, an almost sim-
ilar variation is observed except for SWy-Ba (pH = 11/T =90
) which presents an extremum around 4.01 nm with a small
extent.

4. Conclusion

This work studied the Wyoming montmorillonite response
to a first-order coupling constraint obtained at the labora-
tory scale by combining soil solution pH variation with tem-
perature gradient. The eventual mineral response to such
disturbance was approached from a structural, hydrological
(IS perturbation), cation exchange (CEC), and porosity
point of view.

The quantitative investigation of the 001 reflections
obtained from the XRD patterns via the modeling approach
makes it possible to develop a deep theoretical calculation
which allows us to build a global idea about the mechanisms
accompanying these changes. Indeed, IS configuration and
evolution are decrypted according to the applied constraint.
Several parameters like nature, abundance, relative probabil-
ity, size, position, arrangement of atoms/ions in the IS, the
quantity of nH,O, the average number of sheets, and the
stacking modes in crystallites are precisely identified.

These goals are achieved by combining results from
XRD profile modeling approach, TG/DTA analysis, and
the adsorption measurement outcomes.

The starting SWy-Na complexes studied at room condi-
tion exhibit a heterogeneous hydration state characterized by

a mixture between 0 W and 1 W phases contrary to the qual-
itative analysis which shows a homogeneous character. A
correlation between XRD profile modeling approach consol-
idated by TG/DTA analysis and the adsorption measure-
ment outcomes shows the following:

The case of the Co®" cation is as follows:

(i) Heterogeneous hydration behavior induced by the
coexistence of two type of layer populations (ie.,
1 W and 2W phases within the crystallite), what-
ever the stress force

(ii) The theoretical decomposition of the experimental
XRD profiles allowed us to identify all the different
populations of existing layers and their stacking
mode

(iii) A dominance of the segregated layer stacking mode

(iv) The CEC increases simultaneously with the applied
stress intensity increases

(v) A linear regression approach describes the water
molecule amount decrease, determined from TG/
DTA analysis, as the temperature increases

(vi) The total structure change may appear
(2:1—1:1) by exceeding the limit of the
applied stress (pH 11 and T > 150°C)

(vii) The BJH method shows an increase on the porosity
rate traduced by an evolution divergence appearing
with a “gap” in favor of high pH and T°C value. The
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pore diameter concentration is varying between
2.20 and 9.89 nm

The case of the Cu®* cation is as follows:

(i) An interstratification explains the coexistence of
two hydration states (1W and 2W) regardless of
the stress strength

(ii) The coexistence within the crystallite of different
types of layer populations stacked according to a
specific set of junction probabilities

(ili) “Total segregation” stacking mode dominated the
entire series

(iv) CEC growth by increasing the applied stress

(v) A nonlinear water molecules amount decrease
unlike SWy-Co sample as a function of the increase
in external applied stresses (from TG/DTA analysis)
is fitted with a regression approach based on the
Lorentz model

(vi) Adsorption outcomes demonstrate that the sample
seems undamaged by the applied stress intensity
fluctuations

The case of the Ba®" cation is as follows:

(i) A heterogeneous hydration state proven by the
presence of several layers OW, 1W, and 2W,
regardless of the applied stress

(i) The coexistence of several types of compensating
cation (Ba** and Na*) indicating the formation of
a real physical mixture between populations of dif-
ferent layer types

(iii) Partial CEC saturation and domination of segre-
gated layer stacking aspect

(iv) Results from TG/DTA analysis show a nonlinear
evolution governed by a Lorentz function which lies
between the observed evolution in the case of Co**
and Cu** cations

(v) The intrinsic sample porosity is affected by the acid-
base transformation with a 0.015mL/g “gap.” The
maximum cumulative pore volume is 0.062mL/g
attained at pH=9 and T =80°C

In addition, the XRD modeling approach allowed us to
assign a structural response of the water footprint of the
samples and to map the interstratification of the different
layer type populations.

The presence of each cation induces specific structural
characteristics and a variable exchanged sample response
to external excitation. The observed structural transition,
for the Co®" cation from a pH = 8 and T = 80°, accompanied
by a concentration of large pore populations (at pH = 11 and
T =90°C) indicates the strong exfoliation phenomena affect-
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ing even the elementary tetrahedral or octahedral sheets and
subsequently reducing the metal removal efficiency.

The evolution of the average number of layers (M)
confirms the consolidation of the crystallite thickness in
the case of Ba®' cation despite the acid-base transition
and the strong thermal gradient. This is in favor of an
irreversible cation exchange process supporting the Barium
removal efficiency.
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Rapeseed (Brassica napus L.) is a nutritious vegetable, while cadmium (Cd) pollution threatens the growth, productivity, and food
security of rapeseed. By studying the effects of iminodisuccinic acid (IDS), an easily biodegradable and environmental friendly
chelating agent, on Cd distribution at the organ and cellular level, we found IDS promoted dry matter accumulation of
rapeseed and increased the contents of photosynthetic pigment in leaves. Inhibited root-shoot Cd transport resulted in higher
activity of antioxidant enzymes and decreased hydrogen peroxide (H,0,) and malondialdehyde (MDA) accumulation in
leaves, which indicated that IDS contributed to alleviating Cd-caused oxidative damage in leaf cells. Additionally, IDS
increased Cd subcellular distribution in cell wall (CW), especially in covalently bound pectin (CSP), and relieved Cd toxicity in
organelle of leaves. IDS also enhanced demethylation of CSP. The Cd content in CSP, demethylation degree, and pectin
methylesterase activity of CSP increased by 37.95%, 13.34%, and 13.16%, respectively, while IDS did not change the contents of
different CW components. The improved Cd fixation in leaf CW was mainly attributed to enhance demethylation of covalently

bound pectin (CSP) and Cd chelation with CSP.

1. Introduction

Excessive cadmium (Cd) in soil has remarkably affected the
annual output of agricultural products due to reducing the
production and quality of crops and vegetables [1, 2] which
ultimately threatens food security [3, 4]. There are various
methods of Cd-contaminated soil remediation, such as inoc-
ulation of soil with cadmium-resistant bacterium or biochar-
supported microbial cell composite ([5, 6]), combined appli-
cation of lime and organic matter [7], and phytoremediation
of hyperaccumulation [8-10]. Cd absorbed by roots is easily
transported to shoots due to its high mobility in plants [11,
12]. Rapeseed (Brassica napus) is not only a widespread oil
crop [13], but also a popular nutritious vegetable. It is essen-
tial to reduce Cd content in the edible part of rapeseed to
ensure food safety and enhance plant Cd resistance, which
is also an effective strategy to improve rapeseed growth
and production [14].

It has been verified extensively in many studies that the
subcellular distribution of Cd is critical to Cd resistance in
plants [15, 16], and cell wall (CW) as the first barrier can
efficiently prevent Cd from entering cells [17-19]. In plants,
most of the Cd** exists in CW [20, 21] by chelating with dif-
ferent CW components (pectin, cellulose, and hemicellulose)
[22]. The CW immobilization of Cd, mainly due to chelating
with pectin and carboxyl groups (COO-), arises from the
demethylation of pectin by the catalysis of pectin methyles-
terase (PME) [9, 22].

Iminodisuccinic acid (IDS) is synthesized from maleic
anhydride, ammonia, and sodium hydroxide. It is regarded
as a kind of “green” chelating agent with low toxicity and
fast degradation [23]. Previous researches have indicated
the effects of some chelating agents, such as ethylenediamine
tetraacetic acid (EDTA) [24, 25] and polyaspartic acid
(PASP) on plant resistance to Cd [26]. Jing and Wang [27]
also reported the stabilizing effect of IDS on metal ions.
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Although there is ample evidence that IDS increases the
aboveground biomass and decreases Cd accumulation in
leaves of plants [28], however, few researchers studied the
physiological responses of plants to Cd by IDS application,
especially the effects on subcellular Cd distribution and
CW components. Therefore, our experiment was set up to
(a) study the Cd uptake and transportation in rapeseed by
IDS application; (b) investigate how IDS affects the Cd resis-
tance, subcellular Cd reallocation, and Cd chelation with dif-
ferent CW components; and (c) ultimately reveal the
internal regulation mechanism underlying IDS improving
Cd resistance in leaves of rapeseed.

2. Material and Methods

2.1. Experimental Arrangement and Growth Condition. A pot
cultural experiment was set up in a glass greenhouse at Qing-
dao Agricultural University. The lightly Cd-contaminated soil
with pH = 5.58 and total Cd content = 1.24 mg/kg was used in
this experiment. The content of organic matter, total nitrogen
(N), total phosphorus (P), and total potassium (K) in soil was
34.68, 1.90, 1.29, and 243.42 g/kg soil, respectively. To begin,
0.50g urea, 0.82g Ca(H,PO,)2H,0, 0.26g KCl, and 0.10g
H,BO, were mixed thoroughly with 2kg of soil before being
filled into the pot. We set up two different treatments: con-
ventional fertilizer treatment (CK) and conventional fertilizer
+0.3% IDS (IDS). Each treatment contained five replicates
(five pots), and each pot cultured two rapeseed seedlings.
IDS is purchased from Hebei Wozi Environmental Protec-
tion Technology Co., Ltd, and the purity of IDS was more
than 60%, and the molar mass was 337.1 Da. Fifteen days
after Brassica napus L. seed germination, uniform seedlings
were chosen and transplanted to pots of different treatments
and then were cultured in a solar greenhouse for 45 days. All
seedlings were randomly arranged to guarantee the condi-
tion’s uniformity. During the experiment, the field capacity
of about 80% was maintained by daily weighing each pot
and evaluating water loss.

2.2. Analysis of Plant Dry Matter and Cd Concentration in
Plants. After the rapeseed roots and leaves were separated
and dried in an oven to constant weight at 75°C, their dry
weights were measured and noted. Dried samples were
ground to fine powder with a mortar and weighed, and then,
all root powder and 0.10g leaf powder were, respectively,
digested in 5ml concentrated nitric acid (HNO;) in water
bath kettle at 100°C for 2h. The Cd concentration in the
leaves and roots was then measured using inductively
coupled plasma mass spectrometry (ICP-MS; PerkinElmer,
MA, USA).

2.3. Quantification of Leaf Photosynthetic Pigment. The pho-
tosynthetic pigments (including chlorophyll a, b, and carot-
enoid) of fresh leaves were extracted with 95% ethanol and
quantified based on the method of Wu et al. [2]. After
extracting for 24 h under the condition of darkness at 25°C,
the absorbance was determined by a spectrophotometer
(HitachiUV-3100 UV/VIS; TECHCOMP, Shanghai, China)
at the wavelengths of 665, 649, and 470 nm. The contents
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of chlorophyll a, chlorophyll b, and carotenoids were calcu-
lated according to corresponding absorbance values and fol-
lowing formulae:

chlorophylla (mg/L) = 13.95A 5 — 6.88A4,0 ;
chlorophyll b (mg/L) = 24.96A4,9 — 7.32A45 5
carotenoid (mg/L) = (1000A,, — 2.05Ca — 114.8Cb)/245.

(1)

2.4. Measurement of Reactive Oxygen Species (ROS),
Antioxidant Enzymes, and Malondialdehyde (MDA)
Contents. The superoxide anion (O, ") and hydrogen perox-
ide (H,0,) were extracted from fresh leaves and determined
by spectrophotometry (HitachiUV-3100 UV/VIS; TECH-
COMP, Shanghai, China) according to Liu and Liu [29].
The activity of superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), and MDA content in leaves was
quantified using the methods of Giannopolitis and Ries
[30], Reff [31], De Azevedo Neto et al. [32], and Buege and
Aust [33], respectively.

2.5. Determination of Cd Contents in Subcellular
Components and Different CW Fraction. First, the leaf was
processed into three subcellular components (CWs, organ-
elles, and soluble fractions) according to Rathore [34] and
Weigel and Jager [35], and then, CWs were further separated
into several components: covalently bound pectin (CSP),
ion-bound pectin (ISP), cellulose, and hemicellulose based
on the method of Hu and Brown [36]. Then, the content
of different CW component was measured by corresponding
kits (Komin Biotechnology Co., Ltd., Suzhou, China). The
Cd contents in the leaf subcellular components and different
CW component were quantified by the ICP-MS (PerkinEl-
mer, MA, USA).

2.6. Determination of the Pectin Methylation Degree (DM)
and Pectin Methylesterase (PME) Activity. The degree of
methylation of the ISP and CSP was determined based on
the method of Anthon and Barrett [37]. Briefly, after the
solution of pectin extract and NaOH was incubated at
25°C for 0.5h, the H,SO,, Tris-HCI, MBTH, and alcohol
oxidase (AO) were added in order. Then, the mixture was
incubated at 30°C for 20 min, and ammonium ferric sulfate
and sulfaminic acid solution were immediately added to ter-
minate the reaction. Finally, the absorbance of the solution
was measured by a spectrophotometer (HitachiUV-3100
UV/VIS; TECHCOMP, Shanghai, China) at the wavelength
of 620nm. The DM was calculated as the demethylation
degree = 100 - DM.

The PME activity of fresh leaves was measured using the
available commercial kit (PME-2-G, Suzhou Comin Biotech-
nology Co., Ltd.).

2.7. Data Statistical Analysis. The Student ¢ test was applied
to data with the Statistical Package for Social Sciences (SPSS
ver. 19.0, SPSS Inc.). Different lowercase letters (a, b) indi-
cated significant difference between CK and IDS treatments
at the P < 0.05 level.
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FI1GURE 1: The effects of IDS on dry mass and pigment content in rapeseed under Cd stress. Mean + SD (n =5). Different uppercase letters

(A, B) indicate significant difference between CK and IDS treatment at P < 0.05.

TaBLE 1: The effects of IDS on Cd concentration and distribution in rapeseed seedlings. Mean + SD (n = 5). Different capital letter indicates
significant difference between these two treatments at P < 0.05 level.

Cd concentration Cd accumulation

Cd distribution (%) Cd transfer

Treatment (uglg) (ug/plant) . o
Leaf Root Leaf Root Leaf Root coefficient (%)

CK 4.5+0.2A 13.6 £ 0.8A 1.0+ 0.1A 0.5+0.0A 68.3 +£2.3A 31.7+1.2B 33.5+2.0A

1IDS 3.1+0.1B 14.3 £+ 0.4A 0.8+0.1B 0.5+0.0A 59.8 +1.9B 40.2 £3.1A 21.9+0.9B

Note: Cd transfer coefficient% = Cd concentration in leaves/Cd concentration in roots x 100.

3. Results chlorophyll b (P < 0.05) in rapeseed leaves of IDS treatment

(Figure 1(c)).
3.1. IDS Increased Plant Dry Mass and Photosynthetic

Pigment Contents. The results shown in Figure 1(a) and
Figure 1(b) suggest that IDS application significantly
increased the dry mass of rapeseed roots and leaves, indicat-
ing that IDS promoted the growth of rapeseed under Cd
stress. In the meantime, our study found increased photo-
synthetic pigment contents, especially chlorophyll a and

3.2. IDS Decreased Cd Accumulation and Transportation in
Rapeseed Leaves. To identify the effects of IDS on Cd in
rapeseed seedlings, we quantified Cd concentration and cal-
culated Cd accumulation in roots and leaves, Cd distribu-
tion, and Cd transfer coefficient. Table 1 suggests that IDS
application did not affect Cd concentration and
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F1GURE 2: The effects of IDS on MDA, ROS, and antioxidant enzyme system in rapeseed leaves under Cd stress. Mean + SD (n = 5). Different
uppercase letters (A, B) indicate significant difference between CK and IDS treatment at P < 0.05.
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F1GURE 3: The effects of IDS on the subcellular distribution ratio of Cd in rapeseed leaves. Mean + SD (n = 5). Different uppercase letters (A,
B) indicate significant difference between CK and IDS treatment at P < 0.05.

accumulation in roots, but decreased Cd concentration and
accumulation in leaves. Moreover, the Cd distribution ratios
in the leaves and roots of IDS treatment were raised and
reduced by 12.5% and 26.8%, respectively, compared to that
of CK treatment. Cd transfer coefficient can indicate the
ability of Cd transport and distribution from roots to the
leaves. The decreased Cd transfer coefficient also suggested
that IDS significantly reduced the Cd transport from roots
to leaves.

3.3. IDS Decreased Oxidative Stress of ROS on Cells in
Rapeseed Leaves. Cadmium could induce MDA and ROS
accumulation to exacerbate cell membrane liquid peroxida-
tion and oxidative damage to plant cells. According to the
results of MDA, ROS content, and antioxidant enzyme
activity in leaves, IDS application on rapeseed seedlings
planted in Cd-contaminated soil decreased MDA and
H,0, accumulation in leaves at a significant level (P < 0.05
), but had no obvious effect (P>0.05) on O, contents
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F1GURE 4: The effects of IDS on CW components, Cd content in CW components, and pectin demethylation in rapeseed leaves. Mean + SD
(n="5). Different uppercase letters (A, B) indicate significant difference between CK and IDS treatment at P < 0.05.

(Figures 2(a)-2(c)). Improved activity of CAT and SOD,
which is related to the removal of excess ROS in plants,
was observed in rapeseed leaves under IDS application
(Figures 2(e) and 2(f)). However, there was no significant
effect on POD activity (Figure 2(d)).

3.4. IDS Promoted CW Fixation of Cd and Decreased Cd in
Organelles in Rapeseed Leaves. To further reveal how IDS
affects Cd subcellular distribution, we fractioned different
parts of leaves into CWs, organelles, and cytosolic fractions
(excluding vacuoles) and measured Cd content in each of
these components in rapeseed leaves. IDS application did
not affect Cd contents in CWs and cytosolic fractions, while
significantly decreased Cd contents in organelles (Figure 3

(a)). The Cd distribution ratio in different CW components
shown in Figure 3(b) suggests higher Cd distribution in
CWs and lower Cd distribution in organelles in leaves
treated with IDS, indicating relieving Cd toxicity in organ-
elles. In addition, IDS had no obvious effect on Cd content
in cytosolic fractions (Figure 3(a)), indicating that IDS did
not affect the vacuolar compartmentalization of Cd.

3.5. IDS Increased Cd Content in CSP by Promoting Pectin
Demethylation in Rapeseed Leaves. The Cd in CWs was pri-
marily chelated by various CW components such as cellu-
lose, pectin, and hemicellulose. IDS application to rapeseed
under Cd stress did not change the content of CSP, ISP, cel-
lulose, and hemicellulose at a significant level (P < 0.05)
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(Figure 4(a)). Interestingly, Cd contents in CSP were
increased from 50.1 pug/g to 69.9 ug/g (Figure 4(b)), indicat-
ing that IDS promoted Cd chelation with CSP of the leaf
CWs. To identify the ability of pectin to chelate Cd, we
determined PME activity and the degree of methyl esterifica-
tion of pectin, and the results showed that IDS increased
PME activity of CSP and promoted demethylation of CSP
(Figures 4(c) and 4(d)), thereby improving the carboxyl
groups that can bind Cd.

4. Discussions

4.1. IDS Inhibited Cd Transportation from Roots to Shoots in
Rapeseed. In plants, water, mineral nutrients, and heavy metals
such as Cd absorbed from soil are transported from roots to
shoots [38, 39]. In this study, IDS supplication did not signif-
icantly affect the mobility of Cd in soil (Table S1) and Cd
accumulation in rapeseed roots (Table 1). However, our
study indicated that IDS reduced Cd distribution to leaves of
rapeseed and significantly decreased Cd transfer coefficient
from roots to shoots (Table 1), suggesting that IDS inhibited
the root-shoot transportation of Cd and ultimately alleviated
Cd stress in the edible part of rapeseed [14], which is
conducive to reducing the potential safety hazards of
agricultural products.

4.2. IDS Decreased ROS Accumulation and Activated
Antioxidant Enzymes in Leaves. Excessive Cd in plants usu-
ally increases the MDA content, which may raise membrane
lipid peroxidation degree and indirectly aggravate the oxida-
tive stress in cells [2, 18, 40]. ROS accumulation also causes
oxidative damage to plants [41]. The presence of heavy
metals can not only change the soil enzyme system, such
as urease, protease, catalase, phosphatase, and f3-glucosidase

[42, 43], but also antioxidant enzymes in plants [2]. Higher
antioxidant enzyme activity has been widely perceived to
reduce ROS accumulation in plants under different stress
[44-46]. Many studies have proposed that the activated anti-
oxidant enzyme system plays an essential role in improving
plant Cd resistance and acts as ROS scavengers [47]. In the
present study, activated activities of CAT and SOD by IDS
application contributed to decreased MDA content and
reduced H,0, accumulation under Cd toxicity in leaves
(Figure 2). However, the significantly decreased Cd concen-
tration in leaves with IDS supply (Table 1) may result in
higher antioxidant enzyme activity, lower MDA, and ROS
accumulation.

4.3. IDS Enhanced Cd Fixation in Leaf CWs by Increasing the
Cd Chelation with CSP. It has been reported that the Cd sub-
cellular reallocation determines Cd resistance in plants [15,
19, 41]. CW fixation and vacuole compartmentalization both
play pivotal roles in enhancing plant Cd resistance [9, 16,
48]. 0.3% IDS application had no remarkable effect on Cd
sequestration into vacuoles, but promoted Cd fixation in
CWs, thereby decreasing Cd stress in organelles (Figure 3).
The CW is the first barrier preventing Cd from entering
cells, and CW fixation of Cd depends on the chelation of
Cd in different CW components [9, 17]. To further investi-
gate which CW component was mainly involved in improv-
ing Cd chelation with leaf CWs by IDS treatment, the
content of different CW component and their Cd concentra-
tion was further analyzed. The results indicated that IDS did
not affect the content of ISP, cellulose, CSP, and hemicellu-
lose, while the Cd concentration in CSP was increased by
IDS (Figures 4(a) and 4(b)).

Among the several CW components, pectin is the main
component in Cd adsorption to CWs, and the pectin is
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demethylated by PME and releases COO- that could form
complexes with Cd** [17]. Our study found that IDS did
not increase CSP content (Figure 4(b)), but significantly
improved the degree of demethylation of CSP by raising
PME activity (Figures 4(c) and 4(d)), producing more avail-
able groups for Cd binding to CWs and, thereby, improving
Cd detoxification [14, 49]. The results indicated that the pri-
mary cause of improving Cd chelation with pectin was due
to enhanced PME activity of CSP by IDS supply.

In summary, reducing Cd transport from roots to leaves
combined with promoting more Cd retention in the CSP of
leaf CWs induced by IDS application contributed to alleviat-
ing Cd stress in rapeseed leaves (Figure 5).

5. Conclusions

The results demonstrated that IDS significantly increased
the dry matter and photosynthetic pigment contents and
decreased Cd transfer coefficient from roots to leaves of
rapeseed in Cd-polluted soil. In the meantime, decreased
Cd in leaves resulted in higher activity of CAT and SOD,
which led to less H,O, accumulation and alleviated oxidative
damage to cells. Additionally, the higher PME activity and
lower demethylation degree of CSP induced by IDS were
the main cause of higher chelation of Cd with CSP in leaves,
which could be attributed to more distribution of Cd in CWs
and less in organelles. Overall, the study results concluded
that IDS application contributed to alleviating Cd stress in
leaves of rapeseed by reducing Cd transport from roots to
leaves combined with promoting more Cd retention in the
CSP of leaf CWs. Our study enriches the theoretical basis
of IDS improving Cd resistance of rapeseed leaves at a cellu-
lar level, and the results suggest that IDS has a good prospect
for decreasing Cd in edible crops such as rapeseed.
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Lime and biochar amendments are widely used to immobilize cadmium (Cd) in agricultural soils and to ensure food security.
However, the effects of these two soil amendments on the mechanisms of Cd stress alleviation in crops are unclear. Therefore,
the effects of lime and biochar applications on Cd uptake, transport, subcellular distribution, antioxidant system, N
metabolism, and related factors were examined in a soil-Brassica napus L. (B. napus) system. We found that lime application
significantly increased the root Cd content by 41.5% but decreased Cd TF and shoot Cd by 81.0% and 74.3%, respectively,
whereas biochar amendment decreased root and shoot Cd contents by 67.6% and 34.3%, respectively, but increased Cd TF by
104.1%. Lime treatment immobilized Cd in the cell wall of the root to reduce Cd transport, but biochar treatment increased
the soluble fraction of Cd in root cells to improve the migration capacity of Cd. The significant negative relationship between
the soil exchangeable Cd and Ca and the positive relationships between Cd and Ca both in shoot and root indicated that the
Ca mediated Cd transport from soil to B. napus after lime and biochar applications. Additionally, lime amendment increased
Cd proportion in the root cell walls to immobilize Cd, but biochar amendment increased Cd proportion in the soluble fraction
to enhance Cd migration. Furthermore, biochar application significantly increased SOD, CAT, and POD by 17.5%, 95.4%, and
26.6%, whereas lime amendment only significantly enhanced CAT by 51.0%. Besides, both of biochar and lime applications
increased shoot N content and GDH activity, but only the shoot NO;™ content and nitrate reductase under biochar treatment
were significantly altered. Overall, these findings suggested that lime is more efficient in reducing the transport of Cd from
underground to aboveground and in improving Cd tolerance, whereas biochar tends to improve the antioxidant capacity and
facilitate N metabolism. These results will provide significant strategies for selecting appropriate amendments to ensure the
crops safety.

1. Introduction

Cadmium (Cd) levels in agricultural soils are continuously
increasing in China [1, 2], which is usually due to human
activities, such as sewage irrigation, atmospheric deposition,
and application of chemical fertilizers and pesticides [3-5].
Cd is a nonessential element for plants but can disrupt phys-
iological processes, accumulate in crops, and even enter the
food chain to threaten human health since it has a rela-
tively high solubility in soil and high translocation in

plants [1, 6, 7]. It is of great significance to remediate
Cd-contaminated agricultural soil.

Application of soil amendments is commonly used to reme-
diate Cd-contaminated agricultural soils, which can decrease
the Cd contents in crops by immobilizing Cd through complex-
ation, adsorption, or ion exchange [8]. Lime and biochar are
typical soil amendments because of their low cost, availability,
and high efficiency [8-11]. Lime can effectively decrease the
ability/bioavailability of Cd in soils by increasing soil pH, which
thereby restricts crop Cd uptake [11, 12]. The large amount
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calcium (Ca®") derived from liming materials not only has a
significant positive effect on soil aggregation and structural
stability, but also mediate the growth and stress alleviation of
plant because it was the essential macroelement [13, 14]. How-
ever, little is known about the effect of Ca on plant stress allevi-
ation after lime application in Cd-contaminated soils. Biochar
has larger surface areas, higher cation exchange capacity, and
higher porosity compared to other amendments [2, 4]. Numer-
ous studies have shown that biochar can immobilize Cd and act
as a slow-acting fertilizer [4, 15, 16], whereas the underlying
mechanisms of stress alleviation in plants after biochar amend-
ment are still unclear.

Crops have developed various mechanisms to cope with
Cd stress, such as cell wall fixation, vacuolar compartmental-
ization, and antioxidant systems [6]. Cell wall components,
namely, pectin, cellulose, and hemicellulose, can fix Cd by
negatively charged groups such as -COO’", -OH, and -SH
[17, 18]. Ca®" is an essential macroelement and also cross-
linked with negatively charged -COO" to contribute to the
cell wall structure and extensibility [13]. Larger Ca** contents
in roots may stimulate the cell wall to produce more -COO’,
which may promote the fixation of more Cd** because of the
same divalent cations and share transport channels and bind-
ing sites [19]. Both of lime and biochar amendments could
change the soil exchangeable Ca®*; however, whether these
amendments mediated Cd transformation and tolerance in
plants by Ca dynamics in the soil-plant system is still unclear.
In addition, vacuoles can compartmentalize Cd by forming
complexes with phytochelatins, S,’, organic acid anions,
and amino acids [1]. These two tolerance mechanisms tend
to fix Cd belowground and thus reduce its transport to the
aerial plant parts. Although many studies have reported that
lime and biochar can significantly reduce the available Cd
contents in soils and decrease Cd concentrations in plants
[11, 12, 20], whether the subcellular reallocation, cell wall
composition, and the underlying physiological mechanisms
are different after lime and biochar amendment remains
unclear.

Plants can also stimulate the antioxidant enzyme system
to alleviate oxidative stress (i.e., membrane permeability and
subsequent generation of reactive oxygen species (ROS))
caused by Cd, such as by synthesizing superoxide (SOD),
catalase (CAT), and peroxidase (POD) [21]. Some studies
showed that biochar amendments enhanced SOD, CAT,
and POD activities and reduced the ROS content [15, 22,
23]. Lime application also improved the activities of antiox-
idant enzymes by decreasing Cd stress [24]. The activity of
plant antioxidant enzymes also increased with soil nutrient
status [25-27]. But biochar application increased nutrient
supply in Cd-contaminated soil, and the mechanism of its
influence on antioxidant enzyme activity needs further
study.

Nitrogen (N) is an important component of various
structural, functional, and genetic molecules in plant cells
and plays a vital role in defending various stresses [27-29].
Soil amendments not only change Cd migration and plant
resistance but may also affect N metabolism. Previous studies
have found that applications of lime [30] and biochar [31]
could increase N availability. Furthermore, lime enhanced
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the activity of nitrate reductase (NR) and N use efficiency
of maize [32]. Biochar also enhanced the N use efficiency
by improving the activities of N metabolic enzymes (e.g.,
NR, glutamine synthetase (GS), and glutamate dehydroge-
nase (GDH), which accelerated nitrate (NO;") assimilation
in crabapple and cabbage [31, 33]. However, these studies
were all conducted in clean soil that were not contaminated
by heavy metals. The effect of lime or biochar on plant N
metabolism in Cd-contaminated agricultural systems needs
to be further explored.

Brassica napus L. (B. napus) is a widely cultivated oil crop
in southern China, but its growth is constrained by Cd stress
and low N use efficiency [17, 34]. Previous studies focused on
the stabilization mechanism of soil Cd under the applications
of lime and biochar, but little attention was paid to the toler-
ance mechanism of Cd in plant after lime and biochar treat-
ments. To better understand the comprehensive effects of
commonly used soil amendments on Cd-contaminated soil-
B. napus systems, we conducted B. napus pot experiments
with lime or biochar application. Specifically, we hypothe-
sized that (1) the Cd migration in soil-B. napus systems varies
between lime and biochar treatments, (2) the biochar treat-
ment had stronger impacts on B. napus antioxidant system,
and (3) the N metabolism for B. napus.

2. Materials and Methods

2.1. Soil Collection, Plant Materials, and Growth Conditions.
Cd-contaminated soil (0-15 cm of tillage layer) was collected
from an oilseed rape-rice rotation system in Zhuzhou
(26.82°N, 113.53°E), China. The total Cd content was
1.66 mg/kg, and the pH was 5.58 in the soil, which exceeded
the risk intervention value (0.3 mg/kg) but was lower than
the risk control value (2mg/kg) when compared to the
standard values for paddy soil (GB 15618-2018). It is
essential to remediate these moderately Cd-contaminated
agricultural soils and maintain their quality and health for
the sustainability of ecosystem services and food security
because of the limited cultivated area in China [1]. The soil
was air-dried and ground to pass through a 2-mm nylon
sieve, and then, it was thoroughly mixed for the pot exper-
iment. This study involved three treatments (four replicates
each): no amendment (CK), 0.3% lime (the common appli-
cation rate in this contaminated region), and 1.0% biochar
(produced from rice straw at 250°C for 2.5 h; the common
amendment rate from [8, 22, 23]). The characterization
method and information in the biochar are presented in
the Supporting Information (Table S1, Figure S1). Each
pot contained 1.0kg of soil and base fertilizers (e.g.,
0.25g/kg urea, 0.41g/kg Ca(H,PO,),-H,0, 0.13 g/kg KClI,
and 0.05g/kg H;BO;). After stabilization for one week,
two plump B. napus (Westar 10) were transplanted into
black plastic pots with different treatments. These pots were
placed in a greenhouse at a temperature of 20~25°C and
55~60% relative humidity for 40 days and were irrigated
with ultrapure water.

At the end of cultivation, samples from soils, roots, and
shoots were collected and thoroughly mixed and then
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divided into multiple subsamples according to the require-
ments of the property to be analyzed.

2.2. Determination of Soil and Plant Elements. The soil sam-
ples were ground and passed through sieves (2mm and
0.149mm) after air-drying. The soil pH levels were mea-
sured at a v/w ratio of 2.5 with a pH meter (Seven Compact
S220, Mettler Toledo). Ammonium acetate (NH,OAc, 1 M)
was used to extract the exchangeable Ca (EX-Ca) in the soil
[35]. The soil was digested in an acid mixture of HNO,/HCl/
HCIO, [36] by an electronic heat digestion furnace (Digi-
Block EHD36, Lab Tech) for Cd and Ca analysis. The soil
exchangeable Cd (EX-Cd) was extracted with 1.0 M MgCl,
solution (v/w ratio, 10:1) [37]. In addition, the roots and
shoots were ground into fine powder and subsequently
digested in an acid mixture of HNO,/HCIO, (4:1, v/v) at
200°C for 2h [38].

The obtained elements were quantified with inductively
coupled plasma mass spectrometry (ICP-MS, NexION™
350X; PerkinElmer, MA, USA). EX-Ca was quantified with
a flame atomic absorption spectrophotometer (AA-6880,
Shimadzu, Japan). The Chinese national standard reference
materials (e.g., GSS-6, GSS-8, and CSV-2) were used to deter-
mine the reliability of the results. The recovery rate for soil
and plant Cd was 88-98% and 95-102%, respectively.

2.3. Cd Determinations in Subcellular Structures and Xylem
Sap. Fresh roots and shoots were used to determine the Cd
contents at the subcellular level by using a method described
by Wu et al. [38]. Fresh samples were ground with a mixed
solution (e.g., sucrose, dithiothreitol, and Tris-HCl buffer
solution) and separated into cell walls, organelles, and solu-
ble parts by different centrifugal forces. Xylem sap was col-
lected based on the method of Lu et al. [14]. Finally, the
method of element determination described in the previous
section was used to determine the Cd contents in the subcel-
lular structures and xylem sap.

2.4. Determination of Cell Wall Components. The cell wall
material of the shoots was separated according to Hu and
Brown [39]. The levels of the different cell wall components
(e.g., ionic soluble pectin (ISP), covalent soluble pectin
(CSP), lignin, cellulose, and hemicellulose) were determined
using the corresponding kits (Suzhou Comin Biotechnology
Co., Ltd, China).

2.5. Determination of ROS, MDA, and Antioxidant Enzymes
in Shoots. A malondialdehyde (MDA) supernatant was
obtained by grinding fresh shoots in 0.1% (w/v) cold trichlo-
roacetic acid and centrifuging at 4°C for 30 min (6,000xg)
[21]. To determine the H,O, and O,™ content and POD,
SOD, and CAT activities, fresh shoots were ground in
0.05M phosphate buffer and were then centrifuged at
12,000g for 10 min at 4°C [23]. Finally, the levels or activities
of MDA, H,0,, O,7, SOD, CAT, and POD in the superna-
tants were measured according to the kit instructions
(Suzhou Comin Biotechnology Co., Ltd, China).

2.6. Determination of N Metabolism Traits in Shoots. The N
concentration in shoots was determined with the Kjeldahl

method. The shoot NO; concentration was determined
spectrophotometrically using the salicylic acid nitration
method according to Xiong et al. [40]. The activities of
NR, GS, and GDH were measured by using a modified
method based on Ma et al. [29] and Zhang et al. [41].

2.7. Bioconcentration Factor (BCF) and Translocation Factor
(TF). The bioconcentration factor (BCF) was defined as the
ratio of the Cd concentration in the roots to the Cd concen-
tration in the soil; the translocation factor (TF) was defined
as the ratio of the Cd concentration in the roots to that in the
shoots. These calculation formulas are based on Mujeeb
et al. [42].

2.8. Statistical Analysis. One-way analysis of variance
(ANOVA) and least significant difference (LSD) were con-
ducted to analyze the differences among treatments. Linear
regression analyses were used to determine the correlations
among variables (P < 0.05 and P < 0.01). Principal compo-
nent analysis (PCA) was used to analyze the relationships
among the B. napus traits and identify a few traits that
explain most of the variance observed in a large of manifest
traits. Statistical analyses were conducted using SPSS ver.
25.0 (SPSS Inc.) and R ver.4.0.2.

3. Results

3.1. Cd Transfer in the Soil-B. napus System. The soil EX-Cd
content reduced by 33.6% and 16.9% after applications of lime
and biochar (Figure 1(a), P < 0.05), respectively, while the pH
increased by 1.58 and 0.77 units, respectively. In addition, the
EX-Ca content increased by 35.8% and 9.0% under the lime
and biochar treatments, respectively (Figure 1(b), P <0.05).
Furthermore, neither lime nor biochar significantly reduced
the total Cd contents in the soil (Figure S2a). The EX-Ca
content and pH were significantly negatively related to the
EX-Cd values (Figure 1(h), P < 0.05).

The Cd accumulation patterns were different for B. napus
under the lime and biochar amendments (Figure 1(d), P <
0.05). For the lime treatment, the root Cd content increased
by 41.5%, and the shoot Cd content decreased by 74.3%.
However, the root and shoot Cd level were reduced by
67.6% and 34.3%, respectively, under the biochar treatment.
The BCF decreased (70.0%) after biochar amendment, but
no significant changes were found for the lime application
(Figure 1(f)). Furthermore, the Cd content in xylem sap
decreased by 71.0% after lime application, but those after bio-
char amendment did not change significantly (Figure 1(c)).
The TF values decreased significantly by 81.0% after lime
application, while that for the biochar treatments increased
by 104.1% (Figure 1(f), P < 0.05). Additionally, the Cd con-
centration was positively correlated with the Ca content
(P <0.05) in both the roots and shoots (Figure 1(g)).

3.2. Subcellular Distribution of Cd and Cell Wall Fractions.
The Cd redistribution in the roots was markedly different
at the subcellular level after the lime and biochar applica-
tions (Figure 1(e), P <0.05). The Cd proportion in the cell
walls increased by 19.4%, while that in the organelle fraction
decreased by 7.18% and that in the soluble fraction did not
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FiGure 1: Cd accumulations and related factors in soil-B. napus system under three treatments. B. napus: Brassica napus L.; EX-Cd:
exchangeable cadmium; EX-Ca: exchangeable calcium; TF: translocation factor; and BCF: bioconcentration factor. Means + SD (n =4).
Different lowercase letters indicate significant differences (P < 0.05) between the three treatments.

change after lime treatment. The Cd proportions in the
soluble and organelle fractions increased by 98.8% and
14.0%, respectively, whereas that in the cell wall fraction
decreased by 31.9% after biochar amendment. However,
the Cd redistributions in the shoots among the three treat-
ments were not significantly different (Figure S2e, P > 0.05).
However, the Cd redistributions in the shoots among the
three treatments were not significantly different (Figure S2e,
P >0.05).

Regarding the cell wall fractions in the shoots, the lig-
nin content reduced by 22.8% and 11.6% after the applica-
tions of lime and biochar, respectively (Figure 2(a)). The
CSP and ISP levels increased by 15.5% and 14.6%, respec-
tively, for the lime treatment, while those for the biochar
amendment increased by 19.7% and 16.8%, respectively
(Figures 2(b) and 2(c), P < 0.05). No significant differences
were found in the hemicellulose and cellulose levels among
all treatments. (Figure S2b-S2¢, P > 0.05). In addition, the
lignin content was positively correlated with the Cd
content in shoots (Figure 3(a), P <0.05).

3.3. The Antioxidant System in the Shoots. For the biochar
treatment, the SOD, CAT, and POD activities increased sig-
nificantly increased by 17.5%, 95.4%, and 26.6%, respectively
(Figures 2(d)-2(f), P < 0.05). However, only the CAT activ-
ity was significantly enhanced (by 51.0%) after lime applica-
tion (Figure 2(e), P < 0.05). In addition, the MDA and H,O,
levels were significantly reduced by both lime and biochar
amendments (by 20.2% and 29.0%, respectively, and by
16.0% and 16.6%, respectively, Figures 2(g) and 2(i), P <
0.05). The O, concentrations were markedly reduced after
the lime application, while no significant changes were
observed after biochar application (Figure 2(h)). Further-
more, the MDA, O,", and H,O, levels were positively corre-
lated with Cd contents (Figures 3(b)-3(d), P < 0.05), but no

correlations were found among the antioxidant enzymes and
the Cd content (Figure S3a-c, P > 0.05).

3.4. N Metabolism in B. napus. The N content in roots
increased significantly after both the lime and biochar appli-
cations, while the increment for the latter was 2.3 times
greater than that of CK (Figure 2(j), P <0.05). The NO;
content decreased by 19.7% and the NR activity improved
by 18.2% in the shoots under biochar application (P < 0.05),
while no significant changes were found for the lime amend-
ment (Figures 2(l) and 2(m), P> 0.05). The GDH activity
improved by 49.3% and 38.0% (Figure 2(n), P < 0.05) after
the applications of lime and biochar, respectively. No signifi-
cant differences in the GS activity were observed among all
treatments (Figure S2d, P >0.05). Furthermore, negative
correlations were found for the Cd content and the N con-
tent in the roots and shoots (Figures 3(e) and 3(f), P<
0.05) and for the Cd content with the GDH activity in
the shoots (Figure 3(g), P < 0.05). In addition, no relation-
ships were found between the Cd content and NO; and
NR (Figure S3d-e, P> 0.05).

3.5. Principal Component Analysis. PCA was used to explore
the patterns of the traits associated with stress alleviation in
B. napus by combining the data across the three treatments
(Figure 4). PCA axis 1 showed strong positive loadings for
root Cd and shoot N but negative loadings for MDA, ROS
(H,O, and O,™), lignin, shoot Ca, Cd TF, and Cd in the
shoot, xylem sap, and root organelle fractions. PCA axis 2
had strong positive loadings for shoot NO,’, root Cd and cell
wall Cd fractions but negative loadings for antioxidant
enzymes (e.g., CAT, POD, and SOD), N metabolism (e.g.,
root N, NR, and GDH), pectin (CSP and ISP), and Cd in
the root soluble fraction. Additionally, the detoxification
traits (e.g., root Ca content and cell wall Cd fractions), which
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lowercase letters indicate significant differences (P < 0.05) between the three treatments.

are shown in the upper right part of Figure 4, are associated
with lime treatment, while different traits (e.g., antioxidant
enzymes and N metabolism), which are shown in the lower
part of Figure 4, are associated with biochar treatment.

4. Discussion

4.1. Effects of Lime and Biochar on Cd Translocation in Soil-
B. napus System. Partially supporting our first hypothesis, we
found that the Cd migration patterns from soil to roots and
from roots to shoots between lime and biochar treatments
were different, whereas the Cd distribution in the shoots
showed similar dynamics. Specifically, the Cd content in
the B. napus roots increased after lime amendment but
decreased after biochar amendment (Figure 1(d)), and these
different root Cd levels resulted in differences in the BCF
(Figure 1(f)). The divergent effects of lime and biochar on
the root Cd content and BCF may result from the influence
of Ca since the root Cd content increased with Ca
(Figure 1(g)). Ca and Cd are both divalent cations and share
many transporters, transport channels, and binding sites
[43]. Lu et al. [14] demonstrated that Cd could enter plant
guard cells through Ca channels and synergistic interac-
tions and thus accelerate Cd accumulation in plants.
Therefore, although the soil Cd was immobilized after lime
application (Figure 1(a)), large amounts of Ca may entice
the transport channel to promote Cd absorption by the
roots. Moreover, biochar application reduced the root Cd
content (Figure 1(d)). Numerous studies demonstrated that
the application of biochar to soil significantly decreased the
phytoavailability of Cd and its uptake by B. napus [4, 44,
45]. These results may be attributed to the increased soil
pH and formation of an organic matter Cd fraction that pre-
vented Cd uptake by the roots [8, 46].

The patterns of subcellular localization (e.g., cell wall,
organelles, and soluble fraction) can help determine Cd
accumulation, translocation, and detoxification mechanisms
in plants [17]. First, the cell wall Cd fractions in the roots

increased significantly after lime application, but not after
biochar amendment (Figure 1(e)). Recent studies have indi-
cated that the cell wall is the most important defense mech-
anism because of the negative charges present on it (ie.,
-COO, -OH, and -SH), which can bind Cd [17-19]. Ca™,
an essential component that is cross-linked with negatively
charged -COO’, contributes to the cell wall structure and
extensibility [13]. Cd*" can replace Ca®* because of its stron-
ger ion binding and replacement capabilities [19]. Therefore,
a larger Ca®" uptake by roots after lime application may
stimulate the cell wall to produce more -COO", which then
promotes the fixation of more Cd** [19]. In addition, the
Cd content in the xylem sap was significantly reduced after
lime application, but not after biochar amendment, indicat-
ing that the amount of Cd that migrated from the under-
ground to aboveground plant parts was greatly reduced.
These differences in root Cd content, cell wall Cd fractions
in the roots, and Cd contents in the xylem sap further result
in a lower TF in lime treatment but a higher one in the
biochar treatment. Second, the soluble Cd fraction in the
roots was not significantly altered after lime amendment
but increased by biochar application (Figure 1(e)), which is
consistent with the results of Li et al. [16]. The mobility of
the soluble fraction of Cd is stronger than those of the cell
wall and organelle components [17, 38]. The increased solu-
ble Cd fraction could further enhance Cd translocation from
roots to shoots and then lead to a higher TF level after bio-
char amendment (Figure 1(f)) [16].

The cell wall Cd fractions in the shoots were not signifi-
cantly changed (Figure S2e), while some of the cell wall
components for the shoots were significantly altered and
showed similar changes after lime and biochar amendments
(Figures 2(a)-2(c)). We found that the lignin amounts in
the shoots decreased significantly and were positively
correlated with the Cd contents (Figure 3(a), P <0.05),
which was consistent with other studies [47, 48]. Moura
et al. [49] indicated that lignin deposition may result from
Cd stress in plant cells. Furthermore, the lignification of cell
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walls can also inhibit plant growth [18]. Therefore, the lignin
content decreased in shoots indicated that applications of
lime and biochar reduced Cd stress on shoot cells.
Moreover, the pectin (e.g., CSP and ISP) levels increased
after the lime and biochar applications, which indicated the
alleviation of Cd toxicity to shoot cells [38].

4.2. Responses of the Antioxidant System of B. napus after
Lime and Biochar Applications. ROS (O, and H,0,) and
MDA accumulate in plant cells under Cd stress, which can
result in organelle damage [21]. This study found that the
ROS and MDA levels decreased after both lime and biochar
applications (Figures 2(g)-2(i)), which was consistent with
the studies of Kamran et al. [45] and Huang et al. [24]. Addi-
tionally, the ROS and MDA levels in the shoots exhibited a
positive relationship with the Cd content (Figures 3(b)-
3(d)). These results implied that the decreased Cd contents
in the shoots after lime and biochar applications could
directly alleviate oxidative stress [24, 45]. Furthermore, the
antioxidant system is an important defense mechanism for
plants to cope with Cd stress. For example, SOD can convert
0, to H,0,, and CAT and POD can degrade H,O, to H,0,
thus reducing the MDA content in cells [21, 47]. Supporting
our second hypothesis, biochar amendment had relatively
greater impacts on antioxidant enzyme activities. Specifically,
the SOD, CAT, and POD activities were enhanced signifi-
cantly after biochar application, while only the CAT activity
improved after lime application (Figures 2(d)-2(f)). Previous
studies found that biochar treatment could upregulate path-
ways and genes associated with plant defense, thereby
enhancing enzyme activities [50, 51]. Numerous studies also
proved that biochar application improved the activities of
SOD, CAT, and POD and reduced the MDA and ROS con-
tents, which decreased oxidative stress [15, 22, 23, 45]. There-

fore, compared with lime application, biochar amendment
tends to exert stronger effects on antioxidant enzymes to
avoid oxidative damage.

4.3. N Metabolism Responses in B. napus after Lime and
Biochar Applications. B. napus production is often N-
limited because of the low N use efficiency [34]. In the pres-
ent study, the N content increased in both roots and shoots
under lime and biochar applications (Figures 2(j) and 2(k)).
Other studies have also found that the applications of lime
and biochar increased the N contents in crops [30-32, 51].
Additionally, the N content was negatively correlated with
the Cd content in both roots and shoots (Figures 3(e) and
3(f)), implying that decreased Cd contents may improve
the N uptake of B. napus. NO; and N metabolic enzymes
(such as NR, GS, and GDH) are important limiting factors
for the N metabolism process in plants [28, 29, 52]. Yang
et al. [27] found that the plant N content and metabolic
enzyme activities decreased under Cd stress. Our study
found that the NO;™ content decreased and the NR activity
was improved in the shoots after biochar application, while
no significant changes were observed after lime amendment
(Figures 2(1) and 2(m)), supporting our third hypothesis.
This result implied that biochar application accelerated the
process of N assimilation, i.e., incentivized NR activity to
improve the conversion of NO;™ to NO,-. Some studies also
found that biochar application improved the activities of
metabolic enzymes (e.g., NR and GDH) in crops [31, 53].
Therefore, in comparison with lime application, biochar
amendment was not only an efficient way to reduce Cd
stress but was also an appropriate method to enhance N
use efficiency for N-limited crops.

The PCA results showed that higher Cd levels increased
oxidative stress since the higher ROS and lignin contents in
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shoots were accompanied by higher Cd levels (Figure 4(a)).
Additionally, the PCA results further confirmed the different
mechanisms that alleviate Cd stress in B. napus after lime
and biochar applications. First, the root Ca level was nega-
tively correlated with the Cd TF and Cd level in the shoots
and xylem sap, which further demonstrated that an increase
in root Ca could prevent Cd translocation to reduce shoot
damage after lime application. Additionally, the antioxidant
enzymes (e.g., SOD, CAT, and POD) and N metabolism
(e.g., root N content, NO;’, NR, and GDH activity) on the
lower sides were associated with biochar treatments, and
the N metabolism traits were closely related to the antioxi-
dant enzyme activities, which indicated that higher N
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metabolism might facilitate antioxidant enzyme synthesis
to enhance Cd tolerance after biochar application. Yao et.al
[25] reported that supplemental N increased activity of anti-
oxidant enzymes (POD, SOD, and CAT) and reduced the
ROS content. Additionally, the N deficiency reduced the
antioxidant enzyme activities in plants [26].

5. Conclusion

B. napus growth in southern China is usually restricted by
Cd stress and low N use efficiency. Large amounts of soil
Ca promoted the uptake of Cd by the roots but blocked Cd
on the cell wall and reduced Cd translocation from roots
to shoots after lime application. In addition, lime amend-
ment also enhanced CAT activity to Cd stress in the shoot.
In contrast, biochar application immobilized soil Cd to
decrease the uptake of Cd by B. napus. Biochar application
also improved SOD, CAT, and POD activities to alleviate
oxidative stress. Furthermore, the N metabolic processes
were accelerated only after biochar application. Therefore,
lime is more efficient in reducing the migration of Cd from
belowground to crops and improving Cd tolerance, while
biochar tends to facilitate N metabolism and antioxidant
capacity. These studies will provide significant information
for the appropriate selection of remediation approaches.
These findings will improve information for the remediation
mechanism of soil amendments in agricultural ecosystems
and provide strategies for selecting appropriate amendments
that both decrease Cd accumulation and enhance resistance
in crops.
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