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Abstract

We explored the effect of the presence or absence of humic acid (HA) on the sorption behaviour of Sr onto soil. We
examined three different experimental cases for Sr sorption: (1) sorption in the presence of only colloidal HA, (2)
sorption in the presence of only soil and (3) sorption in the presence of both colloidal HA and soil (HS). A batch
technique was used to study the influencing factors, including the amount of colloidal HA, solid content, pH, initial
concentration of Sr and contact time. The experiments showed that the influencing factors significantly affected the
sorption process. For example, in the case of soil and HS, the sorption percentage increased rapidly with increasing solid
content at m/V <20 g/L, changing from 8.35% and 37.54% to 49.09% and 77.03%, respectively. Moreover, scanning
electron microscopy and Fourier transform infrared spectroscopy were used to characterize samples. The kinetics and
isotherms of Sr were best described by the pseudo-second-order and Langmuir models, which indicated that the process
was controlled by chemisorption and uniform monolayer sorption with constant energy on the outer surface. These

findings provide valuable information for predicting strontium migration in radioactive waste disposal sites.
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Introduction

With the rapid development of the nuclear industry, nuclear
waste disposal and re-pollution issues are becoming a great
concern. Geological disposal is the most effective and safe
way to dispose of radioactive waste (He et al. 2016). Buried
radioactive waste can enter the human environment through
geological activities, bioaccumulation and groundwater
movement. The Beishan site in Gansu Province in northwest-
ern China is the most likely potential site for a high-level
radioactive waste (HLW) repository in China (Wang et al.
2015). The crust in this area possesses a blocky structure,
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and the surrounding rocks include metamorphic and sedimen-
tary rocks with Quaternary cover (Zhao et al. 2016).

The *°Sr radionuclide is a typical component of radio-
active waste and an important fission product of nuclear
weapon testing and reactors (Qi et al. 2015); furthermore,
this isotope is recognized as a high-risk radionuclide by
the International Atomic Energy Agency (IAEA, 2003).
%OSr has a high mobility in soil/water environment, high
heat-generating properties (Ma et al. 2017) and a half-life
of 28.8 years. In addition, the chemical properties of Sr
are similar to those of Ca, Mg and Ba, and the ability of
the human body to distinguish between Sr(II) and Ca(II)
is poor. Sr(Il) can easily replace Ca(Il) and accumulate in
the human body, resulting in osteosarcoma, leukaemia and
other diseases (Wang et al. 2009). Concerning geochemi-
cal behaviour, however, Ba still has a much lower impact
on Sr than Ca and Mg because of the high abundance of
the latter two cations in natural soils/rocks (Gil-Garcia
et al. 2008, 2011). In our study, the Ba content in the soil
was lower than the detection limit and was not taken into
account in the experimental analysis. Due to the
continuous harm caused by Sr to the environment and
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human health, it is of great significance to use Sr as a
representative radionuclide to study the migration of
radionuclides into the groundwater environment. Sureda
et al. (2010) have performed important research on Sr as
a high-level nuclear waste disposal target.

Sorption using solid adsorbents is the preferred method for
removing contaminants because it is inexpensive, efficient
and convenient (Wang et al. 2009; Kacan and Kiitahyal
2012). Numerous studies have been performed to remove Sr
from aqueous solutions, and several adsorbents have been
proposed, such as illite (Missana et al. 2008; Wissocq et al.
2017a; Montoya et al. 2018), attapulgite (Kaygun et al. 2017),
natural clayey sandstone (Wissocq et al. 2017b), kaolinite
(Basgetin and Atun 2006), montmorillonite (Yu et al. 2015),
bentonite colloids (Albarran et al. 2011), Na-rectorite(Zhao
etal. 2014) and soil (Schulz et al. 2019); these materials might
play an important role in the removal of Sr. However, the
sorption of Sr remains highly controversial. Previous studies
have confirmed that the contact time, initial concentration of
Sr, colloid amount, solid content and pH have an important
impact on the results (Rani and Sasidhar 2012; Qi et al. 2015;
Shi et al. 2009; He et al. 2016; Nandi et al. 2009; Yu et al.
2015; Zhao et al. 2014; Liu et al. 2015).

The natural colloids in groundwater include inorganic
and organic colloids. The most commonly studied col-
loids include iron oxides and hydroxides (Feng et al.
2013), silica (Saleh et al. 2018; Singer et al. 2014) and
humic acid (HA). HA is a major component of naturally
occurring organic matter (OM) and is a product of the
decomposition of soil OM, which is found extensively
in groundwater and soil (Hanudin et al. 2014; Tan et al.
2017). HA has many surface functional groups in its
structure (e.g. carboxyl and hydroxyl groups) that act as
major coordination sites for clay minerals and metal/
radionuclide ions (Zhang et al. 2016). Previous studies
have demonstrated that the presence of HA significantly
impacts the sorption of nuclides. Yu et al. (2015) and
Zhao et al. (2014) showed that HA colloids could
strengthen the sorption of Sr onto adsorbents at low pH
(less than 7 and 8, respectively); the opposite effect was
observed at high pH (greater than 7 and 8.5, respectively).
Hence, studying the interaction between HA and soil is
significant for simulating the chemical behaviour of soil
in the natural environment.

The effect of the presence or absence of HA on Sr sorption
onto soil was studied by static batch experiments that explored
the impact of various factors (HA colloid amount, solid con-
tent, pH, initial concentration of Sr and contact time) on sorp-
tion. The sorption mechanism, sorption kinetics and isotherms
of Sr on HA and soil were examined. This work provides the
necessary research basis for field selection, pollution control
and environmental management of HLW geological disposal
in China.
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Materials and methods
Materials and instruments

Reagent sources HA was purchased from Sinopharm Group
Chemical Reagent Co., Ltd., China. Strontium nitrate was
obtained from Tianjin Guangfu Fine Chemical Research
Institute, China. Hydrochloric acid and sodium hydroxide
were purchased from Beijing Beihua Fine Chemicals Co.,
Ltd., China. All chemicals used in this study were analytically
pure.

Soil Representative soil samples were collected from the sur-
face (0-10 cm), consisting of weathered particles, of the
Mazongshan Reservoir at the Beishan site. The sampling lo-
cation is 41° 49’ 17" N and 97° 00" 50" E. The samples were
air-dried and cooled to room temperature (25 °C). A portion of
each sample was sealed in a bag for physicochemical property
testing; the other part was crushed in a mortar and passed
through a 1.5-mm sieve.

Stock solution of HA HA was dissolved in 0.5-mol/L sodi-
um hydroxide and then filtered through a 0.45-um mem-
brane filter. The filtrate was supplemented with 6-mol/L
hydrochloric acid, and the pH was adjusted to less than
1.5, at which time the colloid precipitated. The sample
was centrifuged at ~400 rpm (38.459g) for 30 min, and
the supernatant was removed. The sample was washed
with DI water, centrifuged again for 10 min to remove
the supernatant, dried, and refrigerated at —4 °C. A stock
colloid of HA (100 mg/L) was formed by adding 0.5-
mol/L sodium hydroxide to dissolve the HA solid, and
hydrochloric acid was used to adjust the pH to 8. The
HA concentration was measured at a wavelength of
350 nm by a spectrophotometer, and the theoretical con-
centration was approximately 100 mg/L.

Stock solutions of Sr** Stock solutions of Sr (500 mg/L and
1000 mg/L) were prepared by dissolving Sr(NOj), in DI water
in a 1000-mL volumetric flask.

Instruments The concentration of the desired stock solu-
tion and the concentration of Sr** in the aqueous solution
were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Spectro Arcos Eop,
Spectro Analytical Instruments GmbH, USA). Scanning
electron microscopy (SEM) (S-4800/EX-350, Hitachi,
China) was used to examine the morphologies of HA, soil
and HA + soil (HS). The changes in the functional groups
before and after mixing soil and HA were characterized
using Fourier transform infrared (FTIR) spectroscopy
(NEXUS 670, Thermo Fisher Scientific, USA) (KBr pow-
der method). The resolution was set at 4 cmfl, and each
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spectrum was the average of 32 scans. A spectrophotom-
eter (GBM, Australia) was used to detect the concentra-
tion of HA. The contents of P and Sr in the samples were
determined by ICP-AES. Inductively coupled plasma
mass spectrometry (ICP-MS) (NexION 300X,
PerkinElmer Inc., USA) was used for the determination
of Al, Ca, Cu, Fe, K, Mg and Na, and a pH meter (FE20,
Mettler Toledo, China) was used to determine the pH
value.

Methods

Experimental design To investigate the sorption effect of Sr
onto soil in the presence or absence of HA, the experiment
was divided into three systems: soil, HA and HS.

Batch sorption experiments Batch sorption tests of Sr onto
soil, HA and HS were carried out in sealed 250-mL
Erlenmeyer flasks at 25 °C using a thermostatic oscillator
(200 rpm) for 24 h. Then, a 10-KDa ultrafiltration membrane
was used for filtration, and the concentration of Sr in the
filtrate was measured by ICP-AES. Under different experi-
mental conditions, only the influencing parameters were
changed, and the other experimental parameters remained
constant. The following experiments only describe the HS
case; the HA and soil cases were similar. The specific exper-
imental settings are shown in Table 1:

1. Contact time: A total of 20-mL Sr** stock solution,
100-mL HA and an appropriate amount of DI water
were mixed to reach a constant volume (i.e. 1000 mL,
Sr concentration =10 mg/L); then, 20-g soil was
added, and the solution was shaken well. The sample
was transferred to 1000-mL Erlenmeyer flasks for os-
cillation times of 10, 20, 60, 120, 300, 600, 1440,
2880 and 4320 min.

2. Initial concentration of Sr: To each of seven 100-mL
volumetric flasks was added 10 mL of HA, and then
appropriate amounts of Sr** stock solution and DI

Table 1 Experimental conditions

water were added to reach a constant volume (i.e.
100 mL) to achieve target initial concentrations of 1,
5, 10, 50, 100, 200 and 500 mg/L. After shaking, the
samples were placed in 250-mL Erlenmeyer flasks
containing 2-g soil.

3. HA colloid amounts: Volumes of 10, 50 and 100 mL
of HA were separately added to 100-mL volumetric
flasks. Then, 2 mL of Sr?* stock solution, 2 g of soil
and an appropriate amount of DI water were added to
reach a constant volume (when the colloid amount
was 100 mL, the sorption solution volume was
100 mL by default).

4. Solid contents: Six flasks of 100-mL capacity were added
with 2-mL Sr** stock solution and 10-mL HA. Then,
appropriate amounts of soil and DI water were added to
reach a constant volume (i.e. 100 mL) to achieve target
solid-liquid ratios of 1, 2, 5, 10, 20 and 100 g/L (the Sr**
concentration was 10 mg/L).

5. pH: A total of 20-mL Sr** stock solution, 100-mL HA and
an appropriate amount of DI water were added to reach a
constant volume (i.e. 1000 mL, Sr concentration = 10 mg/
L). Then, 100-mL aliquots were transferred to beakers,
and the pH values of the solutions were carefully adjusted
to3,4,5,6,7,8,9 and 10 using either 0.1-M HCl or 0.1-
M NaOH. After shaking, the samples from the beakers
were transferred to 250-mL Erlenmeyer flasks containing
2-g soil.

Sorption kinetics To study the sorption kinetics of Sr on
soil, HA and HS at different reaction times (10, 20, 60,
120, 300, 600, 1440, 2880 and 4320 min), pseudo-first-
order and pseudo-second-order kinetic models were inves-
tigated to identify the model that best fit the experimental
data.

The pseudo-first-order model assumes that the variation in
solute sorption with time is proportional to the saturation con-
centration and that the amount of solid sorption is proportional

Variable Conditions

Contact time (min)

Initial concentration

HA colloid amounts Solid contents pH

of Sr (mg/L) (mL) (g/L)
Contact time (min) 10, 20, 60, 120, 300, 600, 10 10 20 7
1440, 2880, 4320
Initial concentration of Sr 1440 1, 5,10, 50, 100, 10 20 7
(mg/L) 200, 500
HA colloid amounts (mL) 1440 10 10, 50, 100 20 7
Solid contents (g/L) 1440 10 10 1,5,10,20,100 7
pH 1440 10 10 20 3,4,5,6,7,8,9,10
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to the time. The pseudo-first-order model can be represented
as follows (Lagergren 1898):

In(q,—q,) = Inq,—kit (1)

The pseudo-second-order model can be expressed as fol-
lows (Weber and Morris 1963):

t/q,=1/(k2q3) +t/q, (2)
h= kg3 (3)

where k; (minfl) and k, (g/(mg min)) are the sorption rate
constants, which can reflect the speed of sorption, and a higher
sorption rate constant indicates a faster sorption reaction; g,
q» and ¢, represent the amounts (mg/g) of Sr adsorbed at the
initial time, equilibrium and time ¢, respectively; and /4 is the
initial sorption rate (mg/(g min)).

The sorption amount and sorption percentage were used to
indicate the sorption capacity of the adsorbent and are
expressed by the following equations:

4, = (Co=Ci) X V/m (4)
Y(%) = (Co—Cy)/Co x 100% (5)

where Cj is the initial liquid-phase Sr concentration (mg/L), C;
is the concentration of Sr (mg/L) at time ¢, Vis the total volume
of the solution (L), m is the mass of the adsorbent (g) and Yis
the sorption percentage of Sr.

Sorption isotherms Sorption isotherms of Sr on soil, HA and
HS for different concentrations of Sr (1, 5, 10, 100, 200 and
500 mg/L) at a contact time of 1440 min were prepared, and
the Langmuir and Freundlich models were used to determine
the best model to describe the experimental data.

The Langmuir model assumes that the adsorbates undergo
chemisorption and monolayer sorption on the surface on a
finite number of sites. There is no interaction between the
adsorbed molecules, and the model can predict the maximum
sorption capacity (Nandi et al. 2009). The equations are as
follows:

Ry = 1/(1+ krqy) (7)

where ¢, ¢. and g, are the initial mass concentration, equi-
librium sorption capacity and calculated maximum sorption
capacity (mg/g) of Sr, respectively; & is the sorption equilib-
rium constant; C, is the equilibrium concentration of Sr in the
solution (mg/L) and Ry is the equilibrium parameter, which
can be used to predict the affinity between the adsorbents and
adsorbates (Borah et al. 2009) (R; = 0 indicates an irreversible
isotherm, O < Ry < 1 indicates a favourable isotherm and Ry =
1 indicates an unfavourable isotherm).

@ Springer

The Freundlich isotherm model is an exponential equation
suitable for sorption on heterogeneous surfaces that adsorb via
intermolecular interactions and is not limited to monolayer
formation. The model assumes that the concentration of the
adsorbate material on the adsorbent surface increases as the
concentration of the adsorbent increases and the energy of the
sorption center of the adsorbent exponentially declines. The
equation is expressed as follows:

Eq (8) can be expressed in linear form:
log(g,) = logk r + nlog(C,) 9)

where ¢, is the equilibrium sorption capacity (mg/g) of Sr; C,
is the equilibrium concentration of Sr in the solution (mg/L);
ke (mol' ™ L"/g) represents the reaction capacity when the
equilibrium concentration of metal ions is equal to 1 and n
represents the dependence degree of sorption on equilibrium
concentration (Yang et al. 2009; Nandi et al. 2009). Excel
2016 (Microsoft Corporation, USA) was used for linear fitting
of the kinetic and isotherm data.

Results and discussion
Characterization
Physicochemical properties of the samples

The OM content and cationic exchange capacity (CEC) were
determined by potassium dichromate oxidation spectropho-
tometry (HJ615-2011, China) and the barium chloride buffer
solution method (SL 237-068-1999, China), respectively. The
results are shown in Table 2. As shown in Table 2, Al and Fe
have relatively high elemental contents. This result indicates
that the possible colloid components in the soil are Al/Fe
oxides, hydroxides, organic colloids and organic-inorganic
compound colloids bridged by the bivalent or trivalent ions
of Al, Fe and organic colloids the three elements. These col-
loids may act as important components of the sorption of Sr
(Lietal. 2017; Wallace et al. 2012). However, the presence of
Ca and Mg competes with the sorption of Sr. The soil was
slightly acidic, with a low CEC and OM content.

SEM measurements

The surface structures of soil, HA and HS are shown in Fig. 1.
The SEM images in Fig. 1 a and d show that HA had a three-
dimensional core-shell shape with a smooth surface and a
sharp edge (Hui et al. 2009). The particle size was approxi-
mately 5 um. Fig. 1 b and e show that the soil had an uneven
size and rough surface. Fig. 1 ¢ and f show that the HA colloid
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Table 2  Elemental composition (mg/g), pH, CEC, and OM content of the samples

Al Ca Cu Fe K Mg P Sr pH CEC (cmol/kg) OM (%)
58.804 37.125 0.028 24.203 24.789 9.135 21.745 0.818 0.194 6.750 3.690 0.590

adhered to the surface of the soil, increasing its surface rough-
ness. This adhesion expanded the layer space and the sorption
surface area, which played an important role in explaining the
sorption of Sr.

FTIR measurements

To explore the characteristics of the functional groups of the
HA colloids and natural soil, FTIR spectra were measured in
the range of 4000400 cm ' (Fig. 2). The HA band at 2922—
3055 cm ! is attributed to aliphatic C—H and O-H stretching
(Radwan et al. 2015; Hui et al. 2009). The band at 1704 cm ™
is attributed to the C=0 stretching of carboxyl groups, and the
shoulder at 1600 cm ™' is attributed to the C=C stretching of
aromatic groups; both are characteristic of HA (Hui et al.
2009). The peak at 1418 cm ™" is attributed to the O—H bending
vibration of carboxylic acids and the stretching vibration of
phenols. The C—O stretching vibration and O—H deformation
vibration of carboxylic acid functional groups is observed at
1241 cm ™.

The broad peak of soil at 3426 cm ™' is attributed to the
stretching vibration of O—H, indicating the presence of alco-
hols and phenols in soil (Luo et al. 2017). The aliphatic C-H
stretching vibration was found at 2917 cm™'(Yang et al.

b A

k G ' ;\
£0.0kV 855mm 220k SE

10.0kV 8.8mmx6.00k SE(M)

2009). Additionally, the peak at 1629 cm™' represents the
stretching of conjugated carbonyls in soil, mainly from ke-
tones and esters. The broad peak at 1440 cm ' is caused by
calcite. The strong peak appearing at 1030 cm ' is attributed
to tetrahedral Si—O-Si (Yu et al. 2015). The bands at 796 and
873 cm™ ' are attributed to symmetric vibrations of Si-O-Si
(Shi et al. 2009). Moreover, the bands at 520 and 468 cm!
correspond to AI-O—Si and Si—O-Si bending vibrations. Both
HA and soil contained O-H and C=0 functional groups,
which are important for binding Sr (Helal et al. 1998; Deng
and Tam 2016; Li et al. 2017).

The FTIR curve of HS was very similar to that of soil,
except that the transmittances of the same functional groups
were significantly lower at 469, 796, 1030 and 1440 cm ', and
we confirmed that both materials contained the same function-
al groups.

Sorption kinetics and isotherms
Sorption kinetics
Figure 3 shows the sorption percentages and pseudo-second-

order fittings of soil, HA and HS (HA =10 mL, pH=7, Cy=
10 mg/L, m/V=20:1 g/L). The sorption percentages of soil

L Smmx2.50k
E(M)

Fig.1 a—c SEM micrographs of soil, HA and HS particles at low magnification; the scale bars are 20 um. d—f SEM micrographs at higher magnification;

the scale bars are 5 pm
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Fig. 2 FTIR spectra of HA, soil and HS

and HS increased rapidly within 10 h and then became con-
stant at 33.33% and 69.20%, respectively. This rapid reaction
within 10 h was mainly dominated by chemisorption of Sr on
the particle surface rather than physical sorption (Xiao et al.
2013; Yu et al. 2015). In contrast, the sorption percentage of
HA significantly increased in the first 24 h, but 78.26% of the
Sr remained in solution. The sorption times required for the
three cases were different because Sr, HA and soil combined
to form a complex that promoted the completion of the reac-
tion. As the number of exchangeable sites was constant, sorp-
tion did not increase when the substrate had been saturated
(Schulz et al. 2019; Rani and Sasidhar 2012).

Similar experimental results have been reported for modi-
fied graphene materials (Qi et al. 2015), Na-
montmorillonite(Yu et al. 2015) and Na-rectorite(Nandi et al.
2009), with equilibration times of 6, 12 and 24 h, respectively.
As the sorption properties (composition, structure, etc.) of the

@ Springer

adsorbent materials used in this experiment are different from
those of the abovementioned materials, the required equilibri-
um times are different.

To analyse the sorption rate of Sr on soil, HA and HS,
pseudo-first-order and pseudo-second-order kinetic equations
were used to fit the data. Table 3 shows the relevant parame-
ters of the two models. By comparing the correlation coeffi-
cients Rz, it can be seen that the pseudo-first-order correlation
coefficients were between 0.919 and 0.994 and the pseudo-
second-order correlation coefficients were between 0.991 and
1.000. This result indicated that the three cases were more
consistent with the pseudo-second-order model. The pseudo-
second-order model fitting results are shown in Fig. 3. The #/g,
and ¢ curves were straight lines with a slope of 1/g, and an
intercept of 1/k, - ¢>. The calculated ¢, values were very close
to the experimental values of ¢, indicating that the process
was controlled by chemisorption (Nandi et al. 2009). Similar
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results have been previously reported (Qi et al. 2015; Yu et al.
2015; Zhang et al. 2016; Fan et al. 2008).

Sorption isotherms

Figure 4(a) shows the sorption percentages of Sr onto soil, HA
and HS (colloid amount =10 mL, contact time = 1440 min,
pH=7, m/V=20:1 g/L); the trends increase first and then
stabilize. The amount of removed Sr increased as the concen-
tration of Sr increased to 200 mg/L. However, the Sr sorption
percentage decreased as the Sr concentration increased and
then remained constant. With increasing concentration from
1 to 500 mg/L, the sorption amount by HA, soil and HS
increased from 5.59, 19.70 and 9.86 (10 2 mg), respectively,
to 78.93, 357.22 and 539.62 (10_2 mg), and the sorption

percentage decreased from 86.90%, 46.57% and 87.29% to
1.60%, 6.71% and 10.32%. More Sr was adsorbed by HS,
indicating that in the presence of HA, the sorption of high
concentrations (>200 mg/L) of Sr on soil could increase.
The sorption saturation concentration of the adsorbent was
200 mg/L.

As the initial concentration of Sr increased, the probability
of collisions between Sr and the adsorbent surface increased
gradually (Ma et al. 2011), and the amount adsorbed by the
adsorbent increased until Sr was bound to all sorption sites.
The sorption percentage decreased as the concentration in-
creased, which can be explained by the increasingly fierce
sorption competition between Sr and different cations. As
the initial concentration increased, the active sites with higher
binding energies could fully exert their functions;

Table 3  Relevant parameters of two kinetic models of Sr(II) (10 mg/L) sorption onto soil (2 g), HA (10 mL) and HS (2-g soil + 10-mL HA)
Samples Pseudo-first-order Pseudo-second-order

R ¢ (mg/g) Ky (min ™) qe (ng/g) R’ 4> (mg/g) k> (g/mg min) h (mg/g min)
Soil 0.919 0.176 0.001 0.328 0.991 0.322 0.022 0.003
HA 0.940 0.052 0.001 0.223 1.000 0.231 0.182 0.010
HS 0.994 0.840 0.005 0.739 1.000 0.745 0.071 0.039
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Fig.4 a Effect of the initial concentration of Sr on the sorption percentage and sorption capacity. b and ¢ Langmuir and Freundlich models, respectively,
for the sorption of Sr on soil, HA and HS. Colloid amount = 10 mL, contact time = 1440 min, pH="7, m/V=20:1 g/L

simultaneously, the binding sites with lower energies gradual-
ly participated in sorption. When the initial concentration was
more than 200 mg/L, the competitive sorption between Sr
atoms was aggravated, and all the available active sites in
the solution were fully utilized. Furthermore, the increasing
tendency of Sr removal slowed, the sorption percentage
remained almost constant and equilibrium was reached (Ali
et al. 2016).

To explore the governing sorption isotherm properties,
Langmuir and Freundlich models were used to determine
the best model to describe the experimental data. The
relevant parameters of the two models are listed in
Table 4. Figure 4 b and ¢ show that the Langmuir model
fits the experimental data better than the Freundlich mod-
el. The C./g. and C, curves are straight lines with a slope
of 1/¢, and an intercept of 1/(k - gm). The R? values are
0.994, 0.990 and 0.986, and the maximum sorption capac-
ities are 4.953, 0.816 and 5.879 mg/g, respectively. The
maximum sorption ¢, derived from the Langmuir model
was close to the experimental gg. It could be speculated
that the sorption of Sr on the adsorbents occurred on the
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outer surface, providing monolayer sorption with a con-
stant energy and uniform structure. Furthermore, the
values of Ry ranged from O to 1, which indicated that
favourable sorption was achieved for all three cases. The
characteristics of the sorption isotherms in this study were
consistent with those in previous reports (Fan et al. 2008;
Kiitahyali et al. 2012). In contrast, Yu et al. (2015) found
that the sorption of Sr on Na-montmorillonite was better
described by the Freundlich model. Luo et al. (2017) re-
vealed that the sorption of V on natural soil was better
described by the Freundlich model. These results may
be related to the type of adsorbent and element, as well
as the sorption conditions (Rani and Sasidhar 2012).

Effect of HA on the sorption of Sr

The effect of HA colloid amount (10, 50 and 100 mL) on the
sorption of Sr with an initial concentration of 10 mg/L is
shown in Fig. 5. In the case of HA, the sorption percentage
increased as the amount of HA increased. In the case of soil,
only 33.33% sorption was observed. When the colloid amount
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Table 4 Relevant parameters of ] -

isotherm models of Sr(II) sorption Samples  Langmuir Freundlich

onto soil (2 g), HA (10 mL), and 3 3

HS (2-g soil +10-mL HA) Ry gm (mg/g)  gp(mg/g) kL (Umg) R R ke (mg/g)  n

(sorption solution volume

100 mL) Soil 0994 4953 3.572 0.020 0.086~0.922 0965  0.132 0.599
HA 0990 0.816 0.753 0.046 0.042~0.971  0.890  0.085 0.393
HS 0986  5.879 5.400 0.026 0.069~0.971 0955  0.256 0.564

was increased to 50 mL, the sorption percentage of HS was
relatively high (76.53%). However, when the colloid amount
was increased from 50 to 100 mL, the sorption percentage
remained essentially constant (50 mL was considered the op-
timal amount for sorption). The colloid amount did not affect
the equilibrium time, which might be because the sorption
equilibrium time of each system was constant under certain
conditions (temperature, solid-liquid ratio and initial
concentration).

The sorption percentage reached a maximum value of ap-
proximately 80% when the amount of HA was 50 mL, as Sr**
was in full contact with the effective sorption sites of HS.
However, as the amount of HA increased, more soluble
Sr**-HA complexes formed, which led to a decrease in Sr**
sorption (Yoon et al. 1994). Therefore, 50 mL was considered
the optimal addition amount and the amount of HA-soil hy-
brids reached the maximum. In this case, the effective sorption
sites were considered to be fully utilized to achieve complete
sorption.

Effect of solid content on the sorption of Sr

Figure 6 shows the sorption of Sr on soil and HS as a function
of the solid-liquid ratio (1:1, 5:1, 10:1, 20:1 and 100:1 g/L).
The sorption trends of soil and HS were similar with different
solid contents. In the case of soil and HS, the sorption percent-
age increased rapidly with increasing solid content at m/V <
20 g/L, and the sorption percentage increased from 8.35% and
37.54% to 49.09% and 77.03%, respectively. For m/V>20 g/
L, the sorption percentage remained essentially constant. The
values below the line segments represent the slopes and indi-
cate that the growth rate was the highest when m/V increased
from 1:1 to 5:1 and close to zero when m/V increased from
20:1 to 100:1. Therefore, a solid content of 20:1 was optimum
for sorption. Fan et al. (2009) and Murali and Mathur (2002)
studied the sorption of Ni(Il) on Na-attapulgite and the sorp-
tion of Sr on bentonite and granite, respectively. Both groups
found that sorption increased with solid content and eventual-
ly became constant.

Fig. 5 Effect of the amount of —— soil HA 10 mL+soil
Eﬁe‘f‘}gfoi“mfgf‘l;g‘;“;?%o ) 100 - HA 50 mL+soil HA 100 mL+soil
10 mg/L, m/V=20:1 g/L --+-- HA10mL --%-- HA 50 mL
600min, 79.27 %
80

40

Sorption percentage (%)

600min, 33.33 %

600min, 76.53 %

60 | 600min, 70.20 %

1440min, 33.47 %

—e

------ S
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Fig. 6 Effect of solid content in
the case of soil and HS. Colloid

—@— soil HS
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Due to the large contact area and availability of active
sorption sites, the sorption of Sr increased with increasing
soil content. When the solid content was greater than
20 g/L, the sorption percentage no longer increased,
which might be due to the following: (1) a large amount
of adsorbent effectively reduced the number of unsaturat-
ed sorption sites and decreased the sorption capacity and
(2) a higher solid content led to particle aggregation, caus-
ing a decrease in the total surface area and increasing the
diffusion path length, which contributed to the decrease in
the sorption capacity of Sr on soil and HS (Bhattacharyya

Fig. 7 Effect of pH on the
sorption of Sr. Colloid amount =
10 mL, contact time = 1440 min,
Co=10 mg/L, m/V=20:1 g/L.

80 r

(o)
o

- ’
’

I
(e

Sorption percentage (%)

and Gupta 2008). Therefore, a solid content of 20 g/L was
considered to reach saturation. According to Fig. 6, when
sorption reached equilibrium, sorption by soil accounted
for 2/3 of the sorption percentage of HS, suggesting that
soil was the dominant force for the sorption of Sr.

Effect of pH on the sorption of Sr
Figure 7 shows the sorption of Sr onto soil, HA and HS at

pH values ranging from 3 to 10. Figure 7 shows that
changes in pH have a significant impact on the sorption

7, 68.20 % 10, 65.16 %

2.9

533

3,17.73 %
20 ¢ g\ 7, 37.26 % 0
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of HA and soil, especially between 3 and 4, but between 4
and 10, the effect is minor, with maximum sorption at pH
7. The values below the line segments indicate the corre-
sponding slopes. Overall, an alkaline environment was
more favourable than an acidic environment, and the re-
sults were similar to those of other researchers (Tan et al.
2017; Kiitahyali et al. 2012; Ivanova and Spiteller 2014).

The increase in Sr sorption on HS in the low-pH re-
gion (3 <pH<7) might be attributed to the decrease in
positive surface charge caused by the sorption of nega-
tively charged HA on the surface of soil, which resulted
in a more favourable electrostatic environment for Sr**
sorption and enhanced the formation of ternary Sr**-HA-
soil surface complexes. Meanwhile, the surface-attached
HA provided more effective groups for the formation of
Sr**-HA complexes and thereby enhanced the sorption of
Sr** on HS. The deprotonation reaction made the soil
surface negatively charged at pH > 7. Due to electrostatic
repulsion, the attachment of negatively charged HA on
the soil surface decreased with increasing pH. Therefore,
more free HA molecules remained in the solution, and
the HA molecules formed soluble Sr**-HA complexes.
This process competitively reduced the sorption of Sr
on HS (Xiao et al. 2013). In general, alkaline conditions
were more favourable for sorption than acidic conditions.

Conclusion

The results suggest that HA promoted the sorption of Sr
in soil. The sorption of Sr on the adsorbent was highly
dependent on the amount of HA, solid content and pH.
The optimal colloid amount and solid content were
50 mL and 20:1 g/L, respectively. The sorption percent-
age reached a maximum at pH=7 and decreased as the
acidity or alkalinity of the solution increased. Moreover,
the FTIR results, solid contents and equilibrium times
(24 h for HA and 10 h for soil and HS) revealed that
soil played a dominant role in Sr sorption. The initial
concentration studies showed that the HS removal effi-
ciency of Sr was approximately 1.5 and 7 times higher
than that of soil and HA, respectively. This difference
was due to the larger sorption surface and stronger sorp-
tion capacity of the complex formed by HA and soil.
The sorption behaviour of Sr followed the pseudo-
second-order kinetic model and the Langmuir isotherm,
demonstrating that the sorption of Sr to the adsorbent
was mainly chemisorption and Sr formed a monolayer
on the outer surface. This study confirmed that the pres-
ence of HA promoted the sorption of Sr onto soil, indi-
cating that the presence of HA has good potential for the
treatment of leaked nuclides from HLW.
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