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The transport of colloids and radionuclides is sophisticated because of the variety of charge properties
between colloidal particles and host subsurface media, which causes great difficulty in establishing a
reliable model of radionuclides migration by taking the colloid phase into consideration. In this work,
the co-transport of illite colloids (IC) and Eu(Ill) in the quartz sand and iron-coated sand porous media
was investigated by column experiments to address the predominant mechanism of charge properties
Keywords: on co-transport. Results showed that Eu(Ill) transport was driven by the illite colloids and electrostatic
Illite colloids interaction was critical in governing the co-transport patterns. The promotion of Eu(Ill) transport by IC
Eu(I1) was attenuated in the iron-coated sand systems; more [C-Eu(Ill) complexes were retained uniformly in
Co-transport the column. The pore throat shrinkage caused by electrostatic attachment between aggregated IC and
Release iron oxides exacerbated the physical straining and size exclusion effect of IC-Eu(Ill) complexes. An aggra-
Charge property vated irreversible retention of IC-Eu(Ill) was detected in iron-coated sand column due to the electrostatic
attraction of IC-Eu(Ill) to host media. The findings are essential for improving the understanding on the
potential transport, retention and release risk of colloids associated radionuclides, and imply that the pos-
itively charged permeable reactive barrier is an effective strategy to reduce the transport risk of colloid

associated radionuclides.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Radionuclides with high radiotoxicity and long half-life origi-
nating from nuclear industry activities would have high possibil-
ity to intrude into the soil and aquatic environments [1,2]. It was
expected that radionuclides can be effectively immobilized by a
variety of clay minerals in the geosphere due to their high sorp-
tion affinity [3-5]. However, recent studies revealed that radionu-
clides in the aqueous environment could be detected in aquifers
thousands of meters away from the pollution source due to the
formation of colloidal particles [6]. The continuous erosion of clay
minerals by water can generate a large number of mineral colloids
that stably suspend in aqueous solution and efficiently associate
with contaminants due to its large specific surface area and high
reaction energy [6-8]. Therefore, the colloid-facilitated transport
of radionuclides (including radioactive intrinsic colloids or pseudo-
colloids) is an ongoing concern in environmental research [9-12].
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The transport of radionuclides could be facilitated by the min-
eral colloids due to the carrying effect of colloids [13-16]. The
ability of facilitating radionuclides transport by colloids is strongly
correlated to the dispersion stability and mobility ability of col-
loidal particles [17-19], which are sensitive to the chemical con-
ditions of bulk solution (e.g., pH, ionic strength and colloid con-
centration) [20-23]. Furthermore, the mobility of colloidal parti-
cles is governed by the interaction with host porous media in sub-
surface environment [24-26]. In the natural environment, the sur-
face charge properties between colloids and host media are di-
verse due to the difference of mineral composition. In addition,
the widespread oxides of iron, aluminum and manganese that have
positively charged surfaces are often attached on the negative sur-
face of mineral media and thus alter the surface charge property
of soil matrix [27-29].

Recent studies have reported that the surface geochemical het-
erogeneity of media can affect colloids deposition due to the ef-
fects of electrostatic attraction and complexation [27-31]. The mo-
bilization of clay colloids was promoted with the increase of elec-
trostatic repulsion at low ionic strength, high pH, or cladding by
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humic substances [32-34]. However, for the opposite charge prop-
erty of media and colloids, the entrapped colloids by the electro-
static attraction may aggravate the pore shrinkage and pore clog-
ging at the extremely small critical diameter ratio. Furthermore,
the electrostatic attachment due to opposite charge and the col-
loidal coagulation induced by changes in chemical conditions dis-
played synergistic effects on weakening colloids-driven transport,
which complicated the transport behavior and mechanism of ra-
dionuclides in the groundwater. It has been reported that the
chemical perturbation (i.e., ionic strength reduction and cation ex-
change) significantly induced the release of retained colloidal clus-
ter from porous column [33-38]. However, when the charge be-
tween colloids and media is opposite, the retention and release
mechanism of colloids and carried radionuclides were rather com-
plex. Apart from the thickness change of electrical double layer,
the electrostatic interaction and complexation may play impor-
tant roles in influencing the transport and release of colloids
and the carried radionuclides. Fundamental knowledge on trans-
port pattern in opposite charge system is required for the reli-
able model of colloids-driven transport of radionuclides; however,
the related mechanism particularly under variable chemical con-
ditions is poorly understood to date, a substantial knowledge gap
on charge properties in governing co-transport of colloids and ra-
dionuclides still remains.

Illite, as one of the most predominant and typical phyllosilicate
minerals in the natural environment, displays appreciable affinity
to radionuclides. Both illite colloid and quartz sand mainly display
negative surface charge [33,39] and act as the negatively charged
system; however, with the adhesion of the positively charged sur-
face of iron oxides, the opposite charge properties would lead to
electrostatic interaction between the colloids and host media. And
Eu(Ill) is typically investigated as a chemical analogue of triva-
lent lanthanides and long-lived radiotoxic actinides owing to the
similarity of its physiochemical properties [40]. In this work, the
colloid-driven transport and release of Eu(lll) in the quartz sand
and iron-coated sand porous systems were investigated by column
experiments under chemical conditions varying in pH, electrolyte
concentration and Eu(Ill) concentration. The aim of this work is (1)
to reveal the role of charge properties between colloid surface and
host media in the co-transport and release of IC and Eu(Ill); (2)
to provide a reliable reference for the risk assessment of radionu-
clides migration in the subsurface environment.

The illite mineral purchased from Jinyuan Mineral Co. (Hebei
province, China) was converted into Na-illite [41]. The illite col-
loid suspension was prepared by dispersing the Na-illite powder
in deionized water (m/v=3 g/L), and then centrifuged at 8000 rpm
for 20 min. The detailed preparation and characterization were il-
lustrated in Section S1 (Supporting information) and our previous
work [33]. Eu(lIll) stock solution was prepared from Eu,O3 (pu-
rity, 99.99%, Beijing J&K Scientific Co., Ltd.). All other analytical
grade reagents (NaCl (>99.5%, Tianjin Kemiou Chemical Reagent
Co., Ltd.), NaOH (>96.0%, Damao Chemical Reagent Factory), HCl
(Inner Mongolia Huaao Chemical Co., Ltd.) and Fe(NO3); (>98.5%,
Tianjin Kemiou Chemical Reagent Co., Ltd.)) were used without fur-
ther purification.

Quartz sand (purity > 99.9%) with a homogenized size fraction
of 60-80 mesh (420-180 pum) was purified and used as the neg-
atively charged media. In order to examine the role of positive
surface charge, the iron-coated sand was prepared as described
in literatures [30,31]. Briefly, the quartz sand was coated by the
Fe(OH)s, calcined at 105 °C for 72 h, then washed with acid, alkali
and deionized water to remove excess ions (as described in Sec-
tion S2 in Supporting information). The surface morphology and
iron content of the quartz sand and iron-coated sand were inves-
tigated by scanning electron microscopy and energy dispersive X-
ray spectroscopy (SEM-EDX, JSMe6701F, JEOL, Japan). Both images
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and EDX spectra were shown in Fig. S1 (Supporting information),
which indicated that the high iron content of the media surface af-
ter the iron oxide coating, and the iron oxide coating did not cause
notably discrepancy in the surface roughness of the media.

Transport and release experiments were performed in glass
chromatography columns packed with quartz sand or iron-coated
sand, respectively. The column was wet-packed with clean sand, a
nylon membrane was placed at each end of the column to hold
the sand and distribute water flow, the parameters of the packed
column were listed in Table S1 (Supporting information). The in-
fluent was injected with the direction from bottom to top, and the
effluent were collected by a fraction collector at set intervals in 10
mL polyethylene tubes. The release experiments were conducted
by eluting with decreasing electrolytes concentration and followed
by deionized water and the release experimental conditions were
listed in Table 1. The Section S3 (Supporting information) shows
the procedures of transport and release experiments.

The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory
was applied to predict the interaction of IC-IC and IC-media by
calculating the interaction energy as the sum of Lifshitz-van der
Waals and stern double layer interactions between IC-IC or IC-
media (detailed calculations in Section S4 in Supporting informa-
tion). The convection-dispersion equation (CDE) with two-site ki-
netic retention sites was employed to simulate the breakthrough
curves of IC and Eu(Ill) by using the Hydrus-1D and Stanmod soft-
ware [13,42]. The mathematical model was given in the Section
S5 (Supporting information) and the fitting results of tracer were
listed in Fig. S2 and Table S2 (Supporting information).

The transport behaviors of Eu(lll) were synchronous with col-
loids and highly dependent on the transport of IC under ambient
conditions (Figs. 1 and 2), implying that the mobile colloids gov-
erned Eu(Ill) transport by acting as an efficient carrier. However,
compared to the bromide (Br~) tracer breakthrough curves that
are almost indistinguishable in the two media (Fig. S2), the break-
through of IC and Eu(Ill) was discernibly retarded in iron-coated
sand compared with that in quartz sand porous media under the
favorable conditions of colloid dispersion. In addition, the exacer-
bated retention of both IC and Eu(Ill) was observed at the unfa-
vorable transport conditions in iron-coated sand media in compar-
ison with the negatively charged system, which elucidated that the
co-transport behaviors were more sensitive with the fluctuation
of counterion concentration in the positively charged media. The
electrostatic interaction and the aquatic chemical condition con-
tributed synergistically to the colloids-driven transport of Eu(III).

The breakthrough curves of IC and Eu(Ill) at various pH val-
ues through the quartz sand and iron-coated sand column were
plotted in Fig. 1. The Eu(lIll) transport was significantly facilitated
by IC within the concerned pH range compared with the indi-
vidual transport of Eu(Ill). The presence of mobile IC greatly pro-
moted the transport ability of Eu(Ill), and thus increased its leak-
age risk to biosphere. Due to the prominent Eu(Ill) sorption abil-
ity and transport ability of IC, Eu(lll) preferred attaching to mo-
bile IC and transporting simultaneously with IC as a passenger (Fig.
S3 in Supporting information). According to the column parame-
ters, there is no difference in the porosity and pore volume (PV)
of the iron sand column and the Q-column (Table S1), and thus
the size exclusion effect caused by the two media should be the
same. However, the significant retardation occurred in the iron-
coated sand column even for the dispersed colloids at pH 6, the
breakthrough PV of Eu(Ill)-IC hybrid were 1.0 and 2.1 in the quartz
sand and iron-coated sand, respectively (Figs. 1a and c). The efflu-
ent mass recovery rate (Mgg) of Eu(Ill) in the presence of colloids
were 100% and 87% for the quartz sand and iron-coated sand sys-
tems at pH 4 (Table S3 in Supporting information), which implied
not only that the Eu(lll) transport was driven by colloids, but also
the electrostatic attraction inhibited the transport ofcolloid-carried
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Table 1

Detailed setup of column release experiments in saturated porous media.
Experiment Media Breakthrough phase pH Phase 1 Phase 2
Exp. 1 Quartz sand IC+ 5 pmol/L Eu(Ill) +7 mmol/L NaCl 5.0 7 mmol/L NaCl 1 mmol/L NaCl DI water
Exp. 2 Iron-coated sand IC+ 5 pmol/L Eu(Ill) + 7 mmol/L NaCl 5.0 7 mmol/L NaCl 1 mmol/L NaCl DI water
Exp. 3 Quartz sand IC+ 10 umol/L Eu(lll) + 7 mmol/L NaCl 5.0 7 mmol/L NaCl 1 mmol/L NaCl DI water
Exp. 4 Iron-coated sand IC+ 10 pumol/L Eu(Ill) + 7 mmol/L NaCl 5.0 7 mmol/L NaCl 1 mmol/L NacCl DI water
Exp. 5 Quartz sand IC+ 13 pmol/L Eu(Ill) + 1 mmol/L NaCl 5.0 1 mmol/L NaCl DI water
Exp. 6 Iron-coated sand IC + 13 pumol/L Eu(lll) + 1 mmol/L NaCl 5.0 1 mmol/L NaCl DI water
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Fig. 2. Effect of Eu(Ill) concentration on co-transport of Eu(Ill) and IC in (a, b) saturated quartz sand and (c, d) iron-coated sand columns. Cy,c; =1 mmol/L, Cc =50 mg/L,

pH=5.0, T=25 °C.

Eu(Ill). Due to the cladding of iron oxides, the apparent zeta po-
tential of iron-coated sand was less negative compared with that of
quartz sand (Fig. S4 in Supporting information), which was respon-
sible for the increased IC retention in the iron-coated sand system.
The positively charged iron oxide surface tended to bind with the
negatively charged surface of illite colloid particles and led to the
strong retention of IC-Eu(IIl) hybrid, which was consistent with the
observation that positively charged packing media showed higher
affinity for negatively charged biochar nanoparticles [9,43].

In addition, the discernible retardation was observed during
the individual transport of Eu(Ill) and IC in the iron-coated sand.
According to the fitting parameters of two-sites kinetic attach-
ment/detachment model and two-sites nonequilibrium model, the
maximum solid-phase retention capacity on site 2 (Spax2) of col-
loids (Table 2) and the retardation factor (Rs) of Eu(Ill) (Table 3) in
iron-coated sand were accordingly larger than that in quartz sand,
which confirmed the enhanced retention of IC and Eu(Ill) caused
by the strong interaction of the iron-coated sand with IC and
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Table 2
The transport parameters of IC and IC-Eu(lII) fitted with the two-site kinetic retention model using HYDRUS-1D program.

Media System Ceyqny (nmol/L) Cnaci (mmol/L) pH ki @ (min~1) ki ® (min-1) Smaxz ¢ ((N¢/Ng)g~! sand) ko 4 (min—!) R2 ¢
Quartz sand IC 0 1 4.0 0.61 0.64 0.35 45x%x1073 0.97
0 1 5.0 0.69 0.50 0.50 1.7 x 1072 0.96

0 1 6.0 0.49 0.41 0.36 14x107° 0.98

0 7 5.0 0.06 0.00 0.95 5.6x 107! 0.95

IC-Eu(III) 5 1 4.0 0.61 0.63 0.42 33x10°3 0.97

5 1 5.0 1.16 1.23 0.27 13x1073 0.99

5 1 6.0 0.84 1.00 0.47 1.5x 1072 0.99

5 7 5.0 0.43 0.44 6.24 5.5x 107" 0.97

10 1 5.0 0.92 1.41 0.44 5.1x1072 0.98

Iron-coated sand IC 0 1 4.0 0.36 0.23 0.58 4.7 x 107! 0.97

0 1 5.0 0.37 0.28 0.49 54x107! 0.98

0 1 6.0 0.39 0.30 0.47 5.4 x 107! 0.98

0 7 5.0 0.08 0.04 5.52 8.5x 107! 0.89

IC -Eu(III) 5 1 4.0 0.29 0.01 0.64 1.6x 107! 0.89

5 1 5.0 0.33 0.12 0.63 1.0x 107! 0.87

5 1 6.0 0.5 0.21 0.57 5.0 x 1072 0.89

10 1 5.0 0.29 0.20 1.18 3.1x10! 0.99

Flow rate =0.6 mL/min.
2 First-order retention rate coefficient on site 1.
b First-order detachment rate coefficient on site 1.
¢ Maximum solid-phase retention capacity on site 2.
d First-order retention rate coefficient on site 2.
¢ R Square for regression of observed vs. predicted.

Table 3
The transport parameters of Eu(Ill) fitted with non-equilibrium two-site model us-
ing CXTFIT.

Media R BP we R
0.24
0.07
0.02
0.10
0.24
0.13
0.14
0.27
0.11
0.06
0.00
0.08
0.21

0.13

Ceuqury (MMOI/L) Cnaer (mmol/L) pH

50.5
176.8
1209
116.4
43.1
165.4
50.1
24.7
51.6
4335
5343
228.7
63.2
61.9

0.57
0.74
3.63
0.43
0.42
1.15
0.42
0.27
0.30
1.66
6.01
0.47
0.33
0.51
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0.92
0.86
0.94
0.93
0.96
0.97
0.94
0.98
0.84
0.82
0.97
0.93
0.96
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5
5
5
5
5
3
1
1
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5
5
5
5
1
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Flow rate=0.6 mL/min, coeffi-
cient=0.0316.

2 Retardation factor.

b Dimensionless the fraction of instantaneous retardation.

¢ Dimensionless mass transfer coefficient.

darcy flow rate=2.17 cm/min, dispersion

Eu(Ill). Note that the Eu(Ill) alone hardly passed through the col-
umn at pH 6; the R; value of Eu(lll) greatly increased with increas-
ing pH. The increasing effect of Ry was stronger in the iron-coated
sand column. This was consistent with the observations from the
batch sorption experiments, showing that the increased adsorption
capacity (Cs) of Eu(Ill) with increasing pH on iron-coated sand was
notably higher than that on quartz sand (Fig. S3a) [44]. The pa-
rameter B representing the fraction of instantaneous retardation
decreased with the increase of pH and was smaller in iron-coated
sand system than in quartz sand system (Table 3), suggesting that
the non-equilibrium adsorption of Eu(Ill) dominated at high pH
and in iron-coated sand media [45]. Hence, the inhibition of the
radionuclides transport by metal oxides such as iron oxides was
not negligible due to the strong affinity of metal oxides for ra-
dionuclides. Despite such strong affinity of Eu(Ill) to host packing
media, the transport behaviors of Eu(Ill) during the co-transport
process were significantly governed by the behavior of IC. The ad-
sorption capacity of Eu(Ill) on IC was largely higher than that on
quartz sand, which even differed in four orders of magnitude (Fig.

S3). The strong interaction of IC and Eu(Ill) resulted in quite stable
Eu(Ill)-colloid particles, which are able to survive under the com-
petition from host media during the co-transport process.

The transport of IC and Eu(Ill) in quartz sand and iron-coated
sand columns under various Eu(lll) concentrations was shown in
Fig. 2. For the individual transport of Eu(lll), as the invariance of
adsorption sites in the column, Eu(lll) Mg increased continuously
with increasing Eu(Ill) concentration in both media (Table S4 in
Supporting information). However, the co-transport Mg of Eu(Ill)
and IC declined simultaneously in both media at the high Eu(Ill)
concentration, even lower than that in individual transport of col-
loids (Table S3), which implied that the co-transport pattern of
Eu(Ill) depended greatly on the transport behaviors of IC. Previous
studies on IC stability have shown that the increase of Eu(IIl) con-
centration would not only compress the thickness of the electrical
double layer of colloidal particles, but also produce a strong charge
shielding effect responsible for the weak electrostatic repulsion be-
tween IC particles [39], resulting in the deposition and blocking
of Eu(lll)-attached colloids in the porous media due to the aggre-
gated IC clusters and the enhanced physic straining [46,47]. Simi-
larly, a large amount of the IC and Eu(Ill) could be retained at high
Na*t concentration (Fig. S5 in Supporting information), indicating
that the counter ions had analogous effects in the co-transport.
Although a similar diminishing trend for the Mg of colloids and
Eu(IIl) was observed in both quartz sand and iron-coated sand sys-
tems with increasing Eu(Ill) concentration, the decrease of Mg
in iron-coated sand was significantly greater than that for quartz
sand under all conditions owing to the extra adhesion sites (at
10 pmol/L Eu(lll) and 15 pmol/L Eu(Ill), the Mg values of Eu(IIl)
were 84% and 8% in the quartz sand system, respectively, whereas
the values were 70% and 0% in the iron-coated sand). It suggested
that the co-transport of IC and Eu(lll) in the opposite charge sys-
tem was more sensitive to the counterions concentration. A plau-
sible explanation was that the negatively charged IC cluster was
preferentially retained by positively charged iron oxides, even if
the cluster size was not large enough to be filtered and retarded
by the pore throat in porous media. The subsequent IC retention
caused by electrostatic attraction induced the pore-throat shrink-
age of the porous media, which further filtered more IC-Eu(IIl) hy-
brid complexes, resulting in more serious blocking. Therefore, syn-
ergistic effect of electrostatic interaction and colloids stability in-
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duced the stronger retention of IC-Eu(Ill) complexes in the iron-
coated sand system. Overall, whether the transport of Eu(Ill) was
facilitated or retained by IC, its Mg for co-transport was almost
identical to that of IC (Table S3). From this point of view, the
co-transport behavior of Eu(Ill) could be predicted by the trans-
port patterns of colloids. Although the retardation effect of iron-
coated sand on IC was not dramatic in this work, the transport of
IC was indeed affected by the electrostatic interaction between IC
and host media even under the favorable conditions of colloid dis-
persion. Wang et al. found that the transport of biochar nanopar-
ticles decreased significantly with increasing surface coverage of
iron oxyhydroxide due to the enhanced electrostatic attraction be-
tween negatively charged biochar particles and positively charged
iron oxyhydroxide [30]. Elmelech et al. found that the deposition
kinetics of silica colloids were controlled by the density of charge
heterogeneity on particle and grain surfaces, the colloid removal
efficiency for the given conditions increased from 8% for the bare
quartz grains to 95% for the aminosilane-modified quartz grains
[48]. Consequently, positively charged coating usually provides fa-
vorable retention sites for the negatively charged particles, imply-
ing that the positively charged permeable reactive barrier may be
served as an effective strategy to control the migration behaviors
of mineral colloids associated with radionuclides.

To further decipher the dominant mechanism of IC-Eu(IIl) co-
transport in quartz sand and iron-coated sand, the transport curves
of colloids in both individual and co-transport systems were sim-
ulated with a two-site kinetic retention model, the corresponding
fitting parameters were summarized in Tables 2 and 3. In general,
the k; (attachment rate on site 1) and k;4 (detachment rate on site
1) of IC on the grain surface were almost equal, indicating that site
1 was unfavorable to the deposition of colloids. Nevertheless, the
kq and k4 in quartz sand column were higher than those in iron-
coated sand column. The proportion of reversible deposition sites
in quartz sand system was higher in comparison with the iron-
coated sand system, which was consistent with the stronger reten-
tion in the iron-coated sand [49,50]. The k, (attachment rate on
site 2) and Sy, increased with increasing Na*™ and Eu(III) concen-
trations; the S;.x for co-transport was much larger than that of
individual transport at the same condition, suggesting Eu(Ill) with
larger ion potential displayed a much larger influence on IC reten-
tion than Na*, even though its concentration was much lower. The
colloid coagulation caused by the bridging cations (Z > 2) is an
undeniable factor to retard the colloid transport [42,51,52]. Similar
to the enhanced colloid aggregation and the retention due to the
cation bridging of Ca%+ [51], Eu(Ill) was liable to cause the forma-
tion of IC cluster by acting as a bridge. After, the IC-Eu(Ill) hybrid
readily attached to grain surface and resulted in more IC reten-
tion in column. Therefore, the bridging effect might be responsible
for the hysteresis of co-breakthrough rate compared with the in-
dividual breakthrough rate of IC and Eu(Ill). However, the strong
irreversible adhesion of IC in iron-coated sand resulted in a higher
k, in opposite charged system. The iron oxide was vital for the in-
teraction between colloids and grains, which led to the significant
retention of IC-Eu(Ill) hybrid in iron-coated sand.

Moreover, the effect of ionic strength on colloids blocking could
be determined by the shape of breakthrough curves [53,54]. The
effluent concentration of Eu(lll) and IC transited from leveled
off (normal shape) to reduction (ripening shape) with increas-
ing Na* or Eu(Ill) concentrations in quartz sand (Figs. 2a and b).
However, the effluent concentration transition from leveled off to
slightly raised (blocking shape) was detected when host media was
switched to iron-coated sand (Figs. 2a and c), which indicated that
the deposition rates of colloids in co-transport system were differ-
ent from the charge characteristic of host media [55,56]. The block-
ing effect derived from rapid filling or blocking of available reten-
tion sites often tends to result in a decrease of colloid retention
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coefficient and an increase in colloid transport, while the ripen-
ing effects caused by enhanced aggregation and surface straining
are prone to the gradually increased deposition rate [51]. There-
fore, the robust colloids stability and weak interaction with pure
quartz might account for the normal breakthrough curves in quartz
sand column under the low ionic strength. In contrast, the iron ox-
ide cladding provided strong affinity for the stably dispersed IC,
the preferential attachment of IC to iron-coated sand caused the
decrease of deposition rate, and then the increased breakthrough
rate. Note that the deposition rate of IC increased with the aug-
ments of injection volume of influent at high Eu(Ill) and Na* con-
centration, which was caused by the strong physical straining and
coagulation of IC under such colloid aggregation conditions, the
pore shrinkage further aggravated the retention of IC and its car-
ried Eu(lIll) [55].

The retarded Eu(Ill) has potential to be released again and in-
creases its leakage risk when condition perturbation occurs. The
effect of chemical perturbation on the release of retarded colloids
and Eu(Ill) from the column was shown in Fig. 3. The release peaks
of IC and Eu(Ill) could be observed during the eluting phase, the
elution mass recovery rate (Mgy,) increased gradually with the di-
minishing Na* concentration of eluent. However, the elution pro-
files of colloids and Eu(Ill) were different in quartz sand column
and iron-coated sand column when eluting with the same pro-
cedure, suggesting different mechanisms and factors prevailing in
these systems. For Exp. 1 and Exp. 2 (Figs. 3a and b), the release
peaks emerged when eluting with diluted NaCl solution and DI
water (Phase 1 and Phase 2). The relatively sharp release peak ap-
peared in the Phase 1 for the iron-coated sand system, which indi-
cated that part of the colloids and Eu(Ill) was trapped in the sec-
ondly minimum. The introduction of low ionic strength eluent re-
sulted in the expansion of colloid double layer and the shallow of
secondary minimum [57]. For the Exp. 3 to Exp. 6, subtle release
was observed in Phase 1 by eluting with the diluted NaCl solu-
tion; however, the flushing with DI water induced great release of
IC and Eu(lll). The injection of deionized water eliminated the sec-
ondary energy minima, the IC-Eu(Ill) hybrid was released from the
secondly minimum. Nonetheless, it should be noted that a large
amount of IC and Eu(Ill) was still retained in the column after
flushing with DI water, the retention in iron-coated sand system
was higher than that in quartz sand system. For quartz sand, the
retain rate (Mye) of IC and Eu(lll) in column were ~10%, 22%, 27%
and 33%, 55%, 30% for Exp. 1, Exp. 3 and Exp. 5, respectively; for
iron-coated sand, the Mg of IC and Eu(Ill) were ~24%, 30%, 33%
and 47%, 58%, 53% for Exp. 2, Exp. 4 and Exp. 6 (Table S5 in Sup-
porting information), respectively. Hence, the retention of IC-Eu(III)
hybrid was probably due to the contribution from the primary en-
ergy minima [31] or at the straining sites such as pore throats,
grain-to-grain contacts, and flow stagnation zones [58]. Contrarily,
for the individual IC transport in quartz sand, the retained IC was
almost completely released and only 2% of IC was detained in col-
umn after eluting (Fig. S6 and Table S5 in Supporting information).
DLVO calculations suggested that the strong repulsive energy bar-
rier between IC and media was more conducive to IC being trapped
at the secondary minimum (Fig. 4), resulting in the reversibility re-
tention for the individual transport of IC. However, it became ap-
parent that the irreversibility retention in positively charged media
was stronger than that in negatively charged media ascribed to the
lower energy barrier in iron-coated sand system. The retained IC
in the iron-coated sand system could not be released completely;
its retention profile showed that the retained IC after elution was
evenly distributed in the column, implying that the electrostatic in-
teraction with iron oxide played important role in the IC retention
(Fig. S6).

In addition, the retention profiles of IC-Eu(Ill) remained in ex-
ponential form after the elution in quartz sand media, while in
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hyper-exponential form in the iron-coated sand media (Fig. 5).
Therefore, the retention mechanism of IC-Eu(Ill) hybrid was in re-
sponse to both electrostatic interaction and chemical conditions.
More IC-Eu(Ill) hybrid was trapped at the primary minimum in the
iron-coated sand media [59]. The coating iron oxide acted as the
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Fig. 5. Retention profiles of IC and Eu(lll) after completion of release experiments
in (a) saturated quartz sand and (b) iron-coated sand columns. Cc=50 mg/L,
Ceyany = 13 pmol/L, Cyyq =1 mmol/L, pH=5.0, T=25 °C.

binder for the irreversible retention of colloid, and thus accounted
for the pronounced physical straining and ripening effect. In addi-
tion, the bridge effect of Eu(lll) could not be neglected for the ir-
reversible retention of IC-Eu(IIl) hybrid. The decreased Cy,/Cg, Was
responsible for the increased ratio of irreversible retention. In Exp.
1 and Exp. 2, Na* played a dominant role in the deposition of IC-
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Eu(Ill) due to the double layer compression of IC by high Na* con-
centration, and thus the injection of low ionic strength eluent ex-
panded the double layer and resulted in re-entrainment of IC and
Eu(Ill). Nevertheless, with the decrease of Cy,/Cg, (at high Eu(IIl)
concentration), IC-Eu(III)-IC bridging was the dominant mechanism
of colloids deposition. The lowered Na* concentration in the elu-
ent could not liberate the retained IC and Eu(Ill). He et al. revealed
that the retained carboxylated graphene was not released by elut-
ing with deionized water [57]; however, a dramatic release oc-
curred when the Ca2* bridging effect was disrupted by replacing
Ca2*t with Nat. Therefore, the re-entrainment peaks observed in
the Phase 3 for all experiments were related to the cation exchange
between Eu(Ill) and Na* during the Phase 1 and the expansion of
colloid double layer in Phase 2.

This research highlighted that the charge properties of media
have a non-negligible effect on mitigating the transport risk of
colloids associated radionuclides. The positively charged media in-
duced the attenuating effects of colloid-facilitated Eu(IIl) transport
due to the electrostatic interaction between IC and iron oxides un-
der the colloids dispersion favorable conditions. Additionally, the
pores shrink governed by electrostatic interaction of IC and iron
oxides exacerbated the physical straining and size exclusion ef-
fect of IC-Eu(Ill) complexes, resulting in the reinforcing effect of
IC-Eu(Ill) complexes retention under the colloids dispersion unfa-
vorable conditions. The retention of IC and IC-Eu(Ill) in negatively
charged media was partly reversible in view of the chemical condi-
tions perturbation, it could be released by ions exchange with the
low Na* eluents and eluting with deionized water. Hence, when
glacial water, rain or snow melting invaded into the environmental
media which may induce the release and re-transport risk of the
deposited and retained colloids and radionuclides. Nonetheless, the
retained IC-Eu(Ill) complexes were weakly released in iron-coated
sand system induced by the indestructibility of electrostatic in-
teractions and the irreversibility of physical straining results from
pore throat shrinkage. Therefore, as expected from the strong in-
hibitory and retention irreversibility of charge heterogeneity on
colloid-driven radionuclides transport, the positively charged per-
meable reactive barrier may be an effective strategy to reduce the
transport risk of colloid associated radionuclides.
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