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A B S T R A C T

To enhance the long-term immobilization of radioactive wastes, ferrihydrite nanoparticles were incorporated
into cementitious materials. The effects of ferrihydrite nanoparticles on the physicochemical and mechanical
properties of cementitious materials and the immobilization of uranium (U), strontium (Sr) and cesium (Cs) were
investigated. Adding ferrihydrite nanoparticles at 0.65%, 1.30%, 3.90% and 6.50% of cement weight slightly
improved compressive strength by 5–11%, but dramatically reduced U leaching by 50–57%. The enhanced U
immobilization was attributed to the strong adsorption of U by ferrihydrite nanoparticles, and the structural
incorporation of U into hematite formed during ferrihydrite recrystallization. Although ferrihydrite nano-
particles had weaker effect than hematite nanoparticles on improving cement hydration and reducing perme-
ability, they exhibit stronger U immobilization capacity. In contrast, incorporating ferrihydrite nanoparticles
into cementitious materials had no significant effects on Cs and Sr leaching and no detectable adsorption of Sr
and Cs. This study elucidated the fundamental differences in the interactions between ferrihydrite nanoparticles
and U, Sr or Cs within cementitious systems that led to the distinctive immobilization mechanisms for these
radionuclides. It generated new mechanistic understandings of U, Sr and Cs leaching from cementitious barriers
modified by Fe-based nanoparticles, and proposed a new approach for enhancing long-term immobilization of U.
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1. Introduction

Uranium (U), strontium (Sr) and cesium (Cs) are the most sig-
nificant radionuclides in the waste inventory released into soils, sedi-
ments, and groundwater [1,2]. Subsurface environments contaminated
with these radionuclides present severe health risks, and are extremely
challenging for remediation. Cement-based immobilization systems
have been adopted worldwide as a long-term storage and disposal ap-
proach for low- and intermediate-level radioactive wastes [3–17]. Ce-
mentitious material serves as a physical barrier and also a chemical
binder for the radionuclides [3]. Interaction of cement with radio-
nuclides during cement hydration within a high internal pH results in
chemisorption of radionuclides onto cement, and co-precipitation and
lattice incorporation in the major hydration products such as portlan-
dite (Ca(OH)2), calcium silicate hydrate (C-S-H in cement chemist no-
tation), and ettringite [5,8], thus providing a binder effect. When in-
corporated in C-S-H, U is immobilized by sorption and co-precipitation
[12]. In the presence of abundant silica, Sr is retained in C-S-H gel or
ettringite by substituting the Ca2+ ions in the interlayer sites with the
Sr2+ ions, where water enhances the possibilities for atomic bonding
and charge transfer [5,13,14,18]. Cs can possibly be absorbed onto C-S-
H but this binding effect is low at high pH or remain as free ions in the
pore solution due to its high solubility [15–17].

Despite these immobilization mechanisms, the porous structure of
cementitious materials can lead to gradual dissolution and leaching of
radionuclides, posing challenges to long-term immobilization
[10,11,19]. To enhance immobilization, pozzolanic ingredients have
been introduced to cementitious materials, including fly ash, blast
furnace slag, silica fume, ilmenite, calcined kaolin, and siliceous vol-
canic ash [20–27]. These ingredients either improve the physical
properties of cementitious materials, such as reducing porosity and
permeability, or increase the absorption of radionuclides with increased
silica content. Besides pozzolanic siliceous and aluminous ingredients,
our recent work [28] incorporated hematite (α-Fe2O3) nanoparticles
into cementitious materials and found significantly reduced U leaching,
attributed to both U adsorption on hematite nanoparticles and the re-
fined pore structure of cementitious material. However, U adsorption to
hematite can be reversed due to change in environmental conditions
[29], causing radionuclide remobilization [6,10,29,30]. Therefore, in
addition to physical adsorption, a mechanism based on structural in-
corporation of radionuclides is direly needed to enhance long-term
immobilization.

Ferrihydrite is effective in sequestering contaminants due to its
extremely high surface area and adsorption capability [31–34]. Also,
under hydrothermal conditions, ferrihydrite was reported to re-
crystallize into thermodynamically more stable phases (goethite and
hematite) [35], and structurally incorporate the adsorbed U during
atom rearrangement [36–45]. This suggests that incorporating ferri-
hydrite nanoparticles into cementitious materials might enhance U
immobilization through both physical adsorption and structural in-
corporation mechanisms. Meanwhile, ferrihydrite nanoparticles might
affect cement hydration kinetics, thus altering cementitious material
microstructure and properties, consequently promoting or inhibiting

radionuclide leaching. Furthermore, although ferrihydrite has demon-
strated high adsorption capacity for various metals [46–49], its inter-
actions with Sr and Cs ions remain unknown.

This study filled the important knowledge gaps and tested the fol-
lowing hypotheses: (1) the interactions of U, Sr and Cs with ferrihy-
drite-cementitious systems are different, leading to their different
leaching behaviors; (2) ferrihydrite and hematite nanoparticles differ-
ently affect cement hydration and the resulting material microstructure
and properties, consequently influencing U, Sr and Cs leachability; (3)
ferrihydrite-cementitious systems can better enhance U immobilization
through both physical adsorption and structural incorporation of U. To
test these hypotheses, leaching tests were performed on cementitious
specimens containing ferrihydrite or hematite nanoparticles. To eluci-
date the physical and chemical mechanisms underlying the leaching
phenomena, the effects of ferrihydrite nanoparticles on cement hydra-
tion, material permeability and compressive strength were studied; U,
Sr, Cs adsorption on ferrihydrite nanoparticles and the ferrihydrite
phase transformation under leaching conditions were investigated.

2. Materials and methods

2.1. Synthesis and characterization of ferrihydrite nanoparticles

Ferrihydrite nanoparticles were synthesized following the method
in Leibl et al [50]. 100 g of Fe(NO3)3·9H2O was dissolved in 1000mL of
18.2MΩ ultrapure water. Then, 1M NaOH solution was added slowly
with stirring to maintain pH of 10.0 ± 0.2 for 3 h to allow nanoparticle
formation. Finally, the nanoparticles were collected through cen-
trifugation, dialyzed against ultrapure water, dried under room tem-
perature, and then ground and stored. X-ray diffraction (XRD, Mini-
flex600, Rigaku) was performed to characterize the crystallinity of the
synthesized nanoparticles. The nanoparticle size was measured as
121 ± 16 nm by dynamic light scattering (Zetasizer Nano, Malvern).
The chemical formula of the nanoparticles was estimated as Fe2O3·2.5
H2O, by measuring the Fe content in dried ferrihydrite nanoparticles
using atomic absorption spectroscopy (AAnalyst 200, PerkinElmer).

2.2. Preparation of ferrihydrite-cementitious specimens containing U, Sr,
and Cs

Cementitious specimens containing U, Cs, and Sr and different
amounts of ferrihydrite nanoparticles or hematite nanoparticles were
prepared for leaching tests (Table 1). The specimens are labeled as C,
C+0.65%F, C+1.30%F, C+3.90%F, C+6.50%F, and C+1.00%H,
where C indicates cement, F and H indicate ferrihydrite and hematite
nanoparticles, respectively, and the number indicates the percentage
weight ratio of nanoparticles to cement. Found in our previous study
[28], adding 1.00wt% hematite nanoparticles to cement showed the
highest immobilization effect on U and thus is adopted as control in this
study. Note that C+1.00%H and C+1.30%F had the same amount of
Fe (0.36wt%) for suitable comparison between cementitious specimens
containing the two different types of Fe-based nanoparticles.

For each specimen, the radioactive waste solution (A) with U, Cs,

Table 1
Leaching test specimen compositions.

Specimen Cement (g) UO2(NO3)2· 6H2O (g) CsNO3 (g) Sr(NO3)2 (g) Ferrihydrite (g) Hematite (g) Fe (wt %) Water (g)

C 50 1.85 0.72 0.78 – – 0 25
C+0.65%F 50 1.85 0.72 0.78 0.33 – 0.18 25
C+1.30%F 50 1.85 0.72 0.78 0.65 – 0.36 25
C+3.90%F 50 1.85 0.72 0.78 1.95 – 0.90 25
C+6.50%F 50 1.85 0.72 0.78 3.25 – 1.80 25
C+1.00%H 50 1.85 0.72 0.78 – 0.50 0.36 25
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and Sr was prepared by dissolving 1.85 g UO2(NO3)2·6H2O, 0.72 g
CsNO3, 0.78 g Sr(NO3)2, and 4.20 g NaNO3 in 20mL ultrapure water.
To prepare the suspension of well-dispersed ferrihydrite nanoparticles
(B), 0.33, 0.65, 1.95 and 3.25 g dried ferrihydrite nanoparticles were
added into 5mL NaOH solution to adjust the pH=10.0 and then so-
nicated for 10min. Then, 20mL solution (A) and 5ml suspension (B)
were added into 50 g Type I ordinary Portland cement (C) and mixed
for 5min to reach a well-dispersed, coherent state. The water-to-cement
ratio was 0.5. The fresh mixture was cast into a cylinder mold (dia-
meter= 2.2 cm, height= 1.8 cm), demolded after 24 h and then cured
in a fume hood at 20 ± 1 °C and 45 ± 5% RH for 28 days before
leaching tests.

2.3. Leaching tests of U, Cs and Sr

The leaching tests were conducted following the standard method of
ANSI/ANS-16.1-R2017 [51]. The ferrihydrite-cementitious specimens
containing U, Sr and Cs prepared in Section 2.2 were immersed in
200mL ultrapure water at 90 °C, to mimic the high temperature caused
by the decay of radionuclides. A ratio of leachate volume to cement
surface area of 10.0 ± 0.2 was achieved as required by the standard
[28,51]. The sampling time intervals were 2 h, 7 h, 1 d, 2 d, 3 d, 4 d, 5
d, 19 d, 47 d, 90 d and 170 d. After each sampling, the leachate was
replaced with ultrapure water. The pH values of all leachates collected
were measured to be 10.0 ± 0.3, which was due to the dissolution of
Ca(OH)2 from the cementitious material. The sampled leachates were
then filtrated through 0.2 μm filters and acidified with 2% HNO3. The
dissolved U, Cs, and Sr concentrations were measured by inductively
coupled plasma mass spectrometry (ICP-MS, PerkinElmer Elan Drc II).

2.4. Batch experiments of U, Sr, Cs adsorption on ferrihydrite nanoparticles

To investigate potential U, Sr and Cs adsorption on ferrihydrite
nanoparticles during their leaching process, batch adsorption experi-
ments of U, Sr and Cs on ferrihydrite nanoparticles were conducted at
pH=10.0 ± 0.1, the same pH as the leachate. If 1.85 g
UO2(NO3)2·6H2O, 0.72 g CsNO3 or 0.78 g Sr(NO3)2 were dissolved in
200mL ultrapure water, the same amounts as the leaching tests, there
would be no precipitation of Sr or Cs at pH=10.0 based on
Geochemist’s Workbench calculation (GWB, Release 9.0, Aqueous
Solutions LLC). However, U would form as sodium uranate (Na2U2O7)
precipitates and the dissolved concentration of UO2

2+ (uranyl) for
ferrihydrite adsorption would be the equilibrated concentration as
1mM UO2

2+/L, corresponding to 0.1 g UO2(NO3)2·6H2O dissolved in
200ml solution [28]. Therefore, 0.1 g UO2(NO3)2·6H2O, or 0.72 g
CsNO3, or 0.78 g Sr(NO3)2 were dissolved in 200mL solution and mixed
with 0.33 g or 3.25 g ferrihydrite nanoparticles, corresponding to
0.65% and 6.5% ferrihydrite added to cement in Table 1. The solution
was transferred to four 50mL centrifugal test tubes and rotated for 48 h
to reach the adsorption equilibrium. Then, the solution was passed
through a 0.2 μm filter. The U, Cs and Sr concentrations in the filtered
solution were analyzed using ICP-MS. The adsorption capacity of fer-
rihydrite nanoparticles was then calculated based on the mass balance
of radionuclides before and after the adsorption experiments.

2.5. Batch experiments of U structural incorporation during ferrihydrite
recrystallization

Structural incorporation of U into goethite (α-FeOOH) or hematite
(Fe2O3) structures may occur through co-precipitation during ferrihy-
drite recrystallization under leaching condition.45 The phase transfor-
mation of ferrihydrite nanoparticles in the cementitious specimen
cannot be measured using XRD due to the trivial percentage of

nanoparticles. Therefore, a batch experiment similar to Marshall et al.
[45] was conducted to investigate potential ferrihydrite recrystalliza-
tion to goethite or hematite under leaching condition and the in-
corporation of U in goethite or hematite structure during this process. A
synthetic cement leachate solution was prepared with 0.06 g/L Ca(OH)2
solution at pH=10.0, the same as the leachate collected during the
leaching experiments. The solution was sparged with N2 to remove CO2

[45]. Ferrihydrite nanoparticles were added into the cement leachate
with a solid/solution ratio of 4 g/L. The suspension was then sonicated
for 10min and spiked with U with an initial concentration of 10 ppm.
Based on Geochemist’s Workbench (GWB, Release 9.0, Aqueous Solu-
tions LLC) calculation, this initial concentration of U is below the so-
lubility of any U(VI) related phase. Then, the suspension was placed in
an oven at 90 °C for 15 days to mimic the leaching condition. After 15
days, the aged nanoparticles in the suspension were collected by cen-
trifuging. The mineral phase of the aged nanoparticles was analyzed
using XRD (Miniflex600, Rigaku) and compared with that of the fresh
nanoparticles.

The fresh and aged nanoparticles were dissolved layer-by-layer by
consecutive acid wash for 0.5 h, 1 h, 3 h, 6 h, 12 h and 24 h (dilute
HNO3 solution with pH=3.0). After 24 h, the undissolved particles
were collected and dissolved in 2% nitric acid for 168 h until all the
particles dissolved and the concentrations of dissolved U and Fe in the
acid solutions were measured by ICP-MS to calculate the atomic U/Fe
ratio in each layer. The first acid wash produced the atomic U/Fe ratios
in the surface layers (RU/Fe, s); when the atomic ratio of U/Fe was stable
during later consecutive acid wash, it represented the atomic U/Fe ratio
in the inner lattice (R U/Fe, l) of the nanoparticles [52,53].

2.6. Isothermal calorimetry of cement hydration kinetics

To understand the effect of ferrihydrite nanoparticles on cement
hydration kinetics, isothermal calorimetry [54] (TAM AIR) was con-
ducted to measure the thermal flux released during cement hydration.
The sample compositions were the same as in Table 1, but without
including U, Cs and Sr. The measurements were conducted at a constant
temperature of 25 °C, with a sensitivity of± 20 μW and an accu-
racy> 95%. Capsuled ampoules containing cement, together with
syringe injectors containing preblended ferrihydrite nanoparticles with
ultrapure water, were inserted into a sealed reaction channel. After a
12-hour equalization period, the nanoparticle solution was injected into
the ampoule and mixed for 1min. To exclude the exothermic effect
caused by early rapid dissolution of cement clickers, the initial 15-
minute calorimetry data were removed. The rate of heat and the cu-
mulative heat released during hydration were measured and normal-
ized by the solid weight to quantify the rate and degree of hydration.

2.7. Permeability tests on ferrihydrite-cementitious specimens

To determine the mechanisms responsible for U, Cs and Sr leaching
from cementitious materials, questions arise as to whether ferrihydrite
nanoparticles alter the pore structure and permeability of cementitious
materials, in addition to radionuclides adsorption and structural in-
corporation. Therefore, permeability tests were conducted on ferrihy-
drite-cementitious specimens; water permeability reflects the porosity
and pore connectivity within cementitious materials. The specimen
compositions were shown in Table 1 but without including radio-
nuclides. The fresh mixtures were cast into cylindrical molds (dia-
meter= 76mm, height= 152mm), demolded after 24 h, and stored in
an environmental chamber at 25 °C and 100% RH till 28-day age.
Afterwards, each specimen was cut into 25 mm-thick slice specimens,
which were then soaked in water for 7 days at 25 °C, to ensure a sa-
turated condition and avoid shrinkage-induced microcracking. The
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specimens were then clamped in a permeability test apparatus (Fig. 1).
During the test, the water height change with time was measured for up
to 14 days. The permeability coefficient k was determined using Eq. (1),
assuming laminar flow following Darcy’s law [55].

=k A d
A t

ln h
h

k( ) ( )
t

0

(1)

where A is the specimen cross-sectional area, d is the specimen thick-
ness, A’ is the cross-sectional area of the pipette, Δt is the time required
to reach a water head drop of Δh = h0 - ht, h0 and ht are water head
height at the beginning and end of the test.

2.8. Compression tests on ferrihydrite-cementitious specimens

To understand the effect of ferrihydrite nanoparticles on the me-
chanical properties of cementitious materials, uniaxial compression
tests were conducted [56]. The specimen compositions and preparation
method were the same as the permeability tests. The suspension of well-
dispersed ferrihydrite nanoparticles were added to Type I ordinary
Portland cement together with additional water (water-to-cement
ratio= 0.5), and mixed through a Hobart mixer for 5min to reach a
well-dispersed, coherent state. The fresh cement past was then cast into
the cylinder mold (diameter= 76mm, height= 152mm). The speci-
mens were demolded after 24 h and cured at a temperature of
20 ± 1 °C and relative humidity of 45 ± 5% till the age of 28 days for
compressive testing. The compressive tests were conducted using a
servohydraulic load frame (MTS) under displacement control at a rate
of 0.025mm/s, till the measured load dropped by 20% of the peak
compressive load. The compressive strength was calculated by dividing
the peak load by the initial cross-sectional area of the specimen. Three
repeat specimens were tested for each mixture and the averages were
reported.

3. Results

3.1. Leaching of U, Sr, and Cs from cementitious specimens

Fig. 2 shows the cumulative mass percentages of leached U, Sr, and
Cs over a 170-day leaching period, and the diffusivity of U, Sr and Cs
calculated based on the equation in ANSI/ANS-16.1–2003 (R2017). For
the specimens without nanoparticles, the leaching of Cs was the fastest
(70.8 ± 2.1%), followed by Sr (45.2 ± 0.9%), and then U whose 170-
day leaching amount (0.104 ± 0.012%) was 2 orders of magnitude
lower than Cs and Sr (Fig. 2(a–c)). This was consistent with the cal-
culated effective diffusivities of U, Sr, and Cs (Fig. 2(e)). The diffusivity
of Cs was the largest (∼5×10−9 cm2/s), followed by Sr

(∼1.8×10−9 cm2/s) and U (∼3×10-11 cm2/s) that was 2 orders of
magnitude lower than Cs and Sr.

In a cementitious matrix, the radionuclides can precipitate as in-
soluble salts, co-precipitate with cement hydration products, be ad-
sorbed at hydrous surfaces, or exist as free ions in pore water [57]. The
solubility of U in alkaline solution is very low, and more than 99% of U
added in this experiment can precipitate as uranate complexes at
pH=10 based on GWB calculation. These complexes are physically
encapsulated inside the cementitious matrix, thereby retarding U
leaching [28]. Additionally, the remaining free UO2

2+ (uranyl) ions can
be adsorbed onto the surfaces of cement mineral phases (e.g., SiO2) and
form an inner-sphere complex by sharing the equatorial oxygens, fur-
ther reducing UO2

2+ leaching [58]. Different from U, the solubility of
Sr is much higher under high pH, and thus cannot precipitate in the
pore solution based on GWB calculation. Rather, Sr2+ can partially
substitute Ca2+ in the ettringite structure [59,60]. Therefore, Sr
leaching is retarded and partially controlled by the dissolution of et-
tringite. Cs has very high solubility in all pH conditions [59]. Cs tends
to exist as free ions in the interstitial pore fluid of the cementitious
matrix. Therefore, when the cementitious matrix is in contact with
water, the leaching of free Cs ions becomes the fastest, compared with
Sr and U whose leaching processes were retarded due to their different
interactions with cement (for Sr and U), and the formation of insoluble
precipitates (for U). These mechanisms are shown in Fig. 2(d).

Compared with the control specimens without nanoparticles, the
leached-out U from ferrihydrite-cementitious specimens decreased by
∼50% after 170-day leaching (Fig. 2(a)). In contrast to U, the leaching
rates of Sr and Cs were much higher and not significantly affected by
the incorporation of ferrihydrite nanoparticles (Fig. 2(b–c)). The dis-
tinct leaching behaviors of U, Sr, and Cs suggested the fundamental
differences in their interactions with ferrihydrite-cementitious mate-
rials, as further discussed in Section 4.1.

Finally, it was observed that different types of iron-based nano-
particles, hematite and ferrihydrite, differently affected U immobiliza-
tion in cementitious materials. Compared with C+1.00%H, the lea-
ched amounts of U from specimens containing 0.65–6.5% of
ferrihydrite nanoparticles were all lower by ∼30% (Fig. 2(a)). In
contrast to U, no significant differences were observed for Sr and Cs
leaching from cementitious materials containing hematite or ferrihy-
drite nanoparticles (Fig. 2(b) and (c)). These results suggested different
interactions among the radionuclides (U, Sr, or Cs), the iron-based
nanoparticles (ferrihydrite or hematite), and the cementitious mate-
rials. These mechanisms are further discussed in Section 4.3.

3.2. U, Sr, and Cs adsorption and structural incorporation by ferrihydrite

Table 2 shows 98 ± 1% of U but no detectable amount of Cs, Sr in
solution was adsorbed on ferrihydrite nanoparticles. The adsorbed
amounts of U were almost the same for 0.33 g and 3.25 g ferrihydrite
nanoparticles, indicating that even the lowest amount of ferrihydrite
nanoparticle incorporation (e.g., 0.65%) into cementitious materials
was sufficient for adsorbing most of the dissolved U.

At high temperatures, ferrihydrite nanoparticles transform into
more stable Fe (hydr)oxide mineral phases [61,62]. Marshall et al. [45]
found that during ferrihydrite recrystallization into hematite under
60 °C, the adsorbed U on ferrihydrite was incorporated into the hema-
tite structure [45]. In this study, the broad XRD spectra of the fresh
nanoparticles (Fig. 3(a)) confirmed that these nanoparticles were 2-line
ferrihydrite [63]. After aging in solution under the leaching tempera-
ture (90 °C) for 15 days (Fig. 3(b)), sharp diffraction peaks showed up
at 2θ of 33°, 35°, 49°, and 54°, matching well with the characteristic
diffraction peaks of hematite. This proved that ferrihydrite nano-
particles recrystallized to hematite under this study’s leaching condition
(90 °C).

To understand potential U incorporation into the aged hematite
nanoparticles, consecutive acid wash experiments were conducted, and

Fig. 1. Water permeability test.
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the atomic ratios of U/Fe on the surface (RU/Fe, s) and in the lattice (RU/
Fe, l) of the fresh and aged nanoparticles are shown in Table 3. RU/Fe, s
was high for both fresh (387 ± 20) and aged (207 ± 19) nano-
particles, indicating high adsorption capacities of U on both. RU/Fe, l for
fresh ferrihydrite particles was 0 as U was below the detection limit. RU/
Fe, l for the aged particles was 0.030 ± 0.003, indicating that sig-
nificant amount of U was incorporated in the lattice structure of he-
matite during ferrihydrite recrystallization.

3.3. Effect of ferrihydrite and hematite nanoparticles on cement hydration

Fig. 4(a) shows the isothermal heat flow during cement hydration
process. It was found that ferrihydrite nanoparticles accelerated cement
reaction rate and also increased the peaks of hydration, which was
primarily controlled by the rate at which the hydration products nu-
cleated and grew. Nucleation effects have been found for other types of
nano-size particles, such as nano-SiO2, carbon nanotubes, nano-TiO2,

Fig. 2. The cumulative percentages of (a) U, (b) Sr, and (c) Cs leached from cementitious specimens, (d) the mechanisms controlling their leaching from cementitious
material systems, and (e) effective diffusivities of U, Sr and Cs.

Table 2
Absorbed U, Sr, and Cs on ferrihydrite nanoparticles.

Ferrihydrite (g) U (%) Cs (%) Sr (%)

0.33 (as in C+0.65%F) 98 ± 1 below detection limit below detection limit
3.25 (as in C+6.5%F) 98 ± 1 below detection limit below detection limit
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and nano-Fe2O3 [64]. This is the first time that nucleation effect was
observed for ferrihydrite nanoparticles within cementitious materials.
Fig. 4(b) shows the incorporation of ferrihydrite nanoparticles in-
creased accumulative heat, indicating a higher degree of cement hy-
dration during the first 120 h. The degree of hydration, α, was calcu-
lated by dividing the total amount of evolved heat at a given time (T) by
the ultimate heat of reaction (Q∞). Using a value of Q∞=438 J/g that
have been reported in literature [65], the estimated degrees of cement
hydration at 1, 7, 14 and 28 days with different contents of iron-based
nanoparticles are shown in Table 4.

Fig. 4 and Table 4 also shows that increasing ferrihydrite nano-
particles from 0.65% to 3.9% led to higher rate and degree of hydra-
tion, but this effect was reversed when the ferrihydrite content further
increased from 3.9% to 6.5%. A possible explanation was that larger
amount of nanoparticles led to particle agglomeration and consequently
decreased their nucleation effect. By comparing the effects of two dif-
ferent iron (hydr)oxide nanoparticles, ferrihydrite and hematite, it was
found that the hydration rate and degree were improved more notably
by adding hematite over ferrihydrite nanoparticles. Compared with
control pure cement, the peak heat flow increased by 19% for
C+ 3.90%F, but by 32% for C+1.00%H.

3.4. Effects of ferrihydrite nanoparticles on cementitious material
permeability and compressive strength

Fig. 5(a) shows the cumulated water flow permeation as a function
of time for different cementitious specimens. After around 5 days, the
steady water flow was reached. The water permeability coefficient, k,

Fig. 3. XRD spectra of (a) fresh ferrihydrite and (b) aged nanoparticles.

Table 3
Chemical compositions of fresh and aged nanoparticles.

U/Fe Molar Ratio

Time (h) Fresh Nanoparticles Aged Nanoparticles

0.5 (Surface atomic U/Fe Ratio, RU/
Fe, s)

387 ± 20 207 ± 19

1 0.02 ± 0.01 89 ± 10
3 0.01 ± 0.01 58 ± 2
6 0 4.5 ± 0.5
12 0 0.025 ± 0.002
24 0 0.033 ± 0.003
Final (Lattice U/Fe Ratio, RU/Fe, l) 0 0.030 ± 0.003

Fig. 4. Isothermal calorimetry on cement hydration. (a) Rate of heat evolution.
(b) Accumulated heat with time.
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was calculated using the slope of the linear line fitting the steady part of
the permeation curve. Fig. 5(b) shows that adding ferrihydrite nano-
particles reduced the permeability of cementitious samples and this
effect was the strongest in C+3.90%F. It was also found that the
specimen containing 1% hematite nanoparticles had the lowest per-
meability, compared with all specimens containing 0–6.5% ferrihydrite
nanoparticles.

Fig. 6 shows that ferrihydrite nanoparticles improved the 28-day
compressive strength of cementitious materials, with the largest im-
provement in C+3.90%F. This effect by ferrihydrite nanoparticles,
however, was not as significant as the cementitious materials con-
taining 1% hematite nanoparticles.

These findings, together with isothermal calorimetry results, sug-
gested that incorporation of ferrihydrite or hematite nanoparticles in-
creased the degree of cement hydration, leading to denser micro-
structure and consequently lower permeability and higher compressive
strength of cementitious materials; the optimum dosage of ferrihydrite
nanoparticles was 3.90%. Moreover, the specimens containing 1% he-
matite nanoparticles had even stronger effect than those containing
0.65%–6.5% ferrihydrite nanoparticles.

4. Discussion

4.1. Incorporating ferrihydrite nanoparticles into cementitious materials
retarded leaching of U, but not Sr or Cs

Dispersing small amounts (0.65–6.5%) of ferrihydrite nanoparticles
into cementitious materials was found to reduce over 50% of U leaching
(Fig. 2(a)). The enhanced U immobilization could be attributed to three
major mechanisms: (1) adsorption on ferrihydrite nanoparticles, as
evidenced in the batch experiments that 98% of U (Table 2) were ad-
sorbed by even a small amount of ferrihydrite nanoparticles equivalent
to 0.65wt% of cement as in the leaching test specimens; (2) in-
corporation in hematite structure during ferrihydrite recrystallization
into hematite under leaching conditions, validated by the change in RU/
Fe, l from 0 in fresh ferrihydrite nanoparticles to 0.029 ± 0.004 in the
aged nanoparticles (Table 3); and (3) lowered permeability of ce-
mentitious material, evidenced by accelerated cement hydration by
ferrihydrite nanoparticles which led to denser microstructure of the
hardened cementitious materials.

In contrast, incorporating ferrihydrite nanoparticles into cementi-
tious materials did not significantly affect Sr or Cs leaching (Fig. 2).
This was because Cs or Sr was either not absorbed onto ferrihydrite
nanoparticles (Table 2) or structurally incorporated in hematite during
ferrihydrite recrystallization. Therefore, the leaching of Cs or Sr was
mainly governed by their interactions with the cementitious matrix.
The faster leaching of Cs than Sr was due to the higher solubility of Cs
that remains mostly as free ions in the cementitious pore solution.

4.2. The roles of Fe-based nanoparticles on cement hydration and material
properties

Cement hydration process strongly influences the pore structure of
cementitious materials, consequently affecting material transport
properties (e.g. permeability) and mechanical properties (e.g. com-
pressive strength). This study found that Fe-based nanoparticles, ferri-
hydrite and hematite, increased cement early-age hydration rate and
degree. These nanoparticles acted as additional nucleation sites for the
formation of cement hydration products, leading to lower permeability
and higher compressive strength.

Hematite nanoparticles showed stronger effects than ferrihydrite
nanoparticles on cement hydration and thus the permeability and me-
chanical strength. The possible mechanisms are: (1) the average size of
hematite nanoparticles (∼30 nm) was smaller than ferrihydrite nano-
particles (∼120 nm), leading to more additional nucleation sites for
cement hydration products; (2) the smaller particle size of hematite

Table 4
Degree of hydration (α) at different ages measured by isothermal calorimetry.

Specimen α (1d) α (7d) α (14d) α (28d)

C 0.30 0.62 0.69 0.72
C+0.65%F 0.33 0.65 0.71 0.74
C+1.30%F 0.35 0.68 0.75 0.78
C+3.90%F 0.37 0.73 0.77 0.80
C+6.50%F 0.34 0.66 0.73 0.75
C+1.00%H 0.39 0.77 0.81 0.82

Fig. 5. Water permeability test results. (a) Water flow with time. (b)
Permeability coefficients.

Fig. 6. 28-day compressive strength of cementitious materials.
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resulted in a larger surface-to-volume ratio, thus lowering the surface
energy barrier for the nucleation of cement hydration products on the
nanoparticles; (3) ferrihydrite is an intermediate phase and thermo-
dynamically less stable than hematite; therefore, it could participate in
the cement hydration process to bond in hydrotalcite [66] and re-
crystallize to transform to hematite, thereby influencing the cement
hydration kinetics.

XRD was performed to understand the effects of ferrihydrite nano-
particles on the compositions of cement hydration products. Fig. 7
Shows the X-ray diffraction spectra of 28-day cementitious samples
containing 1% ferrihydrite nanoparticles, 1% hematite nanoparticles,
or without any nanoparticles. The intensity was normalized into [0,1]
range divided by the maximum peak counts. The XRD patterns did not
show significant differences in the phase types. For example, the peaks
at 2θ of 18˚, 35˚, 47˚, and 51˚ corresponded to one of the major cement
hydration products – calcium hydroxide (CH); the CH peaks were pre-
sent in all mixtures. However, the relative peak intensities for CH and
unhydrated cement clinkers (tricalcium silicate (C3S) and dicalcium
silicate (C2S)), which have major peaks in the 2θ range of 29˚-35˚,
varied among different samples. Table 5 shows the normalized intensity
of CH at 2θ angle of 35° and unhydrated cement clinkers (C3S/C2S) at
33°. The peak intensity ratio between C3S/C2S and CH decreased from
0.85 for Cement-Control, to 0.68 and 0.78 for Cement + 1% Hematite
and Cement + 1% Ferrihydrite, respectively. A lower peak intensity
ratio between C3S/C2S and CH indicated that more cement clinkers
(C3S/C2S) reacted during hydration. These XRD results supported the
isothermal calorimetry results, suggesting that although ferrihydrite
nanoparticles increased the degree of cement hydration, their effect was
weaker than hematite nanoparticles.

Because this is the first study to understand the interaction among
ferrihydrite nanoparticles, cement hydration and properties, and
radionuclides leaching, the ferrihydrite-cementitious samples were de-
signed without aggregates in order to reduce the complexity of the
system and influencing parameters to reveal cement-ferrihydrite-
radionuclides interactions. Also, this less complex system allowed us to
relate the findings on cement hydration kinetics to the measured
properties of cementitious materials and to the leaching phenomena. It
is noted that concrete in structures typically have high content of ag-
gregates. In addition to their effect on cement hydration, iron-based
nanoparticles can also influence the aggregate-cement interfacial tran-
sition zone. Such effect will be investigated in future studies.

4.3. More effective U immobilization by incorporating ferrihydrite than
hematite nanoparticles

This study revealed more effective U immobilization in cementitious
materials by incorporating ferrihydrite nanoparticles than hematite
nanoparticles (Fig. 2), despite that the latter had lower permeability.
Three underlying mechanisms are discussed below.

First, the U adsorption capacities of ferrihydrite and hematite na-
noparticles were compared. Ferrihydrite nanoparticles (121 ± 16 nm)
had an adsorption capacity of 14.0 ± 0.1mg U/g ferrihydrite.
Hematite nanoparticles (30 nm) had an adsorption capacity of
16.3 ± 0.5mg U/g hematite [67]. If expressed in mg U/g Fe, the ad-
sorption capacities of ferrihydrite and hematite nanoparticles were
25.7 ± 0.2 and 23.3 ± 0.7mg U/g Fe, respectively. The ferrihydrite
nanoparticles in C+1.30%F would adsorb only ∼10% more U than
the hematite nanoparticles in C+1.00%H. However, the leached U
from C+1.30%F was ∼30% lower than C+1.00%H. Furthermore,
based on batch adsorption experiments, U removal was all> 98% with
varied amounts of ferrihydrite nanoparticles (Table 2), suggesting that
the adsorption capacity difference between ferrihydrite and hematite
nanoparticles should contribute to less than 10% of the U leaching
difference from cementitious specimens. Therefore, the stronger U ad-
sorption capacity of ferrihydrite than hematite nanoparticles was a
contributing (< 10% difference) but not dominant mechanism for the

greatly enhanced (∼30%) U immobilization within cementitious ma-
terials.

Second, ferrihydrite and hematite nanoparticles affected cement
hydration to different extent, thus differently influencing the pore
structure of the hardened cementitious materials and the U leaching
behavior. During cement hydration, U could be adsorbed onto the Fe-
based nanoparticles, or incorporated in hydration products such as C-S-
H by chemisorption and co-precipitation. The cementitious material
pore structure, including the larger capillary pores and the finer gel
pores that constitute the internal porosity of the C-S-H gel phase, af-
fected the adsorption/desorption equilibrium between the free U ions in
pore solution and the U adsorbed on Fe-based nanoparticles, as well as
the dissolution/precipitation equilibrium between the free U ions in
pore solution and the urinate precipitates. Therefore, the cementitious
material pore structure affected the transport of U. This study found
that the permeability of C+1.30%F was higher than that of C+1.00%H
(Fig. 6). However, the leached U from C+1.30%F was 30% lower than
that from C+1.00%H. This indicated that although hematite nano-
particles had stronger effects than ferrihydrate nanoparticles on accel-
erating cement early hydration and reducing the material porosity and
permeability, these effects were not the dominant mechanisms for the
enhanced U immobilization in ferrihydrite-cementitious materials.

Finally and most importantly, ferrihydrite nanoparticles were more
effective than hematite nanoparticles in immobilizing U due to U in-
corporation in the lattice structure of hematite phase during ferrihy-
drite recrystallization. Adsorption process can be reversible and the
adsorbed U can be desorbed and leached out from the cementitious
system with time, but the structurally incorporated U is more irrever-
sible due to the high stability of hematite structure under high pH
conditions. Structural incorporation of U is the dominant mechanism
for the enhanced and more permanent immobilization of U in ferrihy-
drite-cementitious materials.

5. Conclusions

The leaching behaviors of U, Cs, and Sr from cementitious materials
incorporating ferrihydrite nanoparticles were investigated and com-
pared with those incorporating hematite nanoparticles or without any
nanoparticles. Various techniques were employed to characterize ce-
ment hydration, permeability, mechanical strength and radionuclide
leaching. Fundamental understandings were gained on the radio-
nuclides-nanoparticle-cement interactions, and their relations with
radionuclides leaching behaviors.

Incorporating ferrihydrite nanoparticles into cementitious materials
significantly enhanced U immobilization, due to both U adsorption on

Fig. 7. XRD patterns of cementitious samples.
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ferrihydrite nanoparticles and the lattice incorporation of U into he-
matite structure during ferrihydrite recrystallization under leaching
conditions. In contrast, the incorporation of ferrihydrite nanoparticles
did not significantly affect Sr or Cs immobilization, because there was
no significant adsorption or structural incorporation of Sr or Cs by
ferrihydrite nanoparticles. These different interactions between ferri-
hydrite nanoparticles and U, Sr or Cs led to the distinctive im-
mobilization mechanisms for these radionuclides in ferrihydrite-ce-
mentitious materials.

The incorporation of ferrihydrite nanoparticles affected cement
hydration kinetics, leading to higher early-age hydration rate and de-
gree. This consequently influenced the pore structure, transport and
mechanical properties of the cementitious material. Although these
positive effects were less significant in ferrihydrite-cementitious mate-
rials than hematite-cementitious materials, the former achieved sig-
nificantly enhanced U immobilization due to the structural incorpora-
tion of U–a mechanism more stable and permanent than physical
adsorption of U. This study provided new fundamental understandings
about the interactions of different iron-based nanoparticles with dif-
ferent radionuclides within cementitious materials. These under-
standings shed light on designing better strategies for enhanced, long-
term immobilization of radioactive wastes in cementitious systems.
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