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Perrhenate (ReO,) was used as nonradioactive surrogate for the radionuclide pertechnetate (99Tc0;) to investigate the potential of
using starch-stabilized zero valent iron (ZVI) nanoparticles for reductive immobilization of pertechnetate in soil and groundwater.
Batch kinetic tests indicated that the starch-stabilized ZVI nanoparticles were able to reductively remove ~96% of perrhenate
(10 mg/L) from water within 8 h. XRD analyses confirmed that ReO, was the reduction product. A pseudo-first-order kinetic
model was able to interpret the kinetic data, which gave a pseudo first order rate constant (k) value of 0.43 h™' at pH 6.9 and
room temperature (25°C). Increasing solution pH up to 8 progressively increased the reaction rate. However, highly alkaline pH
(10) resulted in much inhibited reaction rate. Consequently, the optimal pH range was identified to be from 7 to 8. Increasing
solution temperature from 15 to 45°C increased ko5 from 0.38 to 0.53 h™'. The classical Arrhenius equation was able to interpret
the temperature effect, which gave a low activation energy value of 7.61 kJ/mol. When the ReO,-loaded loess was treated with the
stabilized nanoparticles suspension ([Fe]=560 mg/L), the water leachable ReO, was reduced by 57% and nearly all eluted Re was
in the form of ReO,. This finding indicates that starch-stabilized ZVI nanoparticles are promising for facilitating in situ immobi-

lization of ReQj in soil and groundwater.
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The past cold war era and recent rapid development of nu-
clear energy have resulted in a legacy of widespread con-
tamination of soil and groundwater with radionuclides [1].
Technetium-99 is one of the most important radioactive
wastes. The half life of technetium-99 is 2.13x10° years [2].
Under oxic groundwater conditions, technetium-99 occurs
in the anionic form of pertechnetate (TcO,) or Tc(VII). Be-
cause of its high water solubility and the mobility in the
environment, Tc(VII) has been detected widely in soil and
groundwater, and thus, is considered a major environmental
threat. On the other hand, when Tc(VII) is reduced to the
sparingly soluble form of Tc(IV), the mobility and availa-
bility of Tc are substantially reduced. Therefore, a poten-
tially effective method for remediating Tc-contaminated soil
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and groundwater is immobilization by reducing Tc(VII) to
Te(IV).

Many researchers have focused on applying various ad-
sorptive materials to confine the mobility of pertechnetate
from radioactive waste repositories [3—6]. However, these
macroscopic materials are not deliverable into the contami-
nant plumes in the subsurface, and thus, are not applicable
for in situ immobilization of Tc(VII) in soil and groundwater.

In recent year, ZVI nanoparticles have been widely stud-
ied for remediation of soil and water contaminated with
chlorinated solvents as well as toxic metals [6-9]. Com-
pared with commercial iron powder or granular iron parti-
cles, ZVI nanoparticles offer larger surface area and exhibit
much faster reaction kinetics [9-13]. In addition, truly
discrete nanoparticles offer the unique advantage that the
nanoparticles maybe directly delivered into the contaminant
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plumes in the subsurface and facilitate in sifu destruction or
immobilization of contaminants in deep aquifers. While
such in situ technology holds the promise to fill major
technology gap and revolutionize the conventional remedia-
tion practices, ZVI nanoparticles without a stabilizer tend to
agglomerate rapidly, resulting in the formation of micro- to
millimeter scale aggregates, thereby losing the unique reac-
tivity and soil deliverability.

To prevent ZVI nanoparticles from agglomeration, a
number of particle stabilization techniques were reported
[14-17]. He and Zhao [14,16,17] reported a new method for
synthesizing stabilized ZVI nanoparticles by using some low-
cost and environmentally benign polysaccharides (starch
and cellulose) as a stabilizer. The stabilized nanoparticles
displayed much improved physical stability, soil mobility
and reductive reactivity than non-stabilized ZVI particles.
Consequently, polysaccharide stabilized ZVI nanoparticles
hold the potential to facilitate in sifu reductive remediation
of various redox sensitive contaminants ranging from chlo-
rinated solvents to various toxic metals including radionu-
clides such as *Tc.

The goal of this present work was to preliminarily test
the effectiveness of starch-stabilized ZVI nanoparticles for
reductive immobilization of **TcO} in soil and groundwater.
To ease the experimental work, ReO, was used as a chemi-
cal analogue of TcO,. Because the two anions share very
similar physical and chemical properties, and because of the
availability and non-radioactive nature, ReO, has been
commonly used as an surrogate for TcO, [18,19]. The spe-
cific objectives were to: (1) examine the ReO, reduction
kinetics by starch-stabilized ZVI nanoparticles through con-
trolled batch experiments; (2) determine effects of various
parameters such as pH, temperature, and initial concentra-
tion on the reduction efficacy; and (3) preliminarily test the
effectiveness of the starch-stabilized ZVI nanoparticles for
in situ immobilization of ReO, in a contaminated Chinese
loess through bench-scale column elution experiments.

1 Materials and methods

1.1 Materials

Chemicals of analytical grade or higher were used in this
work. Fe(Il) sulfate heptahydrate (FeSO,-7H,0), sodium
borohydride (NaBH,), potassium perrhenate (KReO,) were
obtained from Sinopharm Chemical Reagent Limited Com-
pany (Shanghai, China). A water-soluble starch was procured
from Alfa Aesar, Wall Hill, (MA, USA). All solutions were
prepared with ultrapure deionized (DI) water (18.2 Q cm™).

1.2 Preparation of stabilized ZVI nanoparticles

The method developed by He and Zhao [14,17] was adopted
for preparing starch-stabilized ZVI nanoparticles. In brief, a
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water-soluble starch was used as a stabilizer in the prepara-
tion. The preparation was carried out in a 250 mL flask.
Before use, deionized (DI) water and starch solution were
purged with N, for half an hour to remove dissolved oxygen
(DO). A FeSQOj, stock solution was added to a starch solution
through a burette to give a final Fe concentration of 560
mg/L and a starch concentration of 0.2% (w/w). Then, Fe?*
was reduced to Fe” using stoichiometric amounts of sodium
borohydride. To ensure efficient use of the reducing agent
BH,, the reactor system was operated in the absence of DO.
The stabilized Fe suspension was then sealed and stored for
20 min before every use.

1.3 Preparation of ReO,-laden loess

The Chinese loess was obtained from an experimental field
of China Institute for Radiation Protection in Yuci City,
Shanxi province, located on the Loess Plateau of northern
China. Prior to use, the raw loess was sieved with a 2 mm
standard sieve. Based on particle size fractionation, the lo-
ess is made up of 78% of sand, 21% of silt and 1% of clay.
Therefore, the soil taxonomy falls into the category of
loamy sand. The loess contains 0.39% of soil organic matter
(SOM) and was initially free of perrhenate. Perrhenate was
loaded to the loess by equilibrating 1 L of a solution con-
taining 433.5 mg/L of perrhenate (in KReO,) with 200 g of
an air-dried loess sample in a batch reactor for 1 month at
pH 5.5, which resulted in a 55 mg/kg ReO, uptake. The
ReO, spiked loess was then air-dried and stored in a sealed
bottle for subsequent experimental uses.

1.4 Reductive removal of ReO; from water: Kinetic
tests

To probe the effectiveness of the starch-stabilized ZVI na-
noparticles for reductive immobilization/removal of per-
rhenate, batch experiments were first carried out in homo-
geneous systems (i.e. in water solution of ReO;). The ex-
periments were carried out in 200 mL glass vials sealed
with Teflon-lined septa. The redox reaction was initiated by
adding 2 mL of a perrhenate stock solution into 198 mL of a
suspension of starch-stabilized ZVI nanoparticles to give a
ZVI concentration of 560 mg/L, an initial ReO, concentra-
tion of 10 mg/L. and a starch concentration of 0.20 wt%.
Nearly zero headspace was maintained in all vials to mini-
mize DO effect. The mixtures were placed on a shaker at
200 r/min and sacrificially sampled at pre-designed time
intervals. The sampled vials were first centrifuged at 5000x
g-force with a high-speed centrifuge (CF16RX I, Hitachi,
Japan) for 15 min, then passed through a 25 nm membrane
filter (0.025 um VSWP, Millipore, USA) to completely
remove the nanoparticles and insoluble Re species from the
solution phase. The filtrates were then analyzed for soluble
ReO; remaining in the solution using an ICP-OES (Optima
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7300, Perkin Elmer, USA) to analyze the supernatants for
ReO,.

1.5 XRD analysis of reduction products

The nanoparticles and solid reduction products of the reac-
tion collected on the membrane were first dried under ni-
trogen gas. The dried samples were then ground to a ho-
mogenous mixture using a mortar and pestle, and then
scanned at diffraction angles (20) ranging from 10.000° to
79.990° with a constant step width of 0.010° and a step time
of 600 s at room temperature (25°C). The XRD was operat-
ed with a Bruker D8 Discover X-ray Diffractometer (Bruker
Corp., Madison, WI, USA) with a GADDS (General Area
Detector Diffraction Solution) area detector, with a Cu tar-
get (1=1.54060 A) and a 4-bounce monochromator Ge (022).
The resultant spectra were further processed by means of a
semi-quantitative phase analysis software EVA to subtract
background, smooth the data and search for peaks.

1.6 Fixed-bed column test

To test the effectiveness of the starch-stabilized ZVI nano-
particles for in situ reductive immobilization of ReOj in soil,
column experiments were conducted by passing a suspen-
sion of the starch-stabilized ZVI nanoparticles through the
ReOj;-loaded loess packed in a column. Figure 1 shows the
experimental column setup, which consisted of an HPLC
pump (Series III-Acuflow), a glass column (inner diameter=
1.0 cm and length=15 cm; Omnifit, Cambridge, England)
with adjustable headspace (Omnifit, Cambridge, England),
and an automatic fraction collector (ASS100A, China). In
each test, 8 g of the ReO,-loaded loess was packed in the
column resulting in a soil bed porosity of 0.49 and a bulk
bed volume of 5.8 mL. Then, the ReO,-laden loess was
treated by passing the ZVI nanoparticle suspension ([Fe]=
560 mg/L) through the column in a downflow mode. The
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flow rate was kept constant at 0.1 mL/min. For compassion,
control column tests were also performed in parallel using
deionized water with the same background starch.

2 Results and discussion

2.1 Effect of initial concentration

Figure 2(a) shows Re (VII) reduction kinetic data in the
presence of starch-stabilized ZVI nanoparticles. Reduction
of perrhenate was observed within 8 h. At the reaction
steady state (~8 h), ~96% of perrhenate was removed from
the solution.

The reduction rate of ReO, can be described by a pseu-
do-first-order kinetic model,

dc
y=—-= C, 1
& (1

where C is the concentration of ReO, in water (mg/L), t the

time (h), and k., the observed first-order rate constant (h™).
Based on the kinetic data, the reaction equilibrium was
reached at ~ 8 h. Thus, the &, value was obtained by fitting
the kinetic model to the experimental data up to 8 h rather
than the entire experimental time of 12 h (Figure 2(b)). The
similar modeling approach was applied to reduction of
Cr(VD) [20] and trichloroethylene [21] by ZVI nanoparticles.
Fairly good model fitting was obtained (R*=0.96). The
modeling fitting gave a ky, value of 0.43 h™'. The results
suggest that the starch stabilized ZVI nanoparticles allow
for effective reduction of Re(VII) in environmental samples.

Figure 3 shows the powder XRD diffractogram for the
reduction products at 25°C. The results clearly indentified
three distinct crystalline phases, including the reduced rhe-
nium as ReO,, Fe,0s, and elemental Fe. This result con-
firmed that the formation of the insoluble ReO, species is
the key mechanism for perrhenate removal from the aque-
ous phase. The formation of iron oxide can be attributed to

\
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Nanoparticle suspension HPLC

Figure 1 Schematic of the experimental setup for the column experiments.
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Figure 2 (a) Reduction of perrhenate as a function of time by starch-stabilized ZVI nanoparticles. (b) Fitting a pseudo-first-order model to the experi-
mental perrhenate reduction rate data. Symbols: experimental data; Lines: model fittings. Experimental conditions: C;=10 mg/L as ReO,, ZVI=560 mg/L as

Fe, Starch=0.2 wt%, pHiniia=6.9, pHina=7.3, Temperature=25°C.
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Figure 3 The X-ray diffraction pattern of the redox reaction products
between ZVI and perrhenate.

oxidation of the ZVI nanoparticles by reaction with ReO,
and/or H". Equation (2) depicts the redox reaction:

Fe| +ReO),

4(aq)

+H,0 — Fe, 0, +Re0,  +OH,,

2(s) (aq)

2)

Because of the similar chemistry between ReO, and
TcOy, the same mechanism may be applied to pertechnetate,
which is the ultimate target radionuclide [19]. When the
reduction TcO, and ReO, are compared under environmen-
tal nitrate- and iron-reducing conditions and in the presence
organic co-contaminants, researchers observed that reduc-
tion of TcO, is more easily reduced by Sn(I) than ReO;.
Further, the researchers identified that the majority of the
TcO, was reduced to particle-reactive Tc(IV) and removed
from solution during nitrate reduction, and there was no
chromatographic evidence of Tc(IV)-organic complexes in
the soil pore water. The thermodynamic favorability of TcO,
over ReO, can be easily revealed by the standard redox po-
tential (E°) as shown in egs. (3) and (4):
+4H;,

(aq)

ReO,

4(aq)

+3e” - Re0, +2H,0,, E°=-0.548 V (3)

2(s)

+4H? E° =-0.361V (4)

(aq)

TcO,

4(aq)

+3e” — TcO, ,+2H,0

2(s) U]

The resultant Tc(IV)/Re(IV) oxide solids are quite stable
under subsurface environmental conditions [3,5]. Physically,
the precipitates can be attached to geological materials and
become immobilized [22].

The ZVI nanoparticles from the borohydride reduction
method may contain some residual (~4 wt%) of B [23,24].
Nikolay et al. [25] observed that the zero valent boron na-
noparticles at elevated concentrations may adversely affect
some aquatic microorganisms. However, the adverse effect
is less likely for the starch stabilized ZVI for the following
arguments: (1) B in the ZVI nanoparticles is more likely in
its oxides form [26], and (2) the B° concentration in our case
is much lower.

2.2 Effect of pH

Equations. (3), (4) and prior work [21] indicate that H" ions
will compete for the electrons from ZVI, and thus, pH is
likely to affect the reduction extent and rate. To probe the
pH effect on the reduction rate, the same kinetic experi-
ments were conducted at an initial pH of 5.0, 7.0, 8.0, 10.0,
respectively. At the end of each experiment, the corre-
sponding pH was increased to 6.1, 7.4, 8.3, 10.3, respec-
tively. In all cases, more than 90% of perrhenate removal
was achieved, with the highest removal (~98%) being ob-
served at pH 8.0. Based on the kinetic data, the pseudo-
first-order rate constants were determined following the
same model fitting procedure (R*>0.90 in all cases). Figure 4
plots the pseudo-first-order rate constants as a function of
initial solution pH. From pH 5.0 to 8.0, the k., value in-
creased from 0.32 to 0.45 h™', but abruptly dropped to 0.30
h™' when the initial pH was raised to 10.0. Evidently, more
competition from H* ions for electrons at the lower pH ren-
dered reduced perrhenate reduction. Note that the H, gas
generated from H* reduction cannot effectively reduce
Re(VII). When pH is too high, iron hydroxide precipitation
would be expected. The precipitates on the surface of ZVI
nanoparticles form a passivation layer, inhibiting the reduction
kinetics. In addition, the solution pH can also affect surface
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Figure 4 Effect of pH on the pseudo first order rate constant for ReO}
reduction by stabilized ZVI nanoparticles. Experimental conditions: Cy=10
mg/L as ReO,, ZVI=560 mg/L as Fe, Starch=0.2 wt%, pHipiiu=5.00-10.00,
pHfina=6.10-10.29, T=25°C.

potential of the iron oxide shell on the ZVI nanoparticles
[21], with the higher pH being more repulsive to the like-
charged perrhenate anions. Moreover, the higher pH also
impedes the starch’s particle stabilizing power, resulting in
larger particles and diminished reactivity. Furthermore, the
higher pH renders a more negative surface potential, which
repels sorptive removal if the anionic ReO,. In general, the
stabilization effect of starch can be impeded at the extreme-
ly alkaline pH due to completion of OH™ ions with starch
for the surface binding sites of the nanoparticles [17].

2.3 Effect of temperature

Figure 5(a) shows the effect of temperature on the reductive
removal kinetics of ReO, from water. It is evident that in-
creasing temperature from 15 to 45°C progressively in-
creased the removal rates although the final extent of re-
moval was comparable (all at>95%). The observed reactiv-
ity enhancement of the ZVI nanoparticles by temperature is
in accord with the commonly expected temperature effect
on reaction rate and can be explained by the enhanced ef-
fective collision between ReO, ions and the nanoparticles.
The classical Arrhenius equation can be used to interpret the
temperature effect:

E
Ink, =InA——-, 5
obs RT ( )

where A is the pre-exponential factor constant, E, the activa-
tion energy (kJ/mol), R the universal gas constant (8.314 kJ
mol™ k™), and T the absolute temperature (K). Table 1
gives the model-fitted ks values based on the kinetic data.
Figure 5(b) gives an activation energy (E,) of 7.61 kJ/mol
and an A value of 33223 for the starch-stabilized ZVI na-
noparticles. These values indicate that reduction of ReO, by
the stabilized ZVI nanoparticles is thermodynamically
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Figure 5 (a) Kinetics of perrhenate reduction by starch-stabilized ZVI
nanoparticles at four different temperature levels. (b) Linearized Arrhenius
plot of the observed first-order rate constant (Table 1) as a function of 1/7.
Experimental conditions: Cy=10 mg/L as ReO,, ZVI=560 mg/L as Fe,
Starch= 0.2 Wt%, pHinilial=7~23 pHﬁna[=7.4—7.6.

Table 1 Observed pseudo-first-order rate constants of perrhenate reduc-
tion by starch-stabilized ZVI nanoparticles at various temperatures

Temperature (°C) kovs (K7 R*
15 0.38 0.97
25 0.43 0.96
35 0.46 0.97
45 0.53 0.95

favorable. The relatively low activation energy can be at-
tributed to the small particle size, and thus, greater specific
surface area and reactivity compared to non-stabilized ZVI
aggregates.

2.4 Fixed-bed column tests

Figure 6 shows the elution histories of ReO, that was pre-
loaded in the Chinese loess when a suspension of 560 mg/L
ZVI nanoparticles or DI-water was pumped through the soil
bed under otherwise identical conditions. As shown in Fig-
ure 6, the elution of ReO, with DI water displayed a much
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Figure 6 ReOj elution histories during two separate column runs where a
ReO;,-loaded soil was eluted using a starch-stabilized ZVI nanoparticle

suspension ([Fe]=560 mg/L, Starch=0.2 wt%) or DI water, pH 7.2. Empty
bed contact time (EBCT)=58 min.

higher and broader peak than that with the ZVI nanoparticle
suspension. Mass balance calculation revealed that DI water
eluted 88% of the pre-loaded ReO,, while the ZVI suspen-
sion leached only 31%, representing a 57% reduction. In the
presence of starch-stabilized ZVI nanoparticles, the eluted
peak concentration dropped from 9.2 to 3.3 pg/L. Further
analysis of the eluted Re species in the effluent indicated
that nearly all of the eluted Re was present as the insoluble
ReO,, which can be removed from the water phase through
natural filtration by the soil. This preliminary observation
indicates that starch-stabilized ZVI nanoparticles hold the
promise for in situ immobilization of ReO, in soil and
groundwater. The column tests also indicated that the
starch-stabilized ZVI nanoparticles can transport through
the soil bed, and thus, are likely to be deliverable to con-
taminated soil and groundwater to facilitate the desired in
situ remediation.

3 Conclusions

This study preliminarily investigated the effectiveness of
starch-stabilized ZVI nanoparticles for reductive immobili-
zation of ReO, (and potentially TcO,) in soil and ground-
water. Batch kinetic tests indicated that the starch-stabilized
ZVI nanoparticles can effectively reduce ReO, in water and
~96% of perrhenate (10 mg/L) was reductively removed
from the solution phase within 8 h. XRD analyses con-
firmed that the insoluble ReO, was the reduction product. A
pseudo-first-order kinetic model was able to interpret the
kinetic data, which gave a ks value of 0.43 h™! at pH 6.9
and room temperature (25°C). Increasing solution pH up to
8 progressively increased reaction rate. However, highly
alkaline pH (10) resulted in much inhibited reaction rate.
Consequently, the optimal pH range was identified to be

January (2013) Vol.58 No.2

from 7 to 8. Increasing solution temperature from 15 to
45°C increased reaction rate constant from 0.38 to 0.53 h™".
The classical Arrhenius equation was able to interpret the
temperature effect on the reaction kinetics, which gave a
low activation energy value of 7.61 kJ/mol. When the
ReO,-loaded loess was treated with the stabilized nanopar-
ticles suspension ([Fe]=560 mg/L), the water leachable ReO,
was reduced by 57% and nearly all eluted Re was in the
form of ReO,. The findings indicate that the starch-stabi-
lized ZVI nanoparticles are promising for in situ immobili-
zation of ReOj in soil and groundwater, and further more
detailed study is warranted.
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