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Results on As(V) removal in the presence of oxygen using the zerovalent iron technology with
commercial iron nanoparticles (NanoFe™) are presented, showing the effect of (NanoFe®™) mass, UV light
and addition of humic acids. The nanosized iron particles (NZVI) were characterized in their particle size,

Keywords: surface area and constituent phases. As(V) removal was rapid and increased with NZVI mass (0.005-

Nanozerovalent iron 0.1gL!) attaining more than 90% after 150 min of time contact with the optimal NanoFe®

Arsenic concentration. The removal followed a biexponential kinetic decay, with rate constants increasing

:V li_ght 4 with NZVI mass. (NanoFe®™) presented an outstanding ability to remove As due to not only a high surface
umic acids

area and low particle size but also to a high intrinsic activity. Humic acids (HA) decreased around 50% the
removal efficiency in the dark, indicating competition with As(V) for active surface sites. In contrast, UV
light doubled removal rates, the process being even more enhanced in the presence of HA, with an almost
total arsenic removal within 4 h. In all cases, adsorption on iron corrosion phases was found the main
mechanism of As(V) removal, promoted by formation of Reactive Oxygen Species and enhanced under UV
irradiation by the formation of multiple active species. Preliminary results with As-polluted groundwater
of the Chacopampean Plain of Argentina (Tucuman Province) are also reported. Addition of NanoFe®
under UV irradiation for 3 h resulted in As contents well in agreement with the regulations (<10 wg L™1).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction and Latin America. An extended region of Argentina is affected by

the problem, and the country occupies the third place in the world

Arsenic is a metalloid extremely toxic for animals, human
beings and many vegetal species. It is naturally present in
groundwaters in the form of different chemical species, coming
from leaching of minerals or soils; some anthropic activities,
especially mining, contribute artificially to arsenic pollution in
groundwater. The presence of As in water for human consumption
caused a high incidence of HACRE (Chronic Endemic Regional
Hydroarsenicism, Hidroarsenicismo Cronico Regional Endémico in
Spanish), a hydric disease that produces skin alterations and cancer
[1] and affects huge populations, especially in the Asiatic Southeast
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in population at risk for drinking water polluted with arsenic [1,2].
In order to protect population, the World Health Organization
(WHO) [3] and most national regulatory agencies, including the
Argentine Food Code [4], recommend 10 p.g L~! as the maximum
allowable arsenic concentration in drinking water.

Predominant forms of As in natural ground- and surface waters
(neutral pH) are arsenate (As(V), as oxianions H,AsO,~ and
HAs0,2") and arsenite (As(IlI), as the neutral H3AsO° species). The
mobility of arsenical forms in waters is very dependent on pH, Eh
conditions and presence of different chemical species [5].
Consequently, removal methods must take into account these
physicochemical properties.

Various methods have been used to remove arsenic from
drinking water, including oxidation/coagulation/adsorption on
flocs of iron or aluminum hydroxides, anion exchange, precipita-
tion, ion flotation, adsorption on activated alumina, lime softening,
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reverse electrodialysis, etc.; some emergent technologies for poor
regions have been investigated in recent times [6-12 and
references therein]. However, cheap and simple point-of-use
technologies, for isolated, poor households and small commu-
nities, are still necessary to be developed. Generally, methods
include an oxidation step to transform As(Ill) to As(V), which is
more easily removed by adsorption and coprecipitation. Thus,
many of the works make emphasis on As(Ill) oxidation; however,
most groundwaters of the American region used for drinking
purposes are oxic and shallow, with As mainly present in the
pentavalent form.

Zerovalent iron technology (ZVI) is a promising method for
removal of various pollutants in water and soils, such as
chlorinated organics, nitroaromatics, nitrate, azo dyes [13] and
metal ions [14,15 and references therein]. Several papers report
the efficiency of ZVI to remove As, and different iron materials such
as powders, fillings or wires have been tested [16-34]. ZVI
reactions are rather slow, but the process can be notably
accelerated using iron nanoparticles (NZVI) [35 and references
therein]. The tiny particle size, the large surface area and the high
density of reactive surface sites (or surface sites of high intrinsic
reactivity) lead to a very high efficiency, and make these materials
very attractive for remediation; only a few examples of As removal
with NZVI have been published, including our own preliminary
results. This form of iron was found always much more efficient
than other materials [28,32,34,36-38].

The effect of UV or H,0, addition on the ZVI technology,
involving Fenton-type processes, has been previously addressed
[13,17,39,40]. Studies on UV irradiation, economically promissory
because solar light can be used, were generally focused on As(III)
oxidation. The SORAS technology (Solar Oxidation and Removal of
Arsenic), which uses PET bottles, lemon juice (citrate) and solar
light has been tested in natural waters of Bangladesh, Argentina
and Chile with different results depending on the water matrix
[41-44]. As(1II) photooxidation at low pH in the presence of oxygen
was analyzed to be applied in remediation of acid mine waters [8].
None of these works considers removal of As in the pentavalent
state.

In this paper, As(V) removal by NanoFe®, a new commercial
NZVI product, is presented, analyzing the effect of iron mass and
the presence of humic acids (HA). For the first time, the effect of UV
light irradiation is evaluated in these systems, complemented with
the combination of HA plus UV light.

2. Experimental
2.1. Chemicals

As(V) stock solution (1000 mg L~!) was prepared from NaH,A-
s04-7H,0 (Baker). Humic acids (Aldrich, sodium salts, technical)
were used. All other chemicals were reagent grade and used
without further purification. Water was purified with a Millipore
Milli-Q equipment (resistivity = 18 M{) cm).

Real groundwater samples were obtained from wells of Los
Pereyra (Tucuman, Argentina). Synthetic samples, 1 mg L™! As(V),
were prepared from the stock solution in controlled ionic
composition (CIC) water containing 1.3 x 107*M MgSO,,
2.3 x 107* M CaCly, 4.0 x 107> M NH4Cl, 9.0 x 1075 M FeCl; and
NaOH to adjust pH to 7.8. This composition was similar to that of
Los Pereyra waters.

2.2. Synthesis and characterization of NanoFe®™

NanoFe® was synthetized by Nanotek S.A. (Santa Fe, Argentina)
according to a proprietary novel technology based on chemical

reduction of ferric salts with borohydride in a stabilized multi-
phase nanoemulsion [45].

The product is obtained as an aqueous black suspension, and
the particles have magnetic properties. For characterization, the
suspension was centrifuged at 2500 rpm for 20 min. The solid was
transferred to 3 mL vials under N, atmosphere to avoid oxidation,
vials were capped with aluminum seal and a silicone septum, and
kept under N, for 24 h. After opening the vials, the samples were
dried in a vacuum stove at 40 °C for 24 h. The vials were sealed
again and stored in a dry box under N, at a very low humidity
(<5 ppm).

For XRD analysis, the vial was opened inside the dry box, and a
portion of the sample was deposited on the diffraction plate, where
it was wetted with absolute ethanol-ethyleneglycol (80:20); the
solvent was evaporated at room temperature and the sample was
immediately analyzed. A Siemens D5000 diffractometer was used.

For specific surface area measurements, samples were trans-
ferred to the equipment (BET surface area analyzer Micromeritics
Gemini 2360) under He atmosphere.

The UV-vis spectrum of a NanoFe® sample suspended in 2-
propanol was obtained using a Hewlett-Packard diode array UV-
visible spectrophotometer, model HP 8453 A.

Samples for transmission electronic microscopy (TEM) were
prepared taking a 100-200 wL aliquot of each original aqueous
suspension, diluted with deoxygenated water (25 mL) under N,
bubbling. Some drops of this suspension were deposited on a
standard TEM copper grid. The photographs were taken with a TEM
Philips EM 301 equipment.

Nanoparticles were stored in 2-propanol until use. Before
taking aliquots for any purposes, the 2-propanol suspension was
ultrasonicated for 2 min with a Cleanson (25 kHz) ultrasonicator,
model CS-1109. The concentration of iron in the suspension,
determined by ICP-OES, was 36.6 gL~

2.3. Experiments of As removal

In a typical experiment, 150 mL of an As(V) solution (1 mgL™!
in CIC water), were introduced into a glass Erlenmeyer 250 mL
flask (covered by an aluminum foil in reactions performed in the
dark) and bubbled with air (1 mL min~!) for 30 min under orbital
stirring at 150 rpm in order to reach oxygen saturation. Then, air
bubbling was stopped, and a volume of the NanoFe®™ 2-propanol
suspension containing the corresponding amount of the material
(to have final concentrations ranging 0.005-0.1 g L~!) was added,
under vigorous and continuous stirring. The flask was left open to
the air with continuous stirring until the end of the run. As shaking
conditions greatly affect the removal rate of some pollutants by ZVI
[46], stirring was carefully controlled in all experiments by setting
the orbital stirrer to 150 rpm. In some experiments, humic acids
were added at 2 mg L.

For light irradiation, a reflector UV lamp (Philips HPA 400S,
maximum emission at 365 nm) was positioned 15.5 cm above the
top of the flask. The lamp was started immediately after NanoFe®™
addition. Light intensity, measured with a Spectroline DM-365 XA
radiometer at 15.5 cm below the lamp, was 5000 W cm 2.

Temperature was ambient, without control, and never attained
values higher than 30 °C. Initial pH was always 7.8. After the runs,
2.5mL samples were filtered through a 0.45 um Millipore
membrane and analyzed for As. All experiments were performed
at least by duplicate, averaging the results. Errors were never
higher than 12%.

Total As in solution was determined by ICP-OES, using a
PerkinElmer Optima 3100 XL apparatus. TOC content of samples
was measured with a TOC Shimadzu 5000 A instrument in the non-
purgeable organic carbon (NPOC) mode.
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Fig. 1. TEM photographs of NanoFe™.

3. Results and discussion
3.1. Characterization of iron nanoparticles

Three NanoFe® samples (named S1, S2 and S3), obtained in
different crops, were tested for characterization. Our results were
similar to those reported in the literature [28,34,35].

Diffraction diagrams (not shown) revealed peaks corresponding
to zerovalent iron (Fe(0)), maghemite (Fe,O3) and magnetite
(Fe304) phases with minor amounts of more amorphous phases.

In Fig. 1, TEM images of the NanoFe® samples are presented as a
representative example of different lots. Micrographs show rather
regular spherical particles gathered in aggregates in form of chains.
At a greater magnification focused on a less aggregated cluster, the
closer view allows observation of the morphology of isolated
nanoparticles, having a core that could be attributed to zerovalent
iron surrounded by a layer of iron oxides. From the comparison
between images, combined with the use of the Image-]* software,
a particle diameter between 5 and 15 nm for the three analyzed
samples, slightly higher for S3, was calculated.

Specific surface area was calculated according to the Brunauer-
Emmet-Teller (BET) method, using the first three points. Values for
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Fig. 2. Plot of the reactive surface as a function of the particle size of NanoFe™.

the three S1, S2 and S3 samples were 59, 55 and 63 m2g!,
respectively. These values are higher than those reported in the
literature for other NZVI [28,32,47]. From the obtained Sggr area
and the density of the material, assuming that particles are
spherical and in the same size range, particle size was calculated.
Considering that the particles are composed of elemental iron, the
calculated radii for S1, S2 and S3 is approximately 7 nm, while if it
is assumed that the particles contain iron oxides, the resulting
value is approximately 10 nm. These results agree very well with
those derived from the scale of the TEM images at different
magnifications.

In Fig. 2, the reactive surface can be observed as a function of the
particle size. This curve was constructed by calculus, assuming a
spherical morphology for the individual particles, which, as shown
by TEM images (Fig. 1), is quite a reasonable supposition. Slight
differences from this theoretical curve may be found in practice if
formation of clusters is considered. These clusters would resultin a
lower overall specific surface reactivity due to the fact that contact
points of neighboring particles are minuscule portions of Fe(0)
naked surface that are not available for reaction. As shown by Fig. 2,
one special characteristic of nanoparticles is the ability in offering a
very high reactivity combined with a low weight.

In Fig. 3, a UV-vis spectrum of a NanoFe® sample in 2-propanol
(0.013 M) is shown. The results are quite similar to that obtained
for 5 nm iron particles produced within a gel-derived silica glass,
showing a high absorption in the short UV region (maximum at
238 nm), which can be attributed to the plasmon resonance of iron
nanoparticles, and a small broad absorption between 280 and
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Fig. 3. UV-vis spectrum of NanoFe®™ in 2-propanol suspension (0.013 M).
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600 nm attributed to nanoiron oxide phases [48]. From the
spectrum, it can be concluded that the elemental iron moiety
does not absorb light emitted by the lamp used in As removal
experiments; there will be, however, a very low absorption by the
oxide phases of the material. More experiments are underway to
shed light on the optical properties of these interesting nanozer-
ovalent iron materials.

3.2. Experiments of As(V) removal with NanoFe™ in the dark

Experiments of As(V) removal with NanoFe® were performed
always at an initial concentration of 1 mg L™, which is an upper
average value of the As content in well waters of the Chacopam-
pean Plain [37,49]; pH, was 7.8 in all experiments. In Fig. 4, results
of As removal using different NanoFe® concentration are shown.
Changes in pHp were not significant.

As it can be seen, As removal was rapid and increased with
NanoFe®™ dosage in the range 0.005-0.1 g L~'. Removal attained
more than 90% after 150 min of time contact at the highest
(NanoFe®) concentrations; 0.05-0.1 g L~ ! were enough to reach an
excellent and rapid efficiency. Similar results, showing an optimal
amount of NZVI behind which no improvement of removal was
obtained, was shown by Kanel et al. [32], but in our case the
optimum mass was lower (see below). In contrast, rather higher
doses (0.6-2.5 g L") of ordinary iron fillings were necessary to
obtain complete As removal in similar conditions [20]. Although in
our best conditions final values of As did not still accomplished the
required regulation value (10 g L™!), they surely may be attained
with longer contact times with the iron material.

All curves in Fig. 4 could be very well fitted (R?> > 0.99) by
biexponential decay functions with a rapid initial decay (~60% in
5 min with the 0.05-0.1 g L~! optimal mass), followed by a slower
one. In the table are shown the corresponding fitting parameters:
observed rate constants k; and k; for both exponential decays and
surface kinetic rate constants kys, and ks, calculated with an
average specific surface area of 60 m? g '. In the inset of Fig. 4,
plots of k; and k, vs. NanoFe®™ mass are shown and indicate that the
first decay time decreases linearly with the increase of Fe
concentration; the second decay also varies with mass, but it is
less dependent and reaches a saturation. Although k; is higher for
0.1 gL ! than for 0.05 gL', k, are similar, indicating that is the
second step that puts a limit in the amount of iron to be used,
suggesting that different processes govern the decays. It is
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Fig. 4. Time evolution of normalized As concentration during NanoFe® treatment
with different iron masses. [As(V)]o=1mgL™! in CIC water; pH, 7.8. Inset:
variation of kinetic rate constants k; and k, with iron mass (data from Table 1).

important to note that a Langmuir-Hinshelwood kinetic behavior
was also tested but it could not be fitted to none of the
experimental data.

NanoFe® proved to be an outstanding material; compared to
that of Ref. [32], less mass was necessary to reach an optimal
removal, with rate constants one order of magnitude higher.
Although our material has a somewhat higher surface area than
that of Ref. [32] (60 m? g~ ! vs. 25 m? g~ ') and lower particle size
(7 nm vs. 20 nm), the fact that surface normalized ks, are one
order higher indicates that NanoFe®™ has an inherent superior
activity whose origin is worthwhile to investigate in further works
[32]).

Arsenic is a peculiar system compared with others treated by
ZVI like nitrate [46], metal ions [50] or bromate [51], where the
species are actually reduced by Fe(0). In the case of As(lII),
oxidation to As(V) is thermodynamically possible [22]; in contrast,
although As(V) could be reduced to As(IlI) at low pH and Eh, there
are electrochemical evidences that no reduction takes place under
aerobic conditions, unless the iron material in contact with
arsenical solutions for several days [19,22,32]. Removal of As(V)
occurs without changes in the oxidation state, predominantly by
adsorption on iron oxide species generated in situ by corrosion of
zerovalent iron and further coprecipitation. In the presence of
oxygen as electron acceptor, Fe(0) decomposes water with
formation of ferrous ions:

2Fe(0) + 2H,0 + 0, — 2Fe(ll) + 4HO~ (1)

Although corrosion is favored at low pH, reaction (1) still takes
place relatively rapidly at pH 7-8. Once formed, Fe(II) reacts with
dissolved O, generating Reactive Oxygen Species (ROS) like HO®,
0,°/HO,®, H,0,, and is oxidized to Fe(Ill). Simplified equations
follow for neutral pH [31]:

Fe(ll) + O, — Fe(lll) + 0,°~ (2)
Fe(ll) + 0,°~ +2H* — Fe(lll) + H,0, (3)
20, +2H' — H,0,+0; (4)
H,0, +0,°" — HO® + 0, +HO™ (5)
Fe(Il) + 0,° +2H" — Fe(lll) + H,0, (6)
Fe(Il) + H,0, — Fe(lll) + HO* + HO™ (Fenton reaction) (7)

Species of higher oxidation state like Fe(IV) were also proposed,
especially at neutral pH. Global reactions are:

Fe(ll) + 1/40, +1/2H,0 — Fe(Ill) + HO~ (8)

Fe(lll) + 3H,0 — Fe(OH); + 3H* 9)

Eq. (9) indicates that Fe(Ill) precipitation is enhanced in less
acid media. Different Fe(II)/(III) oxides or hydr(oxides) such as iron
rusts, magnetite, lepidocrocite, maghemite, etc. are formed as
corrosion products, which will be called here generically ferric (or
ferrous) oxides, “FeOy , irrespective of their crystallinity or
chemical form. Fe(Il) adsorption on the formed “FeOx” accelerates
autocatalytically the process [31]. The iron corrosion products
constitute an excellent adsorbent for As(V), a process promoted in
aerobic environments [16-19,22,31,32,52]. Adsorption on “FeOx”
takes place through a variety of mechanisms like electrostatic
attraction, ion exchange, complexation, physisorption, etc.,
described by several models [26,53]. It has been proposed that
As(V/lll)-Fe inner-sphere complexes of different structure are
formed, which can even migrate inside the iron structure
[19,52,54]; for adsorption of As(V) on goethite, it has been
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suggested that two successive steps take place involving the
formation of monodentate and bidentate inner-sphere complexes
[19]. As a final result, As species will be removed from the solution
by adsorption/coprecipitation on fresh “FeOx” formed in situ. Thus,
once formed, minor amounts of Fe(Il) trigger a continuous cycle of
oxidation and reduction of Fe(Il)/Fe(Ill) species that improves the
whole process.

The double exponential decay observed in Fig. 4 could be
explained by different factors such as changes with time of ligand
exchange reactions [28] (e.g., formation of different As(V)
complexes on the “FeOx” surface), appearance of different active
sites for adsorption or changes in some other surface properties.

3.3. Experiments of as removal with NanoFe® in the presence of
humic acids

Humic acids (HA) are representative of natural organic matter
(NOM) and are the primary light-absorbing species in natural
aquatic environment [55]. HA interferes with adsorption of As
species on “FeOx” and hence influences their mobility in water
[54]. Thus, it is essential the evaluation of the presence of these
substances in natural groundwater when NZVI is intended to be
used for As removal.

In Fig. 5, results of As removal with NanoFe® at two different
concentrations, showing the influence of HA addition (2 mgL™1),
are presented. This concentration corresponds to 0.62 mgL~! of
carbon, as measured by TOC. As it can be seen, HA are detrimental,
decreasing around 50% the removal efficiency. Decay of As
concentration follows again a biexponential decay. The respective
rate constants are shown in Table 1, and the values perfectly reflect
the inhibition: both k;s, and ks, are half the values in the presence
of HA. A similar trend was observed by Giasuddin et al. [34].

Humic acids contain significant proportions of aliphatic and
aromatic carboxylate, phenolic, carbonyl groups and other
functions [54,56]. The inhibiting effect of HA in ZVI systems
[34,50,57] has been attributed to occupancy or obstruction of
active sites by HA by adsorption, complexation of HA with Fe(0)
(and “FeOx”) and reduction of iron corrosion rates, decreasing the
probability of formation of new adsorption sites. Even enhanced
coagulation of NZVI by HA has been mentioned to take place [34].
Taking into account that pzc’s of “FeOx” are generally higher than 6
[32,53], adsorption of HA at pH 7.8 on the iron phases will take
place predominantly through the phenolic groups, which are still
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Fig. 5. Time evolution of normalized As concentration during NanoFe®™ treatment
with different iron masses without and with HA addition. [As(V)]o=1mgL™;
[HA]=2mgL™'; pHp 7.8.

protonated [56]. Moreover, when metal ions like Fe are present in
natural HA, metal-bridge combination between HA and As species
diminishes the trend of dissolved anions (like arsenate) to form
surface complexes; even desorption of arsenical species from
“FeOx” used as sorbents can take place [54]. All these factors make
HA adsorption generally dominant over that of other chemical
species.

3.4. Experiments of As removal with NanoFe®™ under UV irradiation in
the absence and in the presence of HA

Effect of UV light on As removal with ZVI (including the effect of
HA addition) has been not previously studied with the exception of
our own exploratory experiments [36-38]. In Fig. 6, results of As
removal using NanoFe® with two different masses under UV light
irradiation without and with HA addition are presented. For
comparison, data in the dark are also presented. In all cases, it is
clear that UV irradiation enhances As removal. In the absence of HA
and as in the previous cases, the kinetic behavior followed a
biexponential decay and Table 1 indicates the values of rate
parameters. Rate constants for the first exponential decays (k)
under UV are practically twofold those in the dark, indicating that
the beneficial effect of the light can be ascribed to species
generated by illumination. On the contrary, k, is less dependent.

Neither As(V) nor Fe(0) (Fig. 3) absorb in the working
wavelength, thus the photochemical process must be ascribed
to another chromophore. Iron oxides initially present in NanoFe®
and Fe(II)/Fe(Ill) produced after Fe corrosion (either in solution or
at the interface) might be then responsible for light effects
[42,58,59 and references therein]. One possibility may be HO®
photoproduction from Fe(Ill)-hydroxycomplexes:

Fe(IlI)OH?* +hv — HO* + Fe(ll) (10)

but quantum yield of this reaction is very low [42]. Other processes
might be originated in the role of “FeOx” as semiconductors
(bandgaps around 2 eV) [60], according to the following simplified
equations, which indicate additional ROS formation and participa-
tion of Fenton reactions like (7) [58]:

“FeOX” + hv — eq~ +hyy* (11)
HO~(H,0) + hyyt — HO®(+H*) (12)
0 +eq (+HT) — 0,°~(HO,*) (13)
03 +eq~ +Hy0; — HO® + HO™ (14)

Fe(Ill) + eq~ — Fe(Il)

As reported in the previous section, HA caused a detrimental
effect on As(V) removal in the dark. Under UV irradiation it can be
observed that HA actually inhibited removal during the first stages

Table 1
Kinetic and surface area normalized rate constants for biexponential decay of
normalized As concentrations extracted from data of Fig. 4.

[NanoFe®] k1 ko Kisa Kasa
(gL (min~1) (min~1) (min~'m2L) (min~'m2L)
0.005 0.0031 0.0028 0.0103 0.0094
0.010 0.0879 0.0025 0.1465 0.0042
0.010 + HA 0.0445 0.0095 0.0074 0.0016
0.010 + UV 0.1556 0.0013 0.2594 0.0022
0.025 0.1452 0.0059 0.0968 0.0040
0.025 + HA 0.0796 0.0029 0.0531 0.0019
0.025 + UV 0.3512 0.0111 0.2342 0.0074
0.050 0.4511 0.0305 0.1594 0.0102
0.100 0.8460 0.0349 0.1410 0.0058
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Fig. 6. Time evolution of normalized As concentration during the NanoFe™®
treatment with different iron masses under UV irradiation, without and with HA
addition. [As(V)]o=1mgL™'; [HA]=2mgL™'; pH, 7.8; light intensity
(365 nm) = 5000 wW cm~2. (a) Experiments with 0.010gL™'; (b) experiments
with 0.025 g L~'. Experiments in the dark are shown for comparison.

of irradiation but, after a period, the rate increased yielding a final
removal rather higher than that in the absence of HA: an almost
complete As removal at 240 min was reached for both cases, with
0.010 and 0.025 g L~! of NanoFe®, a behavior not observed in any
of the other cases. Moreover, a different kinetic behavior (probably
more complicated) is observed in the curves, which for this reason
were not modeled. For this reason, kinetic rate constants for these
conditions are not included in Table 1. No efforts were made in the
present work to study the optimal amount of HA that improves As
removal.

In order to explain the role of HA, different pathways may
participate in the process of As removal, being difficult to be
discriminated. This complex kinetics is reflected in the difficulty of
modeling curves of Fig. 6. HA are able to produce ROS in the
presence of UV light and oxygen [55,58,61,62 and references
therein], although ROS formation may proceed with low quantum
yields [63]. Alternatively, HA or its excited state (HA*) behaving as
organic carboxylates, form complexes with dissolved and surface
Fe(III) species, which through light absorption participate in LMCT
reactions where the organic moiety is oxidized and Fe(Ill) is
reduced with further dissolution; this includes participation of
photo-Fenton type reactions (Eq. (7)):

HA + hv — HA*(singlet or triplet) (15)

HA* + 0, — Products + 0,* /HO,* (16)
0,°~/HO,* — H,0, (17)

[Fe(Ill) — HA(HA")]giss/ > [Fe(Ill)~HA(HA")]syrf +hv —
Fe(Il) + HA** — HA oxidation products (18)

Finally, the action of “FeOx” as semiconductors, generate
electrons through reaction (11), promoting also iron dissolution by
electron attack to Fe(IIl) [64]:

e+ >Fe(lll) — > Fe(Il) — Fe(Il)giss — Fe(Il)giss (19)

This reaction will produce the consequent photocatalytic
oxidation of HA by HO® or h,},", as reported to occur with TiO,
or mixed TiO,-Fe,03 photocatalysts [65,66].

Then, reactions (2)-(7) take place. Reaction (18) promotes
formation of other radical species, some of them strong reductants
that may drive additional Fe(Ill) and O, reductions. Here, the
possibility of As(V) reduction to As(III) (and further reoxidation) by
reductive radicals cannot be ruled out. Peroxyl radicals or
tetraoxides, formed from organic radicals and O,, can take part
also in this complex system.

Similarly to the cases in the dark, NanoFe® mass influences
reaction rate in all conditions, indicating the relevance of the
number of reactive sites on the metal surface as the principal
responsible for the reaction. All the mentioned processes will
contribute to the formation of nascent iron oxides on the surface of
nanozerovalent iron, improving sensibly As(V) adsorption and
removal.

In the studies on As removal under UV (or solar irradiation) in
the presence of citrate, it was noticed that citrate photoproducts
promoted flocculation and precipitation of Fe(Ill), improving As
removal [42,43]. On the other hand, an induced flocculation of
nanoparticles stabilized by photolabile agents was observed under
UV light, provoking a change in interfacial chemical composition
and hence decreasing the efficiency of surface stabilizing layers
[67,68]. This photoflocculation could be caused here by the
phototransformation of HA or Fe(Ill)-HA complexes.

3.5. Experiments with real well waters

Results described in previous sections encouraged us to test real
well waters of Los Pereyra (East of the Tucuman Province,
Chacopampean Plain, Sali River hydrogeological basin [37]). The
quality of shallow groundwater, used for drinking purposes, is poor
due to high bacteriological content, high salinity and high levels of
nitrates, boron, fluoride and traces of manganese and arsenic [49].
Waters are predominantly oxic, with high pH values (7.0-8.7); for
this reason, arsenic - coming from metal oxides in the sediments or
from dissolution of volcanic glass — should be mainly present as
As(V). Concentrations were well above the 10 pg L~! regulation
(200-1000 wg L~!). There is a high incidence of water-borne
diseases in the region, including HACRE.

In previous works [37,43], the efficiency of SORAS was tested in
these waters, finding a poor removal efficiency (around 30%)
compared with that obtained with synthetic waters of similar
composition. The main factor of failure was the low original iron
concentration in the waters, being necessary to add iron externally
before the treatment; some typical iron-containing materials of the
zone were tested, with dissimilar results. Also, the chemical matrix of
water and changes in the operative conditions altered unpredictably
SORAS efficiency. It was proved that addition of lemon juice was not
strictly needed, but the effect of sunlight was generally beneficial.
Preliminary experiments indicated that NanoFe®™ was a better iron
source than other tested iron materials [36-38].
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Fig. 7. As removal by NanoFe" in real waters of Los Pereyra. Irradiation time: 3 h;
[NanoFe®™]=0.025 g L™'; pHy 7.9; light intensity (365 nm) = 5000 pW cm~2,

Results of treatment of water from Los Pereyra with NanoFe®
are shown in Fig. 7. From an initial As concentration of 174 pwg L™,
a rather good removal was obtained in the dark (76%), but results
were very much improved after 3 h under UV irradiation, attaining
levels of As well in agreement with regulations (<10 g L™!). No
efforts to establish the exact oxidation state of As (tri- or
pentavalent) in the sample were made. However, the efficiency
of the method does not seem to depend on As speciation. This
contrasts with results obtained in waters from Bangladesh and
India, probably because no light was used in the treatment and
because Asian SE waters contain predominantly As(III) [32]. The
amount of NanoFe® used in the experiment (0.025 g L) was even
lower than the optimum found in the runs with synthetic waters.
In addition, the TOC content of the sample was 130 mg L™}, very
much higher than that used in experiments with laboratory
prepared samples (0.62mgL~'). This indicates the important
improvement of the As removal efficiency by NOM.

4. Conclusions

Use of NanoFe® resulted in outstanding results on synthetic CIC
waters spiked with As. Characterization of the commercial
material indicated that it was composed of rather regular spherical
particles (5-15 nm), with specific surface area around 60 m? g~!,
i.e., higher than other reported NZVI in the literature. Phases of
elemental Fe and iron oxides were observed by XRD. TEM
photographs indicated regular particles gathered in chain aggre-
gates. This material seemed promissory for As removal, due to the
higher contact area which could be established between phases.

Experiments with arsenical solutions revealed that a rather low
NanoFe® mass (0.05-0.1 g L) was enough to attain an excellent
removal (more than 90% after 150 min), making the method
convenient from an economical point of view. HA was detrimental,
decreasing removal around 50%. In contrast, UV light doubled
removal rates; the process was even more enhanced in the
presence of HA, with an almost total arsenic removal within 4 h.

Although the superior activity may be attributed to the high
surface area of the nanoparticles, an intrinsic superior reactivity of
the iron sample was additionally observed, higher than that of
other reported NZVI. Due to the low amount of iron used, the mass
of wastes produced in the process is significantly low; additionally,
the flocs might be removed by magnetic techniques, often more
efficient and faster than centrifugation or filtration. This adds two
important technological advantages.

The present work focused on removal of As in the pentavalent
state, characteristic of most Latin-American groundwaters. The

effect of light irradiation has been analyzed. It was proved that
humic acids, which inhibited removal in the dark, very much
improved the reaction in the presence of light, due to the formation
of very reactive species that enhance corrosion processes. This was
confirmed by the high efficiency of As removal in real well waters
of Los Pereyra, having high NOM content.

In further studies, more refined kinetic experiments will be
performed, comprising identification of reactive intermediates,
and including removal of As(Ill), together with the effect of
interfering cations or anions.

Preliminary results with NanoFe® on natural well waters are
very promissory. Under UV irradiation for 3 h, As contents in
agreement with the regulations (<10 pg L~') were obtained, using
a NanoFe® mass lower than in the experiments with synthetic
waters. More studies with other samples of different source or
extracted from wells of different depths are mandatory to validate
the technology, as the physicochemical properties of the samples
can extremely affect the removal efficiency.
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