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Abstract The contamination of drinking and irri-
gation water by arsenic is a severe health risk to
millions of people, particularly in developing coun-
tries. Arsenic treatment methods therefore need to
advance to more durable and cost-effective solutions.
In recent years, the unique properties of nanomate-
rials have received much attention in water treatment
research, and their properties (e.g., high number of
reactive surface binding sites) may make them
suitable for arsenic removal. The aluminum nanocl-
usters A113 (A104A112(OH)24H20127+) and A130
(AL,OgAlLg(OH)s6(H>0)n6'® ") have high specific
surface charge, deprotonate over a wide pH range
and exhibit a high reactivity due to a great number of
OH™ and H,O groups. This contribution evaluates
these chemical properties of aluminum nanoclusters
and their efficiency for water treatment, particularly
for arsenic removal. It assesses the advantages and
constraints when applied in an industrially produced
aluminum coagulant or in Al granulate during water
treatment.
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1 Introduction

The abundance of the carcinogenic arsenic in drinking
and irrigation water is a severe and widespread health
threat to more than 100 million people worldwide,
especially in South and Southeast Asia (Charlet and
Polya 2006; Winkel et al. 2008). Arsenic enters
groundwater either naturally by dissolution of arsenic-
bearing minerals or by anthropogenic sources such as
mining industry or metal processing plants. Arsenic in
natural waters is mostly present in inorganic form as
trivalent arsenide (As(II)) under reducing conditions
or as pentavalent arsenate (As(V)) under oxidizing
conditions (Smedley and Kinniburgh 2002).

For arsenic treatment technologies to become a
realistic option for more people, new developments
need to address the challenges of reducing both
treatment costs and waste generation while simulta-
neously enhancing durability and efficiency. Recently,
inorganic nanoparticles have received increasing
interest as removal agents for arsenic from water due
to their high surface area-to-mass ratio, chemical
properties and high surface reactivity (Auffan et al.
2009). Nanoparticles are added to water as powder or
are incorporated in conventional remediation methods
to increase their efficiency, e.g. in membranes or
polymers (Nilchi et al. 2011; Theron et al. 2008).

Polyaluminum chloride (PACI) is a coagulant
widely used in water remediation. It generally consists
of Al species such as [AL,(OH),]*", [Al;(OH),*T,
[Alx(OH)zo]4+ and [A104A112(OH)24I‘12012]7+ (Fan
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et al. 2003). Commercial polyaluminum coagulant
forms large Al nanoclusters when produced with high
total Al concentrations at high temperatures for a long
time (Chen et al. 2006). A high content of nanosized
aluminum clusters may increase the efficiency and
reduce the costs of arsenic treatment.

Two main robust aluminum nanoclusters exist
in aqueous PACI solutions: Alj; (AlO4Al»(OH)o4
H012"") and Alg (Al,O5ALg(OH)s6(H20)26' ) are
the largest aqueous aluminum hydroxide complexes
with 1 nm diameter and 1-2 nm length. Al;3 is a
cluster of four Al trimers placed around one tetrahe-
dral coordinated aluminum atom. Als, was character-
ized by ?’ Al nuclear magnetic resonance (NMR) to be
composed of two Al 3 clusters connected to each other
by four AI(O)¢ octahedra (Allouche et al. 2000)
(Fig. 1). These Al nano complexes stand out due to
their high specific surface charge (+7 for Al;3 and
+18 for Alsg), deprotonation over a wide pH range
(Furrer et al. 1992; Casey et al. 2005), and high
specific surface area depending on pH and [OH]/[Al]
ratio (Bottero and Bersillon 1988). In addition, Al3
and Al;, exhibit a high reactivity due to a great
number of hydroxide ions and water groups. The
presence of Alyy in polyaluminum coagulants
enhances turbidity due to strong floc formation (Chen
et al. 2006). These characteristics make Al nanoclus-
ters promising removal agents, but the extent to which
Aly; and Alzg bind arsenic is poorly known. This

Al(O)s
linkage

1nm

Al Aly,
AlO,Al,(OH),H;0,,™  ALOALy(OH)5(H,0),4'*
Fig. 1 Structure of All3 (A104A112(OH)24H20127+) and A130
(A1208A128(OH)56(H20)2618*): Al;3 is composed of a tetrahe-
dral coordinated aluminum (Al(O);) surrounded by four
trimers of octahedral Al. Al;, is composed by two Al;

Keggins, linked by a group of four octahedral coordinated Al
(adapted after Casey et al. 2005)
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Marie-Curie project aims to evaluate how the aqueous
chemistry of Al nanoclusters affects the removal of
the two inorganic arsenic species As(III) and
As(V) from water when used as main constituents in
polyaluminum chloride (PAClp30) and PACl ;30—
based granulates.

2 Working principles

After dissolution in water, industrially manufactured
PACI with the formula AICl,s(OH), 5 produces an
aluminum solution with a content of >70% Al
nanoclusters. Depending on the pH of the solution,
the Al clusters undergo coagulation, form aggregates,
and precipitate resulting in the production of an
amorphous solid. These processes are driven by the
protonation state of dissolved Al nanoclusters—the
more the Al clusters deprotonate, the more their
surface charge and the electrostatic repulsion between
single Al clusters decreases. Lower repulsion
enhances the aggregation of Al nanoclusters. The
structure of Alj; and Als, contains a high number of
OH™ and H,O groups, and deprotonation proceeds
over almost two pH units from pH 5 to 6.8 (Furrer
et al. 1992; Casey et al. 2005). The state of proton-
ation of the PACl 3¢ solution is obtained from base
titration data by taking into account the initial PACI
solution volume, the total Alsg concentration, and the
concentration and volume of the added base. Zero
charge of the Alsy nanocluster is reached when all 18
positive charges are lost, and the state of protonation
equals 0. The pH where the electrical charge density
on the Al surface is zero (pH point of zero charge;
pHpzc) is determined by titration to be at 6.7 (Fig. 2).
By use of a laser with 4 = 633 nm the formation
of Al clusters >633 nm by aggregation in a PACl 39
solution with 15 mM Al(tot) was observed after the
pH reached a value of 5.5. Already at pH 6.5, where
Al nanoclusters keep a charge of +2, a small amount
of aggregates settles. However, the bulk of aluminum
particles settle in big white flocs above a pHpyc of
6.7, where most of the Al can be separated by
sedimentation or centrifugation. A schematic view
illustrates the Al removal processes in dependence of
pH for PACI with high Als, content (Fig. 2).
Arsenate adsorbs to Alzg and Aly3 clusters during
coagulation and aggregation by ligand-exchange
reactions at the hydroxy and oxygen groups of the
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Fig. 2 Deprotonation of a
PAC]A]SO solution with
[Alio] = 15 mM and Al
removal processes with pH.
Optimum Al removal takes
place above pHpzc at 6.7
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aluminum, and together they form soluble complexes.
Because the PACl 3 solution deprotonates from pH
5 to 7, As(V) adsorption can take place over a wide
pH range. Removal of As(V) occurs with the
precipitation of Al-As(V) complexes at a pH > 6.5.
The highly charged Al nanoclusters are strong
adsorbents for arsenate ions. However, the neutral
arsenite H3AsO3 has a weak affinity for Al. Adsorp-
tion most likely occurs to low or uncharged Al
clusters due to electrostatic interaction, Van-der-
Waals forces and dipole—dipole interaction. As(III)
coprecipitates with Al flocs above pH 7 where solid
and liquid phase can be separated effectively.

In order to minimize the risk of aluminum contam-
ination of treated water and to avoid a filtration step for
small Al particles, granulates of 1-2 mm in size were
generated from highly concentrated PACIA 30 solu-
tions after repetitive aggregation, precipitation, wash-
ing and consecutive drying. Dried material was grinded
and compressed using a pill press operation.

The adsorption of arsenate occurs mainly on the
surface of PACl,3 granulate as As(V) has a strong
sorption affinity to the aluminum (Fig. 3a). Contrary,
due to weak chemical interaction with the Al solid,
As(IlT) diffuses into the grain pores, where it is
adsorbed, and therefore it is evenly distributed over
the entire grain (Fig. 3b).

6 7 8
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Fig. 3 a As(V) and b As(Ill) adsorption processes on Al
granulate (not to scale)

3 Applications

Within the framework of the European project
AquaTRAIN, polyaluminum chloride and Al granu-
late with a high content of Al nanoparticles were
applied to groundwater from highly contaminated
aquifers, but with different groundwater chemistry
and usage at two field sites. The Pannonian Basin, a
sedimentary basin stretching over the countries of
Serbia, Hungary, Romania, Slovakia, and Croatia, is
the largest area in Europe where groundwater is
affected by geogenic arsenic contamination. Within
this region, an estimated one million people are or
have been exposed to water containing 5-30 times
more arsenic than the World Health Organisation
(WHO) and EU drinking water guide value of 10 ppb
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Table 1 Comparison between PACl, 30 and PACl30-based granulate in water treatment applications

As removal As removal Advantages Constraints Application
mechanism
PACl130 Coagulation/ As(V): 90-100%  Easy applicable No pH Al remaining in Standing water bodies/
coprecitation As(IIT): <40% adjustment necessary treated water specialized treatment
facilities
PACl 130 Adsorption As(V): 70-99% High As uptake capacity  Inhibited by iron, Flow-through systems
Granulate phosphate

As(II): 33-57%

No Al in treated water

(EC 1998), mainly present as As(III) (Rowland et al.
2011; Gurzau and Gurzau 2001; Varsanyi and
Kovacs 2006). This is a particular risk because many
people in this area still rely on unfiltered water. For
example, local artesian wells are the main source for
drinking and household water in some villages in
Western Romania.

In Northern Greece, groundwater in geothermal
fields contains up to 3,000 ppb As. It is mostly used
for irrigation in agriculture during dry summer
months, and for this purpose stored in open water
tanks, where As(II) undergoes oxidation in contact
with air (Casentini et al. 2009).

Effective application of arsenic treatment systems
in natural water needs to take into account the
specifics of arsenic chemistry (e.g., As speciation)
and the chemical properties of the bulk water that
might influence the removal efficiency, such as total
dissolved solids, organic substances, pH and other
elements that might compete with As for sorption
sites. Al nanoclusters as main constituents of an
aluminum coagulant and granulate show advantages
and limitations for As removal (Table 1). This work
showed that PACl,30 has the potential to remove
As(V) to below the EU drinking water directive.
As(IIT) removal, however, is less efficient, because
the neutral As(IIl) species has a low affinity for Al.
Therefore, oxidation of As(III) before removal is
essential. The optimum pH for As removal with
PACl 130 is at or above pH 6.7 due to the deproto-
nation of Alzy. Conventional PACI achieved the
highest arsenic removal at pH 5.5 (Fan et al. 2003).
The typical groundwater pH ranges from 6.5 to 8.5,
and therefore no pH adjustment is needed for
groundwater treatment with Alsy. Although field
applications showed that Al precipitation at this pH
is effective with no remaining Al measured in the
treated solution, some laboratory tests resulted in
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aluminum concentrations slightly above the WHO
drinking water guide value of 200 ppb (WHO 1998).

The use of solid granulates allows water to be
treated in a flow-through system without the need for
solid—liquid separation. Upward water flow through a
column packed with adsorbent material increases the
contact time with the granulates (Fig. 4). Polyalumi-
num granulate with a high content of Al nanoclusters
removed 70-99% As(V) in a concentration range of
20 ppb—200 ppm. As(IIl) is removed from 57% at
low concentrations (23 ppb) to 33% at high concen-
trations (200 ppm). Field tests showed furthermore
that iron and phosphate compete for sorption sites vs.
As(IIT) on polyaluminum granulate.

High contents of Al nanoclusters improved the
coagulation and precipitation process while success-
fully reducing arsenate concentrations below the
required limit. In water treatment facilities operating
with coagulation/precipitation, the application of
PACl 4130 might help reducing treatment steps -and
therefore treatment costs- by removing the pH
adjustment. Application of PACl,j30 in standing
water bodies like open irrigation tanks in Greece is
easy and convenient. For running water systems like

PACI 5, granulate
+-—1 T
. Decase | e
Lt t Sand

Fig. 4 Single-column set-up for the application of PACl30-
based granulate in a flow-through system for As-contaminated
groundwater. Arrows in column indicate water flow
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water taps or artesian water wells in Romania, Alsq-
rich granulate is a better alternative.

4 Training of young researchers

The Marie-Curie research training network
(MCRTN) AquaTRAIN (www.aquatrain.eu) focused
on the research of geogenic contamination and
remediation of groundwater and soils within Europe
and provided direct knowledge transfer to involved
early-stage researchers (ESRs) and experienced
researchers (ERs) by training and cross-disciplinary
workshops (Polya 2010). It incorporated the expertise
from 15 leading research institutes across 10 Euro-
pean countries structured in four work packages
(Table 2) and was funded for 4 years under the 6th
European Framework Programme.

Pursuing my PhD within AquaTRAIN gave me the
opportunity for international scientific exchange and
involvement in various research projects. In addition,
participation in project management, interdisciplinary
teamwork and the contact with political stakeholders
was very valuable for personal skills development.

The encouragement of mobility made it possible to
gain working experience in different research groups
throughout Europe. A research visit of 6 months at
the European Centre for research and education in
Geosciences and Environment (CEREGE, France)
gave me insights into X-Ray spectroscopic studies of
As-Al interactions and the characterization of Al
material by ?’Al NMR. During another 6 months
period at the Faculty of Environmental Sciences of
the University Babes-Bolyai (Romania) the applica-
tion and installation of a water treatment system at a
village well was realized. These trainings widened
my experience in the field of water treatment
processes from the nano- to macroscale.
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