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ABSTRACT

Water contamination by arsenic is considered a global emergency due to both wide diffusion of this
metalloid in the environment and its toxicity (10 pg/L arsenic concentration guideline value in drink-
ing water has been recommended by World Health Organisation). This issue is dramatic in devel-
oping countries suffering of inadequate water treatment infrastructures. Within this framework, a
great effort towards the development of economically viable technology for arsenic removal has been
undertaken. In particular, adsorption on mining industry wastes has drawn attention due to the
great affinity of arsenic oxy-anions for iron oxy-hydroxide. Opportunity of turning iron-rich sludge
from an Italian mine-water treatment facility (underground pyrite deposits in Colline Metallifere
district, Tuscany) into effective arsenic adsorbent was verified through laboratory-scale tests carried
out in batch regime. Specifically, adsorption was considered as a polishing step assuming about
100 pg/L (i.e., 1.3 pmol/L) initial arsenic concentration as arsenate. Arsenic concentration below
guideline value was obtained contacting the model solutions with 0.5 g/L adsorbent for 10 min with
no appreciable interferences from competing anions (i.e., borate, hydrogen carbonate, phosphate,

silicate and sulphate).

Keywords: Adsorption; Arsenate; Arsenic; Iron; Mine; Sludge; Water

1. Introduction

Arsenic is a metalloid exerting toxic effects in a variety
of organisms including human beings. Chronic exposure to
arsenicals has been correlated to important clinical mani-
festations including cancers (e.g., cancers of skin, lung and
urinary bladder), cardiovascular disorders, diabetes and
immune system alterations [1-3].

*Corresponding author.

It is almost ubiquitous in the earth crust, and its
mobilisation is an unavoidable process due to natural
geo-chemical and biological cycling (e.g., geo-thermal activ-
ity, mineral weathering and assimilation by living organ-
isms). On the other hand, environment contamination has
been recently exacerbated by human activities connected to
industry and agriculture (e.g., mineral mining, metal man-
ufacturing and agro-chemicals diffusion).

According to that, it has been estimated that about
10,000,000 people are at risk of exposing themselves
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to excessive arsenic levels with peaks in Argentina,
Bangladesh, China, India, Mexico and Vietnam [1]. World
Health Organisation (WHO) has recognised drinking water
as one of the main route of exposure recommending a guide-
line concentration for arsenic of 10 pg/L [4]. This value has
been acknowledged as a limit by most developed coun-
tries including members of European Union (EU) [5,6]. It is
currently obtained by applying water treatment processes
based on different operations: (i) precipitation (e.g., precipi-
tation in presence of aluminium salts, iron salts and calcium
hydroxide); (ii) membrane separation (e.g., reverse osmosis
and electro-dialysis); and (iii) adsorption (e.g., adsorption
on aluminium or iron oxide minerals and ion exchange on
selective resins) [7,8]. Under neutral and oxidising condi-
tions, arsenic is present in (V) oxidation state as arsenate
(i.e., anions corresponding to the first and second dissoci-
ation of arsenic acid H,AsO, with dissociation constants
pK,, of 2.3, 6.8, 11.6, respectively). Conversely, under
neutral and reducing conditions, arsenic is present in (III)
oxidation state as arsenite (i.e., non-dissociated arsenous
acid H,AsO, with dissociation constants pK, , of 9.2, 121,
12.7, respectively) [3]. Experience has shown that arsenate
removal is easier than arsenite. For this reason, raw water
oxidation (e.g., aeration, chlorination, catalytic oxidation
and photo-induced oxidation) is generally operated before
arsenic removal [7-11].

Treatment processes based on adsorption have drawn
great attention due to their intrinsic advantages: (i) simple
operation; (ii) absence of continuously added reagents; (iii)
infrastructure compactness; (iv) low labour cost; and (v)
easy and safe handling of wastes. It has been estimated
that about 80% of maintenance expenses has to be ascribed
to adsorbent replacement that in turn depends on adsor-
bent cost [12]. For this reason, the development of cheap
effective arsenic adsorbents is a way to further increase the
competitiveness of adsorptive treatment process, especially
in countries with limited access to funding. Adsorption on
various oxide minerals containing iron in (III) oxidation
state has been recognised as part of arsenic natural cycling
and plenty of studies on this topic can be traced in literature
[3,13-20]. Formation of monodentate and bidentate inner-
sphere complexes involving surface hydroxyl groups has
been inferred as a plausible complexation mechanism while
segregation of iron arsenate has been excluded [21-24].
It can be sketched as reported in Eq. (1) [14]:

H,AsO; squroustFe-OH g1 p= Fe-H, AsO, sorip
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Taking inspiration from that, iron (III) oxy-hydroxide
FeO(OH) has found wide application as arsenic adsorbent
due to its favourable characteristics including: (i) high arse-
nic oxy-anion capacity; (ii) acceptable selectivity towards
different anions dissolved at concentration compatible with
drinking water (e.g., borate, hydrogen carbonate, chlo-
ride, nitrate, phosphate, silicate and sulphate); (iii) high
adsorption rate; (iv) acceptable performance over ranges
of pH and ionic strength compatible with drinking water;
(v) easy production; and (vi) safe disposal when exhausted
[1-3,14,17,25,26]. Interestingly, various iron-rich wastes
(e.g., residuals from water treatment, mineral mining and
metal manufacturing) have been reported as valuable

raw materials for low-cost arsenic adsorbents preparation
[17,18,27-36]. In spite of the promising results, comparison
among various adsorbent performances remains difficult
due to differences in reported composition, preparation and
testing conditions. It makes experimental evaluation still a
mandatory step to get realistic information.

This paper focuses on the opportunity of turning iron-
rich sludge from an Italian mine-water treatment facility
(underground pyrite deposits in Colline Metallifere district,
Tuscany) into effective arsenic adsorbent adopting a mini-
mal raw material work-up comprising drying, crushing and
sieving operations. Approximately, effluent from inundated
voids has been reported to have pH of 3.5 and concentra-
tions of aluminium, iron (II), manganese (II) and sulphate
of 50, 300, 10 and 2,500 mg/L, respectively. A typical oxida-
tion-dosing-with-alkali-and-sedimentation treatment train
has been implemented to comply with local regulations on
water discharge in surface water bodies: (i) pH adjustment
till about 8.5 by sodium hydroxide addition; (ii) iron (II)
and manganese (II) oxidation to, respectively, iron (III) and
manganese (IV) by hydrogen peroxide addition; (iii) floccu-
lation and sedimentation of insoluble aluminium hydrox-
ide AI(OH),, iron oxy-hydroxide FeO(OH) and manganese
dioxide MnQO, in presence of cationic poly-acrylamide; (iv)
sludge filtration and thickening through filter press; and
(v) addition of calcium hydroxide to sludge and temporary
storage before final disposal [37]. Laboratory-scale exper-
imentation pointing to correlations among adsorbent per-
formances (e.g., in term of specific capacity, selectivity and
safety) and its physical-chemical characteristics was per-
formed. Specifically, adsorption was considered as a polish-
ing step assuming about 100 pg/L (i.e., 1.3 pmol /L) initial
arsenic concentration as arsenate. Such experimental item
allowed the determination of arsenic content as total arse-
nic by inductively coupled plasma (ICP) mass spectrometry
[38,39].

2. Material and methods
2.1. Adsorbent, main reagents and laboratory equipment

Sludge samples (altogether about 3 kg) were taken from
the mine water treatment facility just before their final dis-
posal. They were further dried in laboratory at 20°C for
48 h under air flow, gently crushed in a mortar and sieved
through calibrated stainless-steel screens mounted on a
Retsch AS200 shaker. A powder with a particle size of less
than 100 pm was recovered. The latter one was used as
adsorbent for arsenic removal from water without further
work-up.

Solutions were prepared adding reagent-grade solutes
to deionised water got from a Millipore Milli-Q Gradient
A10™ apparatus: di-sodium monohydrogen arsenate hep-
tahydrate Na,HAsO,*”H,0 (Sigma-Aldrich), boric acid
B(OH), (Merck), sodium hydrogen carbonate NaHCO,
(Carlo Erba), sodium hydroxide NaOH (Carlo Erba),
sodium nitrate NaNO, (Carlo Erba), nitric acid HNO,
(Carlo Erba), sodium monohydrogen phosphate dodeca-
hydrate Na HPO,*12H,0 (VWR International), sodium
silicate (NaOH),*(Na,SiO,)Y*ZH,0 (27% wt/wt aqueous
solution as SiO,, Sigma-Aldrich), and di-sodium sulphate
Na,SO, (Merck).
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Tests were carried out at 20°C exploiting the laboratory
temperature-conditioning system and using poly-propylene
equipment rinsed with deionised water after overnight
soaking into nitric acid 0.1 mol/L aqueous solution.

Solid-liquid separation was operated through 0.45 pm
polytetrafluoroethylene syringe filters (CPS Analitica).

Solution pH was measured through a Hanna Instru-
ments HI98103 Checker™.

Liquid samples were acidified till pH of 2.0 through few
drops of reagent-grade nitric acid (Carlo Erba) and stored at
4°C until elemental analysis execution.

2.2. Physical-chemical characterisation

Elemental analysis was run by means of both X-ray flu-
orescence (XRF) spectroscopy and ICP methods depending
on specific element: (i) XRF was employed for sulphur and
silicon determination; (ii) ICP optical emission spectrometry
ICP-OES (Thermo iCAP 6300 Duo™) was employed for deter-
mination of other main elements (i.e., other elements pres-
ent at wt/wt % level); (iii) ICP mass spectrometry (ICP-MS;
PerkinElmer, Elan DRC-e™) equipped with a dynamic reac-
tion cell (DRC) was employed for trace elements determina-
tion. ICP methods on solids were conducted on dried at 20°C
and digested samples. About 100 mg of adsorbent undergo
complete mineralisation in a closed vessel device using tem-
perature-controlled microwave heating with a mixture of [8
mL aqua-regia (hydrochloric acid /nitric acid at 3/1 v/v both
Superpure RS™, Carlo Erba) + 1 mL hydrofluoric acid (Super-
pure RS™, Carlo Erba)]. External calibration was employed
for all ICP methods (relative standard deviation [RSD]
of 3%). Arsenic and lead quantifications were performed
with ICP-MS using indium as internal standard. In particu-
lar, arsenic was monitored as AsO at mass 91 Da with oxygen
as reaction gas (99.95% v /v, Rivoira). Wavelength-dispersive
XREF spectroscopy (WD-XRF) was performed with a PAN-
alytical Axios Advanced™ spectrometer equipped with a
4-kW rhodium anode X-ray tube, using WROXI™ standards
(i.e., mixed oxides by British Geological Survey) and the fun-
damental parameters (FP) algorithm of the SuperQ™ soft-
ware package. Solid samples were prepared as fused beads
with a PANalytical Eagon2™ furnace fusion system. The Ka
radiations were employed for sulphur (2.308 keV) and silicon
(1.740 keV) quantification (RSD of 10%).

Structural analysis was run through X-ray powder dif-
fraction (XRD). It was carried out using a Philips X'Pert™
diffractometer equipped with a pulse-height analyser and
a secondary monochromator. Data were collected in the 20
angular range from 3° to 80° with 0.03° 20 step and 20 s /step
accumulation time. The CuKa radiation with wavelength
of 1.54178 A was used. Qualitative analy51s was performed
with a search-match method developed in the PANalytical
X'Pert High Score™ software package.

Thermal analysis (i.e., thermogravimetric analysis and
differential thermogravimetric analysis) was run through
a Seiko TG/DTA6300™ thermobalance. About 13 mg of
adsorbent were placed in an alumina crucible and heated
under a 50-NmL/min air flow from 25°C to 950°C with a
heating rate of 10°C/min at atmospheric pressure.

Total organic carbon (TOC) was determined through
a Hach Lange TOC IL550™ instrument. About 70 mg of
adsorbent were placed in an alumina crucible, digested

with reagent-grade hydrochloric acid (Carlo Erba), dried at
20°C and finally heated at 1,250°C under a 2,200-NmL/min
oxygen flow (99.95% v /v, Rivoira) at atmospheric pressure.
Minimum quantifiable limit (MQL) was about 130 png/Kg.

Textural analysis was carried out from nitrogen
(99.999% v/v, Air Liquide) adsorption-desorption iso-
therm curve acquired at —-196°C by using a Micromeritics
TriStar™ surface area and porosity analyser based on static—
volumetric approach. About 0.4 g samples were used.
Outgassing was operated at 100°C for 16 h applying rotary
pump vacuum. Apparent specific surface area (A-SSA) in
m?/g (Brunauer-Emmett-Teller method), specific pore
volume V, in mL/g (Gurvitch rule) and mean pore size d,
in A (Barrett—]oyner—and Halenda method) were evaluated
from acquired isotherm curve [40,41].

Point of zero charge (pH,, ) was determined according
to the mass titration method reported in [42]. Specifically,
increasing amounts of adsorbent S as wt/wt % were mixed
into different 50-mL sealable bottles each one containing
50 mL of 0.1 mol/L sodium nitrate aqueous solution set
at pH of 10.5 by sodium hydroxide addition. Sodium
nitrate was adopted as background electrolyte also in arse-
nate adsorption tests described in section 2.3 according to
reported moderate-to-scarce interfering effect of nitrate
[15,19,20,43-45]. Each suspension was continuously shaked
at 20°C for 24 h at 15 1/min through a Velp Scientifica
Rotax 6.8™ shaker. Finally, each suspension underwent pH
measurement. The pH,,,. was assumed as the pH of the
suspension having the higher adsorbent content when the
pH evolution with solid concentration is low.

Determination was repeated twice and average values
have been reported.

It has to be recalled that when pH is below pH,,, solid
surface is positively charged favouring anion adsorption
due to electro-static attraction. Conversely, when pH is
above pH,, . solid surface is negatively charged, and anion
adsorption has to compete with electro-static repulsion.

2.3. Leaching test

Leaching test was carried out on fresh adsorbent in order
to evaluate release of metals and metalloids at concentrations
non-compatible with EU drinking water legislation [5,6]
according to procedure reported in [46]. Specifically, about
4.5 g of adsorbent on dry basis (referred to weight loss at
100°C from thermal analysis) were mixed into a 50-mL seal-
able bottle containing 45 mL of deionised water saturated
with carbon dioxide (99.998% v /v, Rivoira). Suspension was
continuously shaked at 20°C for 24 h at 15 1/min through a
Velp Scientifica Rotax 6.8™ shaker. Finally, suspension was
filtered and obtained clear solution (i.e., the leachate) under-
went elemental analysis and pH measurement.

Elemental analysis was run through ICP on ten-times-
diluted samples. ICP-OES was employed for iron quantifi-
cation (emission line at 2,395.62 A). All the other elements
were detected by ICP-MS with external calibration employ-
ing indium as internal standard. Arsenic and selenium were
analysed using DRC, respectively, as AsO at mass 91 Da with
pure oxygen as reaction gas (99.95% v /v, Rivoira) and at mass
80 Da with methane as reaction gas (99.95% v /v, Rivoira).

Test was repeated twice, and average values have been
reported.
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2.4. Adsorption tests

Adsorption kinetic tests were studied mixing a defi-
nite amount of adsorbent into 2 L beakers containing 2 L
of [about 100 ug/L arsenic + 0.10 mol/L sodium nitrate]
aqueous solution. Specifically, two different tests were
carried out with about 0.05 and 0.5 mg/L of adsorbent,
respectively. Suspension was continuously stirred at 20°C
for 24 h through an Ika C-MAG HS10™ magnetic stirrer.
About 10 mL suspension aliquots were filtered at increasing
contact times (i.e., at 5 min, every 10 min for the first hour,
every hour for the following 5 h and finally after 24 h), and
obtained clear solution samples underwent elemental anal-
ysis and pH measurement.

Adsorption equilibrium was evaluated through adsorp-
tion isotherm curve obtained mixing increasing amounts of
adsorbent into different 1 L sealable bottles each contain-
ing 1 L of [about 100 pg/L arsenic + 0.10 mol/L sodium
nitrate] aqueous solution. Specifically, six different tests
were carried out with about 0.01, 0.05, 0.075, 0.1, 0.25, and
0.5 mg/L of adsorbent, respectively. Each suspension was
continuously shaked at 20°C for 24 h at 15 1/min through a
Velp Scientifica Rotax 6.8™ shaker. Finally, each suspension
was filtered and obtained clear solution underwent elemen-
tal analysis as described in section 2.2 and equilibrium pH
measurement.

Tests with 0.5 mg/L of adsorbents were repeated also
in presence of competing anions considered one-at-a-time
at concentrations compatible with EU drinking water leg-
islation [5,6]: about 1 mg/L of boron (from boric acid),
2,500 mg/L of hydrogen carbonate, 1 mg/L of phosphate,
10 mg/L of silica (from sodium silicate), and 20 mg/L of
sulphate, respectively.

Clear solution elemental analysis entailed both arsenic
and iron quantification. The latter one was implemented
as microfiltration effectiveness check assuming complete
dissolution of any iron (III) oxy-hydroxide (i.e., the main
adsorbent component) passing the filter after liquid sample
acidification till pH of 2.0 as described in section 2.1.

No pH buffer was added in order to simulate conditions
consistent with the simplest possible treatment and to fol-
low pH evolution during adsorption.

Tests were repeated twice, and average values have
been reported.

3. Results and discussion

Data from adsorbent elemental analysis collected
in Table 1 point to aluminium (4.2 wt/wt %), calcium
(9.3 wt/wt %), iron (24.3 wt/wt %) and magnesium
(3.4 wt/wt %) as the main metals.

XRD pattern is reported in Fig. 1. Sharp reflections are
related to calcite. No other crystalline phases are detected.
Broad signals at 20 of about 34° and 62° are consistent with
the presence of poorly crystalline ferrihydrite according
to [47,48]. Extremely fine dispersed iron oxides or hydrox-
ides cannot be excluded (i.e., not indexed reflection at 26 of
about 23°). The same evidence result from adsorbent samples
dried at higher temperatures till 100°C (data not reported).

Combined thermal profiles reported in Fig. 2 show
a significant weight loss below 400°C, which reasonably
corresponds to release of adsorbed water (i.e., maximum

Table 1
Fresh adsorbent chemical composition and surface characteristics

Parameter Value
Al, % wt/wt 4.2
Ca, % wt/wt 9.3
Cu, % wt/wt 0.46
Fe, % wt/wt 24.3
Mg, % wt/wt 34
Mn, % wt/wt 0.78
Na, % wt/wt 0.45
Si, % wt/wt 14
S, % wt/wt 14
Zn, % wt/wt 0.92
As, mg/kg 157
Pb, mg/kg 192
A-SSA, m?/g 226
V,mL/g 0.30
d, A 160
pH,,. 8.2

Note: A-SSA = apparent specific surface area; V, = specific pore

volume; d,, = pore size; pH,,,. = point of zero charge.
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Fig. 1. Adsorbent XRD powder diffraction pattern: I = intensity;
[-] = intensity arbitrary units. Broad signals at 26 of about 34° and
62° (both ones pointed by black circles) are consistent with the
presence of poorly crystalline ferrihydrite according to [47,48].
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Fig. 2. Adsorbent combined thermal profiles: T = temperature;
W = actual sample weight referred to initial one (top profile);
dW/dT = sample weight variation with temperature as
derivative (bottom profile).
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at about 57°C in the derivative-weight curve) and of crys-
tallisation water. Thermal decomposition of calcite can
be observed starting from 550°C. The TOC is below MQL
pointing to virtual absence of organics.

Adsorbent textural and surface characteristics are
resumed in Fig. 3 and Table 1 as well.

In particular, adsorbent shows a Type IV nitrogen
adsorption-desorption isotherm curve with a Type Hl
hysteresis as sketched in Fig. 3. This behaviour is gener-
ally referred to mesoporous solids made by aggregates or
agglomerates of spheroidal particles [40]. Further elabora-
tion points to an A-SSA of 226 m?/g. These features resem-
bles those traceable for other arsenic adsorbents based on
iron (III) oxy-hydroxide [13,14,19,32,33,35,44,47,49].

Data reported in Fig. 4 and Table 2 indicate a pH,,.
charge of 8.2 within the range of values referred for various
kind of aluminium hydroxide and iron (III) oxy-hydroxide
[50]. It means that arsenate removal has to be preferably
operated at pH below this value where adsorbent surface
is positively charged (e.g., due to presence of protonated
hydroxyl groups OH; [43]).

180 A
Q
)

150 1

120 4

Se
N M
30 4

0 T T T T T T T T T 1

0.0 0.1 02 03 04 05 06 07 08 09 1.0
Pe/Po [-]

Qe [NmL/g]

Fig. 3. Adsorbent nitrogen adsorption-desorption isotherm
curve acquired at -196°C: filled circles = adsorption branch;
open circles = desorption branch; P, = actual nitrogen pres-
sure at equilibrium; P = nitrogen vapour pressure at -196°C;
Q, = specific capacity of adsorbed nitrogen at equilibrium
[40,41].
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Fig. 4. Adsorbent mass titration curve acquired at 20°C:
S = amount of adsorbent used to prepare suspension [42].

Results from leaching test reported in Table 3 notice alu-
minium concentration in leachate slightly higher than limit
allowed by EU drinking water legislation. On the other
hand, concentrations of other elements are acceptable. In
particular, arsenic already present in fresh adsorbent (as
evidenced in Table 1, probably from weathering of pyrite
accompanying minerals) is virtually not released. This is a
further evidence of the great affinity of arsenate (i.e., prob-
ably the most abundant arsenic form due to the oxidising
environment promoted during mine water treatment) for
iron (III) oxy-hydroxide.

Both kinetic tests resumed in Fig. 5 show quick
decrease of arsenic concentration from 100 pum to less
than 10 pm for contact time within 2 h. Afterwards,
arsenic concentration tends to an asymptote assumed
as equilibrium condition (data not reported for contact
time higher than 5 h). Adsorption is faster in presence
of the highest amount of adsorbent: acceptable arsenic
concentrations are recorded after 10 min with 0.5 g/L
adsorbent while 2 h are requested with 0.05 g/L. In both
cases, after 24 h, the recovered clear solution is almost
neutral and with less than 1.0 pg/L of arsenic and less
than 30.0 ng/L of iron. The latter evidence points to effec-
tiveness of the microfiltration operation. Data follow a
pseudo-second-order kinetic describable by the linear
model reported as Eq. (2) [51]:

[
Q KQ Q @

where Q is the specific capacity of adsorbed arsenic in nug/g
after a defined contact time t in min; Q, is the specific capac-
ity of adsorbed arsenic at equilibrium and k is the observed
kinetic constant in g/pg*min. Q is calculated as the differ-
ence between initial arsenic concentration in solution C,

Table 2

Results from leaching test carried out on fresh adsorbent
according to the procedure reported in [46]: leachate chemical
composition and comparison with limits allowed by EU
drinking water legislation [5,6]

Parameter Value Limit
pH 8.8 6.5-9.5
Al, pg/L 220.5 200
As, pg/L 0.35 10

B, ng/L <40 1,000
Cd, png/L <0.3 5.0
Cr, pg/L 43 50
Cu, pg/L 8 2,000
Fe, ng/L <30 200
Hg, ng/L <0.8 1.0
Mn, pg/L 16.2 50
Ni, pg/L 4.6 20
Pb, ng/L <0.7 10
Sb, pg/L 0.79 5.0
Se, ng/L <04 10
Zn, pg/L <30 5,000
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Table 3

299

Arsenic removal efficiency n in presence of competing element | anions considered one-at-a-time at concentrations compatible
with EU drinking water legislation [5,6]: about 1 mg/L of boron (from boric acid), 2,500 mg/L of hydrogen carbonate, 1 mg/L of
phosphate, 10 mg/L of silica (from sodium silicate), 20 mg/L of sulphate. Values of pH at equilibrium pH, are reported as well.

Arsenate source is shown for the test without competing ions

Z Source J/As (mol/mol) N (ng/L/ng/L) pH,
None Na,HAsO,*7H,0 0 1.00 7.5
B H.BO, 68 0.99 6.9
C NaHCO, 30,829 0.94 9.5
P Na,HPO,*12H,0 10 0.99 9.5
S Na,SO, 162 0.99 8.6
Si (NaOH), *(Na,SiO,),*ZH,0 125 0.98 8.7

120 0.6

100i 0.5 1 y = 0.0051x + 0.0060
— R*> = 0.9995

80 - $0.4-
z p 5
g 60{A £0.31 ©
2 £ (7]
o A —

40 - 0.2+ ©

A - ® A
A A
20 A AA 014 ® . A
A X
L P N S C— oo Banass .
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300
t [min] t [min]

Fig. 5. Raw data referred to arsenic adsorption kinetic data ac-
quired at 20°C: orange triangles = 0.05 g/L adsorbent; red cir-
cles = 0.5 g/L adsorbent; C = concentration of arsenic in solution
at contact time t.

and those measured after a defined contact time C (both in
ng/L) referred to the amount of added adsorbent M in g/L
according to Eq. (3).

_(C,-0)

Y

®)
Indeed, linear models represented in Fig. 6 show an
excellent goodness of fit with correlation coefficients R?
higher than 0.99. In both cases measured Q, (i.e., 2,047 and
192 pg/g, respectively, for 0.05 and 0.5 g/L adsorbent) is
close to Q, computed from linear model slope (i.e., 2,000
and 196 pg/g, respectively, for 0.05 and 0.5 g/L adsorbent).
Although these evidences agree with literature [35,51], any
microkinetic hypotheses (out of the scope of this work) can-
not be inferred without further experimentation.
Adsorption equilibrium is represented by the linear
isotherm of Fig. 7. It can be interpreted assuming that
adsorbent is far from saturation condition in the studied
trace-level domain. The highest measured Q, is 8,355 ng/g
(i.e., 8.4 mg/g). This value is within the range from about
0.6 to 42.9 mg/g reported for arsenic adsorbents based on
iron (III) oxy-hydroxide. On the other hand, it has to be
stressed that many published data refer to specific capacity
of adsorbed arsenic at saturation conditions (i.e., the maxi-
mum obtainable value for each adsorbent at a defined tem-
perature, often extrapolated from modelling) [36].

Fig. 6. Pseudo-second-order kinetic linear plot referred to arse-
nic adsorption kinetic data acquired at 20°C: orange triangles =
0.05 g/L adsorbent; red circles = 0.5 g/L adsorbent; Q = specific
capacity of adsorbed arsenic at contact time t [51].
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Fig. 7. Arsenic adsorption equilibrium data acquired at 20°C
after 24 h: Q, = specific capacity of adsorbed arsenic at equilib-
rium; C, = concentration of arsenic in solution at equilibrium.

Values of arsenic removal efficiency n were computed
according to Eq. (4) where C, and C, are initial and equilib-
rium arsenic concentration in solution, respectively. They
are reported in Table 3 in order to quantify the effect of
potentially interfering anions:
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(CI _CE)
n :T 4)

Literature points to phosphate as the most interfering
anion due to the chemical analogy with arsenate while
effects of borate, hydrogen carbonate, silicate, and sulphate
are less pronounced or contradictory [20,28,43,45,49,52].

On the other hand, results collected in Table 3 point to
a virtual invariance of n in spite of the large molal ratios
among arsenic and the other elements | added as compet-
ing anions. It can be explained assuming that available
adsorption sites are enough to allocate both arsenate and
competing anions, due to the low concentration of the for-
mer ones. Interestingly, equilibrium pH measured after
arsenate adsorption in presence of competing ions pH, is
higher than those got in presence of sole arsenate. It can
be inferred that hydroxyl release according to Eq. (1) is
mainly due to complexation with competing ions being
the latter ones in large excess with respect to arsenate
[43,53]. In fact, starting from about 1 pmol/L dissolved
arsenate and supposing a release of one hydroxyl for each
arsenate, we finally have 1 umol/L dissolved hydroxyls
corresponding to pH of 8.0. With the same assumption, in
case of about 10 nmol/L dissolved phosphate, we finally
have pH of 9.0. These values are close to the measured
ones (pH, of 7.5 and 9.5, respectively) considering that
accurate complexation stoichiometry is actually unknown.
Adsorption of anions different to arsenate and phosphate
is less efficient [20,28,43,45,49,52]: it could explain the lim-
ited increase of pH in the presence of larger concentrations
of borate, hydrogen carbonate, silicate and sulphate. It
has to be noticed that in most cases pH,. is slightly higher
than measured adsorbent pH,, . of 8.2. Under such condi-
tions, adsorbent is slightly negatively charged and further
arsenate adsorption could be hindered by electrostatic
repulsion. It has also to be pointed out that increase of pH
determines a speciation shift from di-hydrogen arsenate
(prevailing till pH of about 7.0) to monohydrogen arsenate
[3]. In spite of both described phenomena, no appreciable
effect of pH on 1 can be traced in Table 3.

4. Conclusion

Sludge from mine water treatment facility has been
turned into effective arsenate adsorbent based on poorly
crystallised iron (III) oxy-hydroxide with minimal
work-up. Several relevant features have been reported
from laboratory-scale tests: (i) arsenic limit for drinking
water can be got with minimal amounts of adsorbents in
polishing tests; (ii) used adsorbent can be easily removed
by microfiltration; (iii) virtually no interferences from com-
peting anions at concentrations compatible with drinking
water have been registered; and (iv) globally, data agree
with those reported in literature.

On the other hand, several important questions remain
open in view of a possible full-scale implementation. In
particular, future activity has to consider: (i) arsenate
adsorption tests till saturation for adsorbent evaluation
in bulk removal operations; (ii) arsenite adsorption tests
with identification of adsorbed species; (iii) identification
of possible role of adsorbent minor composing elements

(e.g., manganese has been reported to promote oxidation
of arsenite to arsenate [35,54]; (iv) adsorbent formulation
in order to obtain pellets suitable for packed columns with
minimal element release; (v) adsorbent tests under real-
istic conditions; and (vi) leaching tests on both fresh and
used adsorbent under realistic conditions in order to valu-
ate adsorbent safety both during drinking water treatment
and final disposal.
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