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ARTICLE INFO ABSTRACT
Keywords: Sorption isotherms remain a major tool to describe and predict the mobility of pollutants in natural and an-
Water treatment thropogenic environments, but they are typically determined by independent batch experiments. In the present
Heavy metals study, the sequestration of As(III), Cr(VI) and competitive As(III)-Cr(VI) on/in 6L-ferrihydrite, siderite and

Sorption isotherms
Nanostructured iron minerals
Flow-through reactor

goethite nanostructured minerals was reinvestigated using stirred flow-through reactor experiments. Herein,
sorption isotherms were particularly determined from breakthrough curves for inert and reactive tracers mon-
itored simultaneously in a single percolation experiment. In complement, X-ray absorption spectroscopy (XAS)
was used to identify As sorption sites on 6L-ferrihydrite and goethite. As expected, the minerals have high
potential to remove As and Cr from water (siderite = ferrihydrite (about 60 mg/g) > goethite (20 mg/g)). As
and Cr sorption isotherms were modelled with a Langmuir model, and with a sigmoidal Hill model in the case of
the competitive sorption. XAS measurements have revealed that As(III) was partially oxidized (up to 22%) in the
competitive system with chromate oxyanion Cr(VI). As(III) sorbed on ferrihydrite and goethite adopted edge-
sharing and corner sharing complex geometries. Nowadays, a new class of adsorbing phases is being developed
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for wastewater treatment, including engineered nanostructured materials and nanocomposites. The use of flow
through reactor experiments as a high throughput method, combined with XAS, should be considered as efficient
screening methods to test their sorbing properties on various contaminants.

1. Introduction

Heavy metals and metalloids are often released into the environ-
ment as a result of industrial activities such as microelectronics, elec-
troplating, metal finishing, battery manufacture, tannery, me-
tallurgical, fertilizer industries. Toxic ions can be transferred into the
human and other life organisms via inhalation, ingestion, and skin
adsorption, causing irreversible disruptions [1]. They are not biode-
gradable and, hence, may cause long-term contamination of aquatic
ecosystems [2]. In this way, the development of efficient techniques for
the removal As, Cr, Se and several other toxic ions from water and
wastewater is an important task in terms of protection of public health
and environment. These techniques need to take into account the
chemical speciation of metal(loid)s. For example, arsenic is commonly
present in two valence states: arsenite As(III) and arsenate As(V) [3].
Arsenic (III) is considered to be 25-60 times more toxic than As(V) and
more mobile in the environment [4], so potentially more difficult to
remove from wastewater. On the other hand, chromium is one of most
toxic metals from the hazardous heavy metals list. Similarly to As, it can
exist in a different oxidation states, with the trivalent Cr(III) and hex-
avalent Cr(VI) state being relatively stable and largely predominant [5].
Contrary to arsenic, trivalent chromium is approximately 300 times less
toxic than the hexavalent chromium form [5]. Obviously, these two
dangerous toxic ions can coexist in various anthropogenic systems due
to water pollution by heavy metals [6-14]. In practice, several simple
and sophisticated methods are available to remove these toxic ions from
wastewater, such as chemical precipitation [6], ion exchange [7],
membrane filtration [8], electrocoagulation [9], phytoremediation
[10], oxidation-reduction processes, reverse osmosis, chemical coagu-
lation followed by filtration and adsorption [11]. Among these
methods, the sorption by using non expensive solid-adsorbents remains
efficient and its functioning and technological requirements are also
simpler [12,7-14]. For example, significant advantages of the adsorp-
tion method are high efficiency in removing very low levels of heavy
metals from dilute solutions, easy handling, high selectivity, lower
operating cost, minimization of chemical or biological sludge, and in
some cases the adsorbent can be regenerated or simplify confined in
controlled disposal systems [15]. Extensive research has been per-
formed on the removal of toxic ions from wastewater by sorption pro-
cesses, i.e. by using simple adsorbent-solution interactions in batch
stirred reactors (independent experiments) and this quantified in terms
of the “sorption isotherms”. Back in the 1990’s, more sophisticated
method by using stirred flow-through reactors was proposed to de-
termine the sorption isotherms [16,17] and it offers a more realistic
interpretation linking the kinetic to equilibrium behavior for a well-
defined adsorbent-solution system in percolation mode; unfortunately,
this efficient method was not popularized and rare studies are found in
the literature. Besides, in the last three decades, several studies were
oriented to determine the fixation mechanism of ions and/or pollutants
onto/into solid phases at the atomic scale by using synchrotron-based
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X-ray absorption spectroscopy (XAS) [18]. Obviously, such studies have
significantly contributed to existing knowledge on the sorption and/or
sequestration mechanism of toxic ions at the mineral-solution inter-
faces. Nevertheless, the “sorption/sequestration isotherms”, a curve
describing the retention of pollutants on a solid at various concentra-
tions, remain a major tool to describe and predict their mobility in
natural and anthropogenic environments. In this way, the sequestration
of As and Cr in/on some iron minerals (6L-ferrihydrite, goethite and
siderite) freshly synthesized (using house lab-methods) was re-
investigated by using the stirred flow-through reactor experiments.
These minerals were selected because they are widespread in soils and
drinking aquifers. On the other hand, arsenite and chromate oxyanions
were selected because they are toxic natural or anthropogenic ions than
can imply redox reactions at the solution-mineral interfaces. Herein, the
experimental isotherms for As and Cr were determined from a in-
tegrating method using experimental breakthrough curves for inert and
reactive tracers and then correctly fitted by using conventional em-
pirical models (Langmuir and sigmoidal Hill models). In complement,
some solid samples were characterized by XAS in order to determine
the fixation mechanism and oxidation state of As and Cr.

2. Materials and methods
2.1. Synthetic minerals and solutions

In this experimental study, powdered and high-purity nanos-
tructured minerals were used in order to track the As (III) or Cr (VI)
trapping onto/into solid phase surfaces. A brief description of these
mineral syntheses is provided in the following paragraphs. The physi-
cochemical properties (e.g., particle size, morphology and surface area)
of the three synthesized iron oxides have been summarized in a Table 1.

2.1.1. Siderite

Siderite spherical mesocrystals (FeCO3), i.e. micrometer-size sphe-
rical aggregates composed by oriented crystalline siderite nanoparticles
(size < 100nm) were synthesized at room temperature by using a
multi-step method recently described in Montes-Hernandez and Renard
[19]. Briefly, high-carbonate alkaline solution (1 M HCO3; ™) prepared
by carbonation of NaOH solution was directly reacted with FeCl, salt in
a controlled reactor and the siderite formation was monitored in real-
time by Raman spectroscopy. The solid phase was recovered by simple
centrifugation and washed one time with ultrapure water. Then, the
particles were washed twice with ethanol and dried at 40 °C for 24 h.

2.1.2. Ferrihydrite

Siderite mesocrystals synthesized at room temperature (see above)
were recovered by centrifugation and washed one time with ultrapure
water. The wet particles were then dried under air conditions at 60 °C
during 24 h. This simple drying process led to a simultaneous de-car-
bonation of siderite particles and iron oxidation from Fe(II) to Fe(IIl). In

Morphology and average of siderite, ferrihydrite and goethite particles measured from FESEM observations.

The synthesized iron oxides Morphology FESEM

N, sorption isotherms

L: length (nm) W: width (nm) L/W ratio Particle size (nm) SgET (mz/g)
Ferrihydrite Spherical mesocrystals - - - <20 204
Siderite Spherical mesocrystals - - - <40 90
Goethite Low acicular 250 * 35 65 + 20 3.8 - 133.8
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Table 2
Characteristics of Grenoble drinking water used in this study.

Parameter Value Quality limit Quality Reference
(Order of 11 (Order of 11 January
January 2007) 2007)
pH (at 239°C) 7,7 - [6,5-9]
Conductivity (uScm™1) 431 - [200-1100]
(at 25°C)
Total organic carbon <030 - 2
(mgL™h
Total hardness (°F) 21,2 - -
Chlorides (mg L") 8,0 - 250
Nitrates (NO3) (mg 3,6 50 -
LY
Nitrites (NO,) (mgL™") < 0,02 0,5 -
Sulfates (mg L™1) 46 - 250
Complete alkalimetric 158 - -

title (°F)

such simple conditions, 6L-ferrihydrite (porous aggregates conserving
the siderite mesocrystals morphology with high specific surface area,
204 mz/g) were then synthesized (see Fig. SI1).

2.1.3. Goethite

Low acicular goethite (a-FeOOH) with a high specific surface area
(133.8 m?/g) was synthesized by placing 1 moL of NaOH and 0.2 moL
of FeCl3.6H,0 in a 2 L reaction cell and adding 1 L of high-purity water.
Constant agitation (400 rpm) of the solution and a moderate tempera-
ture (30°C) for 24h of reaction was maintained. For more specific
details on the synthesis procedure and goethite characterization refer to
Montes-Hernandez et al. [20].

2.1.4. As- and cr-containing solutions

1L of Grenoble drinking water was used to prepare synthetic solu-
tions enriched with single or/and double metal ions by using com-
mercial salts of As(III) and Cr(VI). A brief description of characteriza-
tion of Grenoble drinking water is provided in the following Table 2.
For more specific details on the characterization of Grenoble drinking
water, we can find the monthly analyzes in the town of Saint Martin
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d'Heres, "swimming pool" area. Grenoble drinking water was preferred
rather high-purity or demineralized water because it is more re-
presentative of freshwater aquifer. Herein, 200 mg of AsNaO, (sodium
arsenic supplied by Sigma-Aldrich) was used for the As(III) solution (As
concentration 115mgL~") and 38 mg of K,CrO, (potassium chromate
provided by Sigma-Aldrich) for the Cr(VI) solution (Cr concentration
10.2mgL~"). Solutions containing simultaneously the two pollutants
were also prepared to investigate on the competitive sequestration.

2.2. Stirred flow-through reactor experiments

To track the As (III), Cr (VI) or simultaneous As-Cr trapping on/in
nanostructured minerals, two stirred flow-through reactors were used
(see Fig. SI2). Herein, two flow-through reactors of 50 mL (internal
volume) were firstly filled with Grenoble drinking water, one reactor
containing 1 g of synthetic mineral (ferrihydrite, goethite or siderite)
(reactive tracer reactor). The reactor without mineral-adsorbent was
used as inert tracer reference (inert tracer reactor). Moreover, this latter
reactor enables to asses if the ionic pollutant is sequestered on the walls
(reactor and plastic-tubes) during percolation. Then, flow rate calibra-
tion and washing during 10-20 minutes using a peristaltic pump, an As-
rich, Cr-rich or As-Cr-rich solution was simultaneously percolated in
both reactors using a constant flow rate of 2.3 mL/min. The mineral-
solution suspension in the reactor was continuously stirred by a mag-
netic Teflon bar at room temperature (20 °C). The outflow solutions
were filtered in-situ through 0.2 ym pore size Teflon membranes (lo-
cated on the top of reactors). The filtered solutions at various times of
the experiment were then analyzed by ICP-AES (Inductively Coupled
Plasma Atomic Emission Spectrometry, Agilent 720 ES) and their pH
was measured. Thereby iron, arsenic and chromium concentrations
were measured as a function of time from 2 to 360 min. After 6 h of
polluted-solution percolation (adsorption step), the system was stopped
except the agitation and the morning after desorption step was started
at the same flow rate for about 6 h using Grenoble drinking water.
Adsorption and desorption steps using flow-through reactors in our
study are summarized by respective breakthrough curves for inert and
reactive tracers in the Fig. 1.

Finally, after desorption step, the reactor containing the mineral-
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Fig. 1. Experimental sorption and desorption kinetics of inert tracer measured in stirred flow through reactor and comparison between the experiment and theo-
retical inert tracer. The theoretical BTC is calculated with the reactor volume (V,) and the flow rate (Q) as Egs. (1) and (2).
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Fig. 2. Results of stirred flow-through reactor experiments: Kinetic adsorption behavior of a single metal(loid) ion on ferrihydrite, siderite and goethite. In all

experiments, a similar initial ions concentration about 115 ppm for As(III) and 10 ppm for Cr(VI) were used.
on the BM30B (FAME) beamline using a Si(220) double crystal mono-

adsorbent was carefully disassembled and the interacting mineral
containing As, Cr or both was recovered for future XAS measurements

(see below).

2.3. XAS measurements

The list of samples studied by XAS is given in Table SI1. XAS
measurements were carried out at the European Synchrotron Radiation

Facility (ESRF, Grenoble, France), operating with a ring current of
160-200 mA. Arsenic K-edge XANES and EXAFS spectra were collected

chromator. The photon flux was of the order of 10'? pH s-1. The spectra
were collected in fluorescence mode with a 30-element solid-state
germanium detector (Canberra), at 15°K using a He cryostat, both as
wet paste and after freeze drying. Two to four scans of 40 min each
were acquired, and then averaged. Energy calibration was done by
recording the spectrum of an Au metallic foil simultaneously to each
measurement, and setting the inflection point at 11.919 keV. The oxi-
dation state of As was determined by linear least-squares fitting of
XANES data, using linear combinations of XANES spectra of pure As
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Table 3

Kinetic parameters from a sigmoidal model [f = %XO); Where f: The

1+exp(—
concentration of the metal in the reactive tracer (mg/L); x: The time (min); a:

The maximum concentration of metal; b: The slope of the curve; xo: The time at
which the maximum concentration reaches half].

Mineral a (mg/L) b Xo (min)
Single metal in solution As(III)

Ferrihydrite 87.16 = 1.46 24.31 = 1.28 264.67 = 1.62
Siderite 83.83 + 1.88 22.59 + 1.84 254.89 + 2.25
Goethite 99.25 + 2.03 24.79 + 2.88 129.87 + 3.47
Single metal in solution Cr(VI)

Ferrihydrite 9.39 + 0.19 9.45 + 2.56 84.08 + 2.66
Siderite 8.37 = 0.14 14.32 = 2.13 118.17 = 2.29
Goethite 9.76 + 0.18 32.57 + 3.51 59.71 + 3.69
Competitive As(III)-Cr (VI) system : (fit on the As(III) data)

Ferrihydrite 103.20 + 14.69 37.17 = 6.73 303.42 * 13.76
Siderite - - _

Goethite 89.30 *+ 2.12 38.03 + 3.85 100.01 = 4.93

(IID)-sorbed ferrihydrite and pure As(V)-sorbed ferrihydrite, as de-
scribed previously [21]. The uncertainty on the percentages was esti-
mated to = 2%. Shell fitting of EXAFS spectra was realized as described
previously [22].

2.4. Isotherms determination from flow-through reactors

Continuous flow-through reactors are particularly useful for
studying mineral-water reaction kinetics [23-25]. It consists in in-
jecting a step of the reactive tracer through a stirred cell containing a
known mass of the solid in contact with the solution, and then com-
paring the breakthrough curves of the reactive solute with that of an
inert tracer. In a perfectly stirred flow-through reactor, the solution
composition is homogeneous within the reactor and equal to that
measured in the outlet flow. The breakthrough curve (BTC) of an inert
tracer following a step injection from C = 0 to Co, is given by Eq. (1)
[26].

c)= co[l—exp(—%(r—ro) -
0

Where t, is the instant when the tracer is injected, Q(mL/min) re-
presents the flow rate and V (L) is the volume of the solution inside the
reactor (i.e. the volume of the reactor minus the volume of the solid).
The ratio Q/V, defines the mean residence time in the reactor for an
inert tracer. For the desorption stage (switching back the injected
concentration to zero), the breakthrough curve of an inert tracer is
given by Eq. (2) [26].

Q

C (1) = Coexp(— o (t—t) @
Where t; is the instant when the injection of the tracer is stopped.

These two fundamental equations can be systematically used as
references when reactive tracers are used. In our case, two independent
reactors were used to compare simultaneously inert and reactive tracers
in the same percolation system (see Fig. 1). This allows a real experi-
mental comparison between reactive and inert tracers. Fig. 1 sum-
marizes clearly the breakthrough curves for arsenic as inert and re-
active (goethite as adsorbent) tracers. These experimental curves are
then used to determine the adsorption/sequestration isotherm for a
given pollutant as follows:

The corresponding adsorbed fraction between C = 0 and C; is cal-
culated using the integrated area between the breakthrough curves of
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the inert and reactive tracers inside of a given interval (Fig. 1). Each of
these calculations provides one point (C;, q;) of the isotherm; assuming
an equilibrium concentration in each point as clearly explained by Li-
mousin et al. [26]. The relation to determine the adsorbed/sequestered
amount (q;) for a given equilibrium concentration (C;) from break-
through curves can be expressed as:

_ Flowrate
Solid mass
Flow rate

t=tj
= A Cinert tracer dt- f creactive compound dt)
Solid mass t=0 P

t=tj
(5 ®
The main advantage of this method is that only one percolation
experiment is required to determine one isotherm for a given pollutant
and probably these continuous flow systems are more reliable to pol-
lutants transfer in natural systems.

3. Results and discussion

3.1. Kinetic behavior: breakthrough curves from stirred flow-through
experiments

From experimental breakthrough curves for inert and reactive tra-
cers displayed in Fig. 2 can be noted that the three synthesized ad-
sorbents (ferrihydrite, siderite and goethite) are performants to remove
As and Cr from water. In general, a sigmoidal kinetic behavior was
observed, this means that during a given period-time the injected pol-
lutant (contained in inlet flow) is rapidly and quasi-totally sequestered
onto/into the interacting mineral (Fig. 2). For example, the arsenite
oxyanion is quasi-completely removed from solution during about
200 min of percolation when ferrihydrite or siderite is used. After this
percolation-time, the available sorption sites start to be saturated in the
system up to that the As-concentration in the inlet flow is equivalent/
equal to As-concentration in outlet flow. In such situation, all available
sorption sites onto mineral are theoretically occupied by As species in
equilibrium with interacting solution. As above mentioned, the arsenite
oxyanion is also strongly sequestered on

goethite mineral, but in this case, the saturation of sorption sites
starts after about 50 min of percolation, indicating that goethite is ki-
netically less performant that the ferrihydrite and siderite at the in-
vestigated conditions.

Concerning the chromate oxyanion, the siderite seems to be the
more performant adsorbent because the saturation of adsorption sites
starts after about 90 min of percolation, followed by ferrihydrite
(60 min). Conversely, the saturation of sorption sites on goethite starts
immediately after initiated percolation; this is incongruent with high
specific surface area for goethite mineral. This means that the goethite
performance to remove Cr is not necessary directly proportion to its
specific surface area.

Competitive As-Cr systems were also investigated for [As]/[Cr] ratio
= 10; for theses specific cases, the kinetic behavior during sequestra-
tion process was significantly impacted; in effect, the saturation of
sorption sites starts faster with respect to single ion systems (see Fig.
SI3). Herein, ferrihydrite and siderite remain the more performant ad-
sorbents with respect to goethite. This most complex kinetic behavior
was probably related to an additional redox process; in fact, Cr(VI) was
partially reduced to Cr(III) and As(III) was then oxidized to As(V). This
electron transfer operates exclusively at the mineral-solution interfaces
as already claimed in the literature [27] and as measured by x-ray
absorption spectroscopy (XAS) on some recovered solids in our study
(see below). All kinetic parameters for reactive tracer curves using a
sigmoidal model are summarized in Table 3. Retarding effect could be
also determined by comparing breakthrough curves for inert and re-
active tracers, but in our study the so-called curves were particularly



S. Hajji et al.

70 Single metal in solution (As(IIL))
"
= 9 B
= L E
= 50 ./
z o/
H
) 40 4 ‘,/
£ |a
= 30 | A A
E . il RS
= ] A
= 20 < . )
= ] A
«<
Eolg
3 ; —&— Ferrihydrite
01 - - ® - Siderite
A - Goethite
A0 = T T T T T
20 40 60 80 100
Equilibrium concentration, C (mg "As(IIl)"/L)
Single metalin solution (Cr(VI))
<]
3.0 1 4
L]
) T g
= —8— Ferrihydrite -
g 244 - @ - Siderite .
= & Goethite o
o I
s0 1.8
£ ¢
= ; ’...‘
- . ./.
g 1.2 4 ! M./
£ *n A andh
« \/ A
S o06{ @ el
: ] e
3 | AT -
= . A .
0.0 4 Y
I I I I I I
0 2 4 6 8 10

Equilibrium concentration, C (mg "Cr(VI)"/L)

Journal of Hazardous Materials 362 (2019) 358-367

70
Competitive As(II)-Cr(VI) system
I
60 a—
el
o
50+ [ P =8
= / .
= ] ™
=t .
£ u .
3 / ‘-
3 304 u ,,'.
- / L ] A “
£ . A &
S 204 ; o A
£ . : h
- . A
s | . A
s 14 B 4 A
g 5ol 4 | Ferrihydite
o] B - ® - Siderite
A Goethite
T T 1 T T
0 20 40 60 80 100
Equilibrium concentration, C (mg "As(IID)"/L)
3.0
Competitive As(IIL)-Cr(VI) system
L]
o
= 241 e l./.
K —&— Ferrihydrite e
S |-e- Sideite e
< A Goethite b od
o 18 'y
s B
0 'Y L
g ‘ \
=" [ ]
:: 12 .. /l
= o L]
= /
s u L7
: - £
= ;
—_ [ ] . N
5 061 / & A,
e i .
% /l [ R A
= N oo g aA A
0.0 4 AT
1 I T 1 T
0 2 4 6 8 10

Equilibrium concentration, C (mg "Cr(VD)"/L)

Fig. 3. The adsorption isotherm from the breakthrough curve of an inert and a reactive tracer obtained with the stirred flow-through reactor, assuming that the
reaction is instantaneous. The relation between the hatched surface area Ai of the breakthrough curve and the solid concentration Qi is given by

Flowrate , __
i =

Flow rate
Solid mass

=tj
Uizo

Q= Solid mass Cinert tracer dt *,/l‘:)li Creactive compound dr).
used to determine the sorption isotherms (main objective of this study).

As complementary information, the desorption and/or release of
sequestered As and Cr was also monitored as illustrated in Fig. 1 by
percolating drinking Grenoble water (free of pollutant). As expected, a
retarding effect also exists between reactive and inert tracer curves; in
fact, 6h of percolation are not enough to release the sequestered
amount of pollutants (see example in Figs. 1 and Fig. SI4); this in-
dicating that the chemisorption process contributes also to the As and
Cr sequestration in the investigated iron minerals. Here, the kinetic
release follows a hyperbolic decay or kinetic pseudo-second order
decay-model while the inter tracer follows a simple exponential decay
model (see Fig. 1).

In summary, flow-through reactor experiments offer a direct mon-
itoring of sequestration performance for a given adsorbent comparing
the breakthrough curves for inert and reactive tracers. Moreover, theses
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cited curves enable the determination of sequestration isotherm for an
investigated pollutant as discussed in the following paragraphs.

3.2. Isotherms of sorption/sequestration

As explained in material and methods section, the integrated surface
comprised between experimental breakthrough curves for inert and
reactive tracers allows the determination of sequestration isotherms
(see also Eq. 3). In this way, the Fig. 3 summarizes the isotherms ob-
tained for single ions (As and Cr) and competitive As-Cr systems. In
general, the isotherms confirm that the three synthesized minerals
(ferrihydrite, siderite and goethite) have a high adsorption capacity to
remove dissolved As(III) and Cr(VI), oxyanions with very high toxicity
in the environment (see introduction section). This is not a surprising
result; however, the isotherms for As and Cr reported in literature have
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Fig. 4. Modelling of equilibrium isotherms for removal of arsenite from aqueous solutions using three synthetic minerals.

been determined for a smaller concentration range and they were ty-
pically obtained from batch independent experiments; in fact, each
point in the isotherm represent an independent experiment. Conversely,
the flow-through reactor experiments via the experimental break-
through curves for inert and reactive tracers in our study, have allowed
the exploration of all concentration range in a single experiment.

In more specific terms, the siderite and ferrihydrite can sequester up
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to about 60 mg/g of As(IIl) in the investigated concentration range (see
Fig. 3) and a simple Langmuir model can be used to fit both isotherms
(Fig. 4). However, goethite has only sequestered about 20 mg/g of As
(II1) (Fig. 3), three times less at equivalent specific surface area with
respect to siderite; this can be related to a chemisorption processes, but,
probably also related to siderite surface oxidation (from Fe(II) to Fe(III)
onto the siderite crystals) that can increase the sorption sites. For this
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Table 4
Isotherm parameters from conventional Langmuir and sigmoidal Hill models
[Langmuir: q, = dmax K1 Ce ; Where q. (mg/g) is the amount adsorbed at equi-

14K, Ce
librium concentration of arsenic or chromium ions in solution Ce, Qmax (Mg/g) is
the Langmuir constant representing the maximum adsorEtion capacity, Kp(L/g)

a liquid-solid distribution coefficient. Hill: g, = %; where b is the Hill
c+Ce
coefficient, c is the concentration at Y2 gmaxl-
Mineral K (L/mg) Gmax(mMg/g) Kp(L/g) R
Single metal in solution As(III)
Ferrihydrite 0.85 61.79 52.56 0.980
Siderite 0.05 58.74 2.93 0.829
Goethite 0.14 30.96 4.50 0.963
Single metal in solution Cr(VI)
Ferrihydrite 0.173 66.95 11.60 0.970
Siderite” 0.016" 53.86" 0.86" 0.98"
Goethite - - - -
1
i Fh exp 1
[
g
© Fh exp 4
o L
S
o
7]
gL
his Gtexp 3
Q
N
©
£ Fh Crexp 8
s
c
[ Gt Crexp 10

1 1 1 1
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Energy (eV)

Fig. 5. Linear combination fit of the As K-edge XANES spectra. Experimental
and calculated curves are displayed as black and red lines, respectively. The
spectra of As(III)- and As(V)-adsorbed ferrihydrite model compounds were used
as fitting components with their fitted contributions displayed in green and
orange lines respectively (Table 3). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

latter case, Langmuir model was also used to fit the experimental iso-
therm (see Fig. 4). The isotherms for As(III) in competition with Cr(VI)
were strongly affected, mainly when siderite and goethite were used
(see Fig. 3). In this case, sequestration isotherm for As using siderite has
changed of profile type from Langmuir model (isotherm type L) to
sigmoidal Hill model (isotherm type S) (see Fig. 4). This latter is cor-
responding to a modification of conventional Langmuir model and it is
typically used for competitive systems; in our case, the competition is
mainly related to redox reactions because the Cr(VI) was partially re-
duced to Cr(III) and As(III) was oxidized to As(V) as confirmed by XAS
measurements (see below). On the other hand, surprising result was
measured for the arsenic sorption isotherm when goethite was used;
here, isotherm type L was changed to a pseudo-linear behavior (iso-
therm type C) (see Fig. 4); a redox process could also responsible of this
effect. All estimated sorption parameters including liquid-solid dis-
tribution coefficients (Ky) for As and Cr by using Langmuir and
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sigmoidal Hill models are summarized in Table 4. We note that the Kq is
the more reliable parameter on the pollutant transfer/mobility through
reactive porous media.

Concerning the Cr(VI) sequestration isotherms, the sequestration
mechanism seems to be more complex in single and competitive sys-
tems (see Fig. 3). In this case, conventional and/or modified Langmuir
models seem ineffective to fit obtained experimental isotherms. This is
mainly due to concurrent redox reactions during mineral-solution in-
teractions in the investigated systems as clearly attested by XAS mea-
surements.

3.3. XAS determination of the arsenic sequestration mechanism

For the samples without Cr, As K-edge XANES spectra indicated that
the wet samples were devoid of As(V) (Fig. SISA), whereas freeze-
drying lead to the oxidation of a small fraction of arsenic, i.e. 7-13 % As
(V) over total As, as determined by linear combination fitting (Fig. 5;
Table 3). Such minor components are not expected to significantly
contribute to the EXAFS [28]. The analysis was then performed on the
freeze-dried samples because they had a better signal-to-noise ratio
(Fig. SISB). Shell-by-shell fitting analysis of the EXAFS data evidenced
two types of As(IIl) surface complexes for both ferrihydrite (at the two
concentrations tested) and goethite samples: an edge-sharing complex
(so-called E, with an As-Fe distance of about 2.9 10\) and a corner
sharing complex (so-called 2C, with an As-Fe distance of 3.3-3.5A)
(Fig. 6 and Table 5). A similar mixture of 1E and 2C sites was found for
As(III) sorbed on ferrihydrite, as previously reported in [21,22,29]. At
the opposite, only 2C sites were identified for As(III) sorbed on goethite
in previous studies [22,29]. The presence of 1E As(1ll) surface com-
plexes on goethite in the present study may be explained by the nano-
sized (130 m?/g) and low-acicular character of the goethite employed
in our experiments [19]. Indeed, although 2C surface complexes are
favored on (110 — Pnma SG) facets of acicular goethite crystallites, 'E
surface complexes may form on (001) facets [22].

In the presence of Cr, As K-edge XANES spectra for wet samples and
freeze dried material were similar (Fig. SI4) and the proportion of As
(III) over total As dropped to 83 and 78%, respectively, showing a
partial oxidation of As(II) by Cr(VI) at the mineral-solution interfaces.
Again, very similar local structures were found for As reacted with
ferrihydrite and goethite, with structural parameters typical of As(III) in
both 'E and 2C geometries. It is not possible from EXAFS to determine
whether some Cr has been incorporated in the Fe oxyhydroxide struc-
ture and is present in the local environment of As, since Cr and Fe have
close atomic numbers (AZ = 2) and thus similar backscattering prop-
erties.

4. Conclusion

In summary, the stirred flow-through reactor experiments offer a
direct monitoring of pollutants sequestration performance for a given
adsorbent by comparing the breakthrough curves for inert and reactive
tracers. Moreover, the integrated surface comprised between these ex-
perimental breakthrough curves (retarding effect) enables the de-
termination of sequestration isotherms for pollutants in a broad con-
centration range from a single experiment.

On the other hand, novel nanostructured materials (including mi-
neral or organo-mineral phases) for wastewater treatment are under
development [30]. Flow through reactors appear as handy and efficient
tools for the screening of their efficiency on large series of pollutants
and sorbents, and can be considered as high throughput methods.
Spectroscopic measurements (XAS, FTIR, XPS, Raman, etc.) are ideal
complementary tools to determine the fixation mechanisms of pollu-
tants at the nano- and/or atomic scales.
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Fig. 6. Unfiltered As K-edge k°-weighted
20 Fhexp 1 10‘ Fh exp 1 EXAFS spectra (a) and (b) corresponding Fast
Fourier Transforms (FFT) calculated over the
r 2.5-12.5 k-range. Experimental and calculated
Fhoxp 4 Fh exp 4 curves are displayed as black and red lines,
respectively. Structural parameters obtained
B Gtexp 3 Gtexp 3 from a shell-by-shell fit of the data in k-space
are given in Table 3. (For interpretation of the
Fh Crexp 8 FhCrexp 8 references to colour in this figure legend, the
g_ \/W t ‘ reader is referred to the web version of this
x icle.
g GtCrexp 10 | W Gt Crexp 10 article.)
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Table 5 Appendix A. Supplementary data
Results of XANES linear combination fit and EXAFS shell-by-shell analyses.
XANES EXAFS Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2018.09.031.
Sample  As(Ill) As(V) path R (A) N o(A) AEq (eV) xR

(%) (%)

FhExpl 94(2) 7(2) AsO 1.763(5) 3* 0.076(2) 15(1) 16.6
AsOO  3.1(1) 6* - -
AsFe  2.92(2) 0.2(1) 0.063(3) -
AsFe  3.38(2) 0.4(2) - -

FhExp4 89(2) 13(2) AsO 1.754(3) 3* 0.071(2) 16(1) 9.0
AsOO 3.2(1) 6* - -
AsFe 2.87(2) 0.3(2) - -
AsFe  3.34(2) 0.4(1) - -

GtExp3 92(2) 9(2) AsO 1.761(7) 3* 0.079(3) 16(1) 14.0
AsOO  3.2(2) 6* - -
AsFe  2.86(2) 0.3(2) - -
AsFe 3.33(3) 0.6(3) - -

Fh Cr 83(2) 19(2) AsO 1.749(5) 3* 0.078(2) 15(1) 21.0

Exp AsOO  3.2(2) 6% -
8 AsFe  2.89(2) 0.6(4) 0.096(3) -
AsFe 3.36(3) 0.6(4) - -
Gt Cr 78(2) 23(2) AsO 1.747(5) 3* 0.076(2) 16(1) 7.0
Exp AsOO  3.2(2) 6% - -
10 AsFe 2.87(3) 0.3(1) - -
AsFe  3.34(2) 0.6(2) - -
Fh As 100 0 AsO 1.779(3) 3* 0.061(2) 15(1) 16.6
a? AsOO 3.2* 6* - -

AsFe  2.93(1) 0.4(1) 0.061(1) -
AsFe  3.42(2) 0.5(2) - -

Fh As(V) 0 100 AsO 1.687(3) 4* 0.061(2) 5(1) 41.8
a AsOO 3.1(1) 12* - -
AsFe 3.31(2) 1.0(3) 0.08* -

R (;\), interatomic distances; N, number of neighbors;o(i\), Debye-Waller factor,
AE, (eV), difference between the user-defined threshold energy and the ex-
perimentally determined threshold energy in eV. ? Synthetic model compounds
corresponding to As(III) or As(V)-sorbed ferrihydrite previously analyzed by
Hohmann et al. (28).
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