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In this work, a solid waste material from an electroplating industrial plant has been investigated for
As(IIT) and As(V) sorption. This sorbent, a mixture of mainly Fe(IlI) and Ni(II) (hydr)oxides, has been used
both in its native form and entrapped in calcium alginate. The effect of sorbent concentration in the
gel bead, solution pH, contact time and As(Ill) and As(V) concentration on sorption has been studied.
Furthermore the effect of the gel matrix has been investigated. A 10% (w/v) of (hydr)oxide in the gel beads
was found to provide both spherical beads shape and good sorption performance. Solution pH was found

?g;;?;ﬁs" to exert a stronger influence in As(V) than in As(IlI) sorption. The optimum pH range resulted to be within
Arsenic 5-10 for As(Ill) and within 6-9 for As(V). Taking into account these results, pH 8 was chosen for further
Waste (hydr)oxide sorption experiments. Equilibrium was reached after 48 h contact time for the studied systems. Kinetics

Calcium alginate data of both As(IlI) and As(V) onto native (hydr)oxide (O) and entrapped in calcium alginate beads (10%
Iron 0O-CA) were successfully modelled according to pseudo-first and pseudo-second order equations. Sorption
Entrapment equilibrium data were evaluated by the Langmuir isotherm model and the maximum capacity gmax were
77.4and 126.5 mg g! for As(Ill) on O and 10% O-CA, and 26.8 and 41.6 mg g~! for As(V) on O and 10% O-CA,
respectively. The entrapment of the (hydr)oxide in a calcium alginate gel matrix improved the As(IIl) and

As(V) sorption by 60%.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic is a ubiquitous metalloid and its presence in hazardous
concentrations in waters is considered as a worldwide problem,
often referred to as a 20th-21st century calamity [1-4]. Arsenic
occurrence in the environment can be due to human activities such
as mining, pesticides use, smelting of non-ferrous metals, burn-
ing of fossil fuels and timber treatment. Recent studies carried out
northeastern England revealed As enrichment within the urban and
industrially affected rivers [5]. Arsenic concentration in the rural
areas averaged between 0.6 and 0.9 mgL~1, and between 3.2 and
5.6mgL-1! for rivers influenced by industrial discharges. In India,
health hazards linked with high levels of arsenic in tube well waters
(0.2-2.0mgL~1) have also been reported [6].

Arsenic in groundwater is often associated also to geogenic
sources: the Earth’s crust is an abundant natural source of arsenic,
being present in more than 200 different minerals. Long-term
drinking water exposure can cause different dysfunctions and
diseases as, loss of appetite and nausea, muscular weakness, neuro-
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logical disorders, and cancers [7]. Consequently, the standard level
in drinking water has been fixed in 10 wgL~! in many parts of the
world, including Europe [8] and the U.S.A. [9].

The chemistry of this element includes the existence of different
oxidation states, the most common in natural waters being As(IIl) in
form of H3As03% and HyAsO3~ and As(V), as HyAsO4~ and HAsO42,
according to the pH of the solution.

Different methods such as oxidation/precipitation, sorption
onto different activated carbons, membrane techniques and ion
exchange have been used for arsenic removal [10-12]. All these
methods are usually expensive. That is why an increasing attention
is currently being paid to the development of new sorbents such as
natural raw materials [11], agricultural or industrial wastes [1,13]
due to both their local abundance and low cost. Among the dif-
ferent available materials presenting arsenic sorption properties,
those containing metals, and especially iron are known for being
very effective sorbents [14-19].

In this paper, a non-expensive (hydr)oxide waste, the solid by-
product from a chromium electroplating industry, is characterized
and used as a low cost sorbent for the removal of either As(IIl) or
As(V) from aqueous solutions. In order to facilitate its application,
the raw material has been immobilized into a calcium alginate
gel matrix. This entrapment procedure was previously success-
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fully applied for grape stalks powder [20]. In that work, the results
proved that Cr(VI) sorption was enhanced when the sorbent was
entrapped into the calcium alginate gel matrix. The effect of the
gel matrix, sorbent concentration in the gel bead, solution pH, con-
tact time and As(III) and As(V) concentration on sorption has been
studied.

2. Experimental
2.1. Materials

The metal (hydr)oxide solid was kindly supplied by an electro-
plating industry from Valencia (Spain). This material is a by-product
formed after the precipitation with NaOH, coagulation and floccu-
lation of metals present in the main waste effluent. All solutions
were prepared in HPW (high purity deionized water from Milli-
Q apparatus; resistivity 18.2 M€ cm, TOC<10 wgL-1). As(Ill) and
As(V) solutions were prepared by dissolving appropriate amounts
of reagent grade sodium (meta)arsenite (NaAsO,; >99%, Fluka) and
sodium arsenate heptahydrate (NayHAsO4-7H,0; >98.5%, Fluka),
respectively, in HPW. Concentrated solutions of NaOH (Panreac)
and HNOj (Panreac) were used for pH adjustment, and arsenic
standard solutions of 1000mgL-! (Panreac) for Flame Atomic
Absorption calibrations. Sodium alginate salt from brown algae
(Fluka) was used as the hydrocolloidal gelling material, with a fixing
solution of 0.1 M CaCl, (Panreac).

2.2. (Hydr)oxide mixture analysis

Dry waste (hydr)oxide samples (ca. 0.3 g) were digested in a
microwave oven (ETHOS, Milestone) with 8 mL of HNO3 (65%,
Suprapur, Panreac) and 2 mL of HCI (37%, Suprapur, Panreac). In the
3-step program, a first heating to 90 °C during 2.5 min is followed by
heating to 130 °C for 5 min and finally to 190°C for 13.5 min. After
this process, samples were allowed to cool to room temperature
and were diluted with HPW to a final volume of 100 mL. Metal com-
position of the (hydr)oxide was determined by FAAS spectroscopy
(Varian Absorption Spectrometer SpectrAA 220FS).

2.3. Sorbent characterization

Specific surface area (SSA) of the sorbents (raw (hydr)oxide,
(hydr)oxide entrapped in calcium alginate beads and cal-
cium alginate beads (blank)) was determined according to the
Brunauer-Emmet-Teller (BET) protocol on a Micromeritics Flow-
Sorb Il equipment. Surface charge distribution as a function of pH
and pHp,¢ of the sorbents were determined from potentiometric
titrations of 1 gL~! solid suspension with 0.01 M NaOH or HNOj3 in
0.01 M NaNO3 medium as supporting electrolyte and using a PHM
250 (Meterlab) pH meter. The point of zero charge (pHp,c) was eval-
uated by plotting the surface charge as a function of solution pH
according to the method proposed by Davranche et al. [21].

2.4. Sorbent preparation and entrapment in calcium alginate

The raw (hydr)oxide was rinsed, dried at 60°C and sieved to
obtain a fine powder (<250 pm) before its use in sorption exper-
iments. In order to improve both mechanical and hydrodynamic
properties of the (hydr)oxide, the material was entrapped in a cal-
cium alginate gel.

Gel beads containing the (hydr)oxide were prepared accord-
ing to the scheme given by Fiol et al. [20]. The desired amount
of (hydr)oxide (within the range 0-12g) was added to 100 mL
HPW under rapid constant magnetic stirring. To the homogeneous
(hydr)oxide suspension, 1 g of sodium alginate powder was slowly

added and the mixture was stirred until total biopolymer dissolu-
tion was achieved. A peristaltic pump (Ismatec Reglo) was used to
dispense the suspension in a stirred reservoir containing 200 mL of
a CaCl, 0.1 M solution used for gel formation. At the end of the dis-
pensing tube a micropipette tip (yellow type 5-200 L, Deltalab)
cut out to get a final diameter of 1 mm was attached and positioned
approximately 1cm above the surface of the fixing solution. The
peristaltic pump was programmed to provide a constant flow rate
of ca. 350 mLh~1. The beads formed (3 mm diameter) were allowed
to cure, under continuous stirring, in the same CaCl, solution for
24 h; they were rinsed three times with HPW to ensure the removal
of excess CaZ*. Total removal of Ca2* ions was checked by FAAS anal-
ysis of the supernatant. For all the experiments, the beads with a
non-spherical shape were discarded. Water content was 97.6 + 0.1
for pure alginate beads and 91.1 4 0.3 in the beads loaded with 10%
(w/v) of (hydr)oxide.

Along the paper, the sorbents will be named as: raw (hydr)oxide
(0), the beads containing X% (w/v) of (hydr)oxide (X% O-CA) and the
beads of pure calcium alginate (blank) (CA).

2.5. General uptake procedure

Batch experiments were carried out separately on As(IIl) or
As(V) solutions at 20+ 1°C in stoppered plastic flasks. The exper-
iments consisted of shaking in an orbital shaker (Ikalabortechnik
KS 501) at 200rpm either a mass of (hydr)oxide mixture (O) or
the number of beads of 10% O-CA containing the same mass of
(hydr)oxide, with 20 mL of either As(Ill) or As(V) solutions until
equilibrium was reached. After agitation the solid was removed
by filtration through a 0.45 pm cellulose filter paper (Millipore)
and solution pH was measured. Initial and final arsenic concentra-
tion in the filtrates before and after sorption, previously acidified,
were determined by Flame Atomic Absorption Spectrometry (FAAS)
(Varian Absorption Spectrometer SpectrAA 220FS).

Arsenic concentration in the solid phase, q, was calculated from
the difference between initial, G; and final, Cf concentration in
solution. Kinetic and equilibrium experiments were carried out in
triplicate.

The U.S. EPA toxicity characteristic leaching procedure (TCLP)
[22] was carried out to determine the potential mobility of the
metals forming the (hydr)oxide and, thus, to obtain information
about the potential hazard of the sorbents before and after arsenic
sorption. Samples of sorbents were treated with the standardized
extraction fluid (5.7 mL glacial CH3COOH added to 500 mL of HPW,
plus 64.3 mL of 1M NaOH and diluted to 1L, pH 4.9), and agitated
on an orbital shaker for 18 h. The solid/liquid ratio was 1:20. The
concentrations of extracted metals (Fe, Ni, Cu and Cr) and As were
determined by FAAS.

2.6. Effect of pH

The pHis an important parameter in sorption-based water treat-
ment processes, because proton concentration can strongly modify
the redox potential of sorbates and sorbents, provoke dissolution
of the sorbent material and modify chemical speciation of sorbates
as well as surface charge of sorbents [23].

The effect of initial pH on As(IIl) and As(V) sorption onto raw
and entrapped (hydr)oxide was studied. For these experiments, the
initial pH was varied within the range 2-12.5, temperature was
maintained at 20+ 1 °C and the agitation time was fixed to 48 h.

2.7. Kinetic study

Sorption kinetic experiments were conducted to obtain infor-
mation on the equilibrium time and on the effect of entrapment
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into the gel matrix on the sorption rate of As(IIl) or As(V). Initial pH
of each solution was adjusted to 8.0 and was allowed to freely evolve
during the sorption process. At suitable time intervals within the
range 0-72 h, 10 mL samples were withdrawn by using a syringe,
filtered and then, pH was measured and arsenic concentration was
determined. For a blank the same experiment was performed by
using 535 CA beads.

2.8. Isotherm study

A broad concentration range (initial concentration in As(III)
or As(V) within 5-500mgL-1) was selected to evaluate As sorp-
tion behaviour, considering that some extreme values have been
reported: e.g. up to 850mgL-! from a former mining site [24].
The initial pH was adjusted to 8.0, temperature was maintained
at 20+ 1°C and the agitation time was fixed to 24 h. For a blank,
isotherms were also obtained by using 20 CA beads.

2.9. Solid state analysis

Various instrumental techniques were used to characterise the
raw (hydr)oxide mixture and to obtain information about changes
in properties of the solid due to arsenic sorption.

X-ray diffraction (XRD) analysis on a Siemens D5000 diffrac-
tometer using filtered copper Koc1 radiation were performed in
order to ascertain crystalline state on the solid. 26 angle was varied
in the range 10-50° with 2000 steps.

Surface topology and local chemical composition of the sorbent
were analysed by Scanning Electron Microscopy (Zeiss DSM 960 A)
and Energy Dispersive X-Ray analysis (SEM-EDX, Link Isis Pentafet,
Oxford) after carbon coating of the samples.

Infrared spectra with Attenuated Total Reflectance (FTIR-ATR)
were obtained by direct measurement on the solid with a Matt-
son Satellite with MKII golden gate reflection ATR system at 2 cm~!
resolution.

For all these analysis, arsenic-loaded samples were prepared by
contacting 1g of O or the equivalent number of 10% O-CA beads
with 200 mL of either As(Ill) or As(V) 500mgL-! solution at pH
8.0 for 48 h. Before the corresponding instrumental analysis, sam-
ples were washed with HPW in order to eliminate the non-sorbed
arsenic and then dried at 105 °C until constant weight. Arsenic con-
centration in solution was analysed and its concentration in the
solid phase was calculated.

2.10. Quality assurance/quality control

To assure the accuracy, reliability and reproducibility of the col-
lected data, all batch isotherm and kinetic tests were performed in
triplicate and average values are reported. The variance in arsenic
concentration and sorption capacity were found to be 8% and 7%,
respectively.

All the chemicals used in this work are AR grade. All the lab-
ware has been previously soaked in 1M HNOs, triply rinsed with
distilled water and dried. Blank tests have been run in parallel
on arsenic solutions without addition of sorbent, showing that
the experimental procedure does not lead to any reduction of
arsenic concentration and pH variation. Furthermore, blank tests
performed with HPW adjusted at pH 8 without arsenic addition
have shown that O and 10% O-CA do not release any metal cation
to the solution (results not shown).

The accuracy of analytical techniques has been checked by the
evaluation of the relative standard deviation (RSD) of each sample
analysis. Typical values of the RSD for arsenic are below 7%, while
for the standard solution they are lower than 5%.
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Fig. 1. Effect of (hydr)oxide concentration in gel beads on As(III) (¢) and As(V) (@)
removal. Sorbent dose: 1bead mL~!; initial As concentration: 15mgL-!; initial pH:
8.0; contact time: 48 h.

Regression analysis of experimental data has been carried out
with the statistic software SigmaPlot 9.0% for Windows (SPSS Inc.).
The correlation coefficient (R?) and the standard error in parameter
evaluation have been reported as indexes of the accuracy of optimal
data fitting analysis.

3. Results and discussion
3.1. (Hydr)oxide mixture analysis and sorbents characterization

The content of the major metals of the raw (hydr)oxide was
found to be (mgg~1) Fe(lll): 142.3 & 1.4, Ni(ll): 174.4+4.1, Cu(ll):
15.44+0.4, Cr(IlI): 15.1 £ 0.6 and Ca: 12.6 & 0.4. The oxidation states
for Fe and Cr were checked with colorimetric methods.

The specific surface area values were 168 & 6 and 23.5 £ 0.1 and
0.24+0.1m2 g for O, 10% O-CA and CA, respectively.

The point of zero charge pHp,c was 8.2+0.2 and 8.1+0.2 for O
and 10% O-CA, respectively. These values are similar to the pHp,c
value (8.3) found for a Fe(III)/Cr(Il) waste hydroxide mixture [25].
pHp;c of the blank (CA) was 6.5 +0.1.

3.2. Effect of (hydr)oxide concentration in beads

An increase of (hydr)oxide concentration in the gel bead
provoked an increase of arsenic sorption (Fig. 1). A sorbent con-
centration of 10% (w/v) in the beads was considered appropriate
for sorption experiments. A higher percentage was found to pro-
voke pumping troubles and low sphericity of the beads. Pure CA
beads showed a sorption lower than 0.1 x 103 mgbead~! (Fig. 1).
Therefore, CA was found inefficient for As(Ill) and As(V) sorption in
the experimental conditions used in this work.

3.3. Effect of pH

Fig. 2 shows the percentage of As(Ill) and As(V) removed by
either raw (hydr)oxide or 10% O-CA beads as a function of initial
solution pH. As seen in the figure, As(III) sorption removal percent-
age achieves a plateau around 81% and 87% for O and 10% O-CA,
respectively, within a pH range of 5-10. In the case of As(V) both
sorbents achieve 95% removal within a narrower pH range (6-9). It
is noticeable that the solid entrapment into the gel matrix seems
not to have any influence on As(V) uptake, while a slight favourable
effect of the gel entrapment is observed in the case of As(IIl). We
also observed that outside the above-mentioned pH ranges As(III)
and As(V) sorption removal decreases. The decrease on sorption at
pH <3 could be due to sorbent mass loss by solubilization and/or



536 C. Escudero et al. / Journal of Hazardous Materials 164 (2009) 533-541

(a) 100 -
00. 90..
80 4 ¢ L, ©° ° o ¢ & o . o
*
;‘E * o
EGO* &
=] °
£
Q40 4
"4
20 A
O - rr T+ T+ T+ 1+ T+ T+ T T1° T T T 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH;
b) 100 4
®) s 8 8 s
-
[} o
80 .
.
s 8
= 601 - g
> 8
£
@ 40 °
o
20 -
0 — T T T T T T T T T — T — T
c 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH;

Fig. 2. Effectofinitial pHon(a)As(IIl) (¢, 4)and (b) As(V) (O, ®) sorption. Open sym-
bols represent O and closed symbols 10% O-CA. Initial As concentration: 15mgL1;
(hydr)oxide dose: 1.83 gL',

degradation, while Fe, Ni and Cu were simultaneously released in
solution (data not shown).

On the other hand, the decrease of sorption at pH >10, could
be explained by the repulsion of the negative charge of the pre-
dominant anionic species in solution of As(Ill) (H,AsO3~) and As(V)
(HAs04~ and HAsO42~)[26] and the negative surface charge of the
sorbents at pH > pHpzc.

From the results in Fig. 2, an initial pH 8.0 was chosen for further
experiments. It must be remarked that after arsenic sorption, pH
moved to 7.5. This fact seems to indicate that the material acts as a
buffer. Indeed, initial pHs within the range 4-9 were found to evolve
to final pHs, 6.7 <pH <7.9. Some considerations about the chosen
initial pH must be taken into account when discussing sorption
results. At the corresponding equilibrium pH 7.5, the surface of the
(hydr)oxide is partially positively charged because the pH is lower
than pHp,c; As(Ill) and As(V) are present in solution as H3AsO3 and
H,AsO,4~ or HAsO42-, respectively.

Finally, it must be pointed out that at this pH, no leaching of
Fe, Ni, Cu or Cr from the sorbent to the liquid phase due to arsenic
sorption was observed (data not shown).

3.4. Sorption kinetics

Fig. 3(a) and (b) shows the effect of contact time on As(II) and
As(V) sorption onto O and 10% O-CA gel beads, respectively, for an
initial As concentration of 15mgL~1.

As can be seen, As(Ill) sorption reaches a plateau at 24 and
48 h for raw and entrapped (hydr)oxide, respectively. In the case
of As(V), a contact time of 48 h was needed for both sorbents to
reach equilibrium. Therefore, a contact time of 48 h was used in all
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Fig. 3. Arsenic concentration in solution as a function of time for (a) As(Ill) (0, ¢)
and (b) As(V) (O, @) sorption. Open symbols represent O and closed symbols, 10%
0O-CA. Initial As concentration: 15 mgL-'; (hydr)oxide dose: 1gL-!; initial pH: 8.0.

subsequent sorption experiments. Other authors reported shorter
equilibrium times when studying As(V) and As(IIl) sorption onto
different iron(IIl)-based sorbents. When using ferrihydrite the time
needed to reach equilibrium was 1h [27] while 4h were needed
when goethite and amorphous iron oxide were used [28]. Longer
contact times of ca. 6 and 10 hin the case of As(Ill) and As(V), respec-
tively, were needed for sorption onto Fe(Ill)oxyhydroxide-loaded
cellulose beads [29] and 24 h were needed to reach equilibrium
when the sorbent was a Fe(lll)-loaded lignocellulosic substrate
[30].

In order to investigate As sorption rate, experimental data were
submitted to pseudo-first and pseudo-second order kinetics mod-
els [31]. The models characteristic parameters were determined by
non-linear regression analysis and are presented in Table 1. Good
regression coefficients were obtained when submitting the exper-
imental As(IlI) and As(V) sorption results to both pseudo-first and
pseudo-second order model despite, in general, a slightly better fit
was achieved when pseudo-second order model was applied.

As shown in Table 1 the values of the rate constants obtained for
native (hydr)oxide were always much higher than those obtained
for the entrapped material. These results indicate that the pres-
ence of the alginate gel is related to a decrease in sorption rate.
It is known that natural hydrocolloid materials, when gelled, form
a stable matrix with high porosity and water content. Since the
gel forms a quasi-solid structure, however, it would be expected to
retard the transport of a solute due to the solute movement through
the aqueous regions between the polymer chains [32,33]. Moreover,
calcium alginate (pHpzc 6.5), is expected to be partially ionized at
7.5 < pH < 8.0. Therefore, the negative charge on calcium alginate
surface could render difficult the diffusion of As(IIl) (mainly present
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Table 1

Pseudo-first and pseudo-second order kinetic parameters for As(Ill) and As(V) sorption onto O and 10% O-CA

System ki (h™") q(mgg™') R? ka (gmg~'h1) ge (mgg™') R?
As(IlI) O 72 £18 6.9 £ 0.3 0.897 14 £ 03 72 25 02 0.990
As(IIT) 10% O-CA 0.58 + 0.08 81+0.3 0.976 0.10 + 0.01 8.7 £0.2 0.958
As(V)O €% 2= 17 11.3 £ 0.4 0.951 11+0.2 11.9 £ 0.2 0.981
As(V) 10% O-CA 0.12 + 0.01 11.7 £ 0.4 0.980 0.018 + 0.001 134 + 04 0.991

asH3As03%)and in a greater extent the diffusion of As(V) (HpAsO4 ™)
species through the gel to reach the sorbent surface.

3.5. Sorption isotherms

Fig. 4(a) and (b) shows the isotherm at 204 1°C for As(IIl)
and As(V) sorption onto raw and entrapped (hydr)oxide. Sorbents
showed a higher capacity for As(Ill) than for As(V). Moreover, sorp-
tion of both arsenic oxidation states is higher with 10% O-CA beads.

The equilibrium experimental data were fitted by the non-
competitive Langmuir model, which describes the sorbent surface
as homogeneous assuming that all the sorption sites have equal
affinity and that sorption at one site does not affect sorption at an
adjacent site:

K1 qmaxCe

T (1 +K.Ce) M

Je
where qe is the amount of sorbate sorbed per mass unit (mgg=1),
Ce is the sorbate concentration remaining in solution at equilib-
rium (mgL-1), gmax (mgg~1) is the maximum amount of sorbate
sorbed per mass unit of sorbent and K; (Lmg~1) is a constant
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Fig. 4. Sorption isotherms of (a) As(Ill) (O, #) and (b) As(V) (O, ®) sorption. Open

symbols represent O and closed symbols 10% O-CA. Sorbent dose: 1bead mL~';
initial pH: 8.0; contact time: 24 h.

related to the energy of sorption which quantitatively reflects the
sorbent-sorbate affinity. Langmuir (qmax and Ki ) parameters were
obtained by non-linear analysis of the equilibrium experimental
data (Table 2): quite good correlation coefficients were obtained
with this sorption equilibrium model, for all the studied systems.

For all the equilibrium data points, the pH evolved from the
initial pH 8 to pH 7.5. The same pH variation was observed when
contacting blank solutions with the sorbent materials.

The value of the parameter K| is related to the sorbent-sorbate
affinity, a higher K; value being indicative of a more favourable
sorption. Our results revealed a similar affinity of both raw and
calcium alginate-entrapped (hydr)oxide for a given oxidation state,
and a higher affinity of the material for As(V) than for As(III).

From the values of gmax presented in Table 2, an increase of 60%
in capacity is evidenced when the solid (hydr)oxide is entrapped.
This might be attributed to the presence of calcium alginate but,
as said before As(IlI) and As(V) sorption by pure calcium alginate
beads was found to be negligible in the experimental conditions
used in this work. However, it has been previously reported that
calcium alginate can be efficiently activated for As(V) sorption by
partial substitution of calcium by ferric ions [34].

Results obtained in this work are compared to those obtained
by several authors who studied As(Ill) and As(V) sorption by differ-
ent Fe(Ill)-rich mineral or oxide-based materials (Table 3). As seen,
the maximum sorption values obtained for As(Ill) when using 10%
O-CA are comparable to iron-loaded sorbents as synthetic mixed
Fe-Mn oxide [39] and Fe(Ill)-loaded sponge [42]. In the case of
As(V), the results obtained in this work are similar to those obtained
with Fe(Ill)-loaded chelating resin [38] and Fe(Ill)oxide-loading
slag [40].

3.6. Solid state analysis and the sorption mechanism

According to the XRD pattern of native (hydr)oxide (Fig. 5), the
(hydr)oxide solid can be identified as a poorly crystalline iron oxy-
hydroxide, similar to 2-lines ferrihydrite [46]. The almost absence
of crystallinity after loading the sample with As(Ill) and As(V)
indicates that there was no crystalline phase transformation after
arsenic sorption. Furthermore, despite SEM micrographs revealed
an important arsenic surface concentration after treatment with
As(IlI) and As(V) solutions (Fig. 6(b) and (c), respectively), no sig-
nificant surface topology changes were evidenced when comparing
with the micrographs of untreated material (Fig. 6(a)).

The FTIR spectra of native dry (hydr)oxide and after treatment
with both As(IlI) and As(V) solutions (Fig. 7) exhibited a wide band

Table 2
Langmuir isotherm parameters for As(III) and As(V) sorption onto O and 10% O-CA

System Langmuir model

Gmax (Mgg™") Ki(Lmg™) R?
As(IIT) O 774 + 3.1 0.018 + 0.002 0.984
As(IIT) 10% O-CA 126.5 + 5.8 0.019 £ 0.002 0.985
As(V)O 26.8 + 1.0 0.26 + 0.07 0.905
As(V) 10% O-CA 416 +£ 2.2 0.25 + 0.07 0.886
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Table 3
Maximum arsenic sorption capacity of O and 10% O-CA compared with other sorbents (in mg As per g of solid material)
Sorbent Capacity (mgg") Reference
As(IIT)/(pH) As(V)/(pH)
Raw mixed (hydr)oxide 77.4/(8.0) 26.8/(8.0) This work
10% O-CA 126.5/(8.0) 41.6/(8.0) This work
Red mud 0.66/(7.25) 0.52/(3.50) [35]
FePO4 (amorphous) 21/(7-9) 10/(6-6.7) [36]
FePO4 (crystalline) 16/(7-9) 9/(6-6.7) [36]
Goethite 7.5/(5.5) 12.5/(5.5) [37]
Ferrihydrite 266.5/(8-9) 111.0/(8-9) [27]
Fe(Ill)-loaded chelating resin 62.9/(9.0) 55.4/(3.5) [38]
Fe(Ill)oxide pillared clay 13/(<9) 4/(<9) [28]
Goethite 22/(9) 4/(9) [28]
Hydrous Fe(Ill)oxide 28/(<9) 7/(<9) [28]
Synthetic mixed Fe—-Mn oxide 132.6/(4.8) 71.9/(4.8) [39]
Fe(Ill)oxyhydroxide-loaded cellulose beads 99.6/(7) 33.2/(7) [29]
Fe(Ill)oxide-loaded slag ~10/(2.5) ~35/(2.5) [40]
Fe(Ill)-doped lignocellulose 11/(6) 22.5/(4) [30]
Fe(Ill)-loaded resin 11.2/(1.7) 60.0/(1.7) [41]
Fe(Ill)-loaded amberlite resin 15/- 108.6/- [16]
Fe(Ill)-loaded sponge 137/(4.5) 18/(9) [42]
Alginate beads doped with Fe(Ill)oxide - 4.75pgg 1 /(7) [43]
Fe(Il)oxide-coated alginate beads - 2.6 ugg/(7) [43]
Fe(Ill)oxide-loaded alginate beads - 72pgg ' (7) [43]
NiO . ~4/(8.4) [44]
Fe(Il)oxide/activated carbon composite - 74.4/(5.0) [45]

centred at 3360 cm™!, corresponding to bulk OH stretch and free
surface OH groups and another band at 1640 cm~! corresponding to
water bending [47]. The large band at 3360 cm~! confirmed the XRD
data for a disordered crystal structure [48]. The band at 1105 cm™1,
corresponding to M-OH bending (M = metal), almost disappeared
when loading the sorbent with both As(Ill) and As(V). This result
indicated that interactions of M-OH groups with either As(IIl) and
As(V) species would play an important role in the sorption mecha-
nism [47].

In the literature, different arsenic sorption mechanisms on vari-
ous iron(Ill)-based sorbents have been reported. Lenoble et al. [36]
proposed As(IlI) removal mechanisms by Fe(Ill) derivatives based
on the oxidation to As(V) and the precipitation of an Fe(II) arse-
nate salt, like Fe3(AsQ4);-8H50. In our case, the absence of iron in
solution at pHs within the range 4-11, where As(III) sorption is max-
imum, indicates that this mechanism is not involved in the removal
of As(III).

Taking into account (i) the characteristics of our (hydr)oxide
solid, (ii) the absence of crystallinity and (iii) the presence of func-
tional groups on the sorbent surface (mainly free hydroxyls) and

100

80

60

counts

10 15 20 25 30 35 40 45 50
2 theta

Fig. 5. XRD of (hydr)oxide before (a) and after As(IIl) (b) or As(V) (c) sorption.

considering (iv) the nature of arsenic species present in solution at
the working pH, we proposed in Fig. 8 the mechanisms for As(III)
and As(V) sorption onto (hydr)oxide.

For As(IIl) removal we supposed that the free hydroxyls of the
sorbent interact with the H3As03? species according to

2 FeOH + H}ASO_; —_— a FeH 2ASO3 + Hzo

Such a sorption mechanism has been reported in the literature,
as responsible for As(IIl) and As(V) sorption onto an aquifer material
of complex mixture mineralogical nature [49].

In the case of As(V), two different mechanisms can contribute
to sorption: (i) non-specific coulombic interactions between As(V)
species and the positively charged functional groups on the sor-
bent surface and (ii) coordination of As(V) species onto metal
(hydr)oxides with the formation of coordination compounds of low
solubility, according to

E—MOH; + HAsQOy — %—MﬁzAsm + H,0

A question remains: what can be the effect of co-precipitated
metal hydroxides (mainly Ni(Il))? Although information from lit-
erature is scarce, one can refer to Jia and Demopoulos [50] who
claimed an enhanced co-precipitation of As(V) with Fe(Ill) in
the presence of Ni(Il); this is probably due to sorption on a co-
precipitated nickel-ferric hydroxide. Moreover, the As(V) loading
capacity of metal-doped goethite decreased in the order: Cu(Il)-
doped > Ni(Il)-doped > Co(Il)-doped > pure goethite, whatever the
pH [51]. Such a doping leaded to an increase in pHzpc and also
in surface area, both phenomena allowing to increase the sorp-
tion behaviour. Similar explanation can be applied to our mixed
(hydr)oxide material.

3.7. Hazard classification of the spent sorbent

The EPA TCLP Test was applied to the As-loaded sorbent used
in the sorption experiments to classify this material as inert or
hazardous before any disposal [22]. In an attempt to quantify the
hazard, the U.S. EPA established the general guidance that if metal
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Fig. 6. SEM-EDX analysis of (hydr)oxide before (a) and after As(III) (b) or As(V) (c) sorption.

concentrations in the extract do not exceed 100 times the Max-
imum Contaminant Level (MCL) in drinking water for that metal,
the waste would not be considered hazardous. Among the elements
in our (hydr)oxide material, only As, Cu and Cr are included in the
EPA listing; iron can be found within the national secondary drink-
ing water standards, with a MCL of 0.3 mgL~!. A recent provisional
MCL value of 0.1 mgL-1 was given by EPA for nickel in drinking
water.

According to the results obtained in the leaching test (Table 4)
neither Fe, Cu, Cr nor As extracted amounts exceeded the criteria
of 100 times the MCL set by the U.S. EPA. Only according to the data
for nickel, the corresponding waste would have to be managed as a
hazardous material. However, we have to point out that this TCLP
test is a worst-case scenario, not realistic compared to common
environmental conditions, and that other standardized tests might
give different waste classification.
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Fig. 8. As(Ill) and As(V) sorption mechanisms onto (hydr)oxide gel beads.

Table 4

Concentrations in TCLP extracts from different sorbents, before and after As sorption;
comparison with the MCL (Maximum Contaminant Level) in drinking water and the
TCLP limiting values for hazardous waste

Concentration (mgL-')

Fe Ni Cu Cr As

0] 0.08 99.8 1.76 0.88 0.12
O-As(III) 0.08 72.6 1.36 0.86 0.09
0-As(V) 0.12 75.2 1.30 0.86 0.15
10% O-CA 0.059 223 2.02 1.01 0.13
10% O-CA-As(III) 0.056 23.8 1.88 1.14 0.07
10% O-CA-As(V) 0.052 21.9 1.25 1.03 0.08
MCL 0.3 0.1 13 0.1 0.01
TCLP =100 x MCL 30 10 130 10 1

4. Conclusion

This (hydr)oxide mixture, a by-product of an electroplating
industry, can be used either in its raw form and entrapped in a cal-
cium alginate gel matrix as an efficient sorbent for As(IIl) and As(V)
removal in a quite wide range of pH. Entrapment of the sorbent
in a calcium alginate matrix was found to enhance the maximum
sorption capacity of (hydr)oxide by ca. 60%, and to decrease sorp-
tion rate, especially in the case of As(V). Further investigation must
be carried out in order to clarify the role of the gel matrix on the
additional arsenic sorption.

Free hydroxyls of the sorbent material seems to play a key role
in both As(III) and As(V) removal.

In this work, it has been demonstrated that by using the
(hydr)oxide waste as sorbent for arsenic a double goal can be
achieved: the valorisation of an industrial solid by-product whose
management involves an important economical cost and the
removal of arsenic from aqueous solutions, in either As(IIl) or As(V)
form, through low-cost environmentally friendly technologies.

Acknowledgements

This research was made possible thanks to a fellowship from
Ministerio de Educacién y Ciencia (Spain) to Carlos Escudero (Ref.
BES-2004-4373) to travel and to stay in Limoges. We are grateful
to Cromados Lafuente S.L. (Valencia, Spain) for providing us with
the raw (hydr)oxide for the experiments. JCB thanks the Conseil
Régional du Limousin (France) for funding his research group.

References

[1] D. Mohan, C.U. Pittman Jr., Arsenic removal from water/wastewater using
adsorbents—a critical review, ]. Hazard. Mater. 142 (2007) 1-53.

[2] P.L. Smedley, D.G. Kinniburgh, A review of the source, behaviour and dis-
tribution of arsenic in natural waters, Appl. Geochem. 17 (2002) 517-
569.

[3] WHO (World Health Organisation), Environmental Health Criteria, 18: Arsenic,
World Health Organisation, Geneva, 1981.

[4] B.K. Mandal, K.T. Suzuki, Arsenic round the world: a review, Talanta 58 (2002)
201-235.

[5] C.Neal, AJ. Robson, A summary of river water quality data collected within the
Land Ocean Interaction Study: core data for eastern UK rivers draining to the
North Sea, Sci. Total Environ. (2000) 585-665, 251/252.

[6] P. Bhattacharya, A.H. Welch, K.G. Stollenwerk, M.J. McLaughlin, J. Bundschuh,
G. Panaullah, Arsenic in the environment: biology and chemistry, Sci. Total
Environ. 379 (2007) 109-120.

[7] S. Kapaj, H. Peterson, K. Liber, P. Bhattacharya, Human health effects from
chronic arsenic poisoning—a review, ]J. Environ. Sci. Health 41A (2006)
2399-2428.

[8] Council Directive 98/83/EC of 3 November 1998 on the quality of water intended
for human consumption, Off. J. Eur. Comm. 41 (1998), L330/32-54.

[9] U.S. Environmental Protection Agency, Health effects assessment for arsenic,
EPA 540/1-86-020, NTIS, Springfield, Virginia, 1986.

[10] H. Garelick, A. Dybowska, E. Valsami-Jones, N.D. Priest, Remediation technolo-
gies for arsenic contaminated drinking waters, J. Soils Sediments 5 (2005)
182-190.

[11] S.Wang, C.N. Mulligan, Natural attenuation processes for remediation of arsenic
contaminated soils and groundwater, J. Hazard. Mater. B138 (2006) 459-470.

[12] P.Mondal, C.B. Majumder, B. Mohanty, Laboratory based approaches for arsenic
remediation from contaminated water: recent developments, J. Hazard. Mater.
B137 (2006) 464-479.



C. Escudero et al. / Journal of Hazardous Materials 164 (2009) 533-541 541

[13] D. Mohan, C.U. Pittman Jr., M. Bricka, F. Smith, B. Yancey, ]. Mohammad, P.H.
Steele, MLF. Alexandre-Franco, V. Gomez-Serrano, H. Gong, Sorption of arsenic,
cadmium, and lead by chars produced from fast pyrolysis of wood and bark
during bio-oil production, J. Colloid Interface Sci. 310 (2007) 57-73.

[14] W. Shao, X. Li, Q. Cao, F. Luo, J. Li, Y. Du, Adsorption of arsenate and arsen-
ite anions from aqueous medium by using metal(Ill)-loaded amberlite resins,
Hydrometallurgy 91 (2008) 138-143.

[15] E. Deschamps, V.S.T. Ciminelli, W.H. Holl, Removal of As(Ill) and As(V) from
water using a natural Fe and Mn enriched sample, Water Res. 39 (2005)
5212-5220.

[16] A. Banerjee, D. Nayak, S. Lahiri, Speciation-dependent studies on removal of
arsenic by iron-doped calcium alginate beads, Appl. Radiat. Isot. 65 (2007)
769-775.

[17] P.Mondal, C.B. Majumder, B. Mohanty, Effects of adsorbent dose, its particle size
and initial arsenic concentration on the removal of arsenic, iron and manganese
from simulated ground water by Fe3* impregnated activated carbon, ]. Hazard.
Mater. 150 (2008) 695-702.

[18] H. Guo, D. Stiiben, Z. Berner, Removal of arsenic from aqueous solution by
natural siderite and hematite, Appl. Geochem. 22 (2007) 1039-1051.

[19] J. Giménez, M. Martinez, J. de Pablo, M. Rovira, L. Duro, Arsenic sorption onto
natural hematite, magnetite and goethite, J. Hazard. Mater. 141 (2007) 575-580.

[20] N. Fiol, J. Poch, L. Villaescusa, Chromium (VI) uptake by grape stalks wastes
encapsulated in calcium alginate beads: equilibrium and kinetics studies,
Chem. Spec. Bioavailab. 16 (2004) 25-34.

[21] M. Davranche, S. Lacour, F. Bordas, ].C. Bollinger, An easy determination of the
surface chemical properties of simple and natural solids, ]J. Chem. Educ. 80
(2003) 76-78.

[22] U.S. Environmental Protection Agency, Toxicity characteristics leaching proce-
dure, Federal Register 55 (1999) 11798-11877.

[23] B. Volesky, Sorption and Biosorption, BV Sorbex Inc., Montreal, Canada, 2003.

[24] D.K. Nordstrom, C.N. Alpers, Negative pH, efflorescent mineralogy, and con-
sequences for environmental restoration at the Iron Mountain superfund site,
California, Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 3455-3462.

[25] C.Navasivayam, S.Senthilkumar, Removal of arsenic(V) from aqueous solutions
using industrial solid waste: adsorption rates and equilibrium studies, Ind. Eng.
Chem. Res. 37 (1998) 4816-4822.

[26] I. Puigdoménech, Make Equilibrium Diagrams Using Sophisticated Algorithms
(MEDUSA), software version 18 February 2004, Inorganic Chemistry Depart-
ment, Royal Institute of Technology, Stockholm, Sweden. Available from:
<http://web.telia.com/~u15651596/> (consulted 05.10.07).

[27] K.P. Raven, A. Jain, R.H. Loeppert, Arsenite and arsenate adsorption on ferrihy-
drite: kinetics, equilibrium and adsorption envelopes, Environ. Sci. Technol. 32
(1998) 344-349.

[28] V. Lenoble, O. Bouras, V. Deluchat, B. Serpaud, ].C. Bollinger, Arsenic adsorp-
tion onto pillared clays and iron oxides, J. Colloid Interface Sci. 255 (2002) 52—
58.

[29] X. Guo, F. Chen, Removal of arsenic by bead cellulose loaded with iron oxyhy-
droxide from groundwater, Environ. Sci. Technol. 39 (2005) 6808-6818.

[30] L. Dupont, G. Jolly, M. Aplincourt, Arsenic adsorption on lignocellulosic sub-
strate loaded with ferric ion, Environ. Chem. Lett. 5 (2007) 125-129.

[31] G. McKay, Y.S. Ho, ].C.Y. Ng, Biosorption of copper from waste waters: a review,
Sep. Purif. Methods 28 (1999) 87-125.

[32] B.Amsden, N. Turner, Diffusion characteristics of calcium alginate gels, Biotech-
nol. Bioeng. 65 (1999) 605-610.

[33] C.D. Scott, C.A. Woodward, J.A. Thompson, Solute diffusion in biocatalyst gel
beads containing biocatalysis and other additives, Enzyme Microb. Technol. 11
(1989) 258-263.

[34] J.H. Min, ]. Hering, Arsenate sorption by Fe(Ill)-doped alginate gels, Water Res.
32(1998) 1544-1552.

[35] H.S. Altundogan, S. Altundogan, F. Tumen, M. Bildik, Arsenic adsorption from
aqueous solutions by activated red mud, Waste Manage. 22 (2002) 357-363.

[36] V.Lenoble, C. Laclautre, V. Deluchat, B. Serpaud, J.-C. Bollinger, Arsenic removal
by adsorption on iron(Ill) phosphate, J. Hazard. Mater. 123 (2005) 262-268.

[37] A.C.Q.Ladeira, V.S.T.Ciminelli, Adsorption and desorption of arsenic on an oxisol
and its constituents, Water Res. 38 (2004) 2087-2094.

[38] H. Matsunaga, T. Yokoyama, RJ. Eldridge, B.A. Bolto, Adsorption characteristics
of arsenic(Ill) and arsenic(V) on iron(Ill)-loaded chelating resin having lysine-
N,N-diacetic acid moiety, React. Polym. 29 (1996) 167-174.

[39] G.S. Zhang, ].H. Qu, H.J. Liu, R.P. Liu, G.T. Li, Removal mechanism of As(IIl) by
a novel Fe-Mn binary oxide adsorbent: oxidation and sorption, Environ. Sci.
Technol. 41 (2007) 4613-4619.

[40] ES. Zhang, H. Itoh, Iron oxide-loaded slag for arsenic removal from aqueous
system, Chemosphere 60 (2005) 319-325.

[41] L. Rau, A. Gonzalo, M. Valiente, Arsenic (V) adsorption by immobilized iron
mediation: modeling of the adsorption process and influence of interfering
anions, React. Funct. Polym. 54 (2003) 85-94.

[42] J.A. Muiioz, A. Gonzalo, M. Valiente, Arsenic adsorption by Fe(Ill)-loaded open-
celled cellulose sponge: thermodynamic and selectivity aspects, Environ. Sci.
Technol. 36 (2002) 3405-3411.

[43] A.L Zouboulis, L.A. Katsoyiannis, Arsenic removal using iron oxide loaded algi-
nate beads, Ind. Eng. Chem. Res. 41 (2002) 6149-6155.

[44] K.Hristovski, A.Baumgardner, P. Westerhoff, Selecting metal oxide nanomateri-
als for arsenic removal in fixed bed columns: from nanopowders to aggregated
nanoparticle media, J. Hazard. Mater. 147 (2007) 265-274.

[45] Q.L. Zhang, Y.C. Lin, X. Chen, N.Y. Gao, A method for preparing ferric activated
carbon composites adsorbents to remove arsenic from drinking water, J. Hazard.
Mater. 148 (2007) 671-678.

[46] ]. Gautier, C. Grosbois, A. Courtin-Nomade, J.P. Floc’h, F. Martin, Transformation
of natural As-associated ferrihydrite downstream of a remediated mining site,
Eur. ]. Mineral. 18 (2006) 187-195.

[47] Y.Zhang, M. Yang, X.M. Dou, H. He, D.S. Wang, Arsenate adsorption on an Fe-Ce
bimetal oxide adsorbent: role of surface properties, Environ. Sci. Technol. 39
(2005) 7246-7253.

[48] M. Arienzo, P. Adamo, ]. Chiarenzelli, M.R. Bianco, A. De Martino, Retention of
arsenic on hydrous ferric oxides generated by electrochemical peroxidation,
Chemosphere 48 (2002) 1009-1018.

[49] A. Carrillo, ].I. Drever, Adsorption of arsenic by natural aquifer material in the
San Antonio-El Triunfo mining area, Baja California, Mexico, Environ. Geol. 35
(1998) 251-257.

[50] Y. Jia, G.P. Demopoulos, Coprecipitation of arsenate with iron(IIl) in aqueous
sulfate media: effect of time, lime and co-ions on arsenic retention, Water Res.
42 (2008) 661-668.

[51] M. Mohapatra, S.K.Sahoo, S. Anand, R.P. Das, Removal of As(V) by Cu(II)-, Ni(II)-,
or Co(IlI)-doped goethite samples, J. Colloid Interface Sci. 298 (2006) 6-12.


http://web.telia.com/~u15651596/

	Arsenic removal by a waste metal (hydr)oxide entrapped into calcium alginate beads
	Introduction
	Experimental
	Materials
	(Hydr)oxide mixture analysis
	Sorbent characterization
	Sorbent preparation and entrapment in calcium alginate
	General uptake procedure
	Effect of pH
	Kinetic study
	Isotherm study
	Solid state analysis
	Quality assurance/quality control

	Results and discussion
	(Hydr)oxide mixture analysis and sorbents characterization
	Effect of (hydr)oxide concentration in beads
	Effect of pH
	Sorption kinetics
	Sorption isotherms
	Solid state analysis and the sorption mechanism
	Hazard classification of the spent sorbent

	Conclusion
	Acknowledgements
	References


