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a b s t r a c t

Ferric chloride forced hydrolysis is shown to be a good method for increasing the iron content of activated
carbons (ACs). Iron content increased linearly with hydrolysis time, and ACs with iron content as high as
9.4 wt.% at 24 h hydrolysis time could be prepared. The increase in iron content did not produce any mod-
ification in the textural parameters determined by nitrogen adsorption at 77 K. Iron-based nanoparticles,
homogeneous in size and well-dispersed in the carbon matrix, were obtained. Nanoparticles forming iron
(hydr)oxide agglomerates at the outer surface of the carbon grains at hydrolysis times higher than 6 h
ctivated carbon
rsenic removal

ron
orced hydrolysis
round water

were also produced.
The AC obtained after 6 h of ferric chloride forced hydrolysis removed 94% of the arsenic present in

a groundwater from the State of Chihuahua (Mexico), whereas the commercial AC used as precursor
allowed the removal of only 14%. The lower performance in arsenic removal observed for AC prepared
using long forced hydrolysis time (24 h) is probably due to the existence of iron (hydr)oxides nanoparti-
cles agglomerates, which once hydrated could prevent diffusion of arsenate (HAsO4

−) towards the inner

surface of the AC grain.

. Introduction

The northern part of Mexico has been affected by arsenic
ollution for many years. During the eighties, concentrations of
rsenic as high as 600 �g L−1 were reported in the waters of
he States of Coahuila and Durango, and especially in the region
alled Comarca Lagunera. Furthermore, arsenic levels as high
s 500 �g L−1 [1] were measured in the State of Chihuahua, in
he region of Delicias–Meoqui. The reduction by the Secretaria
el Medio Ambiente, Recursos Naturales y Pesca (SEMARNAP) to
0 �g L−1 of the maximum allowed arsenic level in drinking water
orces non compliant water supply systems [2] to implement addi-
ional treatment processes to produce finished water with arsenic
evels within regulatory standards.

So far, a variety of methods have been developed for arsenic
emoval from drinking water. The technology of adsorption is based

n materials having a high affinity for dissolved arsenic. Adsorp-
ion of arsenic by iron compounds has been established by several
uthors [3–5]. Elementary iron [6–8], granular iron hydroxides and
errihydrites [9–12] have been proposed for the removal of arsenic

∗ Corresponding author. Fax: +33 383684619.
E-mail address: Vanessa.Fierro@lcsm-uhp.nancy.fr (V. Fierro).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.02.055
© 2009 Published by Elsevier B.V.

from water. Most of the adsorption processes investigated so far
were reported in the excellent review of Mohan and Pittman [13],
whereas the other techniques were considered in that of Choong et
al. [14].

Activated carbons (ACs) are by far the most widely used adsor-
bents for water treatment, even if arsenic removal is mainly
achieved by other kinds of adsorbents (like GFH and SORB33) or
coagulation/(micro) filtration using ferric chloride. ACs have been
tested by many authors for arsenic removal, but their corresponding
adsorption capacities are not satisfactory in a variety of situations.
They are indeed strongly dependent on the physico-chemical prop-
erties of the solution, and hence on arsenic speciation; for example,
adsorption capacities are very low at high pH (typically higher than
nine) [15,16].

Huang and Vane have found that impregnation with differ-
ent iron salts increased ten times the original arsenic adsorption
capacity of carbon [17,18]. Moreover, the ability of removing other
pollutants from water, and the possibility to take advantage of exist-
ing fixed-bed systems, is an additional advantage of carbonaceous

adsorbents [19]. Gu et al. [20] prepared and evaluated granular
activated carbon adsorbing iron (II) in the presence of sodium
hypochlorite; high iron loadings (7 wt.%) were obtained. With such
ACs doped with iron, it was possible to remove more than 80% of
the arsenic [20]. Iron (III) impregnation is also effective, increasing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Vanessa.Fierro@lcsm-uhp.nancy.fr
dx.doi.org/10.1016/j.jhazmat.2009.02.055
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nionic adsorption in a wider range of pHs. It is reported that inner
phere complexes between iron and arsenic could be formed for
H < pHZC [19,21].

Activated carbon impregnation using a solution of iron salt is
he most frequent method for doping activated carbons. In a pre-
ious study [22], raw and oxidised ACs were also doped with iron
hrough treatments with either ferric chloride (FeCl3) or ferrous
hloride (FeCl2) solutions at different pHs and concentrations. The
igher efficiency of the iron-doped materials prepared from low
oncentration (0.05 M) FeCl3 and FeCl2 solutions was associated
o the higher dispersion of iron in the ACs. In that study [22], a
lear relationship between iron content and arsenic adsorption was
videnced, at the condition that iron is well-dispersed.

The forced hydrolysis of inorganic iron (III) salts has been exten-
ively studied by Matijević et al. [23–25] and a complete review of
he reaction of hydrolysis and precipitation in aqueous Fe (III) solu-
ions was carried out by Flynn [26]. Jang et al. [27] modified ACs by
wo methods: iron-impregnation/precipitation and iron impregna-
ion/evaporation using Fe(NO3)3·9H2O. In the first case, carbon was
mpregnated with the iron solution at pH 2.0–3.2, and the pH was
ubsequently increased to 4–5 for precipitating iron. In the second
ase, the pH was not modified after impregnation, and the mix-
ure was heated at 100 ◦C until dry. These authors found that iron
eposited onto the outer surface peeled off during use, and that the

ron efficiency for removing arsenic was not always proportional to
heir iron content.

The challenge of this study was to increase the iron content of
he doped ACs, but simultaneously to maintain a good dispersion
nd availability of particles, in order to allow arsenate (HAsO4

−)
iffusion and increase arsenic adsorption. With this aim in view,
n AC oxidized beforehand was impregnated for 2 h in a 0.05 M
eCl3 solution (in 3 M HCl), and the latter was hydrolyzed at 100 ◦C
or different times, namely 1, 3, 6 and 24 h. The resultant iron-
oped ACs were characterized, and their performances for arsenic
emoval were tested, using groundwater samples with an arsenic
oncentration of 300 ppb from a well from the State of Chihuahua
Mexico). The improved efficiency for arsenic removal of the iron-
oped activated carbons was determined taking as a reference the
aw, commercial, AC.

. Experimental

.1. Materials

Part of the composition of the Mexican well water used in the
resent study is given in Table 1; the total arsenic concentration is
lose to 300 ppb. The amounts of total organic carbon, fluoride and

ilica, i.e., compounds known to compete with arsenic for adsorp-
ion sites, were not determined, but the same water batch was
sed for all the experiments; the rigorous comparison of adsorp-
ion performances of various carbonaceous adsorbents, aim of the
resent study, was thus possible. Redox and pH conditions control

able 1
hysico-chemical parameters of a well water of Chihuahua. NS, UC, TDS and TSS mean:
espectively.

arameter Limits

H 8.03 6.5–8.5
lkalinity (mg L−1 CaCO3) 142 NS
hlorides (mg L−1 Cl) 21.8 250
olor (UC) <5 20
onductivity (�S cm−1) 427 NS
otal hardness (mg L−1 CaCO3) 49.5 500
a hardness (mg L−1) 38.6 NS
DS (mg L−1) 390 1000
SS (mg L−1) 0 NS
s (�g L−1) 311.5 NS
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the speciation of arsenic, which mainly exists as arsenate (As (V))
and arsenite (As (III)) after dissolution. Arsenate is typically present
in the monovalent H2AsO4

− and divalent HAsO4
2− anionic forms in

oxygenated waters, while arsenite principally occurs in the neutral
form, HAsO2, in waters of pH lower than 9.0. For typical pH of nat-
ural waters (pH 5–8), arsenate exists as an anion, while arsenite
remains fully protonated and is thus present as a neutral species.

The removal of arsenic from water was carried out using mod-
ified activated carbons derived from the commercial material
NC-100, supplied by the company PICA (Vierzon, France).

2.2. Oxidation of the activated carbon

NC-100 carbon was oxidised by 5 M nitric acid (HNO3) at its boil-
ing point, for 3 h; the carbon was thus termed 3HNO. The oxidized
AC was doped with Fe3+ by forced hydrolysis of FeCl3 solution.

2.3. Iron-doping of activated carbons by forced hydrolysis

Four iron-doped ACs were prepared. For each one, 5 g of oxidized
carbon were introduced into 150 mL of a 0.05 M FeCl3 solution in
acidic media (3 M HCl) for 2 h. Forced hydrolysis was next carried
out at 100 ◦C for different times: 1, 3, 6 and 24 h. The samples were
washed to reach neutral pH and then dried at 80 ◦C overnight.

2.4. Characterization of the doped activated carbons

2.4.1. Elemental analysis
Elemental analysis was carried out at the “Service Central

d’Analyse du CNRS” (Vernaison, France). Elemental analyzers were
used for C, H and O: oxygen content was determined by quantifica-
tion of carbon monoxide after it reacted with carbon at 1120 ◦C, and
C and H levels were measured as CO2 and H2O gases, respectively,
after their reaction with oxygen at 1050 ◦C. Iron, silicon, sodium and
potassium were determined by ICP–AES after acid digestion.

2.4.2. Surface area and porosity
The pore texture parameters were determined from the corre-

sponding nitrogen adsorption–desorption isotherms obtained at
77 K with an automatic instrument (ASAP 2020, Micromeritics). The
samples were previously outgassed at 423 K for 24 h. Such a low
degasification temperature was chosen in order to prevent changes
of nanoparticle diameter. The surface areas were measured by the
Brunauer–Emmet–Teller (BET) calculation method [28] applied to
the adsorption branch of the isotherms. The micropore volume,
VDR, corresponding to pores narrower than 2 nm, was calculated

according to the Dubinin–Radushkevitch (DR) method ([29] and
refs. therein). The total pore volume, sometimes referred to as the
so-called Gurvitch volume V0.99, was defined as the volume of liq-
uid nitrogen corresponding to the amount adsorbed at a relative
pressure p/p0 = 0.99 [30]; the Gurvitch volume is assumed to be the

Not specified, Units of colours, total dissolved solids, and total suspended solids,

Method Reference

Electrometric NMX-AA-008-SCFI-2000
Potentiometric NMX-AA-007-SCFI-2000
Argentometric NMX-AA-073-SCFI-2001
Colorimetric NMX-AA-045-SCFI-2001
Electrometric NMX-AA-093-SCFI-2001
Volumetric NMX-AA-072-SCFI-2001
Volumetric SM-3500 CA b 1998
Gravimetric SM-2540 C-1998
Gravimetric NMX-AA-034-SCFI-2001
Absorption NOM-127-SSA1-1994
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Table 2
Elemental analyses (wt.%) of the commercial, oxidised and iron-doped activated carbons.

Sample Precursor C H O Si K Na Fe

NC-100 – 93 0.60 3.2 0.10 1.47 0.10 200 ppm
3HNO NC-100 85 0.95 9.9 0.14 <20 ppm <200 ppm 840 ppm
F 5 n.d. n.d. n.d. 1.5
F 3 n.d. n.d. n.d. 2.0
F 7 n.d. n.d. n.d. 2.2
F 0 n.d. n.d. n.d. 9.4
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Table 3
Textural parameters of commercial, oxidised and doped activated ACs.

Sample SBET

(m2g−1)
V0.99

(cm3 g−1)
VDR

(cm3 g−1)
VDR/V0.99 Vmeso

(cm3 g−1)

NC-100 2100 0.92 0.80 0.87 0.12
3HNO 1648 0.74 0.61 0.82 0.21
Fe-1H 1585 0.75 0.57 0.76 0.18

Fig. 3 shows TEM pictures of a sample of Fe-6 h. Fig. 3a again
shows well-distributed iron-based nanoparticles together with
clusters based on nanoparticles, in agreement with both XRD and
nitrogen adsorption. Regardless of the size of the particles (i.e.,
e-1H 3HNO 89 <0.30 8.
e-3H 3HNO 88 <0.30 8.
e-6H 3HNO 87 <0.30 8.
e-24H 3HNO 76 0.86 10.

um of micro plus mesopore volumes. The mesopore volume, Vmeso,
as calculated as the difference between V0.99 and VDR.

.4.3. Transmission electron microscopy (TEM)
TEM studies were performed using a Philips CM20 transmission

icroscope operating at 200 kV. Semi-quantitative elemental anal-
sis and element mapping were carried out by energy dispersive
-ray spectrometry (EDX). Samples were prepared by dispersion
nd sonication of AC grains in THF. A drop of the resultant sus-
ensions was deposited on a carbon observation grid and then

ntroduced into the microscope column.

.4.4. X-ray diffraction (XRD) analysis
XRD patterns were obtained using a Brüker AXS D8 Advance

iffractometer system using Cu K� ray (� = 1.5418 Å).

.5. Arsenic removal from contaminated water with ACs.

Batch sorption experiments were performed in order to obtain
inetics and equilibrium data. 250 mL of contaminated water sam-
le from a Chihuahuan well were introduced in 500 mL Erlenmeyer
asks kept at room temperature and magnetically stirred. AC was
eighed (2 g) and added to the solution. Each flask was removed

fter the required reaction time (never higher than 2 h, as evi-
enced by the following kinetic studies), and the solution was
ltered through Whatman No. 2 filter paper. Each experiment was
un in duplicate, and average values were reported. All experiments
ere carried out at constant temperature of 25 ± 0.1 ◦C. Such a tem-
erature is a bit higher than that of groundwater when collected
typically 19.5 ◦C), but matches room temperature, at which a com-

ercial process using iron-doped activated carbons could work.
The amount of arsenic remaining in the solution was deter-

ined using an atomic absorption spectrometer with a hydride
enerator PerkinElmer 800 Analyst. The device was settled accord-
ng to the following parameters: wavelength 193.7 nm; slit 0.7,
rgon flow 50 mL min−1; pump velocity 120 rpm. For inter-
alibration, a standard provided by CENAM (National Metrology
entre) CNM-MR-620-0030-DMR8i with an arsenic concentration
f 0.2278 ± 0.008 ppm was used. Five arsenic standards were made
n the range of 0–50 ppb in a solution of 10% KI and 10% HCl (both
rom Sigma, AAS grade). Reaction was carried out for 45 min. Time
as cautiously controlled due to time dependence of the signal [31].

. Results and discussion

.1. Characterisation of iron-doped activated carbon

Table 2 shows the elemental analysis (wt.%) of the commercial
C (NC-100), the oxidized (3HNO) and the iron-doped ACs prepared
y forced hydrolysis. Raw NC-100 has oxygen and carbon contents

f 3.2 and 93 wt.%, respectively. Si, K, Na and Fe were found to be
resent at low levels. Oxidation produced the elimination of almost
ll ashes, except silica which relative amount increased. After oxi-
ation, the oxygen content was increased up to 9.9%. Iron content

n the activated carbon increased almost linearly with increasing
Fe-3H 1636 0.76 0.58 0.76 0.18
Fe-6H 1575 0.76 0.57 0.74 0.20
Fe-24H 1643 0.80 0.59 0.73 0.21

hydrolysis time: 1.5%, 2.0%, 2.2% and 9.4% for 1, 3, 6 and 24 h, respec-
tively.

Table 3 shows the textural parameters derived from the adsorp-
tion isotherms of nitrogen at 77 K for all the ACs. Raw NC-100 has
a surface area of 2100 m2/g and it is essentially microporous. Oxi-
dation produced a material (3HNO) having a lower surface area
(1648 m2/g); the micropore volume indeed decreased from 0.80 to
0.61 cm3/g, whereas the mesopore volume increased from 0.12 to
0.21 cm3/g. In spite of the high percentages of iron deposited, the
forced hydrolysis of ferric chloride did not significantly change the
textural parameters of the resultant ACs, since differences in sur-
face area lower than 5% were observed, i.e., within the experimental
error range of the automatic adsorption apparatus.

Fig. 1 shows the XRD patterns of the iron-doped ACs after iron
(III) chloride hydrolysis was forced during 1, 3, 6 or 24 h. No dif-
ference can be observed between the ACs, suggesting either that
deposited iron phase was amorphous or that the particles were
really too small to diffract. In order to go deeper into the charac-
terization of these nanoparticles, TEM observations were carried
out.

Fig. 2 shows a TEM picture of Fe-3 h activated carbon sam-
ple, in which darker particles can be observed at the surface of
the grain. These particles are well-distributed, iron-based, and
have a nanometric size, as already suggested by XRD patterns.
Fig. 1. XRD patterns of and iron-loaded activated carbons, after iron (III) chloride
hydrolysis was forced during 1, 3, 6 and 24 h.
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Fig. 2. TEM image of Fe-3 h AC.

Fig. 3. TEM images of Fe-6 h AC. (a) Bright field image, and mapping of elemen
Materials 168 (2009) 430–437 433

whether nanoparticles are clustered or not), iron is seen to be very
well-dispersed all throughout the carbonaceous material (Fig. 3c).
Comparison with oxygen mapping (Fig. 3d) suggests that iron is
closely associated with oxygen. Obviously, carbon being the support
material, the corresponding mapping evidences a very homoge-
neous dispersion (Fig. 3b).

After 24 h of hydrolysis, big clusters having sizes ranging from
50 to 100 nm may be observed at the outer surface of the AC grain,
as seen in Fig. 4a and b. Fig. 4c shows an electron microdiffrac-
tion pattern of one of these iron-based clusters of nanoparticles.
The latter are seen to be well-crystallized with an hexagonal-type
structure, as expected for the most usual iron oxide: �-Fe2O3, or
for ferrihydrite: Fe5(OH)O7·4H2O or goethite FeO(OH). These three
compounds present closely related structures, however, given the
way iron was precipitated (forced hydrolysis in mild conditions),
the two latter phases are much more likely than pure, dry, iron
oxide. The absence of diffraction peaks evidenced in Fig. 1 can now
be attributed to the very small size of the nanoparticles. This find-
ing further confirms that the big particles seen in Figs. 3–5 are only
clusters of such extremely small iron (hydr)oxide grains. This is par-
ticularly obvious from Fig. 4(a). Fig. 5 shows another TEM picture
for Fe-24 h, and its corresponding element mapping as revealed
by EDX. Fig. 5a shows evenly distributed nanoparticles and bigger
agglomerates; Fig. 5c and d further confirm that iron is associ-
ated with oxygen, since a frank correlation is evidenced between
the locations of iron and oxygen clusters. Moreover, we already
showed [22] that carbon oxidation, through the introduction of oxy-
gen functional groups, increased iron adsorption, provided that the

pHz of the AC is suitable. Other authors also showed the interaction
of oxygenated functional groups with Fe [20], further supporting
the iron–oxygen association.

ts: (b) C, (c) O and (d) Fe, as seen by EDX (energy dispersion of X-rays).
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ig. 4. TEM images of Fe-24 h AC. (a) and (b) Bright field images at different magni-
cations, (c) electron microdiffraction pattern of one nanoparticle.

From the characterization of the iron-doped activated carbons,
t may be concluded that ferric chloride forced hydrolysis allowed
ncreasing iron content up to 9.4 wt.% without any modification
f the textural properties of the activated carbons, as determined

y nitrogen adsorption at 77 K. Iron is associated to oxygen and
eposited on the entire surface of the AC in the form of well-
ispersed nanoparticles when hydrolysis time is lower than 6 h. At
igher hydrolysis times, agglomerates of nanoparticles appeared at
he outer surface of the AC grains. The nanoparticle nature of the
Materials 168 (2009) 430–437

iron (hydr)oxide allowed nitrogen diffusion and adsorption over
the whole surface of the AC grains and, consequently, the measured
textural parameters remained essentially unchanged. However, the
behaviour in liquid phase during arsenic adsorption is very differ-
ent, as it will be evidenced in next section.

3.2. Arsenic adsorption

Since dissolved arsenite (As (III)) and arsenate (As (V)) com-
pounds have been found to be simultaneously present in many
contaminated groundwaters [32], it is likely that both are indeed
present in the natural well water investigated here. Given that its
pH is close to 8, the predominant dissolved species should be HAsO2
and HAsO4

2−. Activated carbon was already shown to catalyse the
oxidation of As (III) into As (V), even in quasi-anaerobic conditions
[33]. The presence of iron (III) species, which are able to oxidise
As (III), was also found to accelerate such an oxidation to As (V)
[34]. Therefore, the arsenic species which finally adsorb at the sur-
face of the present carbonaceous materials can be considered to be
arsenate in the form of HAsO4

2− only.
Fig. 6 shows arsenic removal by iron-doped ACs as a function of

time. Arsenic uptake increased when the length of forced hydroly-
sis was increased from 1 to 6 h. The plateau of maximal adsorption
is reached after 40 min for ACs prepared at 1 and 3 h hydrolysis
time. The material Fe-6H required a slightly longer time to achieve
higher arsenic uptake than that of Fe-3H, suggesting a more diffi-
cult diffusion of arsenate (HAsO4

2−) throughout the porosity of the
heavier-doped AC.

As shown above, the textural parameters of doped activated
ACs were essentially the same as that of their precursor, 3HNO.
However, extremely different values of arsenic removal were deter-
mined here, probably due to the fact that arsenic removal takes
place in the liquid, aqueous, phase. Hydration of iron (hydr)oxide
nanoparticles and their clusters could make them swell, through
the formation of a water-rich gel, leading to a decreased diffusion
and accessibility of arsenate (HAsO4

2−) to the pores.
The pseudo second-order equation was successfully applied to

the experimental adsorption data. The pseudo second-order is rep-
resented by the following equation:

t

qt
= 1

k q2
e

+ t

qe
= 1

h
+ t

qe
(1)

where qt and qe are the adsorbed amounts at time t and at equi-
librium, respectively, and k is the kinetic constant. The parameters
h, qe and k can be experimentally determined from the slope and
intercept of a plot of t/qt versus t.

Table 4 shows the kinetic parameters and the correlation coef-
ficient (R2) derived from application of the pseudo second-order
equation to the adsorption data of all the Fe-doped ACs, the com-
mercial AC and the oxidized AC. Excellent fits were obtained for
all the ACs studied, with correlation coefficients ranging from
0.99 to 1.00. The highest initial sorption, h, was found for Fe-3H
(3.81 × 10−2 mg As/g AC/min), but the maximum equilibrium sorp-
tion capacity was found for Fe-6H (0.028 mg As/g AC). An arsenic
removal of only 0.008 mg As/g C was obtained with Fe-24H,
although having the highest Fe content. The lowest initial sorp-
tion capacity (6.45 × 110−4 mg As/g AC/min) was also obtained for
Fe-24H.

The adsorbed amounts at equilibrium are typically 1000 times
lower than those reported by Pattanayak et al. [35], but such a
result does not mean that the activated carbons investigated here

are poor adsorbents. In fact, like most authors, e.g. Lorenzen et al.
[36] amongst others, Pattanayak et al. worked with arsenic con-
centrations at least 1000 times higher than ours. Thus, our results
compare well with those of Gu et al. [37], who used initial arsenic
concentrations of 105 and 1031 ppb. Moreover, because most of
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Fig. 5. TEM images of a grain of Fe-24 h AC (a) Bright field image, and mapping of e

Fig. 6. As uptake, as a function of time, of the iron-doped ACs. The hydrolysis time
in indicated on the plot.

Table 4
Kinetic parameters of As adsorption determined by applying the pseudo second-
order.

Sample h (mg g−1 min−1) qe (mg g−1) k (g mg−1 min−1) R2

NC-100 9.86 × 10−4 0.004 58.52 0.99
3HNO 1.08 × 10−3 0.001 639.35 1.00
Fe-1H 7.80 × 10−3 0.015 37.21 1.00
Fe-3H 3.81 × 10−2 0.025 59.63 1.00
Fe-6H 7.22 × 10−3 0.028 9.06 1.00
Fe-24H 6.45 × 10−4 0.008 10.95 0.99
lements: (b) C, (c) O and (d) Fe, as seen by EDX (energy dispersion of X-rays).

the tests reported in the literature deal with much higher initial
arsenic concentrations, it is extremely difficult to compare our own
results with those obtained with adsorbents traditionally used for
arsenic removal. Additionally, groundwater samples used in this
experiment contain other organic species whose adsorption should
compete with that of arsenic oxyanions, so any comparison with
other materials tested with model (lab-made) arsenic solutions is
uneasy. Finally, pH higher than eight, like in the present case, was
shown to be unfavourable for both As (III) and As (V) adsorption
[35], thus further accounting for the apparently low arsenic uptakes
reported here; the optimum pH for removal of arsenic using adsorp-
tive media or ferric chloride as coagulant indeed ranges from 6.8 to
7.3.

Fig. 7 shows the equilibrium arsenic uptake (qe, taken from
Table 4) of iron-doped ACs as a function of their iron content, as
well as that of their precursors (raw and oxidized material) for com-
parison. NC-100 and 3HNO adsorbed 0.004 and 0.001 mg As/g AC,
respectively. The decrease of arsenic adsorption after oxidation
with nitric acid was explained in terms of modification of the
pHZC [22]. NC-100 had a pHZC of 10.26 and the well water used
in this work had a pH of 8.03; the surface of NC-100 was thus pos-

itively charged on average, i.e., attracting anionic (mainly As (V))
species. Under these conditions, adsorption should be non specific,
and hence should essentially depend on the surface area. NC-100
had a high surface area of 2100 m2/g and a total pore volume of
0.92 cm3/g, consequently the removal of arsenic was more effi-



436 V. Fierro et al. / Journal of Hazardous

F
A

c
p
a
a
a
e
w
g
1
c
t
o
h
w

a
r
t
a
c
o
p
S
r
a

i
C
w
t
u
l
d
a
c
i
a
t

4

i
i
a
I

ig. 7. Arsenic uptake of all the investigated materials (raw, oxidised, and iron-doped
CS), as a function of their Fe content.

ient than with 3HNO, which had a lower pHZC (4.33), and lower
ore volume and surface area. The effect of mineral content could
lso play a role on the arsenic adsorption of raw AC, the higher its
mount, the better the adsorption of arsenic, in agreement with
number of other results ([36,37] and refs. therein, [38]). Such an

ffect was thought to be due to strong interaction of arsenic species
ith metal oxides and ions [38], and to the net positive charge they

ive to the adsorbent surface at medium pH, typically from 5 to
0. The latter assertion is true only as far as basic oxides are con-
erned [39], e.g., alkaline or alkaline-earth oxides, having a pHZC
ypically higher than 10 [34]. Basic oxides were all removed after
xidation, and only silica remained in non negligible amount. Silica
as a pHZC of 2.2, and thus presents a negatively charged surface,
hich is unfavourable for arsenate adsorption.

After 1 h of hydrolysis time, iron content increased up to 1.5%,
nd so did the arsenic sorption capacity: 0.015 mg/g. Arsenic
emoval efficiency was thus multiplied almost by four and fifteen,
aking NC-100 or 3HNO as reference materials. Such an increase is
ttributed to a change of arsenic removal mechanism, from non spe-
ific (i.e., all over the available surface) to specific (i.e., by interaction
f As with Fe). When iron (hydr)oxides are present, surface com-
lexation of arsenic oxyanions is expected. However, as reported by
perlich et al. [40] there is no consensus in the literature about the
elevant interaction mechanisms. Thus, surface precipitation was
lso suspected to occur.

Increasing hydrolysis time from 1 to 3, and then to 6 h, made the
ron content also increase from 1.5 to 2.0 and to 2.2%, respectively.
orrespondingly, the arsenic sorption capacity increased linearly
ith iron content, from 0.015 to 0.025 and 0.028 mg As/g AC. When

he hydrolysis time was as long as 24 h, the iron content increased
p to 9.8%; however, the arsenic uptake at equilibrium was much

ower than before, decreasing down to 0.008 mg As/g AC. Such a
rop is probably due to the existence of large iron (hydr)oxides
gglomerates of nanoparticles. These agglomerates, once hydrated,
ould prevent arsenate (HAsO4

−) ions from diffusing towards the
nner surface of the AC grains. In that way, a great part of the surface
rea is not available for arsenic removal, and the performances of
he AC is expected to decrease.

. Conclusions
Ferric chloride forced hydrolysis is a good method for increas-
ng the iron content of activated carbons. Activated carbons with
ron contents ranging from 1.5 to 9.4% were thus obtained; the
mount of deposited iron increased linearly with hydrolysis time.
ron-based nanoparticles, homogeneous in size, extremely small

[
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and well-dispersed in the carbon matrix, were obtained. Nanopar-
ticles forming clusters over the outer surface of the carbon grains
at hydrolysis times higher than 6 h were also produced. Agglomer-
ates with a size ranging from 50 to 100 nm and composed of iron
(hydr)oxyde nanoparticles were found in the AC prepared by forced
hydrolysis during 24 h.

Ferric chloride forced hydrolysis thus allowed preparing iron-
doped ACs with improved performances for removing arsenic from
groundwater. 14% of the arsenic present in a groundwater could be
removed using the commercial activated carbon. But once the lat-
ter was oxidized and doped with iron by forced hydrolysis of ferric
chloride during 6 h, the removal reached 94% of the initial arsenic
concentration. Arsenic removal from natural well water was found
to be a linear function of iron content, up to 2.2 wt.% of iron con-
tained in the AC. The latter value corresponds to the AC prepared by
ferric chloride forced hydrolysis during 6 h; resistance to diffusion
of adsorbate was observed for this material. Higher iron contents
within the AC, especially for the material obtained after 24 h of
hydrolysis, led to much lower arsenic uptakes. This phenomenon
is probably due to the existence of iron hydr(oxides) clusters of
nanoparticles, which once hydrated could hinder and even prevent
arsenate (HAsO4

−) ions diffusion towards the inner surface of the
AC grains.

Further studies on arsenic adsorption in a column and on leach-
ing are yet required for studying the feasibility and applicability of
these activated carbons at a commercial scale. Especially, several
key points will have to be investigated in detail: cost, toxicity char-
acteristic leaching procedure after use, rapid small scale column
test in more realistic conditions of water treatment, and maximum
concentration limit that should be below 10 �g/L in drinking water.
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