Available online at www.sciencedirect.com
ScienceDirect

Journal of Hazardous Materials 151 (2008) 628-635

Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

Adsorption of arsenic species from water using activated
siderite—hematite column filters

Huaming Guo®*, Doris Stiiben®, Zsolt Berner®, Utz Kramar®

2 School of Water Resources and Environment, China University of Geosciences, Beijing 100083, PR China
b Institute of Mineralogy and Geochemistry, University Karlsruhe (TH), Karlsruhe D-76128, Germany

Received 13 December 2006; received in revised form 11 June 2007; accepted 11 June 2007
Available online 15 June 2007

Abstract

Arsenic is present at relatively high concentrations in surface water and groundwater as a result of both natural impacts and anthropogenic
discharge, which requires proper treatment before use. The present study describes As adsorption on a siderite—hematite filter as a function of
activating condition, empty bed contact time, and As species. Hydrogen peroxide activating increased As adsorption on siderite by 16.2 g/g,
and on hematite by 13.0 pg/g. The H,O, conditioning enhanced adsorption efficiency of activated siderite—hematite filters up to throughput of
500 pore volumes of 500 wg/L As water. At values greater than 47 min, the empty bed contact time (EBCT) had only a weak influence on the
removal capacity of pristine siderite—hematite filters. Due to the formation of fresh Fe(Ill)-oxide layer in the H,O,-conditioned filter and the pristine
hematite—siderite filter, both of them may be utilized as a cost-effective reactor for treating As water. A toxicity characteristic leaching procedure
(TCLP) test showed that the spent minerals were not hazardous and could be safely landfilled.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is an intensive research worldwide to improve estab-
lished techniques and to develop novel treatment technologies
for removing As from drinking water. The major technolo-
gies include precipitation-coagulation, membrane separation,
ion exchange, lime softening and adsorption on iron oxides or
activated alumina [1-5]. Among these techniques proposed in
the literatures, techniques involving immobilization of As by
adsorption have received much attention on natural geomateri-
als, including natural zeolite and volcanic stone [6], ferruginous
manganese ore [7], oxisol [8], natural iron ores [9]. Although
the use of hematite for As adsorption has been documented
[10-12], investigations involving both natural siderite and natu-
ral hematite are less frequently reported [13,14]. There is a lack
of information on the performance of siderite—hematite column
filters for removing As species from water.

In As-affected regions the bulk of the population is poor, so
that people urgently need appropriate technologies which are
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cheap, simple to use, and easily adaptable to either a household
or a village scale [15]. As relatively cheap materials, natural
siderite and natural hematite could be valuable options to be used
in those technologies. Actually, both materials are abundant in
the nature, and readily available in As-affected regions. Our pre-
vious column experiments have shown that the siderite—hematite
filter may efficiently remove aqueous As species [13]. However,
prior to practical application, a more detailed characterization of
the column filter is necessary, including effects of chemical con-
ditioning, influences of empty bed contact time (EBCT) and As
species on As adsorption. Hydrogen peroxide in the presence of
Fe?* catalyst is known to be Fenton’s reagent, which is a power-
ful oxidising agent [16,17]. It would react with siderite and result
in the formation of Fe(III) oxides which have a good affinity for
As. The H,O; also reacts with ferric ion (Fe3*) to form weaker
hydroperoxyl radical (OOH®) and restore ferrous ion (Fe?*)
[18], which would cause a surface alteration of hematite after
reacted. It was observed that As(III) is oxidized in parallel to the
oxidation of Fe(Il) by H,O», which was believed as a reaction
pathway for As removal [16]. Krishna et al. used the Fenton’s
reagent and zero valent iron for As removal and found As con-
centration of treated water was lower than 10 pwg/L [19]. In this
study, H>O, was utilized for chemical conditioning. Therefore,
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this study has the following objectives: (i) to evaluate As removal
by H>O»-activated siderite and hematite in batch experiments;
(ii) to investigate the As uptake by siderite—hematite filters as a
function of H>O;-conditioning, EBCT, and inflow As species;
(iii) to determine the leachability of the adsorbed As and the
potential toxicity of the used adsorbents using the toxicity char-
acteristic leaching procedure (TCLP).

2. Materials and methods
2.1. Materials

The natural Fe-minerals used in this study came from Min-
eral Collection Centre of Technische Universitit Bergakademie
Freiberg, Germany. The samples SIO3 (Fundorf, Germany) and
SIO4 (Fuesseberg, Germany) contain considerable amounts of
siderite (78 and 96%, respectively). The hematite-bearing sam-
ples HIO1 and HIO4 were from Fichtelberg, Germany and Great
Britain, with hematite contents of 86 and 69%, respectively. Min-
eralogical and chemical compositions of these natural materials
were described in more details by Guo et al. [13]. The min-
eral samples were ground and sieved to produce various particle
size fractions. Particle size fraction of 0.25-0.50 mm used in this
study was washed with deionised water to remove dust and fines
before As adsorption tests. Specific surface area of the sample
materials with the grain size of 0.25-0.50 mm was provided in
Guo et al. [13].

All reagents used, including sodium chloride (NaCl), hydro-
gen peroxide (H2O;), sodium hydroxide (NaOH), and glacial
acetic acid (CH3COOH), were of analytical grade. Stock As
solutions (100 mg/L) were prepared by dissolving sodium arsen-
ite (NaAsO;, Fluka Chemical, >99.0%), dimethylarsinic acid
((CH3)2As(0)OH, Sigma-—Aldrich, >98.0%) or sodium arsenate
(NapHAsO4-7H, O, Fluka Chemical, >98.5%), in Milli-Q water.
All glassware and sample bottles were washed with a detergent
solution, rinsed with tap water, soaked with 1% sub-boiled nitric
acid for at least 12 h, and finally rinsed with Milli-Q water three
times.

2.2. Analytical methods

Total As concentration was analyzed by standard method
using graphite furnace atomic absorption spectrometry (GF-
AAS, Model 4110ZL, Perkin-Elmer). Iron and Mn concentra-
tions were determined by standard method using flame atomic
absorption spectrometry (Model 1100B, Perkin-Elmer). Other
trace elements were analyzed by means of high resolution induc-
tively coupled plasma mass spectrometry (HR-ICP-MS, Axiom,
VG Elemental). A flow injection hydride generation system
(FIAS 200, Perkin-Elmer) coupled with atomic absorption spec-
trometry (AAS 4001, Perkin-Elmer) was used for As speciation.
The detailed analytical procedure was described by Riide and
Puchelt [20] and Riide [21]. The solution pH was monitored
by a WTW pH probe (pH-Electrode SenTix 43-1) and meter
(Model # pH 330).

For the synchrotron-based methods, thin sections of 100 wm
thickness mounted on Suprasil microscope slides were pre-

pared from siderite and hematite grains. Element mapping
across grains were carried out at the FLUO beamline of the
ANKA Synchrotron Facility (Karlsruhe, Germany) by confo-
cal p-synchrotron XRFA. The primary beam was focused to
2 pm x 4 wm, using refractory lenses. The characteristic X-rays
were guided to the Si(Li) detector using a poly-capillary with a
focal diameter of 20 wm. This results in a spatial resolution cor-
responding to an elliptical cylinder of 2 um x 4 pm x 20 pm
per voxel. Used siderite and hematite grains from the column
experiments were mapped for Fe, Mn, and As distributions.
Additionally, the pristine minerals and the used filling materi-
als were examined under scanning electron microscopy (SEM)
coupled with energy dispersive X-ray (EDS) analysis capability.

2.3. Batch experiments

The activated material for batch adsorption was prepared by
mixing 2 g of the material with 20mL of H>O, solution in
a 100 mL polyethylene bottle. During reaction, the bottle was
tightly closed and kept still. After a predetermined reaction time
(usually 24 h, otherwise stated), the supernatant was decanted
and filtered through 0.45 pm cellulose acetate filter. The filtered
solution was analyzed for Fe and Mn, whereas the activated
residue in the bottle was dried at 105 °C for 24 h. After cooling
to room temperature in a desiccator, the activated material was
weighed and stored in capped bottles for the batch adsorption
experiments.

For the adsorption experiments, 50 mL of synthetic As solu-
tion of predetermined concentration (1000 pg/L As(V)) was
added to 0.5 g of the activated material in a 100 mL polyethylene
bottle. The dosage of adsorbent was kept a constant of 10 g/L. All
experiments were conducted at room temperature (20 &2 °C).
During the experiment, the samples were manually shaken every
8h. After 24 h, the supernatant from each bottle was decanted
and filtered through 0.45 pm cellulose acetate filter. The filtered
solution was analyzed for total As. In order to maintain a rela-
tively constant ionic strength, all As solutions were prepared in
a0.01 M NaCl matrix as a background electrolyte. It is presum-
able that in order to generate an activated material with optimal
adsorption capacity, the concentration of HyO» solution has to
be optimised.

2.4. Column experiments

Plexiglass columns with an inner diameter of 30 mm and a
height of 150 mm were used in the column study as fixed-bed up-
flow reactor, which yielded a working volume of about 100 mL.
In order to generate H,O;-conditioned filling materials, two col-
umn filters packed with pristine siderite (SIO4) in the lower half
and pristine hematite (HIO1) in the upper half were in situ con-
ditioned by 0.5M H;O; solution, the concentration of which
was optimised by preliminary batch adsorption experiments, at
an upward flow rate of 0.51 mL/min for 25 h (designated as C-
A25) and 50 h (designated as C-A50), respectively. The purpose
of the filter conditioning was to generate fresh Fe(Ill)-oxide
coatings on the surface of grains. Prior to As adsorption, the
conditioned columns were rinsed for 24 h with Milli-Q water



630 H. Guo et al. / Journal of Hazardous Materials 151 (2008) 628-635

at an upward flow rate of 0.51 mL/min, in order to remove the
residual H>O» in the column. For sake of comparison, another
column (C-0) packed with the pristine SIO4 in the lower half
and the pristine HIO1 in the upper half was directly used to
remove As. Feedwater containing 500 pg/L total As (including
200 pwg/L As(V), 200 pg/L As(III), and 100 pg/L As-DMA), as
well as 0.01 M NaCl, was pumped through the column filters
at an upward flow rate of 0.51 mL/min with a peristaltic pump
(Model # 205S, Watson Marlow Company, Germany). This flow
rate yielded an empty bed contact time (EBCT) of about 200 min.
In order to investigate the influence of flow rate and influent As
species on As removal, two further columns with the same fill-
ing materials as C-0 were penetrated by As solution containing
250 wg/L As(V) and 250 pg/L As(III) at an upward flow rate of
1.48 mL/min (designated as C-1) and 2.15 mL/min (designated
as C-2), corresponding to EBCT of 68 and 47 min, respectively.
Effluent solutions from the column tests were collected at regular
intervals and analyzed for residual As species.

2.5. The toxicity of characteristic leaching procedure
(TCLP)

EPA SW846 Method 1311, the toxicity of characteristic
leaching procedure (TCLP), developed by the United States
Environmental Protection Agency [22], provides a means of
classifying the solid material as inert or hazardous in respect
of their potential to release chemical contaminants. The TCLP
was applied to the filling adsorbents after completion of the
adsorption experiment to evaluate the mobility of adsorbed As.
In the TCLP, the used material was agitated for 18 h in the
extraction solution at pH of 4.93, with a liquid/solid ratio of
20. This extraction solution was prepared by adding 64.3 mL of
1 M NaOH and 5.7 mL of glacial CH3COOH to Milli-Q water,
and diluting to a final volume of 1 L. After agitation, an aliquot
was filtered through a 0.45 wm cellulose acetate filter and ana-
lyzed for total dissolved As by GF-AAS. If the As concentration
exceeds 5 mg/L, the solid is classified as hazardous waste.

3. Results and discussion
3.1. Batch studies

3.1.1. Effect of H>Oz-activating time

Two grams of material was activated by 20 mL of 0.5 M H,O»,
solutionin a 100 mL polyethylene bottle for 0—125 h. After dried,
the activated materials (activated SIO3, SIO4, HIO1, and HIO4
were nominated as ASIO3, ASIO4, AHIO1 and AHIO4, respec-
tively) were used to remove As(V) from aqueous solution. Fig. 1
shows the As adsorption on the activated materials as affected by
H,0; activating time. In comparison with the pristine material,
the As adsorption capacity of AHIO1 and ASIO3 (24 h of the
activating time) increased by 13.0 and 16.2 pg/g, respectively.
The As adsorption on both activated materials generally fol-
lowed the same trend with the activating time, which decreased
shortly after 24 h of the activating time, whereas reached a sec-
ond slightly higher peak at 125 h. This trend possibly arose from
the same activation mechanisms for both the siderite and the
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Fig. 1. Adsorption of As on activated materials as a function of H,O, acti-
vating time (Activation conditions: concentration of HyO, solution=0.5M;
the ratio of solid to solution=100g/L. Arsenic removal conditions:
ionic strength=0.01 M NaCl; initial As(V)=1000 wg/L; contact time=24h;
dosage=10g/L; T=20+2°C).

hematite involving sequential reactions in the presence of Fen-
ton’s reagent, which is discussed later. Although an activating
time of 125h made the materials the highest adsorption effi-
ciency, it took much time to prepare the adsorbents which would
limit its application for As removal in practice. Hence, an acti-
vating time of 24 h was applied for the materials used in other
batch experiments.

3.1.2. Effect of H>O> concentration

The effect of HyO; concentration on the adsorption prop-
erty was investigated by treating the materials for 24 h with
H> O3 solutions of different concentrations and afterwards using
the treated material for As adsorption. The results are shown
in Fig. 2. After activated, the materials increased their adsorp-
tion capacity to different extent. Although the greatest relative
improvement was observed for HIO4, As adsorption was less
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Fig. 2. Effect of H,O; concentration on As removal by the activated materi-
als (Activation conditions: concentration range of H,O; solution=0.1-2.0 M;
the ratio of solid to solution =100 g/L; reaction time=24h. Arsenic removal
conditions: ionic strength=0.01 M NaCl; initial As(V)=1000 wg/L; contact
time =24 h; dosage=10g/L; T=20£2°C).
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than 26.0 pg/g. The highest As adsorption occurred at a HyO»
concentration of 0.5 M, with an increase relative to the pristine
material by 23.6 and 24.7% for SIO3 and SIO4, respectively.
HIO1 and SIO4 were to be used in the column tests to inves-
tigate effects of in situ H,O, activation on As adsorption. The
improved adsorption of the activated materials was possibly due
to the dissolution of the mineral surfaces and the formation of
a fresh Fe(Ill)-oxide layer, as suggested by variable quantities
of solution Fe (Supporting Material, Table A). The H,O» in the
presence of Fe?* catalyst is known to be Fenton’s reagent, which
is a powerful oxidising agent because of the generation of OH®
during the reaction [13]

Fe?t + H,0, — Fe’t + OH™ + OH* 1)

Near pH 7.0, this reaction produces the precipitation of
Fe(OH)s, which lowers the concentration of Fe species available
for reacting with H>O», consequently promoting the dissolu-
tion of Fe minerals, especially of siderite. The freshly formed
Fe(OH)3 has a very high affinity for As [23,24]. This is the
possible reason for the increase in As adsorption on the H>O;-
activated siderite. The excess H, O, reacts with ferric ion (Fe3+)
to form weaker hydroperoxyl radical (OOH®) and restore ferrous
ion (Fe?*) according to the following reaction scheme:

Fe’t + H,0, <> Fe — OOH?T +HT )
Fe — OOH*" — OOH® + Fe?* 3)

For example, in the SIO3-H;0O, batches, Fe concentration
reached a minimum around a HyO» concentration of 0.5 M, but
generally increased at higher and lower H,O, concentrations
(Supporting Material, Table A). This suggests that up to a H,O,
concentration of 0.5 M, Fe(OH)3 was continuously forming on
the surface of the SIO3 grains, which however was re-dissolved
at higher H,O» concentrations due to the presence of excess
H;0,. Consequently, the greatest amount of As(V) was adsorbed
by the H> O;-activated siderites at a HyO» concentration of 0.5 M
(Fig. 2). Similar to the siderite-dominated material, the Fen-
ton’s reaction may also have been involved in the formation
of fresh Fe oxides/oxyhydroxides on HyO»-activated hematites,
contributing to the increase in their As adsorption capacity.

3.2. Column studies

3.2.1. Effect of H>O; conditioning on As removal by the
filters

Column experiments were carried out to evaluate the possi-
bility of using H>O; solution to in situ improve the As removal
efficiency of the siderite—hematite filter. Based on the results of
the batch experiments, the optimal H,O; concentration, produc-
ing the best ASIO4 and AHIO1, was considered to be around
0.5 M. Consequently, a 0.5 M H,O» solution was used as reac-
tant for conditioning the natural materials in columns C-A25
and C-AS50. The results presented in Fig. 3 show that there was
no significant difference in the As removal between the condi-
tioned columns and the original column packed with the pristine
SIO4 and the pristine HIO1. After around 1000 pore volumes
(PV) of As water were filtered, total As concentrations in the

effluents from C-0, C-A25 and C-AS50 were still below 10 pg/L.
A mass balance calculation indicates that total As load in C-0,
C-A25 and C-AS50 was about 185, 177 and 170 wg/g, respec-
tively, before 50 pg/L of As breakthrough was observed. About
90% of total As in the effluents of all three columns was in form
of organic As (DMA). Furthermore, As(III) was observed to be
the major inorganic As species, the concentration of which was
2-4 times higher than that of As(V). During the entire opera-
tion, concentrations of total inorganic As were always below
10 pg/L. This result suggests that the SIO4-HIO1 column filter
is a promising facility to be used for the removal of As, especially
of inorganic species.

Up to a throughput of 500 PV, total As was much lower in
the effluents from columns C-A25 and C-A50 than in those from
C-0, indicating that at an early stage the conditioned columns
adsorbed more As than the pristine column did. For example,
at a throughput of 280 PV, total As concentration of the efflu-
ent from C-0, C-A25 and C-A50 was 3.43, 1.15 and 1.24 pg/L,
respectively. However, the adsorption efficiencies of the con-
ditioned columns and the pristine column did not significantly
differ, after about 500 PV of As water were filtered. Guo et
al. [13] observed Fe(Ill)-oxide coatings gradually developed on
the SIO4 particles as the As solution flowed through the column
packed with SIO4 and HIO1. It was found that, during aeration
and filtration, a coating of Fe(II)-dominated precipitates formed
on the surface of the filter sand in many centralized water treat-
ment facilities. Such products constituted a significant part of
the sand filter and contributed the high capacity for contaminant
removal [25,26]. It can be speculated that the spontaneously
formed Fe(III) oxides in C-0 may have played an important role
inremoving As after filter operation proceeded for about 20 days,
closely approaching the As removal capacity of columns C-A25
and C-AS50 previously catalytically conditioned by upward per-
colating 0.5M H»O; solution. Besides, the conditioning time
greater than 25 h had no significant impact on As removal.

3.2.2. Effect of empty bed contact time (EBCT)

Empty bed contact time is a critical parameter, which deter-
mines residence time during which the solution being treated
is in contact with the adsorbent. Hence, EBCT may strongly
affect adsorption, especially if the adsorption mainly depends on
the contact time between the adsorbent and adsorbate [27]. The
flow rate ranged between 1.48 and 2.15 mL/min, correspond-
ing to EBCT between 68 and 47 min. As shown in Fig. 4, the
adsorption in SIO4-HIO1 filter was slightly influenced by the
flow rate. It can be seen that the higher the flow rate, the lower
the adsorptive efficiency due to the resulting lower contact time
[28]. For example, at the flow rate of 1.48 mL/min a total As con-
centration of 10 wg/L was attained in the effluent after §160 PV
of As water were filtered through the column, while at the flow
rate of 2.15 mL/min the same concentration was attained after a
throughput of 7950 PV. At 50 pg/L of As breakthrough, total As
load in C-1 and C-2 was about 780 and 753 pg/g, respectively.
The weak response of As adsorption to the flow rate indicates
that the adsorption slightly depended on diffusion.
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Fig. 3. Arsenic species in the effluents from pristine and H,O,-conditioned SIO4-HIO1 filters. Experimental conditions: initial total As concentration =500 wg/L
(including 200 pg/L As(V), 200 pwg/L As(III) and 100 pg/L As-DMA); ionic strength=0.01 M NaCl; EBCT =200 min; flow rate =0.51 mL/min. (A) The pristine
filter (C-0), (B) the filter conditioned with 0.5 M H,O; for 25 h at an upward flow rate of 0.51 mL/min (C-A25), and (C) the filter conditioned with 0.5 M H,O; for

50h at an upward flow rate of 0.51 mL/min (C-A50).

3.2.3. Effect of As species

As mentioned above, a higher flow rate caused a relatively
lower adsorptive efficiency. However, the bed capacity of C-0 at
the flow rate of 0.51 mL/min was much lower than that of C-1
at the flow rate of 1.48 mL/min. This suggests that, besides the
flow rate, the As species in the influent was another important
factor controlling the adsorption capacity of the column filter.
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For instance, with the presence of 100 pg/L As-DMA, C-0 filter
treated 1040 PV of As solution with 500 pg/L total As meeting
the WHO guideline value of 10 pg/L, while C-1 treated 8160
PV of 500 wg/LL As solution with the absence of organic As
(DMA). It seems that DMA possibly blocked the adsorption
sites on the surface of the hematite—siderite grains in the filter,
and consequently lowered the adsorptive efficiency. Cheng et al.
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Fig. 4. Arsenic species in the effluents from pristine SIO4-HIO! filters (Experimental conditions: initial total As concentration =500 pug/L (including 250 pwg/L
As(V) and 250 pg/L As(IIl)); ionic strength =0.01 M NaCl; upward flow rate = 1.48 mL/min (A, C-1) and 2.15 mL/min (B, C-2), respectively).
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also observed that the amount of DMA adsorbed on Fe fillings
was much less than that of inorganic As(V) and As(III) [29].
They speculated that the two methyl groups of DMA molecule
did not form bidentate inner-sphere complexes with adsorbents,
whereas inorganic As(V) and As(IIl) did. However, it was found
that the amount of DMA adsorbed on hematite or siderite was
slightly greater than that of As(III) in the static batch study [13].
The difference in adsorption behavior between the static batch
and the column filter was likely due to freshly formed Fe(III)
hydroxides in the column filter during operation, as discussed
later.

The results also show that there was a significant difference
in As speciation of effluents between C-0 and C-1 (or C-2). For
C-0, As(IIT) accounted for about 75% of inorganic As, and about
90% of total As was found to be in form of organic As (DMA). In
comparison, As(V) was the dominant As species in the effluents
of C-1 or C-2, which was generally equal to 80% of total As.
This implies that organic As adversely affected the adsorption of
As(IIT), possibly due to competitive adsorption between DMA
and As(III) in the filter.

The pH of all effluents ranged between 6.80 and 7.20. ICP-
MS analysis of few effluents shows that concentrations of trace
elements were below EPA drinking water guideline. Therefore,
the pristine siderite—hematite filter and the activated filter may
be utilized to treat As-affected groundwater, which mainly con-
tained inorganic As [30-32]. Guo et al. has investigated effect of
other anions on As adsorption by SIO4 and HIO1 and found the
presence of phosphate had a negative effect on As(V) adsorp-
tion, whereas the nitrate up to 10 mg N/L had no significant
effect on As(V) uptake [13]. The phosphate would suppress
As removal from real groundwater samples by the materials
studied.

3.3. Leachability of adsorbed As

The TCLP was used to evaluate the leachability of the trapped
As and to estimate the toxicity of the used SIO4 and HIOL1
to the environment. Results show that the As released did
not exceed 300 wg/L, which is well below the EPA regulatory
limit of 5Smg/L for As. This suggests that the used SIO4 and
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Fig. 5. Arsenic and Fe contents along a sectioned grain from the used SIO4
of column C-0. High-resolution element analysis was carried out by means of
p-synchrotron XRFA with a resolution of 5 pm.

HIOI1 were not hazardous, and could be discharged in landfill
deposits.

3.4. Characterization of As-loaded adsorbents

High-resolution element analysis by means of p-synchrotron
XRFA on a thin section prepared from the spent SIO4 from col-
umn C-0 yielded information on the distribution of As and Fe
contents in the used filling material. The line scans were car-
ried out near to the surface of a particle using a resolution of
5 pm. Due to the lack of adequate standards, only relative con-
centrations could be determined. The semi-quantitative As and
Fe contents along the scan line are presented in Fig. 5. It can
be seen that, the contents of As and Fe near to the surface were
much higher than those in its inner part. Scavenged As was
mainly presented within the surfacial reaction rim of the parti-
cles, which possibly indicates that As was removed as a result of
both co-precipitation with Fe(IlI), and subsequently adsorption
on fresh Fe(Ill) oxides/oxyhydroxides. Iron concentrations in
the center roughly corresponded to the stoichiometric Fe con-
tent of siderite (~48% Fe), whereas at the rim to that of goethite
(~70% Fe) (Fig. 5). This change in Fe content was accompa-
nied by a strong increase in As content of up to 1600 mg/kg.

Fig. 6. SEM images of the pristine SIO4 (A) and the used SIO4 from column C-0 (B).
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The high contents of Fe and As near the surface suggests that
surficial FeCOj3 and/or solution Fe(I) were oxidized, leading
to the co-precipitation of As with Fe(Ill)-oxides subsequently
coating on the siderite matrix (SIO4 particles). This implication
is supported by the SEM images of the pristine SIO4 and the
used SIO4 (Fig. 6). In comparison with the original material
(Fig. 6A), the used SIO4 (Fig. 6B) was found to be covered
by needle-like goethite (or ferrihydrite) developed during fil-
ter operation. These freshly formed Fe-oxides have a very high
affinity for As [24], contributing to the high adsorption capacity
of the filling material.

4. Conclusions

A siderite—hematite filter was studied for its As retention
capacity in dynamic experiments using artificial As solutions.
The experiments allowed the identification of fundamental infor-
mation in terms of the effects of HyO» conditioning, empty bed
contact time, and As species on As adsorption. Both HyO»-
activated hematites and H,Oj-activated siderites adsorbed a
little more As(V) than the originals in batch experiments. The
H;0O,-conditioning increased the adsorption efficiency of the
activated siderite—hematite filter up to a throughput of 500 PV
of As water. The conditioning time greater than 25h did not
significantly enhance the retention capacity of the column fil-
ter. An EBCT greater than 47 min had a slight impact on the
removal capacity of the siderite-hematite filter. The combina-
tion of the p-synchrotron XRFA and the SEM test proves that
the freshly formed Fe(Ill)-oxides were developed on the sur-
face of siderite grains, which contributed to the high adsorption
capacity of the filling material in the columns. The sponta-
neously formed Fe oxides in the pristine mineral-packed column
may have played an important role in removing As after fil-
ter operation proceeded for about 20 days, closely approaching
the As removal capacity of the HyO;-activated columns where
the Fe(IIl) oxides were previously formed during condition-
ing. The TCLP test indicates the used adsorbents can be safely
discharged in landfill sites. Results show that both the pristine
hematite—siderite filter and the H>O;-conditioned filter may be
successfully employed to remediate As water meeting the WHO
guideline.

Acknowledgements

HMG is grateful to the Alexander von Humboldt Foundation,
Germany, for providing a Research Fellowship to carry out this
research. Funding has also been provided by the Natural Sci-
ence Foundation of China (No. 40572145). The authors would
like to express their gratitude for the analytical support received
from their colleagues C. Moessner (HR-ICP-MS), T. Neumann
(FI-AAS), G. Preuss (Flame-AAS, GF-AAS), V. Zibat (SEM),
and K. Nikoloski (thin section preparation for the n-SXRF anal-
ysis). Special thanks extend to the synchrotron radiation facility
ANKA of the Forschungszentrum Karlsruhe, Germany and its
staff (R. Simon) for allowing us to perform the p-synchrotron
XRF analyses. Helpful comments by four anonymous reviewers
are also acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jhazmat.2007.06.035.

References

[1] M.R. Jekel, Removal of arsenic in drinking water treatment, in: J.O. Nriagu
(Ed.), Arsenic in the Environment, Part I: Cycling and Characterization,
Wiley, New York, 1994, pp. 119-132.

[2] E.O. Kartinen, C.J. Martin, An overview of arsenic removal processes,
Desalination 103 (1995) 78-88.

[3] S. Goldberg, C.T. Johnston, Mechanisms of arsenic adsorption on amor-
phous oxides evaluated using macroscopic measurements, vibrational
spectroscopy, and surface complexation modelling, J. Colloid Interf. Sci.
234 (2001) 204-216.

[4] B. Han, T. Runnells, J. Zimbron, R. Wickramasinghe, Arsenic removal
from drinking water by flocculation and microfiltration, Desalination 145
(2002) 293-298.

[5] A.I.Zouboulis, I.A. Katsoyiannis, Removal of arsenates from contaminated
water by coagulation-direct filtration, Sep. Sci. Technol. 37 (12) (2002)
2859-2873.

[6] M.P. Elizalde-Gonzilez, J. Mattusch, W.D. Einicke, R. Wennrich, Sorption
on natural solids for arsenic removal, Chem. Eng. J. 81 (2001) 187-195.

[7] S. Chakravarty, V. Dureja, G. Bhattacharyya, S. Maity, S. Bhattacharjee,
Removal of arsenic from groundwater using low cost ferruginous man-
ganese ore, Water Res. 36 (2002) 625-632.

[8] 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.

[9]1 W. Zhang, P. Singh, E. Paling, S. Delides, Arsenic removal from contami-
nated water by natural iron ores, Miner. Eng. 17 (2004) 517-524.

[10] A.D. Redman, D.L. Macalady, D. Ahmann, Natural organic matter affects
arsenic speciation and sorption onto hematite, Environ. Sci. Technol. 36
(2002) 2889-2896.

[11] 1. Ko, J.Y. Kim, K.W. Kim, Arsenic speciation and sorption kinetics in
the As—hematite—humic acid system, Colloids Surf. A: Physicochem. Eng.
Aspects 234 (2004) 43-50.

[12] G. Ona-nguema, G. Morin, F. Juillot, G. Calas, G.E. Brown, JR,
EXAFS analysis of arsenite adsorption onto two-line ferrihydrite, hematite,
goethite, and lepidocrocite, Environ. Sci. Technol. 39 (2005) 9147-9155.

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

[14] H.M. Guo, D. Stiiben, Z. Berner, Arsenic removal from water using natural
iron mineral-quartz sand columns, Sci. Total Environ. 377 (2007) 142—-151.

[15] H. Geng-Fuhrman, H. Bregnhgj, D. McConchie, Arsenate removal from
water using sand-red mud columns, Water Res. 39 (2005) 2944-2954.

[16] S.J. Hug, O. Leupin, Iron-catalyzed oxidation of arsenic(III) by oxygen and
by hydrogen peroxide: pH-dependent formation of oxidants in the Fenton’s
reaction, Environ. Sci. Technol. 37 (2003) 2734-2742.

[17] V.Flotron, C. Delteil, Y. Padellec, V. Camel, Removal of sorbed polycyclic
aromatic hydrocarbons from soil, sludge and sediment samples using the
Fenton’s reagent process, Chemosphere 59 (2005) 1427-1437.

[18] R. Chen, J.J. Pignatello, Role of quinine intermediates as electron shuttles
in Fenton and photoassisted Fenton oxidations of aromatic compounds,
Environ. Sci. Technol. 31 (1997) 2399-2406.

[19] M.V.B. Krishna, K. Chandrasekaran, D. Karunasagar, J. Arunachalam, A
combined treatment approach using Fenton’s reagent and zero valent iron
for the removal of arsenic from drinking water, J. Hazard. Mater. B84
(2001) 229-240.

[20] T.R.Riide, H. Puchelt, Development of an automated technique for the spe-
ciation of arsenic using flow injection hydride generation atomic absorption
spectrometry (FI-HG-AAS), Fresenius J. Anal. Chem. 350 (1994) 44-48.

[21] T.R.Riide, Beitraege zur Geochemie des Arsens, PhD Thesis, Inst. Mineral.
Geochem., University Karlsruhe, Karlsruhe, 1996.

[22] US EPA, Toxicity characteristics leaching procedure, US Environmental
Protection Agency, Fed. Reg. 55, 1999, 11798 pp.


http://dx.doi.org/10.1016/j.jhazmat.2007.06.035

H. Guo et al. / Journal of Hazardous Materials 151 (2008) 628-635 635

[23] J.A.Munoz, A. Gonzalo, M. Valiente, Arsenic adsorption by Fe(IlI)-loaded
open-celled cellulose sponge: thermodynamic and selectivity aspects, Env-
iron. Sci. Technol. 36 (2002) 3405-3411.

[24] ZM. Gu, J. Fang, B.L. Deng, Preparation and evaluation of GAC-based Fe-
containing adsorbents for arsenic removal, Envion. Sci. Technol. 39 (2005)
3833-3843.

[25] L. Carlson, U. Schwertmann, Iron and manganese oxides in Finnish ground
water treatment plants, Water Res. 21 (1987) 165-170.

[26] S.Jessen, F. Larsen, C.B. Koch, E. Avin, Sorption and desorption of arsenic
to ferrihydrite in a sand filter, Environ. Sci. Technol. 39 (2005) 8045-8051.

[27] I.A. Katsoyiannis, A.I. Zouboulis, Removal of arsenic from contaminated
water sources by sorption onto iron-oxide-coated polymeric materials,
Water Res. 36 (2002) 5141-5155.

[28] D.C.K. Ko, J.F. Porter, G. McKay, Film-pore diffusion model for the fixed
bed sorption of copper and cadmium ions onto bone char, Water Res. 35
(2001) 3876-3886.

[29] Z.Q. Cheng, A.V. Green, R. Louis, Removal of methylated arsenic in
groundwater with Fe filings, Environ. Sci. Technol. 39 (2005) 7662—7666.

[30] H.M. Guo, Y.X. Wang, G.M. Shpeizer, S. Yan, Natural occurrence of
arsenic in shallow groundwater, Shanyin, Datong Basin, China, J. Environ.
Sci. Health A38 (11) (2003) 2565-2580.

[31] D. Stiiben, Z. Berner, D. Chandrasekharam, J. Karmakar, Arsenic enrich-
ment in groundwater of West Bengal, India: geochemical evidence for
mobilization of As under reducing conditions, Appl. Geochem. 18 (2003)
1417-1434.

[32] S. Haque, K.H. Johannesson, Arsenic concentrations and speciation along
a groundwater flow path: the Carrizo sand aquifer, Texas, USA, Chem.
Geol. 228 (2006) 57-71.



	Adsorption of arsenic species from water using activated siderite-hematite column filters
	Introduction
	Materials and methods
	Materials
	Analytical methods
	Batch experiments
	Column experiments
	The toxicity of characteristic leaching procedure (TCLP)

	Results and discussion
	Batch studies
	Effect of H2O2-activating time
	Effect of H2O2 concentration

	Column studies
	Effect of H2O2 conditioning on As removal by the filters
	Effect of empty bed contact time (EBCT)
	Effect of As species

	Leachability of adsorbed As
	Characterization of As-loaded adsorbents

	Conclusions
	Acknowledgements
	Supplementary data
	References


