Available online at www.sciencedirect.com

. . Journal of
ScienceDirect Hazardous
- - Materials
ELSEVIER Journal of Hazardous Materials 150 (2008) 565-572
www.elsevier.com/locate/jhazmat
Removal of As(III) in a column reactor packed with
iron-coated sand and manganese-coated sand
Yoon-Young Chang, Ki-Hoon Song, Jae-Kyu Yang *
Department of Environmental Engineering, Kwangwoon University, Seoul 139-701, Republic of Korea
Received 10 November 2006; received in revised form 20 February 2007; accepted 4 May 2007
Available online 10 May 2007
Abstract

The applicability of manganese-coated sand (MCS) and iron-coated sand (ICS) for the treatment of As(I1l) via oxidation and adsorption processes
was investigated. Scanning electron microscopy (SEM) and X-ray diffraction spectroscopy (XRD) were used to observe the surface properties of
the coated layer. In the batch adsorption, the adsorption rate of As(V) onto ICS was greater than that of As(III), and ICS showed a greater adsorption
capacity for the removal of As(V) than As(IlI). From a bench-scale column test, a column reactor packed with both MCS and ICS was found to be
the best system for the treatment of As(III) due to the promising oxidation efficiency of As(III) to As(V) by MCS and adsorption of As(V) by both
MCS and ICS. From these bench-scale results, the treatment of synthetic wastewater contaminated with As(IIl) was investigated using a pilot-scale
filtration system packed with equal amounts (each 21.5 kg) of MCS at the bottom and ICS on the top. The height and diameter of the column were
200 and 15 cm, respectively. As(III) solution was introduced into the bottom of the filtration system, at a speed of 5 x 1073 cms™!, over 148 days.
The breakthrough of total arsenic in the mid-sampling (end of the MCS bed) and final-sampling (end of the ICS bed) positions began after 18 and
44 days, respectively, and showed complete breakthrough after 148 days. Although the breakthrough of total arsenic in the mid-sampling position
began after 18 days, the concentration of As(III) in the effluent was below 50 wg L~! for up to 61 days. This result indicates that MCS has sufficient
oxidizing capacity for As(IlI), and 1 kg of MCS can oxidize 93 mg of As(III) for up to 61 days. When the complete breakthrough of total arsenic
occurred, the total arsenic removed by 1 kg of MCS was 79.0 mg, suggesting MCS acts as an adsorbent for As(V), as well as an oxidant for As(III).
From this work, a filtration system consisting of both MCS and ICS can potentially be used a new treatment system to simultaneously treat As(III)
and As(V).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction drinking water standard 10 pugL~! [4]. Although arsenic has

multiple oxidation states (+5, +3, 0 and —3), arsenite As(II) and

Arsenic is generally found as a contaminant in soil and water arsenate As(V) are the most common in natural environments.

systems due to various anthropogenic sources, such as mining
activity, discharges of industrial wastes and agricultural applica-
tion, as well as from geochemical reactions [1-3]. The elevated
concentrations of arsenic in the water system originating from
the natural source have been attributed to pyritic sedimentary
rocks in contact with the aquifer. As arsenic causes serious
environmental problems in water systems, and is known as a
primary concern to humans exposed to such systems, the World
Health Organization (WHO) has recommended lowering the As-
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Generally, As(IIl) has been reported as the preferential state in
sediment or the aqueous phase under anaerobic conditions, while
the As(V) species occurs in the sediment under aerobic condi-
tions [5]. The speciation and solubility of inorganic arsenic is
sensitive to both the redox conditions and pH of the environ-
ments, which affects the toxicity and mobility of arsenic in soils
[6-8]. To treat arsenic in water systems, several methods have
been employed, such as adsorption, coagulation, membranes
or electrolysis [9]. Twindell et al. [10] reported the precipita-
tion of Fe(Ill)-arsenate or arsenate co-precipitation with excess
iron (Fe/As >3 mol mol~!). Granular activated alumina has been
applied for the removal of As from water [11,12]. However, some
of these processes are expensive or require the control of pH
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and/or other parameters to achieve the optimum arsenic removal
capacity; therefore, a more effective and economical technique
would be highly desirable. In addition, most of the processes that
have been identified as promising techniques in the treatment of
As(V) [9] are also partly effective for the treatment of As(III),
thus require a further simple and cost-effective technique as a
pretreatment for the oxidation of As(II) to As(V). Therefore, as
one of the promising techniques, manganese coated sand (MCS)
and iron-coated sand (ICS) was applied for the treatment of
both As(IIT) and As(V) [13]. Joomoonjin sand is widely used in
Korea as filtration sand; thus, many applications of this sand have
been reported for the treatment of wastewater using ICS and/or
MCS preparations [13—15]. In previous studies, ICS was shown
to have an important capacity for the removals of As(IIl) and
As(V) through adsorption. Also, MCS showed a good oxidation
capacity for As(III). However, until now, limited information
has been available on the simultaneous treatment of As(III) and
As(V) using MCS and ICS by considering a real groundwater
situation.

In this study, as a promising technique for the treatment of
As(III), MCS and ICS synthesized using Joomoonjin sand was
used to treat a synthetic wastewater contaminated with As(III).
The effectiveness of the filtration system with both MCS and
ICS for removing As(III) from solution through the oxidation
of As(Ill) by MCS, as well as adsorption of As(V) on MCS
and ICS, was assessed using both bench-scale and pilot-scale
column reactors.

2. Materials and methods

Joomoonjin sand, standard sand found in Korea, with a parti-
cle size ranging from 1.0 to 1.2 mm, was used as the supporting
material for iron and manganese. Prior to coating iron and man-
ganese onto the sand, the sand was pre-washed with 0.1 M HCl
for 2 h and rinsed three times with deionized water to remove any
impurities. All chemicals were of analytical grade. FeClz and
Mn(NO3); was purchased from Aldrich Chemicals. The NaNO3
used to fix ionic strength was obtained from Fisher Scientific.
All solutions were prepared with deionized water (18 M2 cm)
prepared using a Hydro-Service reverse osmosis/ion exchange
apparatus (Model LPRO-20). All bottles and glassware were
acid washed and rinsed with deionized water before use.

2.1. Preparation of iron-coated sand and
manganese-coated sand

In order to prepare MCS, aMn(NO3); solution (0.1 mol L™1),
previously adjusted to pH 8 with NaOH solution, was mixed
with Joomoonjin sand at 1.2kgL~! in a purpose built pilot-
scale reactor. This reactor was designed so the surface could be
heated with liquefied petroleum gas, with each batch having a
sand capacity of 200 kg. By rotating the reactor at 30 rpm, the
water in the suspension was continuously removed by heating at
150 % 5 °C until approximately only 10% of the water remained
in the suspension. The reactor was then rotated at a reduced
speed (15-20rpm) for 1-h to allow stabilization of the coating
process. To remove traces of uncoated manganese on the sand,

the dried sand was rinsed several times with distilled water and
then dried at 105 °C. In the preparation of ICS, a FeCls solu-
tion (0.1 mol L"), previously adjusted to pH 12 with NaOH
solution, was mixed with Joomoonjin sand at 1.2kgL~! in the
pilot-scale reactor. The same procedure used in the preparation
of MCS was then followed. The manganese and iron coated onto
the sand were stripped using an acid digestion method (U.S.EPA
3050B). After filtration, the dissolved manganese and iron con-
centrations were measured using an inductively coupled plasma
(ICP-AES, model Optima 2000 DV, Perkin Elmer Co.). The
mineralogy of the ICS and MCS was characterized by X-ray
diffraction (XRD, model D/MAX, Rigaku). Photomicrography
of the exterior surface of the Joomoonjin sand, both ICS and
MCS, was obtained by Scanning Electron Microscopy (SEM,
model JSM-5900, JEOL).

2.2. Experimental methods

The adsorption kinetics of As(IIl) and As(V) onto ICS or
raw Joomoonjin sand were obtained at an initial pH of 6.5,
with a constant ionic strength (0.01 molL~! NaNO3) at vari-
ous times. The initial arsenic concentration and soil to solution
ratio (S/S) were I mgL~! and 5 gL ™!, respectively. A pH-edge
adsorption experiment was performed for 24 h at room temper-
ature (23-25°C) with variation of pH from 2 to 10, with an
S/S ratio of 5 gL, In order to find the best column configura-
tion for the removal of As(III), column systems having different
ICS and MCS compositions in the bench-scale column reac-
tor were applied at room temperature (23-25 °C). One of the
objectives of this research was to identify the applicability of a
filtration system employing both ICS and MCS for the treatment
of groundwater contaminated with arsenic at around neutral pH;
therefore, all experiments were perform at pH 6.5. Ten grams
each of the ICS and/or MCS were packed into a column; two-
staged; equal amounts of ICS and MCS, or MCS-alone. The
pore volume (V,,) in the column packed with both ICS and MCS
was 4.4cm® when the porosity (@) was assumed to be 0.33,
with a total column depth of 17cm. For the column experi-
ments, the arsenite solution (1 mg L~ 1), with a constant ionic
strength at 0.01 M NaNOj3, was pumped upward through the
bottom of the column, using an Acuflow Series II high-pressure
liquid chromatography pump, at a flow rate of 0.4 mL min~"'.
Effluent samples were then obtained using Spectra/Chrom CF-1
Fraction Collectors. After filtration of the samples with 0.45 pm
syringe filters, a portion of the sample was subjected to a mod-
ified anion exchange method [16] to quantify the As(IIl) and
As(V). The chloride form of the anion-exchange resin (Dowex
1 x 8 — 100, sigma) was converted to the acetate form in a glass-
column (d=0.8cm, 1.5mL resin). Prior to the separation of
As(IIT) and As(V), the pH of each sample was adjusted to around
3.5. Under this condition, the fully protonated As(III) passes
through the column, while the partly deprotonated As(V) was
retained. Prior to sample analysis, the column performance was
tested with both As(V) and As(III) dissolved in aqueous solution.
The As(III) recovery was >87%, while complete retention of
As(V) was observed. The total dissolved arsenic concentration
before the column test and As(III) concentration in the column
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Table 1
Specification of RSFT and operating parameters
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Fig. 1. Schematic apparatus of reactive sand filtration tower (RSFT) (scale unit:
mm) (21.5kg MCS, 21.5 kg ICS, initial As(Ill)=1.0mgL~!, v=0.005cms~!,
0=225mLmin ).

effluent were measured using an ICP. The As(V) concentration
was then calculated by difference.

A pilot-scale As(IIT) removal experiment was conducted in
a column reactor at room temperature (23-25 °C), with a con-
stant initial pH of 6.5. Fig. 1 shows a schematic diagram of the
apparatus of the pilot-scale column reactor. The detailed speci-
fications of the column reactor and composition of the artificial
ground water pollutant are shown in Tables 1 and 2, respectively.
In the column, 21.5kg of each ICS and MCS were packed as
a two-staged column. The arsenite solution (1 mgL~!), with a
constant ionic strength at 0.01 mol L~! NaNO3, was pumped
upward through the bottom of the column at a linear velocity
of 5 x 1073 cms™!. Effluent samples were then collected every
day at constant time intervals. After filtration of the samples with
0.45 pm syringe filters, a portion of the sample was subjected to
a modified anion exchange method [16] to quantify the As(III)
and As(V). The concentrations of dissolved total As and As(III)
were measured using an ICP. To record the headloss with oper-

Specification of RSFT Operating parameters

Material of reactor Acryl
Reactor height (H) 200 cm
Reactor diameter (D) 15cm
Reactor volume (V) 35,325 cm?
Reactor pore volume (PVT) 15,244 cm?
Flow rate (Q) 22.5ml min~!
Linear velocity (v) 5x10 3 cms™!
MCS bed height (Hmcs) 85cm

MCS bed volume (Vics) 15,013 cm?
MCS bed pore volume (PVycs) 6,230 cm?
Retention time of MCS bed (Omcs) 4.72h

ICS bed height (Hics) 85cm

ICS bed volume (Vics) 15,013 cm?
ICS bed pore volume (PVics) 6,365 cm?
Retention time of ICS bed (0ycs) 4.72h

ating time, pipes were installed at a constant height within the
column.

3. Results and discussion
3.1. Preparation of ICS and MCS

Using previously reported ICS and MCS preparation meth-
ods under optimum conditions on a bench scale, the ICS and
MCS in the pilot plant were prepared with Joomoonjin sand
as a supporting material, with particle sizes ranging from 1.0
to 1.2mm [13]. The original iron content in the raw sand was
2500mgkg~!. From the coating process, 3150 mgkg~! iron
and 3960 mg kg~ ! manganese were loaded onto raw Joomoonjin
sand. The amounts of iron and manganese coated onto the sand
were obtained by subtracting the control amount from the total
iron and manganese measured using an acid digestion method
(U.S.EPA 3050B). After filtration, the resultant acidic solution
was diluted and the iron and manganese contents then measured
using an ICP. Fig. 2a and b shows the X-ray diffraction spectra
obtained for ICS and MCS using Cu Ka radiation (A = 1.5406 A)
at kV =40 and mA =100, with a Scan Speed =2.46 min—! and
Scan Range = 10-806. Comparing the XRD peak information
of Fig. 2a with the JCPDS file, the peaks were identified as the
mixture of hematite and goethite. Also comparing the XRD peak
information of Fig. 2b with the JCPDS file, the peaks were well
matched to those of pyrrolusite (8-MnO;). The mineralogy of
the iron coated onto the surface of the ICS is known to depend on
the coating temperature [17]. From the coating of Fe(III) on sil-
ica, Lo etal. [17] found amorphous iron oxides coating at 60 °C,
goethite and hematite at 150 °C and hematite at above 300 °C.
Scanning electron microscopy was used to identify the mor-

Table 2

Composition of the artificial ground water pollutant

Ingredient As(I1T) Ca** CO32- Nat cl- K* NO;~ Mg>* S04% pH
Concentration (mg L") 1.0 20 30 4.6 7.1 1.6 2.5 1.5 7.7 65
Concentration (mM) 0.01 0.5 0.5 0.2 0.2 0.04 0.04 0.06 0.08 '
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Fig. 2. X-ray diffraction spectrum of (a) ICS and (b) MCS.

phology of the coated metallic species. The SEM photographs
shown in Fig. 3a—c were taken at 10,000x magnification to
observe the surface morphologies of natural Joomoonjin sand,
ICS and MCS, respectively. The SEM images of acid-washed
natural Joomoonjin sand in Fig. 3a show very ordered silica
crystals at the surface. The natural Joomoonjin sand had a
relatively uniform and smooth surface, with small cracks, micro-
pores or light roughness found on the sand surface. The ICS
(Fig. 3b) had significantly rougher surfaces than the Joomoonjin
sand.

3.2. Batch adsorption

Fig. 4 shows the adsorption trends for As(III) and As(V) onto
the ICS, and of As(V) onto uncoated sand as a control, over time.
The adsorption of As(V) onto the ICS was completed within
20 min, while that of As(II) was relatively slower, and did not
reach equilibrium after 300 min. The uncoated sand also showed
rapid removal of As(V), reaching adsorption equilibrium within
20 min. Due to the presence of 0.24% (w/w) iron in the uncoated
sand, the Joomoonjin sand has a particular adsorption capac-
ity itself, and removed 24% of the initial As(V) concentration.
However, the removal capacity was rather less than that of ICS,

4 @

[d . { « ‘:
A
ZBKU  X1B8,0B88 _dwm

Fig. 3. SEM image for (a) Joomoonjin sand, (b) ICS and (C) MCS.

suggesting comparative limitation for the use of Joomoonjin
sand itself in the removal of arsenic.

From the batch adsorption with variation in pH, the As(V)
was found to follow an anionic-type of adsorption, resulting
complete removal below pH 7 and even 90% removal at pH
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Fig. 4. Adsorption kinetics arsenic onto ICS and raw sand (initial
As=1.0mgL~!, S/S=5gL~!, ionic strength=0.01 M NaNO3).

10, as shown in Fig. 5. This result suggests a strong surface
complex between the Fe(IIl) (mixture of hematite and goethite)
on the surface of the ICS and As(V).

From spectroscopic analyses, Goldberg and Johnston
reported that arsenate and arsenite form inner-sphere complexes
on amorphous Fe oxide [18]. Iron(hydr-)oxides, such as ferri-
hydrite and goethite, are known to form inner-sphere complexes
with arsenate via the formation of monodentate and bidentate
complexes [19-21]. Conversely, the As(III) adsorption onto the
ICS was below 50% over the entire pH range studied, but showed
slightly favorable adsorption at near neutral pH. From our pre-
vious studies [14] regarding the adsorption isotherm of arsenic
onto ICS and MCS at pH 4.5, with variation in the initial arsenic
concentration, the adsorption isotherm was well described by
the Langmuir-type (g = QC.b/(1 + Ccb)). The maximum adsorp-
tions of As(IIT) and As(V) onto the ICS (Q, denoted as mgkg ")
were found to be 94 and 165 mgkg ™', respectively. The Q value
of As(V) was over two-times greater than that of As(II). The
maximum adsorption of As(V) onto the MCS was also reported
to be 60 mgkg ™!, which was approximately three-times lower
than that onto the ICS.
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Fig. 5. Adsorption of arsenic onto ICS as a function of pH (S/S=5gL~!, ionic
strength=0.01 M NaNO3).
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Fig. 6. Total As concentration in the effluent of two column systems (initial
As=1.0mg L~!, ionic strength =0.01 M NaNOs, initial pH=6.5).

3.3. Bench-scale column experiments

Fig. 6 shows the breakthrough curves of arsenic from two
different column systems. In the MCS-alone system, the arsenic
breakthrough occurred after 50 pore volumes and reached near
complete breakthrough after 250 pore volumes. After the break-
through of arsenic, the concentration of As(IIl) in the effluents
was below 20 wgL~! over the entire reaction period, with
most of the arsenic identified as As(V) due to the near com-
plete conversion of As(IIl) to As(V) by the MCS. This result
suggests that the catalytic activity of MCS on the oxidation
of As(IIl) is valid for much longer after the initial break-
through of arsenic. Compared to the MCS-alone system, the
breakthrough of total arsenic in the two-staged column was sig-
nificantly delayed, and most of the arsenic in the effluent was
also identified as As(V) due to the near complete oxidation of
As(IIl) to As(V). Therefore, this result suggests that the two-
staged column system has advantages in the oxidation of As(II)
and for the removal of As(V) via adsorption by both the ICS
and MCS.

3.4. Pilot-scale column experiments

The breakthrough of arsenic was tested using the pilot-scale
column system separately packed with equal amounts of ICS
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Fig. 7. Concentration of total arsenic at each sampling position with variation
of operating time.



570 Y.-Y. Chang et al. / Journal of Hazardous Materials 150 (2008) 565-572

Time(days)

—e— 7
—O— 18
—v— 22
—7— 29
—m— 44
—— 61
—4— 82

—— 110
—A— 126
—4&— 148

As(l), mg L™

0.2

S8 Final eff.

SdMiddle ef.S5 S6 7
MCS bed——=<— ICSbed ——=

Sampling location

0.0
Inlet S1 S22 S3
=
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ating time.

and MCS. Figs. 7-9 show the breakthrough curves of arsenic up
to day 148. In order to observe the oxidation trends of As(III) in
the MCS bed and removal trends of arsenic in the ICS bed, five
samples were simultaneously collected from different heights of
both the MCS and ICS beds (s1, s2, s3, s4 and middle effluent,
and s5, s6, s7, s8 and final effluent, respectively). The break-
through of total arsenic from the final effluent occurred after 44
days, as shown in Figs. 7 and 9. Fig. 8 shows the fraction of As>*
in the effluent at each sampling point with variation in the oper-
ating time. Due to the effective oxidation capacity of MCS for
As(IIT), most of the arsenic in the middle and final effluents were
identified as As(V) for up to 61 days; although breakthrough was
observed at day 44. The percent oxidation of As(IIT) measured
at the three different sampling positions (S, middle and final)
are shown in Fig. 10. The percent oxidation was above 90%
up to day 61, but thereafter was significantly decreased at all
sampling positions. This result matched the fraction of As>* in
Fig. 8 quite well. These results suggest that 1 kg of MCS can oxi-
dize 93 mg of As(IIl) without losing any oxidation power. The
type of MnO; on the sand may vary, such as a-MnO», 3-MnO»
or 3-MnO,, depending on the preparation conditions. However,
Oscarson et al. [22] reported that any type of MnO, can effec-
tively remove As(III) via oxidation and adsorption. The redox
potentials of Mn(III)/Mn?* and Mn(IV)/Mn>* are +1.50 and
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Fig. 9. Breakthrough of total arsenic at middle and final sampling position with
variation of operating time.
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Fig. 10. Percent oxidation of As(IIl) at three different sampling position with
variation of operating time.

+1.23 'V, respectively. As the redox potential of As(III)/As(V) is
+1.18 V, As(Ill) can be thermodynamically oxidized to As(V)
by both Mn(III) and Mn(IV).

Mn(IIHOOH(s) + 3H' +e~ = Mn>* +2H,0,
E'= 4150V (D

Mn(IV)Os(s) + 4HT 4+ 2¢~ = Mn>* +2H,0,
E'= 4123V )

As(IID) — As(V), E°= +1.18V 3)

As shown in Fig. 9, the breakthrough of total arsenic started
after 18 days, with complete breakthrough occurring after 150
days. The total arsenic absorbed onto the MCS after complete
breakthrough was 79.0mg for 1kg of the MCS. Therefore,
MCS acts as an oxidant for As(III) as well as an adsorbent
for As(V). The possibility of the adsorption of As(V) onto
the MCS has been verified by our previous result obtained
in a batch experiment with variation in pH [15]. The max-
imum adsorption of As(V) onto the MCS was reported to
be 60mgkg!, which was somewhat lower than the As(V)
removed in the column experiment in this work. The ICS has
also been reported to have a greater capacity for the removal
of As(V) than As(IIl), as well as for the removal of As(V)
compared to the MCS. Therefore, the As(V) not removed by
the MCS bed was removed by the ICS, with a very lower
concentration of total arsenic observed in final effluents. Over
the entire reaction period, the effluent pH was little changed
from that of the initial influent, which was between 6.5 and
7.0.

In order to investigate the stability of the iron and manganese
coated onto the ICS and MCS, respectively, during the column
test, soluble iron and manganese in samples collected from all
of the sampling positions were analyzed. Fig. 11 shows that dur-
ing the initial reaction the dissolution of Mn?* was rapid, and
then reached to a maximum concentration of 2 mg L™!. After 60
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Fig. 11. Variation of the soluble Mn and Fe concentration at middle and final
sampling position with variation of operating time.

days, a reasonably constant Mn>* concentration was observed.
In the case of iron, the maximum concentration (~1 mgL~")
was observed at around day 44. During the entire reaction
period, the soluble iron released was always below the emis-
sion standard for iron (2 mg L~ 1) into clean water areas within
KOREA. However, the soluble Mn2* released during the ini-
tial reaction reached that of the emission standard (2 mg L h.
Therefore, if a filtration system packed with both ICS and
MCS is applied in the treatment of groundwater or surface
water contaminated with As(III), further studies on the sta-
bility of MCS or a post-treatment system of Mn®* will be
required.

The variation in the head loss of the column system during the
process is shown in Fig. 12. Each & denotes the height difference
in relation to the top of the column system. The head losses in
the MCS bed were expressed from /1 to #4 and those in the
ICS bed from £S5 to h8, depending on the height of reactor. No
distinct variation in the head loss was observed at all points
over the entire reaction period. This result distinctly suggests
that the filtration system used in this study can be applied long
term, without losing any retention time during the operating
process.

10

Hydraulic Head (dh(cm))

Time (days)

Fig. 12. Variation of head loss at each sampling position.

4. Conclusions

From this research, MCS and ICS were identified as good
filter materials for the removal of As(IIl) through the promis-
ing oxidation efficiency of As(IIl) to As(V) by the MCS and the
adsorption of As(V) by both the MCS and ICS. In a pilot-column
reactor, the breakthrough of total arsenic in the mid-sampling
position began after 18 days; however, the concentration of
As(III) in the effluent was below 50 wg L~! up to day 61 due to
the sufficient oxidizing capacity of the MCS for As(IIl). When
complete breakthrough of total arsenic occurred, the total arsenic
removed by the MCS was 79.0 mg with 1 kg of MCS, suggest-
ing MCS acts as an oxidant for As(IIT) as well as an adsorbent
for As(V). In addition to the efficient removal efficiency of
As(III), the filtration system with both MCS and ICS showed
no significant head loss over the entire reaction period.
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