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a  b  s  t  r  a  c  t

This  work  demonstrates  the  synthesis  of  a novel  KMnO4-modified  form  of  iron  oxide,  MnBT-4,  using  a
fluidized  bed  reactor  (FBR)  for the  adsorptive  removal  of  arsenic  (III)/(V).  Characterization  by  XRD,  BET,
and  SEM  indicated  that  the  BT-4  support  was  poorly  crystallized  goethite  (�-FeOOH)  with  a specific  sur-
face  area  of 229  m2 g−1. In  FBR  experiments  of synthesizing  MnBT-4,  the  Fe  and  Mn  salts  were  found
to  have  an  optimal  dosage  ratio  of  less  than 4, which  maximized  the  KMnO4 immobilization  efficiency.
eywords:
luidized bed reactor
oethite
xidation

mmobilization

The  immobilized  Mn  compounds  on MnBT-4  underwent  an additional  oxidation  step  of  As  (III),  promot-
ing  arsenic  adsorption.  When  applied  MnBT-4  for  As  (III) removal  from  solution,  the sorption  isotherm
was  accurately  fitted  with  Langmuir  and  Freundlich  models,  while  the  maximum  adsorption  capacity
of  27.4  mg g−1 exceeded  those  of  other  adsorbents  in  the  literature.  Batch  experimental  results  revealed
that  both  raw  BT-4  and  MnBT-4  could  take  up  a large  amount  of  As (V).  However,  the  MnBT-4  provided
a  substantially  higher  As  (III)  removal  efficiency  than  BT-4.
dsorbent

. Introduction

Little arsenic is present in the natural environment but it can
e found everywhere because it dissolves out of soil and weath-
red rock. However, human civilization, including agricultural,
raditional and Hi-tech industry, has produced a large amount of
astewater markedly increasing the arsenic content in water. The

ong-term uptake of bio-accumulated arsenic in water and food is
armful to the vital organs, posing a serious health risk to humans.
he World Health Organization (WHO) in 1993 has set a guide-
ine limit of 10 �g L−1 in drinking water. In natural water, arsenic
s typically present in inorganic forms, of which As (III) and As (V)
ominate. Arsenite [As (III)] is much more toxic, soluble and mobile
han arsenate [As (V)]. Besides, in the normal pH range (pH 6–8), As
III) preferentially exists in an uncharged form (H3AsO3

0), which is
he dominant species in groundwater [1],  and is much more diffi-
ult to remove by conventional physicochemical methods than is
s (V) [2].

Several approaches, including adsorption [3],  ion-exchange [4],
recipitation [5],  coagulation [6,7], filtration [8,9], and reverse

smosis [10], have been developed for arsenic removal from water.
mong these, adsorption is considered to be easy and cost-efficient.
uch research on appropriate adsorbents for removing arsenic has
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recently been conducted. Iron oxides are the most popular adsor-
bents owing to their high affinity for inorganic arsenic species
[11–15]. However, As (III) adsorption is generally less effective than
the As (V) adsorption. To overcome this difficulty, the use of a binary
oxide, comprising manganese oxide as an oxidant and iron oxide
as an adsorbent, has been proposed [16]. Manganese oxides have
been extensively studied as oxidizing agents specifically for oxida-
tion of As (III), while Mn  (IV) has been reduced to Mn  (III) and to
Mn (II), as in reactions (1)–(3) [17–19].

H3AsO3 + MnO2 + 2H+ ↔ H3AsO4 + Mn2+ + H2O (1)

H3AsO3 + 2MnO2 ↔ 2MnOOH + H3AsO4 (2)

H3AsO3 + 2MnOOH + 2H+ ↔ HAsO4
2− + 2Mn2+ + 3H2O (3)

However, manganese oxide is not a suitable adsorbent for
removing arsenic [20]. Hence Zhang et al. [21] investigated a
novel Fe–Mn binary oxide as adsorbent for efficiently removing
arsenic. When the redox system is maintained at pH 7–8, the
dissolved ferrous and permanganate salts coprecipitated as the
ferrous–manganese base hydroxide:

3Fe2+ + MnO4
− + 4OH− + 3H2O → 3Fe(OH)3(s) + MnO2(s) + H+ (4)

The pre-oxidation of As (III) by the MnO2 fraction apparently
promotes the removal of total arsenic from water by the iron oxide
fraction.
To the best of the authors’ knowledge, ease of recycling and
reuse are keys to the selection of a candidate adsorbent. Although
it has a high capacity to uptake and remove As (III), the nano- to
micro-meter-scaled precipitates of Fe–Mn binary oxide may not be

dx.doi.org/10.1016/j.jhazmat.2011.10.010
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ffective for practical arsenic treatment. Hence, this investigation
pplies a masking concept, in which the Mn  species is trapped onto
he surface of a millimeter-scale BT-4 substrate in a fluidized bed
eactor (FBR). When the hydraulics of FBR are properly controlled,
T-4 as a support can recovery the products of the redox reac-
ion between ferrous and permanganate salts in solution. BT-4 is a
aste iron oxide obtained from the real fluidized bed-Fenton (FBR-

enton) instruments [22]. Since the FBR-Fenton process performed
he long-term wastewater treatment, the derived iron hydroxide
as been homogeneously crystallized, and the crystals accumu-

ated as particles of half to several millimeters in the reactor. Hence,
he use of a BT-4 support can increase the cost-efficiency and ease
f separation and disposal for the synthesis of the adsorbent, and
urther for arsenic removal.

Our previous studies have explored the capacity of BT waste iron
xide as an excellent adsorbent for removing F−, PO4

3−, Cu2+, and
b2+ because it has a high surface area and porosity [22–25].  Based
n the concept of synthesizing Mn–Fe binary oxide in the litera-
ure [16], a fluidized bed reactor was utilized herein to perform the
imultaneous co-precipitation and immobilization of Mn–Fe oxides
n BT-4 iron oxide. The extent of immobilization of Mn  on BT-4 was
xamined as a function of reaction time was by varying the initial
e (II)/KMnO4 ratio in solution. The MnBT-4 adsorbents that were
ormed by treating BT-4 with Mn  were therefore used to explore
he adsorption capacity of As (III). In addition, the efficiencies of BT-

 with and without Mn  immobilization in the adsorptive removal
f As (III) and (V) were compared.

. Materials and methods

.1. Materials

All chemicals were of analytical grade and used without purifi-
ation. The As (III) and As (V) stock solutions were prepared using
aAsO2 and NaHAsO4·7H2O, respectively, which were purchased

rom KANTO CHAMICAL CO., INC. FeCl2 and KMnO4 were sup-
lied by J.T. BAKER. All solution samples that were used in the
BR process and the adsorption experiments were prepared using
eionized water (conductivity >18.3 M�)  that had been purified
sing a laboratory-grade RO-ultrapure water system.

A BT-4 support was obtained from a real FBR-Fenton instru-
ent which was used to treat tannery effluent wastewater. The
icro morphology and the surface composition were observed

sing a scanning electron microscope (SEM, EOL JSM-6700F)
nd an energy dispersive spectrometer (EDS) (Oxford INCA-400).
rystallization was measured using X-ray diffraction (XRD), a
ounter diffractometer (Rigaku RX III) with Cu K� radiation. The
runauer–Emmett–Teller (BET) surface area (m2 g−1), micro-pore
rea (m2 g−1), external surface area (m2 g−1), total pore volume
cm3 g−1), and adsorption average pore diameter (Å) were mea-
ured using a surface area/porosity analyzer (Micromeritics ASAP
010).

.2. Synthesis of Mn-immobilized BT-4 (MnBT-4)

Fig. 1 presents the laboratory scale fluidized bed reactor (FBR)
hat was used to synthesize the MnBT-4 adsorbent. The FBR is a
lass column with an internal diameter of 2 cm.  The total height and
atch volume are 80 cm and 550 mL,  respectively. Firstly, 450 mL
f deionized water was injected; BT-4 particles were loaded in the
BR, and the bed expansion was maintained at 50% by controlling

he upstream flow rate. The pH of the solution that circulated in the
BR was kept at 3 by adding NaOH and HCl. Pre-conditioned salt
olutions at known concentrations (FeCl2 = 50 mL,  KMnO4 = 50 mL)
ere then fed into FBR to carry out the reaction. The final recovered
Fig. 1. Schematic fluidized bed reactor (FBR) for synthesizing MnBT-4 and arsenic
adsorption experiments.

MnBT-4 sample was  dried at 105 ◦C for 4 h and stored in a desicca-
tor for subsequent use. Throughout the reaction period of 6 h, the
residual Mn  in the supernatants that were sampled from the efflu-
ent at fixed time intervals was analyzed using an atomic analysis
spectrometer (AAS, SensAA Dual).
2.3. Batch As (III)/(V) adsorption experiments

The arsenic adsorption experiments were also conducted in an
FBR system. After the BT-4/MnBT-4 adsorbents (2.5 g) that were
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Table 1
Characterization of BT-4.

Properties Value

Average particle size, mm 0.25–1
Total iron content, mg g−1 620
Apparent density, g cm−3 1.43
True density, g cm−3 2.41

Therefore, excess Fe (II) relative to KMnO4 retarded the formation
of MnBT-4.

Notably, Mn  immobilization occurred in the absence of ferrous
ions (Fe/Mn ratio = 0), indicating that BT-4 iron oxide also served as
ig. 2. Scanning electron microscopic (SEM) observation of BT-4 with magnitude
a)  300× and (b) 10,000×.

oaded in the FBR were fluidized using 500 mL  deionized water, the
re-conditioned As (III)/(V) solution (50 mL)  was injected to per-
orm the adsorption experiment. Throughout the reaction period
f 24 h, the solution pH was initially maintained at 3 by adding HCl
nd NaOH periodically. The As (III) adsorption isotherm for MnBT-4
as determined in a 500 ml  glass vessel, with initial arsenic concen-

rations from 70 to 270 ppm. The extracted samples were filtered
hrough a 0.45 �m membrane and the As concentrations of the
olution were analyzed by an inductively coupled plasma-optical
mission spectrometer (ICP-OES, ULTIMA 2000, HORIDA).

. Results and discussion

.1. Characterization of BT-4 iron oxide

Fig. 2 displays an SEM micrograph of BT-4 iron oxide in the
orm of millimeter-scale and rounded granular grains. Under higher

agnification, the morphology is observed to be rough and the
rregular surface of BT-4 exhibits locally aggregated hard nano-
ized crystallites. The high specific surface area of 229 m2 g−1 of
T-4 agrees in Table 1 agrees with SEM observations (Fig. 2). The
any adsorption sites, bulk density of 1.56 and true density of

−1
.38 g cm accompany a granular size of 0.25–1 mm.  These prop-
rties suggest that BT-4 is formed from fine iron hydroxide sludge,
ewatering and compacting into hard aggregates. The XRD pat-
ern in Fig. 3 reveals that BT-4 is goethite, as determined using the
BET specific surface area, m2 g−1 229
Pore volume, cm3 g−1 0.25

JCPDS diffraction standard, �-FeOOH phase. Moreover, the broad-
ened peaks and noisy background reveal that the crystallinity of
BT-4 is low.

3.2. KMnO4-modified BT-4, MnBT-4

MnBT-4 was  prepared by immobilizing the production of the
redox reaction between potassium permanganate (KMnO4) and
iron chloride (FeCl2) using BT-4 (40 g) as a support in an FRB.
To avoid the precipitation of ferrous hydroxide and oxidation,
the initial pH in FBR was fixed at 3. The initial concentration
of potassium permanganate was  conditioned to a fixed value
([MnO4

−] = 35 ppm), and the Fe (II) was adjusted to have the molar
ratio (Fe/Mn ratio) to be 0, 1, 2, 4, and 6, respectively. The results
in Fig. 4 demonstrate that the Fe/Mn ratio markedly affected the
removal of Mn  from solution. When the ratio was 1, the concentra-
tion of Mn  was lower than 3 ppm after 6 h, indicating that 90% of Mn
had been removed. However, the Mn  removal efficiency declined
as the Fe/Mn ratio increased, and an overdose of Fe (II) may  affect
the extent of Mn  immobilization on BT-4. The change in Mn  con-
centration in solution can be explained as follows. The reduction of
permanganate by ferrous ions proceeded in two stages [26,27];  ini-
tially, the ferrous ions reduced Mn7+ to Mn4+, and co-precipitates
FeOOH and MnO2 were immobilized by the BT-4 iron oxide:

3Fe2+ + MnO4
− + 4H2O → FeOOH(s)-BT-4 + MnO2(s)-BT-4 + 5H+ (5)

Nevertheless, the ferrous ions might further reduce Mn4+ to
Mn2+:

2Fe2+ + MnO2(s) + 4H2O → 2FeOOH(s)-BT-4 + Mn2+ + 2H+ (6)

Accordingly, the manganese oxides on BT-4 would reacted with
a sufficient dose of free Fe (II), especially when the Fe/Mn ratio
exceeded 2, and dissolved with the release of Mn2+ into solution.
Fig. 3. X-ray diffraction (XRD) pattern of raw BT-4.
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ig. 4. Effect of Fe (II)/KMnO4 ratio on Mn removal from the solution (initial
MnO4

−] = 35 ppm, BT-4 = 40 g).

 reductant of KMnO4. Since Fe (II) was the catalyst of the genera-
ion of hydroxyl radicals during the formation of BT-4 in the Fenton
rocess, the residual reactant FeSO4 probably accumulated on BT-
, as evidenced by the trace amount of sulfate compound that was
etected by the EDS analysis of the series of BT adsorbents in the
uthors’ earlier investigation [25].

Since KMnO4 was reduced by BT-4 alone, the effect of initial
n  concentration on the amount of prepared MnBT-4 without the

ddition of ferrous ions was further evaluated using the FBR sys-
em. A 40 g mass of BT-4 was reacted with various doses of KMnO4
[MnO4

−] = 35, 70, 175 and 350 ppm), while the initial pH was fixed
t approximately 3. Fig. 5 reveals that the amount of immobi-

ized Mn  increased with initial KMnO4 concentration. However, the
mmobilization efficiency was not proportional to the KMnO4 dose.
fter the reaction had proceeded for 24 h, the amounts of residual

ig. 5. Effect of initial KMnO4 concentration ([MnO4
−] = 35, 75, 175 and 350 ppm)

n the Mn loaded onto BT4. (BT-4 = 40 g.)
Fig. 6. Adsorption isotherm for As (III) by MnBT-4. (MnBT-4 = 2.5 g, pH = 3.)

[MnO4
−] in solution were 0.2, 0.71, 82.4 and 255 ppm, and the cal-

culated amounts of [MnO4
−] loaded onto per gram of BT-4 were

0.48, 0.94, 1.24 and 1.43 mg,  respectively. The BT-4 sample that
was treated with an initial [MnO4

−] of 175 ppm was selected as the
MnBT-4 adsorbent in subsequent arsenic adsorption experiments.

3.3. Adsorptive removal of arsenic using MnBT-4

The capacity of the MnBT-4 adsorbent to adsorb As (III) was
evaluated from the adsorption isotherms that are plotted in Fig. 6.
The Langmuir and Freundlich models were utilized to identify
the adsorption isotherm data as follows, where Q is the amount
adsorbed at equilibrium (mg  g−1), and Ce is the equilibrium arsenic
concentration (ppm):

Freundlich model : Q = KFC1/n
e (7)

Langmuir model : Q = KLQmCe

1 + KLCe
(8)

Both models can be modified by linear regression:

Freundlich model : ln Qe = ln KF + 1
n

ln Ce (9)

Langmuir model :
Ce

Qe
= 1

QmKL
+ Ce

Qm
(10)

As shown in Fig. 7, the high regression coefficients (R2 > 0.95)
suggested that the As (III) adsorption isotherms were closely fit-
ted using both models. Table 2 presents the isotherm parameters

that were determined from the regression of the experimental
data. KF and n are related to adsorption capacity and intensity of
the sorption, respectively, while KL denotes the affinity of bind-
ing sites. At an n of one to ten, the Freundlich model indicates

Table 2
Langmuir and Freundlich isotherm parameters for As (III) adsorption on MnBT-4
adsorbent.

Langmuir model Freundlich model

Qm, mg g−1 KL, L mg−1 R2 KF, L mg−1 n R2

27.4 0.066 0.957 4.41 2.62 0.9786
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Fig. 7. The As (III) adsorption isotherm of MnBT-4 fitted with (a) Langmuir, and (b) Freundlich models.

Table 3
Summary of adsorption capacity values of As (III) on different adsorbent materials in recent literatures and present study.

Adsorbent As (III) concentration Surface area, m2 g−1/particle size Capacity, mg  g−1 Ref.

Ferro-compounds
Zero-valent iron 50 ppm 3/8–50 mesh 7.5 [28]
Mn–Fe hydroxide 10 ppm 101/100 nm 4.58 [29]
Fe–Mn binary oxide 0.1 mM 265/26 �m 120 [21]
Iron  oxide, Fe2O3 1 ppm < 100 nm 1.94 [30]
Hematite 0.1 ppm 50/30–350 nm 2.1 [31]
Schwertmannite 1 mM 200/250 nm 9.75 [32]
MnBT-4 70 ppm 229/0.25–1 mm 27.4 Present study
Oxides
Laterite 5 ppm 0.3–0.6 mm 0.2 [33]
Modified alumina 20 ppm 200/1–10 �m 10 [34]
LDHs  2 mM 1–10 �m 30 [35]
Cupric oxide 100 ppm 85/12–18 nm 26.9 [36]
Minerals

 �m <0.5 [37]
<0.05 [38]
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Mica 10 ppm 10/2–50
Clay  aggregate 0.15 ppm <2 �m 

avorable adsorption. The n value calculated in this study, 2.62,
mplies that MnBT-4 is well suitable for arsenic adsorption. The

aximum adsorption capacity, Qm, that was estimated using the
angmuir model is 27.4 mg  g−1. MnBT-4 has a higher adsorption
apacity than recently identified adsorbents for As (III) removal,
ncluding ferro-compounds, oxides, and clay minerals, as reviewed
n Table 3. However, these adsorbents in the literature have a com-

on  feature: a higher specific surface area is normally associated
ith smaller particles on the nano- or micro-scale. This fact is a
ajor shortcoming, which may  be responsible for secondary pol-

ution when such an adsorbent is used to treat real wastewater. By
ontrast, not only the porosity structure of BT4 could provide high
pecific surface area, but also the ease of free settling of hard aggre-
ates makes BT-4 act as a more versatile adsorbent for practical
reatments to remove arsenic.

Fig. 8 compares the As (III)/(V) adsorption efficiencies of BT-4
nd MnBT-4 adsorbents. Clearly, both BT-4 and MnBT-4 adsorbents
emoved more than 95% of As (V) in 24 h, verifying that the iron
xide substance of BT-4 was effective for As (V). However, less than
0% of As (III) was removed in 24 h using BT-4, whereas 80% was
emoved using MnBT-4. Although raw BT-4 had a moderate capac-

ty to adsorb As (III), Mn-modified BT-4, MnBT-4, had a higher As
III) removal efficiency. This work met  the goal of developing an
dsorbent with an oxidative function and many adsorption sites
or arsenic removal.
Fig. 8. As (III)/(V) adsorption efficiency of BT4 and MnBT-4 (adsorbent dosage = 2.5 g,
initial [As] = 70 ppm, pH = 3).
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. Conclusions

Based on the concept of an Mn–Fe binary oxide for arsenic
emoval, an MnBT-4 adsorbent was developed. The KMnO4 could be
mmobilized on BT-4 in a fluidized bed reactor (FBR). The trace Mn
pecies that was trapped on MnBT-4 using the hydraulic system in
BR acted as a reductant, while the BT-4 substrate had a high surface
rea (229 m2 g−1) for the adsorption of arsenic ions. A Fe/Mn dosage
atio of less than four was found to yield highly efficient Mn  immo-
ilization. However, Mn  compounds were immobilized without the

ntroduction of ferrous ions to the FBR, implying that the Fe (II) pre-
xisted in BT-4. The adsorption isotherm that was  fitted using the
angmuir model suggests that MnBT-4 has a high adsorption capac-
ty, 27.4 mg  g−1, for As (III). MnBT-4 has a higher As (III) removal
fficiency of over 80% than BT-4 which has a removal efficiency
f 65%. Millimeter-scale MnBT-4 is more effective in solid–liquid
eparation than nano-scale coprecipitates of Mn  and Fe salts in the
iterature. Also, sustainability factors make MnBT-4 an attractive
dsorbent for removing aqueous As (III).
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