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a  b  s  t  r  a  c  t

Arsenic  was  detected  in  a red mud  (RM)  produced  during  alumina  production  from  bauxite  known  as
the Bayer  process.  The  transporting  RM  was  a  mixture  of RM solid  phase  (RMsf)  and  RM  liquid  phase
(RMlf).  The  mass  content  of  RMsf  in  RM is about  30–40%.  The  alkalinities  concentrations  in  the  RMlf
were  in  a  range  of 37.2  ×  103 mg/l  to 51.5  ×  103 mg/l.  Acidification  by  CO2 or  waste  acid  (WA)  combined
with ferrous  (Fe2+) treatment  was  evaluated  for arsenic  immobilization  in  the  RM.  The  aqueous  arsenic
concentration  in the  RMlf  decreased  from  6.1 mg/l  to 0.5 mg/l  and  0.06  mg/l with  the  addition  of  CO2 and
WA,  respectively.  Ferrous  was  then  added  to decrease  the  aqueous  arsenic  concentration  to  be  lower
rsenic immobilization
cidification
errous
ed mud

than  0.05  mg/l.  The  cost-effective  dosages  of CO2 or WA  were  80.1  g/l  or 26.7  g/l, and  the corresponding
dosages  of ferrous  were  both  6 g/l. A  23 full  factorial  design  was  employed  to  evaluate  the  importance
of  chemical  components  of  the RM  in the  cost  of arsenic  immobilization.  High  concentrations  of  arsenic
and  alkalinities  in  the RM will  increase  the  cost  while  the  effects  of alumina  contents  varied  during  the
different  acidifications.  Dissolvable  arsenic  in  the RMsf  was  8.2%  and  9.5%  after  the  CO2 and  WA  combined

ctive
ferrous  treatments,  respe

. Introduction

Each year, about 120 million tons of alumina are produced all
ver the world [1].  Generally, 1–1.5 tons of red mud  (RM) will be
roduced with each ton of alumina produced. RM has accumulated
ver the years and caused serious environmental problem because
f its high alkalinity and large amount [2].  Although researches have
ocused on the reutilization of RM [3–5], large amounts of RM are
till disposed during alumina production.

RM is usually transported to the RM disposal area in the form of
 mixture of solid phase (RMsf) and liquid phase (RMlf). The trans-
orting RM has a solid content of 30–40%. The RMsf is disposed in
he RM disposal area and the RMlf is recycled or discharged after
reatment. The chemical compositions of the RM were affected by
auxites and additives in alumina production. Arsenic was  detected
s a harmful component in the RM,  which is a neurotoxic mate-
ial which poses great threat to human health. It was  reported
hat arsenic was contained in the RM (110 mg/kg dry mass) and

nleashed by the spill during Hungarian reservoir wall cracks in
010 [6].  Mobilized arsenic in the RM posed a risk for environment
nd human health.

∗ Corresponding author. Tel.: +86 10 62849198; fax: +86 10 62849198.
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ly.
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Therefore, arsenic immobilization is significant in the RM
disposal. There were numerous studies that focused on aque-
ous arsenic removal or immobilization [7–9]. Up to now, many
approaches such as coagulation/precipitation, adsorption, mem-
brane treatment and biological methods were increasingly being
used for aqueous arsenic removal or immobilization. Coagula-
tion/precipitation was widely used for its simplicity and low-cost
nature, especially in developing countries [10].

It was  reported that a high concentration of carbonate inhib-
ited aqueous arsenic removal by coagulation/precipitation [11,12].
The complex chemical composition of the RM,  especially the
high concentration of alkalinities, could affect the arsenic immo-
bilization efficiency. Therefore, a cost effective technology with
high arsenic immobilization efficiency is significant for the RM
treatment.

Aqueous arsenic immobilization in the RM has not been
reported previously. The main objective of this work was to inves-
tigate a cost effective technology for arsenic immobilization in
the RM.  Carbon dioxide (CO2) is produced from sintering process
for alumina production in the No. 1 factory of Shandong Branch,
Aluminum Corporation of China. Industrial waste acid (WA) is
a low-cost byproduct. Therefore, CO2 and WA  were used as the

cost-effective acidifier in this work. The arsenic contained RM sam-
ples were collected from the No. 2 factory of Shandong Branch,
Aluminum Corporation of China. The effects and costs of arsenic
immobilization technologies in treating RM were evaluated.

dx.doi.org/10.1016/j.jhazmat.2011.10.055
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lyr2006xd@yahoo.com.cn
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Because of the base condition and buffer ability of RM,  the
leachability test did not follow the standard TCLP test. A four-
stage water elution test [13] was carried out to determine the
arsenic retention in the RMsf. Briefly, after freeze-drying, 1 g of
Sample  sit e

Fig. 1. Schematic explanation of the 

. Materials and methods

.1. RM samples

The RM samples were provided by the No. 2 factory of Shan-
ong Branch, Aluminum Corporation of China. Two samples were
ollected at the sample site (before diaphragm) in February and
ctober 2010, as shown in Fig. 1

The RMsf contents in these two samples were about 30–40%
w/w). The chemical compositions of RMsf and RMlf were eval-
ated after solid–liquid separation. The RM was centrifuged at
000 rpm for 20 min; after that, RMlf and RMsf were collected. The
Mlf were filtered through 0.45 �m PVDF membrane filters, and
he chemical compositions were evaluated. The RMsf were washed
ith deionized water three times and then dried at 75◦C. An X-ray
iffractometer (ShimadzuXRD-6000) operated at 40 kV and 30 mA.
u K� (l = 0.15418 nm)  radiation over the range of 2 from 10 to 80◦

as used to identify the crystal structure and crystallinity. The main
ineral phases of the RM were hematite, anatase, quartz, CaCO3

nd �-Al(OH)3.

.2. WA  pre-acidification

Industrial waste acid (WA, mainly hydrochloric acid) was  pro-
ided by Zibo City Economic and Trade Co., Ltd. The free H+

oncentration in WA  was 5.9 M.  WA  was quantitatively added to
 1000 ml  RM,  which was placed in a plastic jar. The mixture
as mixed with a stirrer at 300 rpm for 20 min  and the pH was
easured. A 20 ml  volume of RM was collected after WA pre-

cidification. The collected RM was centrifuged at 8000 rpm for
0 min. The RMlf were filtered through a Type HA filter (0.45 �m,
illipore) and the chemical compositions of elements were mea-

ured. The RMsf were 24 h continuous freeze drying to preserve the
riginal structure of the mineral phase.

.3. CO2 pre-acidification

A schematic diagram of the aeration equipment is shown in
ig. 2. Carbon dioxide was provided by a high-pressure gas cylinder
nd the aeration rate of 100 ml/min was controlled by a rotame-
er. The aeration time and flow rate were used to calculate the
mount of carbon dioxide. 1000 ml  of the RM was  placed in the
lastic beaker, which was mixed with carbon dioxide by a stirrer
t 500 rpm. A plastic cover was placed on top of the jar to improve
he gas utilization efficiency. The pH detector was placed in the
ar, and the results were measured during CO2 added. Meanwhile,

 20 ml  volume of RM was collected. The collected samples were

entrifuged at 8000 rpm for 5 min. The supernatant was filtered
hrough a Type HA filter (0.45 �m,  Millipore) and the chemical com-
ositions of elements were measured. The residue was  freeze dried
or 24 h to preserve the original structures of the RMsf.
 RM slurry after alumina production.

2.4. Iron precipitation

Ferrous stock solution was prepared by quantitatively dissolv-
ing FeSO4·6H2O (analytical grade) in deionized water. Ferrous was
added in the RM followed by 300 rpm mixing for 30 min  using a
multiple stirrer apparatus. Collected samples were treated by the
method previously described. Supernatants and residues were sep-
arated by a centrifuge (LD5-2A, Beijing Lab Centrifuge Co., Ltd.). A
leachability test was conducted to evaluate the mobility of arsenic
in the RMsf.

2.5. Cost evaluation

The cost for arsenic immobilization in the RM was  evaluated.
Total cost consisted of acidification and ferrous treatment. The costs
for RM transportation, gas purging, and mixing are only a small pro-
portion in the total cost. CO2 is produced and emitted directly in
No. 1 factory of Shandong Branch, Aluminum Corporation of China,
and the cost was not considered in the evaluation. Ferrous and WA
were about 23.3 US dollar/t and 6.2 US dollar/t, respectively. The
exchange rate of the RMB  against the US dollar was  about 1–6.5 in
2010. Furthermore, a 23 full factorial design was  employed to eval-
uate the importance of chemicals content in the RM on the cost of
arsenic immobilization. The different alumina, arsenic and alkalin-
ity concentrations were artificially prepared with analytical-grade
chemicals added to the RM samples.

2.6. Leachability test of arsenic in the RMsf by water elution
Fig. 2. Schematic explanation of carbon dioxide aeration system.
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he RMsf was  suspended in 10 ml  of deionized water. The suspen-
ions were shaken at 120 rpm for 1 h. After that, suspensions were
entrifuged at 8000 rpm for 20 min, and the supernatants were col-
ected. The precipitates of the first elution were re-suspended in
0 ml  of deionized water and eluated again. Equal parts of all four
upernatants were mixed and filtered by a Type HA filter (0.45 �m,
illipore), and the mixture was analyzed for mobile soluble arsenic

n the RMsf.

.7. Analytical method

The total arsenic was analyzed with an Atomic Fluorescence
pectrometer (AF-610A, Rayleigh Analytical Instrument Corp.,
hina). The method of As(III) detection was using a method by
ug [14]. Briefly, a pH5 citrate buffer (0.5 M disodium hydrogenci-

rate) was used instead of HCl, and only As(III) (and no As(V)) is
onverted to AsH3 under these conditions. Carbonate, bicarbonate
nd hydroxyl were measured by acid–base titration; phenolph-
halein and methyl orange were used as indicators. Chlorine and
ulfate radical anions were measured by ion chromatography (861,
etrohm). Alumina, iron, calcium, magnesium and silicon concen-

rations in the RMlf were analyzed on Inductively Coupled Plasma
tomic Emission Spectroscopy (ICP-AES, Prodigy). Chemical com-
ositions of RMsf were also measured by ICP-AES. To prepare
he RMsf samples for ICP-AES analysis, the dried solid samples
ere digested [Aqua regia (3 + 1 HCl–HNO3)] by a microwave oven

MARS, CEM).
Most experiments were performed in duplicate and the mean

alues were considered. The control experiments showed no
etectable arsenic, alumina or iron adsorbed on the walls of the
lass beaker or plastic centrifugal tube. In order to ascertain there
roducibility of results, a group of experiments was repeated twice
nd the results were found to vary within 5%.

. Results and discussions

.1. Chemical compositions of RMsf and RMlf

The main chemical compositions of the RMlf were
s follows: 1.5 × 103–3.1 × 103 mg/l Al, 4.0–11.3 mg/l As,
0.1 × 103–63.2 × 103 mg/l Na, and the total alkalinities TA,
O3

2− + HCO3
− + OH− ranged from 37.2 × 103 to 51.5 × 103 mg/l.

ther components such as Ca, Mg,  Si, and SO4
2− were detected at

ess than 3 mg/l. Pentavalent arsenic was the main species and the
ontent of trivalent arsenic was less than 0.05 mg/l.

The chemical compositions of the RMsf are shown in Table 1.
 high content of Na2O lead to a high alkalinity of RM.  There was

ittle arsenic detected in the washed RM.

.2. Pre-acidification treatment

Kinetic studies of pre-acidification treatment were conducted.
he pH, alkalinities and alumina contents in the RMlf showed little
iscrepancy in the first 24 h after CO2 or WA was added.

The main alkaline anions buffering the RM are HCO3
−/CO3

2−,
l(OH)4

− and OH−. There may  be a small amount of
2SiO4

2−/H3SiO4−/H4SiO4, PO4
3−/HPO4

2−/H2PO4
− and

O4
3−/HVO4

2− in RM.  Acid–base neutralization reactions were the
ain chemical processes after CO2 or WA  were added in the RM.
As the results of Fig. 3, after CO2 was added in the RM,  the CO3

2−

oncentration decreased and the HCO3
− concentration increased.

he concentrations of CO3
2− and HCO3

− decreased when WA was

dded. The concentration of aqueous Al decreased when CO2 or WA
as added.

The concentrations of alkalinities in the RMlf varied when WA
r CO2 was added during pre-acidification. Pre-acidification could
Fig. 3. Variations of alkalinities in the RMlf during acidification treatment. (a) With
CO2 added, (b) with WA added.

be divided into three stages with the gradual addition of CO2 or
WA,  the results are shown in Figs. 3 and 4. The similar stages of RM
acidification were reported before [15]. Free alkaline irons such as
OH−, CO3

2− and AlO2
− in the RMlf are mobile and accessible, they

were neutralized first after acidifier added during stage 1. After that,
buffer ions, mainly HCO3

−, and ionized surface hydroxyl groups on
the RMsf may  slow down the decrease of pH during stage 2. The pH
sharply decreased with acidifier added after buffer ions and surface
groups of RMsf were neutralized in stage 3.

The pH of the RM decreased from an approximately value 14–11
during stage 1 of acidification. About 12.9 g/l CO2 or 16 g/l WA
was added during this stage. About 3.5 × 103 mg/l OH− remained
in the RM.  Alkalinities (OH− + HCO3

− + CO3
2−) decreased signifi-

cantly by 40–45% in stage 1 of acidification. Meanwhile, about
63–72%AlO2

−, precipitated in this stage. Aqueous arsenic concen-
tration were 34.6% and 26.6% decreased after WA and CO2 were
added, respectively.

The total alkalinities fluctuated slightly during stage 2 of CO2
acidification from 31.6 × 103 mg/l to 32.4 × 103 mg/l. The CO3

2−

concentration decreased from 26.6 × 103mg/l to 17.1 × 103 mg/l,
mean while, the HCO3

− concentration increased from 5.0
×103 mg/l to 15.3 × 103 mg/l. The total alkalinities decreased from
51.5 × 103 mg/l to 27.1 × 103 mg/l in stage 2 of WA  acidification.
In the stage 2, aqueous arsenic concentration in the RMlf was
0.94 mg/l and 0.54 mg/l after 56.0 g/l WA and 63.3 g/l CO2 added,
respectively. 98.2% and 97.1% alumina precipitated in the stage

2 of WA and CO2 acidification, respectively. It was  reported that
aqueous arsenic may  be effectively removed by alumina pre-
cipitation. Removal of the soluble fraction was due to surface
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Table 1
Chemical compositions of the RMsf.
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tion consists two  steps: (1) green rusts (general formula:
Fe4(II)Fe2(III)(OH)12SO4·3H2O, Fe4(II)Fe2(III)(OH)12CO3·3H2O,
SiO2 (%) Fe2O3 (%) Al2O3 (%) C

RM residues 21.24 29.79 22.96 2.

nteractions between the arsenic and the aluminium flocs [16]. The
esults of aqueous arsenic removal during RM acidification were in
ccordance with the work reported by Altundogan et al. [17]. Pre-
ipitation of alumina in the RM played an important role in aqueous
rsenic treatment. Meanwhile, the adsorption of arsenic by alumina
xide and the RMsf were also of importance in arsenic removal.

The pH, arsenic, alumina and alkalinities in the RMlf remained
nchanged in stage 3 of CO2 acidification. Relatively, the pH
ecreased from 9.4 to 6.6 with a greater addition of WA in the
tage3. The CO3

2− concentration decreased to less than 10 g/l after
2.0 g/l of WA was added. Aqueous arsenic concentrations were
.06 mg/l and 0.52 mg/l after WA and CO2 acidification, respec-
ively. The RMsf was an effective absorbent for aqueous arsenic
emoval especially in neutral or acid circumstance [18–20].  Adsorp-
ion of arsenic by alumina flocs and RMsf could play an important
ole in stage 3 of WA acidification when the pH is less than 9.5 [17].

Aqueous arsenic concentration in the RMlf failed to meet the
hina Environmental quality standard for surface water (0.05 mg/l,

B3838-2002) after CO2 or WA  acidification. Further treatment was
onsidered after acidification treatment.
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ig. 4. Variations of alumina, arsenic and pH in RMlf during acidification treatment.
a) With CO2 added, (b) with WA added.
 TiO2 (%) Na2O (%) K2O (%) Ignition loss (%)

1.83 8.93 0.03 12.19

3.3. Arsenic removal by ferrous added

The kinetic studies of arsenic removal by ferrous precipitation
were previously investigated [21]. The arsenic adsorption equilib-
rium by iron oxide may  not be reached in this experiment. However,
the designed location to add the ferrous was  before the solid–liquid
separator in the RM disposal area. The interaction of iron oxide and
arsenic was  limited. Therefore stirring a mixture of ferrous and the
RM for 30 min  was considered to be proper and practical.

In order to meet the standard of GB3838-2002, the required
ferrous dosage was affected by the acidification process. Arsenic
removal efficiencies by ferrous were evaluated after acidification,
and the results are shown in Fig. 5. The initial arsenic concentra-
tion in ferrous treatment was determined by the amount of acidifier
added.

The formation of iron hydroxide after ferrous addi-
etc.) were first produced because of the partial oxidation of
ferrous. (2) Hydrous ferric oxides were produced after complete
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Fig. 5. Efficiency of aqueous arsenic removal from the RMlf by ferrous after different
acidification treatment. (a) CO2-ferrous treatment, (b) WA-ferrous treatment.
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Table 2
Chemical compositions of the RMlf.

Concentration in supernatants (mg/l)

As Al Ca Fe Si OH− SO4
2− Cl− CO3

2− + HCO3
−

Original 6.1 1.5 × 103 1.4 <0.1 0.8 3.5 × 103 0.8 × 103 2.3 64.0 × 103

WA treatment (pH < 8.0) 0.1 2.8 6.9 <0.1 6.0 N/A 0.4 × 103 1.5 × 103 9.7 × 103
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WA + ferrous treatment N/A 2.5 5.2 <0.1
CO2 treatment (pH < 8.0) 0.5 1.5 10.3 0.1
CO2 + ferrous treatment <0.05 1.2 9.1 0.3

xidation of green rusts [22,23]. The rate of Fe(II) oxidation is
xtremely slow at a pH lower than 6 and it rises sharply above
his pH [24]. Meanwhile, it was also reported that green rusts and
ydrous ferric oxides were effective in arsenic adsorption [25].
he mechanisms of iron–arsenic combination should be surface
omplexation and surface precipitation [26].

The main chemical components of the RMlf are shown in Table 2.
he concentration of calcium increased after WA or CO2 acidifica-
ion. It was possible that part of calcium dissolved from the RMsf
fter acidifier was added. The sulfate concentration showed little
hanges during acidification and significantly increased after fer-
ous treatment. The chlorine concentration increased due to the

A acidification. It was generally considered that the most effec-
ive competitive anions for arsenic adsorption were phosphate and
ilicate. The concentration of phosphate was below detection limit,
nd the concentration of silicate was lower than 10 mg/l in the RMlf.
he carbonates concentrations in the RMlf were 1.5 × 103 mg/l and
9.8 × 103 mg/l after 72.0 g/l WA and 80.1 g/l CO2 were added,
espectively. Compared with the huge amount of (bi)carbonates,
hosphate and silicon should not be the main factors that control
queous arsenic removal in the RM.

The (bi)carbonates concentrations decreased with WA  added.
eanwhile, the arsenic removal efficiency by ferrous improved
ith more WA  added. The results were consistent with former stud-

es that high (bi)carbonates concentrations inhibited the aqueous
rsenic removal by iron [27]. The pH was another important fac-
or that affected arsenic adsorption or co-precipitation with iron.
rsenic removal efficiency by ferrous was advantaged in neutral
r acid conditions. Also, arsenic removal by precipitated alumina
ould be increased by adding more acidifier [17]. More acidifier
ould reduce the ferrous needed for arsenic removal in the RMlf.

.4. Cost evaluation

Fig. 6 showed the relationship between ferrous and acidifier.
ess ferrous was required in the fully acidified RM.  The pH of the
M was about 9.5 when 29.7 g/l CO2 was purged during acidifica-
ion. In order to meet the 0.05 mg/l arsenic standard, the required
errous dosages should be about 10 g/l. When a greater amount of
O2 was purged, the required ferrous dosages was  decreased. Sim-
lar results were also shown in WA acidification when an increase
n WA dosages would decrease the required ferrous.

The lime-soda sinter process was used in the No. 1 factory of
handong Branch, Aluminum Corporation of China. The sintering

able 3
osts evaluation of arsenic immobilization in two  RM samples.

Samples Al As Alkalinities Outlet pH = 10.5 Costs
(dollar/m3)

WA + iron 

1# 3.1 × 1036.1 51.5 × 103
26.7 g/l (WA)

$ 0.326.0  g/l (FeSO4) 

2# 1.5  × 10311.3 37.2 × 103
18.7 g/l(WA)

$ 0.287.0  g/l (FeSO4) 
9.4 N/A 1.3 × 10 1.5 × 10 9.6 × 10
0.8 N/A 0.7 × 103 19.1 33.2 × 103

0.5 N/A 7.2 × 103 25.3 32.4 × 103

process during alumina production produces CO2, which can be
described by the following reactions:

2Al(OH)3 → Al2O3 + 3H2O

Al2O3 + Na2CO3 → Na2O · Al2O3 + CO2

Fe2O3 + Na2CO3 → Na2O · Fe2O3 + CO2

4CaCO3 + Al2O3• · 2SiO2 → 2(CaO)2 · SiO2 + Al2O3 + 4CO2

The generated CO2 in sintering process of alumina production
was discharged directly to the atmosphere. Therefore, the cost of
CO2 acidification in this work was mainly the capital investment,
such as air pump, aeration device and gas pipeline for short dis-
tance. The estimated cost of transporting and purging CO2 could be
less than 0.001 dollar/m3 considering the life circle of the equip-
ment. Therefore, the cost of CO2 was neglected in this work. The
costs of arsenic treatment were mainly consisted of the costs of WA
and ferrous. The costs of WA and ferrous were about 6.15 and 23.3
US dollar per ton respectively. The total costs of acidification com-
bined ferrous treatment are shown in Fig. 6. An amount of 26.7 g/l
WA combined with 6.0 g/l ferrous was cost-effective in the arsenic
treatment. In this condition, the pH of the RM was  about 10.5. Suffi-
cient CO2 combined with 6.0 g/l ferrous was the optimal condition
for arsenic treatment, and the pH of the RM was about 7.5.

The ingredients in the RM varied in alumina production. The
contents of alumina, arsenic and alkalinities in RM were the main
factors that influenced the required acidifier and ferrous dosages.
The cost for arsenic treatment for different RM samples were shown
in Table 3. The cost of WA-ferrous treatment was higher than CO2-
ferrous treatment. The cost of WA-ferrous treatment increased with
more WA added when the pH of the RM was lower than 10.5.
More WA added will reduce the required ferrous thus decrease the
amount of solid wastes.

A 23 full factorial design was  employed to evaluate the impor-
tance of alumina, arsenic and alkalinities on the cost of the RM
treatment, the results are shown in Table 4. The response variable
is total cost of the RM treatment. The factors were determined by
determining the chemical components of the RM at different times.
The matrix of three variables is varied at two levels (+1, −1). The

effects were designed as shown in Table 4. This table shows the val-
ues of the factors selected in this study. Analytical grades alumina,
arsenic and hydrochloric acid were added in the RM to obtain the
target concentrations of the orthogonal test.

Outlet pH = 6.5 Costs
(dollar/m3)

Outlet pH = 7.5 Costs
(dollar/m3)

WA  + iron CO2 + iron

72.0 g/l (WA)
$ 0.45

80.1 g/l (CO2)
$ 0.070.5 g/l (FeSO4) 3.0 g/l (FeSO4)

48.6 g/l (WA)
$ 0.31

56.2 g/l (CO2)
$ 0.140.5 g/l (FeSO4) 6.0 g/l (FeSO4)
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Fig. 6. Relationship of acidifier, ferrous and costs for controlling aqueous arsenic concent
treatment.

Table  4
Factors and levels used in the 23 factorial design study.

Factor Low level (−1) High level (+1)

t
c

Y

T
E

A

Alumina, mg/l (A) 1.5 × 103 3.1 × 103

Arsenic, mg/l (B) 6.1 11.3
Alkalinities, mg/l (C) 37.2 × 103 51.5 × 103
The costs of arsenic treatment (Y) were measured for each of
hese tests as shown in Table 5. A first-order model (Eq. (1)) was
hosen to fit the experimental data in Table 5:

 = b0 + b1A + b2B + b3C (1)

able 5
xperimental design matrix and results for the costs evaluation.

Run number Factor Y (CO2) Y (WA)

A B C

1 −1 −1 −1 0.14 0.26
2  1 −1 −1 0.05 0.27
3  −1 1 −1 0.18 0.28
4 1  1 −1 0.07 0.29
5  −1 −1 1 0.14 0.29
6  1 −1 1 0.05 0.32
7 −1  1 1 0.21 0.32
8  1 1 1 0.07 0.33

: alumina, B: arsenic, C: alkalinities.
ration in the RMlf lower than 0.05 mg/l. (a) CO2-ferrous treatment, (b) WA-ferrous

where Y = cost of arsenic treatment, b1 = coefficients, A = alumina
concentration, mg/l, B = arsenic concentration, mg/l, and
C = alkalinities concentration, mg/l. A regression analysis was
performed to fit the response function with the experimental data
(Table 5).

The results calculated from the trial runs are incorporated in
regression Eqs. (2) and (3) that can be shown as:

Y = 0.114 − 0.054A + 0.019B + 0.004C (2)

Y = 0.008 − 0.010A + 0.033B + 0.295C (3)

These equations revealed the effect of individual variables on
the cost of the RM treatment. As seen from Eq. (2),  arsenic and
alkalinities had positive effects on the cost of the RM treatment
in CO2 acidification. Meanwhile, more alumina contained in RM
will reduce the cost. However, as seen from Eq. (3),  alumina had
positive effect on the cost in WA acidification. A possible reason is
that more amount of WA was  required for alumina precipitation in
the acidification process.

3.5. Leachability test of arsenic in the RMsf
The concentrations of dissolved arsenic in the water eluates of
the ferrous treated RMsf were tested by four fold water elution.
The water elutes of four steps were collected and the arsenic
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Table 6
Arsenic concentrations in the RMlf, RMsf and leachability test.

Ferrous added, g/l

0 0.5 2.0 4.0 6.0

As in RMlf, mg/l (WA, pH = 10.5) 1.20 0.41 0.12 0.03
As  in RMsf, mg/g (WA, pH = 10.5) 0.8 × 10−2 0.9 × 10−2 1.0 × 10−2 1.0 × 10−2

Dissolvable As in RMsf, % (WA, pH = 10.5) 23.5 18.2 13.8 8.2
As  in RMlf, mg/l (WA, pH = 7.5) 0.06 0.03 0.01
As  in RMsf, mg/g (WA, pH = 7.5) 1.0 × 10−2 1.0 × 10−2 1.0 × 10−2

Dissolvable As in RMsf, % (WA, pH = 7.5) 43.1 17.8 6.5
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As  in RMlf, mg/l (CO2, pH = 7.5) 0.53 

As  in RMsf, mg/g (CO2, pH = 7.5) 0.9 × 10−2

Dissolvable As in RMsf, % (CO2, pH = 7.5) 21.3 

oncentrations are shown in Table 3. Arsenic concentrations in the
Msf were calculated by Eq. (4):

s = (6.1  − cl) × vl

ms
(4)

here cs is the arsenic contented in the RMsf, mg/g. cl is the arsenic
oncentration in supernatant of the RMsf, mg/l. vl is the volume
f supernatant of RM,  l. ms is the content of RMsf in RM,  g/l. There
ere about 0.7 l RMlf and 420 g RMsf in a 1 l RM sample. Therefore,

he following equation was obtained:

s = (6.1  − cl) × 0.7
420

(5)

Arsenic gradually transported from RMlf to RMsf with the
ddition of ferrous. The arsenic concentration in the RMsf was cal-
ulated by Eq. (5) and the results are also shown in Table 6.

To evaluate arsenic leachability in the RMsf, the percent of dis-
olvable arsenic in the RMsf was calculated as Eq. (6):

 = 0.04 × cw

cs
× 100% (6)

here p is the percent of dissolvable arsenic in the RMsf, %. cw is
he aqueous arsenic concentration after 4-fold water elution, mg/l.

The amount of dissolvable arsenic in the RMsf is shown in
able 6. Aqueous arsenic in the RMlf decreased after ferrous was
dded. It was shown that about 23.5% and 43.1% arsenic dissolved
rom the RMsf after 26.7 g/l and 72.0 g/l WA  added, respectively.
here was about 21.3% dissolvable arsenic in the RMsf after 80 g/l
O2 was purged. The percent of dissolvable arsenic decreased from
ore than 20% to less than 10% after ferrous treatment. The pH of

he RM was independent of the ferrous dosages because of the high
ontent of (bi)carbonates.

The specific surface of red mud  could be affected by the acidi-
cation process [28], which may  influence the arsenic adsorption
apacity of red mud. Some mineral phase mainly calcite, sodalite,
nd quartz were soluble in acidic environment, and the specific
urface area of red mud  increased after acidification by CO2 or
cid chlorine. Meanwhile, the arsenic adsorption capacity of RM
ncreased significantly after acidification [19,20,28].  Therefore, the
cidification process was advantaged for arsenic immobilization in
ed mud  sludge.

It was reported that ferrous sulfate applied in contaminated soil
an effectively reduce As mobility and phytoavailability. [29]. Oxi-
ation of Fe(II)to Fe(III) by dissolved oxygen occurred and described
y Eq. (7),  this reaction rate was fast in neutral or alkaline cir-
umstance [21]. Hydrolysis and precipitation of Fe(III)-hydroxides
esulted in the release of H+ as described in Eq. (8).  Higher concen-
ration of H+ decrease the concentrations of alkalinities and thus

ncrease the arsenic adsorption capacity of iron or alumina oxide.

e2+ + 1
4 O2 + H+ → Fe3+ + 1

2 H2O (7)

e3+ + 3H2O → Fe(OH)3 + 3H+ (8)

[

[

0.15 0.08 0.05
1.0 × 10−2 1. 0 × 10−2 1.0 × 10−2

17.0 12.4 9.5

4. Conclusion

The efficiency of arsenic immobilization in the RM by the WA  or
CO2 combined ferrous treatment was evaluated. Aqueous arsenic
concentration in the RMlf was  reduced to less than 0.05 mg/l after
acidification in the combined ferrous treatment. The CO2-ferrous
treatment was  more cost-effective than WA-ferrous treatment. The
required ferrous decreased as more acidifer added during acidi-
fication. The amount of dissolvable arsenic in the acidified RMsf
decreased with an increased addition of ferrous. Alumina content
in the RM increased the cost of WA-ferrous treatment.
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