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In situ remediation of a bauxite residue by integrating a storage area with CSIRO's soda recovery process was
evaluated. The process consisted of the following steps: bauxite residue is neutralized with sulfuric acid; the
slurry is separated into a neutralized residue and a leachate. The residue is sent to a storage area and washed
with rainfall. The leachate and drainage/runoff from the storage area are collected and purified; sodium sulfate
in the solution is then split into sodium hydroxide and sulfuric acid using bipolar-membrane electrodialysis. Fi-
nally, the sodium hydroxide is used in a Bayer refinery and the sulfuric acid is used for neutralization of bauxite
residue. This study investigated the optimum conditions and remediation of the bauxite residue. pH rebounding
was observed after sulfuric acid neutralization of bauxite residue. Considering this rebound, themost suitable pH
was set at 4.5. Washing remediated the residue to accomplish the goals for bauxite residue rehabilitation. Fur-
thermore, sodium hydroxide and sulfuric acid were recovered by bipolar-membrane electrodialysis. Cost-
benefit analysis for an assumed onemillion tons refinery showed 10% return on investment. Evaluation of the ad-
vantages of neutralized residue and technical improvements are expected tomake this process feasible for reme-
diation of bauxite residue.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Bayer process is the principal method for production of alumina
from bauxite. Silica in bauxite is digested with caustic soda to form a
solid-phase desilicated product (DSP), containing insoluble materials,
which is then separated from the sodium aluminate solution. The sepa-
rated bauxite residue (BR) or redmud is generally discarded into aman-
aged bauxite residue storage area (BRSA). Bauxite residue is
characterized by veryfineparticle size (dust) andhigh alkalinity,mainly
due to the DSP.

The nature, properties andmanagement of BR have been thoroughly
reviewed in a series of four papers (Power et al., 2011; Klauber et al.,
2011; Gräfe et al., 2011; Gräfe andKlauber, 2011).Methods ofmanaging
BR have developed from direct disposal of the slurry to dry stacking of
the filter cake or dense solid slurry, to the present practice of dry cake
storage. These developments have improved the physical safety of
BRSAs. Some refineries neutralize residues using seawater or carbon di-
oxide, but neutralization is mostly limited to treatment of the liquor
phase and the pH values achieved still exceed 9 to 10 (Cooling, 2007).
Upon closure of a BRSA, the area will ideally be rehabilitated to restore
the natural environment. At the rehabilitation, the alkaline residue
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surface requires to be amended conventionally by capping with natural
soil, gypsum, etc. before seeding or planting. Although, the main body
under the surface of the area still contains high alkaline residue even
after the rehabilitation. Therefore, the drainage and runoff from the
area are alkaline and it needs to be managed to maintain a safe and
eco-friendly environment: for example, continuing neutralization of
the waste water from the sites for many years after closure.

The difficulties associated with rehabilitation and the long period of
management required are caused by the alkalinity of the solid-phase
DSP present in the BR. When a BR slurry is neutralized at a target
pH 4–7with sulfuric acid, the pH is achieved immediately after addition.
But the immediately achieved pH is not a stable one. When the acid ad-
dition is suspended, the slurry pH increases again. The immediate de-
crease in pH with the addition of acid will neutralize the liquor phase
alkalinity, while the subsequent increase in pH (pH rebound) will be
caused by the solid phase alkalinity (Kirwan et al., 2013). Khaitan
et al. (2009) found that approximately 20 to 50 days were required
for neutralization reactions with HCl to maintain the target pH 4.6–8
for the long-term titration of BR slurry.

Davy McKee Ltd. (1994) patented a process to remove soda from
bauxite residue by using ion exchange resin. The process extracts Na
fromDSP/BR by ion exchange resin, and the resultant Na resin is treated
with sulfuric acid to regenerate. The sodium is then recovered as sodium
sulfate. They indicate for the recovery of sodium sulfate by two ways;
esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
12

http://dx.doi.org/10.1016/j.hydromet.2016.04.012
mailto:harato-takuo@jcom.home.ne.jp
Journal logo
http://dx.doi.org/10.1016/j.hydromet.2016.04.012
http://www.sciencedirect.com/science/journal/0304386X
www.elsevier.com/locate/hydromet
http://dx.doi.org/10.1016/j.hydromet.2016.04.012


2 M. Kishida et al. / Hydrometallurgy xxx (2016) xxx–xxx
one is recovery of sodium sulfate as product via crystallization, and the
other is recovery of sodium hydroxide through electrolysis in a mem-
brane cell or Aquatech System (bipolar-membrane electrodialysis).
They did not explain details of the recovery system. It is not clear for
us why an ion exchange resin is required to extract sodium from DSP/
BR.

Mineral acids can neutralize the residue to pH range of 6 to 9. The re-
sultant residue is expected to elute small amounts of Na, Al, and heavy
and tracemetals. Rainfall washing is also expected to be beneficial to re-
habilitation since this can remediate residues to low electrical conduc-
tivity and therefore low salinity soil.

Cooling (2007) suggested several disadvantages ofmineral acid neu-
tralization. Specifically, large volumes of reagent are required to fully
neutralize the residue, which represents a relatively high cost. Addition-
ally, the use of acid will also introduce large volumes of impurities and
dilution to the process water stream. Therefore, the return of any
water from the residue deposits will be unacceptable for use without
treatment to remove these added impurities.

Recently, CSIRO (CSIRO, 2012; Harato et al., 2012) developed a pro-
cess to recover soda from DSP/BR by sulfuric acid neutralization
followed by splitting of sodium sulfate into sulfuric acid and sodiumhy-
droxide using bipolar-membrane electrodialysis (BPED). Application of
bipolar-membrane electrodialysis to recover sodiumhydroxide and sul-
furic acid from sodium sulfate was indicated by Mani et al. (1988). We
believe that this process will provide a solution for the aforementioned
disadvantages reported by Cooling.

In the CSIRO process, BR is first leached at pH 4 to 4.5 with sulfuric
acid, after which the slurry is neutralized with sodium hydroxide at
pH 7, followed by solid–liquid separation and washing. The liquor sep-
arated from the neutralized residue is treated by BPED after liquor puri-
fication. The process offers a method of processing high-silica bauxites,
but the optimum pH for neutralization was not investigated with re-
spect to residue remediation, and residuewashing required evaporation
of the washing water to maintain the water balance in the process. The
sulfuric acid recovered is accompanied by high concentrations of so-
dium sulfate salts in case of two-compartment bipolar membrane elec-
trodialysis (2C-BPED) and when the acid is used the residue requires
extensive washing with water.

The objective of the present study was to find solutions to these
problems, develop an economic and ecological process for BR remedia-
tion, and recover sodiumhydroxide and sulfuric acid. The CSIRO process
was modified by integrating BRSA as a residue washing step and by
changing bipolar-membrane electrodialysis from two-compartment to
three-compartment system, because decreasing of salt will be achieved
with the recycled acid in the case. The optimum neutralization pH for
the residue was determined with consideration of long-term pH
rebounding. The neutralized residue was washed with water to simu-
late long-term washing by rainfall in the BRSA, then analyzed to deter-
mine if complete residue remediation was achieved. Purification of the
liquor and 3C-BPEDwere introduced to recover both sodium hydroxide
and sulfuric acid. A cost–benefit analysis was carried out to evaluate the
proposed process and identify features that could improve its feasibility.

2. Concept of remediation process for bauxite residues

The proposed BR remediation process is shown in Fig. 1. The process
configuration is based on the CSIRO process, with some enhancements
to improve residue remediation. The following sections summarize
the steps of the process.

2.1. Sulfuric acid neutralization

BR from a Bayer process is first neutralized with sulfuric acid. One
objective of this study was to determine the optimum pH for acid neu-
tralization with consideration of the pH-rebounding phenomenon
(Kirwan et al., 2013). In the CSIRO process, BR is leached at pH 4.0 for
Please cite this article as: Kishida, M., et al., In situ remediation of bauxite r
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20 to 30min, followed by neutralization to between pH6 and 7with so-
dium hydroxide to precipitate alumina and silica. The present study
aimed to accomplish neutralization for both the liquid and solid phases
in the BR.

Sulfuric acid is used for acid neutralization because it is the least-
expensive mineral acid, and hydrochloric acid is unsuitable because it
dissolves lime compounds in BR and the resultant liquor contains high
concentrations of calcium ions that need to be removed before BPED
processing. Sulfuric acid recovered from BPED is re-used in this process.
The concentration of sulfuric acid recovered from 3C-BPED with a rea-
sonable current efficiency is expected to be 1 mol dm−3 (Harato et al.,
2012). The acid concentration is generally considered to be too diluted
for general application and one disadvantage of BPED. However, the
concentration is not a disadvantage for the neutralization of BR from
the point of re-pulping BR. If the acid concentration is very high, the vol-
ume of acid used for neutralization becomes very small. The solid con-
centration for neutralization will become too high to separate the
leachate from the solid. The amount of acid to be added for neutraliza-
tion and the resultant solid concentration of BR slurry will depend on
the content and extraction extent of Na2O in BR to achieve the optimum
leaching pH. And 1mol dm−3 sulfuric acid is an appropriate concentra-
tion for re-pulping BR with 500–1000 g dm−3 solid.

2.2. Solid-liquid separation and washing

The slurry is separated into neutralized residue (NBR) and leachate
by solid-liquid (S/L) separation e.g. with a filter press. In the CSIRO pro-
cess, the NBR is washed before it is sent to the BRSA, and the washings
are sent to 2C-BPED to recover sodium hydroxide. Drainage and runoff
from the BRSA are returned to the Bayer refinery or discharged to the
environment after neutralization.Water quality and balance of drainage
depend on the local climate and chemical properties of the land, so con-
trolling the water quality is difficult.

The present process assumes that the NBR goes directly to a BRSA
without washing and is stored for the long term. During the storage,
the residue is washed with rainfall. The BRSA drainage contains more
concentrated sodium sulfate than the CSIRO process, and so are the po-
tential inputs to 3C-BPED.

On closure of a BRSA, the NBR is expected to bewashedwith rainfall
and remediated to non-alkaline, slightly saline soil, which can be reha-
bilitated very easily and quickly, at least on the top layer. Themain com-
ponent of the drainage should be sodium sulfate, initially at high
concentration, then gradually decreasing with time. When sufficiently
diluted, this drainage can be discharged to the environment because it
conforms to the ANZECC trigger values for irrigation water, including
toxicmaterials and pH. In thisway, cost intensivewashing and evapora-
tion can be eliminated. In the present study, the soil properties of NBR
after long-term washing were determined by column testing.

2.3. Liquor purification before bipolar-membrane electrodialysis (BPED)

Leachate from S/L separation and drainage from BRSA contains so-
dium sulfate as a major component, which can be treated by BPED.
These liquors also contain impurities of calcium, magnesium, and or-
ganic materials in low concentrations which precipitate on the mem-
brane surfaces and reduce efficiency. These impurities should
therefore be removed before BPED.

The liquors can be purified in a similar way to brine electrolysis
(Japan Soda Industry Association, 2009). Calcium ions are first removed
to b10 mg dm−3 by adding sodium carbonate to precipitate calcium
carbonate. The precipitated calcium carbonate is separated from the li-
quor by sedimentation and/or filtration. Calcium and magnesium ions
are then treated in a column packed with a chelating resin to be further
reduced to b1 mg dm−3. Organic materials can be removed using acti-
vated carbon.
esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
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Fig. 1. Process of in situ remediation of bauxite residue by sulfuric acid neutralization.

Table 1
Composition of BR, bauxite residue (%).

Al2O3 SiO2 Fe2O3 CaO MgO TiO2 Na2O P2O5 SO3 LOIa

14.0 9.82 45.12 2.38 0.52 6.58 6.79 0.76 0.066 12.7

a LOI: loss on ignition (1000 °C).
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2.4. Three-compartment bipolar-membrane electrodialysis

The purified solution is then sent to 3C-BPED (Mani et al., 1988),
where sodium sulfate is split into sodium hydroxide and sulfuric acid
via the following reaction:

Na2SO4 þ 2H2O→2NaOHþH2SO4: ð1Þ

The recovered sodiumhydroxide is returned to the Bayer refinery to
digest bauxite, after which the recovered sulfuric acid is returned to the
acid neutralization process. An objective of this study is to determine
the sodium hydroxide and sulfuric acid concentrations that can be
achieved by 3C-BPED at reasonable current efficiencies.

Reasonable current efficiency in bipolar-membrane electrodialysis
can generally be obtained when the salt solution has an electrical con-
ductivity above 5 mS cm−1 (0.01 mol dm−3). After membrane dialysis,
the de-salted solution in the salt-compartment can be waste water. In
this study, utilization of this low electrical conductivity solution was in-
vestigated to avoid discharging the wastewater from the process. A
small amount of sodium sulfate was added to the starting solution in
acid-compartment, and its effects on bipolar-membrane electrodialysis
performance were investigated.

3. Materials and experimental methods

3.1. Materials

The sample of bauxite residue was provided by Showa Denko K. K.,
Tokyo, Japan, and originated from the outflow of the final washing
Please cite this article as: Kishida, M., et al., In situ remediation of bauxite r
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stage in the Bayer process. Its chemical composition, as analyzed by X-
ray fluorescence (XRF, ZSP Primus 2, Rigaku, Japan), is shown in Table 1.

All chemicals and solutions used in this study were of analytical-
reagent grade andwere purchased fromWako Pure Chemical Industries
Ltd., Osaka, Japan. All experiments were conducted at 25 °C.
3.2. Sulfuric acid neutralization test

A BR slurry was prepared by stirring together 30 g BR and 100 cm3

pure water at room temperature. Next, 1 mol dm−3 sulfuric acid was
slowly added to the slurry with stirring to achieve the target pH within
20 min, which was then maintained by dropwise addition of sulfuric
acid for a further 100min. The slurrywas subsequently agitated for sev-
eral days without pH control and the change in pH was measured.

Following acid neutralization, the slurry was vacuum filtered. The
chemical composition of the leachatewas thenmeasured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, SPA7800,
Seiko Instruments, Japan), inductively coupled plasmamass spectrome-
try (ICP-MS, 7700×, Agilent Technologies, semi-quantitative) and ion
chromatography (IC850, Metrohm, Japan).
esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
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Fig. 2. Application of bipolar-membrane electrodialysis.
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3.3. Long-term washing test

The washing test was conducted in a column to simulate long-term
washing by rainfall in a BRSA. A square prism with rounded corners,
7 cmwide and 20 cm tall, was used as the column. The base of the col-
umn was mesh-supported with nonwoven fabric and filter paper (5A)
placed on the mesh. Next, 60 g BR or NBR slurry was added to the col-
umn and the resulting liquor was collected from the base until no fur-
ther liquor was produced. A nonwoven fabric was then placed on the
surface of the residue to prevent turbulence in the columnduring appli-
cation of water. Pure water was supplied slowly from 10 cm above the
surface of the packed residue. Liquor exiting from the bottom of the col-
umnwas collected at regular time intervals and themass of each aliquot
was measured. The water level in the column was also measured for
each time interval.

On completion of washing, the height of the packed residue was
measured and the water permeability of the residue was measured by
hydraulic conductivity using Darcy's law:

Q ¼ k
h
L

� �
At ð2Þ

where Q [m3] is the quantity of water permeated through the material
(BR or NBR) at time t [s], k [m s−1] is the hydraulic conductivity, h [m]
is the difference in water head, L [m] is the thickness of material, and
A [m2] is the cross-section of the material. For a change in the head of
water from h1 to h2 during time t1 and t2, Eq. (2) can be integrated to ob-
tain Eq. (3):

k ¼ L

t2−t1ð Þ logh1
h2

ð3Þ

from which the hydraulic conductivity, k, was calculated.
Electrical conductivity of the BR or NBR was also measured. Follow-

ing several washings of the column, the residuewas collected and dried
in an oven at 50 °C. A sample of the dried residuewas slurriedwith pure
water at a solid:watermass ratio of 1:5, then agitated for 60min. The pH
and electrical conductivity (EC1:5) of the slurry were then measured
with a conductivity meter (Thermo Fisher Scientific, USA).

3.4. Purification of neutralized solution

Prior to the 3C-BPED test, calcium,magnesium, and total organic car-
bon (TOC)were removed from the neutralized solution to avoid fouling
of themembranes of BPED. The concentrations of the calcium andmag-
nesium ions were first reduced to b10mg dm−3 by adding sodium car-
bonate to the solution at amolar ratio of CO3/Ca= 3 and stirring for 1 h.
The filtrate was then run through an activated carbon (Ryujohakutan
WH5C (Carbon) 8/32, Japan Enviro Chemicals, Japan) column for re-
moval of TOC. Two hundred grams of activated carbon was filled to a
height of 40 cm in the column and the retention time was set to
20min. To further reduce the concentrations of calciumandmagnesium
ions, the solution was then run through a column filled with a chelating
resin (Amberlite IRC748, DOW Chemical, USA). Next, 200 cm3 of resin
was filled to a height of 15 cm in the column and a retention time of
60 min was employed.

3.5. Three-compartment bipolar electrodialysis tests

Bipolar-membrane electrodialysis of the purified solution using a
3C-BPED reactor (Acylizer EX3B, ASTOM, Japan) was conducted to re-
cover sodium hydroxide and sulfuric acid. Fig. 2 shows a schematic of
the instrument used in this study. The reactor has 10 cells, each of
which is composed of three compartments; a. salt-compartment (so-
dium sulfate), acid-compartment (sulfuric acid) and base-
Please cite this article as: Kishida, M., et al., In situ remediation of bauxite r
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compartment (sodium hydroxide). The available BPED area is
550 cm2. The reactor was operated batch-wisely at 35–40 °C. Sodium
sulfate was first fed to the salt-compartment reservoir, after which so-
dium hydroxide and sulfuric acid were recovered from the acidic and
basic compartments, respectively. The acidic and basic compartments
contained 0.25 mol dm−3 sulfuric acid and 0.5 mol dm−3 sodium hy-
droxide, respectively at the start of the experiments. The current was
set at a constant value of 4.42 A (0.08 A cm−2) to achieve a stable
desalting rate. Experiments were terminated if the electrical conductiv-
ity of salt solution dropped below 5 mS cm−1, under which conditions
the electrical resistance of liquor increased and resulted in a rapid in-
crease of voltage.

Samples of sulfuric acid and sodium hydroxide were taken periodi-
cally and analyzed by titration with 0.1 mol dm−3 sodium hydroxide
and 0.1 mol dm−3 hydrochloric acid, respectively, with endpoint detec-
tion by phenolphthalein indicator. Current efficiency was calculated
from the consumption of electrical power as follows:

current efficiency %ð Þ

¼
production of acid=base molð Þ � F Ah mol−1

� �
quantity of electricity Ahð Þ ð4Þ

where F is the Faraday constant.
Three types of testswere conducted. The first test compared bipolar-

membrane electrodialysis of purified solution from sulfuric acid neu-
tralization of BR with that of almost the same concentration of sodium
sulfate. The initial concentration of sodium sulfate was set at
0.75mol dm−3 because the concentration of sodium sulfate in the puri-
fied solution was 0.72 mol dm−3 (see Section 4.4). A total of 0.5 dm3 of
purified sodium sulfate solution was placed in the salt compartment.
The initial amount of sulfuric acid or sodium hydroxide was set to
3 dm3.

The second test was designed to study the effects of sodium hydrox-
ide concentration recovered in the base compartment. When sodium
hydroxide with a concentration of 4 mol dm−3 (13.8%) is recovered
and used in a Bayer refinery instead of commercial 50% solution, excess
water will enter the refinery and need to be evaporated tomaintain the
water balance. Accordingly, it is very important to determine howmuch
sodium hydroxide can be recovered by BPED with reasonable current
efficiency in order to investigate the costs of this process. Moreover,
esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
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an iteration test to concentrate the sodium hydroxide was designed. It-
eration was conducted twice. During the test there was no intention to
increase the sulfuric acid concentration because 1 mol dm−3 was ex-
pected to be appropriate to neutralize the BR slurry, while levels higher
than this were expected to worsen the current efficiency drastically.

First 0.85 mol dm−3 sodium sulfate (0.75 dm3), 0.25 mol dm−3 sul-
furic acid (0.75 dm3) and 0.50 mol dm−3 sodium hydroxide (0.20 dm3)
were added to the salt compartment, acid compartment and base com-
partment respectively. In the second experiment, the recovered sodium
hydroxide in the compartmentwas used as it is. Sodium sulfate and sul-
furic acid in each compartment were renewed under the same condi-
tions as in the first experiment. The goal of this iteration test was to
investigate the effects of sodium hydroxide concentration in the base-
compartment on current efficiency to determine if high levels of sodium
hydroxide could be recovered at reasonable efficiency. The sudden drop
of current efficiency was observed after passing 20 mS cm−1

(0.1 mol dm−3) in BPED test trial. Hence, the dialysis experiments
were terminated when the electrical conductivity of salt solution was
dropped below the value of 20mS cm−1. The sodium sulfate concentra-
tion in the starting solution increased by 0.1 mol dm−3. When the ter-
mination conductivity increased, the salt concentration after dialysis
increased to about 0.1 mol dm−3. If de-salted solution was used as
feed for the acid compartment (as shown in the third experiment),
the recovery of 1 mol dm−3 sulfuric acid will accompany 0.1 mol dm−3

sodiumsulfate. As a result, the concentration of sodiumsulfate in the re-
sultant leachate increased by 0.1 mol dm−3 after neutralization. The
changes in these two conditions will reflect actual operation conditions
when this process is industrialized.

The third test was conducted by adding a low concentration of so-
dium sulfate into the acid compartment with sulfuric acid. This test
was designed to recycle the de-salted water to the acid compartment
after recovering sodium hydroxide and sulfuric acid by 3C-BPED, so as
not to discharge any wastewater from the process. In this test, a syn-
thetic solution of sodium sulfate (0.1 mol dm−3) and sulfuric acid
(0.25 mol dm−3) was added to the acid compartment, while 0.5 dm3

of 0.75 mol dm−3 sodium sulfate was used in the salt compartment.
The initial volumes in the acid and basic compartments were set to
3 dm3.

4. Results and discussion

4.1. pH rebound after sulfuric acid neutralization of bauxite residue.

The change in pHwith time after sulfuric acid neutralization of BR is
shown in Fig. 3. The extent of pH rebound depends on the target pH,
i.e., when sulfuric acid was added to BR to give a pH of 2 or 3, almost
no rebound was observed and the final pH after 19 days remained
Fig. 3. Effect of pH-rebound phenomenon on acid neutralization.

Please cite this article as: Kishida, M., et al., In situ remediation of bauxite r
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below 4, whereas a rebound was clearly observed at target pH values
of 4 to 7. At a target pH of 4.5, the neutralized residue stabilized around
pH 6 after storage for N10 days. When the target pH exceeded 5, the pH
rebounded to above pH 8 after long-term storage, which suggested in-
sufficient neutralization of the BR to make BRSA safe and easily re-
habitable conditions of non-alkaline. Based on these results, a target
pH of 4.5 should be employed in the sulfuric acid neutralization of BR.

The pH-rebounding phenomenon can be explained by the exchange
properties of the DSP in the NBR as follows. The molecular formula of
DSP in BR is generally expressed by the chemical formula Na6
(Al6Si6O24)·mNa2X·nH2O, where X = SO4

2−, CO3
2–, 2Cl−, etc.,

0 ≤m ≤ 1, and n ≤ 8 (Riley et al., 1999). These authors studied the effects
of liquor composition on the incorporation of sulfate, carbonate, and
chloride in DSP and determined that the Na2O:SiO2 ratios for digested
DSPs corresponded to full occupancy of the sodalite cages (in cases of
pre-desilication DSPs, the ratios were slightly lower).

We simplify this as DSP(Naa). In solution, DSP(Naa) is expected to
ionize as DSP(Naa–1)− and Na+, and the slurry shows high alkalinity
(pH N 14), as shown in Eq. (5).

DSP Naa−1ð Þ−þNaþþH2O↔DSP Naa−1=Hð ÞþNaþþOH−: ð5Þ

When xmol of sodium ions is extracted into solution, this will be re-
placed by x mol of hydrogen ions (xNa+ ⇄ xH+) to maintain the DSP
charge balance. For modeling of the pH-rebounding phenomenon, it is
assumed that incorporated anions remain in the DSP because the ionic
diameter is larger than that of the cage opening (window). This DSP
with partly extracted Na+ is expressed as DSP(Naa–x/Hx) here. The
pH-rebounding phenomenon can be understood schematically as fol-
lows:

DSP Naað Þ þ xH2SO4
→DSP Naa−x=Hxð Þ þ xNaHSO4

ð6Þ

→DSP Naa−x−y=Hxþy
� �þ x−yð ÞNaHSO4 þ yNa2SO4 ð7Þ

when sulfuric acid is added to the DSP slurry, exchange of Na+ with H+

occurs, and NaHSO4 is formed first. NaHSO4 then extracts another Na+

from DSP and forms Na2SO4, as shown in Eq. (7). When the extraction
rate of Na+ slows down, the slurry remains at low pH because of the
presence of NaHSO4; however, if DSP (Naa–x–y/Hx+y) still has the poten-
tial to release Na+, the pH of the slurry gradually increases with the ex-
traction of Na+. This can explain the phenomenon of pH reboundof NBR
with sulfuric acid neutralization.

The amount of Na2O extracted fromBRwas calculated from the anal-
ysis of Na2O in the residue and is shown in Table 2. About 60% of the
Na2O was extracted into the leachate at neutralization to pH 4.5,
which is almost identical to the results reported by Harato et al.
(2012). This value is used in the cost–benefit analysis in Section 4.5.

4.2. Long-term washing of neutralized bauxite residue

As shown in Fig. 4, hydraulic conductivity of BR and NBR ranged
from 1.3 × 10−7 to 3.0 × 10−7 m s−1, and no effect of neutralization
pH on hydraulic conductivity was observed at target pH values of 4 to
7. When the pH of BR was reduced to pH 2 or 3, leachate first flowed
through the residue bed; thereafter, when water was poured on top of
the neutralized residue it permeated for a short time, but stopped
Table 2
Extent of extraction of Na2O (%).

Reaction time Target pH (−)

4.0 4.5 5.0

60 min 60.0 57.5 42.2
24 h 63.9 59.5 42.7

esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
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Fig. 4. Hydraulic conductivity of BR and NBR at pH 2 to pH 7.
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after 10 to 20 h. The leachate, initialwashings, and residue started to ge-
latinize, after which the gelatinized residue began to shrink. When
shrinking was observed, permeation of water increased notably
through the sides of the container. One reason for the fluctuation of hy-
draulic conductivity at neutralization values of pH 4 to 6 is that some
drops of sulfuric acid locally lower the pH to b3 during neutralization
of residue, resulting in subsequent gelling and increased permeability.

Wright et al. (2000) reported that (horizontal) hydraulic conductiv-
itieswerewithin the range of 3 × 10−6 to 8 × 10−10m s−1 in all parts of
their tested BRSA. We found that the conductivity of the NBR ranged
from 1.6 × 10−7 to 2.3 × 10−7 m s−1, while it was 1.7 × 10−7 for BR.
The hydraulic conductivity of BR overlapped with the value reported
by Wright et al.

Based on these findings, it can be concluded that, if neutralization of
the residue is carried out above pH 4, water permeability of the residue
does not deteriorate and leachate can be recovered as drainage, similar
to the results observed for caustic drainage from existing BRSAs.

Fig. 5 shows the EC1:5 and pH of BR and NBR during washing with
pure water for an extended period. In the Fig. 5, x-axis (v/v-pore vol-
ume) graphically present the volume ratio of water permeated through
BR/NBR to volume of pore in BR/NBRwhich porewas filledwith accom-
panied liquor with BR/NBR at the start of long termwashing test. In the
case of BR, EC1:5 decreased from a starting value of 7 mS cm−1 to
b1 mS cm−1 with washing, but the alkalinity (pH) was still high at
around pH 11 (starting pH: 14). NBR (neutralized at pH 4.5) shows a
low EC1:5 of 0.5 mS cm−1 (starting EC: 13 mS cm−1) and a pH of b8
(starting pH: 8) upon washing with 50 cm3 cm−3 of pure water.
These results indicate that washing of BR with water reduced EC1:5 on
the surface, but the BR still show high pH. This explains why long-
Fig. 5. Effect of washing on EC1:5 and pH of washed residue (NBR: neutralized at pH 4.5).

Please cite this article as: Kishida, M., et al., In situ remediation of bauxite r
Hydrometallurgy (2016), http://dx.doi.org/10.1016/j.hydromet.2016.04.0
term management is required after closure of a BRSA. Conversely, the
results observed for the NBRwould not require long termmanagement
and would facilitate rehabilitation of BRSAs, and we expect neutraliza-
tion to lean to the use of BR.

Gräfe and Klauber (2011) summarized the goals for BR rehabilita-
tion as achieving and sustaining the following five principal characteris-
tics: (i) stable residue solution pH below 9.0 and above 5.5; (ii) sodium
adsorption ratio of 7 or less and a residual sodium carbonate value of
1.25 or less; (iii) electrical conductivity of b4 mS cm−1; (iv) Na, Al,
and heavy and trace metal content in residual solution below toxic
threshold levels to plants and microbes (ANZECC, 2000); (v) bulk den-
sity of less than or equal to 1.6 g cm−3.

Toxic materials in the washing solution were measured and typical
materials are shown in Table 3, where samples correspond to the quan-
tity of water 50 and 100 permeated through BR or NBR per pore volume
in Fig. 5. The volume ratio is shown in the parentheses of sample in
Table 3. Trigger long-term (LTV) or short-term (STV) values for agricul-
tural irrigationwater are shown in the same table. The analysis revealed
that there were no toxic materials in the washing solutions from the BR
or NBR after washing with 50 times of the water contained in the BR or
NBR. However, the residue from washing of BR (BR (100)) still
contained high levels of Al. NBR (100) contained 0.3 mg dm−3 and sat-
isfied the LTV of 5 mg dm−3.

The sodium adsorption rate (SAR) and bulk density of NBR were
measured and shown in Table 4 along with Gräfe and Klauber's goals
and the observed pH and EC of NBR were added.

These results indicate that neutralization and washing remediated
the residue from high alkalinity and high salinity to a residue with a
pH of about 8 that is almost non-saline and is non-toxic to plants.
Upon closure of the BRSA, the volume of water necessary for washing
will not be so large, at least for the residue on its top layer. We can con-
clude that neutralization of BR with sulfuric acid to pH 4.5 and washing
at the BRSA accomplishes remediation of the BR to a state that satisfies
the criteria of pH, SAR, electrical conductivity, Al and toxic components,
and bulk density as proposed by Gräfe and Klauber.

4.3. Purification of neutralized solution

The solution compositions obtained by liquor purification are shown
in Table 5, where Solution 1 is BR solution taken from a slurry ofwashed
BR, Solution 2 is neutralized solution after neutralization at pH 4.5 and
then increasing to pH 8 by rebounding, Solution 3 is the solution after
addition of sodium carbonate, Solution 4 is solution after passing
through the test column packed with activated carbon, and Solution 5
is after passing through the column packed with chelating resin.

The liquor accompanying the BR (Solution 1) contains sodium alu-
minate and sodium hydroxide. In the sulfuric acid neutralization pro-
cess utilized in the present study (Section 4.1), when BR is neutralized
with the acid to generate sodium sulfate, other alkaline materials in
BR, such as tricalcium aluminate, are also neutralized. When the
leaching is limited to pH 4.0 to 4.5, as in this study, dissolution of silica
and alumina from DSP can be controlled (Yamada et al., 1982).
Tricalcium aluminate is neutralized as calcium sulfate. Under these con-
ditions, the leachate products should mainly be sodium sulfate and/or
bisulfate, with calcium sulfate and slight impurities. In fact, Solution 2
consisted of calcium, sodium, magnesium and sulfate ions with a
small amount of silicate ions.

The calcium and magnesium ions were completely removed from
Solution 5 after purification. TOC was also reduced sufficiently for the
BPED process.

4.4. Recovery of sodium hydroxide and sulfuric acid by three-compartment
bipolar-membrane electrodialysis (3C-BPED)

Three types of 3C-BPED tests were conducted using the above-
purified solution or sodium sulfate solution to recover sodium
esidue by sulfuric acid leaching and bipolar-membrane electrodialysis,
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Table 3
Toxic metals in washing solutions (mg dm−3).

Sample Element

Al As B Cd Cr Pb Hg Se

LTVa 5 0.1 0.5 0.01 0.1 2 0.002 0.02
STVb 20 2.0 0.5–15c 0.05 1 5 0.002 0.05
BR (0) 7741 6.9 1.9 0.0022 1.7 0.0084 0.0016 0.20
BR (50) 556 0.13 b0.070 b0.0006 0.29 0.0010 0.00098 b0.017
BR (100) 35.3 0.076 b0.070 b0.0006 0.13 0.00083 b0.0008 b0.017
NBR (0) 0.74 0.018 0.17 b0.0006 0.012 0.00070 b0.0008 0.33
NBR (50) 0.36 b0.0024 0.076 b0.0006 0.00044 0.00038 b0.0008 b0.017
NBR (100) 0.30 b0.0024 b0.070 b0.0006 b0.0003 0.00015 b0.0008 b0.017

a LTV in irrigation water (long-term use – up to 100 yrs) in ANZECC, 2000.
b STV in irrigation water (short-term use – up to 20 yrs) in ANZECC, 2000.
c Some crops are very tolerant.
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hydroxide and sulfuric acid. Fig. 6 shows the changes in the concentra-
tion of sodium sulfate, sulfuric acid, and sodium hydroxide in the salt,
acid and base compartment of the 3C-BPED reactor using neutralized,
purified solution from BR for the first objective test. The same test was
also conducted using reagent grade sodium sulfate to confirm the ef-
fects of co-existing ions in the purified solution (Fig. 7). The current ef-
ficiencies obtained for sulfuric acid and sodium hydroxide
electrodialized from neutralized, purified solution and reagent are
shown in Fig. 8.

In theactual neutralized andpurified solution fromBR, 0.7mol dm−3

sodium hydroxide and 0.35 mol dm−3 sulfuric acid were obtained after
37 min of electrodialysis. The changes in concentration of neutralized/
purified solution from BR and reagent solution showed the same trend
as in Figs. 6 and 7. As shown in Fig. 8, a current efficiency above 70%
was obtained for both acid and base produced from the neutralized, pu-
rified solution. These results suggest that the neutralized/purified solu-
tion from BR was well bipolar-electrodialized at the same efficiency to
obtain sodiumhydroxide and sulfuric acid as reagent solution. These re-
sults were used to prepare sodium sulfate as a feed to the salt compart-
ment for subsequent BPED experiments.

The second experiment was an iteration test to study the effects of
sodium hydroxide concentration on BPED performance. The results
are shown in Fig. 9 and Fig. 10. In the first dialysis experiment,
3.5 mol dm−3 sodium hydroxide was recovered in the base compart-
ment with a current efficiency 66% (at 60 min). After the second itera-
tion experiment, 4.3 mol dm−3 sodium hydroxide was recovered in
the base compartment with a current efficiency of 54% (152 min)
[when 4.0 mol dm−3 was achieved, the current efficiency was 55%
(120 min)]. The NaOH concentration increased fairly rapidly in the
first experiment, then slowly increased in the second iteration. The so-
dium hydroxide production rate (dialysis rate) at 3.5 mol dm−3 and
4.0 mol dm−3 was 19 mol m−2 h−1 and 15 mol m−2 h−1, respectively
(volume change during dialysis was included). These findings indicate
that, from the point of plant efficiency, recovery of 3.5 mol dm−3 so-
dium hydroxide appears to be more economical than 4.0 mol dm−3

based on the smaller BPED equipment and lower power consumption.
When the diluted sodium hydroxide is recycled into the Bayer refinery
instead of using 50% commercial sodium hydroxide, the excess water
Table 4
BR remediation goals reported by Gräfe and Klauber and observed pH, SAR, EC, bulk den-
sity of NBR.

Sample (permeated
water/sample)

Gräfe and Klauber (2011)

NBR (0) NBR (100)

pH (−) 8 8 5.5–9.0
SAR (−) 89 0.82 b7
EC (mS cm−1) 13 0.5 b4
Bulk density (g cm−3) 1.47 1.15 b1.6
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must be removed using an evaporator to maintain the current sodium
hydroxide concentration. Cost–benefit analysis was carried out to com-
pare the recovered concentration of 3.5 mol dm−3 and 4 mol dm−3 in
sodium hydroxide.

The concentrations of sodium sulfate, sulfuric acid and sodium hy-
droxide obtained and current efficiency of the third test are shown in
Figs. 11 and 12, respectively. There were no differences in concentra-
tion, desalting time, or current efficiency attributed to this addition,
confirming that there are no problems associated with adding waste
desalting solution to the acid compartment. This enabled disposal of
wastewater from 3C-BPED to be avoided, which was a disadvantage of
BPED.

These experiments demonstrated recovery of sodiumhydroxide and
sulfuric acid from the leachate of BR neutralization by using BPED. Here,
the authors confirmed the effects of impurities in feed solution and so-
dium sulfate in the acid compartment solution. As shown in Table 5, pu-
rified solution still contained Si and TOC. The effects of these impurities
on BPED performance should be further studied in long-term tests. The
life of the membrane and optimization of BPED should also be the sub-
ject of future investigations.

4.5. Cost–benefit analysis

A cost–benefit (C/B) analysis was carried out for a hypothetical re-
finerywith an annual production of onemillion tons processing bauxite
containing 47.5% available alumina and 5.0% reactive silica with a resul-
tant slurry containing 11.0% Na2O in BR and 1.7% attached Na2O (equiv-
alent to Na2O in BR). For neutralization, it was assumed that 60% of the
Na2O in the BR was extracted and 100% of Na2O in the liquor phase
reacted with sulfuric acid. Approximately 60,000 tons of sodium hy-
droxide was recovered annually (52% of the sodium hydroxide con-
sumed for bauxite digestion). The basic assumptions for the
calculations are shown in Table 6.

For this C/B analysis, two cases of recovered sodium sulfate
(3.5 mol dm−3 and 4.0 mol dm−3) with current efficiencies of 66%
and 55%, respectively, were studied. The results revealed that
3.5 mol dm−3 sodium hydroxide was more economical than
4.0 mol dm−3, even with the larger evaporation costs (Table 6).
Table 5
Solution composition of streams at different stages of purification.

Solution pH Al
mg
dm−3

Si
mg
dm−3

Mg
mg
dm−3

Ca
mg
dm−3

Na
g
dm−3

SO4

g
dm−3

TOC
mg
dm−3

1 14 3207 N.D. N.D. 17 11 0.37 620
2 8 N.D.a 16 85 520 34 73 184
3 12 N.D. 14 70 34 35 71 157
4 11 N.D. 15 66 31 35 70 70
5 11 N.D. 14 N.D. N.D. 34 69 70

a N.D.: Not detected
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Fig. 6. Changes in solution concentrations of salt, acid, and base compartments of 3C-BPED
using neutralized, purified solution from BR.

Fig. 8.Comparison of current efficiencies between sodium sulfate and neutralized, purified
solution.
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Capital (CAPEX) and operating (OPEX) expenses for the threemajor
unit operations of solid–liquid separation (filter press), the 3C-BPED
plant and evaporator in the Bayer refinery. Cost data for S/L-
separation and BPED were presented by equipment manufacturers.
Other CAPEX and OPEX expenses were estimated based on the authors'
experience. Filter press costs with installation are presented in Euros
(EUR), while costs associated with BPED are presented in YEN. All
costs were converted to US dollars using exchange rates of JPY 140 per
EUR and JPY 120 per USD. Plant location is assumed to be in Southeast
Asia. Equipment cost of BPED reactors is assumed to be exported from
Japan.

Cost and benefit factors are shown in Table 6. The cost saving for BR
management was assumed to be annual credit of USD 10 million
(equivalent to USD 10 per ton of alumina). The return on investment
(ROI) was calculated to be 10% with 10-year pay-back, as shown in
Table 6. The results show that in situ BR remediation with sulfuric neu-
tralization is insufficient from an economic standpoint. However, the
authors believe that this process is feasible for remediation of BR be-
cause of the following potential and uncertain issues.

The cost of this process depends on the price of sodium hydroxide,
credit for BR management, BPED-related factors, and evaporation cost.
We used a cost of USD 10 per t-Al2O3 for the credit for BRmanagement.
However, the authors do not know the real benefit of neutralized resi-
due. The expected advantages of neutralization are cost effective for
long-term management of runoff and drainage of BRSA and rehabilita-
tion, plus the additional potential of reusing BR will be increased. The
most costly operation is the BPED (both CAPEX and OPEX). There are
many applications, such as production of organic acids, recovery of
Fig. 7. Changes in solution concentrations of salt, acid, and base compartments of 3C-BPED
using reagent grade sodium sulfate.
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hydrogen fluoride from pickling baths and environmental protection
(Mani et al., 1988; Aritomi and Fukuda, 2013; Koter and Warszawski,
2000); however, their capacities are small and the rate of production
of membranes for BPED is low. The authors believe that there is signifi-
cant potential for reduced costs by improving membranes and equip-
ment and scale-up of the operation. If alumina refineries utilize BPED
for remediation of BR, large-scale consumption of membranes and
equipment starts. The large-scale economies and local production of
some parts of the reactor will help reduce the costs of membranes and
reactor. Based on thehistory ofmembrane brine-electrolysis,we can ex-
pect great reduction in both initial and operation costs. For example, if
the membrane life is extended to 6 years, then the ROI and time to
pay-back change to 14% and 7 years, respectively. Improvement of
CEM will benefit from reduced evaporation costs for recovered sodium
hydroxide owing to the higher concentration. Improvement of BPM for
high temperature operation (60 °C) is expected to reduce the electrical
power consumption by 5%. The BPED experiment was conducted at a
current density of 0.08 A cm−2, and potentially higher current density
will be applicable because of diluted sodium sulfate feed (1 mol dm−3)
in this process. Conversely, impurities in solutionmay shorten the life of
membranes and intensified liquor purificationmay be required. Accord-
ingly, a long-term BPED test using actual leachate fromBR is essential to
investigate the aforementioned issues.
Fig. 9. Changes in solution concentrations of base and acid compartments by iterated 3C-
BPED using sodium sulfate.
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Fig. 10. Changes in current efficiency of sulfuric acid or sodium hydroxide in iterated 3C-
BPED operation.

Fig. 12. Changes in current efficiency of sulfuric acid or sodium hydroxide recovery in 3C-
BPED on adding sodium sulfate to the acid compartment.

Table 6
Cost-benefit analysis.

Basic calculation

Operation (d) 333
Bauxite residue handling (t h−1) 87
Na2O in BR to process (in BR and moisture) (%) 12.7
Extraction of Na2O from BR (%) 60
Life of membrane (a) 3
Power consumption at EDBP (kWh t−1-NaOH) 2250
Other power consumption (except for filter press) (kWh t−1-NaOH) 250
Price of NaOH (USD t−1) 350
Price of H2SO4 (USD t−1) 100
Price of electricity (USD kW h−1) 0.042
Price of steam for evaporation, (USD t−1-steam) 6.67
Rate of NaOH generation (3.5 mol dm−3) (t h−1) 7.3
Credited NaOH (t a−1) 58,500
Cost saving for BR management (USD million a−1) 10

Total installed capital cost (TICC) (USD million)
Direct cost (USD million)

Acid leaching 4
Solid-liquid separation equipment (FFP 3512) 9
Liquor purification 5
EDBP (3-compartment system, available membrane 12,500 m2) 50
Evaporator in Bayer refinery (Evaporation rate: 45 t h−1) 17
Total equipment cost 86
Other direct costs (10% of total equipment cost is assumed) 9
Total direct cost (TDC) 94

Indirect cost (USD million)
Engineering
Other indirect costs
Total indirect cost (USD million) 9
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5. Conclusions

An economic and ecological in situ BR-remediation process is pro-
posed. The process consisted of sulfuric acid neutralization of BR, S/L-
separation, washing of separated residue by rainfall at the BRSA, and li-
quor purification followed by BPED. The sulfuric acid and sodium hy-
droxide recovered by BPED are returned to the acid neutralization
step and Bayer refinery, respectively.

A pH-rebounding phenomenon was observed after sulfuric acid
neutralization of BR. The optimum target pH for sulfuric acid neutraliza-
tion was found to be 4.5, giving a stable pH of about 6 after aging.

Column washing of NBR to simulate long-term washing in a BRSA
with rainfall, revealed a permeability of 2.0 × 10−7 m s−1, which is in
the range commonly observed for BR. The pH and electrical conductivity
were 7 to 8 and below 4 mS cm−1, respectively, which fulfill the stan-
dards for non-alkaline and non- or slightly saline soil.

Neutralized solution was purified to remove calcium, magnesium,
and TOC which will cause fouling of the membranes in BPED. Purifica-
tion of liquor was achieved by precipitation of calcium carbonate, and
treatment of liquor by a column filledwith activated carbon and chelat-
ing resin for TOC and Mg and Ca ions, respectively. After purification,
0.72 mol dm−3 sodium sulfate solution with no detectable Ca and Mg,
70 mg dm−3 TOC was obtained.

The neutralized/purified solution from BR was treated with 3C-
BPED. The solution showed the same bipolar-membrane electrodialysis
characteristic as reagent solution. The acid recovered was 1 mol dm−3.
The iteration test showed that the maximum concentration of sodium
hydroxide achievable was 4.3 mol dm−3. Addition of sodium sulfate
Fig. 11. Changes in solution concentrations of salt, acid and base compartments of 3C-
BPED by adding sodium sulfate into the acid compartment.

Total direct and indirect costs (USD million) 104
Contingency (20%) 21
Total installed capital costs (TICC), USD million 125

Total annual credits (TAC) (USD million)
NaOH 20.5
Saving of BR management cost 10.0
Total annual credits 30.5

Total annual operating costs (TAOC), USD million
Electrical power for liquor preparation 0.6
Electrical power for EDBP 5.5
H2SO4 for leaching 1.9
Membrane cost 7.8
Filter press 0.7
Evaporation cost (steam and electricity) 0.6
Operating labor 0.7
Total costs 17.9

Total annual advantage (TAA = TAC - TC) (USD million) 12.6

Analysis results
ROI (TAA/TICC, %) 10.1
Payback (years), 100/ROI 9.9
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to the acid-compartment did not affect electrodialysis; therefore, it can
be concluded that the de-salted solution from salt-compartment can be
used as feed solution for the acid-compartment. The acid can be used di-
rectly for neutralization, but the sodium hydroxide returned should be
evaporated to maintain water balance in the Bayer refinery.

A cost–benefit analysis showed diluted 3.5 mol dm−3 sodium hy-
droxide was more economical than higher concentration sodium hy-
droxide, even though more evaporation was required. However, the
ROI and pay-back were 10% and 10 years, respectively; therefore, this
process is economically insufficient. Further evaluation of the advan-
tages of neutralized residue and technical improvements are expected
to make this process feasible for remediation of BR.
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