Accepted Manuscript

Potential for use of industrial waste materials as filter media for removal of Al, Mo, As,
V and Ga from alkaline drainage in constructed wetlands - adsorption studies

T. Hua, R.J. Haynes, Y.-F. Zhou, A. Boullemant, |. Chandrawana

Pl S0043-1354(14)00868-9
DOI: 10.1016/j.watres.2014.12.036
Reference: WR 11072

To appearin:  Water Research

Received Date: 26 October 2014
Revised Date: 17 December 2014
Accepted Date: 20 December 2014

Please cite this article as: Hua, T., Haynes, R.J., Zhou, Y.-F., Boullemant, A., Chandrawana, .,
Potential for use of industrial waste materials as filter media for removal of Al, Mo, As, V and Ga from
alkaline drainage in constructed wetlands - adsorption studies, Water Research (2015), doi: 10.1016/
j-watres.2014.12.036.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

bronigeq pA nuiaeL2iA op Oneeuz|gug 62bsce

AI6M W6[gqLs’ CIISIou suq 21wNgl bsbele gf TOI6 SC K pLondy fo Aon sz‘ COBE


https://core.ac.uk/display/43362769?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.watres.2014.12.036

Regulation of pH

S
()]
)
@
3
[)]
)
[72)]
=

low in

inorganic

contaminants

e% o%
0% e%
0% %
0% 2959494%¢%, e
e% . ‘e
0% 325 ,
e% Ye2¢Ce
0% e %
e% ¢
0% Py
e% 2e70 0
0% »9c0¢
e% oce
0% 2259,9¢949%, o
e% o7 e
nonooooooouonooooooooooooooo
0%0%0%0%0%¢%¢%0%0%0%0% %%

Alkaline

drainage

<
£
<
20
<

w
<
>
S
O

)
=

Adsorption/precipitation

reactions



14

15

16

17

18

19

20

21

22

23

24

25
26

27
28

Potential for use of industrial waste materials as filter
media for removal of Al, Mo, As, V and Ga from alkaline

drainage in constructed wetlands - adsor ption studies
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ABSTRACT

The potential to remove Al, Mo, V, As and Ga frortkadine (pH 8.0-8.6) drainage
originating from seawater neutralized bauxite pssoey residue storage areas using
constructed wetland technology was studied in arktbry study. Bauxite processing residue
sand, bauxite, alum water treatment sludge andt ilaeace slag were investigated as
potential active filter materials. Al was shownpiecipitate as Al(OH)in the pH range 7.0-
8.0 in aqueous solution and 6.0-8.5 in the presemdglica sand particles that provided a
surface for nucleation. For V As Mo and Ga, adsorpto the surfaces of the adsorbents
decreased greatly at elevated pH values (> pH 8vajer treatment sludge and bauxite had a
greater ability to adsorb V, As and Mo at high pk$ @nd V at pH 7-9 and Mo at pH 5-7)

than processing sand and slag. Adsorption isotlaatan for As and V onto all four adsorbent
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than processing sand and slag. Adsorption isothiatan for As and V onto all four adsorbent
materials fitted equally well to the Langmuir ancetndlich equations but for Ga, and to a
lesser extent Mo, the Freundlich equation gave erig values. For all four ions, the
maximum adsorption capacity (Langmuir valug.jwas greatest for water treatment sludge.
Bauxite adsorbed more Mo, Ga and V than residud sarslag. The pseudo-second order
eguation gave a better fit to the experimental ticngata than the pseudo-first order model
suggesting that chemisorption rather than diffueechange was the rate limiting step to
adsorption. It was concluded that water treatmemige and bauxite were the most effective
adsorbents and that for effective removal of tigdiions the pH of the drainage water needs

to be decreased to 6.0-7.0.

Keywords: bauxite residue mudil, Mo, As, V, Ga, wastewater, alkaline drainageatev treatment

sludge, bauxite

1. Introduction

Bauxite ore is mined and refined using the Bayec@ss in which Al-containing minerals are
dissolved in hot NaOH. For each tonne of aluming, tbnnes of insoluble solids (bauxite
processing residue) are produced and these ardyudeposited in land-based lagoons or
impoundments surrounding the refinery. Bauxitedess have a high pH (11-13) and possess
high salinity and sodicity (Jones and Haynes, 20A%)a result, drainage from storage areas
can pose an environmental risk and must be maregdrainage may need to be treated for
many decades after closure. For this reason, aedsinng number of refineries are now
partially neutralizing their residues before theg deposited in storage areas and seawater
neutralization is used by several refineries seidatlose to the marine environment. By
addition of Ca and Mg in seawater, alkaline buffgranions in the residue are neutralized by
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precipitation of poorly soluble hydroxides and hyxdycarbonates (Kirwin et al., 2013). As a
result, pH is reduced to below 9.0. Even so, dganfeom seawater neutralized storage areas
has been shown to be high in Allo, As, V and Ga (Department of Environment and
Heritage Protection, 2012). Treatment of drainaggevs by conventional methods is likely
to be expensive, especially if it is to be contohber many decades after closure. A low-cost,
passive option, with green connotations, such a®restructed wetland, is an attractive

alternative.

Inorganic contaminants are sequestered within tetland filter matrix by
adsorption/surface precipitation and bulk prectpta reactions (Westholm, 2006;
Gustafsson et al.,, 2008; Vymazal and KropfelovaQ&Maynes, 2014). Commonly used
filter materials in constructed wetlands are saant$ gravels but these do not normally have
a high adsorption capacity so that the capacity wétland to remove inorganic contaminants
can decrease greatly over time and/or be highliablr (Haynes, 2014). Nevertheless, the
removal efficiency of wetlands for inorganic ionancbe improved with the use of active
filter materials with reactive Fe/Al hydrous oxiddsorption surfaces (Genc-Fuhrman et al.,
2007; Gustafsson et al., 2008). The most commosgdumaterials are blast furnace slag,
steel slag and alum water treatment sludge (Vohkl.e2011; Babatunde et al., 2009) but
other materials such as iron ore, bauxite and Ib@ptocessing residue have also showed

promise (Haynes, 2014).

There is very little research on the use of cowstdl wetlands to treat alkaline
wastewater and so far work has been concernedweititewater streams high in Cavhere
insoluble Ca compounds can precipitate in the wdtléMayes et al., 2006). However, in
alkaline drainage from bauxite residues the maiioegresent is Na This presents practical
problems since most Na compounds are highly solsbléhat adsorption reactions onto the
surfaces of wetland filter media are potentiallg tmajor removal mechanism within a
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wetland. The drainage can have a pH of 8.0-8.6canthin concentrations of Al of < 20 mg
L, those of Mo, Ga and V < 1.0 mg*and As < 0.1mg E. The purpose of this study is to
use batch adsorption studies to investigate métendh potential use as filter materials in
constructed wetlands for treatment of the drain®gential filter media, readily available in
the study area (bauxite residue sand, bauxite lmal water treatment sludge), were used as
adsorbent materials along with blast furnace stagcbmparison (the most commonly used
waste adsorbent filter material) and the effectpldf initial adsorbate ion concentration and

contact time on Mo, Ga, V and As adsorption wewestigated.

2. Materialsand Methods
2.1. Sample Description

Water treatment sludge was obtained from the Semgwdbunt Crosby Water Treatment
Plant (Brisbane), water-quenched BF slag was obdafrom the BlueScope Steel Ltd., Port
Kembla Steelworks (New South Wales, Australia) &adixite (from the Weipa deposit,
Queensland) and bauxite residue sand were soum@@dRio Tinto Alcan (Yarwun Alumina
Refinery). The residue sand was treated with adidlY to give a pH of approximately 9.0
and then washed with distilled water. All samplesevdried and ground (< 200 pm) prior to
use.

Elemental composition of materials was measurethdhyctively couple plasma atomic
emission spectrometry (ICP-AES) after digestioraimicrowave system with HNOHCI
and HF (CEM, 1993). Specific surface area of samplas determined by the BET/N
adsorption method, and zero point of charge (PZ&) determined using a Laser Zeta metre.
Materials were subjected to X-ray diffraction arsédy to determine their mineralogy.

Effective cation exchange capacity, pH and elestroonductivity (EC) (1:5 material/water
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ratio) were determined as described by RaymentHigdinson (1992). Cu, Zn, Cr, Cd, Pb
and As were extracted from wastes by the Toxiclgi@cteristic Leaching Procedure (TCLP)

(USEPA Method 1311; USEPA, 1992), and metals werasured by ICP-AES.

2.2. Aluminium precipitation
To determine the pH range over which Al would ppétaie, an Al solution of 10 mgtwas
prepared in 0.01M NaCl using AICIA concentration of 10 mg Al 't was used as this is
within the range normally found in the drainage evafliquots (20 mL) were transferred to
50 mL centrifuge tubes and the pH adjusted fron2 3iding HNQ and NaOH. Once the pH
had stabilized the solutions were shaken for 2hridfguthat time, pH was checked and
readjusted if necessary every half hour. Resulimigtions were centrifuged (400 rpm for 10
min) and the filtered supernatant was analysedifdyy inductively coupled plasma atomic
emission spectrophotometry (ICP-AES). To deterniin® precipitation is affected by the
presence of a potential filter material, the abpk@cedure was repeated but centrifuge tubes
also contained 200 mg of acid-washed silica sarde&ments were carried out in triplicate.
To determine the potential cumulative effect ofgygated Al over the surfaces of a
filter material on adsorption of the other contaamhions (Mo, V, As, Ga), solutions of 10 or
100mg L* Al (as AICk) in 0.01 M NaCl were equilibrated with 200 mg efdawashed silica
sand for a period of 2 h at a pH of 6.7 (a valuaved from equilibration experiments
described below) by the procedures described ab®he. sand was subjected to 0, 10 or 20
equilibration cycles with Al solutions after whidhwas recovered from centrifuge tubes and
dried. Solutions of 1 mgt.Mo, V, As or Ga were prepared in 0.01 M NaCl usifgNa,O.,
NaQsV, NaeHAsO, and Ga(N@)s. Samples of treated sand (200 mg), in triplicatere
equilibrated with 20 mL of solution containing tkerget ion for 2 h on an end-over-end

shaker. At the beginning of the equilibration, avery half hour, pH was adjusted/readjusted



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

to pH 6.7 if necessary. The resulting solutions enveentrifuged and ions in the filtered

solutions measured by ICP-AES.

2.3. Adsorption Experiments
Batch adsorption studies were performed to deterntie extent of adsorption of each
individual ion at room temperature (25 °C). All epnents were carried out in triplicate at a
constant ionic strength provided by 0.01 NaCl. Hfiect of pH on Mo, V, As and Ga
adsorption was investigated over the pH range tf B0 with an initial metal concentration
of 1 mg L* and adsorbent dosage of 10 g.LThe concentration of 1 mgLin solution was
used for consistency and because it is above thairmal concentrations found in drainage
and therefore represents the maximum concentrdtains likely to be needed to be removed
by adsorption (taking account that as the storage dries out concentrations of contaminant
ions in drainage are likely to rise). Samples ost@amaterial (200 mg) were weighed into
50-mL centrifuge tubes and 10 mL of 0.01 M NaCl wdded. The mixture was shaken for 1
h and then adjusted to desired pH using HEMONaOH. Once the pH had stabilized, 10 mL
of an individual heavy metal solution (in 0.01 M @Glaand at twice the desired final metal
concentration) was added and the pH was adjustad.abhe mixture was shaken on an end-
over-end shaker for 2 h. During this period, they&t checked and readjusted, if necessary,
every half hour. The resulting solution was ceangéd (4,000 rpm for 10 min) and the
filtered supernatant was analysed for the apprtpré@mueous heavy metal by ICP-AES.
Preliminary experiments showed that a 2-h contast tvas adequate to reach an equilibrium.
The percentage of metal adsorbed was calculatedtiie difference between that added and
that remaining in solution.

To construct adsorption isotherms, ten differentahconcentrations of Mo, V, As and

Ga (in 0.01 M NaCl) ranging from 1 to 320 m{ Wwere used (at pH 6.7 with an adsorbent
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dosage of 10 g 1}). Adsorption data (equilibrium metal concentrativersus quantity
adsorbed) were fitted to the Langmuir and Freuhdéiquations (Apak, 2002). The effect of
contact time, varying from 10 to 300 min, was stddat pH 6.7, a dosage level of 10 mg L
and an initial concentration of Mo, V, As and Galafg L. The data was fitted to pseudo-
first-order and pseudo-second-order kinetic models.

In order to determine whether Al would be releaBedh the adsorbents if they were
used as wetland filter material, samples of the foaterials were equilibrated in 0.01 M
NacCl for 2 h at pH values of 3.0, 4.0, 5.0, 6.@, B.0, 9.0, 10.0, 11.0 and 12.0 as described

above. Concentrations of Al in the centrifuged sop&ants were measured by ICP-AES.

3. Resultsand Discussion
3.1. Properties of the Adsorbents Materials

The elemental content and mineralogical compositbrthe four adsorbent materials is
shown in Table 1. The bauxite used originated ftbenWeipa deposit, Cape York Peninsular,
northern Queensland (Loughnan and Bayliss, 196d)i@nmineralogy was dominated by
gibbsite with some boehmite, quartz, kaolinite, haéte and goethite present (Table 1).
Consequently it had a very high Al content andgaificant Fe and Si content (Table 1). It
had a pH of 7.3, and a surface area of 28.9 g hwhich is greater than that for BF slag or
residue sand (Table 2).

The main metallic element present in water treatrskrige was Al although some Fe
was also present (Table 1). It consisted of amarphuaterial although small amounts of
gehlenite (C#l,SiO;) were also present. Once alum dissolves in wakEt, exists in
aqueous solution as aluminohexahydronium ions (JEH*" and these dissociate

sequentially as pH increases to form species sucHAHH,0)sOH]?**. These species
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polymerize to form positively charged polynucleasmplexes which form a gel-like
substance that adsorbs and coagulates colloid&@rigatsuch as soluble organic matter and
fine soll particles from drinking water. The pratied material exists as amorphous material
with a slightly acidic pH (6.4) and a very high faue area (47.17 Ty %, Table 2) which

favours its use as an adsorbent.

The elemental content of residue sand was domiratdee and significant amounts of
Na, Si and Al were also present (Table 1). It hagHaof 9.1 and its mineralogy was
composed of hematite and sodalite with gibbsitedpaubdominant (Table 1). The surface
area of the red sand (17.13 q1%) was considerably smaller than that obtained fatew
treatment sludge and bauxite (Table 2). The higlspihce alkalinity of bauxite residue
favours both adsorption and precipitation of hemstal cations (Zhou and Haynes, 2011a)
but the same properties are likely to hinder amidsorption (Zhou and Haynes, 2012).

Blast furnace slag is produced during pig iron picgcdbn when limestone flux is added
to the melt and fusible calcium silicate is formlgich along with other impurities is poured
off. The slag used was water-quenched and the @qaling results in formation of a poorly
ordered, amorphous, glassy sand-like material.higje content of Si and Ca and significant
Mg and Al content reflects the slag compositionahhis predominantly amorphous Ca(Mg)
silicate with some gehlenite [CaAl(AISHD) (Table 1). The high pH of the slag (10.2) (Table
2) is due to the presence of Ca silicate which tlydes to release Ohkbns (Haynes et al.
2013). The slag had the lowest surface area (3%3y*)rof the four materials used (Table 2).

For their use as filter materials, it is esserttialt materials are considered as non-toxic
wastes. The TCLP leaching values for all metaltetesvere extremely low and well below
regulatory guidelines for toxic wastes (Table 258PA, 1992). Thus, any of the materials
can be readily used as adsorbents/filter matenaithout the prospect of further

contaminating the wastewater with metals. Partitpldor water treatment sludge and
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bauxite, which are composed principally of Al, stimportant that they do not contaminate
wastewater by release substantial quantities ofH&lwever, between the pH values of 6.0
and 8.0, concentrations of Al in equilibrium sotuts with the materials were very low (<
0.15, 0.03, 0.13 and 1.35 mg lfor water treatment sludge, bauxite, blast furnsleg and
residue sand respectively) (data not shown). Samiubisization of Al was evident for all of

the materials at pH values of 4.0 and below anda@dabove.

3.2. Aluminium precipitation
As demonstrated in Fig 1, Al precipitates as hyglk@¥ in the pH range 7-8 in aqueous
solution and 6-8.5 in the presence of silica sandalution. At circumneutral pH, Al is
insoluble and precipitates as Al(QHbut is soluble at low pH as &| AI(OH)," and
Al(OH)," and at high pH aal(OH)4 and Al(OH)* (Frink and Peech, 1963). In leachates
from residue mud at a pH of about 8.0 -8.6 it w#él present predominantly as Al(QHand
the pH needs to be reduced to below 8 to caugwatspitation. The presence of silica sand
(simulating the presence of a filter material inwatland) helped activate precipitation
reactions by providing a surface for nucleatiood¢our.

Experiments where silica sand was equilibrated Witholutions of 10 mg I* for up to
20 cycles failed to definitively demonstrate thatteated sand had a significant capacity to
adsorb Mo, V, As or Ga although there was some vamof Ga from solution (data not
presented). However, when a concentration of 100Ang™ was used (Fig 1), 10 and 20
cycles of Al-treatment resulted in the sand hawangubstantial adsorption capacity for the
target ions and for Mo, V and Ga, 20 cycles resultegreater adsorption than 10 cycles. At
pH 6.7, Al will have precipitated as amorphous angtalline Al(OH} as a coating over the
sand particles forming highly active amphotericaagson surfaces (McBride 1982). From

the above results, it seems possible that the ptatton of Al on the surfaces of wetland
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filter materials may, in the long-term, create naghly-active adsorption surfaces that will
adsorb the other contaminants ions. This aspeenrdes further study particularly since, in
the long-term, any active filter material used Wwiicome saturated with adsorbent ions.
Untreated sand had an apparent ability to adsorbiri@e initial concentrations of 1 mg
L were reduced to 0.21 mg'land Al-treatment of the sand further reduced égyiiim Ga
concentrations (Fig. 1). However, at pH 6.7 Ga $etodprecipitate as insoluble Ga(Qrnd
the presence of sand particles provided a surfacendcleation to take place. Similarly,
Music and Wolf (1979) concluded that at pH value6.6-7.0 Ga was present predominantly
as insoluble Ga(OH) Thus, removal of Ga at pH 6.7 is as a resultath lprecipitation and
adsorption. Such results suggest that decreasenghihof the drainage water down to about
7.0 would result in removal of most of the soluld and much of the Ga through

precipitation of insoluble metal hydroxide precbés.

3.3. Effect of pH on adsorption

The main mechanism by which contaminant cationsamdns are held on the surfaces of
active filter materials is by specific adsorptiahémisorption) which involves exchange of

ions with surface ligands on the variable chargeéases of metal oxides/silicates and the
subsequent formation of covalent bonds with lattares on the surface. Beyond a certain
level of adsorption surface precipitation also ascMcBride, 2000). As pH increases, the
surface charge on adsorption surfaces becomesasiogly negative resulting in greater

electrostatic repulsion between anions and therbdabsurface thus disfavouring adsorption.
Above the PZC (5.6, 5.8, 6.6 and 7.9 for watertinemt sludge, BF slag, red sand and
bauxite respectively) surfaces carry a net negativarge. Nonetheless, as pH is raised,
hydrolysis of anions occurs and this also gredfigcés adsorption since specific adsorption

is favoured at pH values close to the acid dissieciaonstants (pg (Bowden et al., 1980).
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The interaction between these two factors deternitiee shape of the adsorption
envelopes for the oxyanions (Fig. 2). For arsegid &H;AsO,) the pk and pk are at 2.2
and 6.8 respectively. As a result, between 2.268d\s(V) is already present predominantly
as HAsO; but the proportion of the more strongly adsorbeds@&? is increasing
(Goldberg, 2002; Zhou and Haynes, 2012). With iasiey pH above 6.8 electrostatic
repulsion results in a pronounced decrease in Aeratlon. Similarly, in dilute solutions the
dominant species of V are the oxyanions ¥@H), and VQ(OH)* since the pKand pk
for H3VO, are at pH 3.5 and 7.8 (Crans et al., 2004). Adsorps at a maximum between
pH 3.0 and 6.0-8.0 (Fig. 2). Above these valuesetli® a characteristically rapid decline in
adsorption due to electrostatic repulsion as tlagtion of VQ> increases (Peacock and
Shermann, 2004; Naeem et al., 2007). For Mo the @kd pk for HoMoO, are close
together at pH 3.6 and 4.0 and M@Us the dominant species normally present. As altes
adsorption decreased above pH 4.0 for residue sathdBF slag and was insignificant above
pH 7.0. This is a similar pattern to that which wscfor Fe and Al oxides (Goldberg et al.,
1996; Kim and Jang, 2010). However, for waterttrest sludge and bauxite maximum
adsorption extended to pH 6.0 and adsorption wilsappreciable at pH 7.0. This is an

adsorption envelope more typical for clay mine{@sldberg et al., 1996).

The chemistry of Ga(lll) is much less well knowmaththat for the other three adsorbates.
However, in aqueous solutions Ga(lll) exists atlpls G&', at pH 3 mainly aSa(OHY", at
pH 4.0 predominantly as Ga(OHand at pH 7.0 it is in the form of insoluble Ga(QH)
(Music and Wolf, 1979)Thus, at low pH (< pH 3.0) there is electrostatipuision between
G&* and the positively charged surfaces which hindeisorption (Music and Wolf 1979;
Fig. 2). Ga is specifically adsorbed as the GafOHhd Ga(OHy cations so that adsorption
is at a maximum at pH values of 3.0-4.0. The adsbrBa(OH)" transforms to insoluble

AlI(OH)3 as pH rises and remains on the adsorbent surfdtes.Ga(OH)j is soluble in

11
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alkaline solutions (> pH 7.0) and dissolves to faoregatively charged gallate [Ga(QHL)As
a result of electrostatic repulsion between théaggaland the negatively charged adsorbent
surfaces, adsorption declines rapidly above pH8M0{Fig. 2) (Music and Wolf, 1979;

Pokrovsky et al., 2004)

Water treatment sludge and bauxite had a supebitityato retain V, As and Mo at
higher pH values than residue sand and BF slag BicA contributing factor to this is that
both blast furnace slag and bauxite residue possdrtantial residual alkalinity so that their
surface pH is likely to be significantly higher ththat of the equilibrium solution (Zhou and
Haynes, 2011a). This would inhibit adsorption ot tharget ions at higher measured
equilibrium pH values. In relation to the optimurd for simultaneous adsorption of all four
ions from alkaline solutions, it is Mo which is litimg since, as noted above, adsorption
declined above pH 6.0 even for water treatmentgguahd bauxite. However in the range of
6.0-7.0 adsorption of Mo was still substantial dhdrefore for further studies a pH of 6.7

was chosen.

The above results suggest that the pH of the dyeineater will need to be lowered
from above 8.0 into the range of 6.0-7.0 for efiectemoval of the target metals. Biological
activity is the key to pH reduction in wetlands.aths, the presence of macrophyte root
systems permeating through the filter bed, andafis®ciated intense microbial activity in the
rhizosphere, results in high production of O&hich dissolves in water to produce carbonic
acid (Mayes et al., 2006, 2009). Other passive austlof acidification include use of a
separate wetland with an organic matter filter malt¢o greatly stimulate microbial activity
and buffer pH (Courtney, 2013) and the use of agmfat filters (Mayes et al., 2009). In
addition, water treatment sludge has a pH of @bagh whether it could buffer the alkaline

drainage to this pH for prolonged periods is, s yeknown.
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3.4. Adsorption Isotherms

Both the Freundlich and Langmuir models are commarded to empirically describe
adsorption isotherms for ions onto adsorbent nmateifApak, 2002) and frequently both
models describe adsorption adequately (Al-Degsl.et2806; Naeem et al., 2007). The

Langmuir equation is based on monolayer adsormtioactive sites of the adsorbent:

de = quaxce/(l + bCe) (5)

wherege andCe are equilibrium concentrations of metal in thecatled (mg g*) and liquid
phases (mg T), respectivelygnax andb are the Langmuir constants which are related¢o th
maximum adsorption capacity and energy of adsanptespectively.

On the other hand, the Freundlich isotherm expladsorption onto a heterogeneous surface

with uniform energy:

1

9e = KrC} (7)
wherege andCe are the equilibrium concentrations of metal in #usorbed (mg ) and
liquid phases (mg 1), respectivelyK; andn are the Freundlich constants which are related
to adsorption capacity and intensity, respectivilygeneral, adsorption data for V and As
onto the four adsorbents fitted equally well to Breundlich and Langmuir models but for
Mo and Ga the Freundlich equation generally gaghéi R values (Table 3).

For the Freundlich model, values of n for Mo, V afsd ranged from 1.24 to 3.26
(Table 3). Values of n >1 indicate that bondingrgies decrease with increasing surface
adsorption densities in accordance with prefereatiaorption occupying surface sites in the
order from strongest to weakest binding strengtba¢d 2002). In addition, n >2 (as was the
case for water treatment sludge and bauxite for Wiand As) has be interpreted by some as

an indication of an adsorbent with good adsorbdrdracteristics for the solute being
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considered (Treybal, 1980). The relatively low eswf n for Ga adsorption particularly for
slag and residue sand reflect almost linear adsorgthat is, a value of 1 indicates linear
adsorption; see Fig. 3) suggesting precipitati@ctions may well be occurring (Bradl, 2004).
As noted earlier, precipitation of Ga(Qf#it pH 6.7 is likely.

For all four ions tested, values for4 were greatest for water treatment sludge and a
similar trend was evident for the Freundli€hfactor. This supports the outcomes of earlier
work which showed that because of its amorphousreaéind large surface area, alum water
treatment sludge is an extremely effective adsdrb@nions such as Cd(ll), Cu(ll), Pb(ll),
Zn(11), Cr(111), Cr(VI) As(ll), As(V), Se(lV) and &(VI) (Zhou and Haynes, 2011a,b; 2012).
Bauxite was also an effective adsorbent particylfanl Mo, V, and Ga (Fig. 2) and generally

more effective than the other two materials exanhine

3.5. Effect of Contact Time

Figure 3 shows the adsorption of metals ootw vaste materials as a function of contact
time. Adsorption onto all the materials occurredyvepidly and was complete after 60-90
min. In order to evaluate adsorption kinetics, pleefirst-order and pseudo-second-order
models were employed to interpret the experimetiédh. The pseudo-first-order equation

can be represented by:

k
log(qe — q¢) = logq, — =t 9)

2.303

wherek; (min™) is the pseudo-first-order adsorption rate constris the amount adsorbed
at timet (min) andge denotes the amount adsorbed at equilibrium, botmillgrams per

gram. The pseudo-second-order equation can bessquras:

t 1

1
= + =t 10
ar k0% qe (10)
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356 wherek, [g (mg min)’] is the adsorption rate constant of pseudo-seocotet.

357 Based on the obtained correlation coefficients,gbeudo-second-order equation gave a
358 better fit to the experimental kinetic data thae fFseudo-first-order model and calculated
359 pseudo-second-ordeg values were in good agreement with the experinheralaes (Table
360 3). This suggests that chemisorption rather th#énsion/ion exchange was the rate-limiting
361 step to adsorption (Ho and McKay, 1999). Indeed, dRyanions arsenate, molybdate and
362 vanadate are all known to form strong inner spmeomodentate and bidentate complexes
363 with Fe and Al oxide surfaces (Sparks, 2003). Aliljm as already noted, Ga may be
364 precipitating as Ga(OH)at pH 6.7, it is also known to be specifically adeed in both the

365 Ga(OHYf" and Ga(OH) forms(Lin et al., 1997; Pokrovsky et a2004).

366 4. Conclusions

367 Results presented here demonstrate that reductieolution pH will be the critical factor
368 determining the effective use of constructed weltato remove Al, Mo, Ga, V and As from
369 alkaline (pH 8.0-8.6) drainage water. Decreasingt@ielow 7.0 will result in precipitation
370 of Al as Al(OH) and a substantial portion of Ga as Ga(£44$) well as promoting surface
371  adsorption of MoWater treatment sludge has a pH of 6.4 so thatay buffer the pH to a
372 value low enough for ion removal without pH adjustih while biological acidification

373 within a wetland, through carbonic acid productiaii| also tend to lower pH.

374 This study is the first step in developing congidcwetland technology for use in
375 treatment of wastewater from bauxite residue stoergas. The next stage is to examine the
376  effect of particle size (sand-sized particles asduss wetland filter material versus ground
377 material as used here) and ionic strength (0.3 Mahlgresent in drainage water versus
378 0.01M as used here) on removal of Mo, As, V andoGavater treatment sludge and bauxite

379  (the two most promising materials) in batch andiooi studies.
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Figure Captions

Fig. 1- (a) Effect of solution pH on the solubility of Akt 10 mg [Y) either in aqueous
solution (control) or in the presence of silicaddeand) and (b) effect of equilibration of
silica sand with an 100 mg'Al solutionfor0, 1, 10 or 20 cycles at a pH of 6.7 on amounts
of Mo, V, As or Ga remaining after equilibration bing L* solutions with the sand samples

for 2 h. Standard errors of the mean shown.

Fig. 2- Influence of solution pH on the relative adsorpt{®6 of added ion) of (a) Mo, (b) V,
(c) As and (d) Ga onto alum water treatment sludgé sludge), bauxite, blast furnace slag

(BF slag) and bauxite residue sand. Standard esfdhe mean shown.

Fig. 3- Effect of equilibrium metal concentration on theaqtity of (a) Mo, (b) V, (c) As and
(d) Ga adsorbed onto alum water treatment sludgé $Wdge), bauxite, blast furnace slag

(BF slag) and bauxite residue sand. Standard esfdhee mean shown.

Fig. 4- Effect of contact time on the relative adsorpt{@hof added ion) of (a) Mo, (b) V, (c)

As and (d) Ga onto alum water treatment sludge 8Mdige), bauxite, blast furnace slag (BF

slag) and bauxite residue sand. Standard errdreeahean shown.
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Table 1 Elemental and mineralogical composition of the waste materias

Elemental composition (g kg™)
Material Mineralogical composition
Si Fe Al Ca Mg K Na P

WT sludge 249 184 1111 0081 0.091 0454 0433 0864 Dominant: poorly crystalline amorphous material

Minor: gehlenite
Bauxite 183 334 1322 011 021 031 026 063 Dominant: gibbsite

Sub-dominant: boemite, quartz kaolinite, anatase, hematite
BF slag 1102 108 593 639 4855 188 1.619 Dominant: amorphous glass

Minor: gehlenite

Residue sand 519 1303 469 612 0102 0209 647 0581 Co-dominant: hematite, sodalite;
Sub-dominant: gibbsite

Minor: anatase, calcite, goethite




Table 2 TCLP — extractable metals and some chemical ptiegesf the waste material

Chemical properties TCLP — extractable metals (md. ™)
Material EC PzC CEC SsET
pH Cu Zn Cr Cd Pb
(Sm?)  (pH)  (cmokkgh) (m?g?)
WT sludge 6.4  40.1 5.6 6.78 4717  0.03 001 003 0.005 0.016
Bauxite 7.3 2.24 7.9 4.32 2897 0.039 0.01 0.018 0.005 3.00
BF slag 10.2 119 5.8 1.18 3.37 0.026 0.015 0.074 0.008 030.0
Residue sand g1 29.3 6.6 5.88 17.13  0.028 0.014 0.002 0.003 1%0.0
Regulatory level ns ns 5.0 1.0 5.0




Table 3 Langmuir and Freundlich isotherm constants and Correlation coefficient (R?) for adsorption of Mo(V1), V(V), As(V) and Ga(lll)  onto
four waste materials.

Langmuir isotherm Freundlich isotherm
M etal Adsor bent
Omax (Mgg™) b(L mg) R® K n R’
Mo(VI) WT sludge 9.53 0.04 0.96 0.72 2.04 0.98
Bauxite 2.19 0.08 0.95 0.37 2.83 0.99
BF slag 0.08 5.62 0.96 0.64 1.24 0.96
Residue sand 0.17 0.13 0.79 0.02 1.42 0.97
V(V) WT sludge 13.02 0.26 0.99 212 2.22 0.93
Bauxite 3.62 0.10 0.98 0.71 3.26 0.99
BF dlag 4.23 0.01 0.97 0.04 1.24 0.99
Residue sand 4.33 0.02 0.89 0.13 1.55 0.99
As(V) WT sludge 17.36 0.31 0.99 3.06 2.39 0.89
Bauxite 2.95 0.07 0.9 0.62 3.20 0.95
BF slag 1.27 0.06 0.95 0.12 1.68 0.96
Residue sand 10.36 0.03 0.89 0.68 2.07 0.99
Ga(lll) WT sludge 28.74 0.60 0.89 10.24 1.34 0.94
Bauxite 19.72 0.88 0.92 4.32 1.13 0.95
BF slag 3.21 5.40 0.93 0.62 0.89 0.95

Residue sand 8.70 1.99 0.91 2.45 0.85 0.97




Table 4 Pseudo-first-order and pseudo-second-order rate constants, experimental qe values and correlation coefficients (R?) for adsorption of

Mo(VI1), V(V), As(V) and Ga(lll) onto four waste materials.

Pseudo-first order

Pseudo-second order

Material Metal ENCER) 0(99") k
ky (min™) R? R?
Experimental  Calculated Experimental Calculated  (gg'min®)
WT dudge Mo(V1) 0.098 0.011 0.017 0.94 0.098 0.098 4.320 0.99
V(V) 0.099 0.002 0.024 0.95 0.099 0.099 46.184 0.99
As(V) 0.091 0.004 0.016 0.86 0.091 0.092 11.755 0.99
Ga(lll) 0.089 0.001 0.005 0.42 0.089 0.088 54.637 0.99
Bauxite Mo(V1) 0.099 0.002 0.013 0.90 0.099 0.099 22.914 0.99
V(V) 0.099 0.002 0.020 0.86 0.099 0.099 30.421 0.99
As(V) 0.091 0.005 0.019 0.91 0.091 0.092 11.545 0.99
Ga(lll) 0.091 0.001 0.013 0.69 0.091 0.091 48411 0.99
BF dag Mo(V1) 0.019 0.010 0.022 0.94 0.019 0.020 4.497 0.99
V(V) 0.089 0.012 0.018 0.95 0.089 0.090 9.674 0.99
As(V) 0.067 0.014 0.020 0.97 0.067 0.068 3.901 0.99
Ga(lll) 0.096 0.019 0.026 0.94 0.096 0.097 3.545 0.99
Residue sand Mo(V1) 0.011 0.011 0.029 0.95 0.011 0.012 3.505 0.99
V(V) 0.036 0.011 0.030 0.88 0.036 0.036 7.096 0.99
As(V) 0.073 0.026 0.027 0.94 0.073 0.074 2.483 0.99
Ga(lln) 0.086 0.016 0.024 0.88 0.086 0.087 3.545 0.99
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Fig. 1- () Effect of solution pH on the solubility of Al (a 10 mg L™) either in aqueous
solution (control) or in the presence of silica sand (sand) and (b) effect of equilibration of
silica sand with an 100 mg L™ Al solution for 0, 1, 10 or 20 cycles at a pH of 6.7 on amounts
of Mo, V, As or Ga remaining after equilibration of 1 mg L™ solutions with the sand samples

for 2 h. Standard errors of the mean shown.
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Fig. 2- Influence of solution pH on the relative adsorption (% of added ion) of (&) Mo, (b) V, (c) Asand (d) Gaonto alum water treatment sludge

(WT dludge), bauxite, blast furnace slag (BF slag) and bauxite residue sand. Standard errors of the mean shown.
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Fig. 3- Effect of equilibrium metal concentration on the quantity of (a) Mo, (b) V, (c) As and (d) Ga adsorbed onto alum water treatment sludge

(WT dludge), bauxite, blast furnace slag (BF slag) and bauxite residue sand. Standard errors of the mean shown.
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Fig. 4- Effect of contact time on the relative adsorption (% of added ion) of (a) Mo, (b) V, (c) As and (d) Ga onto alum water treatment sludge

(WT dludge), bauxite, blast furnace slag (BF slag) and bauxite residue sand. Standard errors of the mean shown.



Highlights

We study removal of Al, Ga, Mo, V, As from alkaline drainage using active filter media

Al and to a lesser extent Ga precipitated out when pH was reduced to below 7.0

Mo, As, V and Ga were adsorbed to the surfaces of filter materials below pH 7.0

Water treatment sludge and bauxite were the most effective filter materials



