UNIVERSITY OF LEEDS

This is a repository copy of Leaching behaviour of co-disposed steel making wastes:
Effects of aeration on leachate chemistry and vanadium mobilisation.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/136380/

Version: Accepted Version

Article:

Hobson, AJ, Stewart, DI orcid.org/0000-0001-5144-1234, Mortimer, RJG et al. (3 more
authors) (2018) Leaching behaviour of co-disposed steel making wastes: Effects of
aeration on leachate chemistry and vanadium mobilisation. Waste Management, 81. pp.
1-10. ISSN 0956-053X

https://doi.org/10.1016/j.wasman.2018.09.046

© 2018 Elsevier Ltd. All rights reserved. This manuscript version is made available under
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

» (G20

©O 00

10

12

13

14

15

16

17

18

19

Leaching behaviour of co-disposed steel making wastes: Efteof aeration
on leachate chemistry and vanadium mobilisation

Andrew J. Hobsorf, Douglas I. Stewart, Robert J. G. Mortimer¢, William M. Mayes®,
Mike Rogersorf and lan T. Burke®

aSchool of Earth and Environment, University of Leedsdse&S2 9JT, UK.
*Corresponding Author’s E-mail: i.t.burke@leeds.ac.uk Phone: +44 113 3437532; Fax: +44
113 3435259

bSchool of Civil Engineering, University of Leeds, Leeds, LSP, 0K.

“School of Animal, Rural and Environmental Sciences, Nottingheant University,
Brackenhurst Campus, Southwell, Nottinghamshire NG25 0QF

dSchool of Environmental Sciences, University of Hull, HHJ6 7RX, UK.

Keywords: Steel slag; vanadium; leaching behaviour; alkalinéewas



20

21
22
23
24

25

Highlights

e Steel making by-products unsuitable for recycling storednidfih

e Leaching mechanism is primarily controlled by air availability

e Air-exclusion led to Ca-rich, high pH leachates, with low Wi@entrations

e Carbonate formation during aeration led to lower pH butdriyhconcentrations
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Abstract

Steelmaking wastes stored in landfill, such as slag at spfractory liners, are often
enriched in toxic trace metals (including V). These mayiyec mobile in highly alkaline
leachate generated during weathering. Fresh steelmakingwastEharacterised using XRD,
XRF, and SEM-EDX. Batch leaching tests were performed ureleteal, air-excluded and
acidified conditions to determine the impact of atmosp@@e and acid addition on leachate
chemistry. Phases commonly associated with slag includoacoim silicate, dicalcium
aluminoferrite, a wistite-like solid solution and free limere identified, as well as a second
group of phases including periclase, corundum and graphite whéchepresentative of
refractory liners. During air-excluded leaching, dissolutiofred lime and dicalcium silicate
results in a high pH, high Ca leachate in which the \tentration is low due to the constraint
imposed by CgVOas). solubility limits. Under aerated conditions, carbonatiowers the
leachate pH and provides a sink for aqueous Ca, allowing hagmeentrations of V to
accumulate. Below pH 10, leachate is dominated by peridisselution and secondary phases
including monohydrocalcite and dolomite are precipitated.a§®of waste under saturated
conditions that exclude atmospheric £S@ould therefore provide the optimal environment to

minimise V leaching during weathering.
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1 Introduction

Steel slag is a ubiquitous byproduct of the steelmaking indinstrys produced in large
guantities worldwide. It is estimated that 160-240 million tenoksteel slag were produced
in 2016 (Ober, 2017) which corresponds to approximately 10-15 % of stadé output
(Piatak et al., 2014). Primary steelmaking (i.e. conversfaron to steel) produces steel slag
via two principal production methods; 1) basic oxygen furna€@H)Bsteelmaking in which
molten iron from a blast furnace is used and 2) eleatadurnace (EAF) steelmaking which
uses a combination of scrap steel, directly reduced mdmgy iron. In both processes lime (or
limestone) is added to the furnace as a fluxing agent to remgueities from the molten
metal (Eloneva et al., 2010, Piatak et al., 2014). The catiposf BOF and EAF slag is
broadly similar and consistent across location and pso€Eossavainen et al., 2007, Yildirim
and Prezzi, 2011, Proctor et al., 2000). These predominantliscofnsCa, Mg, Fe and Al
oxides and silicates (Proctor et al., 2000); the relativegstiops of which will vary according
to the raw materials used during manufacture. Secondarynsiareg slags are formed during
secondary steelmaking where both BOF and EAF derived stedisrther processed in ladle
furnaces, producing BOF(L) or EAF(L) slags respectivelyesehare much more variable in
composition and are also relatively enriched in Mg and Altdweditives used in the process
(Shi, 2002). In addition to slag production, a wide varietyeérictories (MgO-C; Al-silicate;
MgO-Al20s-C) are used as furnace liners during steelmaking to protect tlecéu(Quaranta
et al., 2014). Refractories that are in contact with emodlag wear over time and the build-up
of solidified slag above the melt (due to sputtering) andoimdaits also require regular
removal. Therefore, periodic renewal of the ediirer is required. The result is a mixed waste
containing both slag and refractories which is difficaltseparate and are often co-disposed

(Hanagiri et al., 2008)
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Primary steelmaking slags are recycled where possiblellyusisaaggregate in civil
engineering applications, such as road construction andgasexal fill material due to its
stability (Geiseler, 1996, Yi et al., 2012). However, in some<agvated concentrations of
free lime (CaO) and periclase (MgO), which expand on hydratwaclude reuse in
engineering applications. Ladle slags and refractoriesatsm be recycled during primary
steelmaking (as an alternative source of CaO or MgO fhut)virgin materials are often
preferred due to their more uniform composition and the inalesfé®@t that would be required
in slag sorting and processing (Kwong and Bennett, 2002, deaba2007). For this reason,
and also because supply frequently exceeds the demanddadaecaggregates, steelmaking
byproducts are often stored either in landfill or in open ‘heaps’. However, as recycling rates
increase, materials with problematic properties (e.g. mghal content, high % of CaO or
MgO, or simply uncertain or variable composition) will maiean ever greater proportion of
materials stored in landfill. It is therefore incse®ly import to understand the leaching
behaviour of such non-standard by-products as they becoigeifecant part of the disposed

inventory.

Steel slags contain free lime (CaO) and periclase (Mg0;ialpresent in refractories)
that hydrate to form portlandite (Ca(Qipr brucite (Mg(OH)). These phases dissolve in

water to generate high pH (10.5-12.5) leachate (Mayes et al.,:2008)
CaQg) + H:0 — Ca(OH)z@q = Ca* + 20H PHeq)= 12.46(1)
MgO + H0 — Mg(OH)z@g= Mg?* + 20H PHeq)= 10.40 (2)

Alkalinity may also be produced by the dissolution of Ca:ais, (e.gp-dicalcium silicate,

larnite; Roadcap et al. (2005)

CaSiOs + 2H0 — 2Ca%" + H,Si02 + 20H 3)



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

In addition, under aerated conditions, reactions involvirgyithgassing of C@results in

conversion of Ca/Mg hydroxide based alkalinity to carbon&ediaity.
Cé&*(aq) + CO(ag) + 20H(aq)— CaCOs(s) + H0y) (4)
CaCQ + H,0 = C&* + HCOs+ OH PHeq)=9.36 (5)

Whilst steel slag has historically been considered to bae-hapardous waste, concerns
have been raised in recent years regarding the high oatens of potential toxic trace
metal(loid)s (including Al, Cr, Pb, Mo and V) present le tslag (Tossavainen et al., 2007,
Proctor et al., 2000, Matern et al., 2013) which may be mobiliseéteiralkaline leachate
(Cornelis et al., 2008). V leaching in particular has rexb#v lot of recent attention (Chaurand
et al., 2006, De Windt et al., 2011, Huijgen and Comans, 2006, Navarro2€t14l) due to its
relative enrichment in steel slags and regulatory gonoser high V concentrations in
leachates (Environment Agency, 2014). Steelmaking wastes at alispitss are often
deposited in both saturated and unsaturated settings, howewerata currently exist
concerning slag leachate generation and chemistry undeedeamanditions (Bayless and
Schulz, 2003, Roadcap et al., 2005, Mayes and Younger, 2006). Undedasonditions,
CaCQ precipitation results in a drop in solution pH as @ihs are consumed (equation 4).
Changes in both pH and redox have significant implicatimusttie mobility of many
potentially toxic metals; for example Al, Cr , and V mdpiland toxicity are all highly
dependent on their speciation (with higher oxidation stgéeerally regarded as more toxic

and mobile) (Pourbaix, 1966).

This study investigates leaching behaviour of co-disposedrekigly waste under
aerated and air-excluded conditions. These represenastimty conditions present either near
the surface (good contact with atmosphere) and below tter wable deeper within waste

heaps. The waste has been characterised using x-magtiifh (XRD) and fluorescence (XRF)
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techniques, as well as scanning electron microscopy (SEl) emergy-dispersive x-ray
spectroscopy (EDX) to determine the mineral phases presdiyt.aErated and air-excluded
water leaching tests have been performed to determine how gisaséution behaviour,
secondary mineral formation and trace metal releaseaff@eted by changes in pH and
availability of air. Results will assist prediction of takerelease from waste when stored in
landfill above and below the water table, enabling effeeivaronmental risk assessment and

cost-effective long-term management of the waste.
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2 Methods and Materials

2.1  Sample collection and characterisation

Samples were collected within one week of deposition framyrborough Landfill
(British Steel, Scunthorpe, UK) in May 2013 (LAT 8522.24' LONG (°3541.52). The
sample consisted of 50-500 g blocks (~100 kg total). A sub-sashpihe collected material
(approx. 500 g consisting of 50 g pieces) were brushed to remgviinas and crushed to
provide a homogenised powder consisting ofl@0-um particles. The crushed waste was
stored in a polythene bag within an airtight glass jatainaing soda lime to prevent weathering

due to contact with atmospheric €énd moisture.

Elemental analysis of the powdered waste was undertakenai$idNalytical Axios
Advanced X-ray Fluorescence (XRF) spectrometer (dateded for loss on ignition at 1050
°C). Samples were prepared for major element analysifusesd beads with lithium
metaborate/tetraborate flux (Johnson Matthey SpeaikdiM100B) (0.6 g sample; 3 g flux).
For minor/trace element analysis pressed pellets wererptepantaining ~10 g of dried waste
using ~1620 drops of 6.6 % wi/v polyvinyl alcohol in a 1:6 mix of methlaand distilled
deionized water as a binder (Moviol 88 solujiohhe elemental limit of detection (LoD) was
generally < 0.02 wt% and the analytical uncertainty (vecsudfied reference standards) was
< #10% of the data value. Mineralogical analysis (LoD was apprately 3 wt% for
crystalline phases) was undertaken by powder X-ray difradfKkRD) using a Bruker D8
diffractometer, where powder samples were mounted on sgi@es and scanned between 2°
and 7026 using Cu K, radiation. Diffraction peaks from unknown sampleseatt¥en matched
to known standard reference patterns using Diffrac.Suite B/@ software using the
International Centre for Diffraction Data (ICDD) PDF2 dmtse (powder diffraction file (PDF)

reference numbers are reported for identified phases).



146 Two polished blocks were prepared by first cutting waste piecegedaunder water
147  and setting the resultant ~2 thilocks into epoxy resin with the cut surface exposed. This
148 surface was then polished using a water-free diamond pastentive the top 1-2 mm of
149 material potentially exposed to water during cutting. Electn@mographs were subsequently
150 collected on a FEI QUANTA 650 FEG ESEM, which was equippedidord Instruments
151 INCA 350 energy-dispersive X-ray spectroscopy (EDS) system/80XaMiax silicon drift

152 detector. EDS spectra and elemental maps were collecédaralysed using Oxford
153 Instruments AZtec software. The element and sampleifgpéoD for EDS analysis was

154 between 0.1 and 0.5 wt%.

155 2.2 Acid Neutralisation Capacity (ANC)

156 Homogenised powdered waste (0.4 g) was mixed with 40 mL HCI witbentrations
157 ranging from 1 M to 0.001 M in 50 mL polypropylene Oak Ridge tubkdgene, USA).
158 Experiments were performed in triplicate. Headspaces d&Qhmel tubes were flushed withbN
159 gas prior to sealing. All tubes were subsequently stored in aigighglass jars (Le Parfait,
160 France) filled with N gas and also containing ~100 g soda lime @®zgabsorbent) to prevent
161 any CQ infiltration from atmosphere to the experimental tubeserAfl and 50 days
162 equilibration the 50 ml tubes were centrifuged in a Sigma 2h&ituge using a 12151 rotor
163 at 8000 rpm (6000 g) for 5 minutes to separate aqueous and solesphamL of the
164  supernatant was removed and immediately added to 9 mL 0.1 M; HiED to ICP analysis,

165 and the pH of the remaining solution was measured (pH measnirédescribed below).

166 2.3 Leaching tests

167 Triplicate aerated experiments containing 1 g homogenised pewveerste and 100
168 mL deionised water were established in open 500 mL PETG Erlemrflagks. These were

169 gently agitated on a Stuart Scientific SSL1 orbital shakdr75 rpm to allow for equilibrium
9



170 of the reaction solution with air (i.e. dissolution atimosphericCO, and Q). At regular

171 intervals over a 50 day period 3 mL aliquots of slurry wemoved from the flasks and
172  centrifuged in 2 x 1.5 ml Eppendorf tubes in a Spectrafuge 16M ceictiofuge at 14,000 rpm
173 (16,000 g) for 5 minutes to separate aqueous and solid phases. i supematant was
174  removed and acidified in 0.1 M HN@nd the pH of the remaining supernatant was determined.
175 The moist solid samples were stored at -20 °C prior tonglrgt 40 °C overnight for further

176  analysis.

177 Replicate air-excluded experiments were established ino/ga0.4 g homogenised
178 powdered waste and 40 mL deionised water in 50 mL Oak ridge tubetubas were

179 anaerobically handled as described above for the ANC Bstiodically over a 50 day period
180 3 tubes were sacrificially sampled. Solid and solutionptasnwere taken and stored following

181 the procedures above.

182 2.4  Agueous Analysis

183 Solution pH (£0.2 pH units) was measured using an Orion DualStar pHéASEhtop
184  meter (Thermo Scientific, USA) with an electrode thas calibrated daily at pH 4, 7 and 10.
185 Nitrogen gas was bubbled through the sample tube during pH meastisenade in solutions
186 from the air-excluded experiments to prevent contact vitiosphere. Metal concentrations
187 in acidified agueous samples from the air-excluded leachipgrienents were determined
188 (with an analytical uncertainty &f +3%) using a Thermo ICAP 7400 ICP-OES ion-coupled
189 plasma, optical emission spectrometer (ICP-OES; &SCMg; LoDs were < 10 pg L) and
190 Thermo iCAP Qc ion-coupled plasma, mass spectromet®-MS; for V, Mn, and Cr with
191 LoDs<0.1 ug L for Liand Fe withLoD < 2 ug L™). Calibration was against certified multi-
192 element standards and check samples were analysed evemypdlesso check for calibration

193 drift. Aqueous elemental concentrations from the aeraézathing experiments were

10



194  determined using a Perkin Elmer Optima 5300DV ICP-OES for alleziesr{LoDs were < 100
195 pgL?for all elements)The 5300DV was calibrated with 3 standards (0.1, nd0™) and a
196 blank which were run every 15 samples and the calibratmssarhecked with a trace metal
197  Certified Reference Material (NIST1646A) with all valueshwit+5%.

198
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3 Results

3.1 Material Characterisation

The elemental composition (Table 1) of the powder samptedominated by Ca, Fe,
Mg, Si and Al with Cr and Mn as minor constituents. Traleenents included P, V, K, Ti

and S.

[TABLE 1]

Mineralogical analysis of the crushed waste using XRD (Figdgatified the presence
of periclase (MgQ PDF #44-946), corundum (AD3;; PDF #10-173 larnite (dicalcium
silicate, B-Ca&SiOs; PDF #33-302), brownmillerite (dicalcium aluminoferrite,>(2d,Fe).Os;
PDF #30-22p wiistite (Fe® PDF #46-1312), brucite (Mg(Obl) PDF #44-1482) and
elemental carbon (graphite-EDF #23-64). The principal XRD peak of free lime (CaO; PDF
#37-1497 overlaps with a secondary peak of corundum at ~37.5° 20, however, the secondary
peaks at ~ 32 and 54 ° 20 were present, suggesting its presence. There was no calcite peaks in

the XRD pattern for the unreacted waste (n.b. the princgdBtepeak is at ~29 ° 20).
[FIGURE 1]

SEM analysis of a polished block (Fig. 2) showed a mattralwas composed of
intergrown 1030 um crystallites, EDS elemen&l mapping indicated that there were three
dominant compositions. The dominant composition by aré& @ of the sample viewed) was
a CasSiO rich phase containing trace amounts of Al, P, Ti, V aadb¥ EDS analysis,
consistent with the larnite phase identified by XRD. $heond most abundant composition
by area (~25 %) was a Mee-O rich phase containing trace amounts of Na, Ca, Cr and Mn,
corresponding to the wistite phase identified by XRD. The thodt abundant composition
by area (~10 %) was a GaAl-O rich phase containing trace amounts of Ti, V, Cr and Mn,

corresponding to the brownmillerite phase identified by XRji&es of the dicalcium silicate

12
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phase contain lamellae identified as CaO rich regissasaated with dicalcium silicate. The
second polished block was composed of a singl&i&D- rich composition containing no

significant trace elements (data not shown).
[FIGURE 2]

3.2 Acid Neutralisation Tests

For crushed waste, the relationship between the finatisnlpH value and the amount
of acid added was similar after 1 day and 50 days of equibbrgfFig. 3a). The acid
neutralisation capacity (to pH 7) was very similar attthe time-points (11.0 and 9.5 M*H
kg! waste, respectively). In tests where the final pH valas greater than 7, the pH value
increased with time. The solution Ca and Mg concentratéina particular pH value were
broadly similar after 1 day and 50 days (Fig. 3c, d), howese(Fig. 3b) was present in
solution at all final pH values < 10 after 1 day, but wasemesat significantly reduced
concentrations at 50 days at all pH values. Calcium waaged to solution at all pH values,
with generally higher concentrations at lower pH valldagnesium was only present in

solution below ~pH 10, but also has generally higher condemtsaat lower pH values.
[FIGURE 3]

3.3 Batch leaching tests

During air-excluded leaching (Fig. 4), the leachate pH roselyapithin the first hour
to a value of 11.4, and then increased more slowly to a maxiaiua of 11.9 after 52 days.
The Ca concentration increased rapidly to ~2.5 mrrobver the first 24 hrs, and then more
steadily to ~3.0 mmol £ after 5 days. Between 5 days and 10 days the Ca concentratio
decreased to ~2.5 mmotLbut thereafter increased steadily to ~3.4 mmbhkter 50 days.
The Mg concentration showed no trend with time and washess0.4 mmol [* throughout

the experiment. The Si concentration increased to ~0.1&l intover the first 24 hrs, and

13
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then to ~0.25 mmol t after 5 days. After about 10 days the Si concentratioredsed to
~0.15 mmol L but subsequently varied between ~0.15 and ~0.25 mrhaintil the end of
the test. The V concentration gradually increased from ~@0al L after 24hrs to ~0.007
mmol L? after 50 days. Aqueous Fe concentrations range from 0.002 to 0.07 Lritand
were just above the limit of detection by ICP-MS (0.0018 imb), which increases scatter
in the data. However is still discernible that Fe aadabed in solution during the air-excluded
experiments and did not in parallel aerated experimentseTas very little change in XRD
patterns collected from the solid residue over time, gttt portlandite (PDF #44-14Bdias

detected in samples collected from the experiment endsp@iiy 1b).
[FIGURE 4]

During the aerated experiments (Fig. 4), pH increased rapittin the first hour to a
maximum value of 11.6. This was followed by a decrease to pHfte©91 day and then by a
second rise to pH 10.0 after 6 days. Subsequently pH steadilpetetdi 9.3 after 50 days of
leaching. The Ca concentration increased rapidly to ~2 marhalithin the first two hours, but
then decreased to ~0.25 mmo! after 6-7 days. Initially the Mg concentration was law ib
increased rapidly after day 2 to reach a concentrationeab®.5 mmol [* by day 20, which
persisted until the end of the test. The Si conceatratias ~0.15 mmol t after 1 hour,
decreased to ~0.03 mmoltLafter 2 days but then rose to ~0.25 mmdi &t 6 days.
Subsequently Si concentrations remained above 0.2 mifoklthe remainder of the test. The
V concentration increased steadily over the duratidhefest to reach a maximum of ~0.065
mmol L after 48 days. The aqueous Fe concentrations were jniialnd 0.05 mmol £
and decreased over 5 days to < 0.002 mmbfdr the remainder of the tests. XRD patterns
collected from solid residue after 1 day show that ca(€ifeF #24-27) was present (Fig. 1c),
after 6 days the periclase and larnite peaks had reducecldtive intensity and

monohydrocalcite (PDF #29-3p@as detected (Fig 1d). After 50 days monohydrocalcite was

14
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the dominant secondary phase detected (although some i@gI®MF #36-426, was also

present) and periclase and larnite peaks were absent (Fig. 1e).

Concentrations of other trace elements considered ftantial environmental risk
drivers for steel slags (e.g. Mn, Cr, Li) were low iritbthe aerated and the air-excluded tests

(and were present at concentrations close to or beldve timit of detection).
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4 Discussion

4.1 Waste characterisation

The bulk chemical and mineralogical composition of thetevass distinct from BOF
slag samples collected at the Yarborough site (Tabledphp@red to BOF slag the material
was relatively depleted in elements such as Ca, Fenlivabut enriched in Mg, Al, Ti and
Cr. The waste mineralogy could be split into two ddtigroups. The first group included a
range of phases commonly occurring in BOF slag (i.e. larbitewnmillerite, lime, and
wastite; Yildirim and Prezzi (2011), Proctor et al. (2000), Geis€l®96)), which were
observed in SEM as discrete particle assemblages vaithintergrown matrix of 20-50 pm
crystallites. The second group of minerals identified by XiR@uded corundum, periclase
and graphite that are rare in BOF slag and are more commassugiated with refractory liner
materials (e.g. in MgO-C and AD3-MgO-C refractories; Rovnushkin et al. (2005)).
Aluminosillicate was also observed in SEM analysis. This was tikely the high temperature
phase mullite (ASkO13; Schneider et al. (1994), Chesters (1973), Mazdiyasni and Brown
(1972), Tamari et al. (1993)) which is also used as a refrantatgrial or can form in slags
from reaction of corundum and Si (Dana and Das, 2004, Zhab, &014). Therefore, the
waste can be characterised as a mixed steelmaking wasginooy both BOF slag and
refractory materials. The potential for re-use of mixedtesis low due to uncertainties about
their chemical and physical behaviour, however, it is ingmdrto understand their potential

leaching behaviour during disposal.

4.2 Acid neutralisation behaviour

The acid neutralisation capacity experiments were caeduander air-excluded

conditions and provide information on phase dissolutiotihé waste as a function of the acid

16
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addition and final solution pH. At low acid additions (< 1 mdlkg?) the waste buffered pH
to values > 11.5 due to the dissolution of free lime and digalsilicate (Egns. 1 and 3), with
dissolution of brucite from periclase hydration alsostoning acid when the pH < 10.4 (Eqn.
2). Ca was released to solution at all pH values with theuatof release increasing with
decreasing pH (Fig. 3c), and Mg was released to solution whenlpétval0 with the amount
of release also increasing with decreasing pH (Fig. 3d), vidhnmdnsistent with the dissolution
behaviour of these phases (Eqns 1 and 2). The alkalinity prappbases were progressively
exhausted by larger acid additions and the final pH decretesetilg until neutral values were
reached with an acid addition of ~8 mol§ kfy*. CaO hydration is a very fast reaction (Shi et
al., 2002), whereas dicalcium silicate hydration and dissoligigienerally considered to be
slower (Taylor, 1986). However, here we find that bothmarelved in buffering the pH in the
first 24 hrs as Si is released to solution. Neverthelkes]0:1 ratio in the aqueous Ca and Si
concentrations indicated an excess of Ca releadeveeta pure dicalcium silicate dissolution
(i.e. Ca : Si = 2:1) suggesting that free lime was the dominant Ca bearing phase that was

dissolving over 24 hrs.

The difference in the final pH of the 1 and 50 day testh thié same acid addition
indicates that part of the alkalinity generation occwex ¢donger time periods. At high pH this
was most likely associated with continued dissolution odldium silicate, although the Si
concentrations decreased between day 1 and 50. This Si deaEmsost likely associated
with the formation of secondary Si-containing phasdses€é phases were most probably
calcium-silicate-hydrate (C&+H) phases at pH values > 9 (Walker et al., 2016, Costa et al
2016) and amorphous silica (Si@n) at lower pH values (Langmuir, 1997). The increase in
Mg concentration between day 1 and 50 at pH values < 9 suggesiase hydration also

continued beyond 24 hours.

17



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

4.3 Leaching behaviour under aerated conditions

At the initial sampling point (1 hr) during the aerated Ieag tests, the pH value was
11.5 0.2 and both Ca and Si were released to solution. Phsiniial release of alkalinity,
Ca and Si was due to the hydration and dissolution of beéhlime and dicalcium silicate
phases present in the waste. Previous slag leaching tesgsguanulated BOF slag pieces
found dicalcium silicate dissolution to be significantlpveér than free lime dissolution
(Stewart et a).2018). The use of crushed powder samples in these tests wilidtave
contained high surface area fines must have promoted rapal dissolution of dicalcium
silicate. However, as dicalcium silicate dissolution ®dsaCa and Si to solution in an
approximately 2:1 ratio (Hobson et al., 2017), the much higtiigaliCa/Si ratios in solution
(between 13 and 20) indicates that free lime dissolutionmeess likely to be the predominant

source of rapidly leached alkalinity in these tests.

In the 2 days after the initial release of alkalinitya®a Si to solution, the pH reduced
to 8.9 contemporaneously with rapid Ca and Si removal. déwease in pH and Ca
concentrations coincides with the appearance of caleiads in the XRD plots after 1 hour
(Fig. 1) indicating that the initial spike in pH was buégrdown to 8.9 due to in-gassing of
atmospheric C®and the subsequent precipitation of CaQ@hich consumes both Oldnd
Ca* ions (Egn. 4). The contemporaneous decrease in Si doatiems may be evidence of the
formation of a calcium silicate hydrate phase ). Indeed, low Ca/Siratio (< 1) Ca-H
phases are predicted to form under the observed initial p@ardncentrations on a timescale
of 24-48 hours (Walker et al., 2016). The peaks associatbdliwilcium silicate (larnite) in
XRD patterns became less prominent over time and wereatdtiynabsent by the end of the
experiments, indicating continued dicalcium silicatealiggon beyond day 6. Despite this no
further increase in Ca concentration was observed aftlays, probably because most of the

Ca released by dicalcium silicate dissolution was predeit as CaC®under aerated
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352 conditions (monohydrocalcite peaks became increasprgiminent in the XRD pattern over
353 time). Si concentration increased to a maximum value bet®e®days contemporaneously
354 with a second observed peak in pH. There are only modesgehan Si concentrations
355 observed after 6 days, suggesting that equilibrium with secp&larontaining phases such
356 as CaSi-H or amorphous Sig&XLangmuir, 1997, Costa et al., 2016, De Windt et al., 2011) was

357 limiting Si concentrations in these experiments.

358 XRD analysis indicates that there was progressive losgiofgs® from the solids over
359 time, such that it was absent from the final XRD patt€here were also small brucite peaks
360 in the XRD patterns from all time points. Periclase hylrain water to form brucite
361 (Mg(OH).), which readily dissolves at pH values < 10.4 (Eqn. 2). hoifscant Mg release to
362 solution was observed during the first 24 hours of leachingusec brucite is relatively
363 insoluble at the then prevailing high pH value that was imposeédially and calcium silicate
364 weathering. After the initial spike in the pH value onfite& day, the solution pH was lower
365 than the brucite equilibrium value, and the aqueous Mg ctratiem increased as brucite
366 dissolved. As aresult, periclase hydration and brugsstlition provided an additional source
367 of alkalinity to the system. Dissolution of brucite leanls switch in solution chemistry from
368 a Cato an Mg dominated system. Monohydrocalcite was oloserveRD patterns after day
369 6, after which it becomes the dominant carbonate phasgrdtrating a switch from calcite
370 formation in the Mg-free early part of the experimetatgpredominately monohydrocalcite
371 formation in the Mg-dominated system present after d&®e6ent studies have shown that an
372  Mg-rich environment, such as that observed after 5 dayg,smaport the precipitation of
373  monohydrocalcite (CaC£H.0) into which Mg may be incorporated (Rodriguez-Blanco et al.,
374 2014). At later time points dolomite (CaMg(@e) was detected in XRD analysis, which may
375 also form due to the high Mg concentrations suppressindgecalcaragonite formation during

376 recrystallisation of monohydrocalcite (Rodriguez-Blancalgt2014).
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4.4  Leaching behaviour under air-excluded conditions

At the first sampling point at 1 hr the pH value and the @aSarconcentrations were
very similar to those observed in the aerated experinjphtd1.5 +0.2, [Ca] 1.5 £0.5 mmol
L-1 and [Si] 0.15 +0.025 mmol L-1) indicating similar processes: occurring over the first
hour of leaching in both experiments (i.e. rapid dissolutbrree lime and fine grained
dicalcium silicate particles). As a saturated Ca(&dd)ution will reach a pH of ~12.5 (Eqn. 1)
and experimental pH values were between 11 and 12 at all-times pibisuggests that the
magnitude of the initial rise in pH was mass limited @antrolled by the amounts of CaO and
reactive dicalcium silicate that are readily available dessolution) rather than Ca(OH)
solubility limited. Between the first sampling point and daiér¢ was a slow increase in pH,

Ca and Si which was probably the result of continued digal silicate dissolution.

Between day 5 and 10 in the air-excluded experiments therea wasrease in Ca
concentrations that coincided with a decrease in Sierdrations, which suggests that a Ca-
SiH phase formed. The pH, Ca and Si concentrations preist@ aime of formation in the
leaching experiments were consistent with precipitatian©@&Si-H phase with Ca/Si ratio of
close to 1 (Walker et al., 2016). The continuing slow rispHi Ca and Si concentrations
during the remainder of the experiment indicate that usidexxcluded conditions, the solution
composition slowly evolves towards dicalcium silicate ity limits over time (also
observed by De Windt et al. (2011)). However, $d4 gel formation can cover patrticle
surfaces, making alkalinity generation a diffusion-limitedcess (Hobson et al., 2017, Costa
etal., 2016, Nikoli¢ et al., 2016), slowing the dissolution of the remaining reactivedsphases,
and leading to the incomplete dissolution of larnite (dicatcsilicate) observed at the end of

these experiments (Fig. 1b). No Mg was released to solutider air-excluded conditions
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because the pH remained above 10.4 throughout the experianahtbierefore, dissolution of

the Mg containing phases was inhibited.

4.5 Control of trace metal release

Fe can be released to solution during dissolution of beéhlime and dicalcium silicate
(in which it can be a minor constituent; Hobson et24l1{7), and therefore Fe is present in the
leachate throughout the air-excluded experiments (Thelgligiver Fe concentrations after 5
days under air-excluded conditions may be due in part to in@iig@o of some Fe into C8r
H phases). Conversely, under aerated conditions Fe is @sigrgrin significant concentrations
during the first 3 days during which time the leachate pH fadi® 11.5 to 9. Under aerated
conditions, any Fe(ll) released is likely to be readilydeead to Fe(lll) and precipitated either
as an insoluble hydroxide or incorporated into spinel-lik@séary phases (e.g. magnetite,

FesOs: De Windt et al. (2011)) at pH 9, limiting Fe accumulation iluson.

Vanadium release in the air-excluded experiments is lowi(men of ~0.007 mmol
LYy compared to that observed in the aerated experimeatsirtaum of ~0.065 mmol £).
Previous work on BOF slag weathering suggests that it is V(\dcased with dicalcium
silicate which is most readily leached to solution (Holetaad., 2017), which is present in high
pH solution as the vanadate oxyanion QO Wehrli and Stumm (1989)). Thus, V
concentrations observed during BOF slag leaching are likelg toohtrolled by CVOa4)2
solubility limits (Ksp = 10177 Huijgen and Comans (2006), Cornelis et al. (2008), Allison et
al. (1991)) which impose an inverse relationship between @aVaoconcentrations in the

leachate (Fig. 5).

3C&* + 2VOs* = Cay(VOa):2 (Eqgn. 6)
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Under air-excluded conditions Ca released from CaO anttuigasilicate weathering
accumulated in solution, producing a leachate with highc@acentrations. The leachate
solution, therefore, quickly reached $0404). solubility limits, preventing further release of

V to solution and limiting V concentrations in the leachate.

Aerated conditions, however, allow in-gassing of atmosph@@s and associated
formation of secondary carbonate minerals. This @®geovides a sink for Ca, lowering
agueous Ca concentrations. The V that is released thengdosists in solution (due to the
lower [C&*].[VO4*] ion activity product), leading to much higher concentratithan those
seen under air-excluded conditions. Monohydrocalcitelaively soluble (Ksp = 1 x 10%
Kralj and Brecevic¢ (1995)), therefore, the equilibrium phase controlling Ca catre¢ions in
these experiments is probably dolomite (CaMggaKsp = 1 x 16’2 Sherman and Barak
(2000)). Indeed, the predicted Ca concentration in solutiqusileated with dolomite and
atmospheric pCg@are similar to those found at the end of these experin{Eigt 5; (Langmuir,

1997)). In the aerated experiments, the overall

[FIGURE 5]

leachate chemistry remains undersaturated with resp€etdOa4)2, which is consistent with
the observed depletion of the V-hosting dicalcium d#igghase by the end of the aerated

experiments.

4.6 Implications for waste management

Co-disposed wastes such as those used in this study are uivattfac reuse in
furnaces due to their highly variable composition makindficdit to control the steelmaking
processes. Furthermore, the presence of MgO makes rigse in civil engineering

applications difficult, since periclase hydration to fdsmcite leads to significant volumetric

22



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

expansion and cracking. Given these problematic charstatericombined steelmaking wastes
are generally stored in landfill. Over time, rainwateevitably infiltrates and reacts with
landfilled waste to generate leachate. Therefore, theget@avironment plays a key role in
establishing leachate composition. There is a key icierabetween Ca concentrations and
the solution pH, which controlled by the equilibrium witle thominant Ca-phase present (i.e.
portlandite, CaSirH or CaC0gs). The presence of COs a key factor in determining which
secondary Ca phases are present during leaching anchalsedree to which the primary
dicalcium silicate was leached (therefore, indireaffgcting the release of trace metals such

asV).

Under air-excluded conditions, the leaching profile of thelwoed waste is similar to
that of BOF slag (Hobson et al., 2017, De Windt et al., 2011, HujgdrComans, 2006, Costa
et al., 2016). Rapid dissolution of Ca-bearing phases utithegassing of C@®leads to a high
pH, Ca(OH) dominated leachate. High Ca concentrations limit Vasdedue to G&/0Ou4)2
solubility limits. Consequently, water saturated environseiith limited opportunity for C®
ingress will provide the safest environment for waste storbgachate could either be
recirculated (and reach equilibrium with Ca(QH)r be removed and treated off site to lower
its pH and allow carbonation without triggering V release (€®oet al., 2017). Under aerated
conditions, lower alkalinity and Ca concentrations allowch higher V concentrations to
accumulate in leachate, as well as allowing dissolutfdvigO to form a Mg(OH) dominated
leachate which favours the formation of monohydrocaleitel dolomite as secondary
carbonate phases. Leaching under aerated conditiondlyrgpoduces leachate with V
concentrations in excess of acute toxicity thresha@9 (ig L*; Fig 5) and all experiments
display V concentrations higher than chronic toxicityetolds (19g L, Buchman, 2008)
New proposals for V exposure based on recent reviews td»écology data (Smit, 2012)

have suggested new water quality standards for V of 1.2 and 3.0 pg L1 for chronic and acute
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exposure respectively. Almost allg leachates reported (Fig 5) would exceed these more
stringent limits, therefore, leachate generated frondisposed steel making wastes would
require careful management (and treatment prior to dischémgavoid the potential for

environmental harm.

Extrapolating from experimental results to field sgakedictions must always be done
with caution. For example, these experiments were peeid on crushed powder samples at
much lower solid to liquid ratios than would typically berd in a heap leaching scenario. It
is much more likely that during heap leaching (due to high saelidution ratios present) free
lime and dicalcium silicate dissolution will control I&éate quality resulting in higher Ca
concentrations (i.e. leachate saturated with respect tOH)g( and therefore lower V
concentrations compared to those seen in experimestahsy (indeed most real site leachates
commonly contain V at order of magnitude lower concentnatihan found in laboratory
experiments; Fig 5). However, the experimental resutigcate that although carbonation
reactions are helpful in reducing pH and alkalinity ovexetithe Ca concentrations produced
may allow higher V concentrations to accumulate in leaclatesstime. Therefore leachates
produced from co-disposed steelmaking wastes will likely requaeitoring and secondary
treatments (e.g. by employing wetlands or cascade sys@&onses et al., 2017) for decades

after their initial disposal.
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5 Conclusions

The co-disposed waste investigated in this study was compbd&fdFosteelmaking
slag containing dicalcium silicate, wiustite, dicalcium ahoferrite and free lime; and
refractory oxides comprising corundum, periclase, graphite armgh hemperature
aluminosilicate. V was predominately associated with theldum silicate and dicalcium
aluminoferrite phases. During leaching, alkalinity was producetidsplution of free lime and
dicalcium silicate. Under air-excluded conditions high @acentrations and the inverse
relationship between Ca and V concentrations imposed BNOa). solubility limits
restricted V release to the leachate. Under aeratedtimosdin-gassing of COpromoted
carbonation reactions and secondary carbonate forméa@achate pH and Ca concentrations
were reduced and MgO hydration and dissolution was promadohgeto a switch from a Ca
to an Mg dominated leachate and precipitation of monohydniteadnd dolomite. V
concentrations in leachate were higher under aeratedticmsdivhere formation of carbonate
minerals provides a sink for agueous Ca following in-gassingaf Gnder these conditions,
the inverse relationship imposed byz(&D4)2 solubility limits allows higher concentrations
of V to accumulate in leachate than those seen undereuded conditions. Therefore, when
considering long-term leaching behaviour, it is importhiat risk assessments consider the

expected in situ environmental chemistry of specific wastagoenvironments.
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Table 1 Chemical composition of BOF steel slag samples ftmeriyarbrough Repository,

Scunthorpe UK, and the powder sample used in leaching tests.

Major Elements BOF slag Powder sample
Nominal Oxide wt% (Hobson et al., 2017) (this study)
CaO 40 15 19 +2
FeO 32 19 16 +2
SiOz 14 +3 11 +1
MgO 5.2+1 28 £3
MnO 4.5 +1 2.11£0.2
Al>O3 1.2+0.4 18 +2
P.Os 1.3+0.4 0.87 £0.09
V205 0.81 £0.24 0.33 £0.03
TiO2 0.30 +0.13 0.86 +0.09
Cr0s3 0.24 £0.13 3.3+0.3
SG; 0.23 +0.09 0.33 £0.03
K20 n.d. 0.12 £0.01
NaO n.d. 0.18 +0.02
SrO n.d. 0.14 £0.01
ZrO, 0.02 £0.01 0.14 £0.01
BaO n.d. 0.01 £0.01
NiO 0.02 £0.01 n.d.
CuO 0.01+0.01 n.d.
ZnO n.d. 0.02 £0.01
PbO n.d. 0.03 +0.01
LOI n.d. 0.96
TOTAL 98.9 100.9
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Figure 1. XRD patterns from (a) unweathered steelmaking waste, (b)mstieieg waste
leached for 50 days under air-excluded conditions, and stkiglgrwaste leached under
aerated conditions for (c) 1 hour, (d) 6 days and (e) 58 day
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Figure 2.Backscattered electron micrograph (top left) with corredp false colour element

map (top right) and EDS spectra from c) dicalcium silicadlewisite and e) dicalcium

aluminoferrite phases. The laminae containing phase (boigbih also contains discrete CaO
laminae.
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Fig. 3. Acid neutralisation results showing (a) final pH valuétera24 hours (red circles) and
50 days (black squares) as a function of initial acid corattam (each point represents the
mean value and error bars #6 from triplicate samples) and (b)-(d) metal concentrations
leached from waste over 24 hours and 50 days as a functiimalgdH. Initial test conditions

in all cases were 10g wasté.L
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Figure 4.Leachate composition during the aerated (red triangteamrexcluded (blue square)
batch leaching test on steelmaking waste (initial testlitons: 10g solid/L deionised water).
Data from triplicate experiments shown separately.
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679 Figure 5. Plot of [V] versus [Ca] for selected experimental aitd data (site data from Riley
680 and Mayes (2015), Roadcap et al. (2005), Mayes et al. (2008¥.dashed line marks the
681  solubility limits for Ca(VOa)2 at 20 °C (Allison et al., 1991). Data plotting below the solypbilit
682 limit is undersaturated with respect to that phase. Vertleshed lines indicate [Ca] in
683  solutions in equilibrium with dolomite in contact with aspheric CQ, or with Ca(OH),
684  respectively (both at 20 °C). Horizontal arrows indicate aantechronic freshwater toxicity
685 guideline limits (Buchman, 2008) (Figure redrawn after Hobsoh GiL7)).
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