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TOXICITY AND STABILITY OF IRON-ARSENIC ALLOY

Abstract: Iron-arsenic alloy is a waste-form of a novel gold recovery technology from gold-arsenic-
bearing concentrates. This study investigates toxicity and solubility of Fe-As alloy in aqueous solutions. Results
of the TCLP-like test, to evaluate the potential toxicity of a solid Fe-As alloy, suggest that the alloy is not stable
in acidic conditions (pH 2.88), and releases As in concentrations exceeding the TC threshold level by more
than four times. Calcium arsenate dust toxicity has been also evaluated for comparison. It was found to release
40 times more As than iron-arsenic alloy. Concentrations of As in the SPLP-like test leachates were well within
the regulatory limit, thus demonstrating the relative stability of the Fe-As alloy in normal meteoric waters (pH
5). Long-term leaching tests in the environmentally-relevant pH range of 5 to 9 at 22°C demonstrate that Fe-
As alloy is very susceptible to acidic pH conditions. Arsenic solubilization was high under acidic conditions (at
pH5 and pH6), which suggests that in the long term it can be mobilized within the environment if exposed to
meteoric waters, and certainly to acid rain. However, at the neutral and alkaline pH conditions typical of
monofills it appears to be stable over the long term.
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Introduction

As mobility from waste materials is of considerable environmental significance, particularly in
relation to their mobilisation into water supplies [1]. Following increasing body of published research
proving As toxicity [2], the WHO reduced drinking water limit for As to 10 ug/L, albeit some countries
have more stringent standards. Kazakhstan has not brought regulatory limits for As in drinking water
to this concentration yet due to issues related to detection limit of analytical equipments currently
used in laboratories, and still operates at MCL of 50 ug/L.

As often accompanies non-ferrous and precious metals in sulfidic ores and it is the main
concern in mining and processing of the refractory As-bearing gold ores. Earlier, we proposed a
novel single stage method for gold recovery from double refractory gold-arsenic-bearing
carbonaceous concentrates, based on melting of the concentrate with Fe-rich waste slag and lead
oxide in reducing atmosphere, the so called direct reductive melting (DRM) process [3]. Processing
locks As into a relatively benign (compared to alternative methods) iron-arsenic alloy and
concentrates gold into lead bullion. The method has been published as a patent with the Patent
Office of the Republic of Kazakhstan [4]. The Fe-As alloy, consisting of mixed iron arsenides,
obtained under optimal conditions for As recovery has been characterised using EPMA (Electron
probe microanalysis), QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron
Microscopy), powder X-ray and neutron diffraction [3]. Thermal behaviour of the alloy has also been
studied [5].

Removal of As from gold-arsenic-bearing refractory materials into solid waste, such as slag
and speiss, is known as a potentially safe disposal option. It allows one to avoid the transition of As
to the gas phase, and to avoid subsequent troublesome gas collection and solidification/stabilisation
processes. Calcium sulfite and sulfate were added to suppress sublimation of As during smelting of
refractory gold-arsenic bearing concentrates [6], this incorporated As into the slag. However, the
process consumed large quantities of reagents. In addition, a certain amount of As still passed into
the gas phase, and the leaching behaviour of the slag is unknown. There has been an attempt to
investigate the leaching behaviour of the slag, obtained by incorporation of arsenates into typical
waste slags of lead and copper smelting [7]. The product of ferric arsenate and lead furnace slag,
containing 20.7% As, leached out 0.01% of the As after 8000 hours of static water leaching. A
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product, containing 23.5% As, that was obtained by slagging of copper slag and calcium arsenate,
leached a similar amount of As. In another study, As was converted into speiss in the course of gold
recovery from double refractory gold-arsenic-bearing concentrates [8] by melting with metallic iron
and lead sulfate. Once again, the leaching behaviour of the obtained speiss material has not been
studied.

Furthermore, to date no single study has reported on the leaching behaviour of iron-arsenic
alloys with high As content (up to 40%), such as those obtained from DRM of the Bakyrchik
concentrates. The purpose of this study is to characterize the toxicity and stability of the iron-arsenic
alloy. The objectives of the research are:

— Evaluate toxicity of the iron-arsenic alloy.
— Examine the stability of the iron-arsenic alloy.
— Study long-term leaching behaviour of the iron-arsenic alloy under various pH conditions.

Understanding the long-term stability of iron-arsenic alloy is crucial for prediction of the long-
term behaviour of As in such alloys, and in weathered products following its disposal, as well as to
evaluate its pollution load and associated environmental hazards.

Experimental

The toxicity of the iron-arsenic alloy has been assessed by the «Toxicity Characteristics
Leaching Procedure» (TCLP) — the United States Environmental Protection Agency (USEPA)
regulatory method for classifying wastes as hazardous based on toxicity [9]. The gold extraction
process, previously employed at Bakyrchik, removed As in the form of calcium arsenate dust. The
toxicity of the calcium arsenate dust from the Bakyrchik minesite was also evaluated to compare to
that of iron-arsenic alloy.

The stability of the iron-arsenic alloy has been studied by conducting short-term and long-
term leaching tests. The short-term leaching test resembled a standard «Synthetic Precipitation
Leaching Procedure» [10]. The major difference between the SPLP and the TCLP tests is in the
extraction fluid used.

Test models, and then determine the mobility of elements, present in
material, from the leachate the material would produce sitting

in-situ, in or on top of the ground inside a landfill for a number of
surface, exposed to natural years, exposed to acidic
precipitation conditions
—— - — ~ | ]
SPLP (pH 5.6) TCLP (pH 2.88 or 4.93)

Figure 1 — Difference between SPLP and TCLP tests

The SPLP extraction fluid reflects the acidity of precipitation in the area where the sample is
located. Therefore, in the short-term leaching test, pH 5 has been chosen to simulate a pH typical of
normal rainwater. Short-term SPLP-like leaching test comprised five consecutive contacts of Fe-As
alloy with deionized water at pH 5 and 22°C in polycarbonate Erlenmeyer flasks, stoppered to
prevent evaporation (Table 1). After each 24-hour contact, the slurry was filtered using a glass
microfibre filter. The filtrate was analysed for iron and arsenic, while the wet solid was placed in
contact again with fresh extraction water and so on. The regulated temperatures, and the shaking
process for the short-term leaching test, as well as for long-term leaching test were controlled using
an Adolf Kuhner ISF-1-W incubator-shaker. The pH adjustment was controlled using analytical grade
0.01M NH4OH and 0.01M HNOs solutions. Deionised water (DW) with the resistivity of >18 MQ/cm
was used throughout the entire experiment.

Since simple conduct of commonly accepted leaching tests (such as TCLP and SPLP) is
insufficient for realistic assessment of environmental impact of the waste material, the long-term
leaching behaviour of the Fe-As alloy in environmentally-relevant pH conditions has also been
studied (Figure 2).
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Figure 2 — Experimental design

Wet solid residue after the five-stage short-term experiment was used to evaluate long-term
stability and leaching behaviour of the iron-arsenic alloy. A mixture with a S:L ratio of 1:40 was
equilibrated for 12 weeks. Over this time a 2 mL aliquot of the slurry was collected daily using 0.1
Mm syringe filters in the first week, and weekly using 0.02 um syringe filters in the following 11 weeks.
The experiment was conducted without the addition of any fresh extractant. The pH was adjusted
many times a day as required. At the end of the test the leachates were filtered and the residues
were washed three times with the same volume of water as the volume of the filtrates. The
temperature of the water used for washing was the same as the leaching temperature. The solid
residues were then allowed to dry for a week at room temperature, and then analysed by XRD.

Details of the tests are presented in Table 1. Fe and As content in aliquots was determined

using ICP-MS.

Table 1 — Details of the leaching tests

Parameter TCLP-like test SPLP-like test Long-term test
Particle size, mm <2 <2 <2
Agitation speed, rpm 30 30 30
Extractant (pH) DW (pH2.9) DW (pH5) DW, pH5-9
Temperature, °C 22 22 22,50, 75
Extraction time five 24-hour-contacts up to 16 weeks
Solid:liquid (S:L) ratio, g:ml 1:20 1:20 1:40
Filter pore size, um 0.7 0.7 0.1 and 0.02

Results

The result of the TCLP-like test is shown in Table 2. The leachability of the iron-arsenic alloy
was compared to that of calcium arsenate dust.

Table 2 — TCLP-like (pH 2.88) test results for Fe-As alloy and calcium arsenate dust

Sample (As content)

Leached As, ppm + SD

Multiple of TC limit

Iron-arsenic alloy (up to 30% As) 24.45+0.06

4.8

Calcium arsenate dust (3% As) 888.15+0.08

177.6

Results of the short-term SPLP-like test of the Fe-As alloy are shown in Figure. 3. The
potential long-term leachability of As from iron-arsenic alloy is depicted in Figure. 4. The long-term
leaching test was run for 84 days.

As concentration, mg/L
w

&

SPLF limit

5

4

Contacts

Figure 3 — Short-term SPLP-like test of Fe-As alloy over successive contacts

ISSN 2788-7995 (Print)
ISSN 3006-0524 (Online)

[IokopiM yHHBEpCUTETIHIH Xabapiibichl. TexHUKaAIBIK FhibMaap Ne 2(14) 2024 538
Bulletin of Shakarim University. Technical Sciences Ne 2(14) 2024



0

As concentration, mg/L

Figure 4 — Leaching of arsenic from Fe-As alloy as a function of time and pH at 22 °C

Discussion

The TCLP-like test held at pH 2.9 leached 24.45 mg/L As from the Fe-As alloy, exceeding As
toxicity characteristic limit of 5 mg/L. Based on the TCLP-like test, the alloy shall be deemed toxic.
Some countries have less stringent requirements for disposal of As-containing residues, taking into
account the fact that it is not xenobiotic to the environment, and does not bioaccumulate in the body.
According to the UK's Waste Management Paper of the Department of the Environment (1980), the
regulatory limit for As-bearing wastes co-deposited in a landfill is 10 mg/L of As in leachate, whereas
in hydrologically secure sites, which excludes any risk for groundwater quality, it is 25 mg/L [11].
From this less emotive and reasonably pragmatic perspective Fe-As alloy would have passed the
required limit for disposal of waste in secure to groundwater monofills.

Calcium arsenate dust released 888 mg/L As. This is close to the As concentrations (900-
1400 mg/L) reported for calcium arsenate compounds subjected to the TCLP [12]. The Fe-As alloy
appears to be considerably less soluble, releasing almost 40 times less As compared to the calcium
arsenate dust. It is clear that Fe-As alloy is by far a better solution for safe disposal of As than
previous option — calcium arsenate dust.

The applicability of the TCLP for classification of metallurgical wastes has been the subject
of much controversy. Some authors have found that As levels leached by the TCLP test exceeded
those leached by six months of continual column leaching [13]. The TCLP is especially inadequate
when the lowest solubility of the waste constituent matches the pH of the TCLP leaching solution. It
has been suggested that sulphate would be a more suitable leaching agent for As-containing non-
ferrous wastes [14]. Hence, for mineral processing and metallurgical wastes, which are generally
disposed of in monofills with neutral to alkaline pHs, the SPLP seems to be more appropriate.
According to the USEPA "The SPLP is a method of choice when evaluating fate and transport of
metals in a properly engineered waste land disposal facility from which municipal solid is excluded".
It can be seen from the Figure 3, that the Fe-As alloy leached between 1.67 to 2.75 mg/L As during
the test. This is less than the SPLP regulatory limit of 5 mg/L for As [15]. The SPLP solution pH
represented the acidity of meteoric precipitation in the Bakyrchik area. According to the routine
industrial monitoring results the pH of surface and ground waters in the vicinity of the Bakyrchik Mine
site is circumneutral [16], suggesting that compared to the TCLP-like test the SPLP-like test is more
representative of the conditions, to which the As residue would be exposed. The results of the SPLP-
like test confirms that the Fe-As alloy is relatively stable in the short term under natural weathering
conditions.

According to the long-term leaching test (Figure 4), Fe-As alloy solubility appears to be very
sensitive to the pH of the extractant: the lower the pH of the solution the greater the leaching of As.
The concentration of As in solution increases significantly in the first week of the test at pH 5, pH 6
and pH 7. In contrast, at pH 8 and 9 it decreases, with As concentration below detection limit in most
of the measured aliquots. The highest leachability of As is observed at pH 5, ranging from an initial
value of 6.71 to 447 mg/L upon reaching equilibrium. The As concentration at pH 7 increased
moderately in the first week from 0.49 to 1.11 mg/L, then continued with a very small but steady
increase of As up to 3.20 mg/L determined on the final day of the test. The final concentration of As

ISSN 2788-7995 (Print) Becruux yunsepcurera llakapuma. Texuudeckue Hayku Ne 2(14) 2024 539
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 2(14) 2024



for each run plotted as a function of pH is shown in Figure 5, where the strong dependence of
equilibrium concentration on pH is clear.

Information regarding the stability of iron-arsenic alloys is scarce. The only relevant study is
of Harris and Monette [17] on weathering of speisses (chemically iron arsenides) in laboratory
conditions. In their experiment, some speiss samples remained relatively unaffected, but others
significantly decomposed upon weathering. The complete breakdown of speiss was accompanied
by steady increase of dissolved As content in leachate. However, after reaching a certain value As
concentration in leachate started to decline gradually. The product of complete breakdown of speiss
was ferrihydrite. Decrease of As content in leachate was attributed to adsorption of As by ferrinydrite.
It is known that over time ferrihydrite converts to goethite, hematite or the mix of both [18]. However,
if ferrinydrite contains adsorbed species, like arsenates [19,20], the transformation can be
substantially inhibited. From these considerations, it appears that speiss materials can be buried and
allowed to weather in monofills with impermeable liner.

1000

500 600 7.00 .00 900
pH

Figure 5 — Solubility of Fe-As alloy as a function of pH at 22 °C

Arsenic concentration, mg/L

001

In addition, The Fe-As alloy is a solid dense monolithic material, with less free surface area
for permeability and leaching compared to amorphous precipitates and dust wastes. Hence, given
the monolithic structure of the Fe-As alloy, and the fact that mineral processing wastes are not
subjected to crushing prior to their disposal, if we had done a leaching test designed for assessment
of monolithic wastes (such as Dutch Tank Leach Test NEN 7345 [21]), which do not require the
particle size reduction employed here, much less As would have been released from the alloy.

Conclusion

The results of this study suggests that the iron-arsenic alloy, if disposed of in neutral to
alkaline conditions, would be a good medium for As immobilisation. The Fe-As alloy is a compact
monolithic, dense material, which can accommodate up to 40% As. Furthermore, it doesn’t require
any troublesome and/or costly stabilisation/solidification pre-treatments prior to disposal. These
advantages, together the high degree of gold extraction, make iron-arsenic alloy an attractive waste-
form for removal of As from double refractory Au-As-bearing concentrates.
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TEMIP-MbILWbAK KOPbITNACbIHbIH YbITTbIJ1blfbl 2KOHE TYPAKTbUbIFbI

TeMmip-MbiwbsK Kopblimnack! anmbiHObl mabaHObl anmbiH-MbIUWbSKMbI KOHUeHmMpammapdaH 6erin
anyldblH XaHa mexHonoausicbl — mikeneld momebiKcbi30aHObIpa 6ankbimyObiH KandblK 6HiMi 601bin
mabsinadel. byn Mmakanada cynbl  epimiHdinepdeai Fe-As KoOpblmnachklHbIH  ybImMMbIibiFbl  MeH
mypakmbIfibiFbIH 3epmmey Hamuxesniepi bepinzeH. Fe-As KopbimnacbkiHbIH areyemmi  yblMmbirbifblH
baranay ywiH «lllatimanay apkbinibl ybIMMbIbIKMbl aHbiKmay fpouedypachi» naldanaHbliobl. CbiHakK
Hemuxesnepi KopbimnaHbiH KbiwKbll opmada (pH 2,88) mypaKchi3 €KeHiH XoHe ybimmbinbIKMbIH WeKmMi
OeHeeliiHeH mepm ece0eH Xofapbl KOHUeHmpauusnapda As walbinamsiHbiH kepcemmi. CanbicmbIpy ywiH
Kanbyuli apceHamsbl WaHbIHbIH ybimmblfbifbl 0a ocbl odicrieH mekcepindi. LLaHHbIH MeMip-MbIUbSK
KopbimmacbiHaH 40 ece Kern Mbiwbsik 6eriemiHi aHbiKkmarnobl. Fe-As Kammabl KOpbimacbiHbIH MypaxKmbibifbiH
b6aranay ywiH «XKacaHdbl (ammocgpeparnbiK) xayblH-WallbiHMeH waltiManay rnpouedypachly KondaHbliobl.
byn ke30e dpunbmpammapdarbl AS KOHUeHmMpauyusicbl cmaHdapmmbl wWekmepOeH acrnaldbl, SFHU
ammocghbepansik xaybiH-wWalibiHFa moH pH 5 epimindinepde Fe-As Kopbimmnackl canbicmbipMaribl mypode
mypakmbi 60nbin kenedi. 22°C memnepamypada pH 5- 9 apanbifbiHOa y3aK yakbim waliManay cbiHakmapbl
Fe-As KopbimnachkiHblH KblWKbln pH xardalinapra eme cesiMman ekeHiH kepcemedi. Lllalimanay kesiHOe
MbIWbSAKMbIH KopbimnadaH cyrnbl epimiHOize emyi pH5S xeHe pH6 xardalibiHOa xofapbl 6057061, 6yn
KopbimraHbiH KopwaraH opmada y3akK yakbim 060Ubl XaybiH-WalwbiHHbIH XoHe, anbemme, KblWKbI

ISSN 2788-7995 (Print) Becruux yunsepcurera llakapuma. Texuudeckue Hayku Ne 2(14) 2024 541
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 2(14) 2024



XKaHObIPObIH acepiHe yuwbipaca KypambiHOarbl MbILUbSIKMbIH epimiHOize walblinybl MyMKiH ekeHOieiH bindipedi.
LezeHMeH, XypaisinzeH aKkcrnepumMeHmmep KopbimraHbliH MOHOMoIU2oHAdapra meH belimapan xoHe cinmisni
pH xardalibiHOa y3akK yakbim 60Ubl mypakmbifbifbiH cakmalimbiHbiH dor1en10edi.

Tytin ce30ep: anmbiHObI 6onin any; Fe-As Kopbimnachl; MbIWbSIK; YbIMMbIbIK, MypakmbirbiK.
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TOKCUYHOCTb U CTABUIIbHOCTDb XEJNE30-MbILUbAKOBOI'O CIMJIABA

XKenes3o-mbiwbsKosbll crnnae s8nsemcsi omxo0oM HO80U MmexHOs02uu U3efnevyeHuss 3o1oma U3
YMOPHbIX 30510MO-MbIWBLSAKOBbIX KOHUEHMpamos — npsiMol eoccmaHosumernbHou nnaeku. B daHHol cmambe
npedcmaeneHbl pesynbmambl uccrnedosaHusi mokcuyHocmu u cmabunbHocmu Fe-As cnnasa 6 600HbIX
pacmeopax. «[lpouedypa onpedesieHUss xapakmepucmuK MmMoKcu4yHocmu ebiwenaqyusaHum» (MXTB) 6bina
ucronb3o8aHa 0s11 OUEHKU rnomeHuuarnbHol mokcuyHocmu meepdozo Fe-As cnnasa. Peaynbmamei [TXTB-
nodobHo20 mecma no38ossrm fMpednosioKuUMmMb, Ymo crisias HecmabuneH 8 KucnomHol cpede (pH 2,88) u
ebifenissem As 8 KOHUeHmMpayusx, rnpesbiliatouiux Mopoeossili ypoeeHb MoKcu4YHocmu bonee Yem 8 Yembipe
pa3sa. [Qna cpasHeHusi, makxe, bbiiia OyeHeHa moKCUYHOCMb Mbiu apceHama Kasnbyus. bbino obHapyxeHo,
ymo nbifib 8bidenisiem 8 40 pa3 6onbwe MbiWbsKa, YEM Xe/le30-MbIWbSIKoebIU crnas. [ns oueHKu
cmabunsHocmu meepdozo Fe-As crinasa bbina npumeHeHa «lpouedypa ebiuwjeriaqueaHusi UCKYCCMEEeHHbIMU
(ammocgpepHbimu) ocadkamu» (MBUO). KoHueHmpauyus As e cunsmpamax [NBNO-nodobHozo mecma
Haxodunuce 8 rnpedenax HOpPMbI, 4mo ceudemesibcmeyem 06 omHocumernbHolU cmabunbHocmu Fe-As
crninasa 8 pacmeopax ¢ pH 5, nodobHbix ammochepHbiM ocalkam. [numersibHble ucrbiMmaHus Ha
ebllWeniayusaHue 8 asKonoaudecku 6eszonacHom Ouana3oHe pH om 5 do 9 npu memnepamype 22 oC
rokasbigarom, 4mo Fe-As crinasa xapakmepu3syemcsi 8bICOKOU 4y8CM8UMEIbHOCMbIO K KUCIIbIM yCIO8USIM
cpedbl. Pacmeopumocms Mbiuwibsika bbina ebicokol rpu pH5 u pH6, ymo noseosisem rnpednonoxums, 4Ymo 6
don2zocpoyHol nepcriekmuee crsiag Moxem [posienisimb M00BUXHOCMb 8 OKpyxaruiel cpede rpu
s803delicmeuu ammMocghepHbIX 0cadKo8 U, KOHEYHO Xe, KUucromHbix Ooxdel. O0Hako 6 HelimparsibHbIX U
WesIoYHbIX ycriosusx pH, munu4Hbix 0515 MOHOIMOMU20HO8, Criylag coxpaHsem cmaburibHOCMb 8 meYeHuUe
0numernibHO20 8pPeMeHU.

Knroyeenlie cnoga: useneyeHue 3ooma; Fe-As crinas; MbiWbsK; MOKCUYHOCMb, cmabusibHOCMb.
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