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Abstract The laterite Ni ore smelting operations in

Niquelândia and Barro Alto (Goiás State, Brazil) have

produced large amounts of fine-grained smelting

wastes, which have been stockpiled on dumps and in

settling ponds. We investigated granulated slag dusts

(n = 5) and fly ash samples (n = 4) with a special

focus on their leaching behaviour in deionised water

and on the in vitro bioaccessibility in a simulated

gastric fluid, to assess the potential exposure risk for

humans. Bulk chemical analyses indicated that both

wastes contained significant amounts of contaminants:

up to 2.6 wt% Ni, 7580 mg/kg Cr, and 508 mg/kg Co.

In only one fly ash sample, after 24 h of leaching in

deionised water, the concentrations of leached Ni

exceeded the limit for hazardous waste according to

EU legislation, whereas the other dusts were classified

as inert wastes. Bioaccessible fractions (BAF) of the

major contaminants (Ni, Co, and Cr) were quite low

for the slag dusts and accounted for less than 2 % of

total concentrations. In contrast, BAF values were

significantly higher for fly ash materials, which

reached 13 % for Ni and 19 % for Co. Daily intakes

via oral exposure, calculated for an adult (70 kg, dust

ingestion rate of 50 mg/day), exceeded neither the

tolerable daily intake (TDI) nor the background

exposure limits for all of the studied contaminants.

Only if a higher ingestion rate is assumed (e.g. 100 mg

dust per day for workers in the smelter), the TDI limit

for Ni recently defined by European Food Safety

Authority (196 lg/day) was exceeded (324 lg/day)

for one fly ash sample. Our data indicate that there is

only a limited risk to human health related to the

ingestion of dust materials generated by laterite Ni ore

smelting operations if appropriate safety measures are

adopted at the waste disposal sites and within the

smelter facility.

Keywords Dust � Slag � Fly ash � Laterite � Ni

smelting � Bioaccessibility

Introduction

Identified land-based resources averaging C1 % Ni

contain at least 130 Mt of Ni, with about 60 % of it
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bound in Ni laterites and 40 % in sulphide deposits

(USGS 2016). Currently, about 60 % of the world’s Ni

production comes from Ni sulphides, and the remain-

ing 40 % comes from Ni laterites (Crundwell et al.

2011). In the future, it is expected that the production

of Ni from laterite ores via hydrometallurgical and

pyrometallurgical technologies will become of greater

importance (Warner et al. 2006).

Environmental compartments such as soils, dust,

water, and biota (plants, fish) in the vicinity of smelters

processing laterite Ni ores and producing ferronickel

(FeNi) have been studied at several sites in order to

monitor the impacts of these industrial operations (e.g.

Bačeva et al. 2012; Bačeva Andonovska et al. 2015;

Oliveira-Filho et al. 2010, 2013; Ratié et al. 2016;

Zelano et al. 2013). Surprisingly, only limited infor-

mation about the mineralogical and geochemical

compositions of the waste materials from laterite Ni

ore smelting (slags, fly ash) is available in the

literature (Ettler et al. 2016; Kierczak et al. 2009;

Ratié et al. 2016). The bioaccessibility of Ni and

associated contaminants (Cr, Co, Zn) have often been

studied in soils developed on mafic/ultramafic bedrock

(Cox et al. 2013; Palmer et al. 2013, 2014), in soils and

dusts from industrial urban areas, and sites near mines

and smelters (Bačeva Andonovska et al. 2015; Drys-

dale et al. 2012; Gbefa et al. 2011; Reis et al. 2014a, b;

Vasiluk et al. 2011). However, such information is

virtually unavailable for industrial dusts produced by

Ni smelters (except for limited data reported in

Henderson et al. 2012a and Oliveira-Filho et al.

2010, 2013). Our previous investigation indicated that

contaminant leaching from slag and fly ash, generated

by laterite Ni ore smelting, is highly dependent on pH

and on solid speciation of inorganic contaminants in

the individual materials. Thus, whereas leaching of Ni,

Cr, and Co from slags was rather low (\6 % of total

concentrations), a high release of contaminants (e.g. in

the range 15–23 % of total Ni and Co) was observed

for fly ash between pH 3 and 5.1 (this being the natural

pH of a fly ash–water suspension) (Ettler et al. 2016).

Following in the footsteps of our previous research,

the aim of this paper was to verify the extent of

contaminant leaching on a larger set of waste dust

samples from a ferronickel smelter (granulated slag

and fly ash materials) and to assess the contaminants’

oral bioaccessibility in simulated gastric fluid (SGF),

coupled to calculated estimates of the potential

exposure risk for human health.

Materials and methods

Slag and fly ash samples

The Niquelândia and Barro Alto Ni laterite deposits

are located in Goiás State (Brazil) (Fig. 1). The ore has

been mined and smelted since 1979 in Niquelândia

(Codemin plant) and since 2011 in Barro Alto (Barro

Alto plant). The Anglo American Company currently

operates the open-pit mining activities and metallur-

gical plants at both sites. The smelting technology is

based on the following steps: (1) drying of the laterite

ore (with up to 2.5 % Ni) in a rotary dryer at 800 �C to

decrease the water content from 35 to 25 %; (2)

calcination/pre-reduction in rotary kilns at *800 �C,

with heavy oil as the fuel and woodchips or coal as the

reductant (dried ore is charged at 120 �C; the temper-

ature of the calcine at the discharge is 900 �C; flue gas

cleaning using electrostatic precipitators is connected

to the upper part of the rotary kiln); (3) smelting of the

calcined laterite ore in electric-arc induction furnaces

at *1500 �C (2000 t per day per furnace) to produce

crude ferronickel (*70 % Fe, *30 % Ni), which is

tapped at a temperature of 1450 �C; the slag is tapped

off at 1550 �C, after which it is water-quenched

(granulated) and stockpiled on the dumps; and (4)

refining of the FeNi to remove carbon and other

impurities (sulphur, phosphorus) (Crundwell et al.

2011; Moore 2012). More information about the

smelting technology and capacity of both smelters

was given in our previous papers (Ettler et al. 2016;

Ratié et al. 2016).

Fly ash from the calcination furnaces is currently

collected at both smelting sites, mixed with the ore,

and because of its high Ni content is recycled in the

smelting process (7.3–27.6 g/kg; Ratié et al. 2016).

However, high quantities of fly ash have been

deposited in the settling ponds at Codemin in the past.

For the current assessment, historical and recent slags

(n = 5) and fly ash materials (n = 4) were collected

as grab dust samples at waste disposal sites (dumps,

settling ponds), or obtained directly from the Anglo-

American staff. Descriptions of the studied samples

are given in Table 1, and the GPS locations of

individual sampling points are reported in Table S1

in Supplementary Material.

Each dust sample was homogenised and prepared

for further analysis. The granulometry of the two types

of materials was assessed by sieving; the majority of
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slag particles were determined to be\2 mm, with less

than 16 % of the particles below 0.5 mm (Table S3 in

Supplementary Material). In contrast, the fly ash

samples were fine-grained; whereas NFA1 contained

some larger particles above 0.5 mm (48.1 %), all the

other fly ash samples were finer than 0.5 mm. The

granulometry of the \0.5 mm fraction of fly ash

materials was determined using a Sympatec particle

size analyser equipped with a HELOS laser diffraction

sensor and an ultrasound sample treatment (Sympatec

GmbH, Germany). This indicated that the largest

proportion of finer particles in sample NFA1 were

below *30 lm (90 % of the particles), compared

with other fly ash samples, which all exhibited similar

size-distribution patterns to each other with 90 % of

particles below 100 lm (Figure S1).

The bulk chemical composition of each sample was

determined after digestion in mineral acids (HClO4,

HF, HNO3) and/or alkali sintering according to Ettler

et al. (2009). Gravimetric and volumetric analyses as

well as photometry were used to determine major

elements, whereas the trace elements were analysed by

inductively coupled plasma optical emission spec-

trometry (ICP-OES, ThermoScientific iCAP 6500

radial, UK). Total sulphur and total carbon content

was determined using an ELTRA CS 530 (combustion

Goiás
state

500 km 150 km

Niquelândia

Barro Alto

50°

Brasília

Goiânia

Goiás

15° 15°

50°

Distrito
Federal

Tocantins

Bahia

Mato Grosso

Mato Grosso
do Sul

Minas Gerais

Fig. 1 Location of the study sites

Table 1 Description of the studied slag and fly ash samples from laterite Ni ore smelting

Sample type Sample name Locality Sample description

Slag NSO1 Niquelândia Old granulated slag, produced 2006–2012, sampled 2013

NSO2 Niquelândia Old granulated slag, produced 2006, sampled 2014

NSR Niquelândia Recent granulated slag, produced in May 2014

BSO Barro Alto Old granulated slag, produced 2011–2013, sampled 2014

BSR Barro Alto Recent granulated slag, produced in May 2014

Fly ash NFA1 Niquelândia Fly ash from settling pond (depth not available), unknown age, sampled 2011

NFA2 Niquelândia Fly ash from settling pond (depth 0–10 cm), unknown age, sampled 2014

NFA3 Niquelândia Fly ash from settling pond (depth 45–50 cm), unknown age, sampled 2014

BFA Barro Alto Recent fly ash produced in May 2014
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with infrared detection analyser; ELTRA, Germany).

The accuracy of the digestion procedure and subse-

quent analytical determinations were controlled by a

parallel analysis of the certified reference material SU-

1b (nickel–copper–cobalt ore), certified by CANMET

within the framework of the Canadian Certified

Reference Materials Project (CCRMP). The quality

control/quality assurance (QC/QA) results are

reported in Table S2 in Supplementary Material, and

they indicate good agreement between the measured

and certified values.

The phase composition of the samples was assessed

by X-ray powder diffraction analysis (XRPD) using a

PANalytical X’Pert Pro diffractometer with a X’Cel-

erator detector (PANalytical, the Netherlands) (ana-

lytical conditions: CuKa radiation at 40 kV and

30 mA, 2-theta range 2�–80�, step 0.02�, counting

time 150 s per step). X’Pert HighScore Plus 3.0

software coupled to the Crystallography Open Data-

base (COD) (Gražulis et al. 2012) was used for

analysis of the XRD patterns. Waste dust specimens

prepared as polished sections were examined under a

Leica DM LP polarising microscope (Leica, Ger-

many) and subsequently studied by a scanning elec-

tron microscope (SEM; TESCAN VEGA3 XM, Czech

Republic) equipped with an energy-dispersive spec-

trometer (EDS; Quantax 200 X-Flash 5010, Bruker,

Germany).

Leaching experiments

The smelter waste samples were subjected to a 24-h

leaching test in deionised water at a liquid-to-solid (L/

S) ratio of 10, according to European standard EN

12457-2 (2002), which is used for the assessment of

the hazardous properties of the studied materials

according to EU legislation (EU 1999, 2003). At the

end of the leaching experiments, the suspended solids

were allowed to settle for about 10 min. Then, the

physical–chemical parameters (pH, Eh, specific con-

ductivity) were immediately measured in the super-

natant using Schott multimeters (Schott Gerätte,

Germany), and the leachates were filtered to

0.45 lm (Millipore�). All the experiments were

performed in duplicate and with procedural blanks.

Leachate samples from each experiment were

diluted in 2 % HNO3 (v/v) and analysed for As, Ba,

Cd, Co, Cr, Cu, Ni, Pb, Sb, and Zn by quadrupole-

based inductively coupled plasma mass spectrometer

(ICP-MS; ThermoScientific XseriesII, UK). The accu-

racy of the analyses of metals and metalloids in the

leachates was controlled by NIST 1643d (trace

elements in water) standard reference material

(SRM), and these were in good agreement with

respect to the certified values (Table S2).

Bioaccessibility testing and exposure assessment

Oral bioaccessibility testing was performed on both

types of samples without any grain size reduction by

sieving despite the fact that granulated slag samples

were relatively coarse-grained materials (see ‘‘Re-

sults’’ section and Table S3). For the sake of consis-

tency with the previously performed protocol of

leaching in deionised water (EN 12457-2), where

95 % of particles of the tested material must be smaller

than 4 mm, we used slag samples as they were even

for the bioaccessibility testing. However, Ruby et al.

(1999) clearly demonstrated that the contaminant

bioaccessibility in metal(loid)-bearing materials

increases with decreasing size of grains. It is recog-

nised that in a real-life scenario, only the smaller grain

size fraction would potentially be ingested, and we are

aware that especially for slags the bioaccessible

fractions could be underestimated, despite the fact

that handling and transport of slags between the

smelter and the dumps can potentially lead to re-

suspension of coarser particles.

To investigate the amounts of contaminants that can

be extracted in simulated gastric fluid (SGF), we used

the US EPA’s (2007) protocol representing the

‘‘worst-case’’ scenario, and simulating conditions

corresponding to a fasting human. This test was

selected mainly due to its simplicity and reliability

with in vivo tests (e.g. Deshommes et al. 2012). The

extraction fluid contained 0.4 M glycine (30.028 g

glycine dissolved in 800 mL of deionised water),

adjusted to pH 1.5 ± 0.05 by reagent grade HCl

(Merck, Germany), and finalised by diluting to 1 L

with deionised water (MilliQ?, Millipore Academic,

USA) and pH verification. A solid-to-fluid ratio of

1/100 was used for the extraction. A mass correspond-

ing to 0.4 g of the original dust sample was placed in

polypropylene centrifuge tubes (P-Lab, Czech Repub-

lic), 40 mL of extraction fluid was then added, and the

mixture was agitated for 2 h at 37 �C in a GFL 3032

shaking incubator (GFL, Germany). All extractions

were performed in duplicate with procedural blanks.
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After the extraction procedures, each extract was

filtered through a 0.45-lm nitrocellulose membrane

filter (Millipore�, USA), diluted, and analysed for As,

Ba, Cd, Co, Cu, Cr, Ni, Pb, Sb, and Zn by ICP-MS. The

accuracy of the measurements was also determined by

the use of NIST 1643d SRM (Table S2). Subsequently,

the bioaccessible concentrations of the inorganic

contaminants were expressed in mg/kg and converted

to the bioaccessible fractions (BAFs) expressed as a %

of the total contents.

The oral exposure was calculated using the bioac-

cessible concentrations, with a dust ingestion rate

corresponding to 50 mg/day, which is a general

ingestion rate for an adult in this kind of exposure

assessment (Bierkens et al. 2011). Adults, particularly

workers, have been suggested to be the most exposed

targets in and near the smelter facilities. The obtained

daily intakes of contaminants calculated for an adult

weighing 70 kg were then compared with the back-

ground exposure (BE) and the tolerable daily intake

(TDI) limits taken from Baars et al. (2001), and, if

available, more recent TDI limits set by European

Food Safety Authority (EFSA) or Scientific Commit-

tee on Health and Environmental Risks (SCHER).

Tolerable daily intake has been recently revised for Cd

(tolerable weekly intake [TWI] was established to

2.5 lg/kg body weight per day; EFSA 2009), Cr(III)

(TDI of 0.3 mg/kg body weight per day; EFSA 2014),

Ni (TDI of 2.8 lg/kg body weight per day; EFSA

2015) and Ba (0.2 mg/kg body weight per day;

SCHER 2012). However, EFSA recently concluded

that provisional TWI limits for Pb (15 lg/kg body

weight) and As (15 lg/kg body weight) are no longer

appropriate (EFSA 2010, 2014b) and TDI or TWI

limits for the remaining contaminant studied are not

available.

Results

Chemical and mineralogical compositions of slag

and fly ash samples

Table 2 reports the bulk chemical compositions of the

waste materials from laterite Ni ore smelting. Both

types of wastes studied are rich in Si, Fe, Mg, and Al;

but slags exhibit higher concentrations of Si (up to

23.7 wt%). In addition, the Fe(III)/Fe(II) ratio was

much lower for slags due to iron reduction in the

electric-arc furnace (0.12–0.33) compared with fly ash

(2.7–8.5) (Table 2). By comparison with slags, fly ash

also contained higher levels of Ctot (up to 8.54 wt%;

Table 2), probably due to residues from fuel (coal, oil,

woodchips) used in the charge to the rotary kiln. There

is a major difference in the chemical compositions

between the two types of waste in the minor and trace

elements. Some slags were slightly richer in Cr (slags:

6000–7580 mg/kg, fly ash: 1870–6750 mg/kg), but

were impoverished in Co (slag: 73.3–96.9 mg/kg; fly

ash: 488–679 mg/kg), Ni (slag: 779–963 mg/kg; fly

ash: 25,100–27,100 mg/kg), Cu (slag: \5–9.45 mg/

kg; fly ash: 36.9–92.5 mg/kg) and Zn (slag: 87.4–224;

fly ash: 281–462 mg/kg) (Table 2). Concentrations of

other contaminants were comparable for the two types

of waste and ranged between tens to lower hundreds of

mg/kg (Table 2).

The XRPD analyses and SEM observations indi-

cated that the slags were mainly composed of olivine

[(Mg,Fe)2SiO4], silicate glass, pyroxene [(Mg,Fe)2-

Si2O6]; and for some of the samples, trace amounts of

quartz (SiO2) and melilite [Ca2(Mg,Al)(Si,Al)2O7]

were also detected (Figure S2). The presence of glass,

skeletal crystals, dendrites of silicates, and symplectite

textures in metallic inclusions indicated that the slag

melt was rapidly quenched during water granulation

(Fig. 1a–c). Whereas Cr was detected by EDS in the

slag glass, olivine, and pyroxene (up to 2.54 wt% as

Cr2O3) (Fig. 2a, b), Ni was mainly bound in the Ni–Fe

alloys (Fig. 2c) and to a minor extent in olivine (up to

0.13 wt% as NiO; Fig. 2a).

The phase composition of the fly ash samples

determined by XRPD was dominated by high-temper-

ature silicates (olivine, pyroxene), glass, serpentine–

lizardite [(Mg,Fe,Al)2Si2O5(OH)4], spinel (mainly

magnetite, Fe2?Fe2
3?O4), and ubiquitous traces of

quartz; additionally, for some of the samples haematite

(Fe2O3), analcime (NaAlSi2O6�H2O), diaspor

(AlOOH), and hexagonal carbon (C) have also been

encountered (Figure S3). In agreement with our

previous investigations, the serpentine-like phase

seems to be partly dehydrated (due to the calcination

process in rotary kilns) and partly transformed to glass

(Ettler et al. 2016). Glass formed either spherical or

vesicular particles and exhibited high concentrations

of Ni (up to 6.30 wt% as NiO) (Fig. 2d–f). Spinel-type

phases occurred either as spherical particles, often less

than 10 lm in size, probably formed during the

calcination process in rotary kilns or as euhedral

Environ Geochem Health (2018) 40:1699–1712 1703
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residual grains of the primary ore materials (concen-

trations of Ni and Cr were up to 3.44 wt% as NiO, and

35.6 wt% as Cr2O3, respectively) (Fig. 2d–f). Olivine

occurred as skeletal crystals in spherical silicate

particles and also exhibited high concentrations of Ni

(up to 3.98 wt% as NiO) (Fig. 2e). Concentrations of

Co and other relevant trace metal(loid)s have not been

detected in any of the phases analysed by SEM/EDS.

Leaching tests

Leaching in deionised water using the EN12457-2 test

indicated that the steady-state pH of the waste-water

suspensions after 24 h of equilibration was rather

variable. The pH for slag leachates varied in the range

of 5.80–8.41 and for fly ash leachates in the range of

5.07–9.32 (Table S4). Eh ranged between 315 and

489 mV and indicated oxidising conditions during the

test (Table S4). Whereas specific conductivities for the

slag leachates were rather low (11–52 lS/cm), indi-

cating low amounts of total dissolved salts, the fly ash

leachates exhibited some higher conductivities and

ranged from 39 to 5340 lS/cm. Leached concentra-

tions of the measured contaminants are reported in

Table S5. Moreover, the leaching of major contami-

nants occurring in the highest concentrations in the

wastes (Cr, Ni, Zn) and comparisons with EU limits

for inert, non-hazardous, and hazardous wastes are

plotted in Fig. 3. With the exception of fly ash sample

NFA1, all other samples exhibited extremely low

levels of contaminant leaching and can be classified as

inert wastes. Leached Ni for fly ash NFA1 was

Fig. 2 Scanning electron micrographs in backscattered elec-

trons (BSE) of the studied waste dusts: a skeletal crystals and

dendrites of olivine (Ol) in glassy matrix (granulated slag

sample NSO1); b skeletal crystals of pyroxene (Px) and

pyroxene dendrites in glassy matrix (slag sample NSO1);

c spherical inclusion composed of symplectite of Ni–Fe and Ni–

Fe–S alloys trapped within the glass (slag sample NSO1);

d vesicular glassy particles associated with spinel-phase (Spl)

inclusions and smaller spinel droplets (fly ash sample NFA1);

e spherical silicate particle composed of spinel, olivine, residual

glass, and smaller fragments of glass-like phases and/or Ni-rich

silicates corresponding to dehydrated serpentines (fly ash

sample NFA1); f Cr-spinel inclusion within a magnetite (Mag)

euhedral grain associated with silicate glass-like phase forming

a rim (fly ash sample NFA1). The Ni and Cr concentrations

obtained by EDS are expressed in wt% of NiO and Cr2O3,

respectively
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4250 mg/kg, exceeding by 106 times the limit for

hazardous waste. For the same sample, leached Cd

exceeded 13 times and Zn exceeded 5.6 times the

limits for inert waste (0.04 mg/kg, and 4 mg/kg,

respectively). Cobalt leaching was also relatively high

(72.8 mg/kg), but this metal has not been regulated by

EU waste legislation (EU 2003). The remaining

contaminants leached from sample NFA1 at concen-

trations similar to those found in the other samples

studied and were well below EU limits (Table S5).

Bioaccessibility testing and exposure assessment

The bioaccessible concentrations of individual con-

taminants obtained by leaching in SGF and corre-

sponding BAFs are reported in Table 3. Whereas more

Cr has been released from slags (probably due to

higher bulk concentration), generally, other contam-

inants have been leached to a greater extent from the

fly ash samples (Table 3). The differences in BAF

values between the two waste types were most

pronounced for the contaminants being present in

highest concentrations in the studied materials (Co,

Cr, Ni, Zn). Slag exhibited the following BAF values:

Co (0.89–1.7 %), Cr (0.18–1.6 %), Ni (0.55–2.0 %),

and Zn (1.0–8.0 %). In contrast, except for Cr

(0.10–1.2 %), generally higher BAFs were found for

the fly ash samples: Co (7.1–19.1 %), Ni

(2.8–12.9 %), and Zn (3.4–8.5 %). The higher BAF

value for Ni reported for sample NFA1 might be

related to the higher proportion of a relatively soluble

serpentine-like phase (lizardite) compared with the

other studied fly ash samples (Table 3) and higher

proportion of smaller particles in the \0.5 mm

fraction. It is important to note that BAFs for other

contaminants can also reach high values (e.g. As:

36.3 %, Ba: 40.7 %), but due to their low total

concentrations in the material, their absolute bioac-

cessible concentrations are very low (Table 3) (see

chapter on exposure estimates).

Despite higher contaminant bioaccessibilities in the

fly ash materials compared with slags, calculated daily

intakes of individual contaminants for an adult person

(presumably a worker in the Ni refinery), assuming a

dust ingestion rate of 50 mg/day, did not exceed either

the TDI or BE values for any of the studied contam-

inants (Table 4). For Co, Cr, and Ni, the estimated

maximum daily intake was much lower than the BE

limits defined by Baars et al. (2001): 4.5 times, 13

times, and 1.7 times, respectively. For all other

contaminant elements, the estimated maximum intake

was far lower, by a factor of 100 s to 1000 s of times

(Table 4). Nevertheless, it is important to remind that

TDI for Ni recently defined by EFSA (2015) dropped

to 2.8 lg/kg body weight, which is below the BE limit

previously defined by Baars et al. (2001) (4 lg/kg

body weight).

Discussion

Contaminant leaching in water and SGF

The extent of contaminant leaching from solid wastes

is affected by a number of parameters; granulometry

of the material, pH of the leaching solution, and solid

speciation of contaminants (mineralogy) being among

the most important. Our results indicate that the two

waste types studied have contrasting granulometry and

mineralogy, whereas in each subset of samples, a

significant variability in the steady-state leachate pH

has been observed. Except for Cr, the contaminant

leaching was up to several orders of magnitude higher

for fly ash materials than for slags (Table S5, Fig. 2),

which might be explained by their significantly

smaller grain size. Nevertheless, one fly ash sample

(NFA1) exhibited exceptionally high leaching of Ni,

Co, and Zn compared with the other fly ash samples

(Table S5, Fig. 2). This phenomenon can be partly

related to the higher proportion of finer particles in the
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Fig. 3 Boxplots for leached concentrations of Cr, Ni, and Zn

(being the major contaminants) in slags and fly ash (FA)

materials. The results were obtained by the EU normalised

leaching test EN 12457-2. Comparisons with EU legislation

limits for inert waste (IW), non-hazardous waste (NHW), and

hazardous waste (HW) are indicated
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\0.5 mm fraction (Figure S1), but also to the lower

steady-state pH of the leachate (5.07) with respect to

the other fly ash samples. Previous pH-dependent

leaching experiments conducted on a fly ash from

laterite Ni ore smelting indicated extremely high Ni

leaching in the pH range 3–6 (5750–3880 mg/kg),

followed by a substantial drop at pH 7 (1140 mg/kg),

pH 8 (56.1 mg/kg), and pH 9 (5.78 mg/kg) (Ettler

et al. 2016). For this reason, we hypothesise that higher

steady-state pH values of the leachates of the other fly

ash samples (6.67–9.32) may be responsible for the

significantly lower leaching of Ni and other contam-

inants (Tables S4 and S5).

However, the effect of pH change on leaching

cannot be considered in bioaccessibility testing using

SGF, where the pH is monitored, and should not drift

by more than 0.5 pH units (US EPA 2007; the final pH

of all our leachates being *1.9). Thus, granulometry

and mineralogy must be the key factors affecting

contaminant leaching in SGF. Morrison and Gulson

(2007) and Morrison et al. (2016) have recently

demonstrated how bioaccessible concentrations

increase with a decrease in the grain size fractions of

slags. We are aware that our slag samples are too

coarse for being ingested in real exposure scenarios;

only small size fractions could potentially be wind-

blown from the dumps (Ziskind 2006) and become

accessible for humans via ingestion or inhalation.

Despite the fact that the bioaccessible fractions of

contaminants are very low for slags (\2 % of total

Table 3 Bioaccessible concentrations (in mg/kg) and bioaccessible fractions (BAF, in % of total concentration) of individual

contaminants (mean, n = 2)

Code As Ba Cd Co Cr

mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%)

Slag

NSO1 9.50 36.3 1.26 1.1 0.014 0.31 0.65 0.89 56.2 0.74

NSO2 1.95 nd 0.80 1.0 0.002 nd 0.26 0.27 11.8 0.18

NSR 16.1 nd 1.05 1.3 0.001 nd 1.17 1.4 75.1 1.2

BSO 32.3 nd 1.69 2.0 0.003 nd 1.59 1.7 106 1.6

BSR 16.0 nd 1.36 1.6 0.002 nd 1.01 1.3 61.0 1.0

Fly ash

NFA1 2.75 9.5 4.47 6.7 1.32 10.4 93.3 19.1 21.8 1.2

NFA2 1.85 6.8 27.1 35.6 0.38 10.0 69.9 13.8 10.0 0.32

NFA3 0.038 0.13 30.1 40.7 0.33 7.7 48.3 7.1 6.72 0.10

BFA 0.038 0.05 18.5 21.9 0.32 5.4 53.8 9.3 14.2 0.36

Code Cu Ni Pb Sb Zn

mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%) mg/kg BAF (%)

Slag

NSO1 0.12 nd 9.02 1.2 0.31 nd 0.01 0.02 7.88 8.0

NSO2 0.26 2.7 4.67 0.55 0.69 nd 0.15 0.52 0.97 1.0

NSR 0.23 3.6 12.8 1.4 0.04 nd 0.01 0.02 1.24 1.4

BSO 0.24 nd 19.1 2.0 0.13 nd 0.03 0.09 4.73 2.1

BSR 0.16 nd 12.9 1.6 0.06 nd 0.002 0.01 2.79 1.3

Fly ash

NFA1 16.8 18.2 3240 12.9 0.59 3.9 0.05 0.20 18.5 4.0

NFA2 7.93 21.5 1050 4.1 0.27 1.0 0.001 nd 20.4 7.2

NFA3 9.24 14.6 763 2.8 0.32 1.4 0.05 nd 11.4 3.4

BFA 3.54 9.6 903 3.5 0.63 3.2 0.001 nd 36.7 8.5

nd—not determined due to total contaminant concentration below DL (see Table 2)
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concentrations; Table 3), it is possible that finer slag

fractions could be enriched in contaminants compared

with the coarser fractions, which would increase their

potential bioaccessibility (Morrison and Gulson 2007;

Morrison et al. 2016). As a result, bioaccessible testing

should also be carried out on finer fractions of Ni

smelter slags, because finer particles are more reactive

due to greater surface area (Ruby et al. 1999); thus, we

hypothesise that the obtained BAFs may be slightly

underestimated for the slags studied. On the other side,

our SEM observations (see also microphotographs in

Ettler et al. 2016) indicated that fine grains of

granulated slags seem to have a similar mineralogical

composition; therefore, we do not expect any effects

of mineralogical composition on bioaccessible leach-

ing on fine-grained fractions compared with the

coarse-grained slag materials.

Interestingly, a recent work dealing with slag

dusts and flue gas cleaning dusts from Cu smelters

in Zambia failed to ascertain the effect of granu-

lometry on contaminant leaching in SGF and

underlined the importance of mineralogy (Ettler

et al. 2014). However, Ettler et al. (2016) demon-

strated that no significant change occurred in the

mineralogical composition of Ni slag after leaching

at pH 3. On the contrary, some high-temperature

silicate phases (olivine, pyroxene) disappeared from

XRPD patterns after leaching of fly ash at pH 3, and

the proportion of serpentine-like phase also

decreased in the leached residue. This was also

confirmed by extended X-ray absorption fine struc-

tures (EXAFS) spectroscopy, which indicated that in

the serpentine-like phase (being the dominant Ni-

bearing phase), glass and silicates partially dissolved

during the fly ash leaching at pH 3 (Ettler et al.

2016), a similar phenomenon being suggested for

the dissolution during the bioaccessibility tests

presented in this paper.

Our leaching tests in SGF indicate that BAFs for the

relevant contaminants (Co, Cr, Ni, Zn) are relatively

low (Table 4). The obtained data are difficult to

compare with the results from the literature, because

bioaccessibility testing for these elements has only

been performed on attic dusts or soils. Bačeva

Andonovska et al. (2015) studied attic dusts collected

in the vicinity of a ferronickel smelter, using 0.1 M

HCl solution as SGF and a carbonate buffer as a

simulated lung fluid (SLF). They found that none of

the contaminants could be detected in the SLF extract,

and only up to 9.2 % Co, Cr 3.5 %, 7.6 % Ni, and

Table 4 Calculated daily intakes for individual contaminants in lg/day assuming the dust intake of 50 mg/day (mean, n = 2) and

comparisons with background exposure (BE) and tolerable daily intake (TDI) limits for a 70-kg adult

Code As Ba Cd Co Cr Cu Ni Pb Sb Zn

BEa 21 630 15.4 21 70b/0.028c 2100 280 42 28 21,000

TDIa 70 1400 35 98 350b,c 9800 3500 252 420 35,000

TDI (EU)d 14,000 25.2 21,000b 196

Slag

NSO1 0.48 0.06 7.05E-04 0.033 2.81 0.006 0.45 0.015 6.50E-04 0.39

NSO2 0.10 0.04 8.00E-05 0.013 0.59 0.013 0.23 0.034 7.30E-03 0.05

NSR 0.80 0.05 6.00E-05 0.058 3.76 0.011 0.64 0.002 2.60E-04 0.06

BSO 1.62 0.08 1.25E-04 0.079 5.31 0.012 0.95 0.006 1.29E-03 0.24

BSR 0.80 0.07 1.05E-04 0.051 3.05 0.008 0.65 0.003 1.10E-04 0.14

Fly ash

NFA1 0.14 0.22 0.066 4.66 1.09 0.84 162 0.029 2.30E-03 0.92

NFA2 0.09 1.36 0.019 3.50 0.50 0.40 52.5 0.014 7.00E-05 1.02

NFA3 0.002 1.51 0.016 2.42 0.34 0.46 38.2 0.016 2.59E-03 0.57

BFA 0.002 0.92 0.016 2.69 0.71 0.18 45.1 0.032 7.00E-05 1.84

a Defined in Baars et al. (2001) except for Sb, which is defined in Tiesjema and Baars (2009)
b Cr(III)
c Cr(VI)
d Defined by EU institutions (EFSA 2009, 2014a, 2015; SCHER 2012)
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31 % Zn were extracted by SGF. Quite low (\3 %)

extractabilities of Ni in SLF were reported by Drys-

dale et al. (2012) in the\10 lm fraction of Ni smelter-

affected soils. However, despite generally low bioac-

cessibilities, the Ni release increased as a function of

time, and the authors suggested that Ni can be leached

from particles trapped in the lungs over the longer

term. In soils developed on volcanic rocks and

naturally enriched in Ni and Cr, BAF values for Ni

(1.4–43.8 % of total concentration) are generally

higher than those for Cr (0.4–5.4 %) (Palmer et al.

2014). The authors explained this finding with previ-

ously published data, indicating that Ni can be bound

in the more soluble primary phases derived from

basaltic rocks (e.g. olivine) than Cr, which is mostly

bound in less soluble spinels (Cox et al. 2013). Similar

differences between BAF values for Ni and Cr were

also observed in industrially polluted urban soils (up to

1.83 % for Ni, versus 0.3 % for Cr in the gastric phase;

Gbefa et al. 2011). Vasiluk et al. (2011) studied Ni

bioaccessibility and bioavailability in two Ni smelter-

affected soils and found that BAF values ranged

between 3.88 and 17.2 %, and were surprisingly

higher for the 150–250 lm fraction than for the

\70 lm, despite the higher bulk Ni concentrations of

the latter. Similarly, in vivo investigations performed

with rats after oral administration of the soil fractions

indicated that higher amounts of Ni (12–22 %) were

absorbed by the animals from the coarse-grained

fractions; whereas Ni bioavailabilities from the finer

soil fraction were negligible (Vasiluk et al. 2011). The

authors concluded that the observed differences

between in vivo estimates of bioavailable Ni and

in vitro estimates of bioaccessible Ni are still not fully

understood, although others have suggested the results

showing that finer soil fractions have a lower bioavail-

ability and bioaccessibility could be related to differ-

ences in Ni mineralogy or a combination of other

factors (surface area, soil buffering capacity, absorp-

tion processes, etc.) (Vasiluk et al. 2011). Henderson

et al. (2012b) recently carried out bioaccessibility

testing on pure Ni substances (Ni acetate, Ni chloride,

Ni fluoride, Ni hydroxycarbonate, Ni oxide, Ni

dihydroxide, Ni sulphamate, Ni subsulphide, and Ni

sulphide) in SGF; they found that insoluble Ni

substances (Ni sulphides, Ni (hydr)oxides) exhibited

BAFs varying from\LOQ (limit of quantification) to

29.6 %, whereas soluble Ni substances (e.g. sulphates,

chlorides) had BAFs[82.4 %.

Exposure estimates and implications for human

health

Major contaminants leached from waste dusts gener-

ated by the laterite Ni ore smelting (Co, Cr, Ni, Zn;

Table 3) all have complex functions in biological

systems. Cobalt is bound within vitamin B12, with the

recommended daily intake in an adult diet set to

0.1 g/day; however, at higher exposures it can cause

neurotoxicological disorders, genotoxicity, and even

cancer (Gál et al. 2008 and references therein).

Trivalent Cr is essential for maintaining normal

glucose metabolism; however, hexavalent Cr has been

found to cause adverse effects, and exposure to

chromate dust can increase the incidence of lung

cancer (Arita and Costa 2009; Costa and Klein 2006;

Goldhaber 2003). Zinc is an essential component of a

wide variety of enzymes (Goldhaber 2003), and its

importance in biological functions in organisms is also

reflected by relatively high values of BE (300 lg/kg

body weight/day) and TDI (500 lg/kg body weight/-

day) (Baars et al. 2001). The essentiality and toxicity

of Ni are quite complicated. Despite the fact that Ni-

containing enzymes are known in the bacterial world,

and humans are constantly exposed to this ubiquitous

element (having a relatively high abundance in the

Earth’s crust), the essential nature of Ni to higher

organisms is questionable (Denkhaus and Salnikow

2002). Exposure to high doses of Ni seems to provoke

skin allergies, lung fibrosis, variable degrees of kidney

and cardiovascular fibrosis, DNA damage, as well as

changes in DNA methylation that can lead to devel-

opment of cancer (Denkhaus and Salnikow 2002;

Arita and Costa 2009 and references therein). Older

epidemiological studies, which reported the develop-

ment of respiratory tract and nasal cancers in workers

of Ni refineries, and these being related to the

occupational exposures to soluble Ni compounds,

have recently been questioned (Heller et al. 2009).

Based on the analysis of historical data sets and

available in vivo animal inhalation studies, Heller

et al. (2009) concluded that the designation of soluble

Ni compounds as carcinogenic should be reconsidered

and that the true causes of lung cancer risk at Ni

refineries lie in other exposures including insoluble Ni

compounds, arsenic, or sulphuric acid mists. Interest-

ingly, based on in vivo studies, it has been suggested

that insoluble Ni compounds (Ni sulphides, NiO) are

stronger carcinogens because they are not easily
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cleared from the tissues, whereas soluble Ni com-

pounds (Ni sulphates) should present no risk of

carcinogenicity due to their rapid clearance and

absence of any efficient delivery of Ni ions to the

target sites in the cell (nucleus) (Oller et al. 1997;

Denkhaus and Salnikow 2002 and references therein).

In contrast, more recent in vivo testing of acute oral

toxicity of various Ni substances with Sprague–

Dawley rats indicated that median lethal dose con-

centrations (LD50) for individual materials varied

from 310 to[11,000 mg Ni/kg (Henderson et al.

2012a), with the highest acute toxicity observed for

soluble Ni compounds (Ni sulphate, Ni chloride) and

lowest for insoluble Ni compounds (Ni sulphide, Ni

oxide) and complex Ni-bearing materials (Ni ash and

Ni matte).

The calculated daily intakes of contaminants based

on bioaccessibility leaching in SGF are very low, far

below the BE and TDI values (Table 4). Thus, our

exposure estimates are indicating that for the given

scenario (dust ingestion rate of 50 mg/kg), there will

be no risk for human health. We are nevertheless

aware that despite the safety measures taken in the

mining and smelting areas of Niquelândia and Barro

Alto (filters, masks) our calculation might underesti-

mate the occupational oral exposure of workers and

that the ingestion rate of 50 mg/day may be too

conservative in real life. If the assumed ingestion rates

were doubled (100 mg/day), the TDI value recently

defined for Ni by European Food Safety Authority

(EFSA 2015; 196 lg/day) is exceeded (324 lg/day)

for only one of the fly ash samples (Table 4).

Our findings correlate well with the low Ni

bioavailability from Ni ash and Ni matte recently

determined by in vivo acute toxicity tests by Hender-

son et al. (2012a). Moreover, Oliveira-Filho et al.

(2010) used similar fly ash from calcination in a

ferronickel plant to spike water at 5, 10, and 50 % for

in vivo tests with Oreochromis niloticus fish and found

absence of acute toxicity, cytotoxicity, and genotox-

icity. Subsequent bioavailability assessment in the

gastrointestinal tract of O. niloticus indicated that after

96 h of exposure to the dust particles and after

15–30 days of stay in clean water, both gills and

gastrointestinal tract were nearly devoid of particles

and metal concentrations in the fish body returned to

baseline levels (Oliveira-Filho et al. 2013).

Conclusions

Fine-grained smelting wastes (granulated slags, fly ash

materials) from laterite Ni ore smelting in Goiás State,

Brazil, contained significant amounts of contaminants,

with up to 2.6 wt% Ni, 7580 mg/kg Cr, and 508 mg/

kg Co. However, when assessed using a standardised

EU leaching procedure (EN 12457-2 test), the overall

contaminant leaching was very low, and only one fly

ash sample exceeded the limit for hazardous waste

according to EU legislation, whereas other materials

were classified as inert wastes. In vitro bioaccessibility

leaching behaviour in simulated gastric fluid indicated

that bioaccessible fractions of major contaminants (Ni,

Co, Cr) were quite low for the slag dusts (\2 % of the

total concentrations), and for the fly ash materials

reached 13 % for Ni and 19 % for Co. The observed

differences in bioaccessibilities are related to differ-

ences in the granulometry (slags were coarse-grained

than fly ash materials) and in the mineralogical

compositions. We calculated the daily intakes assum-

ing an oral exposure pathway, an adult of 70 kg, and a

dust ingestion rate of 50 mg/day. Given these assump-

tions, none of the contaminant values exceeded either

the tolerable daily intake (TDI) limit or the back-

ground exposure (BE). For this reason, we assume a

limited risk for human health related to ingestion of

dust materials generated by laterite Ni ore smelting

operations. Nevertheless, for some of the areas in and

near the smelter, dust ingestion rates can be higher

than 50 mg/day, but safety measures (filters, masks)

currently adopted by the mining/smelting company

should efficiently prevent any exposure risks.
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(2009). Mineralogy and environmental stability of slags

from the Tsumeb smelter, Namibia. Applied Geochemistry,

24, 1–15.
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