
ORIGINAL ARTICLE

Evaluation of the chemical stability of a landfilled primary lead
smelting slag

L. R. P. de Andrade Lima • L. A. Bernardez

Received: 21 April 2011 / Accepted: 18 June 2012 / Published online: 5 July 2012

� Springer-Verlag 2012

Abstract A primary lead smelter operating in Santo

Amaro, Bahia, Brazil, from 1960 to 1993 generated a large

amount of slag that was landfilled close to the former

smelter and used in roads and houses as a construction

material. To evaluate the stability of the slag classical

leaching procedures (TCLP, SWEP and SPLP) were

applied. In addition, samples of the slag were placed in

contact with HCl, HNO3, HOAc and NaOH solutions for

about 24 h at room temperature to simulate acidic and

alkaline environments over a wide pH range. In the acidic

environment Ca, Fe and Si are strongly solubilized, and Pb

and Zn solubilization was significant only below pH 3. The

lead slag was also in contact with purified water for a

period of 30 days. The results show that Ca and Si were

solubilized and Pb, Fe, and Zn were not detected in the

solution. The solubilization kinetics are second order pro-

cesses for both Ca and Si. The initial solubilization rate for

Ca and Si are 4.6 and 0.6 mg/L/day, respectively. The main

implication of these results is that the major potentially

toxic elements of the lead slag landfilled at Santo Amaro

were stabilized for a short contact time with pure water and

for alkaline and acidic solutions to a pH of about 3 and the

groundwater and the surface water contamination found at

Santo Amaro smelter region cannot be directly attributed to

the landfilled lead slag.

Keywords Metallurgical slag � Lead � Zinc � Brazil �
Mineralogy � Pb-metallurgy

Introduction

The risk of Pb contamination of surface and groundwater is

a permanent concern nowadays especially in regions close

to landfill sites. The metals leaching from recent metal-

lurgical slags contain high amounts of potentially toxic

elements, such as Pb, As, and Zn, is particularly important

to assess the availability and mobility of these elements in

the environment (Ettler et al. 2005; Seignez et al. 2008; de

Andrade Lima and Bernardez 2010, 2011a, b).

A primary lead smelter which operated at the Santo

Amaro city, Bahia, Brazil, from 1960 to 1993 generated a

large amount of slag. This smelter used the classical sinter-

roasting process followed by smelting and refining (de

Andrade Lima and Bernardez 2010, 2011a, b; Habashi

2002). Many studies indicate that people living near this

smelter were affected by potentially toxic elements, espe-

cially Pb and Cd (Mendes 1977; Loureiro et al. 1983;

Tavares et al. 1983, 1989; Carvalho et al. 1984a, b, c, 1985,

1986, 1989a, b, 1995, 1996, 1997, 2003; Silvany-Neto

et al. 1985, 1987, 1989, 1996; Tavares and Carvalho 1992).

An epidemiological survey of children born after the lead

smelter closedown and living near the smelter indicates

persistently high blood Pb levels (Carvalho et al. 2003).

Water samples recently collected in a groundwater

inspection well located about 300 m from the smelter

registered a Pb water content of \0.031 mg/L, a Zn

content of \0.013 mg/L, a Cu content of 0.049 mg/L and

a Cd content of \0.011 mg/L; however, water samples

collected in the smelter protection pool, located close to

the landfilled slag showed a Pb content of 0.150 mg/L, a
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Zn content of 0.072 mg/L, a Cu content of 0.042 mg/L

and a Cd content of 0.001 mg/L. The primary lead slag,

disposed close to the smelter and used in road and house

building as a construction material, was thought to be the

main reservoir of potentially toxic elements continuously

releasing them into the surface and groundwater (Carvalho

et al. 2003). The slag stability depends on the raw mate-

rial, the metallurgical process and the environment, and in

the cases of slag landfilling, the vegetation and the natural

pH of the soil can partially solubilize the slag matrix, and

eventually leach potentially toxic elements. This paper

addresses the short-term leaching behavior of a primary

lead slag, which is useful for evaluating the risk of the

lead slag landfilling or stabilization as a construction

material and help to clarify the origin of the contamination

of potentially toxic elements in the Santo Amaro lead

smelter region.

Materials and methods

A sampling campaign was carried out at the slag heaps of

the disused smelter. The vegetation and an impermeable

layer of clay soil were removed and a total of about 30 kg

of slag was collected at the bottom of the heap. The slag

sample was washed with water and then with distilled

water to eliminate residues from soil and clay. The slag

was then dried at room temperature and then in an oven at

60 �C. The dry slag was homogenized and re-sampled.

A scanning electron microscope JEOL 840-A equipped

with a X-ray dispersion energy spectrometry system (EDS)

was used to evaluate the composition and the texture of the

particles of the slag. The samples were mounted with an

epoxy resin and carefully polished to avoid sample con-

tamination and particle deformation.

The analytical methods used to characterize the slag

included instrumental neutron activation analyses (INAA),

induced coupled plasma (ICP-OES) and induced cou-

pled plasma and mass spectroscopy (ICP-MS) with near

total digestion (with hydrochloric, nitric, perchloric and

hydrofluoric acids), and combustion and infrared identi-

fication for total C and S (C/S analyzer). Neutron acti-

vation analyses were performed at the University of

Montreal (Canada), and the other chemical analyses were

performed at Activation Laboratories Ltd. (http://www.

actlabs.com).

The toxicity characteristic leaching procedure (TCLP),

the synthetic precipitation leaching procedure (SPLP), and

the British Columbia special waste extraction procedure

(SWEP) were performed at the Activation Laboratories

Ltd. and the potentially toxic content of the solution was

analyzed twice by ICP-OES (US EPA 1986, 1990; Prov-

ince of British Columbia 1992; MOE 2000).

To evaluate the stability of the slag over a wide pH

range, samples of the slag of sizes smaller than 2.0 mm

were placed in a 250 mL Teflon� beaker sealed with

parafilm� for 24–29 h in a solution of hydrochloric acid

(pH 1.1–6.9), acetic acid (pH 1.0–6.1), nitric acid (pH

1.0–6.0) or sodium hydroxide (pH 8.2–12.2) at room

temperature without agitation. The solid/liquid ratio in all

tests was 10 (20 g of the slag in 200 mL of liquid). At the

end of the leaching test the liquid phase was separated from

the slag by decantation. In the case of hydrochloric acid

and sodium hydroxide, samples of about 70 mL of the

liquid phase were evaporated in an oven at 60–80 �C and

the total dissolved solids weight was evaluated with an

analytical balance. The total dissolved solids was also used

to analyze the metal content using a portable X-ray fluo-

rescence Niton model XL3t 500 by Thermo Fisher Scien-

tific with soil calibration and an excitation time of about

80 s. The contents (Si, Ca, Fe, Pb, Zn) of the solution were

analyzed using the sequential ICP-OES Varian model

Liberty 150 and element standards from the SpecSol�. For

the pH measurements a glass electrode and a Marconi pH

Meter (Model MA 522) were used. The pH meter was

calibrated using buffer solutions (pH 4 and 7) regularly.

To evaluate the stability of the slag in water, samples of

the slag smaller than 2.0 mm were placed in a 250 mL

Teflon� beaker sealed with parafilm� for 1–30 days at

room temperature without agitation. The solid/liquid ratio

in all tests was also 10. At the end of the leaching test the

liquid phase was separated from the slag by decantation.

The pH was measured before and after contact, and the

solution was analyzed by ICP-OES Varian model Liberty

150.

Results and discussion

Table 1 presents the major constituents of the lead slag.

These results are in agreement with the lead pyrometal-

lurgical process, which uses limestone, scrap iron, sand,

and charcoal to reduce the Pb oxide generated from

roasting the galena concentrate (Habashi 2002). The main

constituents of the slag are Fe, Ca and Si, of which the

oxides account for 72.6 % of the weight. The Pb and Zn

slag content are analogous to other lead slags, and the

oxides account for 4.1 and 9.5 % of the weight, respec-

tively (Habashi 2002).

Table 2 presents the main trace elements of the lead

slag. Worthy of note are the As, Sb, and U slag contents

which are relatively high while the Cd slag content is low,

which is expected due to the low boiling point of this metal

(778oC) (Habashi 2002).

Figure 1a shows a backscattering scanning electron

microscope image of a zone of the polished slag particle.
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This image shows white spherical spots and dark and light

gray zones. Figure 1b shows the EDS spectrum for the

larger white particles and this shows that it is metallic lead.

Figure 1c shows the EDS spectrum for the slag matrix rich

in Ca, Fe, Si, Zn, Mg and Al (de Andrade Lima and

Bernardez 2010, 2011a, b).

The results of the TCLP, SWEP, and SPLP tests are

shown in Table 3. The results show that in a weak acidic

environment, the solubilization of almost all the elements

was below the detection limits (US EPA 1986, 1990;

Province of British Columbia 1992; MOE 2000). In the

TCLP and SWEP tests the solution contents of all poten-

tially toxic elements, including Pb, As and Cd, were much

lower than the acceptable limits. The SPLP test results,

despite the leaching solution being stronger, showed a

weak solubilization of the slag As, Cd and Pb content;

however, all the potentially toxic elements, including Pb,

As and Cd, were much lower than the acceptable limit.

Figure 2 shows the solution pH change in the slag

leaching tests at 24 h as a function of the initial pH values

using HCl or NaOH. There is a remarkable H? ion con-

sumption in the region of pH between 4 and 6. It increases

Fig. 1 a Backscattering scanning electron microscope image of the

lead slag. b EDS spectrum of the white zone, spot A. c EDS spectrum

of the gray zone, region B

Table 1 Major elements in the slag

Element % Method

Fe2O3 28.10 ICP-MS

CaO 23.11 ICP-MS

SiO2 21.39 INAA

ZnO 9.47 ICP-OAS

MgO 5.44 ICP-MS

PbO 4.06 ICP-OAS

Al2O3 3.56 ICP-MS

MnO 1.44 INAA

SrO 0.29 ICP-MS

Na2O 0.27 ICP-MS

K2O 0.26 ICP-MS

TiO2 0.25 INAA

C 2.26 C/S

S 0.37 C/S

Total 100.27 –

Table 2 Trace elements in the slag

Element mg/kg Method

Cu 538 ICP-MS

Cl 512 INAA

As 407 ICP-MS

Sb 201 ICP-MS

Co 185 ICP-MS

Ba 169 ICP-MS

Ni 82.2 ICP-MS

Zr 82 ICP-MS

Ce 60.4 ICP-MS

Cd 57.3 ICP-MS

Cr 42.0 ICP-MS

U 36.2 ICP-MS

Th 9.7 ICP-MS

Se 7.7 ICP-MS

Ag 3.48 ICP-MS

Bi 0.41 ICP-MS

Tl 0.18 ICP-MS
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the pH by about 4 units and is probably related to the slag

matrix solubilization. Furthermore, at a pH of around 10

there is OH- consumption which decreases the pH by

about 2 Units. It is interesting to note that for pHs 8.2 and

11.22 the contact time was 29 h, but no effects on the final

pH were noted for the 5 extra hours of contact.

Figure 3a shows the total dissolved solids in the slag

leaching tests at 24 h as a function of the initial pH values

using HCl or NaOH. In the acidic region, below pH 3, there

is a large amount of dissolved salts indicating poor slag

stabilization in this region. In the alkaline region, above pH

10, there is a significant increase in the dissolved salts also

indicating poor slag stabilization in this region. Figure 3b

shows the metal content of the total dissolved solids in the

leaching solution as a function of the initial pH for the

acidic environment (pH between 1.1 and 2.4). The resulting

solid has significant amounts of Ca, Fe, Zn, Pb and Mn and

the concentration of metals increases exponentially with

pH reduction in this case. The Si was not analyzed, how-

ever, the solution content is probably significant. It is

shown that the Ca and Fe solubilization is higher than the

Zn and the Pb solubilization, which indicates that the slag

matrix (see Fig. 1) is more susceptible to the acidic envi-

ronment than the metallic Pb spherical particles.

Figure 4a, b, c, d, e, f shows the Ca, Fe, Si, Zn and Pb

solution contents, respectively, after the slag leaching

tests for different initial pH values using HCl or NaOH.
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Fig. 2 Slag leaching tests with hydrochloric acids and sodium

hydroxide: initial versus final pH values
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Fig. 3 Slag leaching tests with hydrochloric acids and sodium hydroxide: a total dissolved solids in the leaching solution; b metal content of the

total dissolved solids in the leaching solution

Table 3 Leach analysis (in mg/L)

Element TCLP TCLP SWEP SPLP Regulatory threshold

(US EPA)

Ag \0.1 \0.1 \0.1 \0.1 5

As \0.1 \0.1 \0.1 0.7 5

B 0.1 \0.1 0.2 0.2 –

Ba 0.3 0.3 \0.1 \0.1 100

Cd \0.01 \0.01 \0.01 0.18 1

Cr \0.1 \0.1 \0.1 \0.1 5

Hg \0.01 \0.01 \0.01 \0.01 0.2

Pb 0.4 0.8 2.1 4.8 5

Sb – \0.010 \0.010 \0.010 –

Se \0.1 \0.1 \0.1 \0.1 1

U \1.0 \1 \1 \1 –

Zn – 86.7 0.936 302 –

1036 Environ Earth Sci (2013) 68:1033–1040

123



It shows that the slag is not easily leachable when the pH is

greater than 3. In a very acidic environment, however, the

solubilization of the elements was significantly enhanced.

Figure 5 contrasts the solution pH change in the slag

leaching tests as a function of the initial pH values for

nitric acid (HNO3) and acetic acid (HOAc). It is interesting

to note that the H? ion consumption in the region of pH

between 4 and 6 is high for the three acids. The hydro-

chloric (see Fig. 2) and nitric acids present low H? ion

consumption in the region of low pH, and the acetic acid

presents a high consumption at low pH values, due to the

complexing capacity and the slag matrix solubilization.

Figure 6a, b shows the solution content elements after

the slag leaching tests for different initial pH values using

nitric acid and acetic acid. It shows that the slag is stable at

pH [ 3 for HNO3 and for HOAc the slag is stable at

pH [ 4. The elements of the slag matrix have an analogous

behavior to the lead. All elements are solubilized in very
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acidic solution. The acetic acid strongly leaches the iron at

low pH; however, below pH 3 a precipitation of a

brownish-red amorphous powder can be seen, probably the

coordination compound iron (III) acetate, which has low

solubility in water and adsorbs the solubilized elements. It

explains the reduction in the metals in the solution at low

pH with HOAc.

Figure 7a shows the solution pH–time evolution due to

the water–slag interaction. It can be observed that low

water acidity is enough to cause an effect on the water–slag

interaction, and the difference between the initial and the

final pH increases initially and decreases with time indi-

cating activity on the slag surface. Figure 7b shows the Ca,

Si, Fe, Zn and Pb solution content time evolution due to

the water–slag interaction. Only Ca and Si demonstrate

significant solubilization by water for a contact time of

30 days.

The batch reactors used in this study have a constant

volume; therefore, the global kinetic models for Ca and Si

solubilization can be given by pseudo-homogeneous

kinetics as follows:

dC tð Þ
dt
¼ k Cf � C tð Þ
� �a ð1Þ

C 0ð Þ ¼ 0 ð2Þ

where, C is the element solution content, t is time, k is the

kinetic constant, Cf is the final element solution content,

and a is the reaction order. In this study Eq. 1 was

numerically integrated using the initial condition given by

Eq. 2 and the fourth order Runge–Kutta method. The

kinetic parameters (k, a, Cf) were evaluated by curve-fitting

using the nonlinear least square criteria and an optimization

method.

The fitted kinetic model for the Ca and Si water solu-

bilization are given by:

dCCa tð Þ
dt

¼ 1:24� 10�2 16:7� CCa tð Þð Þ2:1 mg=L=day ð3Þ

dCSi tð Þ
dt

¼ 4:62� 10�2 3:41� CSi tð Þð Þ2:1 mg=L=day ð4Þ

Figure 7b shows the experimental results and the results of

the kinetic model. As can be seen in Eqs. 3 and 4, the

reaction order (a) in the case of Ca and Si are almost two

and the initial solubilization rate for Ca and Si are,

respectively, 4.6 and 0.6 mg/L/day.

The main environmental implication of the leaching

tests is that the major potentially toxic elements in the

primary lead smelter slag from Santo Amaro (Pb and Zn)

are relatively stable for short contact time with pure water

and for alkaline and acidic solutions to a pH of about 3.

This result is supported by fact that Pb occurs in the slag as

metallic particles and the Zn in complex oxides and
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silicates (de Andrade Lima and Bernardez 2011b), which

are stable in most acidic solutions. Therefore, the surface

water and the groundwater contamination found in the

region of the Santo Amaro smelter cannot be directly

attributed to the landfilled lead slag.

Conclusions

Discarded primary lead smelter slag was sampled and

characterized. The short-term leaching behavior of this slag

was investigated using contact times of about 24 h with

HCl, HNO3, HOAc and NaOH in solutions with pH

between 1.1 and 12.2. The slag alteration was observed in

the acidic (below pH 3.0) and in the alkaline (above pH

10.0) environments. In the acidic environment Ca, Si and

Fe from the slag matrix were strongly solubilized. The Pb

and Zn solubilization was significant only in a very acidic

environment (below pH 3). The lead slag was also put in

contact with purified water for a period of 30 days. The

results show that Ca and Si were solubilized and Pb, Fe,

and Zn were not detected in the solution. The implication

of the leaching tests is to assert that, for short-term contact,

the potentially toxic elements of the primary lead smelter

slag of Santo Amaro is stable in a large range of pH (3–10).

Therefore, the surface water and the groundwater con-

tamination found in the Santo Amaro smelter region cannot

be directly attributed to the landfilled lead slag. In this

context, slag remobilization or chemical processing is not a

viable solution to reduce the heavy metal contamination in

the region of the former smelter.
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