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Abstract

Two air-pollution-control (APC) residues — one from flue gas cooling with alkaline water and one from deionised water cooling — from
secondary lead metallurgy were submitted to two different standardized short-term leaching protocols: US EPA toxicity characteristic leaching
procedure (TCLP) and static leaching according to Czech/European norm EN 12457-2. The experimental procedure was coupled with detailed
mineralogical investigation of the solid material (SEM, XRPD) and speciation-solubility calculations using the PHREEQC-2 geochemical
code. Both types of residues were considered as hazardous materials exhibiting substantial leaching of Pb (up to 7130 mg/l) and other
inorganic contaminants. However, the APC residue produced by flue gas cooling with alkaline water (sample B) exhibits more favourable
leaching and environmental characteristics than that produced by simple deionised water cooling (sample A). At pH <5, primary caracolite
(NagPh(SOy)sCl) and potassium lead chloride (KE€PbC}h) are completely or partially dissolved and transformed to residual anglesite
(PbsSQ), cotunnite (PbGl) and laurionite (Pb(OH)CI). At pH 5-6, anglesite is still the principal residual product, whereas at pH >6, phosgenite
(PbCL-PbCQ) became the dominant secondary phase. The results are consistent with the mineralogical and geochemical studies focused
on acidic forest soils highly polluted by smelter emissions, where anglesite, as a unique Pb-bearing phase, has been detected. From the
technological point of view, the mixing of APC residue with alkaline water, followed by an increase in the suspension pH and equilibration
with atmospheric C@ may be used to ensure the precipitation of less soluble Pb carbonates, which are more easily recycled in the Pb recovery
process in the metallurgical plant.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction smelter emissions has been observed at numerous smelting
sites[4,5]. The degree of smelter-related contamination of
Air-pollution-control (APC) residues and fly ash collected soils seems to be directly linked to the mineralogy of pri-
by flue gas cleaning facilities in metallurgical plants are clas- mary particulate emissions. The works of Sobanska ¢ al.
sified amongst hazardous materials by both the European anénd Ohmserj7] focused on primary Pb smelter dusts and
the American legislation (European Waste Catalodu], emissions, and showed that the chemistry and mineralogy of
US EPA regulation$3]). Smelters commonly re-process fly emissions can be extremely complex, depending on (i) the
ashes and APC residues in rotary furnaces in order to re-temperature of the flue gas cleaning process, (ii) the nature
cover more metals. If the flue gas treatment is inefficient, ofthe cooling media (water and air) during the dust collection
these APC residues may be emitted by smelter stacks andand (iii) the chemistry of the blast-furnace charge. The APC
settle into the environment (soils, sediments, surface waters).residues from primary Pb smelting derived from Pb—Ag-Zn
As a result, high contamination of soils caused by long-term ore processing are mainly composed of anglesite (RbSO
and sulphides (galena PbS, sphalerite ZnS and greenockite
* Corresponding author. Tel.: +420 221 951 493; fax: +420 221 951 496. CAS)[6]. In contrast, APC residues from secondary Pb smelt-
E-mail addressettler@natur.cuni.cz (V. Ettler). ing, derived from scrap (mainly car batteries) processing,
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are composed of Pb chlorides (caracolitesRig(SOy)3Cl, were used for the determination of Na, K, Ca, Mg, Mn, Fe,
potassium lead chloride K@PbCp, cotunnite PbGl and Zn, Cd, Cu, As, Pb, Sh, Si and Al (Varian SpectrAA 200HT
laurionite Pb(OH)CI) (Ettler et al., unpublished data). These flame atomic absorption spectrophotometer, FAAS), Sn (VG
Pb chlorides are commonly more soluble than Pb sulphidesElemental PQ3 inductively-coupled plasma mass spectrome-

and sulphatef8]. ter, ICP-MS), S (Varian Vista Pro inductively-coupled plasma
So far, only few works have been published on the leacha- optical emission spectrometer, ICP-OES) and Cl (Beckman
bility of APC residues from base-metal smeltfFsl0]. Tak- DU 62 UV-vis spectrometer). The content of total inorganic

ing into account the extreme compositional complexity of C (TIC) was determined by catalytic oxidation (12%D) us-
APC residues from Pb smelting, their leaching behaviour is ing an Eltra Metalyt CS1000S elemental analyser (Neuss,
poorly understood even under simple conditions and could beGermany). The bulk chemical analyses were run in duplicate
extremely important for environmental/technological strate- (maximum RSD was 12%, but generally <5%) with proce-
gies. This article is a continuation of the works on miner- dural blanks. NIST-1633b (coal fly ash) and BCR-038 (fly
alogical and leaching characterisation of other mineral waste ash from pulverised coal) standard reference materials were
materials from Pb smelting, such as silicate sfdds12] In used for quality control of chemical analyses (RSD < 10%).
this study, we performed simple extraction experiments ac-  Mineralogical analysis was performed on both fresh and
cording to standardized short-term leaching protocols (toxic- leached solid residues. X-ray powder diffraction (XRPD)
ity characteristic leaching procedure (TCLPR3}], European was performed on a PANalytical X'Pert Pro diffractometer
norm EN 12457-214]) on two different APC residues from  using Cu kx radiation, at 40kV and 30 mA, over theo2
a secondary Pb smelter. The intent of this paper is not only to range 5-80, in steps of 0.05and with counting time 150 s
assess their hazardous properties with respect to regulatorfX'Celerator detector). Quantitative analysis was performed
levels, but to couple these leaching tests with detailed min- with the X’Pert HighScore software, version 1.0d (PANa-
eralogical/geochemical investigation of fresh/leached solids lytical, The Netherlands), equipped with a JCPDS PDF-2
and speciation-solubility thermodynamic modelling using databas¢l9]. The residue samples were examined using a
the PHREEQC-2 geochemical cod&5]. This approach  JEOL JSM 6400 scanning electron microscope equipped with
helps to decipher the processes governing the leachability ofa Kevex Delta energy-dispersion spectrometer (SEM/EDS).
hazardous compounds in the system of the APC residue andlhe granulometry of the APC residues was measured by the
a chemically simple solution. Knowledge of these processeslow-angle laser light scattering (LALLS) method using a
could also be important for (i) prediction of the solubility Fritsch Analysette 22 Laser Particle Sizer equipped with a
and metal release from APC residues deposited in the envi-He—Ne laser X =632.8 nm). Both samples A and B are ex-
ronmentand (ii) technological pre-treatment of APC residues tremely fine-grained, with 83 and 71% of patrticles <(LrB,
before further extraction of Pb and other metals/metalloids respectively. The specific surface was measured by three-
in the smelter factory. point N, BET surface measurement (Sorptomatic 1990, Carlo

Erba Instruments, UK) yielding the values 3.8&gxresidue

A) and 1.71 /g (residue B).
2. Materials and methods

2.2. Leaching procedure
2.1. APC residues

2.2.1. Experimental protocol

Two APC residue samples (3 kg) were collected with the  The leaching experiments were conducted in 250 ml acid-

courtesy of Mr. Zde&ék Kunicky, Technical Director of the ~ washed HDPE bottles (AzI&h UK), because the aspect of
Secondary Pb Smelter ifiiBram (Kovohué Ffibram), Czech ~ APC residues and the studied non-volatile contaminants did
Republic. They correspond to fine-grained solids trapped by not require any special devices (such as zero headspace ex-
bag-type filters after flue gas cooling in afterburning cham- traction (ZHE) vessels). All the experiments were performed
bers to approximately 20@. The details on the operation of in triplicate and with procedural blanks.
the smelter processing technology are given elsewiéie Leaching experiment 1 was conducted according to the
Residue A corresponds to a solid sample trapped by a bag-experimental protocol of the static leaching test described in
type filter after flue gas cooling by pure water. Residue B is a detail by European norm EN 12457-2 (ENMY], recently
sample from a bag-type filter trapped after flue gas cooling by also adopted in the Czech Republic. A mass of 20 g of solid
alkaline water, which is a highly concentrated leachate from was placed into the reactor and 200 ml of MilliQ+ deionised
a controlled disposal site of alkaline metallurgical slag (ap- water (original pH 5.75) was added in order to maintain a
proximate water composition: 30-40g Cl/l, 60-80 g4s80 L/S (liquid/solid) ratio of 10. The leaching test was per-
10g Na/l, 10g C@ /I, pH~ 11). The bulk chemical com-  formed at 22+ 3°C for 24 h, and the reactors were gently
position of APC residues was determined after digestion in agitated (10 rpm). After the experiments, the reactors were
mineral acids and/or sintering and subsequent chemical anal-centrifuged to settle fine residue particles at the bottom be-
ysis according to the procedures givenélycek and Povon-  fore the filtration and measurements. Immediately after open-
dra[17] and Czech standaf@SN 72010(18]. The solutions ing the reactor, the physico-chemical parameters (pH, Eh
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and specific conductivity) were measured in the leachate.2.3. Speciation-solubility modelling
The values of pH and Eh were determined using a Schott
Handylab 1 pH meter equipped with a Schott L 7137 Acom-  The PHREEQC-2 speciation-solubility cod&5] was
bined electrode and a Schott PT 737 A (Pt—Ag/AgCl) redox used to determine the speciation and the degree of satura-
electrode, respectively. The temperature and specific conduction of leachates with respect to the mineral phases. The
tivity were measured using an Schott Handylab LF 1 con- MINTEQ.dat database derived from MINTEQAZ21] and
ductometer equipped with a LF 513 T measuring cell and containing the thermodynamic data of acetic complexes was
a temperature detector. The supernatant was then filtered taused for model calculations. The PHREEQC-2 code can be
0.45um (Millipore®) and split into two aliquot parts, for  used for ionic strengths up to 0.7 M (equivalent to sea water)
cation and trace element analysis (diluted and acidified to and even highgil5]. The maximum specific conductivity of
pH <2 by HNG;/HCI), and for anion analysis and alkalinity 62.4 mS/cm corresponded to a value of the ionic strength of
measurements. The dilutions were made immediately afterapproximately 0.39 M, as calculated by PHREEQC-2.
the filtration to prevent the precipitation of secondary phases,
as we expected extremely high element concentration in the
leachates. 3. Results and discussion

Leaching experiment 2 was conducted according to the
toxicity characteristic leaching procedure (TCLP) experi- 3.1. Chemistry and mineralogy of APC residues
mental protocol defined by US ERA3]. With respect to the
alkalinity and buffering capacity of both solid APC residues, The chemical composition of the APC residues is given
measured according to the TCLP procedure, solution no. 1in Table 1 The principal chemical components are Pb, Cl,
with pH 4.93+0.05 was used. The leaching solution was Na, S and K. Compared to residue B, sample A is enriched in
prepared by addition of 5.7 ml of acetic acid (reagent grade, Pb (30.5%), K (3.8%) and Cd (0.67%). In contrast, residue
Merck, Germany) to 500 ml of deionised water (MilliQ+), B is richer in S (9%), Na (2.6%), TIC (0.18%), As (0.14%)
supplementary addition of 64.3ml of 1M NaOH (reagent and Sb (0.05%)Table 1. The enrichment of sample B in
grade, Lachema, CZ) and dilution to 11. The final pH of the Na and S is closely related to the XRPD results, indicating
leaching solution was 4.90. An amount of 10 g was placed the presence of thenardite (p80,) and a more important
in the reactor and 200 ml of leaching solution were added in relative abundance of caracolite (}i;(SOy)3Cl) than in
order to achieve an L/S ratio of 20. The experiment was con- residue A Table 9. From the mineralogical point of view,
ducted for 18 h at22- 3°C, and the reactors were agitated at the principal component of both residues is potassium lead
30 rpm. The measurements of the physico-chemical parame-chloride (KCI2PbC)) (Table 9. Observations by SEM/EDS
ters and leachate preparation for analyses were analogical tshowed that both residues are extremely fine-graineg.(«p
those of the previously described leaching test. In contrast toand the individual phases could not be distinguished by EDS
the defined TCLP protocol, the filtrations were carried outto analysesKig. 1). The EDS X-ray mapping showed that other
0.45um (Millipore®) and not 0.6—-0.8.m to ensure consis-
tency with the EN leaching test. The solid residues of both e 1
leaching tests were dried at ambient temperature and prepare@hemical composition of fresh APC residues from Pb metallurgy

for analysis by SEM/EDS and XRPD. Element (mg/kg) APC residue
A B
2.2.2. Analytical procedure Pb 305175+ 7073 235900+ 11650
The major cations and the majority of the trace elements €! 203150+ 1050 202950k 1250

in the leachates (Na, K, Ca, Mg, Si, Al, Fe, Mn, Cr, Co, Ni, eeppan Iaptinlsbend
Pb, Zn, Cu and Cd) were analysed by FAAS. The concentra- 38534+ 376 22093+ 56
tions of As, Sn, Sb and Ba were determined by ICP-MS. The s;j 2124+ 39 1559+ 97
concentrations of dissolved organic carbon (DOC) and inor- Al 252t 4 230+ 21
ganic carbon (IC) were determined on a Skalar Forftacs F¢ 5010+ 180 3753+ 233
TOC analyser. In addition, the alkalinity of the samples with Mn 11770421 g.z zg;i 2'14
pH >4.5 was measured by backtit_ration using th_e 0.05M HCI g 97+ 1 108+ 0.3
(reagent grade Lachema, CZ) using a Schott TitroLine Easy zn 4195+ 85 4993+ 93
automatic titrator. The concentration of sulphates 450 Cu 141+ 8 264+ 1
in the leachate was determined by the gravimetric method €d 6666+ 304 4457+ 168

e ) " . sn 1266+ 7 1522+ 109
with ignition of the residue (addition of Bagkolution and S 2744 26 13894+ 34
precipitation of insoluble BaS{) [20]. Chlorides (CT) in Sb 104+ 6 487+ 59
the leachate were determined by the argentometric methodrict <DL 1800
(titration by AgNG; solution using KCrOy as an indicator) 2 Mean value and standard deviation for duplicates.

[20]. b TIC, total inorganic carbon; DL, detection limit is 500 mg/kg.
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Table 2
Mineralogical composition of fresh and leached APC residues
Phase Composition APC residue

A B

Fresh EN 12457 TCLP Fresh EN 12457 TCLP
K—Pb chloride KCI2PbC} ok ko L sk - _
Caracolite NaPhy(SOy)3Cl * - _ *k - o
Thenardite NaSOy - - - * - —
Cotunnite PbCGl - *kk *oxx — - _
Anglesite PbS@ - ** b - — okk
Phosgenite PbGIPbCQy - - — _ sokk _
Laurionite Pb(OH)CI - * * - * *
Sylvite-halite KCI-NaCl - — — — * *

Relative phase abundance: (***) major; (**) minor; (*) trace; (-) not detected.

contaminant metals and metalloids (Cd, Cu, Zn, As and Sb) (no alkaline water present in the cooling media; TIC <0.05%,

are homogeneously distributed within the fine-grained ma-

Table ). The values of Eh indicated oxidising conditions

terial. Thus, no specific phases concentrating these elementshroughout the experiment. The Eh values in leachates from

were determined by XRPD and SEM/EDS (Ettler et al., un-
published data).

3.2. Leaching

3.2.1. Physico-chemical parameters

The value of the pH rose for both leachates only for residue
B, reflecting the occurrence of'tonsuming reactions com-
monly occurring at the solid—water interface (EN 5.75-6.40,
TCLP 4.95-5.38]11] and higher buffering capacity of this
sample (TIC 0.18%Table J). Interestingly, the pH decreased
to approximately 4.5 in both leachates from residue A. This

sample A did not differ significantly from the initial leach-
ing solutions, varying from 265 to 280 mV. In contrast, the Eh
value for sample B decreased downto 170 and 147 mV for EN
and TCLP leachates, respectively. The specific conductivities
were relatively high, indicating a high level of total dissolved
salts. Lower values were observed for leachates from sam-
ple A (27 mS/cm in EN and 21 mS/cm in TCLP leachate)
and significantly higher values were obtained for sample B
leachates (62 mS/cmin EN and 39 mS/cmin TCLP leachate).

3.2.2. Contaminant leaching
The leached concentrations of the principal contaminant

phenomenon may be related to the presence of free acids remetals and metalloids are given and compared with the de-

sulting from the flue gas treatment without buffering capacity

Fig. 1. SEMimage of finely grained aggregates of A composed of potassium
lead chloride (KCR2PbC}) and caracolite (NgPkp(SO4)3Cl) with silicate
glass inclusion (in back-scattered electrons).

fined regulatory levels ifrig. 2 With the exception of Cu

in sample B and As in sample A, all the contaminants ex-
ceeded both regulatory limits given by US EPE3] and
Czech Regulation No. 381/20(042]. However, the leaching
results reflect a large number of parameters and processes
controlling the contaminant leachability, in particular: (i) the
solubility of the initial contaminant bearing phases, (ii) the
physico-chemical parameters (mainly pH) and (iii) possible
complexation by organic ligands (acetate in TCLP proce-
dure)[12]. Lower contaminant concentrations were gener-
ally found in leachates from higher L/S ratifi0,23] For

the comparative reasons, the contaminant concentrations in
leachates (mg/l) were recalculated according to the initial
concentrations in the solids in order to obtain the leached
amounts (in mg/kg and %) solubilised during the leaching test
(Table 3.

Lead in all the leachates exceeded the regulatory levels (5
and 10 mg/IFig. 2). Lead is leached from both the principal
constituents of APC residues (caracolite and potassium lead
chloride). Significantly higher concentrations were observed
in leachates from sample A, exhibiting 1487 and 6810 mg
Pb/l (mean values) for the EN and TCLP tests, respectively.
For sample B, the concentrations in the leachates were signif-
icantly lower, with values of 36 and 24 mg Pb/I, respectively.
The higher reactivity of sample A is consistent with the ap-
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Fig. 2. Leaching results for Pb, Zn, Cd, Cu, As and Sb obtained by the European norm EN 12457-2 and TCLP leaching procedures. Standard deviations are
indicated (based on triplicate analysis). The leachability regulation levels given by Czech Regulation No. 3g&pand TCLP[13] are indicated (if not,
the regulatory level is not defined).

proximately double specific surface (3.8/g) compared to EN test (99%), while only 67% (mean value) was extracted
that of sample B. Nearly half of the Pb was solubilised by in the TCLP leachateTable 3. For sample B, the leached
TCLP leaching of sample A, while the EN leaching test re- amounts attained 45 and 63% (mean values) for the EN and

leased only approximately 5% of the Ptable 3. In con- TCLP tests, respectively. These observations are related to
trast, Pb solubilisation for sample B was significantly lower the fact that the Cd leaching behaviour is strongly depen-
(0.15-0.20% of total amountYéble 3. dent on the pH and the composition of the leaching solution

Cadmium also exceeded the defined limits in leachates[24]. Higher amounts of Cd are generally released in the low-
(0.5 and 1 mg/l) and the Cd leachability was significantly pH region[24], as was observed for sample A. Furthermore,
higher for sample AFKig. 2). Both APC residues exhibit  strong leaching may occur even at higher pH values in so-
slightly lower leached concentrations for the TCLP proce- lutions with high concentrations of CJ due to formation
dure Fig. 2. Recalculated leached amounts revealed that all of soluble Cd-chloro complexg24]. This is in accordance
the Cd from sample A was released into the solution in the with the observed higher concentrations of Cl in EN solu-
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Table 3
Comparison of the amount of leached metal and metalloid contaminants (in mg/kg and percent of total content) for different leaching methods

Element APC residue

A B

EN 12457 TCLP EN 12457 TCLP

mg/kd* %? mg/kg % mg/kg % mg/kg %
Pb 14867+ 1470 4.9+ 0.5 136200+ 4668 45+ 2 360+ 18 0.15+ 0.01 471+ 70 0.20+ 0.03
Zn 2315+ 205 55+ 5 2384+ 165 57+ 4 1497+ 128 30+ 3 3034+ 639 61+ 13
Cd 6570+ 430 99+ 8 4433+ 316 67+ 6 2008+ 172 45+ 4 2784+ 408 63+ 9
Cu 45.0+ 0.82 32+ 2 521+ 1.41 37+ 2 2.55+ 0.03 0.97+ 0.01 1.05+ 0.01 0.40+ 0.00
As 1.23+ 0.04 0.45+ 0.05 1.27+ 0.03 0.47+ 0.05 7.56+ 0.04 0.55+ 0.01 49.4+ 2.00 3.6+ 0.2
Sb 1.59+ 0.03 1.54+ 0.09 3.57+ 0.08 3.4+ 0.2 0.94+ 0.10 0.20+ 0.03 29.9+ 1.33 6.2+ 0.8

a8 Mean value and standard deviation for triplicates.

tions with respect to TCLP leachates (A: 1005 mg/l versus also important because they are toxic at low concentrations
715mg/l; B: 1790 mg/l versus 956 mg/l) (see also Section [22].

3.2.3.
The Zn concentrations in all the leachates exceeded the3.2.3. Contaminant speciation in solution
Czech Regulation limit (5 mg/l; the TCLP regulatory level PHREEQC-2 thermodynamic calculations assisted in es-

is not defined) and are similar for both leaching methods timation of dissolved inorganic and organic species of con-
(Fig. 2). However, slightly higher leached amounts (%) were taminants in leachates. Lead speciation in EN leachates in-
always observed in TCLP leachates, as the acetate probablylicated predominance of the free ionic form?Pk62—78%
enhanced the residue dissolutidralple 3 [12]. The copper of total speciation) and of the PbiCtomplex (up to 32%).
leachability was relatively low, exceeding the Czech regu- The neutral PbCglaq) complex was observed only in the
latory limits (1 mg/l) only for sample A, where the leached EN leachate from sample B (pH 6.4) accounting for up to 5%
amounts ranged from 32 to 37% of the total content (mean of total speciation. In the TCLP leachates, acetic complexes
values) Table 3. For sample B, the Cu leachability was less were predominant ([Pb-acetatejnd [Pb-acetas®), along
than 1% of the total conteritédble 3. These observations are  with only 10% of PB* and PbCt complexes at pH 4.5 and
consistent with the significantly higher Cu solubility at low 4% at pH 5.4. Comparison of the two leaching tests indicates
pH valueg25]. higher leached concentrations within the TCLP leachates
Arsenic exceeded the regulatory levels (5mg/l) only in from both residues; this observation is consistent with the
leachates from sample B, probably due to the higher concen-strong chelation effect of acetate, which accelerates the dis-
trations in the original solidTable 1landFig. 2). The leached  solution of the primary phasd42]. Cadmium in the EN
amount was, however, relatively low (<1% of the total con- leachate from sample A consisted in 55% of the free ionic
tent) with the exception of the TCLP leachate from sample form and 45% of chloride complexes (CdCind CdC}).
B (Table 3. The leachability of As is strongly dependent on At higher pH values (EN leachate from sample B with pH
the pH, with higher amounts released under acidic condi- 6.4), the proportion of Cd complexes was similar with a low
tions[26]; the obtained leaching data indicate that this phe- amount of the CdHC& complex accounting for 0.3% of the
nomenon could be taken into account for the TCLP leachatestotal speciation. In addition, significantly lower amounts of
exhibiting slightly higher As leachabilityHig. 2andTable 3. Cdleached from sample B during the EN testand PHREEQC-
Antimony in the leachates exceeded the Czech regulatory2 calculated speciation could suggest a possible solubility-
level (0.1 mg/l) for both leaching experiments and samples. controlling mechanism, such as nucleation of newly formed
In contrast, the total leached amounts were relatively low Cd carbonate (see Secti@r8). Cd acetates are predominant
with respect to the total content in the solid residue (<3.4%), (47-73%) in TCLP leachates, but the free ionic form and
with the exception of TCLP leaching of sample B, indicating chloride complexes are still important, accounting for 15-32
that about 6% was solubilised (mean value). As for As, the and 12-22%, respectively. Zinc was mainly present in the
leaching behaviour of Sb is probably dependent on the pH, free ionic form in all the leachates (48—98%) with an increas-
with higher leachability at low pH (TCLP extracts). ing percentage of acetic complexes at higher pH (34-54%).
Table 3shows that Pb, Cd and Zn are the principal in- The ZnCl complex accounted only for up to 4% in EN
organic contaminants that are easily extracted from the ini- leachates. However, copper exhibited a much stronger ten-
tial solid APC residues even in the short-term extraction test dency to form acetic complexes in TCLP leachates (70-87%),
(up to 99% of the total content). Copper may be classified while EN leachates contained predominantly the free ionic
amongst important contaminants only for sample A. In con- form (96-98%) associated with minor CidGind Cu(OH})
trast, significantly lower amounts of As and Sb were solu- complexes appearing at higher pH values. The PHREEQC-
bilised from the residues; however, these contaminants are2 calculations indicated that As is present in the oxidized
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Table 4
Saturation indices of selected Pb-bearing phases as calculated by PHREEQC-2 geochemical code
Phase Composition Leachate from APC residue
A B
EN 12457 TCLP EN 12457 TCLP
Anglesite PbSQ —3.307 —3.567 —2.613 —4.331
Cerussite PbC® b - 0.827 -
Phosgenite PbGIPbCQ - - 0014 -
Hydrocerussite PHCO3)2(0OH), - - 1119 -
Cotunnite PbG —1.467 —1.937 —2.722 —4.719
Laurionite Pb(OH)CI —0.612 —1.018 —0.236 —3.005
a Mean value for triplicates.
b Not calculated.
As(V) form as the arsenate $dsO;~ and HAsQ?2") in all cipal phase in the solid sampl&aple 3. The complete ab-

the leachates. However, Sh was more sensitive to changes isence of potassium lead chloride inleached sample Bis in ac-
the Eh potential and formed different redox species SbgQH) cordance with the finding of Edwards et @7] who showed
HSbO, and SbQ~. The SbQ~ complex was dominant in  that Pb chlorides are easily dissolved in circumneutral and al-
the EN leachate from sample B, while other leachates showedkaline conditions. The dissolution of Pb chloride will resultin

significant enrichment in Sb(Ill) species. the formation of laurionite that in turn reacts with dissolved
COyyielding phosgenite, as described by Edwards ¢23].
3.3. Phase transformation during the leaching process Phosgenite has been observed as the principal phase in EN-

leached sample BTable 2. The PHREEQC-2 calculations

The mineralogical study of the leached APC residues indi- Showed that lead carbonates (cerussite Ph®g@drocerus-
cated significant changes in the phase composition occurringSit® PR(COz)2(OH)2 and phosgenite Pb&PbCQGy) were
during the leaching procesEsble 3. In sample A, potassium ~ Supersaturated in EN leachates from sampl&able 4. Ed-
lead chloride was partially dissolved under acidic conditions Wards etal[27] observed that phosgenite crystallises around
(pH 4.5) of both leaching tests, yielding cotunnite (PH@k a pH 5, but cerussite requires _hlgher pH val_ues. In general, at
residual phasérable 9. Caracolite was completely dissolved ~PH above 4.5, asolution thatis saturated with respect to phos-
and transformed to residual anglesite (PB&hd laurionite gemte is also highly supersa_turqted with res_pect_to cerussite,
(Pb(OH)CI) was present only in trace amourfisifle 3. The which means that phqsgemte is unstable in this pH range
PHREEQC-2 calculated saturation indices of the principal [27,28} The work of Pina et a[28] also demonstrated that
Pb-bearing phases are giveriTable 4 In contrast to miner- ~ Phosgenite is commonly transformed to cerussite (PHCO
alogical evidence, the leachates were undersaturated with re@S the pH increases. In spite of the PHREEQC-2 predic-
spect to anglesite, cotunnite and laurionite. This observation NS showing strongly positive saturation indices for otavite
confirms that these phases were formed as residual productéCdCQ), this phase was not detected by XRPD. It may, how-
during the leaching (not newly formed by precipitation from Ve, pe pre_sent (below the detectlpn limit of XRPD) or could
solution) and would be further metastable in the system. The Precipitate if the pH of the system increaged].
stabilisation of cotunnite requires highly acidic environments
and higher Cl activities than those observed in our leachates3.4. General discussion and environmental/

(2-3x 1072) [27]. As a result, cotunnite breaks down to lau- technological issues

rionite as the pH increas®7]. Consequently, anglesite will

be the most stable residual product of APC residue dissolu- APC residues from Pb metallurgy were found to release

tion in acidic environments, with its solubility product that substantial amounts of metals and metalloids (Pb, Zn, Cd, Cu,
is approximately three orders of magnitude lower than that As and Sb) during standardized leaching tests. Even these
of cotunnite (lIoKanglesite= —7.79, 10gKcotunnite= —4.77) short-term leaching procedures performed with chemically

[8,21]. simple solutions may be useful for understanding the disso-

Investigation of the phases in leached sample B showedlution processes in smelter emission-contaminated environ-
that the pH and bicarbonate concentration in the leachate aranents, especially soils. Ettler et #)] found that anglesite
the key parameters influencing the dissolution of the primary is often detected by XRPD in soil profiles heavily contami-
residue constituentsTéable 9. A more acid TCLP extract  nated by Pb smelting activity (with up to 35,500 mg Ph/kg).
(pH 5.4) favoured complete dissolution of the potassium lead In contrast, Pb chlorides or other Pb-bearing phases were not
chloride (Table 29 and partial dissolution of caracolite, result- detected. This observation is probably closely related to the
ing inthe presence of residual phases: dominant anglesite angbH values of smelter-impacted soils fromilftam, ranging
trace laurionite. However, caracolite dissolves more slowly in from 3.5 to 5.6[5] and is supported by the present leaching
the EN leachate with pH 6.4, and was still present as the prin- data indicating that in this pH range anglesite is the prin-
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cipal residual product resulting from caracolite dissolution while, at pH>6, carbonates (e.g., phosgenite BHRICQ)
(Table 1. Furthermore, residual Pb chlorides with signifi- became the predominant secondary phases.
cantly higher solubility than anglesite were completely dis- Comparison of the leaching data with the regulatory levels
solved after a long-term residence in sg|21]. Lead re- revealed that both types of APC residue may be considered to
leased by this dissolution process could significantly migrate be hazardous materials. However, the cooling of flue gas by
down in the soil profile, as revealed by the Pb isotopic study alkaline water with high concentrations of salts yieldsan APC
[4]. The results of simple leaching tests coupled with knowl- residue (sample B) with more favourable leaching and envi-
edge of the Pb speciation in real smelter-impacted [5il ronmental characteristics than the one trapped after prelim-
show that (i) the phase dissolution/transformation is strongly inary cooling by deionised water (sample A). Mixing of the
dependent on the pH and (ii) the kinetics of the dissolution APC residue with alkaline water, followed by an increase in
of primary APC residues phases is relatively fast and their the pH of the suspension and equilibration with atmospheric
transformation is observed in experiments lasting 24 h. CO» could be used for the precipitation of less soluble Pb car-
According to the regulatory levels, both APC residues bonates (e.qg., cerussite with I&g —13.13[21]), which are
can be defined as hazardous waste materials. However, thiseadily recycled in Pb processing in the metallurgical factory.
study also shows that the APC residue produced by cooling
of the flue gas by alkaline water (sample B) exhibits signif-
icantly better leaching characteristics (especially in Pb re- ocknowledgements
lease) Fig. 2, Table 3. In contrast, sample A, produced by
cooling of the flue gas by distilled water, probably contains  Thjs study was financed by a research project grant from
free acids adsorbed on the residue particles and the resultcharles University (J13/98: 113100005). We would like to
ing leachates remain acidic (pH 4.5). Supplementary mix- thank Mr. Zdeiék Kunicky, the Technical Director of the
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suspension could be controlled by the precipitation of otavite pe|ped to improve the original version of the manuscript.
(CdCQs) [24]. This technology could also be combined with

the Ferrox process proposed by Lundtorp €64l] and tested

on APC residues from municipal waste incinerators. The Fer-
rox stabilisation process is based on residue mixing with a
solution of Fé* sulphate, followeq by precipitation of newly [1] Commission Decision 94/3/EC, Establishing a list of wastes pur-
formed Fe(lll) oxyhydroxides which are good adsorbents for suant to Article 1(a) of Council Directive 75/442/EEC on waste, 20
inorganic contaminants. This approach would be necessary  December 1993, Off. J. L 005 (1993) 15-33.

to prevent the mobility of other metals and metalloids (Cu, [2] Commission Decision 2000/532/EC, Replacing Decision 94/3/EC es-

7Zn. As and Sb) released from this type of residue tablishing a list of wastes pursuant to Article 1(a) of Council Direc-
’ ) tive 75/442/EEC on waste and Council Decision 94/904/EC estab-

lishing a list of hazardous waste pursuant to Article 1(4) of Council
Directive 91/689/EEC on hazardous waste, 3 May 2000, Off. J. L
4. Conclusions 226 (2000) 3-24.
[3] US EPA, Office of solid waste (OSW), Catalog of Hazardous and
Simple standardized leaching tests (EN 12457 and TCLP) __ Solid Waste http://www.epa.gov/epaoswer/osw
. [4] V. Ettler, M. Mihaljevi¢, M. Komarek, ICP-MS measurements of
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indicated alarge number of dissolution and phase transforma-  tracing the sources of pollution, Anal. Bioanal. Chem. 378 (2004)
tion processes occurring during residue/solution interaction. 311-317.
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