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Abstract

Leaching tests and model calculations were performed to investigate the immobilization mechanisms of Pb and compare different leaching
protocols. Stabilization/solidification (S/S) treatments reduced Pb concentrations in the toxicity characteristic leaching procedure (TCLP)
leachate from 5.9 mg/L for untreated soil to less than 0.7 mg/L. The results of eight different leaching protocols show that: (1) the main factor
controlling the Pb concentration in the leachate is the final pH; (2) the final pH is a function of the leachant acidity; and (3) for a given
final pH, the type of leachant has a relatively minor effect on leachability. The diffuse layer adsorption model, aqueous and precipitation
reactions were employed in the MINTEQAZ2 program to describe the Pb leaching behavior. Both leaching tests and model simulations indicate
that the Pb leaching behavior can be divided into three stages based on the leachate pH: a high alkalinity leaching stage at pH > 12, where
Pb formed soluble hydroxide anion complexes and leached out; a neutral to alkaline immobilization stage in the pH range of 6-12, which
was characterized by low Pb leachability caused by adsorption and precipitation; and an acid leaching stage with pH < 6, where the acid
neutralizing capacity (ANC) of the S/S materials was totally consumed and therefore free Pb-ion leached out.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction estimate the leachability of some redox sensitive elements,
such as As, since redox reactions may happen during the
Stabilization/solidification (S/S) technology has been extraction2]. The multiple extraction procedure (MEP), the
widely applied to immobilize heavy metals in contaminated availability test (NEN 7341), and sequential chemical extrac-
soils, sediments, and sludge with additives such as cementtion are also applied to a wide range of materials for differ-
lime, and fly as1]. Quantifying the environmental impact ent purposes, which creates confusion in how the results are
of stabilized/solidified materials in real environmental sce- to be interpreted and which extraction test should be used
narios is crucial for selecting proper disposal and reuse alter-in determining the leachability. An approach to harmonize
natives and for certification of immobilization technologies. different leaching tests was proposed by van der Ji8jot
The performance of S/S-treated wastes is generally measuredHowever, the interpretation of different protocols is depen-
in terms of leaching tests. Although numerous leaching testsdent on an accurate understanding of leaching mechanisms.
are available to evaluate the S/S treatment, no single test cahis requires validation of the consistency of results between
describe the complex leaching behavior of the treated mate-different types of test methods and different types of wastes.
rials. Pb is the most common contaminant in the environment
The toxicity characteristic leaching procedure is the most and has chronic toxicity. Pb contamination has been found
commonly used regulatory protocol. However, it may under- in 604 out of 1221 superfund sites on the National Priorities
List (NPL). There have been intensive studies about Pb im-
* Corresponding author. Tel.: +1 201 216 8994; fax: +1 201 216 8303. Mobilization mechanisms in S/S-treated wastes. In a review
E-mail addresscjing@stevens-tech.edu (C. Jing). of heavy metal immobilization in ettringite and the calcium
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silicate hydrate (C-S-H) matrix of Portland cement, Gougar  Total metal contents in the samples were determined by di-
et al.[4] reported that Pb could replace &ain ettringite, gesting 1.00 g of solid using 1:1 HNQconcentrated HN§)

but not in the C-S-H structure where Pb is immobilized by and 30% HO, repeatedly on a hot plafd7]. After cool-
precipitation as hydroxide and carbonate. Pb stabilization in ing, the digested samples were diluted to 100 mL with deion-
cement-treated materials is attributed to fast precipitation of ized (DI) water for analysis of total metal content by furnace
lead compounds at the surface of colloidal materials during atomic absorption spectrometry (AAS) and inductively cou-
cement hydrationj5,6]. This Pb precipitation layer acts as pled plasma (ICP) emission spectrometry.

a diffusional barrier to wat€i7]. When the concentration is

below the solubility of lead oxides, Pb is directly linkedto C- 5 5 Leaching tests

S-H[8]. Previous studies show that leachate pH is the major

factor in controlling Pb leachabili,6,9-11] Low Pb con- Eight leaching methods were used to evaluate the leaching

centrations are observed in the neutral and basic pH rangeqtential of lead in untreated and treated sludge samples as
Pb concentrations increase when pH changes to an extremely,|ows.

low or high value. This amphoteric behavior is the conse-
quence of solubilization phenomenon at the solid—liquid in- (1) Toxicity characteristic leaching procedure. According to

terface[11-13] the U.S. EPA protocd]18], two types of extraction so-
Modeling of leaching behavior can improve the under- lution were used. A 0.I M acetic acid solution with a pH
standing of the leaching mechanisms and prediction of the of 2.88 was used to extract S/S-treated samples due to
long-term leachability. Pb solubility in groundwater and ce- the high alkalinity of the wastes. An extraction solu-
ment pore water was predicted by a modified MINTEQ2 tion comprised of 0.1 M acetic acid and 0.0643 M NaOH
databasg14]. A surface complexation model was used to with a pH of 4.93 was used for untreated soil. The waste
simulate Pb leaching behavior with an assumption that be- samples were extracted at a liquid to solid (L/S) ratio of
sides the principal sorbent of hydrous ferric oxide, other sor- 20 in capped polypropylene bottles on a rotary tumbler
bent minerals were also responsible for the adsorptishin at 30rpm for 18 h. After the extraction, the final pH of

this study, Pb-contaminated soil was treated with four binders the leachate was measured and the liquid was separated

and Pb leachability in the solid samples was evaluated with from the solids by filtration through a 0.48n glass fiber

eight extraction tests. The diffuse layer model (DLM) was filter.

employed to describe the Pb leaching behavior. (2) General acid neutralizing capacity test (GANC). This
test was modified from Isenburg and Mo§18]. Eleven
single batch extractions were performed in parallel. The

2. Materials and methods amount of acetic acid in the extraction system varied
from O to 4 eq/kg of solids in increments of 0.4 eqg/kg.
2.1. Sample preparation After 48 h tumbling at a L/S ratio of 20, the equilibrium

pH and soluble Pb concentration were measured.

Pb-contaminated soil samples were collected from the (3) Extended TCLP (Ext TCLP). This test was developed
Central Steel (CS) site in Newark, New Jersey. The 12-acre based onthe TCLP and GANC tests to assess heavy metal
site is an abandoned drum reconditioning recycling facility leachability over a wide pH range. Ten identical suspen-
with several large metal buildings on the lot. The samples sions of TCLP leachant and solid sample at a L/S ratio of
were sieved with a No. 4 sieve (4.75mm opening size) to 20 were prepared in 10 bottles. Different amounts of HCI
remove the coarse material at the site. The sieved samples or NaOH solution were added to the bottles so that the
were air dried and stored in capped containers to maintain  final pH values were distributed between 3.5 and 12.5 af-
the moisture constant. ter 18 h of mixing. The other extraction procedures were

S/S treatment was performed by mixing soil samples with the same as the TCLP.
10% cement (weight of cement/weight of dry soil) (10%C), (4) DI water extraction. This method simulates scenarios

25% cement (25%C), 10% lime (10%L), and a mixture of where awaste is in contact with an acid solution having a
20% flyash and 5% lime (FL), respectively. The solid mix- low buffering capacity such as rainwater. The extraction

tures were compacted at optimum water content according  procedure was the same as TCLP except that DI water
to the ASTM D 1557-91 standard. The compacted speci- was used as leachant. An extended DI water extraction

mens were stored in sealed sample bags and cured at room test was also performed over an equilibrium pH range
temperature for 28 days. After the samples were tested for  between 3 and 12.

unconfined compressive strength, the solids were pulverized(5) Multiple extraction procedure (MERO0]. This test sim-

to pass through No. 40 sieve (0.425mm opening size) and  ulates leaching conditions that occur when a waste un-
used in batch extraction tests. Small particles could ensure  dergoes repetitive acid rain leaching in an improperly de-
that a faster equilibrium is reach§@l 16] and minimize the signed sanitary landfill. In the first step, waste samples
encapsulation effect by which the heavy metals are physically ~ were extracted according to the EP Tox where the solids
entrapped in a monolithic solid. were extracted with acetic acid solution at a L/S ratio of
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16 for 24 h[21]. The suspension pH was controlled at was used to simulate adsorption, precipitation and aqueous

5 by addition of 0.5N acetic acid during the extraction. reactions.

The residual solids after the EP Tox extraction were re-  In the modeling simulation, FeOOH was assumed to be

extracted nine times consecutively using synthetic acid the adsorbent in the soil. Since iron has a variety of forms

rainwater which is a dilute $50; and HNG; solution in soil and their adsorption capacities are differg@i], the

(H2SOs:HNO3 = 3:2) with a pH of 3. Each extraction total effective adsorption site concentration in the soils was

step was performed at a L/S ratio of 20 for 24 h. The determined to be 1 mM by fitting the Ext TCLP result with

final leachate pH and Pb concentrations were measuredFITEQL32[26], a computer program that combines a nonlin-

for each extraction. ear least squaresfitting routine with chemical equilibrium and

Availability test NEN 7341[22]. The availability for adsorption models. All the agueous and adsorption reactions

leaching is determined by two consecutive extractions with the associated constants used in FITEQL32 were the

of a finely ground material at a L/S ratio of 50. If the so- same as those in MINTEQAZ2 database. The only optimizing

lution is alkaline or neutral, 1 M HN®is added to keep  parameter in FITEQL32 was the total surface site concentra-

the pH at 7 during the first 3 h of mixing. If the pH of the  tion. The indicating parameter of goodness-of-fitby FITEQL,

solution is less than 7, no acid is added. After separation, WSOS/DF, was 3.38. A WSOS/DF value within the range of

the solid phase is extracted for another 3h at pH 4. Fi- 0.1-20 is considered to be a reasonably god@ .

nally, the two extraction solutions are combined together

for analysis and the acid neutralizing capacity (ANC) is

calculated based on the amount of the acid added during3. Results and discussion

the extraction.

Sequential chemical extraction. According to Tessier's 3.1. Lead leachability

method[23], Pb can be classified into the following five

operationally defined fractions in soils: The total acid digestion results listed Table lindicate
F1l-exchangeable: The sample was extracted for 5 hthat the untreated soil sample contained 172.6 g/kg of iron
with 0.5M MgCl, at pH 7.0 and a L/S ratio of 8. and 3.8 g/kg of lead. The chemical composition of the sample
F2-bound to carbonates: The residual from F1 was treated with 10% cement (10%C) is also presentdabie 1
extracted with 1 M NaAc at pH 5 and a L/S ratio of The treated sample contained high calcium (55.4 g/kg) and

8 for5h. magnesium (4.4 g/kg). Lead and iron contents decreased to
F3-bound to iron and manganese oxides: The resid- 3.6 and 168.8 g/kg, respectively, because of the dilution by
ual from F2 was extracted with 0.04 M NBH-HCI cement. Cement treatment increased the pH from 7.8 for the
in 25% (v/v) HAc for 6 h at 96C. The initial pH was untreated soil to 11.7. The water content decreased from 8%
2.0 and the L/S ratio was 20. in untreated soil to 5% in the 10%C sample because of the

F4-bound to organic matter: The residual from F3 consumption of water by cementitious reactions and evapo-
was extracted with 30% #0, for 6 h at 85°C, then ration loss during the mixing of cement with the soil.
extracted with 3.2M NHAc in 20% (v/v) HNG;

with continuous agitation for 30 min. 3.1.1. TCLP and DI water extraction

FS-residual: This fraction was calculated from the  The TCLP Pb concentration was 5.9 mg/L of leachate for
difference between the total Pb content and the first ntreated soil, which was higher than the regulatory limit
four fractions. of 5mg/L for hazardous wastddble 9. The four S/S treat-

(8) Infiltration test. Infiltration leaching is simulated with &  ments 1006C, 25%C, 10%L, and FL, reduced the TCLP con-

flow-through leaching system to enable the prediction of centration to less than 0.7 mg/L, which was well below the
heavy metal release in the field. A S/S specimen with ¢ p |imit. The effectiveness of the S/S treatment was in
2 cm height ar_ld 5cm diam(_ater was placed in a cqnfingd the order 25%C > FL > 10%L > 10%C > untreated based
chamber. During the experiment, a 0.014 M acetic acid on the TCLP results. In contrast to the high TCLP leacha-
solution at pH 3.45 was passed through the specimenyyjjity, p| water only extracted f.g/L Pb from untreated soil

under constant hydraulic head conditions. The infiltrate (Table 2. However, Pb leachability in the S/S-treated samples

leachate was collected regularly to measure the volume a5 higher than that of untreated soil as determined with DI
of the leachate, solution pH, and heavy metal concentra-

tions. Table 1
) ) Physical and chemical properties of untreated and treated (10%C) CS
2.3. Surface complexation modeling samples

to
do

pH range of 3-12. The computer program MINTEQJR2]

) ) pH  Water content Total metal content (g/kg) (wet)
The adsorption diffuse layer model (DLM) was employed (Wt.%) — — Ve M
describe the leachability of Pb and to determine the pre- s a4 T g Mn

minant Pb formsin untreated and treated soil samples in theUntreated . 8 8 38 0014 7 1726 21 20
10%C 117 5 36 0011 5% 1688 4.4 1.9
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Table 2 materials in the treated solids increased the equilibrium pH
Unconfined compressive strength and leaching results determined withq g extremely high level and lead was released as soluble
TCLP, DI water extracti NEN 7341 - ;

CLP, DI water extraction and 3 hydroxide anion complexes. The second stage was the neutral

Untreated 10%C 25%C 10%L FL to alkaline immobilization stage where pH was in the range

Strength (psi) 27 114 657 59 7 of 6-12, which was characterized with low lead leachability,
TCLP due to adsorption and precipitation. The third phase was de-

pH 5.17 568 1132 11.68 71 fined as the acid leaching stage, where the acid neutralizing

Pb (ug/L) 5900 699 2 43 8 capacity of the S/S materials was totally consumed and free
DI metal ions were leached out.

pH 7.68 1201 1255 1243 183 The TCLP pHwas 5.17 for untreated sdiaple 9, which

Pb (g/L) 9 101 % 1024 28 was in the acid leaching stageig. 1). The pH of the DI wa-
NEN 7341 ter extraction was 7.68, which was in the neutral to alkaline

Availability (mg/kg) 137.6 784 3156  1428.1 304 immobilization stage. The difference of Pb leachability de-

ANC (mol/kg) 0.51 212 511 3.95 284

termined with these two leaching tests, 5.9 mg/L with TCLP
and 9u.g/L with DI, could be explained by the two differ-
water extraction, ranging from 28y/L for FL to 1024ug/L ent stages the_ methods led to. I_:or the treated materials, the
for the 10%L sample. According to the DI water extraction, '€achate pHwith DI was much higher than that of the TCLP,
the sequence of treatment efficiency was changed to untreate@d could be higher than 12 or in the high alkalinity leach-

> FL > 25%C > 10%C > 10%L. This lack of agreement be- Nd Stage Table 2. So these two batch tests could result in

tween the Pb leachability determined with TCLP and DI wa- PP leaching behavior in different leaching stages. TCLP is
ter extraction suggested that the leaching results could onlythe regulatory test to classify hazardous materials, but it may

be interpreted under their own experimental conditions.

3.1.2. Infiltration test

The infiltration test was a dynamic leaching test that sim-
ulated a field where natural water or groundwater was con-
stantly renewed and the waste alkalinity was progressively
removed. The infiltration leachate Pb concentration was plot-
ted as a function of pH as shown kxg. 1 It was obvious

that Pb leachability was dependent on the leachate pH which

continuously decreased as the result of increasing cumula

tive leachant acidity. Both S/S-treated samples and untreateJ

soil have a similar “U” shape concentration versus pH curve,
which represents the amphoteric property of Pb solubility
over a wide pH range. This observation is in agreement with
previously reported resulf8,6, 9—13] Based on the equilib-

rium leachate pH, the S/S-treated material underwent three

leaching stages when it contacted water: first, the high alkalin-
ity leaching stage occurred at pH > 12, where highly alkaline

12000 T

100001

% = ©10% C
= 00T g% X O untreated
= L

; 6000+ o § ¥ |A2%C
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§ 4000 % % X FL
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Fig. 1. Infiltration leachate concentration results for untreated and S/S-
treated samples.

fail to predict Pb release under highly alkaline conditions.
The high final pH situations are often found when natural
groundwater with low acidity contacts S/S-treated materials
at a low L/S ratio. Therefore, DI water extraction should be
performed in order to simulate the scenarios where low pH
buffer leachant reacts with high alkalinity materials.

In order to evaluate the S/S treatment with the infiltra-
tion test, detailed results were plottedriy. 2 for untreated
soil and the 25%C sample. The results-ig. 2A show that
the initial leachate pH of untreated soil was around 7.7 and
emained constant until a cumulative leachate volume to sam-
ple weight ratio (v/w) of 5, corresponding to 0.05 ed/Kg
of cumulative leachant acidity. Then, pH began decreasing to
about 5.7 and remained unchanged through v/w of 18. During
this pH drop, the Pb concentration reached a small peak of
1.9 mg/L at v/w of 6.4, and then reduced to less thap§Q
at v/iw of 10. The concurrence of the Pb concentration peak
and pH drop was due to the release of leachable Pb in the pH
range between 7.7 and 5.7. Similar leaching behavior was
also observed by Catalan et f27]. The Pb concentration
was low in the v/w range of 10—20 because most of the read-
ily leachable Pb at pH 5.7 had been releaséd.(1). When
the pH decreased to approximately 5.5 at v/w of 20 (acidity =
0.22 eq H/kg), the Pb concentration began to increase expo-
nentially. The leachate Pb concentration reached a maximum
of about 11.0 mg/L at v/iw of 69.

A high initial pH of 12.18 was observed in the infiltration
leachate for the 25%C samplEi§. 2B) and the two sub-
sequent leachate pH values were even higher at 12.58 and
12.68, respectively. Then the pH decreased slowly to 11.43
during the experiment due to the excess calcium hydroxide
in 25%C sample. The initial Pb concentration wag.2@.,
and increased to a maximum of 834/L with the occur-
rence of the highest leachate pH of 12.68 at a v/w ratio of
1.1. Thenthe Pb concentration decreased and remained lower
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Fig. 3. The change of pH (A) and leachate Pb concentration (B) with in-
creasing leachant acidity for untreated and treated samples determined with

GANC.

Cumulative leachate (mL)/sample (g)

Fig. 2. Infiltration results for untreated soil (A) and 25%C sample (B). tests was compared: 5.17 for TCLP and 4.14 for GANC. The
higher pH in TCLP was the consequence of adding NaOH
to the extraction solution to bring the leachant pH to 4.93 as
specified in the protocl8]. Based orig. 1when leaching
behavior was in the acid leaching stage at pH < 6, the leach-
ability increased exponentially with decreasing pH. Pb was
Headily released once there was acid attack in untreated soil
(Fig. 3B), and the leachate Pb concentration increased sig-
nificantly with increasing leachant acidity. The S/S treatment
increased the ANC of the solid materials so that the wastes
could resist attack of higher acidity. At an acidity of about
2 eq H/kg, Pb was released from the 10%C sample, while
the acidity value for Pb release was 2.8 etykt for 10%L
dand FL, and higher than 4 eq'ttkg for the 25%C sample.

In order to understand the relation of leachant acidity with

than 130ug/L thereafter. This initial sharp peak represented

the high alkalinity leaching stage occurring with 25%C. The

lag of this peak may be caused by slow dissolution kinetics
in the heterogeneous infiltration test. When the v/w ratio was
between 5 and 20, a temporary pH decrease occurred, whic
could be attributed to the micro-channeling effect.

3.1.3. GANC test

GANC was a single extraction test where an increasing
amount of acetic acid was used to determine the ANC and
the metal leachabilit}19]. The GANC results ifrig. 3A in-
dicated that the untreated soil could not resist acid attack, an
its pH decreased to less than 5 at a leachant acidity of 0.4 eq : . N :

i ong-term leaching potential, a simplified calculation was
H*/kg. The pH of S/S-treated samples began to decrease at an L )

- performed. The acidity of different types of water was as-
acidity of 0.4 eq H/kg for the 10%C and FL sample, 1.6 eq sumed to be the followinf28]:
H*/kg for the 10%L sample, and 2 eqtitkg for the 25%C ’
sample. The leachate Pb concentrations of S/S-treated sam-Rainwater acidity = 10p.eg/L (5 mg/L as CaCg)

ples at acidity 2 eq H/kg were comparable for GANC and Landfill leachate acidity = 100 meg/L (5000 mg/L as
TCLP, since the equilibrium pH was in the immobilization  cacq)

stage with both tests. However, the GANC Pb concentra- Groundwater acidity = 100@eg/L (50 mg/L as CaCg)

tion was 17.8 mg/L for untreated soil at acidity 2 edj/Kg,

which was much higher than that in the TCLP leachate. This It was assumed that average rainfall = 1.0 m/year, the
result was not surprising when the equilibrium pH of the two leachate velocity = 1.0 m/year = 1.Gtm? surface year if all
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the rainfall penetrates the waste evenly rather than runningTable 3
off. Thus, the amount of acidity due to rainfall, landfill Chemical forms of Pb in the treated and untreated samples

leachate, and groundwater can be calculated as 100, 100,00@hemical forms (%) Untreated 10%C 25%C 10%L FL
and 1000 meq H/m? year, respectively. If the waste is 3m  Exchangeable 01 002 011 040 001
thick with an average density of 1922 kginthe acidity con- Bound to carbonates 281 2021 005 442 733
tributed by rainfall, landfill leachate and groundwater would BoundtoFe-Mnoxides 576 5600 5200 6242 3642
be 1.73E-5, 1.73E-2, and 1.73E-4 eq H+/kg waste year, Bound to organic matter .B6 704 1085 2025 1391

Residual 516 1673 3699 1250 4233

respectively. Therefore, the TCLP with acidity = 2 etj/Kg
would represent the acidity added for about 114 years if the
above three acidity contributors act together. However, in the enough to reach equilibriuf1], the availability obtained
flow-through system, readily soluble Ca and Mg components would not be under steady state conditions.

of the wastes will be washed out and cannot take part in the  In addition to the available Pb concentration, NEN 7341
neutralizing reactiofi27,29,30] Thus, only one-third of the ~ can also be used to determine the ANC of the materials. The
ANC determined from batch tests could be used for the neu- S/S treatment increased the ANC from 0.51 mol/kg in un-
tralizing reaction in the flow-through system. This ratio was treated soil to as high as 5.11 mol/kg in the 25%C sample
derived independently based on experimental {28a30] (Table 3. NEN 7341 obtained slightly higher ANC values
and theoretical calculatiofig7]. If pH < 6 stands for the acid ~ than the GANC testHig. 3), which could be attributed to the
leaching stage where waste solids lose all their alkalinity, the second extraction step of NEN 7341 with a more aggressive
acidity required to reach this pH value was <0.4, 2, 2.8, 3.2 solution at pH 4.

and >4 eq H/kg for untreated, 10%C, FL, 10%L and 25%C,

respectively Fig. 3A). If the washout effect was considered 3.1.5. Sequential extraction test

and only one-third of the solid waste alkalinity was effective The sequential extraction results Table 3 show that

for neutralization, the time frame to resist the overall acid the amount of exchangeable Pb accounted for only 0.01%
attack was estimated to be <8, 38, 54, 62, and >77 years forof the total Pb in the untreated soil. Most of the Pb in un-
untreated, 10%C, FL, 10%L and 25%C, respectively. This treated soil was bound to carbonates (29%) and Fe—Mn ox-
simplified calculation showed that 25%C treatment can resistides (57%). This suggested that Pb may be present as lead
long-term acid attack and therefore is the best treatment for Pbcarbonate minerals, such as cerussite or hydrocerussite, or ad-

immobilization. sorbed on iron oxides which were abundant (172.6 g Fe/kg)
in untreated soil Table 1. Only 5% of the Pb was in the
3.1.4. Availability test residual form that would be released only when the solid
According to the NEN 7341 results presentedable 2 was completely dissolved. The S/S treatment decreased the

the available Pb content was 137.6 mg/kg in untreated soil. amount of Pb associated with carbonates and increased the
If this amount of lead was dissolved in the TCLP extrac- amount of residual Pb. It is most likely that lead carbon-
tion, the TCLP concentration would be as high as 6.9 mg/L ate minerals were transformed to more stable hydroxide pre-
which was in the same order of magnitude as the TCLP cipitates under high pH condition with the excess hydrox-
(5.9 mg/L). The Pb leachability determined with NEN 7341 ide provided by cement. This result was in agreement with
for S/S-treated samples was much higher than that of thea previous study of Pb containing sludge stabilized with
TCLP. No correlation was found between leaching results cemen{32].

determined with TCLP and NEN 7341. The availability According to the total Pb content of 3.8 g/Ktpble 1) and

test indicated the amount of a particular component that the exchangeable Pb in untreated soil, the Pb concentration in
might leach out from a material under extreme circumstancesthe TCLP leachate would be 1@/L if only the exchangeable
(such as in the very long-term, after disintegration of the Pb were released in the TCLP test. The observed Pb concen-
material, full oxidation and loss of acid neutralization ca- tration in the TCLP leachate was 5.9 mg/L for untreated soil
pacity) [22]. It can only measure the portion that was not (Table 2, suggesting the release of other Pb forms. In contrast
bound in the silicate matrix and poorly soluble minefals to the slight increase of exchangeable Pb fraction, the TCLP
Since the NEN 7341 leachate was the mixture of two solu- leachability of Pb in S/S-treated samples decreased signifi-
tions at pH 4 and 7, the result did not indicate what leach- cantly (Table 9. The decreased Pb in the TCLP leachate was
ing stage the test represented and did not reveal solubility coincident with the increased solution pH to the neutral to

information. alkaline immobilization stage. This result demonstrated that
It was interesting to note that based on the results of NEN the Pb concentration in the TCLP leachate was controlled by
7341, S/S treatment increased the availability of Rib(e 2. the leachate pH rather than by the amount of exchangeable

This might be explained by the operational procedure of the Pb.

NEN 7341 protocol. The amount of available Pb was cal- The amount of exchangeable Pb in untreated soil
culated on the basis of two consecutive extractions at pH 7 (38 mg/kg) was much less than the available Pb (137.6 mg/kg,
and 4. The S/S-treated materials consumed more acid tharB.62%) determined with NEN 7341, which was lower than
untreated soil. Since the 3 h leaching time may not be long the carbonate and Fe—Mn formi@ple 3. In S/S-treated sam-
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ples, no correlation was found among TCLP, DI water extrac- 10000
tion, NEN 7341, and the different Pb fractions. The principle ®
of the sequential extraction test is that a series of increasingly 5, %%
more aggressive extraction solutions are applied successively. f X M Unffeated
Ideally, only the metal from a particular matrix should be re- $ 1o Xy E;g;ﬁg
leased and other forms of metal should remain in the solids. £ 10 %% A A 10%L
However, these assumptions may not be true in practical sys- £ 2 ag ggu X FL
temg[32]. The sequential extraction was originally developed E I x 2% ba
for sediment and its application for S/S-treated wastes needs
further study. 017 4 — ' ! ‘ M 1‘2 ' 1“4

pH

3.1.6. MEP test

The multiple extraction procedure was designed to simu-
late the leaching that a waste would undergo with repetitive
infiltration leaching of acid rain on an improperly designed 3 2. Mechanisms of Pb immobilization
sanitary landfill. MEP results iRig. 4show that 4.8 mg Pb/L
on average was leached out each time in nine consecutive Pb has been considered to be chemically stabilized in the
extractions in untreated soil. The equilibrium pH in each ex- S/S-treated matrix, with physical solidification playing a mi-
traction was around 4. The Pb concentrations varied from 0.6 nor role[7]. Solubility was previously used to explain the am-
to 137ug/L for treated samples. Thus, S/S treatment can re- photeric characteristic of lead leachabilityl, 14] A surface
sist multiple acid rain leaching based on MEP results. The complexation model was successfully employed to describe
“U” shape curve obtained from MEFFig. 4) was similar lead leaching behaviors in S/S-treated matefi#§. In this
to that obtained from infiltration result&ig. 1), which sup- work, the mechanisms of Pb immobilization were studied
ported the supposition that the leaching stage was controlledwith the diffuse layer model.
only by the equilibrium leachate pH, regardless of leaching  Surface parameters and equilibrium constants used in the
protocols. DLM were from the standard database in the chemical equi-

Fig. 4. Pb leaching behavior determined with the multiple extraction proce-
dure for untreated and treated samples.

Table 4
Reactions and parameters used in the model calculations

Reactions Equilibrium expressions IKg

Surface and solution parameters
Adsorbate (Pb) =0.917 mM
Adsorbent FeOOH = 13.69 g/L
Total surface site (SOH) = 1mM
lonic strength =0.1M
Surface area = 6004y

Surface complexation reactions

SOH+ PP = SOPH + H*t @) K = exp(Fy,/RT)[SOPB|[H*]/[SOH][P*] 4.65
SOH+ H* = SOH* %) Ka1 = exp(Fy,/RT)[SOH*1/[SOH][H*] 7.29
SOH= SO +Ht (3) Ka2 = exp(—Fy,/RT)[SO™|[H*][SOH] —-8.93
Aqueous reactions
Pt 4+ HoO = PhOH' + HT (4) —7.597
PEPT + 2H0 = Pb(OH)aq) + 2H* 5) —17.094
P+ + 3H,0 = Ph(OHY~ + 3H* (6) —28091
Pt + 4H,0 = Pb(OH)?~ + 4Ht ) —39.699
2PB* 4 H20 = Phy(OH)*t 4+ HT (8) —6.397
3P + 4H,0 = Phy(OH),*" + 4H* 9) —23.888
4P + 4H,0 = Phy(OH),** + 4H* (10) —19.988
P+ + Ac™ = PbAc™ (1) 2.68
Pt + 2Ac™ = Pb(Ac), 12) 4.08
Pt + 2C032~ = Pb(CQ),2~ (13) 9.938
PEP* + COs?~ = PbCQyaq) (14) 6.478
Pt 4+ CO3%~ + Ht = PbHCQ™ (15) 13.200
Precipitation reactions
PPt 4 CO32~ = PbCQys (16) 13130
3PPt 4 2C0O3% + 2H,0 = Ph3(CO3)p(OH)pey + 2HT  (17) 18771

PET + 2H;0 = Pb(OH)ys) + 2H* (18) —8.150
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Fig. 5. Thermodynamic calculations and experimental lead leachability in Fig. 6. Model prediction and Ext TCLR)] results of Pb distribution in

untreated soil determined with TCL®), DI (l), MEP {X), Ext TCLP (), untreated soil.
Ext DI (O), and infiltration (). The solid (dashed) line is the model with
(without) 0.1 M HAc. by forming a SOP1 surface complex in the pH range from

o _ 6 to 9. At pH 9, 4.8% Pb was precipitated as hydrocerus-
librium program MINTEQAZ Table 4 [24]. Pb adsorption  gjte pp(OH) began to precipitate at pH 9 and became the
on the surface was described By. (1)in Table 4 predominant Pb species when pH > 11. From pH 12 to 13,
SOH+ P+ = SOPB 4+ HY  logk = 4.65 0.01-0.84% of total Pb could dissolve as Pb(@H)hich in-
creased the soluble Pb concentration from 19 to 1&96.
where “SOH” in the reactions denotes the surface hydroxyl Greater than 0.2% Pb was dissolved whéh6 and the
sites and “SOPb” represents lead surface complexes. The soluble Pb concentration increased significantly when pH de-
surface complexation reactions and associated equilibriumcreased from 6 to 3. The model explained the observed three
constants as shown IBgs. (1)—(3)in Table 4are based on  |eaching stages well.
the work of Dzombak and MorgB3], and are included in The DLM was used to predict the leachability of Pb in
MINTEQAZ2. Aqueous complex reactions of Pb with OH  the 10%C sample. Based on the total Pb content in the 10%C
acetate, and carbonate were considered in the calculationgample Table 1), the total lead concentration in the TCLP ex-
as shown b¥egs. (4)—(15)Precipitation reactions were also  traction system was 0.87 mM, and the calcium concentration
included in the model. Cerussite (Pb&S)), hydrocerus-  was 67 mM. However, only 10 mM Ca was available even at
site (Pl(C03)2(0OH)2(S)) and Pb(OHXS) were considered  the low pH of 4.29 in the Ext TCLP. This was because some
as possible lead precipitation products as showrERsg. calcium was associated with cementitious reaction products
(16)—(18)in Table 4 All reaction constants were from the  such as calcium silicate hydrate. So the available 10mM Ca
MINTEQAZ standard database. According to the total Pb was input into the MINTEQAZ2 program as the total calcium.
contentin the soilTable J and the L/S ratio of 20 used inthe  The carbonate concentration was 0.04 g as Gag®olid,
extraction, the total Pb concentration in the extended TCLP which corresponds to 0.02 M in TCLP solution.
system was 0.917 mM. An ionic strength of 0.1 M was used  The model and experimental results are presentEiry
in the calculations. The carbonate content in untreated soilfor the 10%C sample. The DLM predicted the leaching be-
was determined with the ASTM D4373-96 standard method havior of lead reasonably well. When acetic acid was con-
to be 0.02 g as CaCG{ly solid. The amount of carbonate in

the TCLP solution was then calculated to be 0.01MatalL/S 5000
ratio of 20.

The leachate Pb concentrations obtained with the Ext _ 10000
TCLP test for untreated soil were used to calibrate the DLM gﬂ
because the curve extended over a wide pH rafig ). 2 1000
The extended DI water extraction results were also used as a~
complementary restraint of the model. The DLM calculation & '*
fitted the untreated Pb concentrations wieiy 5). The model § 0

demonstrated that the Pb concentrations in the extended DI
water extraction could be lower than that of the acetic acid H P P P
leaching when pH < 8. Pb could form complexes with acetate 2 4 6 8 10 12 14
according td=gs. (11) and (12n Table 4 which would com- pH
pete with the adsorption reaction. When pH > 8, the same Pb _ _ _ _ o

. . . Fig. 7. Thermodynamic calculations and experimental lead leachability in
C_oncentratlons were obtained for DI and TCLP extraction, the 10%C sample determined with TCL#(DI (M), MEP (), Ext TCLP
since no Pb—Ac complex was formed. The model-calculated (¢ gxt bi (), and infiltration (). The solid (dashed) line is the model
Pb distribution diagram iRig. 6showed that Pb was adsorbed with (without) 0.1 M HAc.
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1000000 treated soil and S/S-treated samples with 10%C, 25%C,
100000 10%L, and FL followed the same concentration versus pH
S 10000 %% — profile determined with different equilibrium leaching tests.
s A 10%L Model calculations showed that Pb leachability was con-
£ 1000 0 25%C trolled by adsorption and precipitation reactions.
é«i 100 X FL All binders used in this study could immobilize Pb in the
g 10 X 10%C solid phase, and the treated wastes could pass the TCLP reg-
- . ulatory concentration of 5mg/L. The best S/S treatment is
Y A 25%C since this sample resulted in the lowest TCLP leachate
0, 4 6 N Y concentration and the highest strength among all wastes.
pH Based on the leachate pH, leaching behavior can be sep-

arated into three stages which are: high alkalinity leaching
Fig. 8. Experimental lead leachability in S/S-treated and untreated samplesstage at pH > 12, neutral to alkaline immobilization stage in
determined with TCLP, DI, MEP, Ext TCLP and infiltration. the pH range of 6-12, and acid leaching stage with pH < 6.
The Pb concentration in the leachate of each testis mainly
sidered in the calculation, the model predicted that 68.5 mg controlled by the leachate pH. The final pH is inversely re-
Pb/L would leach out at pH 3.5. The leachability dramati- |ated to the acidity of the leachant. For the S/S waste with a
cally decreased to 3ig/L when the pH was increased to 7.5 moderate ANC in the range of 2-5eq/kg, TCLP could un-
due to the adsorption reaction. With the continued increase ofderestimate the Pb leachability since the TCLP acidity is not
pH and the existence of carbonate, Pb leachability increasedsufficient to deplete the solid ANC. This resulted in aleachate
to 89u.g/L at pH 9. Then the Pb concentration decreased to pH at the neutral to alkaline immobilization stage. More ag-
1.5pg/L at pH 11 owing to the precipitation of hydrocerussite gressive leaching tests with higher acidity, such as extended
and Pb(OH). When pH > 11, Pb was released as lead hy- TCLP, GNAC and the infiltration test could neutralize all the
droxide anion complexes. In the acetic acid leaching system, alkalinity in the S/S sample and lead to much higher leach-
the Pb concentrations were higher than that of the DI water ability in the acid leaching stage. On the other hand, the DI
extraction when g < 8 as eplained above. The MEP results  water with no acidity resulted in higher Pb concentrations
were distributed along the non-HAc modeling (dashed line) than TCLP for the S/S-treated solids since the leachate pH
since synthetic acid rainwater instead of acetic acid was usedwas at the high alkalinity leaching stage.
in the MEP test. The infiltration results were also included The TCLP, DI water extraction, extended TCLP, GNAC,
in the figure and followed the same concentration versus pH MEP, and infiltration test are batch leaching tests and leach-
curve defined by the model. ing results can be expressed as a function of pH. The similar
The model prediction and experimental results showed leaching profiles determined with different extraction meth-
that Pb concentrations would be less than 2§0. when 6 < ods suggested that the type of leachant has a minor effect on
pH < 12, which was in the neutral to alkaline immobilization Pp leachability compared with pH. These equilibrium tests
stage. For untreated soil, the TCLP was more aggressiveresulted in comparable leachability based on their leachant
than DI since the TCLP leachate pH was around 5 which acidity.
was in the acid leaching stage. For S/S-treated samples, the NEN 7341 and the sequential extraction test provide some
model predicted an exponential increase of Pb concentrationinformation on heavy metal availability and distribution in
when pH > 12. Such a high leachate pH could be reachedvarious chemical forms. However, the results obtained with
only when a leachant with low acidity such as DI water was these two operationally determined tests have no correlation
mixed with treated solids. The final TCLP leachate pH was with other equilibrium leaching tests.
always lower than 12. Among various leaching tests, TCLP and DI water ex-
Pb leachability in untreated soil and S/S-treated samples asraction can be used to determine the leaching potential un-
determined by various leaching tests is summarizédgn8. der high acidity (2 eq Fi/kg) and low pH buffering capac-
Although the soil was treated by different binders and tested ity, respectively. TCLP is the regulatory test used to classify
with different leaching protocols, the leachate Pb concentra- hazardous materials. But it failed to evaluate Pb release un-
tions followed a similar concentration versus pH pattern. The der high alkalinity conditions which are often found when
experimental data and model calculations indicated that PbS/S-treated materials are in contact with natural rainwater or
leachability was mainly controlled by adsorption at pH <9 groundwater with low acidity. Therefore, DI water extraction
and precipitation at pH > 9. is recommended along with the TCLP.
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