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Abstract

We have studied the effect of chromium ions and lead ions on the chemical stability of
hardened slag paste with toxic wastes during the stabilizationrsolidification process. The influ-
ences of Cr and Pb ions on the hydration of slag were also investigated. Sodium silicate
Ž .Na SiO , 5 wt.% of slag, was used as an alkali activator for slag hydration. The physical2 3

stability of hardened paste containing partial replacement of slag with fly ash and gypsum was
also examined.

When gypsum was added to slag, the compressive strength of hardened slag paste developed,
Ž .accompanying the activation of alumino-ferrite–tricalciumsulfate Al O -Fe O –3CaSO , AFt2 3 2 3 4

Ž .and alumino-ferrite–monocalciumsulfate Al O -Fe O –CaSO , AFm phase generation. Those2 3 2 3 4

phases caused densification of the microstructure. Concurrently, the leaching amount of heavy
metal ions was decreased. When fly ash was added to slag, the compressive strength increased and
the leaching amount decreased with both active formation of aluminate hydrates and ion
substitution. Lead ions were mostly stabilized through physical encapsulation by the hardened slag
paste’s hydrate matrix. In the case of chromium ions, we observed that it was mainly solidified
through the formation of a substitutional solid solution with aluminum atoms in the structure of
aluminate hydrates. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Solidification is one of the recognized ways to dispose of sludge or water contami-
nated with toxic heavy metals. Solidification can be defined as the binder, such as slag,
which either chemically binds toxic waste matter into solid bulks or physically cuts them
off from the outside by forming a capsule. It is a process that converts potential toxic

w xwaste materials into less toxic solid materials before land filling 1 . Nowadays,
solidification processes where cementitious or pozzolanic materials are used have been
received as a good way to achieve solidificationrstabilization. However, when ordinary
Portland cement is used alone as a single binder, cost and the environmental require-
ments crop up as problems. For example, the cost of cement is much higher than that of
slag and cement has a high pH value of up to 12.5–13.5. Thus, various attempts have

w xbeen tried to replace cement with industrial by-products such as slag and fly ash 2 .
Ž .Ground granulated blast-furnace slag GGBS , a by-product of an iron foundry, is one

of the available industrial by-products for the replacement of cement. Until recently,
most of GGBS has been simply land-filled. Now, GGBS is welcomed as one of the raw
materials for slag blended cement because of its latent hydraulic properties. However,
the effect of heavy metal ion of waste materials on the hydration of slag and its
solidification mechanism is still unknown. We have therefore studied the
stabilizationrsolidification process of heavy metal ions in the slag system. In particular,
we examined the influence of heavy metal ions, Pb and Cr ion, on the hydration of
GGBS. We also studied the leaching characteristics and solidification mechanisms of
hardened slag paste containing heavy metal ions.

2. Experimental

2.1. Starting materials and specimens

Ž . 2The blast furnace slag Pohang Iron & Steel, Korea with a fineness of 3483 cm rg,
Ž . Žordinary Portland cement OPC, Ssangyong Cement, Korea and fly ash Boryung

.power station, Korea were used. For the source of heavy metal ions, we used lead
Ž Ž . . Ž . Ž Ž . .nitrate Pb NO and chromium III nitrate Cr NO P8H O . With a salts-to-binder3 2 3 3 2

ratio of 5 wt.%, the metal salts were dissolved into distilled water and batch mixed
together. Sodium orthosilicate was added as an alkali activator to the slag in an aqueous
phase with a ratio of 5 wt.% against the slag. The crystalline phase of the slag, as
determined by X-ray diffraction, mainly included quartz, mullite, and spinel close to
magnetite. The glass content of the fly ash, as determined by the quantitative X-ray

Ž .diffractometer QXRD, step scanning method , was about 65 wt.%. Chemical composi-
tion and fundamental physical properties of the starting materials are given in Tables

Ž .1–3. Adding water with a waterrbinder WrB ratio of 0.4 to slag blended cement, we
Ž .fabricated cylindrical type F30 mm=H40 mm specimens. Specimens using fly ash

and gypsum were also made in the same way. All specimens were cured at room
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temperature and 100% relative humidity in the incubator for 3, 7, 14 and 28 days. Table
4 indicated the mixture design of all specimens used in this study.

2.2. Testing and analysis

The compressive strength was measured to evaluate the effect of Pb and Cr ions on
the mechanical deviation of hardened slag paste according to the variation of its
hydraulic properties. After this, the specimens were crushed to coarse powder and
treated with an acetone–alcohol solution for stopping the hydration reaction. For the
leaching test, the coarse powder after strength test was separated through a 9.5 mm

Ž .sieve. An aqueous acetic acid solution pHs2.88"0.05 was used as a leaching
solution. Two hundred milliliters of solution leached from every crushed specimen of 10
g was put into a polyethylene bottle and kept for 24 h at room temperature while being

w xrotated at 30 rpm 1 . For the leached solution, heavy metal ion concentration was
Ž .measured by inductively coupled plasma-atomic emission spectrometry ICP-AES . For

the remnant solid phase, sequential leaching tests with the new leaching solution were
repeated.

Ž . 2q Ž .Fig. 1. XPS spectra of slag samples cured for 3 days. a Pb-doped sample — Pb 4f line. b Cr-doped
sample — Cr 3q 2p line.
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3. Results and discussion

3.1. Effect of heaÕy metal ions on the hydration of slag

3.1.1. The rate of hydration
As heavy metal ions were added, the heat evolution curve and cumulative heat

amount of slag paste till 72 h are shown in Fig. 4. Lead ion extremely retarded the heat
evolution of slag paste. The second heat evolution appeared as late as 50 h. However,
there was no retardation effect of Cr ion on the hydration of slag in the initial hydration
period. It was considered that the Cr ion had two roles in the hydration reaction of slag.
One is activating alumino-silicate gel involved in the initial strength development and
concurrently restraining the formation of ettringite, which was known as a setting
obstacle of calcium silicate in the initial hydration period. This could be a reasonable

w xexplanation for this phenomenon 3–5 . The other is a reaction forcing H O, a2

coordinator of complexing agent of Cr, to create substitution with OHy in its liquid
phase. Thus, chemical reaction of slag in a high alkali environment developed as
follows:

3q 2q 2yCr H O ™Cr OH H O ™Cr OH H O ™Cr OH OHŽ . Ž . Ž . Ž . Ž . Ž . Ž .3 4 22 2 26 5 3

In the above reaction, H O was substituted by OHy in the Cr complexing agent and OH2

concentration in water was reduced. Therefore, the effect of the alkali activator was
diminished and the degree of hydration of slag was also decreased under Cr ion

` `presence. As it was harder to break the Si O or Al O bond in a glass network of slag,
the leached ion concentration in solution was also reduced and the amount of precipi-

Ž . Ž . Ž . Ž .Fig. 2. XRD pattern of slag specimen cured for 14 days. a Slag, b SlagqPb, c SlagqGypsumqPb, d
Ž .SlagqCr, e SlagqFlyashqCr.
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tated hydrates was reduced. On the other hand, the general retardation mechanism of Pb
was attributed to an impermeable thin film, Pb salt, on slag particles. This explained
why the hydration rate of slag paste with Pb ions is lower.

Ž .X-ray Photoelectron Spectroscopy XPS analysis results were shown in Fig. 5. The
feature of Pb 4f line was quite clear but that of Cr 2p line appeared diversely.
Considering that penetration depth of an enhanced photoelectron was approximately tens
of angstroms, lead ion mainly existed on the slag surface. In other words, Pb ion in a
liquid phase did not contribute to make the inner hydration products of slag but stayed

w xonly as a precipitator on the slag surface 6,7 . The binding energy of Pb 4f line7r2
`Ž .shown in Fig. 1 a was the closest to that of Pb 4f line in Pb O bond. This meant7r2

lead ion concentrated on the surface of slag and precipitated into salts like hydroxides,
carbonates, or sulfates. Because Pb salts had extremely low solubility, it was likely to
work as a barrier between slag particle and water. For this reason, lead ion retarded the

w xinitial hydration of slag 8 .

3.1.2. Variation of hydrates
To verify the variation of hydrates with heavy metal addition, X-ray diffraction

analysis of 14-day hydrated specimens was done as shown in Fig. 2. XRD pattern of all

4q 3q Ž . Ž .Fig. 3. XPS spectra of slag samples doped with Pb or Cr Si 2p line and Al 2p line. a Slag, b
Ž .SlagqPb, c SlagqCr.
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specimens indicated hydrates were low crystalline materials and peaks were overlapped
w xdue to diverse atomic spacing of hydrates, and thus showed a broad diffraction peak 9 .

ŽA halo appeared at around 2us308–318 due to the glass structure CaO–Al O –MgO–2 3
.SiO with a short-range order. We could observe a peak of type I calcium–silicate–hy-2

w xdrates with noncrystalline characteristic around 298 10 . XRD pattern of hydrated slag
specimen with lead ion was similar to that of neat slag specimen. XRD pattern of
hardened slagqgypsum specimen with lead ion showed an etringite’s peak around 98

Ž .and a mono-sulfate’s peak between 118 and 128. In XRD pattern d , there was a
monosulfate peak around 128. XRD pattern of the slagq fly ash specimen with Cr

Ž .showed that the intensity of the aluminate peak etringite and monosulfate increased. A
Ž .broad peak having most similar location to that of 4CaOPAl O P13H O C AH2 3 2 4 13

Ž . Ž . Ž .Fig. 4. SEM photograph of specimens cured for 14 days. a Slag, b SlagqPb, c SlagqCr.
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w xwas generated 11,12 . Through theses results, we could observe that Cr addition
increased aluminate hydrates and broadened the diffused peak because Al3q ion and
Cr 3q ion generated a substitutional solid solution which consequently contained an
irregular lattice parameter.

The result for binding energy of Si and Al analyzed by XPS was given in Fig. 3. The
hydrated specimens for 14 days were also used. The binding energy of Si shifted to the
lower side for Pb-doped slag specimen compared to that of neat slag or Cr-doped slag.
Because SiO tetrahedron in silica gel was corner shared with siloxane bond, the binding4

energy of Si atom was 104 eV, but the binding energy of Si atom in hydrates of slag
w xspecimen was shifted to the lower side 13 . In general, orthosilicate unit in calcium

silicate hydrates of slag specimen formed cross-linked structure by polymerization, but
w xPb addition reduced the degree of silicate polymerization 14 . For slagqPb specimen,

therefore, binding energy of Si shifted to the lower side than that of neat slag specimen.
In other words, 2 to 5 of SiO tetrahedron generally made up Si polymer chains by4

sharing two vertices with each other but the addition of Pb ion meant it decreased the
w xdegree of silicate polymerization 15 . Al 2p line analysis showed that the binding

energy of Al was lower for slagqPb specimen, while the binding energy of Cr was
relatively higher for slagqCr specimen. It was considered that Al ion in slag particles

Ž .primarily formed alumino-ferrite trisulfateralumino-ferrite monosulfate AFtrAfm
phase but Cr ion generated calcium–aluminium–hydrates with chain structure.

Ž . Ž . Ž .Fig. 5. Compressive strength as the function of curing days. a Slag, b SlagqFly ash, c SlagqGypsum.
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Microstructural photographs of hardened slag paste for 14 days by scanning electron
Ž .microscope SEM were shown in Fig. 4. Pores of hardened slag specimen were filled

with large content of hydrates due to alkali activation by sodium silicate. Especially, we
Ž .could observe honeycomb like C–S–H II . One of the striking features of hardened slag

Ž .paste with Pb was the rod shaped calcium–alumino-hydrate ettringite crystal. The
other was the film by Pb salt present in the dark area. Impermeable thin film by an
insoluble Pb salt was considered to retard the hydration of silicate hydrates in common.
These effects were suspicious for the precipitation of hydrates in calcium–sulpho-

Ž .aluminate system. In the picture c of hardened slag paste with Cr, there occurred a
Ž .distinct generation of plate shaped calcium–alumino-hydrates monosulfate .

3.2. Characteristics of heaÕy metal ions in hardened slag paste

3.2.1. CompressiÕe strength
The measured compressive strengths of hydrated specimens for 3, 7, 14 and 28 days

with and without 5 wt.% lead or Cr ions of solid in the nitrate form are given in Fig.

Fig. 6. Heat evolution of hydration of slag doped with heavy metal.
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Ž .5 a,b and c for slag, slagq fly ash and slagqgypsum, respectively. In all three cases
listed above, the compressive strength of hardened paste with heavy metal ion was less
developed than that of the hardened slag paste. It is thought that the changed pore
structure originating from latent hydraulic property of slag or unstable hydrates created
by modified hydration process was the main cause of the lower development of

w xcompressive strength 16 . In particular Cr ion weakened the structure of slag paste more
than lead ion did. In any case, the values of compressive strengths of all specimens after

2 w xa 3-day curing were enough to meet the land filling standard of 10 kgrcm 17 .
Ž .In graph a , the development of compressive strength was still lasting due to the

formation of hydrates caused by the sodium silicate as an alkali activator. As Pb or Cr
ion was added, the compressive strength value of the slag sample was lower than that of
the neat slag sample. It was because the hydration rate was quite slow in the initial
reaction period for Pb ion addition. In the case of Cr ion addition, a large influence on
the hydration of slag was not expected and retarded hydration in its initial reaction
period was not detected as shown in Fig. 6. However, compressive strength value of
Cr-doped slag sample was merely half that of the neat slag sample and showed slower
strength development. The result of compressive strength of hardened slagq fly ash
paste samples was similar to that of the hardened slag paste. The difference between the
values of compressive strength of Pb-doped and Cr-doped sample was very small. In

Ž .graph c , the initial strength value of Pb-doped sample was too low to be measured but

Ž .Fig. 7. Ion concentration of leachate after subsequent leaching test. a Pb ion concentration of Pb-doped slag,
Ž .b Cr ion concentration of Cr-doped slag, OPC; ordinary Portland cement.
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thereafter the strength increased sharply. Pb-doped sample had greater value of compres-
sive strength than that of specimens with no heavy metal ions at the 14th day.

3.2.2. Leaching test
The leaching test for heavy metal doped samples was done for 24 h in an aqueous

Ž . w xacetic acid solution pHs2.88"0.05 18 and the cumulative concentration of leached
heavy metal ions from the 14-day hydrated specimen is shown in Fig. 7. In the Pb-doped
system, leached Pb concentration from the hardened slagqgypsum sample was dis-
tinctly lower than that of the slag sample. In the Cr-doped system, the leached amount of
Cr ion showed the lowest value for the hardened slagq fly ash paste except when the

Ž .ordinary Portland cement OPC paste was used as reference.
Pore size distribution of the different slag combinations with Pb is shown in Fig. 8.

Instead for the micropores of hardened slagqPb paste to drastically decreas, macrop-
ores around 0.1 mm made up the mean pores. It was considered that the hydration of
slag was changed as the Pb ion was added to the slag. In the case of the hardened
slagqgypsum paste with Pb ion, however, the incremental volume of micro-pores

Ž . Ž . Ž .Fig. 8. Pore size distribution of specimen cured for 14 days. a Slag, b SlagqPb, c SlagqGypsumqPb.
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around 0.01 mm was substantially higher compared to that of the slagqPb samples. A
remarkable increase in micro-pore could be explained by the active formation of
hydrates like the AFm and ettringite-containing SO2y produced by gypsum.4

Pore size distribution of the different slag combinations with Cr is shown in Fig. 9.
For the hardened Cr-doped slag paste, macropores having a pore diameter of around 0.1
mm that were absent from slag-only specimens existed. For the hardened Cr-doped
slagq fly ash paste, pores having two different sizes were observed; one smaller group
centered around 0.1 mm and a larger group centered around 0.01 mm. This phenomenon
could be attributed to either the hydrates generated from fly ash or dense microstructure
by the active pozzolanic reaction of Cr ion.

Consequently, gypsum and fly ash of samples inhibited leaching of Pb and Cr,
respectively. Both of them filled the micro-pores of hardened paste and limited the
generation of open pore. Eventually, by developing a tortuous pore structure, we could
reduce the leached amount of heavy metal ion when the hardened paste contacted a
leaching solution.

Ž . Ž . Ž .Fig. 9. Pore size distribution of specimen cured for 14 days. a Slag, b SlagqCr, c SlagqFly ashqCr.
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4. Conclusion

From the above results we conclude the following points.
Ž .a Lead ions retarded the hydration of slag because they formed an insoluble and

impermeable thin film. The film around the slag particle interrupted the reaction
between water and slag surface. Solidification of lead ions is therefore due to the
physical encapsulation by the hydrate matrix.

Ž .b Gypsum induced the structural densification of slag through the formation of AFt
and AFm phase. Therefore, the value of compressive strength increased and lead ion
leaching amount decreased.

Ž .c Chromium ions accelerated the initial hydration of slag and generated aluminate
hydrates. Subsequently, the degree of hydration decreased as hydroxy ions were
consumed as a complexing agent of chromium in the pore solution. Therefore, the effect
of alkali activator was reduced. Stabilization of chromium ions was mainly due to the
substitution of calcium aluminate hydrates.

Ž .d By using gypsum or fly ash, compressive strength increased via the active
generation and substitution of aluminate hydrates. Hoewever, the leaching amount of
chromium ions decreased.
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