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Abstract

Stabilization/solidification (S/S) processes are routinely used for the final treatment of hazardous wastes prior to land disposal. Cement-base
binder systems with partial replacement of cement by pulverized fuel ash (PFA) are common. In order to predict the long-term leaching clsaracteristic
of S/S wastes, it is important to understand the leaching mechanism. This paper presents experimental results from a study that has investigated
leaching behaviour of contaminants from cement-based S/S waste forms. A novel radial leach test (RLT) has been used to study the migration «
heavy metals. The results show that contaminants migrate from the inner core of the S/S waste during leaching to the sample surface and accumul
near the edge of the S/S waste. The degree of accumulation is related to the contaminant species and thedD&gatH)
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to predict long-term leaching. A number of models have been
o S . developed to simulate leaching and assess the effects of dif-
Stabilization/solidification (S/S) processes are routinely usegerent S/S treatments. Based on the assumption that transport

for the final treatment of hazardous wastes to reduce contaminagf contaminants is determined by Fick’s law, diffusion models
leaching prior to land disposal. Among various types of S/§10-12] have commonly been used. These have also incorpo-
binders, cement-based systems are the mostly widely used, dpged chemical dissolution and equilibrium processes for the
to relatively low cost, wide availability and versatilify—4]. leaching specief3—20] In particular, a shrinking core model
Pulverized fuel ash (PFA), a by-product of coal-fired powerpased on the neutralizing capacity of the cementitious matrix has
generation, is often incorporated into cement-based S/S bindggen developef£1,22] These models provide some indication
systems[5-7]. However, low-grade fly ash rejected from the anq prediction of the leaching process. However, little consider-
ash classifying process has remained largely unused, due to higon has been given to changes in contaminant concentrations
carbon content and large particle size. It has recently been showRat occur inside the S/S waste forms during leaching.
that rejected fly ash can be used in S/S, as it gives comparable Tpjg paper reports on the leaching behaviour of heavy metal
performance to mixes containing normal fine fly 48/9). contaminants in cement-based PFA containing S/S wastes. A

Although cement-based systems have proved to be effectiviyass transfer mechanism has been identified that may explain
very little is known about the leaching mechanism associate¢he contaminant concentrations observed.

with contaminants in S/S wastes and it is therefore difficult
2. Experimental
* Corresponding author. Tel.: +852 2766 6024; fax: +852 2334 6389. 2.1. Materials
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(C.R. Cheeseman). Synthetic heavy metal sludge was prepared by adding 6 M
1 Fax: +86 27 87883743, NaOH to a solution containing 0.1 M reagent grade lead nitrate,
2 Fax: +44 207 594 1511. copper nitrate and zinc nitrate until the pH reached 9.00. Two
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Table 1
Chemical compositions (wt.%) and physical properties of materials used in experiment

SiO, FeO3 Al,03 TiO, CaO MgO Ste] K20 NaO LOI Fineness Density

(m?/kg) (kg/m?)

rFA 47.23 8.42 24.54 0.99 8.28 1.62 0.39 Nil Nil 8.06 119.0 2.19
FGD 3.61 0.54 1.79 0.06 32.05 3.01 37.7 Nil Nil 21.36 - -
Cement 19.61 3.32 7.33 - 63.15 254 213 Nil Nil 2,97 352.0 3.16
fFA 47.62 7.35 27.4 1.23 8.11 3.55 0.57 0.88 0.87 0.89 399.6 2.28

Total iron expressed as #@gz, nil, detection limited =0.01% (w/w).

fly ashes were used in this study. These were a classified flgnd compacted with a plastic rod until most of the entrapped
ash with an average particle sizes less thap@Sfine fly ash, air was removed. The samples were then placed in a fog tank at
fFA) and rejected fly ash (rFA) with a mean patrticle size greate25°C and removed from the plastic vials after 56 days of curing.
than 45.m. Both were low-calcium Class F type ashes and were

generated as by-products from a major coal-fired power plantin.3. Dynamic leach test (DLT)

Hong Kong (Castle Peak, China Light and Power).

Flue gas desulphurization sludge (FGD) generated as a by- Three S/S specimens per mix, cured for 56 days, were subject
product from air pollution control equipment was also obtainedo the dynamic leach te$23]. The samples were suspended
from a coal-fired power plant (Lamma Power Plant, Hong Kongin a polyethylene beaker containing an extraction fluid volume
Electric Co. Ltd.). This process uses lime to removee&@d  to sample surface area ratio of 8. The toxicity characteristic
the resulting FGD sludge is mainly gypsum (CaSthi,0). leaching procedure (TCLP) no. 2 leachant (pH 2.88) was used

A commercially available Portland cement (PC) equivalenttoas the extraction fluid and leaching tests were completed in an
ASTM Type | and hydrated lime (Ca(OR))were also used inthe incubator at 20C. Table 4shows the renewal schedule for the
S/S waste binder systems. The chemical and physical propertigsachant. A portion of the leachate was withdrawn for analysis of
of the rFA, fFA, FGD, PC and the synthetic sludge are given inmetal concentrations using inductively coupled plasma-atomic

Tables 1 and 2 emission spectroscopy (ICP-AES) after each leaching interval.
The reported results are the extracted concentrations minus the
2.2. Preparation of specimens background determined using blank samples.

Four S/S binder mixes were prepared according to the miX.4. Radial leach test (RLT)

proportions given inTable 3 The synthetic sludge was added

to the solidifying reagents at sludge to reagent ratio of 0.4, and In order to investigate the change of heavy metal concentra-
this resulted in water to solid ratio of 0.35. Distilled water wastion in the S/S samples during the leaching period, a modified
used instead of the synthetic heavy metal sludge in preparingLT procedure was used, known as the radial leach test (RLT).
blank samples. All samples were thoroughly mixed for 10 minin the RLT, cylindrical S/S wastes samples (one per mix) that
at room temperature, cast into plastic vigds#0) mmx 80 mm)  had cured for 56 days, were cut into eight circular slices with a

thickness of 8 mm, as shown kig. 1a. The parallel end faces

Table 2 of six of the cut slices were coated with a water resistant seal-
Chemical composition of the synthetic sludge used in the S/S wastes ing wax to inhibit leaching. In order to ensure an effective seal
Parameter Value between the wax and the_edge of the ;ample, a ring__of Araldite
XD 4700/XD 4710 adhesive was applied as showifig 1b.
Density (Q’C’f‘) 1.064 The coated slices were then placed in plastic containers and sub-
;Etal solids (%) 97.(')%3 ject to leaching following the same procedure used in the DLT.

The last two remaining slices were not leached but were kept in

Heavy metals (mg/L) the curing tank (100% humidity, 2&) as control samples.

Pb 19.580
Zn 6.179
Cu 6.005 Table 4
Dynamic leach test—leachant renewal schedule
Leach intervalv Cumulative time,, (h) Interval duratiorDz, (h)
Table 3
S/S waste binder proportions (w/w) 0 0 0
1 4 4
rFA fFA Ca(OH) FGD Cement - 24 20
R 100 - - - 25 3 31 7
H 100 - 10 10 25 4 72 4
P 100 - 20 25 25 5 104 32
f _ 100 _ _ 25 6 168 64




292 X.C. Qiao et al. / Journal of Hazardous Materials B129 (2006) 290-296

whereD¢g is the adjusted result®y, the measured resuliB¢;;
the initial calcium concentration before leaching anghgis the
residual calcium concentration after leaching.

P was found to give the highest pH value after each leach
interval.

The cumulative leaching data for Ca, Pb and Zn after the
2nd, 4th, 5th and 6th leaching intervals are showhRigs. 3—5
respectively, as a percentage of the total present in the samples.

Fig. 3shows that the amount of Ca leached from all the sam-
ples increased with leaching time, and that the amount of Ca
leached from sample P was the highest.

Fig. 4 shows that the amount of Pb leached from different
samples. S/S mix P leached the highest levels and this was sig-
nificantly higher than that from other samples. For samples R
and H leached particularly low levels of Pb and these were lower

@ Wax coat 3. Results
SIS
sample @ 3.1. Dynamic leaching test (DLT)
S—— .
- — The pH values measured after the 2nd, 4th, 5th and 6th
@ S leaching intervals in the DLT are shown Fig. 2 For sam-
ples contained rFA (R, H and P), the pH generally increased
@ with leaching time up to 104 h and then decreased. Sample

Wax coating Araldite seal

A-A
, than observed for mix f.
I _:ﬁ e Zn leaching data is shown iRig. 5. This exhibits very dif-
= !" ferent behaviour. Higher amounts of Zn were leached from the
3mm 6.00
T1omm 5.00
“amm” = 7
! g 4.00 %E ZE M | | ™ 24 hours
17mm ;| < %E %E 72 hours
; > 3,00 %5 =
20mm I é; ZE B 104 hours
(© 2.00 = =l o
%E %E 168 hours
Fig. 1. (a—c) Preparation of samples in radial leaching test. 1.00 ZE ZE
= 7=
0.00 * ZE W=
After each leachant renewal stage, one slice per mix was H f
removed from the test and the wax coatings removed, prior
to oven drying at 60C for 48 h in a vacuum oven. After the Fig. 2. pH values of leachate in the DLT.
2nd, 4-5th leaching intervals, the surface sections with radius
of 17-20 mm were cut from the sliceEig. 1c). These were 10.00
digested following the method reported by Li et 4], and 9.00 =
the total metal concentrations in the thin sections determined by 5 = 0o E
ICP-AES. 5= vl \E .
After the last (6th) leachate renewal period, the sections with g % - §§ M 24 hrs
radius of 0-3, 10-13 and 17-20mm were cut from the slices ¥ § 5'00_ §§§ 72 hrs
('Fig. 1c), ar_1d analysed for metal concentrations. I__arge qua}nti— % £ 4‘00_ §§§ = i6a s
ties of calcium are removed from the sample during leaching. 35 | ﬁ§§ =
i Ew 30| R = 5| [E1eshrs
As a result the concentration of other heavy metal componentsa S ?;%g 7 %g -
will increase due to this effect. Therefore in order to correct i §§§ §§
the analysis data for this weight loss, the residual heavy metal 1.00+ §§§ %E
concentration results were adjusted using the equation: 0.00 |- MRS NS NS
R_Ca H_Ca P_Ca f_Ca
Dn Mix

Dcaj = Dh — (Dcai — Dcad) X rmme—r—
e A 2 (1000_ DCa,d) Fig. 3. Calcium content leached in the DLT.
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R_Pb H_Pb P_Pb f_Pb X
Mix Fig. 6. Residual calcium content in the edge part of samples after radial leach
Fig. 4. Lead content leached in the DLT. test.
125
samples compared to Pb, apart from sample P, which leached £ = = :fg: W 24 hrs 72 hrs
the lowest Ievelg ' . é g 110 1 S = 155 =
There was minimal leaching of Cu from any of the samples g cEt 105 4 = §§ =
as this was below the analytical detection limitin all leachates. & & 100+ f\\E ';//\E 7\\\\% - NS
A thin soft shell layer was observed after the 5th RLT leach- % 5”5 Ok %%E %%g é%g %%E
ing period, which became loose after the 6th period and could § g :’g: %§§ %:\%E é§§ %%E
be easily removed. This effect has previously been reported by §% 4, | %§E %§§ %%E %%E
- ot el 2 B B -
- ) ‘Do g = — N =
Bishop and co-workerf21,22] and they attributed this to the 2 & 75 %%; %‘%; %%; %%;
results of dissolution of the S/S waste forms. g 70| /NS NS 7= =
R_Pb H_Pb P_Pb f_Pb
3.2. Radial leach test (RLT) Mix

Fig. 7. Residual lead content in the edge part of samples after radial leach test.

Figs. 6—9show the percentages of residual metals remaining
in the edges of samples after different leaching times in the RLT.

Fig. 6 shows that there is a clear decrease in Ca content in
samples R, H and P that contain rFA. The percentage of Ca
remaining in Sample P was the lowest after every leaching inter-
val. The samples containing fFA showed the same initial fall in
Cacontent, but this then remained relatively constant during sub-
sequent leaching. This may be related to the pozzolanic reaction
that occurs between calcium hydroxide and fFA. It may also
explain the reduced change in leachate pH observed after 72h
in the DLT.

Leaching of Pb, Zn and Cu showed distinctly different
behaviour to CaFig. 7 shows that the Pb content tends to Mix

Fig. 8. Residual zinc content in the edge part of samples after radial leach test.

115

M 24 hrs B 72 hrs
~ 105+ 104 hrs = 168 hrs

Residual Zinc Content in the Edge
Part of Samples (%)

g 3.50 o ™

B 3,00 S5 1151 maanrs 772 hrs

S E == 110 B 104 hrs 2 168 hrs

2 250 SR m— 53 105/ = <

0 < | (W24 £l L NE e
£ 200 NE ||, SRl -~ = =N =
2 100 §§ (E168hrs | §£ S %§§ ,/;§§ % §§
E NS e =N =N \E
. \E 22 = B \E % =
E 0.00 5 & S A§§ = ) R_Cu H_Cu P_Cu f.Cu

3 R_Zn H_Zn P Zn f.Zn - Mix -

Mix

Fig. 9. Residual copper content in the edge part of samples after radial leach
Fig. 5. Zinc content leached in the DLT. test.
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Fig. 10. Behaviour of calcium in the samples after radial leach test.

increase during leaching the edge region of the samples. The o 115
percentages of residual Zn decreases but then increased withs
time except for Sample P remained high and close to 100% -=
as shown irFig. 8 This sample displayed low leaching of Zn.
There was little change in the Cu content in the edge part of the
sampleskig. 9), also as expected from the DLT leaching data.
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3.3. Transfer of contaminants in the samples

The change of metal concentration across the cross-sections:
of samples after the 6th leaching interval is showligs. 10-13

Residual concentrations of Ca in the center (0—3 mm) and
mid way between the center and the surface (10—13 mm) remain
constantand close to 100%i¢. 10. However, there was a sharp

reduction i

The residual Pb concentrations in the center (0-3 mm) and
middle (10-13 mm) of the samples were also similar and tended
to be reduced. Unlike the Ca concentrations, the Pb concentrﬁ%
tion found at the edge of the sample (17-20 mm) was signif
icantly increased apart from in sample P, which also showe

n Ca in the edge region (17—-20 mm).

high Pb leaching.

A similar trend to Pb was seen for ZRi¢. 12 in sample P.
However, for samples H and f, the residual concentrations of Z
in the three different positions were all about 95% of the initial
unleached values. In sample R, the Zn concentration decrease

from the center to the edge of the sample.

115

100

Residual Lead Content in the
Different Part of Samples (%)

80

The position along the radius of the sample (from the center to the

Fig. 11. Behaviour of lead in the samples after radial leach test.
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Fig. 12. Behaviour of zinc in the samples after radial leach test.
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Fig. 13. Behaviour of copper in the samples after radial leach test.

The residual Cu concentrations in the center (0—3 mm) and
iddle (10-13 mm) of samples were close to, or higher than
e initial unleached concentrations in the control samples and

Hﬁe residual Cu concentrations tended to be higher in the edge

regions of the samples compared to the other positions analysed.

H. Discussion

g The results in the RLT show that the Ca content at the edge of
samples decreased with increasing leaching time. This is con-
sistent with the results from the DLT. The results also show that
Caleaching occurs close to the sample surface. This implies that
neutralization reactions between the acidic leachant and alkali
content in the S/S samples also occur close to the solid—leachate
interface and that only the leachant water can diffuse into the
inside regions of the S/S samples.

Pb accumulated in the edge region of the samples although
the concentration did not alter significantly from the center
(0—=3mm) to the middle (10-13 mm) of the samplég( 11).

This suggests that Pb is transferred from the inner sample to the
edge during the leaching process. However, the DLT data sug-
gests that it is not removed from the solid phase into the liquid
phase. This is believed to be due to the difference in pore solution
pH in the S/S sample and the remaining leachant. Inside the S/S
waste the pore solution pH is expected to be greater th§zb] 2
resulting in significant Pb solubilitj?2]. As the Pb migrates into
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the zone close to the sample surface the pH is reduced due to tBe Conclusions

interaction with the acidic leachant, and it is expected to precip-

itate. These precipitates may act as a self sealing mechanisifl) Acidic leachant diffuses into S/S waste samples where it
potentially reducing further Pb leaching. reacts with Ca(OH)and other alkaline materials.

This mechanism for the transfer of Pb also applies to Zn an@2) Leaching of heavy metals from the S/S waste depends on the
Cu. However, although the amount of Zn in the sample edges type of metal contaminants and the availability of alkalinity.
increased with leaching time, the total amount of Zn was mucl{3) Dissolved heavy metals diffuse towards the outside of the
lower than the initial values, except for sample P. This suggests sample and accumulate in a zone close to the sample surface
that Zn could be easily leached from the sample and that a higher where the pore water pH changes.

Ca(OH) contentwas necessary to retard the leaching of Zn. Thig4) Heavy metals leach from the accumulation zone into the

is supported by the data shownRig. 5, which shows high Zn leachate by chemical dissolution and diffusion. The leached
leaching. The results for Clr{gs. 9 and 1Bsuggest that it is surface region that extends into the S/S waste is porous and
effectively stabilized/solidified in the sample as very little was  forms a shell that is weakly adhered to the remainder of the
released through leaching. S/S waste.

The variation in heavy metal content and alkali content in the
S/S waste sample after leaching has previously been describddknowledgement
by the shrinking core leaching mod@l1,22] In this model, it
was assumed that the leaching of contaminants is controlled by The work described in the paper is funded by the Research
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