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Abstract

The purpose of this study is to test the effectiveness of mixing Fe&®@ Fg(SQ;); solutions with municipal solid waste incineration
(MSWI) ash at room temperature to prevent heavy metals in treated ash from being dissolved. After conducting toxicity characteristic leaching
procedure (TCLP) tests nine times, the accumulation of extracted lead from treated scrubber ash was lower than regulated limits by the sixt
test. X-ray diffraction (XRD) and scanning electron microscopy/energy dispersive spectrometer (SEM/EDS) studies of the ash revealed tha
the mixed solution reacted with the scrubber ash to fornF&#;,, which coated the surface of ash particles.
© 2005 Elsevier B.V. All rights reserved.

Keywords: MSWI; Heavy metal; Scrubber ash; Stabilization; TCLP

1. Introduction (i.e., that collected by air cyclone), and scrubber ash (i.e.,
lime based scrubber ash) is about 1.8 million tons annually.
According to Environmental Protection Agency (EPA) The ratio of the above residues is 20: 3k Both the bottom
data in Taiwan, the amount of collected and transferred mu- and fly ash are recovered by physical and chemical methods,
nicipal solid waste (MSW) in 1982 was estimated to be about such as magnetic separation, eddy current separation, water
3.8 million tons. The EPA also predicted that the quantity of soaking, and ferrite coating, all of which has been discussed
MSW would exceed 10 million tons by 2001 if the growth rate in previous studief3]. However, scrubber ash, which is col-
of waste remained at 5% per ann{th A successfulresource lected from flue gas, continues to pose serious environmental
recycle policy was promoted in the ensuing years, so that theproblems according to existing air pollution evaluation and
quantity of MSW decreased by millions of tons. However, control devices. Scrubber ash is usually classified as toxic
although the policy was effective in reducing MSW about waste owing to its frequent heavy metal content (Pb, Zn and
6.7 million tons of such waste still required proper treatment. Cd) that can exceed legal limitatiops-9]. Hence, stabiliza-
Over the period 1990-2003, the EPA initiated a program to tion pretreatment of scrubber ash is essential to prevent heavy
deal with MSW by setting up 21 incinerator systems. metals escaping into the environment and becoming a human
Incineration systems have been broadly adopted by localhealth concern.
authorities as an important waste management technology. If the results of TCLP indicate heavy metal content of the
However, currently MSWI residues are running at about 22% ash to be beyond stipulated limit values, the ash ought be sub-
of MSW [2]. The amount of residues containing bottom ash ject to appropriate pretreatment. In Japan, for example, four
(i.e., that quenched from the bottom of the furnace), fly ash pretreatment methods are utilized to treat scrubber ash: (1)
cement solidification; (2) acid and other solvent treatment;
E-mail addressshaohwa@ms01.dahan.edu.tw. (3) melting and solidification; and (4) chemical treatment
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[8,9]. The first method currently serves as the most com- ators in Taiwan. They were collected in bag filters after
mon stabilization treatment. The heavy metals of scrubber the flue gas had been treated by lime scrubbing.
ash are fixed in a cement structure during a hydration reac-(2) Stabilization reagentatayama Chemical Company of

tion. However, such solidification may deteriorate owing to Japan supplied the powder reagents—the chemical for-
moisture-absorbing compounds in the scrubber ash, result-  mulas being FeS£7H,0 and Fe(S0Oy)3-xH20, respec-
ing in diminished effectiveness of the solidification process tively.

and some dissolution of hazardous compounds. In the second

method, water or acid solvent is applied to elute the heavy 2 2. Analytical methods

metals from the scrubber ash. The filter-cake remaining after

Ieaching should be devoid of hazardous heavy metals. In th|8221 Ana|y3is of X-ray fluorescence spectrometer
case, however, the leachate typically does not pass the effluenfxrF)

limit, for it includes large amounts of heavy metals which in The sample A was prepared by grinding the scrubber ash
turn must be conditioned with reagent by adding sodium sul- so that it could pass through a 200-mesh screen, and then
fide or sodium hydroxide to form sulfide or hydroxide sludge. pressing it into a cake. A Rigaku 3063 M XRF was then

This process is not widely accepted for further complicated ysed to qualitatively analyze the chemical composition of
processes are needed to stabilize heavy metals in the sludgehe scrubber ash.

The third method has proven to be the most reliable process
where heavy metals are stabilized at a high temperature and, 5 o Analysis of XRD
the treated scrubber ash is suitable for use in construction ma- The ground scrubber-ash cake (sample A) was placed in a

tetials; h.owever, this approach .has the disadvantages of rel'holderforming the test sample. The holder was then placed in
atlvely high treatment and equipment costs, and se_condarya Rigaku XRD machine with a copper target{(15.406 nm),
pollution caused in the process. The last method involves g yiffraction angle between 1@nd 80 (26), and a scanning

forming insoluble solids with a liquid chelating reagent. Itis  (4te of £/min was utilized to analyze the crystal phases of
simple and effective, but the organic chelating reagent is x- 1 scrubber ash.

pensive and the stability of the subjective product with aging
remains doubtful. . 2.2.3. Composition analyses of scrubber ash
Itis apparent from the above that chemical treatment could o
. . For quantitative analyses of each of the procured elements,
be an effective and economical treatment method for scrubber ; .
. e . . pproximately 0.1 g of sample was placed into a pressure-
ash if the process can be modified to use an inorganic reagenti . . . . )
. : : resistant container lined with Teflon. Then regia and HF so-
instead of the organic chelating reagent. Tamaura ¢1@J. . : .
. S . _|lution were added. The container was then placed in an oven
presented a surface-coating stabilization method for treating : .
. . for 2 h to dissolve the scrubber ash. A GBC 932 atomic ab-
laboratory wastewater in which the surfaces of the hazardous . : .
. ) sorption spectrometer (AAS) was used to quantify Ca, Si,
heavy metal waste were prevented from making direct contact ) ;
; ) . ; . Al, K, Fe, Na, Cr, Zn, Pb, Cu and Cd in the solution. The
with seawater, rainwater, and/or the drainage in landfill. The : .
. elements of S and Cl were analyzed by the National Science
ferrite was formed on the surface of hazardous waste €65 Council
by partial oxidation of F&" in solution. The resultant product '
was chemically stable and suitable for construction uses such ) ,
as roadbed filler. Wang et 411] modified the method such ~ 2-2-4. Analysis of the scrubber ash particle _
that the ferrite was synthesized by mixing?fend Fé* at A Shimadzu SA-200 laser diffraction particle size ana-
room temperature. lyzer with alcohol as the suspension medium (refractive index

Based on the above discussions and considerations, th&f 1:70) was used to analyze scrubber-ash particle size.
objectives of this study are to apply the ferrite process to
stabilize scrubber ash and better understand the influence and-2.5. SEM and EDS analyses
amounts of F&" and Fé* necessary in order to develop an A Hitachi S-4100 ultra-high resolution SEM was used to
economical and effective stabilization process for scrubber 0bserve the morphology of the samples. In turn, a Noran
ash by chemical immobilization. To confirm our results, the Voyager 2.0 EDS was used for composition analyses. The

stabilization of treated scrubber ash has been examined byspecimen was prepared by suspension in alcohol before being
multiple TCLP, XRD and SEM/EDS tests. sprinkled onto an aluminum plate and then gilded in platinum

by vacuum deposition.

2. Materials and methods 2.2.6. TCLP test
Toxicity measurement procedures were carried out ac-
2.1. Scrubber ash and stabilization reagents cording to the TCLP testing guidelines specified in noti-

fication no. 0090 of the EPA of Taiwan. An ash sample
(1) Scrubber ash Three scrubber ash samples (samples (A) of 100g was mixed with 2| of extraction liquid at
A-C) used in this study were taken from MSW inciner- pH=2.884+0.05. The suspension was shaken for 18h at
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room temperature and filtered through glass fiber paper. TheTable 2
Cr, Zn, Pb, Cu and Cd elements were analyzed using an AAS . The distribution of particle sizes in the scrubber ash sample A
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Particle size (mm) wt.% Accumulated wt.%
2.2.7. Multiple TCLP tests +4.76 032 032
After completion of the stabilization experimentthe scrub- —4.76+2.38 03 095
ber ash was allowed to dry for 1 day. The finished products —238r1al ®1 186
€ edtodrytor 1 day. Ih p ~1.41+0.589 oo 256
were then broken into finer particles of sizes less than 9 mm. _g 589 +0.295 ®6 352
These were used for toxicity tests. Nine TCLP tests were —0.295+0.149 B2 534
9466 10000

planned for the treated scrubber ash of sample A and the—0.149
following hazardous elements Cr, Zn, Pb, Cu and Cd in the
filtrate were later analyzed by AAS.
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2.3. Stabilization experiments
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Four hundred and fifty three grams of FestH,0 and
6409 of Fe(SOy)3-xH2O were dissolved, respectively, in
distilled water and diluted to 11. The original concentrations
of the mother solutions were 1.6 M; these solutions were then
diluted to 0.4, 0.8 and 1.2 M for each reagent.
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The identical concentrations of sulfate solutions were 10 50 100 500(um)
mixed, equal in volume, to give a mole ratio of ¥4+ Fi 1. Distribution of particle sizes less ih . ber ash
of 0.5. Thirty milliliters of mixed Fé*/Fe** solution and s;gn'qpl'e L uon of parfiele sizes fess Tl 149 in the scrubber as

100 g of scrubber ash from sample A were stirred together
for 10 min. The finished mud-like product was held at room

temperature for a day before an initial TCLP testand multiple than 149m. The results are shown ¥g. 1, which indi-
TCLP tests were carried out on the sample. cates the size of most particles to be less thamr&Dand the

average size of sample A is about2®.

3. Results and discussion 3.3. XRF/EDS/XRD analyses of the scrubber ash

3.1. Compositions of heavy metals in the scrubber ash The qualitative analysis of scrubber ash sample A by XRF
is shown inFig. 2 where the composition of the scrubber ash

The grayish white powdery scrubber ash was settled in is given as: Ca, Cl, K, S, Pb, Zn, Fe, Cu, and Si. EDS analyses
the bag filters after the acid flue gases of HCI and $@re of sample A-C revealed that the major elements were Ca, Cl
treated with lime. The major heavy metals in scrubber ash and O. The guantities of Ca, Cl and O of ash samples were
samples (A—C) were analyzed, the contents are shown in26-40, 28-35, and 10-38%, respectively. Minor elements
Table 1 The heavy metals in three scrubber ash samples weresuch as Si, K, Al, Na, Pb and Zn were present at about 0.2 to
comparatively low except Pb and Zn. several percentage points, respectively, as showalite 1

XRD patterns of untreated scrubber ash are shown in
Fig. 3 revealing that the main crystal phases were Ca-
CIOH, CaCp-CaOH-H20, Ca(ClO}-4H,0, NaCl, NaOH,

An analysis of size distribution in the untreated scrubber KCI, CaCQ and C. These crystals were formed by reac-
ash is given irTable 2 The number of particle sizes larger tions between HCI, Sgand calcium oxide. The explanation
than 149.m represents about 5% of the scrubber ash samplefor this is based on the fact that calcium oxide would ef-
A. A laser diffraction particle size analyzer was engaged to fectively eliminate the chloride component from acid flue
analyze the distribution of smaller particles with sizes less 9aS.

3.2. Size distribution of scrubber ash

Table 1
The composition of scrubber ash

Sample Elements (%)

Ca Cl S Si K Al Fe Na ZA P2 Cw cra Cd?
A 25.7 32.3 6.9 1.2 2.7 0.7 0.5 1.0 11472 4729 754 666 269
B 30.0 28.6 8.1 34 1.9 1.3 13 13 4866 2234 1345 3213 101
C 23.7 35.7 4.8 6.3 1.6 1.5 1.6 0.8 8377 3157 1484 174 134

2 The elements are presented as mg/kg.
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Fig. 2. XRF analysis results for the scrubber ash sample A.
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3.4. Scrubber ash toxicity tests
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Table 3
The results of TCLP tests for the untreated scrubber ash and treated products

Concentration of stabilization Analyzed elements (ppm)

reagent FeSR7H,O/Fe

(SQy)3-XxH20 (M) Pb Zn Cu Cd Cr
0/0 8722 57 04 0.1 038
0.4/0.4 4622 32 04 01 07
0.8/0.8 366 2.8 04 01 07
1.2/1.2 862 1.0 03 01 0.6
1.6/1.6 25 0.3 02 01 05
Limit values 50 250 150 1.0 25

@ Data represent beyond limit value.

are condensed on to the small fine particle surfaces. The
impact of scrubber ash on the environment was examined
with TCLP testing with results of sample A being shown
in Table 3 The results reveal that the concentration of Pb
was 87.2 ppm, which exceeds the 5 ppm limit. On the other
hand, other heavy metal contaminants such as Zn, Cu, Cr and
Cd were so insignificant that they are not discussed in this
paper.

3.5. Stabilization of scrubber ash

In general, scrubber ash from MSW is classified as
specially controlled waste based on TCLP testing, which re-
quires processing with specified pretreatments prior to land-
fill disposal. Immobilization of heavy metals in the matrix
of stabilized products has been widely explored using fer-
rite coating, sodium silicate and sodium carbonate treatments
[10,12,13] Owing to the fact that the spinel structure of
ferrite is highly stable, the ferrite process is frequently uti-
lized in wastewater treatment to meet effluent limits or for

During MSW incineration, the volatile and hazardous the coating of hazardous particles to prevent dissolution of
elements such as chloride compounds of Pb, Zn and Cdheavy metals from waste. However, the effectiveness of the
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Fig. 3. XRD analysis results for the scrubber ash sample A.
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Fig. 4. Multiple TCLP test results for untreated scrubber ash sample A and tiple TCLP tests

stabilized product.

during the multiple TCLP tests. Naturally this resulted in
ferrite process is strictly influenced by [ temperature, the additional weight loss of the untreateo! s_crubber ash
R-values (20H/Fe**) and aeration conditions for proper compared to the treated scrubber ash. It is important to
MFe,0, structures to be formed. This study was designed Note as well that the accumulation of Pb in the acetic acid
to improve the stabilization operation at room temperature /€achate of the treated scrubber ash was within TCLP test
in the ferrite process by using a mixed solution of Fand limits until the seventh test, when the stabilized structures
Fe3*. When this solution is blended with scrubber ash it was ©f the treated scrubber ash began to breakdown allowing
expected that the hazardous materials would be stabilizedtN® lead to be extracted consequently exceeding the TCLP
effectively. test limit. Eventually after the ninth test the weight loss
TCLP test results of the treated ash by the ferrite pro- Of the treated scrubber ash matched that of the untreated
cess are shown iffable 3 which reveals that the concen- Scrubber ash most likely due to the destruction of stabilized
tration of Pb in acetic acid leachate decreased from 87.2Structure. _ _
to 2.5ppm. The results also indicate that higher quanti- ~OWing to significant amounts of calcium hydroxide be-
ties of stabilization reagent in the stabilized product would " reléased, the pH value was higher (>10) in the filtrate of
lead to lower extractions of heavy metals under TCLP untreated scrubber ash during the multiple TCLP testing be-

testing. fore the fourth test. By contrast, the pH of the filtrate of the
treated scrubber ash was maintained at about 7Rige®),
3.6. Multiple TCLP tests indicating that the mixed reagents not only fixed the heavy

metals with a stabilization structure in the treated scrubber

The sample used for the nine TCLP tests was formed ash, put also ma@ntained a neutral pH value by decreasing the
with 1.6 M ferrous/ferric sulfate during the stabilization ex- leaching of alkali compounds.

periment then mixed with acetic acid and corresponded to ) .

TCLP testing limits. Lead is examined here only because it 37+ XRD analysis of the stabilized scrubber ash

exceeded the limit in the toxicity test of untreated scrubber .

ash. Obviously, during these TCLP tests, the total amount of 1€ XRD patterns of stabilized scrubber ash are presented
Pb extracted from the tentative product in the leachate was™ Fi9: 7- CarFesO17 was found in the diffraction peaks. This
lower than that from the untreated scrubber ash, as shown in€Sult may be due to significant quantities of calcium tak-
Fig. 4 The extraction behavior of heavy metals in the un- "9 partin the spinel structure, replacing théFsites, and
treated scrubber ash was different from that of the treated
scrubber ash. In the former, most of the lead was extracted
out during the first TCLP test, resulting in lower extrac-
tion in the follow-up tests. In the latter tests, only a little _ ''[
lead was extracted until the seventh TCLP test because of &
the stability of the structure formed in the treated scrubber
ash.

Fig. 5 shows the accumulative weight loss of the un-
treated scrubber ash and treated scrubber ash as 70 ant
50%, respectively, in the first TCLP test. This is due to L
the dissolution of soluble compounds such as NaCl, KCI
and Ca(OH,) in the scrubber ash as indicatedRig. 3. In
this case, not only soluble compounds, but also the heavyrig. 6. variations in pH value of acetic acid leachate from the scrubber ash
metals could be extracted from the untreated scrubber ashand stabilized product in multiple TCLP tests.

©
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pH of filt

2 4 6 8 10
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Fig. 7. XRD analysis results of the stabilized product.

giving rise to the formation of G&eyO17 in the stabilized 3.8. SEM/EDS analyses of untreated and treated

scrubber ash. Gypsum was also formed through the effectsscrubber ash

of sulfate and calcium in the stabilization experiment. Thus,

it must make some contribution to stabilize the scrubber  The SEM micrograph of the untreated scrubber ash shows
ash. that the particle sizes of the ash were less thamrhQwhich

Fig. 8. SEM-EDS micrographs: (a) SEM image of the stabilized product; (b) Fe-mapping; (c) Ca-mapping; (d) O-mapping.
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is in good agreement with the result of particle size analysis. Acknowledgements
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