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Abstract: Problem statement: Natural weathering is the most economic methotleztment in order

to reduce the release of heavy metals presentimesidue Approach: The aim of the study was to
optimize the minimum weathering times that werefulde reduce the lead release to within the Italia
limits for landfill disposal. The mechanism of shterm weathering of MSWI bottom ash had been
studied and its effect on the leaching of lead hadn evaluated. Two bottom ash heaps had been
realized for the experimental assessment: In ose ea open-air situation was used, in the other, a
heap placed under shelter was not exposed to Rasults: The weathering course was monitored
through the results of a leaching test that wasezhout at different ageing times (EN 12457-2:2002
The total carbonates were also measured, at the siame, on the fine fraction of the weathered
bottom ash (<1 mm). A fast decrease in lead rele@seobserved in the analysis of the leachates and,
at the same time, a decrease in pH and calciumectration. The pH and leachate lead concentration
control mechanisms were investigated and indivieldiatt had been possible to observe that the lead
concentration was fundamentally a function of thé fhe Calcite precipitation that occurred from
calcium hydroxide carbonation was the main reasoritie decrease above all during the first days of
the process, when the maximum quantity of,@@s fixed by air. The pH value was controlled by
Portlandite dissolution only at the beginning, aftee pH control seems to be due to aluminum
hydroxides.Conclusion: The most significant changes in the bottom ash @uad to occur in the
first 60 days. It had been possible to verify timeited influence of washing phenomena while it was
confirmed that carbonation was the most importaotgss in short-term weathering and that it had an
important rule on limiting lead release.
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INTRODUCTION Italian regulations, to the direct disposal of BArion-
hazardous landfills. Natural weathering is the most
MSWI Bottom Ash (BA) can be used as secondarycost-effective treatment in the management of lbotto
building material, in road sub-bases, in the casibn  ash disposal. Since MSWI bottom ash is fairly ripid
of embankments and in other civil engineeringcooled after extraction from the kiln, the materigl
applications as an alternative to landfill disposal unstable under atmospheric conditions. Weathering
Bottom ash quality is carefully controlled for tkes changes the mineralogical characteristics of BA ignd
applications: the potential leaching and releassoofie  leaching behavior is therefore modified. One-teeéhr
heavy metals and lead, copper, cadmium and zinc imonths’ exposure to natural weathering is enough to
particular represents the main problem for theirsee reduce the release of heavy metals from’B/A The
and disposal in landfills. In ltaly, current legisbn  principal modification processes that have been
discourages reuse and BA is therefore generallyeported during weathering are: Hydrolysis of ogide
disposed of in landfills, with or without pre-treant. (Ca, Na, K, Al, Fe); precipitation and dissolutiofithe
The pH of MSWI bottom ash is usually slightly to hydroxides and salts of these main cations; catimna
strongly alkaline and it is therefore possible th@  neoformation of clay like minerals from gI&ss.
solubility of lead is quite high: The extractionled is  Carbonation involves the absorption of atmospheric
in fact increased by high pH vall®e¥. The rate of lead CO, by the initially alkaline BA, with the consequence
release is one of main limitations, with refererioe of a pH decrease and Calcite precipitation. Chaiges
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mineralogical forms and pH values are likely toeaff up of three lots (I, IlI, 1ll). The weathering studyas
the leaching of any major and trace elements. Tieete then performed taking some representative samgles o
of weathering on the leaching of heavy metals andiged BA from the heaps at different exposure times:
particularly of lead leaching, mainly depends ore¢h The ashes were subjected to the water leaching test
different causes: The first and most important i p (EN12457-2: 2002).

decrease as a consequence of carbonation; thedsecon The initial characterization of fresh ashes wast fi
cause is immobilization by adsorption with Fe- defined for each material lot that had been usdulitial
hydroxide§?: The last is the role of solid solution the heaps. The samplings were carried out on difter
phenomena and particularly the possibility thatdlea lots at different ageing BA times and thereforeerefd
traces are trapped in calcite depdsitd. Carbonation to the initial characteristics of the correspondiiog
and the oxidation of metals (Al, Fe) or organic ashes. The sampling times were 21, 43, 76 and 4y® d
substances are the first reactions in the initiges of of real ageing. The heap ageing time was calcufatea
weatherin§!. The relevance of carbonation in short- the first day after the corresponding lot heap hadn
term natural weathering has been confirmed in somaéuilt. The last sample (110 days) which was madefup
accelerated carbonation studi®¥! The aim of this mixture that represented the three lots, was diverage
study was to study the short term weatheringof the intermediated lot (lot 2) as a referencee Tieteo-
phenomena for almost full-scale heaps, to verify th climatic data were recorded throughout the entast t
lead release trends and to individuate the begperiod. A schedule of the performed samplings dsd a
conditions to minimize the treatment times; the mias  some meteorological data of the weathering time
to obtain a lower release than the concentrationntervals are reported in Table 1.

threshold (1 mg T¥) which is fixed by Italian law for

non-hazardous waste landfill disposal. Sampling: In order to obtain a sample that can be
considered representative with reference to the rea
MATERIALSAND METHODS exposition to atmospheric conditions, the BA draysin

were performed by collecting all the material frOm35

Experimental design: The experimental tests were m cuttings taken from the whole trapezoidal sectidn
performed in an MSW incinerator area in the NEtalyl  the heap, which represented nearly 0’ofrthe heaped
during the Sep. 2007-Jan. 2008 period. The planighw  bottom ash. The geometric surface of this heagifrac
has three combustion lines equipped with air cooledn contact with the atmosphere was nearly 2.65with
grates, has a total capacity of about 70 kt yemnd itis a surface/volume ratio of 1.8°m™. The geometric
used to treat MSW, commercial wastes and, in tnesli  surface that is exposed to precipitations for thensair
hospital medical wastes. The quenched BA is ab2ui 2 heap corresponded to the plane projection of the
by mass of the original waste, on a wet basis. previous surface and its value was nearly 1.45 m

Two heaps were made with fresh BA. They All the BA was sieved to a dimension o@D mm:
measured ¥12 m at the base and were 1 m high. BothThe passing fraction was homogenized and afterwards
heaps were built on a concrete floor area and thetin  the quartering it has been possible to realize ksipr
fabric was used for leachate drainage. This leaclvas lab tests (about 30 kg each). The thus obtained BA
not collected during the tests but was directlyveyed  samples were kept in a hermetically closed plastik
to the draining systems adopted for plant processverstuffed to avoid air contact and carbonation.
wastewater. One heap was constructed in the opgn-ai
while the second was covered by a shelter, whick waTests and analytical methods: The bottom ash
open at the sides. The heaps were in identicamoisture was determined by drying all the samples a
conditions but for the fact that the heap under thelO5 °C for 24 h.The bulk chemical composition was
shelter was not exposed to rain: The humidity v  only measured on the initial BA samples before
in this heap were only due to an evaporation pcEse  weathering by X-ray fluorescence spectroscopy
heaps were made of fresh BA, included grate siting (Rigaku ZSX).
that were obtained from only one of the three costibn
lines (the BA flow rate was about 920 kgl)h using Table 1: Schedule of conditions of the heaps

material from three consecutive days. The ashe%erIOd of Reference  Temperature mean = Ra

. . . . eathering (days) lot of period (°C eriod (mm
obtalneq from the entire production of gaph sm@i@r 021 9 (day )” p15'5 () pso.o (mm)
were mixed the following day and then divided itwm 21-43 I 11.2 34.4
parts, one for the open air heap and the othethier 43-76 1 7.1 111.0
heap under the shelter. Each heap was therefore madf-110 mix (1, 11, 11) 3.4 180.0
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The carbonate evaluation was performed on théable 2: Chemical composition of fresh quenchedobotash (mean

fine fraction (<1 mm) that had been obtained byisig sample) :
after drying the BA samples at 50°C in nitrogenEement Concentration (Mg Kgy )
current. The determination was based on the evatuat (S:'a ;g;ggg
of the developed Cfter acidification with HCI. Al 23100
The leaching test was performed on originalMg 39500
samples without drying or any other pre-treatmeifis; Fe 14100
EN12457-2:2002 test was used (one stage batctamest 12;88
a liquid to solid ratio of 10 L Kd, using demonized s 5100
water). An amount of sample equivalent to 100 dgrgf  Cl 9700
bottom ash per liter of water was placed in a widef gggg
necked plastic flask and slowly turned for 24 hmcatm M?] 903
temperature. After 24 h of equilibration, the findl  cr 408
was recorded and the suspensions were filteredighro Ni 211
0.45 um membrane filters. Clear filtrates were divided U 3063
into two samples. One sample was left untreated tgb igg;

measure the conductivity and alkalinity (carbongates

and for the analySlS of chlorides and SUIphatesoby Table 3: Moisture and composition of the leachdt¢he fresh BA

chromatography. The second was acidified with before weathering (mg1)
concentrated HN©for the analysis of metals by AAS Tolot | Tolot Il Tolotlll T, mean
or GF-AAS. Moisture (%) 24.30 24.40 24.90 24.50
pH 1250 12.57 12.53 12.54
RESULTS Conductivity ~ 5303.00  6550.00 6840.00 6200.00
Carbonates 64.00 45.00 64.00 54.00
Fresh quenched bottom ash: The chemical  Chlorides 233.00 282.00 347.00 287.00
composition of the mean samples of fresh BA is Sulphates 49006403 4 45307 495'83 4%'83
reported in Table 2. The main element composnmnl Na - - o 184.00
agreement with the literature ran§és'” with the g ] . . 93.30
exceptlon of calcium whose percentage in the studie Al 3.02 0.17 0.32 0.99
BA was in fact higher. Cu, Zn and Pb were the mostCu 0.25 0.58 0.29 0.43
concentrated of the trace elements. - - - 0.11
5.76 8.51 4.62 6.88
The moisture and characterization of the Ieachate,tOn ductivity = [ siemens
derived from the BA of the different lots are retgakin
Table 3.
The BA of the three lots presents almost the same g 30+
moisture values. Some of the parameters of théétac g 25‘\///‘
composition that arises from the leaching testsjaite g .
similar, but others are rather different, for exsmpor 5 204 e
lead. 9 T B
& 15
Weathered bottom ash: In Fig. 1 it is possible to § 1c —*— Open-air
observe the variations in moisture of the two heaps @ " Under-shefter
during ageing. 5 ‘ ‘ ‘ ‘ ‘
The under-shelter heap presents a drying cunte tha 0 20 40 60 80 100 120
almost exactly overlaps the theoretical predictibat Days of weathering

can be calculated using the Turc formula with the
starting point at the 21st day of weathering. This
consideration is an indication of the fact thatingrthe
first time interval a small leachate leakage ocedir
while, in the following period, did not occurs.

As far as the open air heap is concerned, a pesiti Figure 2 shows the time behavior of the
net evaporation balance can be observed durinfirshe  characterization of the leachates that have been
time interval, while a water accumulation can beobtained from the EN12457-2:2002 test on the BA
observed in the following period, particularly chgithe  samples extracted from the heaps after different
last period, in connection to the higher rain (@ihble 1).  weathering times.
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Fig. 2: Characterization of leachates of bottomatstifferent weathering time

The pH values show a generally decreasing trenthcreasing trend of the carbonates confirm the
that is practically the same for the two heaps angyresence of carbonation phenoméefoifhe trends are
corresponds to nearly 0.8 pH units over 110 days Ofinijar for the two heaps, but the lower valued tra
exposition. The progression instead seems sllghtl¥egistereol at 76 and 110 days for the open air heap

diff t, as it Id dt hi hesom ) .
inl t?]reer;p:r? ;ircﬁléap(.:ql'r;l?gﬁlr:)ridoe;v?rser:ggallos drplec could be an index of soluble carbonates washingoand

decreases for the open air heap, while it remain8f & lower capacity of COA time increasing trend can
steady for the second heap, which was not exposdde observed for aluminum and sulphates, which is in
to rain. The decreasing trend of the calcimm the  agreement with observations by other resear€iérs
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2 (un-weathered BA), as far as Ettringite is concérne
@ .= These minerals can therefore precipitate in these
5 o 15 - conditions. The leachates instead are always under-
% % /// saturated as far as Portlandite, Gibbsite and Ggpsu
g,§ 14 _ == are concerned and which, if present, are subjetted
g% .7 dissolution. These results are partially in agresme
8 "’05, ,,’r —— Oper-air with the observations of other researchers on butle
g |/ = Undershelte leachate®, during a weathering study conducted on a

" 7 | | | large heap. The obtained aluminum values are lower

O 2 4 & s 100 1x than the Gibsite and Boehemite solubility, but tiaeg
_ in good agreement with the solubility of
Days of weathering microcrystalline Gibsité”, or have intermediated
] ] ) ] values between microcrystalline Gibsite and amougho
Fig. 3: Formation of carbonates during weathering  zjumina. The aluminum concentration therefore seems
) _ to be controlled by microcrystalline Gibsite; this
The highly decreasing trends for Cu and Pb after thcompound probably also has an important effecthen t
first weathering period are also similar for theotw pH control. The OHion concentration in fact only
heaps. The copper concentration then remained @fepends on Portlandite dissolution at the inigalching
steady values, with some fluctuations that are @lhb  time (un-weathered BA), when the value of pH isrove
due to the organic dissolved conféHt'®*l This 12 which is in agreement with the indications ofne
aspect was not investigated because of the limitedesearchelZ®'. The OH ion concentration in the
interest of this element for leaching in relationaims  |eachate of BA after 110 days of weathering cowd b
of this study. The lead concentration instead a&dn  consistent with the Ettringite solubility, whilel ahe
depends on the leachate pH. Unlike the observatbns other leachates are in a status that is probabdy ne
other researchefs?, a quicker lead decrease than theequilibrium conditions for microcrystalline Gibsitghe
pH variation, which could be an indication of sespt  calcium concentration is Portlandite controlledyoim
phenomena has not observed during the consideratle zero time leachate, while, in the weathered BA
period. leachates, it is too low to be controlled by the
Figure 3 shows the trend of the formed carbonatePortlandite or Gypsum dissolution, but too high to
increase in the fine ash fraction (<1 mm) as ationc depend on the Ettringite dissolution; it therefai@es

of the weathering time. not seem to be due to the dissolution of any of the
considered minerals. It could depend on CagO
DISCUSSION complex concentration, in agreement with the

suggestions of some researchdswhen the system
The determination of a leachate saturation indeypresents pH values near 12. The sulphates
with the main minerals leads to individuating which concentrations are two orders of magnitude lowanth
mineral phases are able to dissolve or precipifiite.  those observed by other researchets, even for
saturation status of an aqueous solution is defased natural weathered BA with similar values of
aluminun®®. A possible effect of Barium on the

Sly = logQu /Kwu sulphates concentrations cannot be excluded oruatco
of the quite high concentration of this elemenfrigsh
Where: BA. Some researchété? have observed unsaturated
Qw = The ionic activity product of mineral M in the lead concentration values in leachates, with respmec
water phase Anglesite (PbS@), Cerussite (PbCf and lead
Kw = Its equilibrium constant hydroxide. In this study, the leachates appearetkmun

saturated as far as Anglesite is concerned, butlyhig
At equilibrium Ky = Qu, SI = 0. If SI > 0, mineral oversaturated with respect to Cerussite (Saturation
M can precipitate while if SI < 0, mineral M can Index range: 3.91-5.23). As for lead hydroxide, the
dissolve. From the calculation of the saturatioteixes  result depends on the specific value of the sdtybil
of the main significant minerals, with respect tet constant that is considered from among many liteeat
leachates derived from the leaching tests, it can bvalues. Figure 4 shows the experimental valuehef t
observed that the leachates are always oversalusate obtained lead concentration in comparison with the
far as the Calcite compound is concerned and, hiyt o solubility curves that were calculated for differen
with reference to the BA leachates atthiahiime  values of solubility product.
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L E+02 Morel and haring from Ca(OH). Some researché&f® have highlighted the

1 E+00] = Leachates . prominent role of solid solution, in comparison wihe
~ LEO01L  ——lide. et surface sorption of hydroxides. Most of the mingral
', 1, E-02 -x=-. Shchigol “..“ o ) . )
= 1 E-03 JUTRES o identified in the aged bottom ash (carbonates hsiés)
§ 1,E-04] . uoeee"*” g have a high trace element trapping capacity. The
g 11"EE_'8§ Wxxwxx*fﬁi Lot hypothesis of Calcite trapping of Pb (Zn, Cd) tsmde

1, E-07p Lot agreement with accelerated carbonation tests tiat s

L e N | complete Pb and Zn trappffy should be considered it

" 10 11 12 13 cannot be excluded that the significant decreadeaid
g

subjected to dissolution that has been obtainethim

study also depends on this mechanism, as was @loserv
Fig. 4. Lead solubility: Experimental values and by one of the researchers of this study duringeaipus
predictions weathering experimentation on BA from different
incinerator®).
The obtained concentrations are clearly under-
saturated, if we consider the Morel and Haring tamts
value¥!, but oversaturated with respect to Lide’s
indication&?. If the Shchigol constant valé@ had
been used, the experimental values would hav
approximated the theoretical ones. It is therefpuite
difficult to establish a clear under-saturation aver-
saturation  condition. However, the obtained
concentration values are higher than those of th%
sorption equilibrium curve of surface complex
formation of Pb onto goethite (Pb = FeOOH), as
suggested by some research@rs Apart from the
absolute concentration values, the similarity cfutts,
as a function of pH in comparison with the theaatti
ones, seems to be an indication of the promindatab
this parameter on the control of lead concentrafidre
pH decrease is due to Portlandite carbonation. Th
carbonation mechanism is defined from L@ater
absorption and then from the carbonation reactiche
agueous phase.
The main reaction f5%

CONCLUSION

The study has confirmed that the short-term
weathering of MSW!I bottom ash for 60-90 days before
fits disposal is a satisfactory solution that cobld
useful to diminish lead release: It has also been
demonstrated that the lead concentration of leashat
rimarily depends on the pH. In the short term the
arbonation of calcium hydroxides is the main react
that controls the pH; in fact, after 21 weatherdays,
the pH is not longer controlled by Ca(QH)
(Portlandite) dissolution. The pH control at diffat
weathering steps seems to be connected to aluminum
hydroxide (amorphous and mycrocristalline Gibsite);
only after 110 days of weathering did a potential

articipation of Ettringite equilibrium arise. Iipige of

e large reduction in the lead concentration \aloe
the leachates, the solution system was always
oversaturated as far as Cerussite is concerned and
conditions near to equilibrium were obtained foe th
lead hydroxides. This fact probably indicates the
absence of the adsorption of lead onto Goethitélewh
the release of lead involved in Calcite precipiator
in other neoformation phenomena of secondary
minerals seems to be a possible mechanism.

Ca (OH}(aq)'i'COZ(aq)_. CaCQ+ H20(|)

It can be observed (Fig. 3) that the most impadrtan
.carbonates. increa_se is o_btained during _the firse i As the trends versus time of the pH and of the
interval. This fact is also in agreement with thents  oncentration values of calcium and lead were simil
that can be observed in fast carbonation processgsy the two heaps, whether in the open air or under
operating on similar materléiﬂ‘_g and it can be justified gpelter, the phenomenon of rain washing seems to be
by the high values of the initial moisture and &fkey.  |ess important even through the precipitations were
In the open air heap the higher initial carbonatisn fairly high during the test period. Carbonationraseo
probably supported by the mean moisture value ef thhe the controlling aspect especially during thest fir
period where the parameter is at its maximum ¥itle process days. The efficiency of the carbonatiogss,

The carbonates percentage in the solid phase caaking into account the constant value of the, @@rtial
decrease both on account of the soluble carbonatgsessure, depends on the moisture and temperature o
washing and of the soluble hydroxides dissolutionthe ash heap and above all on the specific sutfeatds
leading to the impossibility of fixing new GCHowever,  available for gas exchange.

the carbonation level during the first period se¢mbe If a scale-up of the system is considered, it is
sufficiently high to avoid the control of leachatghl necessary to take into account the fact that aassiee
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dimension increase in the heaps could lead to adl.

Am. J. Environ. ci., 5 (4):

increase in temperature inside the mass, with a
consequent decrease in carbonation efficiency.

10.
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