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bstract

Incineration of municipal solid wastes (MSW) is the main method of waste management in Taiwan. Although the incineration of MSW processes
he solid wastes at 850–950 ◦C and destroys most of the organics, the content of incineration ashes is still a problem for landfill. Moreover, acid
recipitation is much worse than before in Taiwan, especially in the northern areas. For instance, the occurrence probabilities of acid precipitation
easured from 1991 to 1998 in Taipei increase from 73% to 85%. Therefore, it is more important to get a series of data that will help explore the

nfluence of acid precipitation during disposal on characterization of pollutants than to analyze the ash properties after the incinerators have been
onstructed and regularly used.

In this investigation, the disposal site of incineration ashes is simulated in laboratory by test columns. An irrigation experiment is taken to
imulate the acid precipitation at room temperature. In order to explore the exact influence on leachate quality of the main chemical composition
f acid precipitation, columns are migrated with different concentrations of sulfate in acid precipitation. This investigation showed that the sulfate

oncentration of acid precipitation has an increasing effect on the accumulative release of heavy metals, such as Zn, Pb and Cu, from leachate. The
ulfate concentration of acid precipitation, however, will not influence the trend of chemical oxygen demand (COD), biochemical oxygen demand
BOD5) and total organic carbon (TOC) in the leachate release.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Incineration of municipal solid waste is the principal waste
anagement policy in areas such as Taiwan, which faces severe

pace constraints. People have been ignoring the influence of
unicipal solid waste incinerator and the problem of ash dis-

osal. Consequently, misunderstanding the uses of the incinera-
or, residents in the neighborhoods where incinerators are to be
uilt always fight against the government’s policy. That is the
ubject we are concerned here, for municipal solid waste inciner-
tors are being built and operated every year. In the neighboring

apan, most of municipal solid waste has been treated by way
f incineration and construction of incineration ash landfills has
een a common solution to the problem of incineration ash treat-
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ent. But the treatment process of wastewater from incineration
sh landfills has always been based on data obtained from oper-
ting landfills other than those of any given ash landfill itself.
bviously, the above approach is inadequate when it comes to

ssessing the environmental problems involved with the impact
f incineration ashes on landfills.

The major purpose of this investigation is to explore the pos-
ible influences of chemical composition of acid precipitation
n landfills on leachate quality. According to data taken from
he longitudinal analysis monitor station of Environmental Pro-
ection Administration in Taiwan, and owing to the facts of
ndustrialization and long-range transport of acidic species from
ffshore areas, the occurrence probability of acid precipitation
s still high in Taiwan. The occurrence probabilities of acid pre-
ipitation measured from 1991 to 1998 in Taipei increase from

3% to 85% [1,2]. Since a survey of the results from researches
eveals that acid precipitation could affect the composition of
oil, we infer that acid precipitation could probably also affect
he release of pollutants from incineration ashes. We, therefore,
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dx.doi.org/10.1016/j.jhazmat.2006.08.045
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ust consider the impact of acid precipitation on the inciner-
tion ash landfill leachate when an incineration ash landfill is
eing constructed.

Owing to different viewpoints of researches, the informa-
ion on the possible influences of chemical composition of acid
recipitation in landfills on leachate quality is still inadequate.
hat has always been on our minds is that if this investiga-

ion can obtain the related data by lysimeters test and batch
xperiment, it will be the first serial systemized observations
n the influences of acid precipitation in landfills on pollutant
eaching. The above process is aimed to obtain the leaching
uantity of both the organic materials and the inorganic materi-
ls in the ashes; it is also designed to explore the characteristics
f migration distribution applicable in describing the leach-
ng potential of pollutants in landfills containing incineration
esiduals.

Aside from the general properties of incineration ashes
xploring the relation between air pollution and the pH of rainfall
nd investigating the pH and composition of rainfall constantly
or the weather station of Taipei (Lu et al. [3]), this investi-
ation tries to establish a local research on the influence of
ollutants from landfill of incineration ashes by acid precipita-
ion. Although the reaction mechanism of the pollutant has not
een explored, the data of acid precipitation can also be served
s reference. Calvert et al. [4] points out that the reaction mech-
nism of sulfate and nitrate includes homogeneous reactions,
he phenomena of which change from gas to liquid. Meanwhile,
eterogeneous reaction occurs on particulate matter such as dust
r water drops. This investigation evaluates the reaction mech-
nism of sulfate and nitrate from acid precipitation and tries to
escribe the phenomena of acid precipitation in the industrial-
zed regions. Owing to the fact that the pH value always responds
o the solubility of CO2, Seinfeld [5] solves the pH value of rain
t natural temperature that derives from the solubility of CO2 at
aturation. This research provides a simple index to determine
he occurrence probability of acid precipitation based on the pH
alue of rainfall. But the characteristic of composition of acid
recipitation is not completed. The formation of acid precipita-
ion is relevant to chemical and physical reactions of pollutants in
he atmosphere. Chen and Qiu [6] describes the process of acid
recipitation generated by pollutants, such as transport, diffu-
ion, transformation, adsorption, deposition and removal in the
tmosphere. Chen [7] notes that the composition of acid pre-
ipitation is influenced by changes of the seasons. Meanwhile,
he trend of acidic and alkaline materials like SO4

2−, H+, Ca2+,
H4

+, Na+, Mg2+ and Cl− fits the trend of changes in the sea-
ons. Lin and Chen [8] mentions that the rainfall in spring and the
rontal rainfall in winter are the most acidic. Chang and Lin [9]
mploys the ISCST3 (Industrial Source Complex Short-Term,
995) model to simulate the process involved in transport, dif-
usion, transformation, adsorption and deposition of pollutants
n Taoyuan area to assess the relation between the pollutant and
he acceptor.
Researches [10–13] on the characteristics of incineration
shes have been widely disseminated, but most of the analyzes
ave been limited to the inorganic properties of incineration
shes. Furthermore, difficulties in controlling experimental con-
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itions hamper the accuracy of the results. Consequently, the
pproach adopted above is inadequate when it comes to assess-
ng the environmental problems concerning the impact of incin-
ration ashes on landfills.

The characteristics of landfill leachate have been widely mod-
led. A survey of the results from the papers listed below has
nspired the development of models to describe the phenomena
f landfill leachate. Examining the characteristics of leachate
rom a landfill containing incinerator ashes, Kenneth et al. [14]
imulates the leachate quality of a 25-year-old landfill in labora-
ory and compares it with that of a sanitary municipal solid waste
andfill. The pH value of leachate from the municipal solid waste
ncineration ash landfill is 10.2–10.6, higher than that from the

unicipal solid waste landfill. Since the leachate quality of the
igh alkaline ash landfill cannot be neutralized by acid precipi-
ation, it remains highly alkaline. Moreover, the values of TOC,
OD and BOD5 of the municipal solid waste incineration ash

andfill are lower than those of the samples from the munici-
al solid waste landfill. Therefore, the organic content of the
eachate from municipal solid waste incineration ashes is pretty
ow. The leachate from the municipal solid waste incineration
sh landfill contains high levels of salts, such as K+, Na+, Ca2+,
nd Cl−, just like what are found in the municipal solid waste
andfill. Chen and Yang [15] employs ten lysimeters to simulate
he leachate from the landfill. The quantity of leachate decreases
ith increased addition of rainfall, while it increases with greater
urial depth. The pH is around 6–8 and remains uninfluenced by
ainfall intensity. The chloride level of the leachate, nonetheless,
ncreases with greater burial depth, while the COD level of the
eachate decreases with lower burial depth. Chow and Gau [16]
otes that bottom ash of municipal solid waste is highly alka-
ine. Unlike the change of chloride, the pH and COD are stable at
urial depths between 120 cm and 180 cm. In other words, given
he burial depth of 180 cm, incineration ashes display adsorba-
ility.

The fact that the presence of acid precipitation has become
ore frequent, the leaching characteristics of leachate in landfill

ontaining incineration residuals related to acid precipitation is
ow available to be observed. In this sense, this investigation
lso serves to describe the influences of acid precipitation at a
andfill site.

. Experimental methods

The test materials, that is, the bottom ashes, are sampled from
he municipal solid waste incinerators. Five laboratory scale
ysimeters are designed to simulate the disposal site of incinera-
ion ashes in the laboratory. Before the test materials are placed
nto the lysimeters, the moisture of test materials is modified
ith distilled water to the original value, 23 wt.%, and the top
f the lysimeter is covered with a 15 cm layer of soil sampled
rom landfills site of municipal solid waste.

The experiment consists of lysimeters test and extraction

xperiment. The lysimeters test focuses on explorations of the
nfluence of acid precipitation and burial condition. The lysime-
ers are irrigated with simulated acid precipitation. Given the
act that the composition of acid precipitation in Taiwan (Chang
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Table 1
The chemical properties of rainfall

Station pH value Cl− NO3
− SO4

2− Na+ Ca2+ Mg2+

1 4.63 84.7 46.0 111.1 70.6 35.9 20.6
2 4.62 45.7 29.0 96.9 37.2 34.2 21.7
3 4.52 107.8 34.8 129.1 89.1 39.9 38.0
4 4.61 35.2 52.5 91.7 34.4 29.1 9.9
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4.67 265.6 33.1 109.4 244.3 40.7 56.4

ata are presented as �eq/l.

nd Lin [9]) and the acidic substances from the atmosphere are
oughly 70% in form of SOX and 30% in form of NOX [17],
e, therefore, decide to study on the influence of the different

trengths of sodium sulfate and sodium nitrate of acid precipi-
ation at a landfill site.

Acid precipitation is prepared using average chemical prop-
rties of rainfall (see Table 1) and adjusted to pH value 4.6 by
ay of adding hydrochloric acid.
An irrigation experiment is conducted to simulate acid pre-

ipitation at room temperature, ranging from 10 ◦C to 22 ◦C, and
eachate quality is then analyzed over serial, systemized obser-
ations. Items to be analyzed include organic matter like COD,
OD5, TOC, inorganic matter like Cl−, SO4

−, and heavy met-
ls like Cu, Pb, Zn are analyzed. The 1st lysimeter is irrigated
aily with distilled water, while the 2nd lysimeter is with acid
olution 1, the 3rd with acid solution 2, the 4th with acid solu-
ion 3, and the 5th with acid solution 4. Table 2 summarizes
he experimental conditions of acid precipitation. Therefore, the
eaching potential of pollutants in landfills containing incinera-
ion residuals, such as the solubility of the organic as well as the
norganic matter, is thus influenced by different concentration
f acid precipitation and is to be determined by the analysis of
he leachate.

Since the incineration ashes still contain a few organisms, the
dsorption and the desorption parameters are more influential on
he leachate quality than on the biological reaction. But, in our
revious study [18], acid precipitation decreases the pH value
f landfill site in the beginning stage, which is suitable for the
rowth of microorganism and would degrade the organic matter.
hus, BOD5 becomes an important parameter in this research

o reveal the effect of microorganism in landfill.
.1. Lysimeter test

All the lysimeters are held at room temperature and based
n the average of annual precipitation, and a fixed quantity of

able 2
he condition of simulative acid precipitation experiment

ysimeter Precipitation simulation

(blank) Distilled water pH 5.6
(acid solution 1) 1 × [SO4

2−] + 1 × [NO3
−] pH 4.6

(acid solution 2) 2 × [SO4
2−] pH 4.6

(acid solution 3) 2 × [NO3
−] pH 4.6

(acid solution 4) 2 × [SO4
2−] + 2 × [NO3

−] pH 4.6

SO4
2−]: 5 mg/l; [NO3

−]: 2.3 mg/l.
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iquid is added to the lysimeters on the daily basis. Leachate from
he lysimeters is collected daily, and heavy metal and organic
omponents of each sample are measured. The lysimeter test
onsists of three main parts, and they are (1) the lysimeters, (2)
he packing, and (3) daily irrigating.

.2. The lysimeters

Five laboratory scale lysimeters are set up to simulate landfills
ontaining incineration residuals in an indoor laboratory. The
iameter (D) of lysimeters is 20 cm and the height (H) is 90 cm.
ll of the lysimeters are made of PVC. Before the test materials

re placed into the lysimeters, the test materials must be shredded
nto pieces of the dimensions of less than 1 cm so that they are
enerally homogeneous.

.3. The packing

The burial density (ρ) of incineration ashes in any given actual
andfill in Taiwan is designed around 1200 kg/m3. Therefore, the
eight of landfill material in each column is:

π

4

)
× D2 × H × ρ = 33.92 kg (1)

he thermal probe is placed in the window of each column
n order to measure the landfills temperature. Meanwhile, the
quipment for leachate collection is set at the bottom of each
olumn. After the packing of the lysimeters with incinera-
ion ashes, the top of the lysimeter is covered with a 15 cm
ayer of soil sampled from landfills site of municipal solid
aste.

.4. Daily irrigating

According to the inquisitional results of actual landfill site
btained by Chow [19], the intensity of rainfall would not cause
vident change of the leachate quality but the quantity of leachate
ould be increased after heavy rainfall. Hence, for the funda-
ental research, we adopt the mean yearly precipitation (I),
hich is 2500 mm in Taiwan, to evaluate the leachability of
ajor element from landfill of incineration residuals by gen-

ral precipitation. Consequently, a fixed quantity of simulated
cid precipitation is added daily to the lysimeters to simulate
he landfill site. To guarantee normal irrigation and to avoid
he acid precipitation accumulating in the surface and causing
hort flow, the simulated acid precipitation is dropped into the
ysimeter slowly through the needle of a syringe in a crisscross
anner in order to simulate the actual infiltration and irrigation

ituation.
The 1st lysimeter is irrigated daily with distilled water, the

nd is irrigated with acid solution 1, the 3rd lysimeter with acid
olution 2, the 4th with acid solution 3, and the 5th lysimeter
ith acid solution 4. Irrigation is conducted daily to simulate
he mean precipitation, with quantity based on recorded precip-
tation levels. According to the actual burial situation in Taiwan,
he quantity of irrigation is 0.3–0.7 times that of precipitation.
he investigation adopts the top ratio of it, namely 0.7, so the



4 azar

q
(

A
d
t
a
l
t

2

d
o
u
t
H
d
a
r

R
(
p
u
d
t

2

2
o

g
w
u
p
m
a

r
s
5
K
t
c

2
i
l
W
s
m
t
m

s
e
w
a
d
t
i
p

2
(
t
a
c

i
I
a
p
t
d
t

2

i
t
fi
t
A
a

3

e
a
s
b
t
s
C
t
n
s
q

3

3

c

86 J.-D. Chow, W.-L. Chai / Journal of H

uantity of irrigation is:

π

4

)
× D2 ×

(
I

365

)
× 0.7 = 150.62 ml/day (2)

n irrigation quantity of 150 ml/day is thus conducted. Given
ifferent pH values and concentration of composition of rainfall,
his step is supposed to compare the solubility of the organic
nd the inorganic matter. The acid precipitation is added to five
ysimeters from the top, and leachates are collected and analyzed
hereafter.

.5. Batch extraction experiment

The toxicity characteristic leaching procedure (TCLP) is
eveloped for the evaluation of the leaching quantity potential
f both the organic and the inorganic analytes present in liq-
id, solid, and multiphasic wastes, as this is an effective method
o obtain the quantity for leaching in a short period of time.
owever, extract from a bottle extractor still cannot be used to
emonstrate that is the maximum concentration of heavy met-
ls. The results of the batch extraction experiment can offer the
eference leaching quantity of heavy metals.

According to the TCLP testing guidelines specified in NIEA
201.13C of the Environmental Protection Administration

EPA) of Taiwan, the extracts are filtered through glass fiber
aper and analyzed for the concentration of Pb, Zn and Cu by
sing atomic absorption spectrometer (AAS). This procedure is
esigned to compare the soluble tendency of heavy metals with
he results of lysimeter test.

.6. Analytical methods

.6.1. Organic component analyzes of leachate chemical
xygen demand (COD)

According to the chemical oxygen demand (COD) testing
uidelines specified in NIEA W516.53A of the EPA of Tai-
an, the dichromate reflux is one of many a standard method
sed to measure the COD of the sample. The above laboratory
rocedure, in fact, makes reference to the United States Environ-
ental Protection Agency (EPA) methods for analysis of waters

nd wastes, method 410.3 (1983).
The 50 ml leachate, or an aliquot diluted to 50 ml, is

efluxed in strongly acid solution with a known excess of potas-
ium dichromate (K2Cr2O7). The blank is prepared by using
0 ml distilled water. After digestion, the remaining unreduced
2Cr2O7 is titrated with ferrous ammonium sulfate to determine

he amount of K2Cr2O7 consumed and the oxidizable matter is
alculated in terms of oxygen equivalent.

.6.1.1. Biochemical oxygen demand 5 days (BOD5). Accord-
ng to the biochemical oxygen demand (BOD5) testing guide-
ines specified in NIEA W510.54B of the EPA of Taiwan, the

inkler titration is one of many a standard method used to mea-

ure the BOD5 of the sample. The laboratory procedure also
akes reference to the United States Environmental Protec-

ion Agency (EPA) methods for analysis of waters and wastes,
ethod 405.1 (1974).
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The leachate sample is then introduced to an environment
uitable for bacterial growth at reproducible temperatures, nutri-
nt sources and light within a 20 ◦C incubator so that oxygen
ill be consumed. Quality controls, standards and dilutions are

lso run to test for accuracy and precision. Determination of the
issolved oxygen within the sample is done through Winkler
itration methods. The difference in initial DO readings (prior to
ncubation) and final DO readings (after 5 days of incubation)
redicts the BOD of the sample.

.6.1.2. Total organic carbon (TOC). Total organic carbon
TOC) provides a speedy and convenient way of determining
he degree of organic contamination. A carbon analyzer using
n infrared detection system is used to measure total organic
arbon. Organic carbon is oxidized into carbon dioxide.

According to the total organic carbon testing guidelines spec-
fied in NIEA W530.51C of the EPA of Taiwan, the Combustion-
nfrared spectrometer method is one of many a standard means
dopted to measure the TOC of the sample. The leachate sam-
le is measured for the carbon dioxide by using an OIA-1020
otal organic carbon analyzer. However, TOC provides a more
irect expression of the organic chemical content of leachate
han BOD5 and COD.

.6.2. Heavy metal analyzes on the leachate
According to the heavy metal testing guidelines specified

n NIEA R305.20T, NIEA R306.20T, and NIEA R307.20T of
he EPA of Taiwan, leachate samples from every lysimeter are
ltered through glass fiber paper and analyzed for the concentra-

ion of Pb, Zn and Cu by using atomic absorption spectrometer.
Hitachi Z-5000 AAS is used to obtain the quantity of Pb, Zn

nd Cu of the leachate.

. Results and discussion

It was when the releasing of the compositions of ashes appar-
nt had declined to a stable stage we decided to present this
rticle. At that time, the concentration not only had become
tabilized but had also become much lower than it was in the
eginning stage of the burial. This is supposed to compare with
he batch extract experiment in order to have a better under-
tanding of the serial changes of the pollutants in the landfills.
ompared with the concentration of the main chemical composi-

ion of acid precipitation caused by the development of industry,
itrate is much lower than sulfate. Thus, the following discus-
ions are devoted to investigating the exact influence on leachate
uality of sulfate of acid precipitation.

.1. Influence of [SO4
2−] on the solubility of organic matter

.1.1. Influence of [SO4
2−] on the solubility of COD

Following irrigation at the same pH values and different con-
entrations of main chemical composition in acid precipitation

uch as sulfate and nitrate, Fig. 1 displays changes of COD in all
ysimeters. The figure reveals that the maximum value of COD
n the leachate is at around 8000 mg/l and the variety is unstable
fter the landfill has been created, and then declines gradually.
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Fig. 3. Amount of accumulative releasing quantity of COD.

Table 3
The cumulative releasing quantity of COD

Number of lysimeter Quantity of
cumulative releasing
(after 122 days) (mg)

Cumulative
release rate (%)a

1 (blank) 51,600 5.2
2 (acid solution 1) 55,700 5.7
3 (acid solution 2) 57,500 5.8
4 (acid solution 3) 56,200 5.7
5

q
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3

still contain high level of organic matter. In fact, BOD5 of
Fig. 1. COD analysis results of leachate from lysimeters.

he tendencies of COD release of the leachate from all lysime-
ers are similar. Comparing the concentration of the irrigated
SO4

2−] in all lysimeters with COD in leachate from all lysime-
ers, it shows the acid precipitation does not increase the release
f COD after the creation of the landfill. A comparison of the
hanges of [SO4

2−] in Fig. 2 reveals that the trend of [SO4
2−]

oes not correspond to the trend of COD release. Based on the
esearch results of Kida et al. [20], the content of [SO4

2−] is
ore than 1800 mg/kg in bottom ashes. Owing to the releasing

f sulfide in incineration ashes, [SO4
2−] of the leachate declines

rom 70 mg/l to 5 mg/l 10–108 days after the lysimeter has been
reated but the concentration of leachate remains higher than
he concentrations in the simulative acid precipitation. There-
ore, the concentration of sulfate in leachate of lysimeter1 and
ysimeter 4 are lower than the other lysimeters.

Fig. 3 presents the amount of accumulative releasing of COD
n leachate from all lysimeters. Since the ignition loss is defined
s the organics index of the residuals, the total quantity of organ-
cs could be calculated through the mass balance of ignition loss.
he exact value of ignition loss is 2.9% in our test materials. It

s estimated that the amount of net accumulative release of COD
y ignition loss, rating from 3% to 6%, could probably be shown
n total accumulative release of COD. Table 3 indicates only a

art of the easily degradable organism in ashes is released in the
hort period of time. It is evident that acid precipitation does not
ncrease the release of COD after the creation of the landfill.

Fig. 2. [SO4
2−] analysis results of leachate from lysimeters.

l
t
r

(acid solution 4) 50,800 5.2

a Cumulative release rate = cumulative releasing quantity of COD/theoretic
uantity of organic matter.

From the fact that the level of [SO4
2−] contained in this ashes

s 4 wt.% we can infer that the concentration of SO4
2− in leachate

eleases slowly after the landfill has been created. Fig. 4 shows
hat the amount of accumulative releasing of [SO4

2−] is only
.01% of the ashes 108 days after the lysimeter has been created.

.1.2. Influence of [SO4
2−] on the solubility of BOD5

Our previous researches [18,19] indicate that bottom ashes
eachate is affected by biological, physical, and chemical reac-
ions after the landfill has been created. However, the biological
eactions are neglected when organic matter has been almost

Fig. 4. Amount of accumulative releasing quantity of [SO4
2−].
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The heavy metals concentration in incineration bottom ashes

Elements Ashes

Cu 5185
P
Z
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lysimeters irrigated with distilled water is 9–17 mg/l, while
Fig. 5. BOD5 analysis results of leachate from lysimeters.

ll released from bottom ashes in the last stage of the landfill,
nd only the physical and chemical reaction will be taken into
onsideration. According to the ignition loss of the incineration
shes, we presume that most organic matter has been dissolved
nd little has been decomposition. Therefore, analysis of BOD5
n leachate is conducted to understand the release state of organic

atter.
Fig. 5 refers to the varied values of BOD5 in all lysimeters

nd reveals that the tendency of BOD5 release of the leachate
rom all lysimeters remains similar even after the creation of the
andfill.

The figure reveals that the peak BOD5 of the leachate is at
round 5200 mg/l 14 days after the lysimeter has been created.
he tendency of BOD5 release of the leachate from all lysimeters

s similar after the creation of the landfill. Due to the same opin-
on about COD, therefore, the major reason that causes BOD5
elease is irrigation. A comparison of the changes of [SO4

2−] in
ig. 2 shows that the trend of [SO4

2−] does not correspond to
he trend of BOD5.

.1.3. Influence of [SO4
2−] on the solubility of TOC
The varied values of TOC in the leachate from all the lysime-
ers were shown in Fig. 6. In Fig. 6, we find out the peak TOC
f the leachate is at around 3300 mg/l and the variety is also
nstable after the creation of the landfill. It then declines from

Fig. 6. TOC analysis results of leachate from lysimeters.

t
p
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b 3249
n 3223

ata are presented as mg/kg.

600 mg/l to 880 mg/l 35–122 days after the lysimeter has been
reated. Fig. 6 displays that the TOC release of the leachate from
ll lysimeters is similar after the creation of the landfill.

Comparing the varied values of TOC, COD and BOD5 from
ll the lysimeters, we find that the releasing tendency is similar.
he TOC/COD ratios, ranging from 0.25 to 0.5, show that dis-
oluble matter in the organic matter of the leachate has already
issolved on a great scale. Results of leaching tests have indi-
ated that simulated acid precipitation does not increase the
elease of organic matter, from that we infer that acid precip-
tation will not increase the complex fate of heavy metals and
rganic matter of the leachate.

A comparison of the changes of [SO4
2−] in Fig. 2 reveals

hat the trend of [SO4
2−] also does not correspond to the trend

f TOC release.

.2. Influence of [SO4
2−] on the solubility of inorganic

atter

Table 4 provides the concentration of heavy metals in the
ncineration ashes by acid digestion (NIEA R353.00C). Table 5
hows the inorganic matter concentration of incineration ashes
xtracted by extraction fluid 2 (pH 2.88 ± 0.05) in TCLP test.
he concentrations of Cu and Pb in the leachate are lower than

he regulatory standards for effluent in Taiwan, which are 15 mg/l
nd 5 mg/l. Moreover, the varieties of Pb, Zn and Cu concentra-
ions of leachate in all lysimeters are shown in Figs. 7–12.

Pb: Fig. 7 shows that the concentration of Pb release from
hat in lysimeters irrigated with solution of simulated acid
recipitation 1 is 8–21 mg/l; 15–22 mg/l in those with solution
f simulated acid precipitation 2; 15–22 mg/l in those with

Fig. 7. Pb analysis results of leachate from lysimeters.
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Table 5
Inorganic matter concentration of ashes in TCLP tests

Elements Cu Pb Zn pH of the extract

mg/l mg/kg Soluble rate (%) mg/l mg/kg Soluble rate (%) mg/l mg/kg Soluble rate (%)

Extraction
Distilled water 1.6 32 0.62 21.7 434 13.36 1.89 37.8 1.17 12.26
TCLP solution 2.8 56 1.08 1.1 22 0.68 0.76 15.2 0.47 7.60

Fig. 8. Amount of accumulative releasing quantity of Pb.

Fig. 9. Zn analysis results of leachate from lysimeters.

Fig. 10. Amount of accumulative releasing quantity of Zn.
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Fig. 11. Cu analysis results of leachate from lysimeters.

olution of simulated acid precipitation 3; 13–23 mg/l in those
ith solution of simulated acid precipitation 4, respectively.
The tendencies of Pb released from the leachate collected

rom all lysimeters go slowly soon after the landfill has been
reated. From the comparison of the tendencies of Pb released
rom all lysimeters, it is important to note that the presence of
he difference to the lysimeter irrigated with distilled water and
ther acid solution 30 days after the landfill has been created.
he results of the lysimeters test show that simulated acid pre-
ipitation has an increasing effect on the Pb released.

Not only the concentration of Pb shows the effected phe-
omenon, but the accumulative releasing of Pb also does. Accu-

ulative releasing of Pb from lysimeter 1 to lysimeter 5 in Fig. 8

eveals that the quantities are 162.7 mg, 215.4 mg, 214.0 mg,
15.2 mg and 224.2 mg. The accumulative releasing of Pb in

Fig. 12. Amount of accumulative releasing quantity of Cu.
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Table 6
Amount of cumulative releasing quantity and soluble rate of Pb

Number of lysimeter Release rate (%) (compare
with lysimeter 1)

Quantity of cumulative
releasing after 108 days (mg)

Soluble rate (%)
(compare with Table 5)

1 100 162.7 1.11
2 132 215.4 1.46
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5
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138

he lysimeters irrigated with acid solution exceeds that of the
ysimeters irrigated with distilled water for more than 30%, thus
cid precipitation has an increasing effect on the release of Pb
rom incineration ashes. Table 6 indicates the quantity of accu-
ulative releasing and the soluble rate of Pb. The results show

hat the impacts of sulfate and nitrate are nearly the same. The
oluble rate of Pb for all lysimeters is under 2%. Comparing
he soluble rate of Cu and Zn in all lysimeters, we find that the
oluble rate of Pb is lower than Cu and Zn. It reveals that the
elease of Pb is quite slow and the potentiality of the release of
b is still high over a prolonged period of time under the acidic
onditions.

Zn: Fig. 9 indicates that the concentration of Zn release from
ysimeters irrigated with distilled water is 0–0.93 mg/l, while
hat in lysimeters irrigated with solution of simulated acid pre-
ipitation 1 is 0–1.22 mg/l; 0.23–1.72 mg/l in those with solution
f simulated acid precipitation 2; 0.06–1.88 mg/l in those with
olution of simulated acid precipitation 3; 0–1.21 mg/l in those
ith solution of simulated acid precipitation 4, respectively.
ompared with the concentration of Cu and Pb release in lysime-

ers, the concentration of Zn is the lowest. Fig. 10 reveals the
ccumulative releasing of Zn from leachate of all lysimeters.
rom the results we find that the quantity of accumulative releas-

ng from lysimeter 1 is the lowest, the quantity of accumulative
eleasing from lysimeter 3 and lysimeter 4 is similar, while the
uantity of accumulative releasing from lysimeter 2 and lysime-
er 5 is similar too. Therefore, we infer that individual sulfate
nd nitrate have a similar effect on the release of Zn. When the
rimary anions of rainfall such as sulfate and nitrate exist alone,
he effect on Zn release is more than when they are mixed.

Fig. 10 and Table 7 reveal that the quantities of accumulative
eleasing of Zn from lysimeter 3 and lysimeter 4 are similar, the

uantities of accumulative releasing of Zn from lysimeter 2 and
ysimeter 5 are also similar, but the quantity of accumulative
eleasing of Zn from lysimeter 1 (distilled water) is the lowest.
herefore, we may infer that not only [SO4

2−] has an increasing

M
t
f
t

able 7
mount of cumulative releasing quantity and soluble rate of Zn

umber of lysimeter Release rate (%) (compare
with lysimeter 1)

Quanti
releasi

100 7.87
145 11.38
210 16.50
225 17.71
148 11.68
214.0 1.45
215.2 1.46
224.2 1.52

ffect on Zn released, but also does [NO3
−]. Since the soluble

ate of Zn for all lysimeters is under 2%, it reveals that the release
f Zn is very slow and the potentiality of the release of Zn is still
igh over a prolonged period of time under the acidic conditions.

Cu: Fig. 11 illustrates the concentration of Cu release from
ysimeters irrigated with distilled water is 0–65 mg/l, while that
n lysimeters irrigated with solution of simulated acid precipita-
ion 1 is 0–62 mg/l; 0–72 mg/l in those with solution of simulated
cid precipitation 2; 0–70 mg/l in those with solution of simu-
ated acid precipitation 3; 0–72 mg/l in those with solution of
imulated acid precipitation 4. The tendencies of the decline of
he concentration of Cu in lysimeters go rapidly soon after the
andfill has been created. Fig. 12 reveals the accumulative releas-
ng of Cu from leachate from all lysimeters. From the results, we
nd that the quantity of accumulative releasing from lysimeter
is the lowest and the quantity of accumulative releasing from

ysimeter 3 is the highest. The difference between the quanti-
ies of accumulative releasing from lysimeter 1 and lysimeter 3
s 110.1 mg, more than 20% apart. Therefore, we infer that the
imulated acid precipitation has some increasing effect on the
elease of Cu.

Table 8 indicates the quantity of accumulative releasing and
he soluble rate of Cu. The results show that the simulated acid
recipitation has some increasing effect on the release of Cu.
eanwhile, the tendency of the decline of the concentration of
u in lysimeters is rapid soon after the landfill has been created;
nd from this fact we infer that Cu will be released rapidly from
ysimeters too.

Camparing the soluble rate of Pb, Zn and Cu from all lysime-
ers in Tables 6–8, we find out that the soluble rate of Cu is higher
han Pb and Zn. Acid precipitation will increase the leaching
uantity of Pb, Zn and Cu from 10% to several times as much.

eanwhile, since the soluble rate of those heavy metals is lower

han the potential they have, the concentration of heavy metals
rom leachate is still a problem for wastewater treatment. Due
o the analysis of leachate quality, the concentration of Cu and

ty of cumulative
ng after 108 days (mg)

Soluble rate (%) (compare with Table 5)

0.61
0.89
1.29
1.38
0.91
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Table 8
Amount of cumulative releasing quantity and soluble rate of Cu

Number of lysimeter Release rate (%) (compare
with lysimeter 1)

Quantity of cumulative
releasing after 108 days (mg)

Soluble rate (%) (compare
with Table 5)

1 100 490.9 45
2 110 539.6 50
3 122
4 117
5 116
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Fig. 13. pH of leachate.

b will not meet the regulatory standards, 3 mg/l and 1 mg/l,
or effluent in Taiwan. And according to the estimation by mass
alance with results of TCLP testing, the accumulative quantity
eleased after the landfill has been created will be almost equal
o the total release of Cu from TCLP testing in more than 10
ears, while that of Pb is 2.4–4.4% and Zn is 1.4–3.2%. It is
vident that the landfill site of incineration ashes must face up
o the treatment problem of the leachate.

Because of the broad neutralization capacity of incineration
shes, the effect of acid precipitation (pH 4.6) upon pH of all
ysimeters is slight (see Fig. 13). Thus, the results of the mea-
ure of Pb, Zn and Cu release under influences of different
rrigation liquids reveal that lysimeters irrigated with solution
f simulated acid precipitation release higher quantity of the
bove said heavy metals than those irrigated with distilled water.
he concentration of sulfate and nitrate contained in irrigation
cid solution reveals an evident influence on lysimeters irrigated
ith acid rather than those irrigated with distilled water. From

he measured results of the concentration of heavy metals in the
eacheate released from lysimeters, we infer that the concentra-
ion of the primary anions of acid precipitation, such as sulfate
nd nitrate, has an increasing effect on the release of heavy
etals.

. Conclusions
Observing all the lysimeters irrigated at the same pH val-
es and different concentrations of main chemical composition
n acid precipitation, such as sulfate and nitrate, COD of the
eachate is at around 8000 mg/l after the landfill has been created,
601.0 55
575.9 53
568.3 52

hereas BOD5 is 5200 mg/l and TOC is 3300 mg/l. We have
emonstrated that only a part of the easily degradable organism
n ashes is released in a short time span. It is evident that acid
recipitation does not increase the release of organic matter such
s COD, BOD5 and TOC. From the results of the concentration
f heavy metals in the leacheate released from lysimeters we
nfer that acid precipitation has an increasing effect on heavy

etals released after the landfill has been created.
Furthermore, the leaching concentration of those heavy met-

ls is all related to the final pH of the extracting reagent. The pH
alues of leachate remain stable while irrigated with acid pre-
ipitation (pH 4.6). Since the soluble rate of those heavy metals
s lower than the potential they have, the concentration of heavy

etals from leachate is still a problem for wastewater treatment.
The concentration of Cu and Pb will not meet the regulated

tandards for effluent in Taiwan. It is evident that landfill of
ncineration ashes must face up to the treatment problem of the
eachate due to the influences of acid precipitation on it.
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