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a b s t r a c t

Incineration of medical waste (MW) is an important alternative way for disposal of this type of hazardous
waste, especially in China because of the outbreak of severe acute respiratory syndromes (SARs) in 2003.
Thus, far, fly ash has received much attention but less attention has been paid to bottom ash. In this
study, bottom ash samples were collected from a typical MW incinerator, and typical pollutants including
heavy metals and polycyclic aromatic hydrocarbons (PAHs) in the ash were examined. X-ray fluorescence
spectroscopy results indicated that CaO, SiO2 and Al2O3 were the main components of the bottom ash.
Inductively coupled plasma-optical emission spectroscopy showed that the ash contained large amounts
eavy metal
oxic leaching
equential extraction
AHs

of heavy metals, including Zn, Ti, Ba, Cu, Pb, Mn, Cr, Ni and Sn. Most of the heavy metals (e.g., Ba, Cr, Ni, and
Sn) presented in the residual fraction; whereas Mn, Pb and Zn presented in Fe–Mn oxides fraction, and
Cu in organic-matter fraction. Toxicity characteristic leaching procedure tests indicated that the leached
amounts of heavy metals were well below the limits. The sum of 16 US EPA priority PAHs (�PAHs)
varied from 10.30 to 38.14 mg kg−1, and the total amounts of carcinogenic PAHs ranged between 4.09

ding
ation
and 16.95 mg kg−1, excee
information for the evalu

. Introduction

Incineration has become the main method for disposal of med-
cal waste (MW) in China since the nation-wide outbreak of severe
cute respiratory syndrome (SARS) in 2003. In recent years, many
W incineration facilities have been established in China. Although

ncineration can reduce the weight of waste by more than 70%,
arge amounts of combustion residues, especially bottom ash, still
emained after incineration. In some densely populated big cities,
isposal of the waste ash is becoming increasingly difficult, owing
o high cost, diminishing land availability, more stringent regula-
ion, and frequent public opposition to the sifting of new landfills.
ottom ash is not included in the List of Hazardous Waste published
y the Environmental Protection Agency of China, thus, this type of
aterial has the potential to be recycled and reused in the interests

f achieving sustainable development. When reused, the leachabil-
ty of toxic metals is the most concern. A recent paper reported that

etals, such as Pb, Cr, Cd, Cu and Zn in bottom ashes from a medical

aste incinerator were with high leachability [1]. The useful ways

o get is, to put ashes in construction materials, or in cement, or to
olid waste landfills.

Bottom ash is reported with less contaminated with heavy
etals than is fly ash [2]. Previous studies have shown that bot-

∗ Corresponding author. Tel.: +86 10 62849515; fax: +86 10 62849515.
E-mail address: fszhang@rcees.ac.cn (F.-S. Zhang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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the limits regulated by several countries. This research provides basic
of the environmental risk of MW incinerator bottom ash.

© 2009 Elsevier B.V. All rights reserved.

tom ash from incineration of municipal solid waste (MSW) might
be a valuable resource because it can be used as a secondary
aggregate in roads and construction materials [3,4]. Due to the
chemical compositions of MW ash and MSW ash are similar,
MW ash might be reusable in the same way [5,6]. However, MW
bottom ash has some special characteristics that must be taken
into consideration before it can be reused. MW contains large
amounts of disposal metallic or plastic materials. Therefore, the
bottom ash from MW incineration may contain a large propor-
tion of toxic metallic elements or organic compounds that might
hinder its reuse. Previous studies have indicated that MW bot-
tom ash contains higher amounts of heavy metals such as Cd, Cr,
Ni, Pb and Zn than does MSW bottom ash [5,7]. In addition, a
recent report shows that even though bottom ash is regarded as
a non-hazardous material, its TCLP and PBET leachate also showed
biotoxicity [8].

When incomplete combustion occurs, persistent organic pol-
lutants (e.g., polychlorinated dibenzo-dioxins, polychlorinated
dibenzo-furans, and polychlorinated biphenyls) might be formed
[9,10]. Polycyclic aromatic hydrocarbons (PAHs), which are formed
during incomplete combustion and are present in bottom ash
[11,12], persist in the environment, have low biodegradability and
are highly carcinogenic to humans [13]. A study of bottom ash

from medical waste incineration in Taiwan found that the sum of
the amounts of PAHs (�PAHs) ranges from 162 to 3480 �g kg−1

[14], and in a study of bottom ash obtained from a clinical waste
incinerator, the sum of the amounts of 11 PAHs was found to be
449.3 �g kg−1 [15].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fszhang@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.08.066
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Currently, there are large amounts of low-standard medical
aste incinerators are being operated by some rural and urban
edical institutions in China, which are lack of air pollution con-

rol devices and without secondary combustion chamber [16] and
urning temperature are usually not so high. On the other hand,
hinese medical wastes are collected without sorting, this lead to
he large variation in both calorific value and composition. All these
actors contribute to uncompleted combustion of medical waste.
hus, the composition and distribution of toxic elements in bottom
sh from these incinerators may quite different from that generated
rom well equipped large incinerator.

Therefore, the properties of MW bottom ash must be exten-
ively investigated before this type of special waste can be reused.
he objective of the current study was to obtain basic information
bout MW bottom ash by examining its chemical properties, heavy
etal contents, leaching behavior and PAH concentrations. This

nformation should be useful for evaluating utilization possibilities.

. Materials and methods

.1. Sample collection and preparation

Bottom ash samples were collected from a typical incineration
acility located in Hangzhou city in northern China. This incinera-
or is a special type of medium-scale one, which combined more
han ten small fixed grate furnaces. Part or all of the furnaces are
perated according to the amount of medical wastes collected.
hree mixed samples were collected from the incinerator every
0 days during a month. We conducted triplicate analyses of one
ample per each kind of MWBA. The samples were dried at 105 ◦C
or 24 h and then ground to a particle diameter of <0.25 mm in an
gate mortar for analysis of heavy metals. Samples for PAHs deter-
ination were dried at 30 ◦C for 24 h and ground as mentioned

bove.
The pH was measured in solutions after 24 h of agitation with

istilled water at a liquid to solid ratio of 5. The amount of organic-
atter in the samples was calculated by loss of weight on ignition

t 550 ◦C for 6 h.

.2. Chemical composition analysis

The major elements in the ash MW were determined by
eans of X-ray fluorescence (XRF) spectroscopy (XRF1700, Shi-
adzu, Japan). Heavy metals were analyzed by inductively

oupled plasma-optical emission spectroscopy (ICP-OES) after
NO3/HClO4/HF digestion [17]. The quality and precision of the
ata for the metallic element analysis were controlled with NIST
646, a sediment reference material obtained from the National

nstitute of Standards and Technology (USA). Comparison of the
ertified values with the values found in this study indicated that
he recoveries of the metallic elements were in the 87–130% range
s follows: Al (120%), Ca (108%), Fe (107%), K (117%), Mg (110%),
a (102%), Ti (98%), Ba (130%), Cr (87%), Cu (126%), Mn (91%), Ni

130%), Pb (121%) and Zn (96%).

.3. Sequential extraction procedure

Chemical speciation of heavy metals in the ash was determined
y means of the sequential extraction procedure suggested by
essier et al. and modified by Tan et al. [18,19]. The procedure

lassifies the elements into five fractions:

F1—exchangeable fraction. Approximately 5 g of the ash was
xtracted at room temperature with 100 ml of 1 mol l−1 sodium
cetate (CH3COONa, pH 8.2) with continuous agitation for 1 h. Sep-
ration was achieved by centrifugation at 5000 rpm for 30 min.
aterials 173 (2010) 181–185

F2—carbonate fraction. The residue from the exchangeable frac-
tion was leached at room temperature with 100 ml of 1 mol l−1

CH3COONa (adjusted to pH 5.0 with CH3COOH) and continu-
ous shaking for 5 h. Separation was achieved by centrifugation at
5000 rpm for 30 min.

F3—Fe–Mn oxides fraction. To the residue from the carbon-
ate fraction was added 100 ml of 0.04 mol l−1 NH2OH·HCl in 25%
CH3COOH, and the mixture was heated at 95 ◦C for 5 h with occa-
sional agitation. Separation was achieved by centrifugation at
5000 rpm for 30 min.

F4—organic-matter fraction. HNO3 (15 ml, 0.02 mol l−1) and
25 ml of H2O2 (adjusted to pH 2 with HNO3) were added to the
residue from the Fe–Mn oxides fraction, and the mixture was
heated at 85 ◦C for 3 h with occasional agitation. After the mix-
ture was cooled, 25 ml of 3.2 mol l−1 CH3COONH4 in 20% HNO3
was added, and the mixture was agitated for an additional 30 min.
Separation was achieved by centrifugation at 5000 rpm for 30 min.

F5—residue fraction. This fraction is determined by using total
content minus prior four steps.

After each centrifugation, the supernatants were collected by
pipette, and the metals in the supernatant were analyzed by ICP-
OES.

2.4. Toxicity characteristic leaching procedure (TCLP)

Leaching of hazardous heavy metals from the ash was examined
by means of a toxicity characteristic leaching procedure (TCLP), in
which two kinds of extraction solutions (solution #1, HOAc, pH
4.90 ± 0.05; solution #2, HOAc, pH 2.88 ± 0.05) were used [20]. The
liquid-to-solid ratio was 20:1, and the agitation time was 18 h in a
rotary tumbler at 30 ± 2 rpm. After extraction, the leachates were
filtered through whatman GF/C glass fiber filter paper (0.45 �m).
The leachates were acidified with 1 M HNO3 and subjected to ICP-
OES for metal analysis.

2.5. PAHs analysis

Silica gel (100–200 mesh) and alumina (Qingdao, China) were
activated at 180 ◦C and 250 ◦C, respectively, for 12 h and were
then deactivated with 3% water. Sodium sulfate (Beijing Chemical
Reagent Co., China) was baked at 450 ◦C before use. Pesticide-grade
acetone, n-hexane and dichloromethane were purchased from
Tedia Company (USA). A standard containing 16 US EPA priority
PAHs [naphthalene (Nap), acenaphthylene (Ace), acenaphthene
(Aceph), fluorene (Fluor), phenanthrene (Phen), anthracene
(Anth), fluoranthene (Fanth), pyrene (Pyr), benzo[a]anthracene
(B[a]anth), chrysene (Chrys), benzo[b]fluoranthene (B[b]flu),
benzo[k]fluoranthene (B[k]flu), benzo[a]pyrene (B[a]pyr),
indeno[1,2,3-cd]pyrene (I[123cd]pyr), dibenzo[a,h]anthracene
(DB[ah]anth), benzo[g,h,i]perylene (B[ghi]per)] each at 200 �g ml−1

was purchased from Accustandard (USA). Hexamethylbenzene
was purchased from Sigma–Aldrich Co.

Ultrasonic extraction was performed by means of US EPA stan-
dard method 3550B [21]. The ash sample (1 g) was extracted with
20 ml n-hexane-dichloromethane (3:5) in a glass tube and was
placed in an ultrasonic bath for 20 min; the temperature was kept
below 30 ◦C with recycling water. After extraction, the solution
was centrifuged for 20 min at 3000 rpm, and the supernatant was
decanted. Ultrasonic extraction was repeated twice with two addi-
tional 20 ml portions of solvent. After the third extraction, the

collected extracts were preconcentrated to a volume of 2 ml with
a rotary evaporator, and the solvent was exchanged for hexane.
Cleanup and fractionation were achieved with an alumina/silica
gel column, as described by Qiao et al. [22]. The extract was then
reconcentrated to a volume of 1 ml.
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Table 1
pH value and organic-matter content of the MW bottom ashes.

pH value Organic-matter content

MWBA I 8.60 30.14%
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Table 2
Metal concentrations of the MW bottom ashes.

MWBA I MWBA II MWBA III MWBA I MWBA II MWBA III

(g kg−1) (mg kg−1)

Al 36.42 62.90 54.63 Ag 24.24 21.43 27.36
Ba 2.09 1.69 2.08 As 22.06 39.18 34.27
Ca 97.63 185.76 182.92 Bi 1.10 <1 0.87
Cu 1.16 1.45 1.26 Cd <1 <1 <1
Fe 47.51 52.75 44.63 Co 36.34 49.87 35.77
K 8.51 6.79 6.73 Cr 895.37 515.19 916.50
Mg 15.18 19.24 17.03 Ga 154.42 306.17 282.90
Mn 0.53 1.50 1.25 Li 50.75 76.26 88.90
Na 13.07 15.16 16.84 Ni 667.31 500.49 519.32
Pb 0.33 0.07 0.24 Sb <1 <1 <1
Ti 7.10 15.50 7.57 Sn 368.47 405.91 375.39
MWBA II 10.70 21.57%
MWBA III 9.80 27.45%

The PAHs concentrations in the extracts were analyzed with an
gilent 6890 gas chromatograph (USA) equipped with a 5973 mass-
elective detector operating in selected ion monitoring mode. An
P-5 silica fused capillary column (30 m × 0.25 mm inner diame-

er × 0.25 �m film thickness) was used; helium at a constant flow
ate of 1 ml min−1 was the carrier gas. Splitless injection of 1 �l
f sample was conducted with an autosampler. The temperature
rogram for the GC oven was as follows: hold at 50 ◦C for 2 min;

ncrease to 300 ◦C at 6 ◦C min−1; hold at 300 ◦C for 5 min. The injec-
or and detector temperatures were 300 ◦C and 230 ◦C, respectively.
uantification was optimized by means of a five-point calibration
urve for the individual components.

An internal standard containing hexa-methyl-benzene was used
or the quantification. Calibration curves based on five different
oncentrations were constructed by means of the internal stan-
ard method. The detection limits of the PAHs ranged from 0.02 to
.03 mg l−1.

Laboratory quality-control procedures included analyses of
ethod blanks, spiked blanks, matrix spike duplicates, and sam-

le duplicates. The recoveries for surrogate standards fell within a
airly narrow range of 72–105%.

. Results and discussion

.1. PH and organic-matter

The results from the measurements of pH and amount of
rganic-matter are given in Table 1. The pH of MWBA was in the
ange of 8.6 to 10.7. The content of organic-matter are very high
rom 21.57 to 30.14%, indicating this type of ash contained high
mount of unburned organic-matter, which should be contributed
o the low operating temperature of the incinerator during com-
ustion.

The amount of organic-matter in the samples was estimated by
oss of weight on ignition at 550 ◦C for 6 h. It is usually assumed that
0% of the weight loss emanated from organic carbon [23]. How-

ver, the method has its limitation when applied on incineration
esidue. It was reported that this method over-estimated unburned
arbon at least 20–44% of coal fly ash samples [11,24].

Fig. 1. Chemical composition of the MW bottom ashes determined by XRF.
Zn 8.43 12.70 13.72 Sr 163.88 165.10 144.76

All data are the average of three triplicate samples.

3.2. Chemical composition

XRF results (Fig. 1) indicated that the MW ash samples were
composed mainly of CaO (30.5%), SiO2 (26.1%) and Al2O3 (10.0%).
Taken together, the other metal oxides made up about 21% of the
ash. Non-metallic elements (P, S and Cl) accounted for approxi-
mately 12%. Of the non-metallic elements, Cl was present in the
largest quantity, perhaps because increasing amounts of Polyvinyl
chloride polymer (PVC), e.g., disposable infusion devices, are used
in MW. Moreover, NaCl is reportedly used more frequently in med-
ical treatment in China than in other countries, which might also
contribute to the high Cl content in the ash. In this study, the Si/Ca
ratio was <1, which is lower than the ratio reported in other stud-
ies of MSW incineration ash (Si/Ca > 3) [25,26]. This result indicates
that the compositions of MW and MSW differ in some cases; the
MW we studied contained more calcium than silicon, whereas the
opposite is true for MSW.

Table 2 lists the metal concentrations in the MW bottom ash
obtained by ICP-OES. The data indicate that the ash was enriched
with various metallic elements. The major metal elements in the
ash were Ca, Fe, Al, Mg, Na and K. There were also large amounts
of heavy metals such as Zn, Ti, Ba, Cu, Pb, Mn Cr, Ni, Sn, Sr and Ga.
Other metals, such as Li, Co, Ag and Bi, were present in very small
amounts. The most toxic heavy metals (e.g., Cd and Sb) were below
the detection limit in the ash; these elements and their compounds
are generally easily volatile and thus, may have ended up in the fly
ash. Compared to values reported in other literature for medical
waste incinerator ashes, it is found that Ba concentrations in this
study are significantly higher [25,28]. The possible reason is dif-
ferent compositions of raw MW. Hospital wastes in China usually
contain high amount of plastic matter, while Ba are usually used as
additive in these plastics.

MW bottom ash contains much higher amounts of
Zn (8.43–13.72 g kg−1), Ti (7.10–15.50 g kg−1) and Cr
(0.52–0.92 g kg−1) than did the MSW analyzed in previous
studies [27,28]. Other researchers have reported similar results,
that is, that Cr and Zn concentrations in medical waste residue
are significantly higher than those in MSW [5,7]. These elements
are commonly used in medical facilities; for example, metal alloys
containing Zn and Ti are widely used in medical instruments, and
Cr is widely used in needles and syringes. Moreover, Ti and Cr have
high boiling points and therefore, tend to end up in the bottom
ash.
MW bottom ash contains various valuable metallic elements,
the recovery of which would be desirable. However, some toxic
metals, such as Cr, can have a negative impact at the same time.
Thus, before assessing the possibility of reusing MW bottom ash,
much attention must be given to avoid heavy metal contamination.
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reported in other literature is over 1000 ◦C, promoting complete
decomposition of PAHs.

The Environmental Protection Agency of China has not issued
general guidelines for PAHs in soil. Therefore, we used regulated

Table 3
Amounts of heavy metals leached from various MW bottom ash samples determined
by USEPA TCLP method (mg l−1).

As Ba Cd Cr Cu Ni Pb
ig. 2. Metal fractionation of the MW bottom ashes. F1—exchangeable fraction;
2—bound to carbonate; F3—bound to Fe–Mn oxides; F4—bound to organic matter;
5—residual fraction.

.3. Fractionation of metals

We conducted sequential extraction to determine the chemical
orm of some of the metals in the bottom ash (Fig. 2). Ba, Cr, Cu, Mn,
i, Pb, Sn and Zn were determined because they are toxic and are

egulated by the US EPA.
Only a small percentage of the total metal (0.67–18.18%) was

ound to the exchangeable (F1) and carbonate (F2) fractions taken
ogether. The percentages of the metals bound to these two frac-
ions decreased in the order Zn > Pb > Ba > Cu > Mn > Sn > Cr > Ni.
lliot et al. and Sukandar et al. reported that the metal content in
he exchangeable and carbonate fractions (the mobile fractions)
s indicative of the potential availability and leaching of metals
29,30]. Therefore, the amounts of the various metals in these two
ractions indicate that Zn has the highest leaching potential and Ni
he lowest. The percentages of metals associated with the Fe–Mn
xides fraction (F3) in the bottom ash were in the 0.41–57.22%
ange. The percentages of the metals bound to the Fe–Mn oxides
raction decreased in the order Zn > Mn > Pb > Ni > Cr > Cu > Ba > Sn.

etals associated with the Fe–Mn oxides fraction cannot undergo
hemical reaction immediately, but their mobility and availabil-
ty could be affected by changes in environmental conditions [18].
hus, Zn, Mn and Pb in MW bottom ash may leach into the environ-
ent. The percentages of metals bound to the organic fraction (F4)

n the bottom ash were low, except for Cu, and accounted for 50.92%
f the total. Residual fractions (stable fractions) are generally less
obile, and thus, the metals in them are difficult to leach out into
he environment. The proportions of Ba, Cr, Ni and Sn bound to the
esidual fractions (F5) were much higher than those of the other
etals (84.74–97.99%). Accordingly, we consider these metals to

e less mobile and to have low environmental availability.

Fig. 3. PAHs concentrations o
aterials 173 (2010) 181–185

On the basis of the above results, we believe that Zn, Mn, Cu and
Pb in MW bottom ash pose comparatively higher leaching risks to
the environment, whereas Ba, Cr, Ni and Sn are relatively safe.

3.4. TCLP tests

TCLP results for the bottom ash are given in Table 3. The leached
amounts of the heavy metals were compared with the correspond-
ing US EPA limits. The extracted amounts of all the heavy metals
were lower than the limits set by the US EPA. TCLP results showed
that the bottom ash produced from MW incinerators can be con-
sidered as non-hazardous, and therefore, the risks of reuse are low.

3.5. PAHs levels in the MW bottom ash

The concentrations of the PAHs in three samples are displayed
in Fig. 3. The total amounts of 16 PAHs in MW bottom ash ranged
from 10.30 to 38.14 mg kg−1 ash; this range is substantially higher
than that reported in the literature (0.16–3.48 mg kg−1) [14,15].
The distributions of the three samples were very similar, with
phenanthrene being the most abundant PAHs in all the sam-
ples, accounting for 19.51–31.44% of the total PAHs. Fluoranthene,
pyrene, benzo[a]anthracene and chrysene were also prevalent in
all the samples.

The �PAHs values for carcinogenic PAHs (B[a]anth, Chrys,
B[b]flu, B[k]flu, B[a]pyr, I[123cd]pyr and DB[ah]anth) were between
4.09 and 16.95 mg kg−1 of ash (Table 4). Literature values for car-
cinogenic compounds in MSW ash range from 89 to 438 �g kg−1

in bottom ash [11]. Clearly, both the total PAHs and the levels
of carcinogenic compounds in our study were much higher than
the literature values. This result may be due to differences in
the operating conditions for the incinerators (such as combus-
tion temperature and input MW composition) that are suitable for
PAHs formation. The operating temperature of the incinerator in
this study is around 700–800 ◦C, while combustion temperature
MWBA I <0.01 0.92 <0.01 3.90 4.80 2.30 0.54
MWBA II <0.01 1.30 <0.01 0.01 1.40 0.29 0.02
MWBA III <0.01 1.06 <0.01 4.13 1.38 0.67 0.43
US EPA Standard 5.00 100.00 1.00 5.00 100.00 100.00 5.00

f the MW bottom ashes.
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Table 4
Comparison of carcinogenic PAH levels with soil guidelines regulated by various countries.

Sensitive land use limit (mg kg−1) Carcinogenic PAH concentrations determined in this study (mg kg−1)

Netherlandsa Swedenb Canadac MWBA I MWBA II MWBA III

0.12 0.30 0.50 16.95 4.09 9.55
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alues reported in the literature to evaluate the potential risk of
he MW ash (Table 3) [12,31,32]. The levels of carcinogenic PAHs
n all three samples were above the limits for soil use. Therefore,
ntegrated utilization of MW bottom ash is not advisable.

. Conclusions

Bottom ash is generally considered to be safer than fly ash in
erms of heavy metal contamination. However, our results indicate
hat MW bottom ash contains high levels of PAHs, highly exceed-
ng the soil limits. Thus, this type of waste ash may cause serious
nvironmental problems if not properly managed.

Chemical analysis showed that the major components of MW
ottom ash were CaO, SiO2 and Al2O3. High concentrations of
etallic elements, such as Al, Cu, Fe, Mg, Mn, Pb, Ti, Zn and Cr were

etermined, and most of these metals were associated with the
table residual fraction. The results of US EPA leaching tests veri-
ed that all the metals met the standard leaching limits set by the
S EPA. The ash could be recyclable as construction material, but it
ust be treated at high temperature (850–1000 ◦C) so as to destroy

he PAHs before or during the recycling process.
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