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Abstract
Municipal solid waste (MSW) is converted to various materials through treatment processes, which in turn distributes 
potentially toxic elements (PTEs) to recyclable materials. This study is focused on establishing an inventory of combustible 
wastes with the objective of identifying specific sources of PTEs (B, Cr, Cu, Zn, As, Sb, Ba, and Pb). The combustible wastes 
were classified into 26 components by the criterion, which can be conveniently identified by the public. Each component of 
the combustible wastes was ignited at 450 °C, to reduce organic matters and increase the proportional content of the target 
PTE, before undergoing inductively coupled plasma analysis. The inventory of PTE contents in the waste components was 
developed from the ash and the ignition loss of each component. The contribution of waste components to the total amount 
of PTEs was estimated based on the element content and the proportion in waste. Through this series of processes, specific 
sources of waste components containing PTEs were presented. This work can contribute to the reduction of toxicity of MSW 
and incineration residues that are to be recycled.
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Introduction

Municipal solid waste (MSW) can be converted into various 
materials such as compost, solid refuse fuel, and incinera-
tion residues (bottom ash and fly ash) during various treat-
ment processes [1–4], which in turn distribute potentially 
toxic elements (PTEs) to recyclable materials. Incineration 
is commonly used for the treatment of MSW, as it has the 
advantages of not only decreasing the total volume of solid 
wastes disposed in landfills, but also recovering heat energy. 
In addition, incineration residues can be utilized for con-
struction materials [5–7] and metal resources [8, 9]. The 
potential toxicity of incineration residues can be reduced by 
identifying and screening specific wastes as sources of PTEs 
and removing them before incineration. Therefore, source 

management is becoming important concerning collection 
and separation of MSW.

Investigation of element contents in MSW components 
is necessary to identify specific sources of PTEs. The 
amount and proportion of MSW category (e.g., food, paper, 
and textile) have been investigated in many countries and 
municipalities [10, 11]. The distribution of elements in an 
incineration process is affected by operation parameters 
[12]; however, the total amount of elements which behave 
in the process depends on the input MSW. Combustible 
waste, which undergoes significant thermochemical reac-
tions, could particularly affect the composition of incinera-
tion residues [13, 14]. Hence, an inventory of PTE contents 
in specific combustible waste components could support to 
estimate their content in incineration residues by incorpo-
rating with a national waste statistics survey for quantity of 
waste category (hereafter referred to as the waste survey). 
In future, this survey will contribute to the strategic reduc-
tion of toxicity, when materials are recycled for use in the 
construction industry.

Two approaches have been applied to estimate the PTE 
composition of input MSW: direct analysis of input MSW 
and estimation from incineration residues analysis. The esti-
mation from analysis of incineration residues provides the 
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PTE content as the representative value of the whole input 
waste [15–18]. However, it is difficult to know the waste 
source of PTEs, as the element content of incineration resi-
dues changes depending on the type of waste.

Therefore, an inventory of waste components for various 
elements needs to be developed from the direct analysis of 
different types of wastes. Previous studies have provided 
information of either various PTEs in a partial waste cat-
egory or a few types of PTEs from various waste categories, 
according to the three methods. The first method reported 
the various PTE contents without classification to estimate 
the total amount of target elements in MSW [19, 20]. In the 
second approach, some studies investigated PTE contents in 
detailed components of one specific category such as plastic 
[21], food [22], bulky waste [12], or biodegradable MSW 
[23]. The content of various PTEs was identified, but the 
entire category of combustible waste was not covered. In 
the third approach, the entire waste category was investi-
gated; however, only few types of PTEs were targeted. Long 
et al. reported on the Cu and Zn content in 15 categories of 
MSWs collected from eight cities in China [24]. However, 
specific sources of the target PTEs were difficult to identify, 
as each category comprised various components. Nakamura 
et al. reported the Cd, Sb, and Pb content in eleven MSW 
categories; in addition, the Pb and Cd content in 28 kinds 
of plastics which categorized according to its color were 
investigated [25]. Another study examined the Cd, Cr, Hg, 
and Pb content from 60 components in eight categories (as 
cited in Hasselriis and Licata [26]). However, further investi-
gation is required to estimate the source of various elements 
introduced to an incineration process.

The analytical method including sample preparation is 
correspondingly important. Previous studies either did not 
describe this or only briefly described how the waste was 
ground or cut [12, 24]. Sufficient amount of the samples 
should be available for the analysis, as the PTE content 
varies depending on the fraction used for the analysis. The 
present study applied the ignition process to reduce organic 
matter and increase the proportional content of the target 
PTE in the waste sample, thereby identifying representative 
PTE content of sufficient amounts of waste in the analytical 
sample.

The preceding inventory study reported the content of 
52 PTEs from six categories and the mass balance result 
between input MSW and output incineration residues [27]. 
However, the specific source of PTEs cannot be identified 
based on the broad-based categories. This study is focused 
on the detailed analysis of 26 components in seven com-
bustible waste categories: food, paper, textile, wood, plas-
tic, rubber, and particles of 5 mm or less. The ignition of 
each component is conducted at 450 °C with the objective 
of preserving the target PTEs from the original combustible 
components. The inventory of the contents of eight PTEs 

(B, Cr, Cu, Zn, As, Sb, Ba, and Pb) is developed to identify 
specific sources of the target elements in MSW.

Materials and methods

Sampling and waste classification

The sampling of MSW was conducted at an incineration 
facility in Japan following the method for the waste sur-
vey [28]. MSW, including household wastes and shredded 
bulky wastes, had been stored in a pit of incineration facility. 
More than 200 kg of MSW sample was collected from vari-
ous parts of the pit using a crane, and approximately 7 kg 
of representative sample was prepared after applying the 
conical quarter method. This sample was kept in an air-tight 
container for transportation to the laboratory.

The MSW sample was air-dried at 40 °C for 72 h using 
a drying oven. Large sizes of incombustibles such as alu-
minum foil, insect screen, and glass were excluded from 
the sample. Subsequently, the components sized 5 mm or 
larger were separated from combustibles and categorized 
into food, paper, textiles, wood, plastics, and rubber. The 
remaining components, < 5 mm and lumped substances 
which could not be identified, were classified as the small 
particles (< 5 mm).

The combustible waste was classified into 26 components 
(Table 1), and the detailed weight of the sample is shown 
in Table S1. The classification was attributed to the under-
standing of the separation of collected waste by the public, 
as the classification performed according to shape, color, and 
usage, rather than aspects of the material and manufacturing 
process. The food category included organic kitchen materi-
als. Paper was classified into eight components according 
to the purpose of usage. Textiles were sorted according to 
material color as white or other colors. The wood category 
included natural branches and leaves, as well as artificially 
crafted wooden items such as toothpicks, ice cream sticks, 
and boards. Plastics were classified into film and hard types, 
with each type sorted into transparent and colored plastics. 
Afterwards, the plastic components were classified accord-
ing to the purpose of usage. Sponges and disposable diapers 
were included in the plastic category because of their syn-
thetic resin content, and rubber bands found in the sample 
were classified into the rubber category.

Ignition of combustible waste

After sorting, each waste component was placed in a ceramic 
dish, covered with a lid, dried at 105 °C for 4 h using a 
drying oven, and then cut into pieces < 10 mm. The igni-
tion experiment removed organic material from the waste, 
improved the detection accuracy of the target PTEs, and 



666 Journal of Material Cycles and Waste Management (2021) 23:664–675

1 3

Ta
bl

e 
1 

 C
la

ss
ifi

ca
tio

n 
of

 c
om

bu
sti

bl
e 

w
as

te
 fr

om
 in

ci
ne

ra
tio

n 
fa

ci
lit

y

C
at

eg
or

y
C

om
po

ne
nt

Pr
op

or
tio

n 
of

 w
as

te
 (%

-d
ry

)
Ig

ni
tio

n 
lo

ss
Pr

op
or

tio
n 

of
 a

sh
 (%

)

Fo
od

5.
3

5.
3

0.
92

5.
0

5.
0

Pa
pe

r a
nd

 te
xt

ile
 P

ap
er

C
oa

te
d 

pa
pe

r: 
cu

p
3.

0
25

.3
0.

93
2.

3
38

.5
C

oa
te

d 
pa

pe
r: 

bo
x 

an
d 

ba
g

5.
1

0.
85

8.
5

Le
afl

et
1.

7
0.

63
7.

2
B

oo
k 

an
d 

le
tte

r
5.

5
0.

88
7.

7
La

be
l a

nd
 re

ce
ip

t
0.

6
0.

84
1.

2
Re

cy
cl

ed
: t

oi
le

t p
ap

er
4.

9
0.

94
3.

2
Re

cy
cl

ed
: n

ew
s p

ap
er

3.
2

0.
85

5.
4

O
th

er
 p

ap
er

s
1.

3
0.

79
3.

0
 T

ex
til

e
W

hi
te

 te
xt

ile
6.

3
26

.7
0.

97
2.

2
9.

0
C

ol
or

ed
 te

xt
ile

20
.4

0.
97

6.
7

W
oo

d
B

ra
nc

h 
an

d 
le

af
8.

2
11

.6
0.

81
17

.6
18

.6
W

oo
de

n 
ite

m
s

3.
4

0.
98

1.
0

Pl
as

tic
 F

ilm
 tr

an
sp

ar
en

t (
FT

)
Pa

ck
ag

in
g 

an
d 

ba
g

4.
2

30
.1

0.
96

1.
8

24
.9

 F
ilm

 c
ol

or
 (F

C
)

B
ag

 a
nd

 la
be

l
5.

1
0.

95
3.

1
Pa

ck
ag

in
g

2.
3

0.
93

[A
sh

] 0
.7

[M
et

al
] 1

.2
 H

ar
d 

tra
ns

pa
re

nt
 (H

T)
Fo

od
 c

on
ta

in
er

, e
tc

.
3.

0
0.

99
0.

1
 H

ar
d 

co
lo

r (
H

C
)

Fo
od

 c
on

ta
in

er
0.

7
0.

96
0.

3
Ju

ic
e 

ca
rto

n
0.

9
0.

87
[A

sh
] 0

.7
[M

et
al

] 0
.6

N
oo

dl
es

 c
on

ta
in

er
0.

4
0.

98
0.

1
Tu

be
0.

3
0.

82
0.

6
O

th
er

 p
la

sti
cs

1.
1

0.
98

0.
2

 S
po

ng
e

3.
0

0.
90

3.
2

 D
is

po
sa

bl
e 

di
ap

er
9.

1
0.

88
12

.4
Ru

bb
er

0.
00

9
0.

00
9

0.
94

0.
00

6
0.

00
6

Sm
al

l p
ar

tic
le

s (
<

 5 
m

m
)

1.
0

1.
0

0.
65

4.
0

4.
0

To
ta

l
10

0
10

0
0.

91
10

0
10

0



667Journal of Material Cycles and Waste Management (2021) 23:664–675 

1 3

ensured that sufficient amounts of the target component 
were remained in the analytical sample. Ignition methods 
have been widely applied to estimate the organic content in 
solid materials [29–31]; however, the temperature for the 
ignition can vary depending on materials. For the ignition 
of MSW, temperatures between 450 and 500 °C have been 
recommended to remove organic content, e.g., changes in 
the structure of paper and pulp were observed after ignition 
at 500 °C [32], and the organic content of MSW was deter-
mined by igniting at 450 °C [33]. In this study, the ignition 
temperature was set at a lower temperature, so that it would 
not affect mineral phases. Hence, each dried component of 
combustible waste was ignited at 450 °C; the ignition was 
repeated every 1 h until white color ash (hereinafter referred 
as the ash) remained. The weight of dried waste components 
and the ash is measured, and ignition loss is calculated by 
Eq. (1),

where m1 is the weight of dried waste component of sample 
(g); m2 is the weight of ash (g).

Element content and contribution of combustible 
waste

The target elements (B, Cr, Cu, Zn, As, Sb, Ba, and Pb) 
were selected among elements that have been raised envi-
ronmental concerns in incineration residues [34, 35]. Based 
on the result of the literature survey as introduced earlier, 
more detailed sources of Cr, Cu, Zn, Sb, and Pb need to be 
identified since they could be considerably introduced from 
combustible waste. Moreover, the detailed components of 
waste that contain B, As, and Ba have not been identified, 
thus this requires further examination. Approximately 1 g 
ash of each component was used for digestion with aqua 
regia and alkali fusion with lithium metaborate [36, 37]. 
For components with < 1 g of ignited ash, all the ash were 
used for the process. The content of the target elements was 
determined by inductively coupled plasma-optical emission 
spectrometer (ICP-OES, Agilent 700, Agilent Technologies) 
and mass spectrometer (ICP-MS, Agilent 7500, Agilent 
Technologies). The element content of each waste compo-
nent is calculated from the element content of the ash and 
the ignition loss based on Eq. (2),

where Cx

i,waste
 and Cx

i,ash
 are the content of element x in the 

component i of waste (mg/kg-waste) and ash (mg/kg-ash), 
respectively. The element content of combustible waste was 
calculated based on dry weight basis.

The contribution of waste component to the target ele-
ment was calculated by multiplying the element content of 

(1)Ignition loss =
(

m1−m2

)

∕m1

(2)C
x

i,waste
= C

x

i,ash
× (1−ignition loss)

each component and its proportion in the total waste based 
on Eq. (3).

where Ti is the contribution of waste component (%) and 
Wi is the proportion of each waste component in the total 
combustibles.

Results and discussion

Proportion of waste components and ash

The proportion of the ash was changed after the ignition 
process compared to that of the combustible waste (Table 1). 
The ignition loss of each component varied from 0.63 to 
0.99 depending on the type. Each waste component was 
converted to the ash except for the colored film-type plas-
tic packaging and the juice cartons. Both metal film and 
ash were remained after the ignition process; the metal film 
was identified as aluminum according to x-ray fluorescence 
analysis. The components of this type of packaging consist 
of plastic, paper, and aluminum [38] that allows contents to 
be stored without putrefaction [39].

The plastic (30.1%), textile (26.7%), and paper (25.3%) 
comprised of the top three categories, and the total propor-
tion of these accounted for 82.1% of the combustible wastes. 
After the ignition process, the proportion of the ash from 
paper (38.5%) was the highest due to relatively low ignition 
loss (0.63–0.94). The ash from plastic was the second high-
est proportion (24.9%), with an ignition loss in the range of 
0.88 to 0.99, followed by the ash from wood (18.6%), textiles 
(9.0%), small particles (4.0%), and rubber (0.006%). The 
ignition loss of the small particles was low (0.65), indicating 
that these may contain incombustibles such as stone, glass, 
and metal particles.

Inventory of the target PTEs in 26 components 
of combustible wastes

The PTE content of the ash obtained from the analyti-
cal sample and that of the waste component estimated by 
the ignition loss is shown in Fig. 1. The PTE content is 
described in integer scale, except for Cu and Zn, where a 
logarithmic scale was applied due to some specific com-
ponents exhibiting significantly high element contents. The 
inventory of the target elements in the 26 waste components 
and the ash is provided in Table S2 and S3 of the Supple-
mentary Materials.

(3)T
i
=

[(

C
x

i,waste
× Wi

)

∕
∑

(

Cx

i,waste
× W

i

)]

× 100
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(a) Boron (b) Chromium

(c) Copper (d) Zinc

Fig. 1  PTE content in 26 components of waste and ash
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(e) Arsenic                                     (f) Antimony

(g) Barium                                     (h) Lead

Fig. 1  (continued)
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Boron (B)

Wood and rubber were the major sources of B in the com-
bustible wastes; the highest B content was observed in the 
wood category. The natural wood (branches and leaves) and 
wooden items showed 31 mg-B/kg-waste and 16 mg-B/kg-
waste, and that of the ash recorded 163 mg-B/kg-ash and 
663 mg-B/kg-ash, respectively. Boron is an essential trace 
element for plants [40], and several studies have investigated 
B levels in fertilizer and its related toxicity [41, 42]. Food 
and paper, which are related to biomass like wood, showed 
relatively high levels of B. Food waste recorded 6.4 mg-B/
kg-waste, within the range (not detected–7.0 mg-B/kg) of 
previous results (as cited in Naghii et al. [22]).

There are diverse industrial uses of B, and it has been 
used as an additive to improve lubricating properties of 
rubber products (as cited in Fiume et al. [43]) as well as 
to improve fire retardant properties of plastics and rubber 
products [44]. Rubber bands recorded the second highest B 
content (26 mg-B/kg-waste and 430 mg-B/kg-ash). Moreo-
ver, some of the ash from hard type plastics showed rela-
tively high levels of B such as hard type-transparent (HT) 
food container (250 mg-B/kg-ash), hard type-colored (HC) 
noodles container (123 mg-B/kg-ash), and HC other plastics 
(122 mg-B/kg-ash).

Chromium (Cr)

All waste components, excluding the small particles, 
contained several parts per million (ppm) of Cr. Paper 
(0.9–8.5 mg-Cr/kg-waste) and wood (0.6–7.3 mg-Cr/kg-
waste) showed relatively high Cr content in the combusti-
ble waste, followed by plastics (0.2–4.0 mg-Cr/kg-waste), 
textiles (1.0–2.1 mg-Cr/kg-waste), and food (0.3 mg-Cr/
kg-waste). These values may have originated from natu-
ral sources, Cr is present at approximately 100 ppm in the 
Earth’s crust. In addition, Cr is used in various industrial 
processes such as a textile dye and mordant as well as pro-
duction of paint, paper, and pulp (as cited in Shahid et al. 
[45]).

Bode et al. reported the Cr content from several cate-
gories of household waste [21]. The Cr content of paper 
(3.2  mg-Cr/kg), plastics (4.0  mg-Cr/kg), and textiles 
(5.8 mg-Cr/kg) was comparable with this study, wherein 
the content was several ppm levels. In contrast, the glass 
(37 mg-Cr/kg), metals (0.4–23 mg-Cr/kg), organic waste 
(0.1–38  mg-Cr/kg), and rubber and leather categories 
(34 mg-Cr/kg) showed relatively high content compared to 
the categories described above. In this study, small parti-
cles showed the highest content of Cr (95 mg-Cr/kg-waste 
and 272 mg-Cr/kg-ash). In the preceding study, the highest 
Cr content (47 mg-Cr/kg) was also identified in the < 5 mm 
component of the waste category which applied the same 

classification [27]. Based on this comparison, small parti-
cles may contain glass and metal particles, supported by the 
result of low-ignition loss (0.65) as mentioned above.

Copper (Cu)

Colored textiles (156 mg-Cu/kg-waste) and the leaflets of 
paper (109 mg-Cu/kg-waste) were observed to have remark-
ably high Cu content. After the ignition, colored textiles also 
showed the highest content (5370 mg-Cu/kg-ash) among the 
ash from the combustible wastes. This result was similar 
to Long et al.’s results, which reported that textile waste 
contained approximately 100 mg-Cu/kg [24]. Furthermore, 
Sakanakura et al. observed high Cu content (550 mg-Cu/kg) 
in paper and cloth [27]. The textile industry is well-known 
in utilizing several chemicals for fabric dyeing or functional 
treatments such as odor and wrinkle resistance [46]. Metals 
are necessary for dyes to impart color [47], in addition, Cu, 
Sb, and Cr in dyestuffs are used as catalysts in dye interme-
diates’ synthesis [48]. Based on these results, dyed textile 
and printed paper can be expected as major sources of Cu 
in combustible waste.

Zinc (Zn)

Rubber, colored textiles, and HC plastic food containers 
could have a significant effect on the Zn content of incin-
eration residues. Rubber recorded the highest Zn content 
(7370 mg-Zn/kg-waste) with the content in the ash approxi-
mately 12%. This result corresponded to the aforementioned 
study that 8360 mg-Zn/kg was detected in the components 
from the rubber and leather category [27]. These results are 
reasonably accepted because rubber industry uses significant 
amounts of zinc oxide as an additive for functional purposes 
(e.g., vulcanizing activator and improving thermal conduc-
tivity) [49]. Small particles recorded the second highest Zn 
content (710 mg-Zn/kg-waste), followed by the wood and 
textiles.

For the ash content, colored textiles (4800 mg-Zn/kg-ash) 
recorded the second highest content, followed by HC plastic 
food container (2280 mg-Zn/kg-ash). HC food containers 
included plastic cups and bowls commonly sold in supermar-
kets and convenience store; use of these single-use plastics 
should be reduced to control Zn levels in incineration resi-
dues. In addition, high Zn content was detected in the ash 
from various plastic components such as HC other plastics 
(1210 mg-Zn/kg-ash), HC noodles containers (1160 mg-Zn/
kg-ash), and film type-transparent (FT) packaging and bag 
(1060 mg-Zn/kg-ash).
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Arsenic (As)

Arsenic content of less than one ppm was detected from the 
target waste, other than from the small particles (2.9 mg-As/
kg-waste) and branches and leaves (1.3 mg-As/kg-waste). 
Arsenic content in the branches and leaves was within the 
ranges of that in natural biomass such as straw and wood 
(0.15–3.5 mg-As/kg) which was reported in previous studies 
[50, 51]. A variety of chemical forms of As is presented in 
water and sediment in nature [52], and plants uptake various 
metal(loid)s including As, regardless of whether it is essen-
tial for plant growth or not [53, 54]. Hence, certain metals 
can be detected in natural wood and wooden items. For the 
ash, the highest As content was recorded for wooden items 
and small particles (8.3 mg-As/kg-ash), followed by the 
white textiles (7.4 mg-As/kg-ash). The As content recorded 
in the present study corresponds to the preceding study 
which found 0.8–1.3 mg-As/kg from components > 5 mm 
of combustibles and 16.4 mg-As/kg from small particles 
(< 5 mm) [27]. In another study, relatively high levels of 
As (1.2–3.7 mg-As/kg) were observed in glass and ferrous 
metals [21]. Consequently, the small particles may contain 
glass and metal particles.

Antimony (Sb)

Textiles and HT plastic food containers were clearly indi-
cated as sources of Sb in combustible wastes. Textiles pre-
sented the highest Sb content (60–95 mg-Sb/kg-waste). 
Other components recorded < 10 mg-Sb/kg-waste, except 
some of plastics such as HT food containers (13 mg-Sb/kg-
waste), film type-colored (FC) bags and labels (12 mg-Sb/
kg-waste), and HC food containers (11 mg-Sb/kg-waste). 
For the ash, HT food container (e.g., plastic bottles and 
packaging materials), recorded 4590 mg-Sb/kg-ash, it was 
followed by the textiles which presented 2070–3040 mg-Sb/
kg-ash. Previous studies reported similar Sb content in 
the plastics: 12.8 mg-Sb/kg [27] and 12.9 mg-Sb/kg [25]. 
Moreover, 25.9 mg-Sb/kg was recorded for textiles, and spe-
cific components of textiles showed remarkable Sb content: 
156 mg-Sb/kg in bedding clothes and 2100 mg-Sb/kg in cur-
tains [25]. Antimony is widely used as a catalyst to make 
polyethylene terephthalate [55] as well as synergist of flame 
retardants in textiles [56]. These results clearly indicated that 
textiles and HT food containers need to be better managed to 
control Sb levels in MSW incineration residues.

Barium (Ba)

FC plastics and white textiles were sources of Ba in com-
bustible wastes with 99–179 and 27–100 mg-Ba/kg-waste, 
respectively. Additionally, wood (16–61 mg-Ba/kg-waste) 

and paper (11–49 mg-Ba/ka-waste) also contained several 
tens of ppm of Ba content. In contrast, hard type plastics, 
sponges, disposable diapers, and rubber showed less than 
5 mg-Ba/kg-waste. In terms of Ba content in the ash, FC 
bags and labels (3310 mg-Ba/kg-ash) and white textiles 
(3190 mg-Ba/kg-ash) presented significant result, followed 
by FC plastic packaging (1370 mg-Ba/kg-ash) and colored 
textiles (920 mg-Ba/kg-ash). Barium can be detected from 
various components, because it is present as approximately 
400 ppm in Earth’s crust and is relatively abundant in the 
environment [57]. In addition, barium sulfate is widely uti-
lized in various industries for its chemical inertness, acid 
and alkali resistance, and high-whitening properties [59].

Lead (Pb)

Recycled paper and colored plastic bags and labels were sig-
nificant regarding Pb content. Recycled paper showed rela-
tively high Pb content, particularly toilet paper (16 mg-Pb/
kg-waste) and newspaper (9.9 mg-Pb/kg-waste). Although 
paper recycling has been promoted, concerns related to the 
potential harmful chemical substances have been raised [59]. 
A lot of toilet paper is manufactured from recycled pulp 
[60]. Paper quality may decrease during the recycling loop, 
even though the Pb content in newspaper was reduced by the 
replacement of pigments from inks [61].

FC plastic bags and labels and FC plastic packaging are 
similar in that these are the film type-colored plastic; how-
ever, different Pb contents were detected. The FC bags and 
labels, which included single-use color plastic bags and 
labels from plastic bottles, recorded 16 mg-Pb/kg-waste of 
Pb content. This result supported Nakamura et al.’s find-
ings that Pb content of white and yellow plastic bags were 
16 mg-Pb/kg and 54 mg-Pb/kg, respectively [25]. In con-
trast, FC packaging, which included packaging materials for 
consumer products such as biscuits and tea bags, recorded 
0.8 mg-Pb/kg-waste. Pb compounds have been used for col-
oring agents and stabilizers for plastics [25, 62]. However, 
PTE content in the FC plastic packaging is better managed 
due to regulations of hazardous additives for packaging 
materials [63].

Pb content in the ash was the highest for the FC bags and 
labels (292 mg-Pb/kg-ash), followed by recycled toilet paper 
(276 mg-Pb/kg-ash) and the wooden items (157 mg-Pb/kg-
ash). These components could influence the Pb content of 
MSW incineration residues depending on their proportion.

Contribution of seven waste categories for target 
PTEs

Attention is particularly required where the contribution to 
the amount of specific PTE was higher than the proportion 
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of the ash by weight. The proportion of the ash indicates the 
more accessible mass of sample to evaluate the contribution 
to the target elements because organic matter was removed. 
The element content in the ash is also a more accessible 
value to estimate potential toxicity in incineration residues. 
The contribution of seven categories to the total amount of 
target PTEs is shown in Fig. 2 based on the proportion of 
waste and ash (Table 1) and its representative PTE content 

(Table 2). The representative PTE content of each category 
can be utilized to estimate element flow by applying the 
result of waste proportion from the waste survey. Addition-
ally, Table S4 reports the contribution of 26 waste compo-
nents to the total amount of target PTEs.

The food contribution to the amount of B was 6.1%, 
slightly higher than the proportion of the ash (5.0%). 

Fig. 2  Contribution of seven waste categories to the amount of target PTEs

Table 2  Representative PTE 
content in seven categories of 
waste and ash

‘–’: not detected

Category Element content (mg/kg)

B Cr Cu Zn As Sb Ba Pb

Waste (dry) 5.6 3.6 46 70 0.3 20 39 4.1
 Food 6.4 0.3 5.5 15 0.1 0.1 7.0 0.3
 Paper 3.5 4.5 20 39 0.4 0.4 23 5.9
 Textile 1.6 1.2 120 119 0.1 68 44 1.0
 Wood 27 5.3 20 114 1.0 0.9 48 8.1
 Plastic 2.2 1.7 6.6 21 0.2 6.4 43 3.4
 Rubber 26 0.5 3.1 7370 0.3 0.2 0.5 –
 Small particles (< 5 mm) 15 95 389 710 2.9 9.5 259 35

Ash from waste 63 40 519 791 3.7 232 443 47
 Food 76 3.4 66 178 1.2 1.1 83 3.8
 Paper 26 34 150 290 3.0 2.7 169 44
 Textile 53 41 4070 4020 4.3 2310 1480 35
 Wood 188 37 144 807 6.8 6.5 337 57
 Plastic 30 23 90 289 2.1 88 594 47
 Rubber 430 7.7 52 123000 4.2 3.2 7.6 –
 Small particles (< 5 mm) 44 272 1110 2020 8.3 27 736 100
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However, contribution of food to the total amount of PTEs, 
except for the B, was lower than its proportion of the ash.

The paper, which accounted to the highest proportion 
(38.5%) in the ash, recorded the highest contribution to Pb 
(36.2%) and Cr (32.1%) and the second highest contribution 
to As (31.2%) under the proportion of combustible waste. 
Recycled paper (toilet paper and newspaper) was the major 
sources of Pb contributing 27.0% to the total amount in com-
bustible wastes (Table S4). Recycling loop may influence 
the presence of PTEs in recycled paper as discussed earlier. 
Moreover, the toilet paper found in this study appeared to 
have wiped off various contaminants in addition to their use 
in toilets. This kind of usage of toilet paper as a wiping 
material could lead it to contain PTEs.

Textiles recorded the highest contribution to Sb (89.17%), 
Cu (70.2%), and Zn (45.5%) among the seven categories. In 
addition, the contribution of Ba (30.1%) was approximately 
3.3 times higher than the proportion of textiles (9.0%), 
meaning that the separation of textiles from MSW could 
reduce the content of Sb, Cu, Zn, and Ba in incineration 
residues.

For wood, the contribution to B (55.4%) and As (33.9%) 
was the highest among the seven categories; Pb (22.9%), 
Zn (19.0%), and Cr (17.2%) levels were highly influenced 
by wood. Wood components could absorb various elements 
form nature, therefore a certain level of PTEs in incinera-
tion residues would be unavoidable. Moreover, the increase 
in the amount of branches and leaves by seasonal events 
(e.g., weeding and fallen leaf) could result in a high con-
tent of these elements in incineration residues. Additionally, 
wood treated with preservatives could increase the toxicity 
of incineration residues. Wood treated by chromated cop-
per arsenate (CCA) had been used for increasing durability 
against insects and water [64]. Those treatments were regu-
lated due to possible releases of toxic elements, but CCA-
treated wood still remained in various products [65–67]. 
Wood treated with preservatives was not found in this study 
when considering that they were reported to contain several 
thousand ppm levels of Cr, Cu, and As [68, 69].

Plastic recorded the highest contribution to the amount of 
Ba (32.5%), and the contribution to that of Pb (22.3%) was 
higher than the proportion of the ash derived from the plas-
tic. More specifically, FC plastic bags and labels accounted 
to 23.4% of Ba and 19.6% of Pb of the total amount, while 
recording considerable contents in the ash: 3310 mg-Ba/
kg-ash and 292 mg-Pb/kg-ash. Film type plastics are used 
as raw materials of solid refuse fuel [70], and plastics were 
reported to contribute approximately half of Pb content in 
solid refuse fuel [71]. These results indicated that FC plastic 
bags and labels could be the sources of Pb in solid refuse 
fuel. Since PTEs firmly bound in carbon-based plastics 
could be actively released after thermal degradation [55], 

FC plastic bags and labels could result in significantly high 
levels of PTEs in incineration residues.

The contribution of rubber to the amount of Zn was 
approximately 1.0%, a significantly high value compared to 
the proportion of the ash (0.006%). This indicated that the 
contribution to Zn could be drastically increased under the 
presence of high proportion of rubber in waste.

The small particles recorded the higher contributions than 
the proportion of the ash other than B and Sb. Incombusti-
bles, such as glass and metal particles, would be included 
in the small particles as stated earlier, and this should be 
separated from the waste collection stage. Additionally, 
metal particles can be separated from incineration residues, 
particularly bottom ash [72, 73]. The further separation of 
metal particles can lead to the reduction of potential toxicity 
in incineration residues.

Conclusions

This study investigated 26 components of combustible 
wastes with objective of identifying the sources of eight 
PTEs (B, Cr, Cu, Zn, As, Sb, Ba, and Pb). The ignition pro-
cess was applied for reducing organic matter in the waste 
components, and the content of PTEs and the proportion 
in the ash indicated more accessible value for estimating 
the contribution of waste components to the total amount 
of PTEs in incineration residues. Specific sources of PTEs 
were identified by examining their contents in waste com-
ponents and the ash as well as the contribution to the total 
amount of elements in the collected combustible wastes. 
Recycled paper (toilet paper and newspaper) and FC plas-
tic bags and labels were the major sources of Pb. Plastics 
were identified as sources of various PTEs, i.e., FC plastic 
(3310–1370 mg-Ba/kg-ash and 68–276 mg-Pb/kg-ash), HC 
plastic food containers (2280 mg-Zn/kg-ash), and HT plastic 
food containers (4590 mg-Sb/kg-ash). Colored textiles and 
leaflets contained high levels of Cu, from dyeing and ink in 
industrial processes. Branches and leaves were the major 
sources of B and As. Rubber was a notable source of Zn. The 
specific sources of waste containing PTEs need to be further 
separated in the stage of source management, thereby the 
toxicity of incineration residues can be reduced to recycle as 
construction materials. The scope of the inventory should be 
extended to incorporate more components and elements, and 
further incineration experiments are needed to estimate PTE 
composition in individual incineration residues (e.g., bottom 
ash and fly ash) depending on the proportion of MSW.
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