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Abstract Accelerated carbonation of municipal solid

waste incineration residues is effective for immobilizing

heavy metals. In this study, the contribution of the physical

containment by carbonation to immobilization of some

heavy metals was examined by some leaching tests and

SEM–EDS analysis of untreated, carbonated, and milled

bottom ash after carbonation that was crushed with a

mortar to a mean particle size of approximately 1 lm. The

surface of carbonated bottom ash particles on SEM images

seemed mostly coated, while there were uneven micro-

spaces on the surface of the untreated bottom ash. Results

of Japan Leaching Test No. 18 (JLT18) for soil pollution

showed that milling carbonated bottom ash increased the

pH and EC. The leaching concentration of each element

tended to be high for untreated samples, and was decreased

by carbonation. However, after the milling of carbonated

samples, the leaching concentration became high again.

The immobilization effect of each element was weakened

by milling. The ratio of physical containment effect to

immobilization effects by accelerated carbonation was

calculated using the results of JLT18. The ratio for each

element was as follows: Pb: 13.9–69.0 %, Cu:

12.0–49.1 %, Cr: 24.1–99.7 %, Zn: 20.0–33.3 %, and Ca:

28.9–63.4 %.

Keywords Municipal solid waste incineration bottom
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Introduction

Municipal solid waste incineration (MSWI) treatment is

effective for mineralization and reducing volume, and

possibly for recovering energy [e.g., 1]. In Japan, ap-

proximately 80 % of MSW is incinerated [2]. Due to the

lack of appropriate sites to construct landfills [3], especially

in large cities, the role of incineration in Japan will become

more important in the future. MSWI residues need to be

treated using environmentally safe methods. MSWI resi-

dues that do not comply with the Japanese landfill stan-

dards, mainly fly ash, must be treated by one of five

methods; that is, solidification with cement, chemical im-

mobilization using a chelate agent, leaching by acid, cal-

cination, or melting. On the other hand, the geomechanics

of MSWI bottom ash are similar to those of sand or gravel

[4, 5]. MSWI bottom ash can be recycled as construction

material if an appropriate treatment that satisfies environ-

mental safety requirements is performed, for example,

carbonation, calcination, or washing with acid or water

[e.g., 6–8].

Accelerated carbonation is a reaction involving CO2 and

combustion residues. MSWI residues exhibit alkalinity and

contain hazardous substances, such as heavy metals. Car-

bonation immobilizes many heavy metals. It is possible

using stack gas, which contains approximately 5–10 %

CO2 on average [9]. It is also expected as a possible CO2

capture and storage (CCS) system due to the high CO2

uptake potential of MSWI residues, especially fly ash, for

controlling climate change [10–13]. Researchers have been

studying accelerated carbonation by focusing on pa-

rameters, including the concentration and pressure of CO2,

the temperature or time of the carbonation reaction, and the

water content of MSWI residues. Various leaching test

results of carbonated residues have been reported. Costa
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et al. [14] reviewed the modification of ash properties by

carbonation in detail. Not only are carbonates formed with

very low solubility or low pH up to the neutral range, but

also some heavy metals are immobilized by interaction

with minerals such as Calcite and Aragonite [e.g., 15, 16].

However, the carbonation reaction is not effective for im-

mobilizing all heavy metals. It was reported to be effective

in many cases for Pb, Zn, Cu, etc., but not for oxyanionic

metals, such as Cr, Mo, and Sb. Although a level of im-

mobilization of metals was achieved, it was not always.

This suggests that there are some immobilization factors,

such as the carbonation conditions, the type and content of

elements, the spatial heterogeneity of the elements, and the

non-uniformity of the original waste, that are responsible

for the difference in the immobilization effects. It was also

pointed co-existence organic matter like humic acid to

form metal complexation [e.g., 17, 18]. As MSWI residues

have properties similar to those of cement material, it is

suggested that carbonation changes not only their chemical

characteristics but also their physical microstructure be-

cause of the surface coating of the calcium carbonate [19–

21]. However, few quantitative studies on the effects of

physical containment by the change in the microstructure

of MSWI bottom ash by carbonation have been performed.

In this study, the contribution of the physical contain-

ment with carbonates to immobilization of some heavy

metals was examined by leaching tests and SEM–EDS

analysis of carbonated MSWI bottom ash particles that

were crushed with a mortar to change the physical mi-

crostructure of the surface of the particles.

Materials and methods

MSWI bottom ash

The three kinds of water-quenched bottom ashes generated

in different stoker incinerator, BA-1, BA-2, and BA-3, were

used in this study. Unburnt and incombustible parts were

removed as much as possible. The contents of Pb, Zn, Cd, Cr,

Cu, and Ca were analyzed by ICP-AES (SPS7800, Seiko

Instruments Inc.) after digestion by nitric and perchloric

acid. The results are shown in Table 1. The Ca content was

the highest in each sample, at 7790–17,400 mg/kg.

Accelerated carbonation treatment

Each sample was mixed with pure water (30 % of initial

water content) on the plastic tray, which was then placed in

a constant temperature chamber at 20 �C. Humidified CO2

gas (99.999 %) was flowed from the bottom of the chamber

at 500 mL-CO2/min for 2 h (rapid carbonation). The BA-3

sample underwent slow carbonation at 20 mL-CO2/min for

14 days (BA-3s). The top and bottom of the layers of each

sample was regularly mixed.

To observe and examine the elemental mapping on the

surface of the particles of each sample, SEM–EDS mi-

croanalysis and semi-quantitative analysis were performed

[6510A, equipped with a Si(Li) probe with 138 eV

resolution; JEOL Ltd.]. The objective elements were Cl,

Ca, Cr, Cu, Zn, Cd, and Pb. EDS analysis of this device

was able to detect fluorescent X-rays from the surface layer

to 10 lm. The carbonate content of each sample was also

measured as follows. Pure water (100 ml) and 25 ml of

1 M H2SO4 were added to 5 g of each sample, and heated

on a hot plate at 200 �C. The CO2 generated was trapped

by two stages of 0.047 M Ba(OH)2 solution. Unreacted

Ba(OH)2 was titrated by 0.25 M H2SO4 with a phenolph-

thalein indicator.

After carbonation, a part of each sample was milled with

an automatic mortar (ANM-150, As one Inc.) at 200 rpm

for 6 h. The particle size distribution of BA-1 before and

after milling is shown in Fig. 1. The samples after milling

were measured with a dynamic light scattering particle size

analyzer (LB-550, Horiba Ltd.). The mean particle sizes of

the samples before and after milling were 2.1 mm and

0.95 lm, respectively; a difference of approximately three

orders of magnitude. The results were similar for the other

samples.

Table 1 Element content of each sample (mg/kg)

Pb Zn Cd Cr Cu Ca

BA-1 281 125 61.2 116 265 17400

BA-2 563 143 54.8 918 754 7790

BA-3 326 274 24.5 719 156 13900
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Fig. 1 Particle size distribution on BA-1 before and after milling
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Leaching test

The leaching characteristics of each sample were analyzed

following Japan Leaching Test No. 18 (JLT18), a standard

leaching test for soil pollution. Briefly, 50 g of sample and

500 ml of pure water [liquid/solid ratio (L/S): 10] were

added to 1000 ml polyvinyl bottles. The bottles were then

closed and shaken at 200 rpm for 6 h. The leachate was

filtered through a glass fiber filter with a pore size of

0.45 lm. pH, electrical conductivity (EC), P-alkalinity, and

each concentration of Pb, Zn, Cd, Cr, Cu, and Ca in the

leachate were analyzed. In addition, for untreated, car-

bonated, and milled-after-carbonation samples of BA-3 and

BA-3s, pH dependency tests at pH 4, 7, 9, and 12 were

performed, respectively, at an L/S ratio of 10 for 6 h to

clarify the elution characteristics of each element.

Results and discussion

Cumulative CO2 absorption

The amount of cumulative CO2 absorption calculated using

the results of carbonate content is shown in Fig. 2. There

was sufficient carbonation because the amount of cumu-

lative CO2 absorption for each sample was almost max-

imized after each treatment time. The cumulative CO2

absorption for BA-2 was 0.68 mmol-CO2/g-BA, which was

almost half of that for BA-1 (1.05 mmol-CO2/g-BA) and

BA-3 (1.06 mmol-CO2/g-BA). Comparing BA-3 (rapid

carbonation) with BA-3s (slow carbonation), which were

the same bottom ash, the amount of cumulative CO2 ab-

sorption for BA-3s was 2.22 mmol-CO2/g-BA, which was

twice that of BA-3. The mean CO2 absorption rate for each

sample after the treatment time was as follows: BA-1:

0.52 mmol-CO2/g-BA/h, BA-2: 0.34 mmol-CO2/g-BA/h,

BA-3: 0.53 mmol-CO2/g-BA/h, and BA-3s: 0.01 mmol-

CO2/g-BA/h. The rates for BA-1, BA-2, and BA-3 were

about 30–50 times that of BA-3s.

SEM–EDS analysis

SEM images and EDS elemental mapping for untreated

and carbonated samples of BA-1 are shown in Fig. 3. The

surface of carbonated bottom ash particle seemed mostly

coated, while there were uneven micro-spaces in the un-

treated samples. Moreover, EDS semi-quantitative analysis

of some surfaces of untreated bottom ash for target ele-

ments (Cl, Ca, Cr, Cu, Zn, Cd, and Pb) revealed that Ca

was the highest, with an existence ratio of approximately

81 % (w/w %). Though X-ray diffraction analysis was not

performed in this study, it was guessed that mainly Ca

hydroxides changed into carbonates like Calcite and

Aragonite [22–24]. Cl, Pb, and Cd were distributed

similarly to Ca, but Cu, Zn, and Cr had low existence

ratios, and were almost uniformly present regardless of Ca.
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Fig. 2 Cumulative CO2 absorption amount for each sample (n = 3)
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Much time was likely required to infiltrate rain water inside

the particle by carbonation. Water passing between the

particle surface and internal micro-pores thought to be in-

tercepted due to the surface coating with the carbonates.

This reason increases the retention time of the con-

taminant-like cement mortar [25], and it was suggested to

be one of the factors that affects immobilization.

Leaching results of JLT18

JLT18 results of untreated, carbonated, and milled-after-

carbonation bottom ash for each sample are shown in

Table 2. For targeted elements, Cd was not detected in any

samples (less than 0.005 mg/L). pH ranged from 11.2 to

11.4 for untreated ashes, and decreased to 8.6–9.4 by

Fig. 3 SEM photographs and EDS elemental mapping of BA-1. a untreated bottom ash, b carbonated one before milling, and c EDS image of

untreated one
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carbonation. After milling, however, pH of each sample

increased to 9.5–10.8. The EC of milled-after-carbonation

samples were all bigger than those of untreated samples.

This suggested that soluble substances like many Cl com-

pounds were affected by milling. The leaching concentra-

tion of each element tended to be high for untreated

samples, and was decreased by carbonation. After milling

of carbonated samples, however, the concentrations were

high again. Therefore, the immobilization effect of each

element was likely weakened by the milling, which de-

stroyed the physical microstructure of the surface of bot-

tom ash particles. Comparing BA-3 with BA-3s,

concentrations of both Pb and Zn were almost the same,

but Cu and Cr of BA-3 were lower than those of BA-3s.

Leaching results of pH dependency test

The results of the pH dependency test for BA-3 and BA-3s

are shown in Fig. 4. In both samples, the concentrations of

each element after carbonation and milling were higher

than those after only carbonation. Cu and Ca were immo-

bilized by the physical containment due to carbonation

because the differences of their concentrations were large

before and after the milling. However, the concentrations

of Pb, Zn, and Cr before and after the milling did not

change so much. Especially, Cr concentration before and

after the milling was considerably lower than that of un-

treated ash. It was suggested that Cr was immobilized by

the physical containment due to carbonation.

To examine the influence of milling on elution con-

centration by milling, a ratio of the elemental concentration

of carbonated ash for that of carbonation and milling

(carbonation/carbonation and milling ratio) at each pH was

calculated using Eq. (1):

Carbonation/carbonation and milling ratio ¼ Ci;c

Ci;cm

ð1Þ

where Ci,c is the elemental concentration after carbonation

(mg/L), and Ci,cm is the one after carbonation and milling

(mg/L). The subscript i indicates each element.

The carbonation/carbonation & milling ratio is shown in

Fig. 5. The physical containment effect increases as the

ratio approaches 0. Conversely, the effect decreases as the

ratio approaches 1. For BA-3, the ratio was small at pH 7

and 9, which indicated that the effect of physical contain-

ment exceeded that at other pH. At pH 4 or 12, the ratio for

each element was big. The effect of containment may have

been lost due to the strong acid or alkaline condition while

the surface was coated by carbonation (see Fig. 3). For BA-

3s, the ratio was small at pH 9, so the containment effect

exceeded that at other pH, while the apparent trend was

only seen at pH 9.

Comparing Ca with other elements, the graph patterns

were similar for BA-3 rather than for BA-3s. This sug-

gested that Ca carbonates on the surface mainly controlled

leaching of other elements by accelerated carbonation of

BA-3, i.e., rapid carbonation. However, in BA-3s, which

was slowly carbonated, Ca on the surface reacted slower

than in BA-3. The chemical and/or mineralogical immo-

bilization effect in BA-3s seemed to exceed that of physical

containment.

Immobilization ratio due to containment

by carbonation

Among immobilization effect by carbonation, the ratio (%)

of physical containment effect to all immobilization effects

by carbonation, Pi, was calculated by the Eq. (2). In Fig. 4,

as the elution concentration of each element was influenced

by pH, the result of JLT18, when using pure water as the

solvent and pH were determined by sample’s own contents

(see Table 2), was used. The pH of the pure water was 7.1.

Table 2 Leaching results of JLT18

Sample Treatment pH EC (S/m) Ca (mg/L) Pb (mg/L) Cu (mg/L) Cr (mg/L) Zn (mg/L)

BA-1 Untreated 11.3 0.46 34.4 0.094 4.96 0.25 0.043

Carbonation 8.7 0.42 21.1 0.007 2.66 0.014 0.023

Carbonation and milling 10.6 0.56 29.6 0.067 3.20 0.15 0.027

BA-2 Untreated 11.4 0.57 39.4 0.034 4.91 0.52 0.062

Carbonation 9.4 0.47 34.4 \0.005 3.43 0.12 0.032

Carbonation and milling 10.3 0.61 36.6 \0.005 3.73 0.52 0.032

BA-3 Untreated 11.2 0.56 53.8 0.148 4.74 0.79 0.042

Carbonation 8.6 0.48 37.8 0.013 2.42 0.005 0.030

Carbonation and milling 9.5 0.71 46.9 0.045 3.56 0.45 0.034

BA-3s Carbonation 9.4 0.54 31.4 0.011 3.49 0.71 0.032

Carbonation and milling 10.8 0.59 37.8 0.030 3.64 0.73 0.035
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Pi ¼
Ci;cm � Ci;c

Ci � Ci;c
� 100 ð2Þ

where Pi is the ratio of the physical containment effect to

all immobilization by carbonation, Ci is the concentration

of untreated ash (mg/L), Ci,c is the concentration after

carbonation (mg/L), and Ci,cm is the concentration after

carbonation and milling (mg/L). The subscript i indicates

each element.

Pi is shown in Table 3. Note that Pi may change ac-

cording to the extent of milling. In this study, the mean

particle size of each sample after milling was ap-

proximately 1 lm. The Pi for each element was as follows:

Pb: 13.9–69.0 %, Cu: 12.0–49.1 %, Cr: 24.1–99.7 %, Zn:

20.0–33.3 %, and Ca: 28.9–63.4 %. Comparing the ratios

for BA-3 and BA-3s, which were the same bottom ash but

with different carbonation rates, the ratio for BA-3 was

bigger than that for BA-3s for all elements. This suggests

that physical containment is achieved more easily with

rapid carbonation (BA-3) than slow carbonation (BA-3s),

as indicated by the results shown in Fig. 5. However, im-

mobilization of heavy metals by rapid carbonation was

conversely suggested to be more unstable than the slow one

due to Ca carbonates such as CaCO3 on the surface.

For BA-1, BA-2, and BA-3, which underwent rapid

carbonation, the ratio of Zn was comparatively low. On the

other hand, the ratio of Cr was high. The leaching char-

acteristics of Cr, an oxyanionic metal, are more complex

[14], so the effect of immobilization by carbonation is not

apparent. As in the present study, Rendek et al. [26]

showed that Cr leaching was decreased by accelerated

carbonation of bottom ash, while Arickx et al. [27] reported

that Cr immobilization hardly occurred. Oppositely, Bone

et al. [28] indicated that carbonation enhanced Cr leaching
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by approximately one order of magnitude. Gerven et al. [6]

reported experimental results of bottom ash under changing

conditions of carbonation, CO2 concentration, temperature,

and humidity. They showed that Cr leaching concentration

was maximized after 6 h, but it decreased after a longer

treatment. The effect of carbonation is affected by the

heterogeneity of the combustible waste, condition of car-

bonation, reaction pathway and rate of content elements,

L/S ratio, pH, oxidation–reduction condition, particle size,

etc. [e.g., 29–31]. The leaching characteristics of content

elements likely differed according to the predominant

condition. This study indicated a possibility of physical

containment as one of the immobilization effects of content

elements by carbonation.

Conclusions

In this study, physical containment by carbonation as an

immobilization mechanism of heavy metal in MSWI bot-

tom ash was examined using untreated, carbonated, and

milled bottom ash after carbonation that was crushed with a

mortar to change the physical microstructure of the surface

of the particles.

The cumulative CO2 absorption amount by carbonation

was 0.68–2.22 mmol-CO2/g-BA. Comparing BA-3 and

BA-3s, which were the same bottom ash but with different

carbonation rates, the cumulative CO2 absorption amount

of BA-3s (slow carbonation) was twice that of BA-3 (rapid

carbonation).

On SEM images, the surface of carbonated bottom ash

particles seemed mostly coated, while there were abundant,

uneven micro-spaces on the surface of the untreated bottom

ash. EDS semi-quantitative analysis of some surfaces of

untreated bottom ash for target elements (Cl, Ca, Cr, Cu,

Zn, Cd, Pb) revealed that Ca was the highest, with an ex-

istence ratio of approximately 81 % (w/w %), which likely

changed into carbonates.

From the results of the Japan Leaching Test No. 18

(JLT18), a standard leaching test for soil pollution, milling

increased the pH and EC of carbonated bottom ash.

Especially, the ECs were all bigger than those of untreated

samples. This suggested that soluble substances, like many

Cl compounds, are affected by milling. The leaching con-

centration of each element tended to be high for untreated

samples, and was decreased by carbonation. After milling

of carbonated samples, however, the concentration became

high again. Therefore, the immobilization effect of each

element was likely weakened by milling, which destroyed

the physical microstructure of the surface of bottom ash

particles.

The ratio of carbonation/carbonation & milling was

calculated using the pH dependency test results of BA-3

and BA-3s. For BA-3, the ratio for each element was small

at pH 7 and 9 while at pH 4 and 12, the ratio was big. This

indicated that the effect of containment at pH 7 and 9

exceeded that at pH 4 and 12. This suggested that Ca

carbonates generated on the surface mainly controlled the

leaching of other elements in BA-3. However, in BA-3s,

which was slowly carbonated, Ca carbonation on the sur-

face reacted slower than that on BA-3. The chemical and/or

mineralogical immobilization effect in BA-3s likely ex-

ceeded that of physical containment.

To examine the immobilization effects by accelerated

carbonation, the ratio due to physical containment was
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Fig. 5 Carbonation/carbonation and milling ratio (BA-3, BA-3s)

Table 3 Ratio of physical containment effect against all immobi-

lization by carbonation (%)

Ca Pb Cu Cr Zn

BA-1 63.4 69.0 23.3 58.3 20.0

BA-2 44.4 a 20.3 99.7 a

BA-3 56.8 23.7 49.1 56.7 33.3

BA-3s 28.9 13.9 12.0 24.1 30.0

a means no effect of containment because the elution concentration

was equal before and after carbonation
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calculated using the results of JLT18. Comparing BA-3 and

BA-3s, the ratio for BA-3 was bigger than that for BA-3s.

This suggested that physical containment was achieved

more easily with rapid carbonation than the slow one.
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