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Abstract Surface complexation modeling based on diffuse

double layer model (DDLM) has been employed to simulate

the leaching behaviors of radionuclides (i.e., 60Co2?, 63Ni2?,
64Cu2? and UO2

2?) on fly ashes from hospital wastes. The fly

ashes were characterized by X-ray diffraction (XRD),

potentiometric acid–base titration, and scanning electron

microscopy (SEM). The effect of pH, the ratio of solid-to-

liquid (RSL), and particle size on the leaching of radionuc-

lides was also conducted under the batch techniques.

According to XRD patterns analysis, the main components

of fly ashes was determined to be quartz and clay minerals

such as kaolinite, illite and smectite. The site density and

pHPNZC (pH at point of net zero charge) of fly ashes calcu-

lated from potentiometric titration data was found to be

4.53 9 10-4 mol/g and 7.4, respectively. One can see that

the small amount of metal oxides attached on the surface of

fly ashes by SEM images, corrosion surface of fly ashes was

observed after leaching experiments. Results of the batch

leaching experiments indicated that the leaching amount of

radionuclides in fly ashes significantly depended on pH, the

ratio of solid-to-liquid, and particle size. It is found that the

leaching amount of radionuclides decreased in the order of
64Cu2? � 63Ni2? [ 60Co2? [ UO2

2? under the different

pH, the RSL or particle size conditions. In this paper, DDLM

has successfully been applied to describe the leaching

behaviors of radionuclides from fly ashes. This research

provides critical information for application of surface

complexation modeling on the simulation of radionuclides

leaching from fly ashes, which would clarify the leaching

mechanism of radionuclides from fly ashes.
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Introduction

Medical waste from hospitals and other healthcare insti-

tutions has become an imperative environmental and public

safety problem, which has become one of the most urgent

environmental problems in China after the outbreak of

severe acute respiratory syndrome (SARS) in 2003 [1].

There are 14000 tons of medical wastes produced annually,

of which only a small proportion is incinerated [2].

Incineration has become the main treatment method for

medical waste disposals, which can be very effective in

minimizing the most hazardous and infectious health-care

waste. incineration processes, however, emit large amounts

of particulate matter (PM) (e.g., bottom and fly ashes) and

air pollution-control residues with high content of heavy

metals [3], inorganic salts and other organic compounds

(e.g., dioxins), as well as radionuclides [4].

Although the technological and economical benefits

were the main reasons for the use of fly ashes such as

adsorbents [5, 6], the prevention of environmental con-

tamination by means of proper waste disposal becomes

a priority. Fly ashes are hazardous to health when one

inhaled or ingested due to occurrence of radionuclides in

fly ashes [7], which can come back to human beings

through the several channels such as bioaccumulation [8].

Enrichment of the radionuclides in fly ashes is observed

during the combustion process. Most radionuclides are

controlled and enforced to sequestrate under the limit of
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permission leaching by the sorption of clay minerals and

quartz from fly ashes.

The chemical behaviors of radionuclides in fly ashes and

other adsorbent have been studied in recent years exten-

sively [9–13]. Zielinski et al. [14] studied the distribution

and relative abundance of radionuclides in fly ash and

bottom ash systematically and found uranium was largely

dispersed within glassy components of fly ashes particles.

Karangelos et al. [15] detailed the natural radioactivity of

radionuclides (i.e., 238U, 226Ra, 232Th and 210Pb) of ashes

from Greek lignite-fired power plants and concluded that

the radioactivity of some natural nuclides was gradually

enhanced. Rahman et al. [16] used different mathematical

models (e.g., first-order reaction model, diffusion model

and collective model) to simulate the leaching character-

istics of radionuclides from incineration ashes. Surface

complexation modeling (SCM) has also been employed to

fit the interaction between radionuclides and adsorbents,

such as U(VI) sorption on bentonite [17] and on kaolinite

[18], Eu(III) sorption on MX-80 bentonite [19], Sr(II)

sorption on hydrous zirconium oxide [20]. However, to our

knowledge, few studies on simulation of leaching behav-

iors of radionuclides from fly ashes by using SCM tech-

nique have been observed.

In this study, the fly ashes were characterized by X-ray

diffraction (XRD), potentiometric acid–base titration,

and scanning electron microscopy (SEM). The leaching

experiments of radionuclides from fly ashes as a function

of pH, the ratio of solid-to-liquid (RSL) and particle size

were investigated by batch technique. The purpose of this

study was: (1) to characterize the microscopic and mac-

roscopic properties of fly ashes, (2) to study the effect of

pH, RSL and particle size on radionuclides leaching from

fly ashes, and (3) to simulate the leaching behaviors of

radionuclides from fly ashes by using SCM technique.

Experimental

Elemental component of fly ashes

Fly ashes used in this study were sampled from Huangshan

People’s Hospital waste incinerators, where located in the

southern China (Fig. 1). The particle size of fly ashes were

wet-sieved to obtain \2.0, 2–100 and 100–200 fractions,

which corresponded to the clay fraction, sludge fraction,

and sand fraction. It is found that approximately 90 % of

sand fraction was observed in terms of gravitational sepa-

ration methods [21], therefore the final products were

ground to a particle size of less than 150–200 lm because

this enhanced homogeneity and minimized occlusion

occurring in large insoluble particles and speeded up

equilibrium in leaching experiments.

Characterization of fly ashes

The elemental components of fly ashes were measured by

X-ray fluorescence (XRF-2000, South Korean) analyzer.

The fly ashes were characterized by XRD, potentiometric

titration, and SEM. The XRD measurements were mounted

by Cu Ka radiation generated in the Phillips XRG 300 X-ray

diffractometer at step scan increment of 0.2� and a dwell

time of 2 s. The potentiometric acid–base titration mea-

surements were performed with a Mettler automatic titrator

(DL5X, Switzerland) under N2 conditions to eliminate the

influence of atmospheric CO2. Subsamples of the materials

investigated of approximately 0.1 g in 40 mL 0.01 mol/L

NaClO4 were placed in a container maintained at 25 �C and

equilibrated overnight with the electrolyte solution. The

SEM measurements were recorded by using a field emission

scanning electron microscope (FEI-JSM 6320F, Japan).

The batch leaching experiments

The leaching of 60Co2?, 63Ni2?, 64Cu2? and UO2
2? from

fly ashes as a functional of pH, RSL and particle size was

investigated by batch technique. The radionuclide leach-

ability was conducted by the acetic acid standard leaching

test. A weighted amount of fly ashes were immersed in

500 mL leachate (acetic acid) and stirred vigorously for

8 h to obtain different pH, RSL and particle size at 20 �C

under continuous stirring conditions. Afterwards, the sus-

pensions were left undisturbed for more than 16 h to allow

complete settling of the fly ashes. After 24 h of equilib-

rium, the final pH was recorded, and the suspensions were

filtered through 0.2 lm membrane filters. The concentra-

tion of 60Co2?, 63Ni2?, 64Cu2? and UO2
2? from aqueous

solution was carried out with liquid scintillation counting

(Packard 3100 TR/AB, PerkinElmer).

Application of surface complexation modeling

The geochemical speciation code PHREEQC version was

used to simulate desorption reactions of 60Co2?, 63Ni2?,
64Cu2? and UO2

2? from fly ashes. Parameters to the standard

PHREEQC databases are presented in Table 3. Diffuse

double layer model (DDLM) and database with surface

complexation reactions has been employed in this study [22].

Results and discussion

Element analysis in fly ashes

The elemental components of fly ashes were tabulated in

Table 1. The contents of metal oxides are very high (22.3

and 20.6 % as CaO and SiO2 respectively). Most of the
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radionuclides in the fly ashes are in the trace amount

range of 0.001–0.01 %, including 64Cu2? (24.5 mg/kg),
63Ni2? (0.943 mg/kg), 60Co2? (0.376 mg/kg), and UO2

2?

(0.082 mg/kg). It is obvious to find that the concentration

of copper in fly ashes is significantly higher than other

radionuclides such as nickel, cobalt and uranium. Because

hospital wastes in China usually contain high amount of

plastic matter, which copper and nickel are usually used as

additive in these plastics such as medical adhesive plaster,

as well as in alloys for needle, syringe production and

rubber from hospitals. For example, PVC used in medial

apparatus generally contains copper, and this type of

plastics also contains high levels of chlorine (Cl), which is

consistent with the above element analysis (Cl, 8.6 %) very

well. The other radionuclides (e.g., 63Ni2?, 60Co2? and

UO2
2?) were also generally used in medicines, photo-

graphic materials and medial tools in the medical field.

Characterization of fly ashes

The fly ashes were characterized by XRD, potentiometric

titration and SEM techniques (Fig. 2). As shown in Fig. 2a,

the main components of fly ashes at \2 lm fraction

exhibited the clay minerals, such as kaolinite, illite, and

montmorillonite. It is worthwhile to point out that the iron

oxide (e.g., hematite) was observed in terms of analysis

of XRD patterns at \2 lm fraction. For fly ashes at

200–300 lm fractions, however, the only quartzes dif-

fraction was found due to occurrence of the large number

of quartzes at sand fraction.

The potentiometric acid–base titration was performed at

0.01 mol/L NaClO4 in order to determine the surface

properties of fly ashes. The site density (TOTSOH) and

pHPZC (pH at point of zero charge) of fly ashes can be

calculated by Eqs. (1) [23] and (2) [24] respectively:

TOTSOH ¼ 0:5� Hþ½ �sampleþwater� Hþ½ �water

� �
ð1Þ

pHPZC ¼ 0:5� pK1 þ pK2ð Þ ð2Þ

where [H?]sample?water and [H?]water refers to the concen-

tration of consumed H? with and without samples by acid

titration from pH 11.0–3.0 respectively. The pK1 and pK2

are the surface acidity constants obtained from acid–base

titration. As shown in Table 1, the total concentration of

surface active sites was calculated to be 4.53 9 10-4 mol/g,

the pHPZC of fly ashes was calculated to be 7.4.

The morphology of fly ashes was characterized by SEM.

As shown in Fig. 2c, d, the flake-like clay minerals coated

metal oxides (black dots) in the fly ashes were observed before

leaching experiments (Fig. 2c), which is consistent with of

Fig. 1 The fly ashes from

incinerator of Huangshan

People’s Hospital (Huangshan,

Anhui, Southeastern China)

Table 1 The elemental components of fly ashes from hospital waste incinerators

Components CaO SiO2 SO3 Cl Al2O3 Fe2O3 ZnO K2O Na2O MgO TiO2

Content (%) 22.3 20.6 17.9 8.6 7.2 7.9 3.86 1.55 3.2 2.4 2.4
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results of XRD pattern at clay fraction. Fly ashes, however,

presented severely dissolved after leaching experiments

(Fig. 2d). A large amount of metal oxides or hydroxides were

dissolved by 0.01 mol/L acetic acid overnight.

pH effect

The 64Cu2?, 63Ni2?, 60Co2? and UO2
2? leaching from fly

ashes as a functional of pH over the wide range 2.0–12.0

were conducted by batch technique. It is found that the

amount of radionuclides leaching from fly ashes was sig-

nificantly decreased with increasing pH. Approximately

5000 lg/kg of 64Cu2? was leached from fly ashes, followed
63Ni2? (ca. 300 lg/kg), 60Co2? (*60 lg/kg) and UO2

2?

(30 lg/kg) at pH 2.0 (Fig. 3).

The ratio of solid to liquid effect

The effect of the ratio of solid-to-liquid (RSL) on radio-

nuclides leaching was also carried out by batch technique

(Fig. 4). As shown in Fig. 4, the amount of radionuclides

leaching was marked decreased with increasing the RSL

from 10.0 to 60.0 g/L. At RSL = 20 g/L, the maximum

leaching amount of 64Cu2? is found to be *5000 lg/kg,

which is consistent with the results of 64Cu2? leaching at

pH 2.0. The leaching amount of radionuclides decreased

in the order of 64Cu2? � 63Ni2? [ 60Co2? [ UO2
2? in

terms of RSL-dependent experiments (Table 2).

Particle size effect

According to XRD patterns analysis, the main components

of fly ashes varied with particle size. Therefore, it is

observed that the different particle size significantly effects

the leaching of radionuclides from fly ashes. As shown in

Fig. 5, one can see that the amount of 64Cu2?, 63Ni2? and

UO2
2? leaching obviously decreases with increasing par-

ticle size. The amount of 63Ni2? leaching, however, pre-

sented dramatically fluctuation with increasing of particle

size of fly ashes. It is plausible to assume that the most
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Fig. 2 Characterization of fly
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content of 64Cu2?, 63Ni2? and UO2
2? focuses on the clay

fraction, but clay and sludge fraction dominate the most

content of 63Ni2? in fly ashes.
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Fig. 3 The effect of pH on

radionuclides leaching from fly
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(RSL) = 50 g/L, particle
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Table 2 The surface parameters of fly ashes

Sample SBET (m2/g) Site density (mol/g) pHPZC

Fly ashes 184.4 4.53 9 10-4 7.4
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Application of surface complexation modeling

The highlight of this paper is application of SCM technique

on the simulation of 60Co2?, 63Ni2?, 64Cu2? and UO2
2?

leaching from fly ashes. The DDLM technique is employed

to simulate the leaching behaviors of radionuclides from fly

ashes by using the PHREEQC computer code. As shown in

Fig. 3, 4, 5, the leaching behaviors of 60Co2?, 63Ni2?, 64Cu2?

and UO2
2? from fly ashes can be described quite well based

on DDLM technique over the whole range of pH values, the

ratio of solid-to-liquid and particle size in terms of two sur-

face reactions and corresponding chemical equilibrium

parameters (Table 3).

Conclusions

The morphology and surface properties of fly ashes were

characterized by XRD, potentiometric acid–base titration

and SEM. It is observed that the leaching behaviors of
60Co2?, 63Ni2?, 64Cu2? and UO2

2? from fly ashes were

influenced by environmental factors such as pH, the ratio of

solid-to-liquid and particle size. Results of surface com-

plexation modeling showed that the leaching of radionuc-

lides from fly ashes can be well described by DDLM

technique.
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