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bstract

Bottom ash, a power plant waste, was used to remove the organic pollutants in coking wastewater and papermaking wastewater. Particular
ttention was paid on the effect of bottom ash particle size and dosage on the removal of chemical oxygen demand (COD). UV–vis spectra,
uorescence excitation-emission matrix (FEEM) spectra, Fourier transform infrared (FTIR) spectra, and scanning electron microscopic (SEM)
hotographs were investigated to characterize the wastewaters and bottom ash. The results show that the COD removal efficiencies increase with
ecreasing particle sizes of bottom ash, and the COD removal efficiency for coking wastewater is much higher than that for papermaking wastewater
ue to its high percentage of particle organic carbon (POC). Different trends of COD removal efficiency with bottom ash dosage are also observed

or coking and papermaking wastewaters because of their various POC concentrations. Significant variations are observed in the FEEM spectra
f wastewaters after treatment by bottom ash. New excitation-emission peaks are found in FEEM spectra, and the fluorescence intensities of the
eaks decrease. A new transmittance band in the region of 1400–1420 cm−1 is observed in FTIR spectra of bottom ash after adsorption. The SEM
hotographs reveal that the surface of bottom ash particles varies evidently after adsorption.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The treatment of coking wastewater and papermaking
astewater poses considerable problems in the wastewater treat-
ent industry. It is difficult to remove the complex inorganic

nd organic contaminants because most of these compounds
re refractory, highly concentrated, toxic, mutative and carcino-
enic and may produce long-term environmental and ecological
mpacts [1]. Furthermore, conventional biological and chemical
rocesses are insufficient in removing these contaminants [2],
nd more efforts on advanced processes for coking and paper-
aking wastewaters treatment are still necessary to reduce the

ischarge of contaminants and their adverse effect on environ-
ent. Adsorption technique is being widely used for wastewater
reatment due to its versatile and efficient ability to separate
wide range of chemical compounds, and easily operational

rocedures [3].

∗ Corresponding author. Tel.: +86 10 62767014; fax: +86 10 62767014.
E-mail address: sunweiling@iee.pku.edu.cn (W.-l. Sun).
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rganic pollutants

Bottom ash, a kind of waste material generated from ther-
al coal-fired power plants, is generally used in road bases and

uilding materials. In some areas, proper disposal of bottom ash
as been a cause of worry to the local governments due to its
xcessive amount [4]. Recently, there is growing interest in bot-
om ash utilization, particularly in the waste management, where
ottom ash is often used as a sorbent for various pollutants espe-
ially in water [3–14]. It has been found that bottom ash has
ood efficacy to remove dyes from aqueous solution, such as
uinoline Yellow [3], Brilliant Blue FCF [4], malachite green

5], Amaranth [6], Acid Orange 7 [7], Tartrazine [8], indigo
armine [9], erythrosine [10], Vertigo Blue 49 and Orange DNA
3 [11], Methyl Orange [12], Methyl Violet [13], and Metanil
ellow [14]. However, most of these previous researches are lim-

ted in the synthetic wastewaters. Few studies were conducted
sing bottom ash for removal of organic pollutants in practical
astewaters.

To develop a more suitable, efficient, cheap and easily acces-

ible type of adsorbent, an attempt was made in this research
o use bottom ash for removal of organic pollutants in coking
astewater and papermaking wastewater. Particular attention

mailto:sunweiling@iee.pku.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.10.063
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Table 1
Water quality of coking and papermaking wastewaters

Wastewater pH COD (mg/L) TOCa (mg/L) NH3-Nb (mg/L) TNc (mg/L) TPd (mg/L) Color (◦)

Coking 8.75 112.0 38.62 4.53 22.80 0.95 125
Papermaking 8.73 67.2 15.47 0.60 2.06 0.62 NDe

a TOC: total organic carbon.
b NH -N: ammonium nitrogen.
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emission (Em) range of 250–600 nm by 5 nm. The spectra were
obtained by subtracting Milli-Q water blank spectra, recorded
under the same conditions, to eliminate water Raman scatter
peaks.

Table 2
Characteristics of bottom ash

Chemical composition (wt.%) Value Mineral components (wt.%) Value

SiO2 51.87 Quartz 66
Al2O3 26.83 Mullite 10
Fe2O3 8.75 Potash feldspar 9
CaO 4.98 Plagioclase 4
K2O 1.45 Calcite 2
3
c TN: total nitrogen.
d TP: total phosphorus.
e ND: undetected.

as paid on the effect of bottom ash particle size and dosage
n the removal of chemical oxygen demand (COD). Character-
zations of wastewater and bottom ash were made by UV–vis
pectra and fluorescence excitation–emission matrix (FEEM)
pectra, and Fourier transform infrared (FTIR) spectra and scan-
ing electron microscopic (SEM) photographs, respectively.

. Materials and methods

.1. Raw wastewater

The coking wastewater used in the experiments was collected
rom the effluent of a coke plant in Shanxi province with the treat-
ent processes of anaerobic–aerobic biological treatment and

ero-valent iron treatment. The papermaking wastewater was
ampled from the outlet of the papermaking wastewater treat-
ent plant of the Gold East Paper Co., Ltd., located in Zhenjiang

ity, Jiangsu province. The papermaking wastewater was sub-
ected to primary clarifier, activated sludge process, and final
larifier in the wastewater treatment plant. Table 1 shows the
pecial chemical parameters of the wastewater samples used in
he experiments.

.2. Bottom ash preparation

Bottom ash was obtained from thermal power station (TPS)
f Gold East Paper Co., Ltd. The coal used by TPS of Gold
ast Paper Co., Ltd. was obtained from Shanxi province, and

he sulfur and ash contents of the coal are less than 1% and
5%, respectively. The samples were ground and screened to
ive different particle sizes such as 2.0–6.0 mm, 1.0–2.0 mm,
.45–1.0 mm, 0.2–0.45 mm, 0.074–0.2 mm, and <0.074 mm.
he chemical composition, surface area, and mineral compo-
ents of bottom ash were analyzed using X-ray fluorescence
pectrometer (ARL ADVANT’XP, Thermo Electron, USA),
urface area analyzer (ST-03, Beijing Analytical Instruments
ompany, China), and X-ray diffractophotometer (D/max-
A, Rigaku, Japan), respectively. The results are shown in
able 2.

.3. Influence of particle size and dosage
To examine the effect of particle size, 5 g of bottom ash with
specific particle size was added into a 100 mL triangular flask,
nd 50 mL wastewater was added. To investigate the influence
f bottom ash dosage, different quantities of bottom ash were

T
M
O

S

dded into a 100 mL triangular flask, and 50 mL wastewater was
oured.

All the experiments were carried out in a water-bath shaker
or 3 h at 25 ± 1 ◦C. Preliminary experiments showed that the
dsorption equilibrium is reached in 3 h. After equilibrium, the
ater samples were centrifugated at 5000 rpm for 15 min, and

hen the supernate was analyzed further.
All the experiments were performed in duplicate, and the

ean value of the parallel samples was calculated.

.4. Analytical method

COD of wastewater samples was measured by the potassium
ichromate oxidation method (Hach Heating System, Hach Cor-
oration, USA). The Color of wastewaters was determined using
ilution method. TOC of wastewater samples was analyzed by
uti TOC/TN 3000 Analyzer (Analytic Jena, Germany), and

issolved organic carbon (DOC) was determined after filtration
hrough a 0.45 �m pore size filter membrane. Particle organic
arbon (POC) was calculated by the difference between TOC
nd DOC.

The UV–vis absorption spectra of wastewaters were
easured from 200 nm to 800 nm using an UV-visible spec-

rophotometer (SPECORD 200, Analytik Jena, Germany) in a
cm quartz cell.

The FEEM spectra of the wastewater samples were recorded
ith F-4500 fluorometer (HITACHI, Japan). A 450-W Xenon

amp was used as the excitation source. FEEM were collected
very 5 nm over an excitation (Ex) range of 200–500 nm, with an
iO2 1.54 Lime 2
gO 0.41 Graphite 5
thers 4.17

urface area (m2/g) 1.25
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The infrared spectra of bottom ash samples were recorded
sing a VECTOR22 FTIR spectrometer (Bruker, Germany)
canning over the frequency ranged from 4000 to 400 cm−1 at
resolution of 1 cm−1. For the SEM analysis, Field-emission
canning Electron Microscope (XL30SFEG, FEI, Netherlands)
as employed.

. Results and discussion

.1. Effect of particle size

.1.1. COD removal
In general, the COD removal efficiencies are found to increase

ith decreasing particle sizes of the bottom ash (Fig. 1) for cok-
ng wastewater and papermaking wastewater. This is consistent
ith the results observed by Gupta et al. [5], Gupta [7], and Mittal

t al. [8,9,12–14]. The COD removal efficiency increases from
0.0% to 35.0% for coking wastewater, and from 5.3% to 11.1%
or papermaking wastewater with the decrease of particle sizes
rom 2–6 mm to 0.074–0.2 mm. The COD removal efficiencies
y <0.074 mm of bottom ash are 45.0% and 40.6%, respectively,
or coking wastewater and papermaking wastewater. Moreover,
he COD removal efficiencies for coking wastewater are much
igher than those for papermaking wastewater. This may result
rom the various compositions of organic matters in coking
astewater and papermaking wastewater.
To investigate the composition of organic components in

oking wastewater and papermaking wastewater, the 0.45 �m
embrane was used to determine the concentrations of POC

nd DOC in wastewaters [15]. As shown in Fig. 2, the POC
nd DOC concentrations are 6.56 mg/L and 32.06 mg/L for cok-
ng wastewater, and 0.36 mg/L and 15.11 mg/L for papermaking
astewater. The percentage of POC in TOC is 17.0% for coking
astewater, and only 2.3% for papermaking wastewater. The

OC is more easily removed than DOC by bottom ash. There-
ore, the COD removal efficiency for coking wastewater is much
igher than that for papermaking wastewater due to its high
ercentage of POC.

ig. 1. COD removal efficiency for different particle sizes of bottom ash at
5 ◦C. Adsorbent dosage = 10 g/100 mL, pH = 8.75 (coking wastewater) and 8.73
papermaking wastewater).
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ig. 2. POC and DOC distribution in coking and papermaking wastewaters.

.1.2. Color and OM275 removal
Fig. 3 presents the UV–vis absorption spectra of coking

astewater and papermaking wastewater. An absorption band
s observed in the UV region of 275 nm for the papermak-
ng wastewater, while a weak absorption peak at 430 nm is
ound for the coking wastewater. The absorption in the UV
egion of 275 nm represents the abundance of aromatic rings
n organic matter structure [16]. Absorbing light in the visi-
le region (400–800 nm) means the compound looks colored.
ig. 3 reveals that there are aromatic chemicals in papermaking
astewater, and the color of the coking wastewater is visible.
s illustrated in Table 1, the color of the coking wastewater is
25◦ (dilution factor).

The organic matters, absorbing UV-light at 275 nm, in paper-
aking wastewater is defined as OM275 here, and the removal

fficiencies of color and OM275 were further analyzed for coking
astewater and papermaking wastewater respectively.
For coking wastewater (Fig. 4(a)), the color removal effi-

iency increases with decreasing particle sizes of bottom ash,
nd varies from 4.0% to 76.0% with particle sizes ranging from
–6 mm to <0.074 mm. Furthermore, the removal efficiency of
olor is higher than that of COD for bottom ash with smaller
article sizes, and it is contrary for bottom ash with larger par-
icle sizes. This implies greater effect of particle size on color

emoval than COD removal for coking wastewater.

For papermaking wastewater, the removal efficiency of
M275 increases slowly with the decrease of particle sizes

Fig. 3. UV–vis spectra of coking and papermaking wastewaters.
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ig. 4. Color removal for coking wastewater (a) and OM275 removal for paper-
aking wastewater (b) at 25 ◦C. Adsorbent dosage = 10 g/100 mL, pH = 8.75

coking wastewater) and 8.73 (papermaking wastewater).

rom 2–6 mm to 0.2–0.45 mm, and then rises significantly
or 0.074–0.2 mm and <0.074 mm of bottom ash (Fig. 4(b)).
omparing Fig. 4(b) with Fig. 1, greater removal efficiencies
f OM275 are observed than those of COD for papermaking
astewater. Especially for the bottom ash samples with smaller
article sizes, the maximum removal efficiency of OM275 is up to

9.0%, while that of COD is only about 40.6% for papermaking
astewater. This suggests that the aromatic organic matters are
ore easily removed by bottom ash than other kinds of organic

omponents in papermaking wastewater.

a
b
m
F

Fig. 5. COD removal at different bottom ash dosages. Temperature = 25 ◦C; (a
Materials 154 (2008) 595–601

Because of the relative higher removal efficiencies of COD,
olor, and/or OM275 for 0.074–0.2 mm and <0.074 mm of bot-
om ash, the following experiments were carried out only using
hese two different particle sizes of bottom ash.

.2. Effect of bottom ash dosage

The effect of bottom ash dosage was investigated by increas-
ng the dosage of bottom ash from 0.5 g/100 mL to 18 g/100 mL.
enerally, similar trends (Fig. 5) are found for two different
article sizes of bottom ash (0.074–0.2 mm and <0.074 mm).
t is found that the COD removal efficiency initially increases
teeply, and then gradually with the increase of bottom ash
osage for coking wastewater (Fig. 5(a)). This is in agreement
ith previous studies [4,5,8,9,12]. The maximum COD removal

fficiencies, 34.8% for 0.074–0.2 mm of bottom ash and 44.0%
or <0.074 mm of bottom ash, are found at bottom ash dosage
f 8 g/100 mL for coking wastewater.

However, two stages of the COD removal efficiency are
bserved with rising bottom ash dosages for papermaking
astewater (Fig. 5(b)). The COD removal efficiency increases
radually at bottom ash dosage lower than 8.0 g/100 mL,
harply at bottom ash dosage ranging from 8.0 g/100 mL to
2.5 g/100 mL, and then gradually. The maximum COD removal
fficiencies, 27.8% for 0.074–0.2 mm of bottom ash and 45.8%
or <0.074 mm of bottom ash, are obtained at bottom ash dosage
f 12.5 g/100 mL for papermaking wastewater.

Comparing Fig. 5(a) with Fig. 5(b), different trends of COD
emoval efficiency with bottom ash dosage are observed for
oking wastewater and papermaking wastewater. This may be
scribed to the various compositions of organic matters in these
wo kinds of wastewaters. From the chemical constituents of
he bottom ash (Table 2), it is found that bottom ash is rich in
luminum and iron oxides, and their contents make up about
5.6% of the bottom ash. Both compounds are the essential raw
aterials for the production of water and wastewater treatment

oagulants [17]. Therefore, besides adsorption bottom ash could
emove organic matters, especially particle organic matters, in
astewater via coagulation due to its high contents of aluminum
nd iron oxides. At lower bottom ash dosage, coagulation may
e the main mechanism for COD removal, and the adsorption
echanism becomes dominating with rising bottom ash dosage.
urthermore, the POC is mainly removed via coagulation, while

) coking wastewater, pH = 8.75; (b) papermaking wastewater, pH = 8.73.
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ig. 6. FEEM spectra of coking wastewater: (a) raw coking wastewater, (b) aft
ottom ash.

ost of the DOC is removed via adsorption. As shown in Fig. 2,
he percentage of POC in TOC for papermaking wastewater is

uch lower than that for coking wastewater, and this may result
n the two stages of the COD removal efficiency with rising
ottom ash dosage for papermaking wastewater (Fig. 5(b)).

.3. FEEM variations of wastewaters

Fig. 6 presents the fluorescence spectra of coking wastewa-
er before and after treated by bottom ash. Significant variations
re observed for the FEEM spectra of coking wastewater after
dsorption by bottom ash. One intense excitation–emission
eak, located at Ex/Em = 400 nm/470 nm, is observed for raw

oking wastewater (Fig. 6(a)). After adsorption by bottom ash
(Fig. 6(b) and (c)), four typical excitation–emission peak are
ound, and they center at Ex/Em = 340–360 nm/460–470 nm,
x/Em = 250–260 nm/440–450 nm, Ex/Em = 310–320 nm/390–

e
f
b
(

ig. 7. FEEM spectra of papermaking wastewater: (a) raw papermaking wastewater
0.074 mm of bottom ash.

Fig. 8. FTIR spectra of bottom ash (particle size <0.074 mm) before and a
orption by 0.074–0.2 mm of bottom ash, (c) after adsorption by <0.074 mm of

00 nm, and Ex/Em = 280 nm/310 nm, respectively. Moreover,
he lowest fluorescence intensities of these four peaks are
bserved for wastewater after adsorption by <0.074 mm of bot-
om ash due to its highest removal efficiency of COD (Fig. 1).

Similar to coking wastewater, evident changes are found for
he FEEM spectra of papermaking wastewater after adsorp-
ion by bottom ash (Fig. 7). Two characteristic excitation-
mission peak, located at Ex/Em = 340 nm/430 nm and Ex/Em =
80 nm/435 nm, are observed for raw papermaking wastew-
ter (Fig. 7(a)). After adsorption by bottom ash ((Fig. 7(b)
nd (c)), three typical excitation-emission peak located at
x/Em = 300 nm/380–390 nm, Ex/Em = 240 nm/390 nm, and
x/Em = 240 nm/320–350 nm are found. Furthermore, the low-

st fluorescence intensities of these three peaks are observed
or wastewater after adsorption by <0.074 mm of bottom ash
ecause of its highest removal efficiencies of COD and OM275
Figs. 1 and 4(b)).

, (b) after adsorption by 0.074–0.2 mm of bottom ash, (c) after adsorption by

fter adsorption: (a) coking wastewater, (b) papermaking wastewater.
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Compared to coking wastewater (Fig. 6), it is found that
he excitation wavelengths of fluorescence peaks observed for
apermaking wastewater (Fig. 7) shift to UV light region. This
uggests that the organic matters in papermaking wastewater are
ore prone to absorb UV light, while organic matters in coking
astewater are apt to absorb visible light. This also proves the

esults demonstrated in Fig. 3 that an absorption band is observed
n the UV region and visible region for papermaking wastewater
nd coking wastewater, respectively. Moreover, different FEEM
pectra of raw wastewaters (Fig. 6(a) and 7(a)) also confirm the
arious compositions of organic matters in coking wastewater
nd papermaking wastewater.

Although FEEM spectra, an easily measured method, has
een widely used to determine the characteristics of organic
atters in various samples [18,19], further researches on the

elation between the organic components in water samples and
ts fluorescence characteristics should be made to explain the
EEM variations of wastewaters.

.4. Variation of bottom ash characteristics

.4.1. FTIR spectra
FTIR spectroscopy provides structural and compositional

nformation on the functional groups presented in the sam-
les. As illustrated in Fig. 8, the FTIR spectra of bottom ash
how four typical broad transmittance bands in the region of
450 cm−1, 1065 cm−1, 785 cm−1, and 455 cm−1. The band
entered at 3450 cm−1 probably arises from H-bonded OH
roups of water molecule, and can be attributed to interaction of
he water hydroxyl with the cations; the strongest band centered
t 1065 cm−1 may be due to vibrations of the internal tetra-
edron ties Si–O–Si and Si–O–Al; the band at 785 cm−1 may
epresent the bending vibration of carbonate, means the pres-
nce of calcite or calcite with magnesium; the band at 455 cm−1

ay result from Si–O–Si bending vibrations [20–23]. The peaks
bserved in the FTIR spectra confirm the presence of quartz,
ullite, potash feldspar, plagioclase, and calcite in bottom ash.
his is consistent with the chemical constituents and mineral
omponents of bottom ash shown in Table 2.

After adsorption, an evident transmittance band in the region
f 1400–1420 cm−1 is found in the infrared spectra of bottom
sh. This band may be attributed to the –OH and –CO deforma-
ion from alcoholic and phenolic –OH, and –COO-symmetric
tretch [20], and the organic pollutants containing these func-
ional groups are widely exited in coking wastewater and
apermaking wastewater. Lai et al. [2] found that the dominant
ompounds in coking wastewater after zero-valent iron treat-
ent process were ester compounds. Ghoreishi and Haghighi

24] reported that more phenol compounds were produced in
ulp and paper mill wastewater after biological treatment. The
esult demonstrated by Fig. 8 reveals that the organic pollutants
n coking wastewater and papermaking wastewater are adsorbed
y bottom ash.
.4.2. SEM photographs
The SEM photograph of raw bottom ash (Fig. 9(a)) recog-

izes the surface of bottom ash granules is uneven, and reveals

t
t
a
n

ig. 9. SEM photographs of bottom ash (particle size <0.074 mm) at magnifi-
ation of 2000: (a) raw bottom ash, (b) after adsorption of coking wastewater,
c) after adsorption of papermaking wastewater.

he porosity of the samples. The large fractions of bottom
sh consist of either hollow spheres or hollow spheres packed
ith large numbers of smaller spheres. Microcrystals are also
bserved on the surface of the particles, and this may indicates

he presence of mullite, quartz, and the typical plerospheres con-
aining Si, Al, Ca, Na, and small amounts of Fe [25]. This is in
ccordance with the chemical constituents and mineral compo-
ents of bottom ash illustrated in Table 2.



rdous

p
d
a
t
s
a
t

4

d
e
p
c
d
a
c
r
r
c
v
a
m
F
o
o
i
s
r
a
t
w
t
a

A

t
t
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

W.-l. Sun et al. / Journal of Haza

After adsorption (Fig. 9(b) and (c)), the surface of bottom ash
articles varies significantly. A large numbers of small spheres
isappear, and most of the hollow holes in bottom ash surface
re packed with large amount of pollutants. Moreover, it appears
hat more evident changes for the configuration of bottom ash
urface occur after adsorption of papermaking wastewater than
fter adsorption of coking wastewater. This may be related to
he chemical components of these two kinds of wastewaters.

. Conclusion

The COD removal efficiencies of wastewaters increase with
ecreasing particle sizes of bottom ash, and the COD removal
fficiency for coking wastewater is much higher than that for
apermaking wastewater due to its high percentage of parti-
le organic carbon (POC). Under conditions of bottom ash
osage of 10 g/100 mL and <0.074 mm of particle size, it can
chieve 45.0% COD removal and 76.0% color reduction for
oking wastewater, and 40.6% COD removal and 79.0% OM275
eduction for papermaking wastewater. Different trends of COD
emoval efficiency with bottom ash dosage are observed for
oking wastewater and papermaking wastewater due to their
arious compositions of organic matters. Significant variations
re observed for the FEEM spectra of wastewaters after treat-
ent by bottom ash. New excitation-emission peaks are found in
EEM spectra of wastewaters, and the fluorescence intensities
f the peaks decrease. A new transmittance band in the region
f 1400–1420 cm−1, attributed to the organic matters contain-
ng –OH, –CO, or –COO– functional groups, is found in FTIR
pectra of bottom ash after adsorption. The SEM photographs
eveal that the surface of bottom ash particles varies evidently
fter adsorption. The experimental results underline the poten-
ial of bottom ash for the removal of organic pollutants from
astewaters. However, further investigation on column opera-

ions should be made to assess the practical utility of the bottom
sh.
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