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a b s t r a c t

A one-step thermal process at 1050 ◦C and 1150 ◦C including bloating and sintering reactions produced
lightweight aggregates (LWAs) with an apparent particle density of 2.08 and 1.18 g cm−3, respectively, from
pellets made of the sediment of a local reservoir. The roles of Fe compounds occurred in the sediment
in bloating mechanism were determined with X-ray absorption spectroscopy (XAS) technique. About
vailable online 6 June 2009
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59 at% of the total Fe is in forms of Fe2+ in the raw sediment; whereas most Fe was oxidized to Fe3+ in all
LWAs, except in core part of the LWA produced at 1150 ◦C. The bloating reactions occurred in the core of
the 1150 ◦C LWA is suggested to be mainly associated with the decomposition of FeSO4 into FeO with a
concomitant release of SO2, SO3, and O2; the valence state of Fe was not changed. The generally accepted
mechanism – the chemical reduction of Fe2O3 component to FeO with a release of O2 is responsible for

– is
loating process
e K-edge XAS

the bloating phenomenon

. Introduction

Deposited sediments in reservoirs in Taiwan are attributed to
he scouring out of mudstone. The sediments have been severely
hrinking the water-storage capacity of all Taiwan reservoirs; thus,
redging the sediments is an important issue for the governmen-
al authority. Although the sediments used to be treated as wastes
hich needed proper disposal of, they are so rich in shale, slate,

nd clay that they can be recycled and serve as raw materials in
he sector of construction engineering, as well as ceramics man-
facture. Because the sediments can release gases when they are
eated at high temperature, a previous study has used them to
repare lightweight aggregate (LWA) by the use of bloating and
intering processes in Taiwan [1]. Furthermore, given the adverse
nvironmental impact and the potential depletion of natural min-
ral resource (e.g., clay, volcanic ash, pumice, siliceous rock, and
thers) suitable for preparing LWA, there is a trend to recycle wastes
e.g., reservoir sediment, sewage sediment and others) as a substi-
ute for the natural mineral resource.

Two types of reactions are required for LWA formation from
eating various suitable raw materials, as agreed by all previous
WA-related researches [1–3]. First, gases serving as bloating agents

ave to be released to create pores when the raw material is heated
t a high temperature, the reaction being termed “bloating or vesi-
ant reaction” [1–3]. Second, a glassy surface needs to be formed
hrough sintering reaction when the raw material is heated at the

∗ Corresponding author. Tel.: +886 42 359 1368; fax: +886 42 359 6858.
E-mail address: yulin@mail.thu.edu.tw (Y.-L. Wei).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.122
not observed in present study.
© 2009 Elsevier B.V. All rights reserved.

high temperature [1–3]. The glassy surface formed by the sintering
reaction needs to encapsulate the gases released by the bloating
reaction to produce LWA. Riley pointed out that the temperature
range of 1000–1300 ◦C was most appropriate for the sintering and
bloating reactions to take place to prepare LWA from clay mineral
[4]. Being the fourth abundant element in the earth crust (i.e., sec-
onded to O, Si, and Al), Fe compounds plays an important factor
in the bloating reactions because they have been considered to
release gases during the heating process [4,5]. Riley has considered
the following chemical reactions for various Fe compounds in clay
to bloat during LWA formation [4]; and thus far while considering
Fe compounds as bloating components, most studies have gener-
ally agreed that these chemical reactions are responsible for the
bloating mechanisms.

2Fe2O3 → 4FeO + 1O2↑ (1)

6Fe2O3 → 4Fe3O4 + O2↑ (2)

2FeS + 3O2 → 2FeO + 2SO2↑ (3)

Note that rxs (1) and (2) involve the decomposition of Fe2O3
with a concomitant release of O2 that is responsible for the bloating
mechanism. In order to let (3) occur, both sufficient oxygen source
and good contact between the oxygen and FeS are required. The first
decomposition reaction (i.e., (1)) chemically reduces trivalent Fe to
divalent Fe, and (2) reduces the average oxidation state from 3+ to
2.67+. Note that the reaction product Fe3O4 in (2) is a composite salt

(i.e., Fe2O3·FeO); thus (2) can be conceptually regarded as partial
decomposition of Fe2O3 into FeO. This can be better understood by
rewriting (2) as the following expression:

6Fe2O3 → 4(Fe2O3·FeO) + O2↑ (4)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yulin@mail.thu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.05.122
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Further, in contrast to rxs (1) and (2), (3) involves no change in
he oxidation state of Fe.

Although the bloating mechanisms attributed to the chemical
eactions involving Fe compounds for LWA formation have been
ccepted for more than half a century, to the best of our knowledge,
o far rxs (1)–(3) have simply been proposed based on the infor-
ation of general chemistry with very limited direct evidences.

ecently, the change in valence state of Fe in a harbor sediment after
he sintering/bloating process at elevated temperatures has been
etermined with synchrotron-based X-ray absorption spectroscopy
XAS) [6]. In contrast to the generally accepted mechanism that the
verage oxidation state of Fe would decrease or remain unchanged
uring the sintering/bloating process, they observed an increase

n the Fe oxidation state after the sintering/bloating process based
n the shift of the main edge peaks in their X-ray absorption near
dge structure (XANES) spectra [6]. However, they failed to quan-
ify the distribution of Fe species in their LWAs because the XANES
imulation results from their samples were unsuccessful. The poor
ANES simulation probably resulted from the influence of chlo-

ides which have relatively low melting points and flow easily to
eact with other components present in the harbor sediment to
orm composite salt(s).

It might be reasonable to consider the aforementioned reactions
rxs (1)–(3)) as bloating reactions associated with Fe compounds
rom the aspects of chemistry. Nevertheless because Fe in raw mate-
ial, such as harbor sediment, reservoir sediment and clay, may be
resent in various species, knowledge of quantitative distribution
f various Fe species in the raw material and the produced LWAs
ould provide useful information for understanding the mech-

nisms of bloating when considering Fe compounds as bloating
gents. Although it has been difficult to gain insight into the roles
f various Fe compounds in bloating process, with the usage of
AS in present work to study LWA formation, this difficulty may be
ased.

Synchrotron-based XAS technique has emerged to provide infor-
ation needed for a long-term solution of waste management

nd environmental remediation [7–10]. Using Fe as an example,
n Fe K-edge XAS spectrum, including XANES and extended X-ray
bsorption fine structure (EXAFS), is capable of revealing speciation,
istribution, form transformations, and mobility of target metal Fe
7]. The objective of this study is to use XAS technique to investigate
he change of Fe species distribution in samples due to the sinter-
ng/bloating process that was used to prepare LWAs from a reservoir
ediment. This information will help us to better understand the
eal-world mechanisms of bloating reactions.

. Experimental

The reservoir sediment was collected from Shihman Reservoir
ocated in northern Taiwan that has been dredged yearly and was
ried at 105 ◦C in an oven for 24 h. The dried sediment was ground
o <50 meshes before a pressure of 5000 psi was applied to shape
t into pellet form. Most elemental compositions of the dried and
round raw sediment were determined with an inductively coupled
lasma-atomic emission spectrometry (ICP-AES, Optima 3000DV,
erkinElmer, USA) following a microwave (MDS-2000, CEM, USA)-
ssisted acidic digestion of the sediment. Si content in the sediment
as determined based on the sample weight loss after its reaction
ith HF to form H2SiF6 that is relatively volatile [11]. The water-

xtractable contents of SO4
2− and Cl− were analyzed with an ion

hromatographer (IC, DX-100, Dionex, USA). The “loss on ignition”

as defined as the weight loss after heating at 900 ◦C for 3 h under

tmospheric air condition. Particle size distribution of the raw sed-
ment was determined by the use of sieve analysis for the sand
raction (<53 �m) and hydrometer method for the silt (2–53 �m)
nd clay (<2 �m) fractions [12].
s Materials 171 (2009) 111–115

To generate LWA by bloating and sintering the pellet at 1050 ◦C
and 1150 ◦C without blasting it into small pieces, the pellet had
to experience a de-volatile pretreatment process at a temperature
much lower than 1050 ◦C [6]. For the de-volatile process, the pellet
was heated from room temperature to 500 ◦C at a heating rate of
100 ◦C min−1 in an electrically heated oven and stayed at the 500 ◦C
plateau for 5 min. The temperature 500 ◦C was selected based on
the results obtained with a thermogravimetric analyzer (TGA, SDT
Q600, TA Instrument, USA). The de-volatilized pellets were cooled
down to room temperature, and ready for the bloating/sintering
reactions in atmospheric air at 1050 ◦C and 1150 ◦C for 20 min in
the oven that has already reached the pre-set temperatures 1050 ◦C
and 1150 ◦C.

After the LWA manufacturing process, both the green sediment
and LWAs were examined with scanning electron microscopy (SEM,
3000-N, Hitachi, Japan), X-ray diffraction (XRD, D8 Advance, Bruker
AXS, UK) technique, and XAS. Prior to the XAS-recording experi-
ments, the materials of the glassy shells (termed “1050 ◦C-S” and
“1150 ◦C-S”) and porous cores (termed “1050 ◦C-C” and “1150 ◦C-
C”) of the LWAs were separated. The core and shell of the LWAs
could be easily differentiated and they were separated with a glass
rod after the LWAs were fractured with an agate stick because
the core had porous chalky structure while the shell was a dense,
hard continuous layer with approximately 1–2 mm thickness. Each
of these cores, shells, and the dried green sediment (denoted as
“105 ◦C raw”) was ground with an agate mortar and recorded for
its XAS spectrum. Only a small amount of sample was required
for the XAS experiment. Fe K-edge XAS spectra from all samples
were recorded on the wiggler C (BL-17C) beamline at the National
Synchrotron Radiation Research Center (NSRRC) of Taiwan. The
facility had a ring storage energy of 1.5 GeV, an electric current of
120–200 mA, and an energy span of 4–15 keV for the monochro-
mator during the data collection period. The energy resolution
(�E/E) was 1.9 × 10−4. The Fe K-edge jump locates at 7112 eV. All
spectra were recorded in transmission mode at room temperature.
The reference compounds used in this study were Fe metal, FeO,
Fe3O4, Fe2O3, FeS, FeS2, FeSO4 and Fe2(SO4)3. WinXAS 3.0 software
was employed for XAS data reduction [13]. With this software, we
were able to simulate most sample XANES spectra to quantify Fe
species fraction based on their fingerprints in the near edge region
by linearly combining a set of the XANES spectra from reference
compounds. The simulation is based on the least squares proce-
dure, and it calculates two parameters (i.e., species fraction and
energy correction) for each reference compound. Upon finishing
the simulation refinement process, Fe references showing negative
fraction or unreasonable energy shift are usually not present in the
simulated sample [13].

3. Results and discussion

3.1. Characteristics of green reservoir sediment

Material containing SiO2, Al2O3, and flux (Fe2O3, Na2O, K2O,
MgO and CaO) in appropriate proportion is suitable for vesicant/
sintering process [4]. Table 1 shows the elemental compositions,
expressed in oxide forms, of the reservoir sediment. Its primary
composition is silica (64.55%) and the second one is Al2O3 (16.06%).
Flux, including the components Fe2O3, Na2O, K2O, MgO, and CaO,
represents 14.21% by weight of the total of the dried raw sediment.
The data of the elemental compositions indicates that the reservoir
sediment is suitable to serve as a raw material for producing LWA

[4]. The particle size distribution of the reservoir sediment is shown
in Fig. 1. The total fraction of silt and clay (<53 �m) is about 85%.
The richness in the fraction of this small particle size makes the
sintering process easy to occur to encapsulate the gases released
by bloating reaction.
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Table 1
Elemental compositions expressed in oxide form in the reservoir
sediment dried at 105 ◦C.

Constituent Constituent percentage

Al2O3
a 16.06

SiO2
c 64.55

Fe2O3
a 4.95

K2Oa 1.99
Na2Oa 6.85
CaOa 0.33
MgOa 0.086
PbOa 0.0095
ZnOa 0.019
Cr2O3

a 0.0095
Cl−b 0.029
SO4

2−b 1.15
LOId 3.98

a Analyzed with ICP-AES.
b Water-soluble fraction, analyzed with ion chromatograph.
c Analyzed according to CNS 11393.
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d Loss on ignition after heating at 900 ◦C for 3 h. The sum of
the components is 104.8% and each component is normalized to
a sum of 100%.

.2. Properties of the LWA products

The apparent particle densities, defined as the ratio between
eight and volume of a LWA particle, of the LWAs produced at

050 ◦C and 1150 ◦C are 2.08 and 1.18 g cm−3, respectively. The indi-
idual LWA particle volume, excluding the pores available to water,
as determined based on the Archimedes’s principle. Note that

he apparent particle density of the green pellet before the bloat-
ng/sintering process was 3.18 g cm−3. The apparent particle density
ecreases with increasing bloating/sintering temperature. Further,
he bulk densities of the 1050 ◦C and 1150 ◦C samples are deter-

ined to be 1180 and 360 kg m−3, respectively. The bulk density is
efined as the weight of the bulk LWA materials in a unit volume
hich includes the volume of the individual particles and that of the

oids between the particles [14]. The water absorption for the LWAs
roduced at 1050 ◦C and 1150 ◦C are 10.6 and 7.3%, respectively. The

ower water absorption for the 1150 ◦C LWA was due to the forma-
ion of a less-pore glassy surface because sintering a material at a
igher temperature usually turns its surface into less porous sur-
ace. Both LWA samples meet the generally accepted requirement
n the water absorption of LWAs (i.e., 2–20%).

The SEM micrographs (1000×) of fractured cores of the LWAs
roduced at 1050 ◦C and 1150 ◦C are shown in Fig. 2. The microstruc-

Fig. 1. Particle size distribution of reservoir sediment dried at 105 ◦C.
Fig. 2. SEM micrograph (1000×) from core of lightweight aggregates produced at
1050 ◦C and 1150 ◦C.

ture of core of the LWA produced at 1050 ◦C has many small
spherical pores. In contrast, the core of the 1150 ◦C LWA is glassy
with relatively large pores of various sizes, indicating that the gases
released during the 1150 ◦C bloating/sintering process were effec-
tively encapsulated by the glassy shell formed. The heating process
at 1050 ◦C did not effectively trigger the bloating/sintering reac-
tions. The results from the core micrographs (Fig. 2) are consistent
with the results from the measurements of apparent particle den-
sity; the bloated product containing larger pore size has a lower
apparent particle density.

Fig. 3 depicts the XRD patterns from the sediment dried at
105 ◦C and the LWA produced at 1150 ◦C. Major crystalline phases
present in the “105 ◦C raw” sample were SiO2 (quartz, syn), SiO2
(hydrate), Al2O3 (corundum, syn), and FeO (wustite, syn); diffrac-
tion patterns assigned to other components were not found. The
1150 ◦C LWA product contained a reduced level of both quartz and
corundum with an absence of silicon oxide hydrate, wustite, and
new crystalline phase. FeO crystalline phase is not observed in
the XRD pattern from the 1150 ◦C sample; two possible reasons
are suggested. First, after the high-temperature sintering/bloating
process, FeO might exist in amorphous phase. Second, FeO chem-
ically reacted with other matrix components to form composite
salt(s) which is amorphous and/or too small in crystallite size to
be detected with XRD technique. The second explanation will be
shown to be consistent with the fact that the XANES simulation

(Fig. 4) from the 1150 ◦C-C sample is a failure, due to the lack
of incorporating appropriate Fe-containing composite reference
compound(s) due to their commercial un-availability. The XRD pat-
terns provide very limited information necessary for understanding
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Fig. 4. Experimental and simulated XANES spectra from reservoir sediment dried at
105 ◦C and shells and cores of lightweight aggregates produced at 1050 ◦C and 1150 ◦C
ig. 3. XRD patterns from reservoir sediment dried at 105 ◦C and lightweight aggre-
ate produced at 1150 ◦C.

he mechanisms of bloating/sintering process in the present
tudy.

.3. Bloating mechanism based on results from Fe K-edge XAS

Fig. 4 shows the simulation results of sample XANES spectra sim-
lated with that of eight references: Fe(0), FeO, Fe3O4, Fe2O3, FeSO4,
eS, FeS2, and Fe2(SO4)3. The reasons for selecting these Fe com-
ounds as references are described as follows. Fe2(SO4)3 and Fe2O3
ere chosen as reference compounds because previous studies con-

idered them to be responsible for the bloating process; SO2 + O2
nd O2 were suggested to be released, respectively with a concomi-
ant decrease in the valence state of the Fe to form FeSO4, FeO, and
e3O4 [4,6]. However no direct evidence regarding the decrease of
ron valence state was previously shown. Further, the reasons for
electing FeSO4, FeS, and FeS2 as reference compounds are because
hey may occur naturally in the reservoir sediment or formed in the
WAs.

The solid curve in each panel of Fig. 4 is the sample experi-
ental XANES, and the open circle curve is the simulated one. The

ercents of the reference compounds listed in each panel are the
esults from the XANES simulation. The performance of the XANES
s judged based on residual value of the XANES simulation. The

athematical expression of the residual value was given in a pre-
ious study [15]. It was defined as the ratio between the sum of the
bsolute values of the offsets of the simulated XANES from the nor-
alized absorption of the experimental XANES and the normalized

bsorption of the experimental XANES. In this study all the residual
◦
alues are <1.50, except for 1150 C-C sample which has a residual

alue 2.73. Further, a visual examination of the “1150 ◦C-C” panel
n Fig. 4 indicates that the simulation in the XANES edge region
around 7.12 keV) is poor; there is no clear match between the sim-
lated XANES and the experimental one. Thus, only the results from
((–) experimental; (ooo) simulated). The Fe species distribution in each panel results
from XANES simulation.

successful XANES simulation, or the top four panels of Fig. 4, are
presented in the respective panels. No Fe species distribution is
presented in the “1150 ◦C-C” panel because the XANES simulation
is poor with a significant level of residual value after the least square
fitting. The poor simulation is suggested to result from the lack of
incorporating Fe reference(s) other than the currently available ref-
erences; it is thus inferred that fractional Fe might have chemically
reacted with certain components present in the sediment to form
composite salt(s). Poor simulation results similar to this study have
also been observed and discussed in previous studies [7,8].

Since Fe3O4 is a composite salt (Fe2O3·FeO), thus by conceptu-
ally decoupling Fe3O4 into Fe2O3 and FeO, the results in “105 ◦C
raw” panel show that approximately 59 at% Fe in the raw sediment
prior to bloating/sintering has divalent oxidation state (Fe2+) and
the balance is trivalent (Fe3+). After the bloating/sintering process,
the Fe2+/total Fe ratio significantly drops from 59 at% to 13% (in
1050 ◦C-S sample), 18% (in 1050 ◦C-C), and 22% (in 1150 ◦C-S). This
study shows an increase in the average Fe oxidation state during the
bloating/sintering process; this fact is contradictory to what sug-
gested in previous studies [4,6]. Not taking the 1150 ◦C-C sample
into consideration, our results do not support the conventionally
accepted mechanism that bloating reactions are associated with an
increase in the Fe2+/total Fe ratio. Based on the XANES simulation
results, the decrease in the Fe2+/total Fe ratio in 1050 ◦C-S, 1050 ◦C-

C, and 1150 ◦C-S samples is suggested to mainly result from three
chemical reactions: decomposition of FeSO4 into Fe2O3 and oxida-
tions of FeO and FeS into Fe2O3 by oxygen. The latter two reactions
would reduce FeO content in the 1050 ◦C-S, 1050 ◦C-C, and 1150 ◦C-
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particulates emitted from autos burning (Methylcyclopentadienyl)manganese
tricarbonyl-added gasolines using XANES spectroscopy, Environ. Sci. Technol.
34 (2000) 950–958.
ig. 5. Comparison among experimental XANES spectra from reservoir sediment
ried at 105 ◦C, shells and cores of lightweight aggregates produced at 1050 ◦C and
150 ◦C, and two oxide references: FeO and Fe2O3.

samples. For the decomposition reaction of FeSO4, it is suggested
s follows:

FeSO4 → 2Fe2O3 + 4SO2↑ + O2↑ (5)

Fig. 5 presents a comparison among all XANES spectra from
ve samples and two Fe references: FeO and Fe2O3. The vertical

ines running through all spectra are intended for an easier com-
arison among them. Bajt et al. have demonstrated that less Fe
xidation state in oxides is associated with lower photon energy
or the pre-edge peak (located around 7115 eV), and the difference
n the pre-edge photon energy between Fe-containing sample and
eO is linearly proportional to Fe3+/(Fe2+ + Fe3+) [16]. Because Fe
ompounds other than oxides are present in our samples, it might
ot be appropriate for the present study to follow the quantitative
ethod proposed by Bajt et al. But regarding the photon energies of

he white band peak position of the XANES spectra, the 105 ◦C raw
nd 1150 ◦C-C XANES are quite close to each other (i.e., located at
bout 7130.5 eV); whereas the peaks of the other three samples (i.e.,
050 ◦C-S, 1050 ◦C-C, and 1150 ◦C-S) locate at about 7132.5 eV. Note
hat the white band peaks from FeO and Fe2O3 references locate
t about 7128 and 7134 eV, respectively. Thus it is suggested that
oth 105 ◦C raw and 1150 ◦C-C samples contain similar average Fe
xidation state. In summary, the present study suggests that the

ominant bloating reaction for the “1150 ◦C-C” sample might be
ainly associated with the decomposition of FeSO4 into FeO with

oncomitant release of SO2, SO3, and O2. The resulting FeO might
ave reacted with other matrix components to form composite
alt(s).

[

s Materials 171 (2009) 111–115 115

4. Conclusions

With XAS technique the present study determined the roles of
the Fe compounds during the bloating/sintering process at 1050 ◦C
and 1150 ◦C to produce LWAs from reservoir sediment. The XANES
simulation results indicated that about 59% of the total Fe in the
raw sediment was in form of Fe2+; while most Fe was oxidized to
Fe3+ in the core and shell of LWA particle produced at 1050 ◦C, as
well as in the shell of the LWA produced at 1150 ◦C.

The bloating phenomenon occurred in the core of the LWA pro-
duced at 1150 ◦C is suggested to be mainly associated with the
decomposition of FeSO4 into FeO with concomitant release of SO2,
SO3, and O2. Iron oxidation state in this core sample is similar to
that in the raw sediment dried at 105 ◦C. The generally accepted
mechanism in literature – Fe2O3 component is chemically reduced
to FeO with a release of O2 to generate the LWA – is not observed
in present study.
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