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Abstract: A relationship between the local structure and the visible-light activated photocatalytic effect was
investigated in the glass and glass ceramics prepared by recycling waste slag, which was discharged from a
Tokyo Household Garbage Combustion Plant. For the preparation of a homogeneous sample of waste slag
recycled glass, (WSRG), 10 wt% of Na,CO, and 10-50 wt% of Fe,0, were added. *’Fe-Mosshauer spectra of
WSRG recorded at liquid nitrogen temperature showed three types of magnetic hfs; one due to Fe(0,) with
6 of 1.21 mm s~ and H,_ of 46.7 T, one due to Fe"/(0,) with 6 of 0.46 mm s~!and H,_ of 44.1 T, and the other
due to Fe"(T)) with ¢ of 0.38 mm s~'and H, , of 47.8 T. They were superimposed on a relaxation spectrum due
to superparamagnetic hematite. Methylene blue (MB) degradation test with 40 mg of the heat treated WSRG
(50 wt% Fe203), under the visible-light irradiation for 6 h showed a marked decrease in the concentration of
MB from 20 to 7.7 umol L' with a rate constant (k) of 2.7 x 10 > min ' which was close to the k, 9.26 x 10 > min ',
recently obtained in 15Na,0-15Ca0-40Fe,0.- 11A1,0,-19Si0, glass.

Keywords: Mossbauer spectroscopy; SSC-2016; visible-light activated photocatalytic effect; waste slag
recycled glass.

Introduction

Titanium oxide (TiO,) of anatase type is known to show a photocatalytic behavior under the UV irradiation
with a wavelength (1) shorter than 380 nm [1]. This compound is practically used as self-cleaning ceramic tile,
water- or air-cleaning material, etc., in association with the reaction of peroxy radicals (02‘ ). Kubuki et al.
reported that 15Na,0-15Ca0-50Fe,0,-20Si0, glass (composition in wt%, abbreviated as 50NCFS) showed a
visible-light activated photocatalytic effect, in which a heat treatment at 1000 °C for 100 min caused an effec-
tive decomposition of 10 umol L' methylene blue (MB) with a first-order rate constant (k) of 4.78 x10~* min !
[2]. "Fe-Mdssbauer spectrum of heat-treated 50NCFS glass consisted of one doublet with an isomer shift (6) of
0.17 (£ 0.02) mm s~ ' and a quadrupole splitting (A) of 1.06 (£ 0.04) mm s~!, superimposed on one sextet with
0 of 0.35(% 0.01) mm s~! and an internal magnetic field (H, ) of 51.7(£ 0.5) T. The former was ascribed to dis-
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torted FeO, tetrahedra constituting the glass network, and the latter to hematite (o-Fe,0,) precipitated in the
glass matrix. The experimental results suggested that precipitation of o-Fe,0, in silicate glass was involved
with the photocatalytic behavior observed under the visible-light irradiation. Iron-containing aluminosili-
cate glass, 15Na,0-15Ca0-40Fe,0,-11A1,0,-19Si0,, also showed a photocatalytic effect after the heat treatment
at 1000 °C for 100 min, having larger k of 9.26 x 103 min ' for the MB degradation [3]. It is noted that the vis-
ible-light activated photocatalytic effect of iron-containing silicate glass was enhanced by introducing ALO..

Environmental problems of waste materials and water pollution are becoming a serious problem in the
world. Organisation for Economic Co-operation and Development (OECD) reported that the annual total
amount of municipal waste discarded from the OECD affiliated countries was calculated to be 6.22x10" kg,
corresponding to the disposal of 580 kg person-' [4]. Hence, recycling or reuse of waste material is strongly
expected. Kubuki et al. reported that iron silicate glass prepared by recycling the ash discharged from munici-
pal garbage combustion plant was effective to reduce the chemical oxygen demand (COD) of the artificial
waste water [5, 6].

As for the recycling of waste slag into functional materials, Nishida and co-workers reported that the
glass waste stabilized transition metal ions for a long time [7]. X-ray spectrometry and X-ray diffraction
(XRD) studies indicated that a yellow sludge containing hydroxides of several hazardous heavy metal ions,
i.e. Cr, Fe, Cu, Zn and Pb, had an amorphous structure. XRD and *’Fe-Mdsshauer studies of the yellow sludge
indicated a formation of a small amount of y-FeOOH particles [7]. Heavy metal waste glass of light green
color could be prepared by melting the yellow sludge together with a synthetic sodalime silicate glass of a
light brown color. Leaching test for Zn and Fe with the acid rain simulant (pH 3.5) and H,SO, solution (pH
3.5), proved that the waste glass had higher chemical durability than the sludge adsorbed on “diatomaceous
earth” (fossilized remains of diatoms, 80—-90 mass % of silica with 2 or 4 mass % of alumina) [7]. These
results indicate that sodalime silicate glass could be a very effective medium for the stable solidification of
heavy metal ions.

Room temperature (RT) Mossbhauer spectrum of fly ash-recycled glass (FARG), prepared with more than
86 mass % of fly ash and less than 14 mass % of Fe,0,, showed two types of doublets due to Fe" and Fe™
in magnetite nanoparticles [8]. Isothermal heat treatment of FARG at 1100 °C for 60 min resulted in a pre-
cipitation of ferrimagnetic magnetite phase having an internal magnetic field of 46.4-48.2 T. When the Fe O,
content was equal to or more than 14 mass %, RT Mossbauer spectrum of FARG shows a magnetic hyperfine
structure due to a magnetite phase, in addition to two doublets due to paramagnetic Fe and Fe'. An increase
in the electric conductivity was observed from the order of 108 to 10-° S cm ! after heat treatment of FARG at
around the crystallization temperature. This could be ascribed to an improved step-by-step electron hopping
from Fe' to Fe'" of distorted FeO, tetrahedra in the three-dimensional glass network. These studies showed
that wasted glass and slag might be recycled as a functional material. If household garbage could be recycled
for the polluted water purification, treatment of an enormous amount of garbage and the water pollution
would be made simultaneously.

In this paper, a relationship between the local structure and visible-light activated photocatalytic effect
of the glass and glass ceramic prepared by recycling the waste-slag containing different amounts of Fe 0.,
abbreviated as WSRG, was investigated by Fe Mdssbauer spectroscopy, X-ray diffraction (XRD), induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) and ultraviolet-visible light absorption
spectroscopy (UV-VIS). MB solution (20 umol L-') was used for estimation the degree of water cleaning/
purification.

Experimental

Waste slag was collected from Tamagawa Municipal Household Garbage Combustion plant (Maruko
233-1, Ohta-ward, Tokyo 146-092, Japan). In order to carry out the elemental analysis, 1 g of the collected
waste slag was dissolved into 100 mL of 13 mol L-* HNO, This solution was diluted to the concentration of
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Table 1: Summary of the WSRG samples and its Fe,0, and Na,O content.

Sample Additional Additional Fe,0, compared to Additional Fe,0, content in Additional Na,O content in

Fe,0, (g) the waste slag weight (wt%) the prepared glass (wt%) the prepared glass (Wt%)
1 0 0 0.0 14.5
2 0.3 10 7.9 13.4
3 0.6 20 14.6 12.4
4 0.9 30 20.4 11.6
5 1.2 40 25.5 10.8
6 1.5 50 29.9 10.2

0.1 mol L-" HNO,. Elemental analysis of the collected waste slag was conducted by the inductively-coupled
plasma optical emission spectroscopy (ICP-OES) under the high-frequency output power and Ar gas pres-
sure of 1150 W and 0.5-0.6 MPa, respectively. Concentration of each element except for Ca was determined
by selective wavelength mode. Due to its high content, Ca concentration was measured by calibration curve
method by diluting the 0.1 mol L-* HNO, solution into 0.001 mol L~". Yttrium standard solution was used for
the determination of the Ca concentration.

Waste slag recycled glass (WSRG) containing iron was prepared by the conventional melt-quenching
method. A mixture composed of collected waste slag (3.0 g), Na,CO, (0.51 g) and Fe,0, (0, 0.30, 0.60, 0.90, 1.2,
and 1.5 g) was placed in a platinum crucible, and was directly inserted into the furnace and melted at 1400 °C
for 1 h. Dark brown WSRG were obtained by dipping bottom of the crucible. Each sample was heat treated
at 800 °C for 100 min. The prepared samples are labeled with the additional Fe,0, content, compared to the
waste slag weight (Table 1).

Local structure of WSRG before and after the heat treatment was characterized by means of *’Fe-Moss-
bauer spectroscopy and XRD. *Fe-Modssbauer spectra were measured by the constant acceleration method at
both room temperature and at 78 K, using a source of *’Co(Rh) and a reference of o-Fe. A multi-channel ana-
lyzer (MCA-7700, Seiko EG&G) using 512 channels was used for the y-ray storage. The obtained spectra were
analyzed by Lorentzian fitting using Mésswinn 3.0i XP. XRD patterns were recorded between 20 of 10 and 80°
with the precision and scan rate of 0.02° and 5° min !, respectively. Cu-K_ rays (A =0.1541 nm) were generated
under the voltage and current of 50 kV and 300 mA, respectively. Photocatalytic activity of WSRG was evalu-
ated by using a well-pulverized samples (40 mg) into 10 mL of methylene-blue aqueous solution (MBaq) with
the initial concentration of 20 umol L. UV-VIS spectra of MB,, before and after photocatalytic reaction test
were measured under the exposition of visible light emitted by metal-halide lamp with the wavelength region
ranging from 420 to 750 nm, the output power of 100 W and the intensity of 6 mWcm -2

Results and discussion

Elemental analysis and *’Fe-Modssbauer study of waste slag

Composition of the waste slag used in this study is shown in Fig. 1. It proved that the main component of
the waste slag was iron-containing sodalime aluminosilicate glass, which had a similar composition as the
visible-light activated photocatalytic glass: 15Na,0-15Ca0-11A1,0,-19Si0,-40Fe,0, [3]. As shown in Fig. 2a,
*’Fe-Mossbauer spectrum of the waste slag composed of paramagnetic two doublets; one due to Fe(T,) with
isomer shift () and quadrupole splitting (A) of 0.84(+0.05) and 1.39(+ 0.12) mm s~', respectively, and the
other due to Fe'(0,) with 1.00(+ 0.02) and 2.01(+ 0.15) mm s !, respectively. The former doublet indicates that
some Fe' atoms (37.3 %) constitute the glass network probably because the total fraction of SiO, and ALO, was
not enough to constitute a “stable glass network”. The latter doublet indicates that most Fe" atoms (62.7 %)
play a role of network modifier, as generally observed in silicate glasses [9]. The waste slag is surprisingly
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Fig. 1: Elemental analysis (in wt%) of waste slag exhausted from Household Garbage Combustion Plant in Tamagawa, Tokyo on
15t July, 2015.
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Fig. 2: Fe-Mdssbauer spectra of (a) waste slag, (b) waste slag glass and (c) waste slag glass heat treated at 1000 °C for 100 min.

rich in rare elements as well, such as Erbium with 3.51 wt%. These elements can come from any electronical
garbage like kitchen tools, cell phones, etc. in the near future our aim is to recover these elements and inves-
tigate if it is worth the cost for extracting rather than waste it.

In contrast, “’Fe-Mdssbauer spectrum of WSRG with Fe,0, (wt%) added to the original waste slag of
0 mass % (Fig. 2b) showed one doublet with 4 and A of 0.29 (+ 0.01) and 1.20(+ 0.02) mm s~' due to Fe™ (T),
respectively. After the heat treatment at 1000 °C for 100 min, Mésshauer spectrum (Fig. 2c) showed two dou-
blets; one due to Fe™ (0,) with 6 and A of 0.35 (£ 0.01) and 0.87 (+ 0.02) mm s, respectively, and the other
due to Fe'(T,) with 6 and A of 0.28 (+0.01) and 1.42 (£ 0.02) mm s ', respectively.
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XRD patterns of WSRG before and after the heat treatment annealing

Before the heat treatment, XRD pattern of WSRG with Fe, 0, 0 mass % showed a halo pattern reflecting its
amorphous structure (Fig. 3a), while that with Fe,0, of equal to or larger than 10 mass % showed several dif-
fraction peaks at 20 of 35.2, 42.8, 56.6, and 62.1° which are assigned to magnetite (Fe30 » PDF No. 01-086-1351)
(Fig. 3b—f). In case of the XRD patterns of WSRG (with Fe,0, content of 0-50 mass %) measured after the heat
treatment at 800 °C for 100 min, several diffraction peaks due to hematite (oc-Fe203; PDF No. 01-072-6230)
were detected at 20 of 35.4 and 41.0° in addition to those attributed to Fe,O, (Fig. 4a—f) It is noted that the
precipitated o-Fe,0, was not the Fe O, itself that was prepared for the WSRG.

Particle size of Fe O, and o-Fe 0, is estimated by Scherrer’s equation [10, 11], i.e.
t=KA/B cos®, o)

where t, K, A, B and O are a size of the short-range order (in nm), shape factor (= 0.849-1.107), wavelength of
the X-ray from Cu-K (= 0.1541 nm), FWHM and © at the peak (in radian), respectively. By using the FWHM
observed at 20 of 62.1°, crystallite size of Fe,O, precipitated in WSRG before the heat treatment was deter-
mined to be 32.6 nm, and those of Fe O, and o-Fe,0, after the heat treatment were 25.1 and 16.8 nm, respec-
tively. It is noted that the crystalline size of co-Fe,0, was smaller than that of Fe,O,.

’Fe-Mossbauer study of WSRG before and after heat treatment

S"Fe-Mossbauer spectra of WSRG with before and after heat treatment at 800 °C for 100 min are shown in
Figs 5 and 6, respectively. The corresponding Mdssbauer parameters are listed in Table 2. In Fig. 5, com-
parable ¢ values of 0.18-0.22 (£ 0.01) mm s~' and different A values of 1.05-1.17 (£ 0.01) mm s~ ' due to
paramagnetic Fe"(T,) were observed in the WSRG with ‘x’ of 0 to 50. In addition, a relaxed sextet with  of
0.33 (+0.01) mm s~'and an internal magnetic field (H, ) of 37.3 T was observed in WSRG with Fe,0, content
of 40 and 50 mass %, which was attributed to Fe,0, nanoparticles (see the corresponding XRD patterns
of Fig. 3e and f). After the heat treatment (Fig. 6), identical 6 values of 0.31 (+ 0.01) mm s~ ' were observed
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Fig. 3: XRD patterns of WSRG with additional Fe,0, content (x) of (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50.
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Fig. 4: XRD patterns of WSRG with additional Fe,0, content (x) of (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50 heat treated at

800 °C for 100 min.

Table 2: *’Fe-Mdssbauer parameters obtained at room temperature for the WSRG before and after the heat treatment at 800 °C

for 100 min.
Fe,0,(wt%) Species A (%) 6 (mms™) A(mms™) H_ (T) T'(mms-?)
Before 0 Fe" (para.) 100 0.20 1.17 - 0.59
10 Fe"(para.) 100 0.22 1.05 - 0.73
20 Fe"(para.) 100 0.22 1.05 - 0.74
30 Fe"(para.) 100 0.22 1.08 - 0.76
40 Fe"(para.) 33.4 0.21 1.15 - 0.73
Fe' (mag.) 66.6 0.33 0.02 37.3 5.19
50 Fe" (para.) 23.0 0.18 1.11 - 0.65
Fe'" (mag.) 77.0 0.33 0.02 37.3 0.38
After 0 Fe"(para.) 100 0.30 0.75 - 0.66
10 Fe"(para.) 100 0.30 0.80 - 0.77
20 Fe"(para.) 49.1 0.29 0.90 - 0.80
Fe' (mag.) 50.9 0.30 0.10 18.0 4.40
30 Fe" (para.) 32.3 0.30 1.00 - 0.88
Fe' (mag.) 67.7 0.30 0.48 23.7 5.64
40 Fe"(para.) 21.2 0.32 1.20 - 1.04
Fe' (mag.) 78.9 0.32 0.06 27.3 4.79
50 Fe"(para.) 17.5 0.33 1.23 - 0.94
Fe' (mag.) 82.5 0.32 0.07 27.0 5.60

Fe,0, (wt%) added to the original waste slag, A: Absorption area, d: Isomer shift, A: quadrupole splitting, H

field, I': Line width, para: paramagnetic, mag: magnetic.

.- internal magnetic

with increasing A values from 0.75 (£ 0.01) to 0.80 (+ 0.01), 0.90 (+ 0.01), 1.00 (£ 0.01), 1.20 (+ 0.02) and
1.23 (£ 0.02) mm s~ ' in the WSRG with Fe 0, content of 0, 10, 20, 30, 40 and 50 mass %, respectively. These
results show that magnetic iron oxide nanoparticles were precipitated in WSRG before and after the heat

treatment.
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Fig.5: *’Fe-Mdssbauer spectra of WSRG with additional Fe,O, content (x) of (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50,
measured at room temperature.
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Fig. 6: *’Fe-Mossbauer spectra of WSRG with additional Fe,O, content (x) of (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50,
measured at room temperature, after the heat treatment at 800 °C for 100 min.

Fe-Md&ssbauer spectra of WSRG after the heat treatment measured at liquid nitrogen temperature are
shown in Fig. 7 and the related parameters are summarized in Table 3. The spectra were decomposed into one
magnetic relaxation spectrum due to o-Fe,0, nanoparticles with 6 of 0.41 mm s~'and H,  of 52.7 T and three
sextets with 0’s and H, ’s of 1.21mm s~ and 46.7 T due to Fe(0,), 0.46 mm s~' and 44.1 T due to Fe"'(0,), and
0.38 mm s~ ' and 47.8 T due to Fe"(T,) in Fe,0, nanopatrticles, respectively. These results show that the heat
treatment of WSRG (Fe,0, content of 0-50 mass %) at 800 °C for 100 min resulted in the precipitation of Fe,0,
and o-Fe,0, nanoparticles.
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Fig. 7: *’Fe-M&ssbauer spectra of WSRG with ‘x’ of (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50 mass %, measured at 78 K after
the heat treatment at 800 °C for 100 min.

Table 3: *’Fe-Mdssbauer parameters obtained at 78 K for WSRG before and after the heat treatment at 800 °C for 100 min.

Fe,0,(wt%) cryst. species A (%) 6 (mms?) H_ (T) T'(mms?)
0 hem. Fe”'(Oh) 26.0 0.41 52.7 0.55
mgn. Fe'(0,) 3.4 1.21 46.4 0.77

Fe”'(Oh) 18.2 0.47 42.7 0.77

Fe”'(Td) 52.4 0.39 46.9 0.77

10 hem. Fe”'(Oh) 24.3 0.41 53.2 0.73
mgn. Fe'(0,) 7.0 1.21 46.7 0.85

Fe”'(Oh) 22.7 0.47 46.4 0.85

Fe”'(Td) 46.0 0.36 46.8 0.85

20 hem. Fe”'(Oh) 15.6 0.41 53.0 0.96
mgn. Fe'(0,) 4.4 1.21 49.7 0.76

Fe”'(Oh) 27.3 0.46 44.0 0.76

Fe”'(Td) 52.7 0.38 47.8 0.76

30 hem. Fe”'(Oh) 13.4 0.41 52.7 0.87
mgn. Fe'(0,) 2.4 1.20 44.6 0.78

Fe”'(Oh) 26.4 0.46 44.3 0.78

Fe”'(Td) 57.8 0.38 48.2 0.78

40 hem. Fe”'(Oh) 14.1 0.41 52.7 0.90
mgn. Fe"(Oh) 4.6 1.20 46.4 0.80

Fe”'(Oh) 13.2 0.46 42.3 0.80

Fe”'(Td) 68.1 0.38 47.9 0.80

50 hem. Fe”'(Oh) 11.8 0.41 52.7 0.75
mgn. Fe"(Oh) 5.8 1.20 46.4 0.80

Fe”'(Oh) 21.6 0.46 45.1 0.80

Fe”'(Td) 60.8 0.38 49.0 0.80

Fe,0, (wt%) added to the original waste slag, cryst.: crystalline phase, hem.: hematite, mgn.: magnetite, 7;: tetrahedra, O, :
octahedra, A: Absorption area, o: Isomer shift, A: quadrupole splitting, H, : internal magnetic field, I': Line width.

MB degradation test using heat treated WSRG

MB degradation test of WSRG samples with Fe,0, content of 10, 30 and 50 mass % was carried out in the
dark and under the visible-light irradiation before and after heat treatment, as shown in Fig. 8. Without
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Fig. 8: In C,/C, vs. tplot for the MB degradation of WSRG with ‘x’ of 10 (red), 30 (blue) and 50 (green) before (a) and after (b) the
heat treatment at 800 °C for 100 min; solid line under the visible light and dotted line in the dark.

visible light irradiation, no MB decomposition was observed in WSRG, irrespective of the heat treat-
ment, as indicated with dotted lines in Fig. 8a and b. Under the visible-light irradiation, it was confirmed
that the decrease in the MB concentration in case of heat-treated WSRG with Fe O, content of 50 mass
% was more remarkable than that in non-treated ones (see the green solid line in Fig. 8a and b). Similar
phenomenon was observed in the MB decomposition test for WSRG with Fe,0, content of 10 mass % (see
the red solid line in Fig. 8a and b), and also in case of Fe,0, content was 30 mass % (blue solid line in
Fig. 8a and b).
First order-rate constant (k) of MB decomposition was estimated using the following equation, i.e.

InC, /C,=—kt, 2

where C, is concentration of MB (20 pmol L") before the photocatalytic reaction test, and C, after the time
t. Rate constants (k) for the MB decomposition estimated for WSRG samples with Fe,0, content of 10, 30
and 50 mass % were estimated to be 1.40x 1073, 0.90 x 103 and 0.94 x 10> min !, respectively, while those
for heat-treated ones were 2.6 X103, 2.3x 103 and 2.7 x 103> min !, respectively. A blank sample was meas-
ured as well, where only the MB solution by itself was irradiated with light. In this case the rate constant
was 0.072x10* min~' which is compared to the samples really small. Absorption area for o-Fe,0, in the
SFe-Mdsshaer spectra showed almost identical amount of nanoparticles of 4.3, 4.0 and 4.5 mass % in heat-
treated WSRG with Fe,0, content of 10, 30 and 50 mass %, respectively. These results show that the visible-
light activated photocatalytic effect of heat-treated WSRG is closely related to the precipitated amount of
o-Fe,0, nanoparticles.

Summary

A relationship between the structure and visible-light activated photocatalytic ability of glass ceramics pre-

pared from waste slag was summarized as follows;

1. The elemental analysis of the waste slag, discharged from a Household Garbage Combustion Plant in
Tokyo, shows a composition (wt%) of SiO, (23.3%), CaO (21.8 %), ALO, (16.7 %), Fe,0, (11.5%), Na,0
(6.6 %), and others (20.1%).

2. Mossbauer spectrum of the waste slag showed two doublets; one due to FeHO4 tetrahedra with isomer
shift, 6 of 0.84 and quadruple splitting, A of 1.39 mm s7', and the other due to Fe"O, octahedra with ¢ of
1.00 and A of 2.01 mm s~ respectively.
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3. Low temperature Mdssbauer spectra showed a magnetically-relaxed doublet with isomer shift (§) of
0.41 mm s~'and an internal magnetic field (Him) of 52.7 T due to hematite nanoparticles, in addition to
three sextets; one due to Fe(0,) with 6 of 1.21 mm s~' and H, , of 46.7 T, the other sextet due to Fe"(0,)
with 6 of 0.46 mm s~!and H,_ of 44.1 T and a sextet due to Fe"(T,) species of Fe O, nanoparticles with o
of 038 mms~'and H_ of 478 T.

4. After heat treatment at 800 °C for 100 min, waste slag recycled glass ceramics with additional Fe,0,
content of 10, 30 and 50 mass % decomposed MB aqueous solution with a first-order rate constant (k) of
2.6x1073 2.3x10%and 2.7 x10 3> min~'under the visible-light irradiation.

It is concluded that the waste slag discharged form household garbage combustion plant could be recycled to
a visible-light activated photo catalyst.
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