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structures
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Abstract

Rice husk, an agricultural waste, is abundantly available in many countries such as China,
India, Brazil, US, and South East Asia. Despite the massive production of rice husk, it
is mainly disposed to landfill. In this work, utilization of rice husk for a potential waste-
water treatment is evaluated, along with subsequent encapsulation of the adsorbed heavy
metals (Pb and Cd) inside a porous glass-ceramic.

Vitrified bottom ash (another source of waste) was mixed with foaming agents in dif-
ferent weight ratios (40:60, 50:50, and 60:40) to prepare a glass matrix for encapsulation
of Pb-/Cd-loaded rice husk. It was shown that using 40 wt% vitrified bottom ash with 60
wt% foaming agents leads to a foam glass with the best pore size distribution. Therefore,
this batch was further mixed with 70volume% (5 wt%) heavy metal-loaded rice husk and
was heat-treated at 7500C for 3 hours. The final glass-ceramic porous structure was char-
acterized using SEM, XRD, compression test, and it was shown that it is safe to be used
as it passes the EN12457-2 leaching test.
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1 Introduction

One of the most serious environmental challenges in the global socioeconomic context
is the existence of toxic heavy metals in industrial waste waters. Several methods have
been investigated for heavy metal removal from aqueous solutions such as membrane
filtration, chemical precipitation, reverse osmosis, ion exchange and adsorption [1-4].
Among these processes, the adsorption process is a simple and effective technique for
heavy metal removal from waste water. The most important adsorbents include zeolites
[5-7], activated carbon [8-10], expanded perlite [11], and rice husks [12-15]. Even though
activated carbon became the most attractive candidate as an adsorbent, but its cost and
the loss of adsorption efficiency after regeneration of the exhausted activated carbon [16,
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17] moved the in- investigation toward low-cost green adsorbents [18, 19]. This term
is applied to low-cost materials originated from agricultural sources and by-products, or
even their waste and residues. Among agricultural residues, rice husk with its unique
characteristics is a highly attractive choice. Some of its characteristics are high silica
contents (87-97 wt.% SiO2), high porosity, lightweight and very high external surface
area[20].

Several works have been done for application of rice husk as an adsorbent. Ajmal
et al [15] showed that it is possible to adsorb Ni, Zn, Cd, and Cr by phosphate treating
rice husk, and the adsorption was significant in case of Cd and Ni. Amin et al. [21] also
showed that it is possible to completely remove As(III) and As(V) from aqueous solutions
using rice husk.

It is worth pointing out that the environmental concern does not end after adsorbing
heavy metals. In fact, the adsorbed heavy metals need to be encapsulated within a safe
structure to prevent further introduction of these elements into the environment. The most
common approaches are encapsulation of heavy metals within a glass, glass-ceramic, or
cementitious structures [22-25]. The aim of this work is focused on encapsulation of
heavy metals adsorbed by rice husk within a porous glass-ceramic structure using vit-
rified bottom ash from municipal solid waste incinerators (MSWI), which in fact is an-
other products based on waste materials. The reason relied on the economic aspects of
treating the rice husk. As already mentioned before, rice husk contains high amount of
silica, and its direct vitrification is not economically viable. Similar approaches have been
successfully carried out to immobilize hazardous waste from radioactive waste, industrial
or hospital waste inside a glass-ceramic structure, using recycled glass to lower down the
heat- treatment (sintering) temperature [26, 27].

Encapsulation of heavy metals inside a glass-ceramic structure not only is an excellent
option to safely immobilize heavy metals, but it contributes further to the circular econ-
omy generating high-added-value products and avoiding waste landfill disposal. This
approach is specially emphasized by EU under A zero waste program for Europe” [28].
It promotes resource efficiency agenda established under the Europe 2020 strategy for
establishing a smart and sustainable growth[29]. This approach can lead to significant
economic benefits[30]. Therefore, this work is dedicated to using two sources of waste
(rice husk and bottom ash) for water treatment and production of porous glass-ceramics.

2 Materials and Methods
2.1 Adsorption of Pb and Cd

The rice husk was provided from a local rice mill in Italy. The pre-treatment was car-
ried out by boiling the rice husk in distilled water at 1500 C for 5 hours. The result-
ing product was subsequently washed in distilled water and was dried at 1500 C for
12 hours. Synthetic waste-water solutions were prepared by dissolving analytical grade
Cd(NO3)2.4H20 and PbNO3 in distilled water to obtain a concentration of 5 mg/mL for
both Cd and Pb. Further details of experimental procedure for adsorption of Pb and Cd
in rice husk could be found at [31]. The elemental analysis of rice husk before and after



adsorption of Pb and Cd was performed by XRF (RIGAKU ZSX100E equipped with a
Rh X-ray tube and TAP, PET, LiF1, Ge, RX61 and RX45 analysis crystals). Samples
were prepared by pressing ground rice husk into thin discs with a diameter of 20 mm and
a thickness of 2 mm. The samples were analyzed in at least 20 different points.

2.2 Preliminary Foam Glass Batches

Three batches were prepared by mixing previously vitrified bottom ash and foaming
agents in three different weight ratios(vitrified bottom ash(V): foaming agent(F) = 40:60,
50:50, and 60:40). In this work, these batches are presented by the name 40V60F, SOV5S0F,
and 60V40F, respectively. The detailed composition of the vitrified bottom ash could be
found in the work by Bassani et al [32]. Borax ((Na2B407).10H20) and calcium Car-
bonate were used as softener and foaming agent respectively with the weight ratio of
borax:calcium carbonate = 3:1. This ratio was selected based on our previous work on
generation of porous Cinderlite [38] The thermal behavior of the batches was studied by
hot stage microscopy (Expert System Solution, Modena, Italy). A small compact powder
of each batch (diameter ~ Imm , height ~ 3mm) was placed on a high-purity alumina
plate. The powders were then heated up to their melting point, with the heating rate of
100C/min. The change of sample dimensions upon heating (shrinkage) was then mea-
sured in terms of the silhouette area by using the appropriate image analysis software
provided by the manufacturer. Specifically, HSM plots reported the A/AQ ratio vs. tem-
perature, where A was the area of the sample silhouette at a given temperature and AQ
was the initial area at 250C. After HSM, it was decided to obtain the glass foams 40V60F,
50V50F, and 60V40F by heating up the batches up to 7500C with the heating rate of
10oC/min for the dwelling time of 15 min. Optical images of the obtained foam glasses
were then captured by optical microscope and were analyzed using particle analysis plu-
gin of Fiji ImagelJ [34].

2.3 Encapsulation of Heavy Metals in the Porous Glass-Derived End-
of- Waste

After analyzing the result of the three batches and finding the right heat- treatment con-
ditions, the 40V60F batch was selected and 70 volume% (5 wt%) of rice husk was added
to it. They were heat treated at 7500C with the heating rate of 10oC/min for the dwelling
time of 3 hours to obtain the final porous product embedding heavy metals. XRD analysis
of the glass- ceramic was carried out using XPert Pro PW3040/60 diffractometer (PANa-
Iytical, Eindhoven, The Netherlands) operating at 40 kV/30 mA with Bragg- Brentano ge-
ometry, CuK« incident radiation (wavelength A = 0.15405nm), step size 0.020 and fixed
counting time of 1s per step. Field Emission Scanning Electron Microscopy (FESEM)
was carried out using Zeiss Merlin microscope (equipped with a GEMINI II column and
an EDS detector). The compressive strength of the samples was evaluated by performing
crushing tests on polished cuboids (MTS System Corp. apparatus, 5-kN cell load, cross-
head speed 0.5 mm/min) as the F-to-A ratio, where F (N) was the peak load registered
during the test and A (mm2) was the initial cross-sectional area. The elastic modulus was
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determined too, from the linear region of the stress-strain response. Prior to the mechan-
ical tests, the six surfaces of the cuboids were polished by using #400 to #1000 SiC grit
papers to obtain flat surfaces. Results from the mechanical tests were expressed as mean
=+ standard deviation on four measurements. The crushed components after compression
test were used to conduct the leaching test according to BS EN 12457-2 compliance test
(2002)[35]. Crushed components (95% particle size < 4mm) in distilled water with the ra-
tio of Liquid:Solid = 10:1, were placed inside a shaker (100 rpm, T = 250C) for 24 hours.
After 24 hours, they were filtered using a 0.2um membrane filter. The suspensions’ con-
centration of Pb and Cd in the filtered solution was measured using inductively-coupled
plasma mass spectrometry (ICP-MS, iCAP Q, ThermoFischer).

3 Results and Discussion

3.1 Rice Husk Characterization

Table 1 shows the XRF analysis of the rice husk before and after adsorption of Pb and Cd.
In fact, it confirms the adsorption of Pb and Cd as they constitute 3.31 wt % and 0.25 wt
% of rice husk, respectively, after dipping the adsorbent into the simulated waste-water
solutions.

TABLE 1
XRF elemental analysis of rice husk before and after adsorption of Cd and Pb. ND stands
for Not Detected.

Composition (Wt%) Rice Husk Rice Husk + Cd Rice Husk + Pb

Si 87.70 95.70 92.10
Mg 1.20 0.38 0.48
P 3.36 0.16 0.43
S 0.20 0.16 0.14
K 3.75 0.59 0.56
Ca 2.59 2.00 2.16
Mn 0.81 0.49 0.21
Fe 0.24 0.27 0.27
Cu 0.08 ND ND
Zn 0.07 ND 0.06
Cd - 0.25 -

Pb - - 3.31
Balance - - 0.28
Total 100 100 100

3.2 Foamed Glass Preparation and Analysis

It was shown in the XRF analysis (see Table 1) that rice husk contains a significant amount
of silica. This means that the direct vitrification of rice husk to encapsulate the heavy met-
als requires high temperature. For this reason, it was decided to encapsulate them within
an already vitrified system. Therefore, vitrified bottom ash, which in fact is another source
of waste and can further contribute to the circular economy itself, was used together with
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foaming agents to prepare such system. The softener and foaming agent (borax and cal-
cium carbonate) serve two objectives, i.e. (i) lowering down the required heat-treatment
temperature and (ii) providing a base for a lightweight porous glass-ceramic production.
The HSM analysis of the mixture of softener and foaming agent is provided in the sup-
plementary materials. Keeping these goals in mind, three batches were prepared using
different ratios of vitrified bottom ash and foaming agents. The suitable heat-treatment
temperature was decided based on the behavior of the batches under HSM. Figure 1 shows
the thermal behavior of 40V60F, S0V50F, and 60V40F glass batches upon heating.

The incorporation of borax and calcium carbonate in the mixes allowed lowering down
the melting temperature of the material from above 12500C (vitrified bottom ash [31]) to
less than 9000C in all the three batches investigated. Densification phenomena of the
compact of powders followed a similar trend, too. Hence, there is an obvious advan-
tage from an economical viewpoint (lower processing temperatures involve more limited
costs) and, furthermore, heavy metal-based toxic gaseous products are not developed at
this relatively low temperature range. Figure 1 also shows that all the three HSM plots
exhibit a well-visible peak at about 7100C (40V60F) or 7400C (50V50F and 60V40F).
These peaks correspond to expansion phenomena due to the thermal decomposition of bo-
rax, which was previously shown to occur just above 7000C [36]. Samples 40V60F and
50VS50F contain higher amount of borax and calcium carbonate; therefore, by rising the
temperature they progressively soften faster than the 60V40F. They melt before calcium
carbonate has a chance to thermally decompose (Temperature 800 — 8500C [37]), and
this decomposition plays a role in the foaming process. A quite weak peak associated to
CaCO3- induced foaming can be observed in the sample 60V40F at about 8250C, when
the sample starts to melt. From these preliminary HSM observations, the temperature
of 7500C was selected as a compromise to achieve enough densification and adequate
foaming effect.

Heating 40V60F, 5S0V50F, and 60V40F batches up to 7500C for 15 minutes, pro-
duced foamed materials. The binary optical image of the obtained glass-derived materials,
and their porosity distribution analysis is presented in Figure 2. The overall porosity for
40V60F, 50V50F, and 60V40F is estimated to be 38%, 34% and 62% respectively. The
60V40F foamed glass contains the largest pores where they are the major contributors
to the final porosity of the sample. This brings heterogeneity to the glass, and poor me-
chanical properties; therefore, it is discarded for further investigation. 40V60F has three
categories of pore dimensions (small, medium, large). The smallest pores (D < 5um)
are distributed more homogeneously while the largest pores (D > 20pm) are distributed
more heterogeneous. 50V50F shows similar pore distribution to that of 40V60F, but it is
slightly less porous. Besides, higher number of smaller pores (D < Sum) is available in
40V60F. For this reason, 40V60F was selected among three for further incorporation of
rice-husk within.

70 volume% (5 wt%) loaded rice husk (rice husk containing heavy metals) was added
to 40V60F and was heat treated for 3 hours at 7500C. Figure 3 shows the optical picture
and the SEM images obtained from the final structure after the heat treatment. From these
images, it can be seen that firstly, it is a foamed ceramic and the SEM images show 3 cat-
egories of pore sizes (diameter) are present within the structure: D ~ 25um, D ~ 350um,
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FIGURE 1: HSM plots of 40V60F, 5S0V50F, and 60V40F batches. All three HSM plots
exhibit a well-visible peak at about 710°C(40V60F) or 740°C(50V50F and 60V40F).
These peaks correspond to expansion phenomena due to the thermal decomposition of

borax. A quite weak peak associated to CaCOs-inducedfoaming can be observed in the
sample 60V40F at about 825°C,when the sample starts to melt.

and D ~ Ilmm. The smallest pores as well as medium size pores are well distributed
within the whole structure. However, the largest pores, as big as several millimeters are
accumulated toward the edge of the structure. It is as well noticeable that the large pores
are interconnected through small pore windows rather than being isolated; thus, an open-
cell glass-derived porous structure was produced.

The XRD analysis of this sample is shown in Figure 4. The main crystalline phases
identified to be Calcite, Gehlenite, Cristobalite, Tuscanite, and Jedeite. It is noticeable
that these peaks are not sharp and their wide angle could be due to two reasons: 1) the
presence of the glassy phase and the nanocrystallinity of the available phases. According
to Scherrer formula 1 (where D is the grain size, A is the Cu—Ka wavelength, d is the
full width half maximum, and @ is the diffraction position) [38] it is possible to estimate
the grain size of the main phases. Putting values in the formula, this size for Jadeite and
Tuscanite is estimated to be around 19.5 nm. Besides, the diffusive background between

20 = 20 — 400 indicates the presence of remaining glassy phase. The final structure
therefore, is a glass-ceramic.

0.9\
D= Geost) (1)
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FIGURE 2: Optical images and porosity analysis of 40V60F, 50V50F, and60V40F
batches. a) 40VO0F has three categories of pores diameters. The smallest pores (D< Spm)
are distributed more homogeneously while the largest pores (D> 20um) are distributed
more heterogeneously b) SOVS50F shows similar pore distribution to that of 40V60F, be-
ing slightly less porous ¢) 60V40F shows very heterogeneous pore distribution. This
sample has the largest pores (D > 100um) among all. d)Porosity analysis of 40V60F,
50VS50F, and 60V40F. The overall porosity of these batches is estimated to be 38%, 34%
and 62%respectively.

FIGURE 3: Optical picture and SEM images of glass-ceramic obtained after heat-
treatment of 70 volume % (5 wt%) of loaded rice husk added to the 40V60F batch at
750°C.
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FIGURE 4: XRD analysis of the final structure. The wide peaks and the presence of the
diffusive structure between 26 = 20-40° degree is an indication of remaining glassy phase.
The final structure therefore, is a glass-ceramic.

After successful incorporation of rice husk into the glass batch, its applicability in
terms of safety and mechanical properties of the resulting porous product was evaluated.
The mechanical properties were investigated by compression test. Figure 5 shows the
typical stress-strain curve of porous glass- ceramics. Similar curves were obtained in
other studies for different types of glass-ceramic foams [38, 39]. The apparent stress drop
after the first peak around 10 MPa (marked as point 1) is related to the failure of the
thinner struts which crack first under the applied load. However, the material is still able
to withstand the load, and this leads to the typical jagged profile of compressive stress-
strain curves of cellular ceramics [40]. Then, the stress rises again and a second peak
around 7 MPa can be observed (marked as point 2) in Figure 5. After a third broad peak,
there is the definite stress drop (marked as point 3) corresponding to the loss of integrity
of the sample, which is reduced in powder. The elastic modulus and compressive strength
were measured to be 0.9501+0.24 GPa, and 7.5+1.9 MPa respectively. These mechanical
properties suggest safe handling of the materials with no particular problems associated
to structural integrity of the glass-ceramic foams. Other authors reported lower values
of compressive strength (below 4 MPa) for glass foams from waste glass of dismantled
cathode ray tubes [41].



The final test, and the most important of all, regarding the applicability of the glass-
ceramic, was leaching test. The leaching test was performed on the crashed pieces after
compression test according to the European standard EN12457-2. The concentrations
of Pb and Cd, released from the material in aqueous solution, measured by ICP-MS,
were 1.71 £ 0.97 ppb and 1.03 &£ 0.73 ppb respectively. These values are well below
the acceptability thresholds recommended by the standard and, thus, this porous glass-
ceramic can be considered as an almost inert material [42]. Therefore, the data reported
demonstrate that the heavy metals are successfully encapsulated within the glass-ceramic
structure and the sample is safe to be used.

10 |

stress (MPa)
(2]
1

0 5 10 16 20 25
strain (%)

FIGURE 5: Compression on glass-ceramic obtained from mixing 5 Wt% loaded rice husk
with 40V60F batch. The apparent stress drops at point 1 but, the material is still able
to withstand the load. Then, the stress rises again and a second peak can be observed
at point 2. After a third broad peak, there is the definite stress drop ,marked as point 3,
corresponding to the loss of integrity of the sample, which is reduced in powder. The
elastic modulus and compressive strength were measured to be 0.950 £+ 0.24 GPa, and
7.5 £1.9 MPa respectively.

4 Conclusions

The current research is conducted as a proof of concept to show the following points in
the field of circular economy:
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