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Abstract

Municipal solid waste incinerator and biomass power plant
byproducts, namely bottom ash (BA) and fly ash (FA), are rich in silica and represent
a potential source for the synthesis of silica-based materials. This study investigated
the optimal conditions for alkaline fusion to extract silica from BA and FA, resulting
in a supernatant solution that served as the source of silica for Magnetic mesoporous
silica synthesis. To separate Fe.Os; from the ash, a low-temperature hydrothermal
reaction was conducted using acid leaching, followed by efficient separation and
extraction with methyl alcohol. Before experimentation, the mineralogical
composition of the ashes was determined using X-ray fluorescence. Fourier
transform-infrared (FTIR), X-ray diffraction (XRD) pattern, and scanning electron
microscopy (SEM) were utilized to analyze the extracted silica and iron oxide from
the ashes. Sequential extraction under these conditions yielded 71% extraction
efficiency and 81% silica purification. However, the efficiency and purity of iron
oxide separation are both relatively low. Subsequently, the silica and magnetic ash
derived from the bottom ash were used to synthesize magnetic mesoporous silica
(MMS) with a high adsorption capacity TC of 276.74 mg/g. FTIR, XRD, and SEM
were also employed to characterize the MMS. Optimal conditions for overnight
incubation at 60 °C and a pH of 6-8 were determined. The Langmuir isotherm and
pseudo-second-order kinetic models were the optimal fitting models based on
isotherm and kinetic equations. The adsorption process was identified as
physisorption and spontaneous, as evidenced by the low entropy changes (AS°),
negative enthalpy changes (AH®) of -15.94 kJ/mol, and negative Gibbs free-energy
changes (AG®).

Keywords: bottom ash, fly ash, municipal solid waste incineration, biomass power
plant, magnetic mesoporous silica, adsorption tetracycline.
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CHAPTER 1. INTRODUCTION

1.1 Overview

In recent decades, waste production has drastically increased
worldwide due to several factors such as population growth, urbanization, economic
development, and changing consumer shopping habits. This trend shows no signs of
slowing down. Millions tons of waste are generated by humans every year, which is
becoming a significant global concern. Municipal garbage production peaked at 2.01
billion tons in 2022 worldwide, and it was expected to grow to 3.4 billion tons by
2050 as projected by World Bank [1]. These enormous amounts of waste harm the
environment in many ways, including by contaminating the oceans, taking up space in
landfills, contaminating underground water reserves through leachates, degrading soil,
contributing to greenhouse gas emissions from decomposition and incineration,
endangering the health of wildlife, and spreading diseases. As a result, modern society
has significant issues in managing municipal solid waste (MSW) in a sustainable and
environmentally friendly way. Landfills, the most popular method of disposal, are
facing a number of challenges including a lack of dumping space close to cities,
environmental degradation, odor emissions, and the release of greenhouse gases like
methane [2], [3].

In a while, stricter rules were published to regulate the dumping site
and the land filing procedure. In order to manage garbage more sustainably,
incineration seems to be a better solution and has already been embraced by several
nations. By using high-pressure steam, this technique may efficiently reduce solid
waste by 90% in volume and 70% in weight [4] and it can also recover a quantity of
energy [5].

However, in terms, byproducts from complete or incomplete
combustion are also waste, called bottom ash (BA) and fly ash (FA) [6], which are
generally hazardous in nature. The most typical way to handle these ashes is to dump
them. Nevertheless, leachable heavy metals, chloride levels, and hazardous organic
pollutants are present in FA and air pollution control (APC) lime. Landfilling is
expensive and still poses a danger of environmental damage because it necessitates
extensive pre-treatment to safeguard the dumping location. Thus, new techniques
should be created to make use of these leftovers and benefit from them. The chemical
analysis reveals that the major element composition of BA and FA contains a large
amount of silica (60-70%), alumina (16-20%), and trace amounts of transition metals
[7]. In recent years, many studies have been made to minizine the environmental
impacts of ash as well as to recycle them effectively. It is mainly applied to building
materials [8], ceramics [9], concrete [10], and soil amendment and fertilization [10],
[11]. One of the potential elements present in this solid waste is silica which has wide
applications such as water purification, adsorption, bio-sensing, catalysis, bone tissue
engineering, gene and peptide delivery, tissue glue, and wound healing [12]. And
others elements that have a high value are transition metals such as iron, alumina.
Therefore, many studies investigated the synthesis of silica and metals have been
reported [13],[14],[15]. However, these previous studies only focused on using coal
BA and FA and were not concerned with separating valuable metals from slag.

In Thailand and Vietnam, which are developing countries is located in
the South East Asia, many incinerators have been built for disposing of waste and also



for generating electric power [6]. Large quantities of BA and FA were insufficient
technical expertise and equipment for proper treatment and disposal facilities. In
addition, limited availability of appropriate applications for biomass ash, such as
fertilizer production, road construction, or landfill engineering. Overall, both Thailand
and Vietnam face significant challenges in managing and reusing BA and FA from
MSW and Biomass Power Plants. Addressing these challenges will require a
concerted effort from policymakers, investors, and local communities to promote
sustainable waste management practices and explore new and innovative uses for
these residues.

Nowadays, infectious disorders in both humans and animals can be
effectively treated using antibiotics. Moreover, antibiotics can be utilized as
preventative care and are increasingly being employed as growth boosters in
agriculture and animal husbandry [16]. While, tetracycline (TC) is one of the most
antibiotic popular use in the world. However, the overuse of TC leads to their enter
into water environments via microbes, medical and agricultural drugs, and sewage
treatment plants. This results in high residual levels of TC in the water, therefore, it is
essential for removing them from water. Several methods are currently employed to
remove TC from the environment, including biodegradation, electrochemical
oxidation, the Fenton reaction, and adsorption. Adsorption is the process of ions and
molecules physically adhering or bonding to the surface of another molecule [17].
However, this method often requires a large surface area and prolonged reaction time,
which can result in the production of toxic by-products [18]. Magnetic mesoporous
silica (MMS), as recently garnered increasing attention from researchers as a new
adsorbent and has found extensive use in the control of environmental pollution.

This study investigated a novel approach that has the potential to
extract valuable elements from incineration residues and produce the new useful
material. The BA and FA from MSWI and biomass power plant effectively and
economically will utilize for purely silica extraction and metal will be established. In
addition, the result production will be applied to prepare MMS for adsorption TC
from aqueous solution. Finally, analyze the economic advantage by comparing the
cost of extracting SiO2 from these wastes to the price of the commercial product.

1.2 Objective

1. To study the physical and chemical characteristics of BA and FA
from MSWI plant, and rubber biomass power plant in the southern, Thailand. And
then establish the optimal conditions for synthesis of silica and iron oxides from the
ashes.

2. Evaluate the economic assessment pertaining to the recycling of
(BA) and (FA) waste materials for the extraction of silicon dioxide (SiOy).

3. Synthesis MMS derives BA-biomass power plant for adsorption TC.

1.3 Outcome

This study aims to develop feasible methods to utilize MSWI ashes and
biomass power plant residues in making the new materials are SiO», Fe2O3, and MMS
for adsorption TC.



CHAPTER 2. LITERATURE REVIEW

2.1 Municipal Solid Waste Incineration and Biomass

The world's MSW production has significantly increased due to the
rapid expansion of industry and urbanization, along with population growth,
especially in large cities. The enormous amounts of waste can cause adverse effects
on the environment through various means, including by polluting oceans, taking up
space in landfills, contaminating underground water reserves via leachates, affecting
soil quality, contributing to greenhouse emissions from decomposition and
incineration, endangering the health of wildlife, and spreading diseases [19]. MSW is
consists of various categories of materials. These include biogenic materials such as
food waste, grass clippings, leaves, wood, paper, cardboard, and leather products.
MSW also contains non-biomass combustible materials such as synthetic materials
made from petroleum and plastics, as well as noncombustible materials like glass and
metals. As a result, the management of MSW in a sustainable and environmentally
friendly manner poses significant difficulties for modern society.

The strategies for disposing of MSW are diverse because of numerous
factors including regional waste management regulations, financial constraints,
collecting infrastructure, etc. The management of global waste and disposal options
are shown in Figure 2.1. Open dumps are a frequent practice where one-third of the
world's trash is dumped. The waste in the open ends up contaminating the
environment and sanitary conditions of adjoining areas. A further third (36.7%) of the
garbage is disposed of in various landfill types, such as controlled landfills,
unidentified landfills, and regulated landfills. The remaining portion of the garbage is
managed by more eco-friendly means, such as recycling (13.5%), composting (5.5%),
and incineration (11%) [1].

<1%
i 5.5%
1%

-

25%

Composting M Sanitary landfill (with landfill gas collection)
Incineration Open dump
M Controlled Landfill Other

Landfill (unspecified) W Recycling

Figure 2. 1. Global Waste Treatment and Disposal [1]

Biomass, which is a renewable organic material, remains a significant
source of fuel for cooking and heating in many countries, particularly in developing



nations. The use of biomass as a fuel for transportation and electricity generation is
also on the rise in several developed countries, as it offers a means of reducing carbon
dioxide emissions that result from the use of fossil fuels. In 2021, biomass accounted
for approximately 5% of total primary energy use and provided nearly 5 quadrillion
British thermal units (Btu) in the United States [20]. According to Asia-Euro Policy
Dialogue (AEPD) in 2015, Thailand established a goal to increase renewable energy
by 30 % by 2036, with biomass power plants being a key target with a capacity of
5,570 MW. As a result, more very small power plants, and power plants have been
built in recent years [21]. And until now, Thailand has 178 biomass power plants, too
[22]. Moreover, biomass fuel combustion has been seen as carbon-neutral, it could
significantly contribute to the development of a clean environment [23]. Plants may
capture a quantity of CO; that is emitted into the atmosphere during combustion
through photosynthesis. Based on life-cycle analysis, there has not been a net increase
in greenhouse gas emissions [24].

Today, incineration is a viable alternative to landfilling as a suitable
treatment for the significant amount of MSW generated. Several countries, including
developing nations, have been rapidly constructing incineration facilities in recent
years [15]. By reducing the volume and weight of solid waste by approximately 90%
and 70%, respectively [25], but it also generates energy and heat that could be utilized
for other applications.
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Figure 2. 2. Diagram of a waste-to-energy facility showing the incineration of MSW
[26]

2.2 MSWI and Biomass Power Plant residues
However, the biggest concern of MSWI and biomass power plant, still

produces a relatively large amount of solid residual materials. More than 80 % of the
overall incineration ashes are accounted of the byproduct BA, which is a significant



byproduct made up of incombustible and unburned elements from the incineration
process [19]. FA is the name given to the small particles that are extracted from flue
gases accounted around 3%. Compared to BA, these ashes are highly polluted with
potentially hazardous substances and soluble anions.

Due to various distinctions in a nation's lifestyle and garbage recycling
systems, the composition of MSW varies over time and from different countries; the
ash content will also vary. In general, the chemical and physical characterization of
ash will be decided by the raw MSW composition, operational circumstances,
incinerator type, and air pollution control system design. The chemical analysis
reveals that the major element composition of BA and FA are Si, Al, Fe, Mg, Ca, K,
Na and Cl, which mainly contains SiO,, CaO, Al,O3, C1,O, NayO, Fe.O3 [27]. The
most frequently metals in MSWI ash are Cr, Cu, Hg, Ni, Cd, Zn, and Pb, with Zn and
Pb typically being present in the highest concentrations. Without proper treatment,
these metals can damage the ecosystem and cause leaching issues. Due to metal
vaporization during combustion and the process of metal adsorption on the surface of
FA particles, Zn, Pb, As, Sb, Cd, and Hg concentrations in FA are typically higher
than in BA [28], whereas Cu, Cr, and Ni have similar concentrations in the two ashes
fractions [27]. Nowadays, numerous studies about the treatment and use of
incineration residues from the last two decades have been known. In general, three
treatment methods have been introduced and may be divided as follows in order to
utilize waste and reduce environmental effect: 1) separation, 2)
solidification/stabilization, 3) thermal method. Different treatment approaches have
different mechanisms and costs, and each has advantages as well as disadvantages, as
shown in Table 2.1.

Table 2. 1. Treatment methods of residues [29].

Category Methods Benefits Drawbacks
Simple Leaching  process
] ] of heavy metals
Water washing D.egr.adatlon of high | jncreased by
dioxins subsequent
Removing high soluble contamination.
salts
Separation Simple Secondary pollution
Wet grinding
No extra chemicals
Demanding in
terms of
L Efficient removal of technicality
Electrodialysis
heavy metals .
Expensive
By-product
L . ) . . Incapable of
Solidification/ Chemical No additional pollution

decomposing




Stabilization stabilization generated organic pollutants
Utilization of CO;
from stack gases
Carbonation Reducing off-gas | Slow process
emission
Carbon sequestration
Stabilizing heavy
metals . ble of
Cement neapabic o
e Low cost decomposing
stabilization .
) organic pollutants
Low technical
requirement
Substantial energy
Vitrification - R consumption
Thermal . Significant e ! mination Significant expense
Melting rates of chlorine and
treatment .
o organic matter Generates low-
Sintering o )
volatility oxides or
alumina silicates

As a result, numerous studies have looked into how to recycle and

reuse them in a variety of sectors, including agricultural, geotechnical applications,
construction materials, and other uses. Table 2.2 shows the various ways that MSWI
ashes and biomass power plant residues are applied in several countries [2], [30], [31].

Table 2. 2. BA and FA are widely used in many countries [2], [30], [31].

Continent Nation Application of ashes
United Kingdom | Building roads, structural foundations
Sweden Constructing roads, to cap landfills
Netherlands Building material
Italy Constructing roads using cement
German Base layer of roads
Denmark Subbase layer

Europe Belgium Construction material
Poland Road construction
Spain Constructing embankments, road subbase,
using cement

Czech Republic Soil surface
France Road construction

Landfill construction




China Road construction

Asia Japan Cement clinker

But, with the both of strategic asset and towards to a sustainable use of
resources, we need study about recovering, synthesis useful materials from the ashes.

2.3 Extraction valuable elements from MSWI and Biomass residues

As the main components of MSWI ashes consist with large amount of
Si0O,, therefore, it is kind of silica source with the cheap price. In general, it is
possible to used residues from incineration and combustion plants to produce silica
materials. Some studies have been demonstrated successful conversion of this residue
to Zeolite by using alkali solution [32]. The extraction of of SiO; from MSWI ash
synthesis of zeolite material have been also achieved [33]. Additionally, in the first
time in 2007, the successful synthesis of MCM-41, SBA-15, and SBA-16 mesoporous
silica has been reported [34], as well as prepared mesoporous silica through sol-gel
method from municipal solid incineration bottom ash [15], and industrial ash [35].
Furthermore, silica nanoparticles were synthesized from sugar industry bottom ash
[36], and paper industry fly ash [37] with alkaline extraction method.

It is economically feasible to recover some of the trace transition
metals due to their present concentrations [38]. Iron is reflected to be one of the
structurally essential industries shaping the economy of a country. And based on the
existing literature review, municipal solid waste BA contains a significant amount of
iron in the range 7 - 15% [39]. It can be a valuable resource, can serve as a
supplemental source of iron supply, if recovered profitably. Recovering and extracting
these metals appear to be environmental and economic option compared to disposing
the ash in a landfill following the immobilization process. Various methods using
different leaching reagents have been investigated, such as: water leaching [40], acid
leaching [25,26], alkaline leaching [43], bioleaching [28]. Typically, these approaches
involve extracting the metals through leaching using acid, alkaline or other agents,
followed by filtration and chemical precipitation to recover the dissolved metals in the
solution. Until now, have some investigations reported about the extraction iron from
ash such as: a high iron recovery of 42.4% from steel slag have been demonstrated by
magnetic separation [45], metals oxides from coal bottom ash waste by carbon
reduction [46], metal oxides successfully extracted from the coal bottom ash by acid
leaching [47]. However, many previous studies didn’t separate the metals from ash,
and used the material from coal ash. And, the general incinerated ash slag has rarely
been used for extraction of silica and metals, most studies on its use as a civil-
engineering building materials, despite its high silica and metals content.

2.4 Antibiotic (tetracycline) contaminant and method for treatment

Antibiotics are synthetic or semisynthetic drugs by a natural way,
which have been widely used in human medicine and livestock animals for
prophylactic, therapeutic, and growth promoting purposes [48]. Cycon et al., 2019,
analyzed the situation in 75 countries and found that there was a 65% increase in



antibiotics usage. They predict that by 2030, the consumption of antibiotics will be
200% higher than it was in 2015 [49]. The widespread use of antibiotics has become a
serious problem as it may pose many significant threats to human health, such as
antimicrobial resistance, allergic reactions and gastrointestinal disturbance [50]. TC is
a widely used and inexpensive antibiotic that is effective against a broad spectrum of
bacterial in both human and veterinary medicine as well as in agriculture [51]. It is
frequently utilized as an animal growth promoter [52]. As one of the most massively
produced and utilized antibiotic families [53]. TC is highly soluble in water and has
been found in various environmental settings , including surface water (ranging from
5.4 to 8.1 ng/L) [54], ground water (greater than 100 ng/L) [55], MSW, and soil
(ranging from 86.2 to 198.7 pg/kg) [56]. Moreover, it can be easily transferred to
other environments via aqueous matrixes [57]. Due to its naphthol ring structure, TC
is difficult to degrade and thus can persist in the environment [58]. This is
compounded by the fact that a significant portion of the administered drug is excreted
by humans and animals and can end up in domestic wastewater and pits where
sludges are deposited [49]. However, conventional water treatment and
biodegradation methods have proven to be ineffective in removing TC from aqueous
solution [59][60]. As a results, there has been a growing interest in developing
efficient and secure techniques for TC removal. Methods for TC removal include
oxidation [61], photo electrocatalytic [62], degradation [63], membrane processing
[64], adsorption [65], permeation [66], flocculation [66], ozonation oxidation [66].
Among these, adsorption emerged as a promising method due to its ease for
operation, low costs, and significant removal efficiency at extremely low TC content
in wastewater and water [67]. Particularly, no generation of toxicity of intermediates
and by-products during adsorption makes it a safer alternative to other methods [68].

Until now, various materials such as graphene oxide [69], activated
carbon [70], kaolinite [71], single-walled carbon nanotubes, and multi-walled carbon
nanotubes [60] have been studies for their ability to adsorb and remove TC. Carbon
nanotubes and graphene, in particular, have been found to be highly effective due to
their graphite structure [72]. However, cost associated with manufacturing, disposing,
and regenerating these materials are prohibitively high, making them unsuitable for
large-scale TC adsorption applications. Therefore, there is significant need for the
development of low-cost, easy-to-use, and highly selective devices that are both
efficient and affordable.

MMS had the characteristics of mesoporous silica (small particles
size,large surface area, big pore size and volume) and magnetic particles could be
rapidly separated by the application of an external magnet [40], so it can be used as an
adsorbent. Therefore, using it for removing toxic elements and compounds from
contaminated water is emerging. However, the adsorbent should have a consistent
pore arrangement, homogeneous particle size, and a small pore size to increase
adsorption efficiency. Until now, have some report investigated this problem for
example, mesoporous silica materials for the elimination of heavy metals (Pb?*, Cu®*,
Cd*, and Cr?") from aqueous solutions with support in surfactant solution
Hexadecyltrimethyl ammonium bromide (CTAB) [35], silica nano particles were
achieved with uniform and small particle size of 20-30 nm with presence of 3 wt%
CTAB [73]. So, CTAB have a great impact on morphology, which can help achieve



uniform size of the mesoporous structure for the nanoparticles. And in our study,
CTAB are considered as a template of adsorbent.

In this study, BA and FA from MSWI and biomass power plant, will
be used as the materials for synthesis silica and iron oxides via alkali treatment and
acid leaching, respectively. Furthermore, prepare magnetic mesoporous silica from
the above results for adsorption antibiotic groups: tetracyclines (TC).
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CHAPTER 3. MATERIAL AND METHOD

3.1 Material

The BA and FA were collected from Phuket Municipal Waste
Incineration Plant, and the Rubber Biomass Power Plant of Gulf Yala Company in
Southern, Thailand.

Phuket’s Municipal Waste Power Plant (Phuket waste to energy plant)
is a 14 kW biopower project, which located in Saphan Hin, Phuket, Thailand. The
factory got commissioned in November 2012. The incinerator has full capacity to
burn 900 tons of garbage per day and produce 14,000 kW power [74].

The Yala biomass generation plant, a facility constructed by Gulf Yala
Green Co., Ltd., which began operating in November 2008. The facility is capable of
producing a maximum output power of 20,000 kW by incineration of rubber wood
waste [75].

3.2 Instruments

. X-ray Diffractometer (XRD) - X’Pert Pro MPD, Malvern
Pananalytical, Bruker AXS Advance, United Kingdom.

o X-ray Fluorescence (XRF) - S2175 Ranger, Bruker,
Burladingen, Germany.

. Fourier transform infrared spectrometry (FT-IR) - Perkin Elmer
Model Spectrum GX - Thermo Fisher, Nicolet iS5, USA.

. Scanning electron microscopy (SEM) - Apreo, FEI, South
Moravian Region, Czech Republic.

. X-ray spectrometer (EDS) - (X-Max80, Oxford, UK).

° Ultraviolet—visible spectroscopy -C-7200 PEAK Instruments
Inc, USA.

. Oven, UF 110, Memmert GmbH + Co. KG, Schwabach,
Germany.

. Analytical balance, ML204 /01, Mettler Toledo, Switzerland.
. Hotplate stirrers, IKA C-MAG HS2, Staufen, German.

° pH meter, HI 2211, Hana Instrument, US.
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3.3 Chemical and Reagents

Table 3. 1. List chemicals, reagents and supplier

No. Name Grade Supplier/ Source
1 Sodium  Hydroxide | Analytical Loba Chemie PVT.LTD,
(NaOH) India
2 Deionized water Analytical School of Science, Mae Fah
Luang University, Thailand
3 Hydrochloric Acid | Analytical Qrec, Newzealand
(HCID) 37%
4 | Nitric Acid (HNO3) Analytical Qrec, Newzealand
5 Amonium (NH4OH) Analytical Loba Chemie PVT.LTD,
India
6 Hexadecyltrimethyl Analytical Sigma-Aldrich, Cibolo, TX,
ammonium bromide USA
(CTAB) >98%
7 | Tetracycline Analytical Alfa Aesar, United
hydrochloride,  96% Kingdom
(C22H25CIN20g)
8 Poly(vinyl alcohol) Analytical Sigma-Aldrich, USA
9 Ethanol 99% Analytical Qrec, Newzealand
10 | Glycerol (C3Hz03) Analytical Qrec, Newzealand.

3.4 Experimental Method

3.4.1 Prepare and analyze samples

Firstly, samples (BA from MSWI and Biomass power plant) were
washed twice-three time with tap water and then was ground in a hi-speed Mill
Machine (Model single-head for hi-speed) and sieved to get a particle size of under 75
pm (200-mesh sieve). After that, continue washed several times with distilled water
filtered and dried at a constant temperature of 90 °C to remove moisture for 24 hours.
FA from Biomass power plant were washed several times with distilled water, and
then filtered and dried with the same BA samples.

The samples were stored in a closed container to protect it from
moisture until use. The samples will be analyzed by the mineral and chemical by X-
ray Fluorescence (XRF) spectroscopy.
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3.4.2 Experimental design

Figure 3. 1 presented the schematic diagram of the procedure of the
experiment of the thesis.

ASH
wash and grind

4

ASH
separate magnetic

' !

Non-magnetic
Magnetic ash : aShgll

Extract Silica
(Si0y)

!

: Sodium silicate
Magnetic ash Magnetic ash (N2,Si0y) CTAB

‘l‘ Magnetic
Extract Iron Mesoporous
Oxide Silica

)

Adsorption
Tetracycline

Figure 3. 1. The schematic diagram showing the procedure of the experiment

e  Experiment 1: Synthesis purity Silica (SiO»)

In this work, investigators synthesized nanosilica from BA and FA of
Phuket MSWI and Yala Rubber biomass power plant by alkali dissolution and sol-gel
methods according to Yadav, V.K. et al., with some modification [76].

First, put 5 g of ash into the beaker and separated the magnetic and
non-magnetic ash with a magnet. Then, it was dried at 90 °C for 12 h. And non-
magnetic ash will be re-fluxing with NaOH solution with different concentrations of
3M, 4M, and 5M at 90 °C for 8h, 16h, and 24h in the round bottom flask. The reacted
solution will be then filtered through a membrane of 0.45 pm and collected
supernatant for adjusting pH at 7 by HCl 5 M. The solution was aged at room
temperature for 24h, then filtration and washed with DI water several times, and dried
in the oven at 90 °C for 1 day. The solid residues will be analyzed for checking the
purity and characterization of SiO2: XRF analysis will be used for determining the
content of constituents of the silica extracted, and XRD to determine the structural
pattern of the produced materials; FTIR for identify the organic groups on the surface
of the produced materials, as well as SEM was used to examine the surface. The
experimental scheme for the extraction SiO: process is shown in Figure 3.2. The
yield of silica will be calculated using Eq. (1) .
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% Vield = Dried weight of obtained silica < % purify of SiO, <100 .
° B Dried weight SiO, from the ash M

I

= 7 — %
Ash v
Refluxing with filter adjustpHat7 filter dried at 90°C
NaOH at 80°C collect supernatant & aging at RT 24 hour collect power for 24 hour

Figure 3. 2. The procedure for the SiO: extraction
e  Experiment 2: Synthesis of Iron Oxides (Fe203)

This study used the co-precipitation method described in the patent
CN105776345A [77], with some modification that is suitable for the characteristic of
the sample. By using this technique, the ash resource is fully exploited, the production
process is straightforward, the cost of production is low, and the approach is
appropriate for mass production. Using the method, Fe;Os in ash can be effectively
separated and extracted; Al,Os in ash can be dissolved out by 90%-96%. Additionally,
no special equipment is needed; all that is required is a low-temperature reaction. The
experimental scheme for the extraction metal process is shown in Figure 3.3.

Firstly, magnetic particles were separated from the ashes by using a
magnet. Then, magnetic ashes were mixed with HNO3 5% at a solid-to-liquid ratio of
1:5 and reacted at 80 °C for 1-2 hours. Once the reaction was completed and cooled to
room temperature, the resulting mixture was filtered and washed with distilled water
at a solid-to-liquid ratio of 1:2. This solution contained iron nitrate and aluminum
nitrate. Next, methanol was added to the mixture at a volume ratio of 12:1. An amount
of NH4NO; was added to the mixture in a molar ratio of 1:3 (AI(NO3)3:NH4NO3) and
stirred for 1-2 hours. The resulting mixture was then filtered, and the aluminum
nitrate powder was obtained. The powder was washed with methanol at a ratio of 1:2
(alumina:methanol), and the residue was collected on the filtrate. To obtain iron
hydroxide, NH4OH was added drop by drop to the solution until the pH > 8. Then, the
supernatant was aged at room temperature for 2-3 hours, filtered, and dried at 80 °C
for 24 hours to collect iron oxide. The results will be analyzed for checking the purity
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and characterization of Iron Oxide and compared with the chemical analysis of the
samples.

NH.NO; < Methanol
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V4 /’ \ \' :
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Filtration
Droppoing NH,OH until pH=8.5

Figure 3. 3. The procedure for the metal extraction
e  Experiment 3: Preparation Magnetic Mesoporous Silica for TC adsorption.

The preparation of magnetite mesoporous silica (MMS) was carried out
using a method previously reported by C. Azmiyawati et al., 2020 [78], with some
modifications. Magnetic and nonmagnetic ashes were separated using permanent
magnets, with the magnetic ash serving as the magnetic component in MMS and
nonmagnetic ash being used to extract silica. The weight ratio of magnetic and
nonmagnetic ashes was 1:10.

The SiO> obtained from Bottom Ash — Biomass power plant were
used to prepare the sodium silicate solution by dissolving SiO, and NaOH (4:5 w/w
ratio) in 250 mL of distilled water at 80 °C for 1 day [79].

A clear solution was obtained by adding 1.2 g of hexadecyltrimethyl
ammonium bromide (CTAB) to 20ml of deionized water and then mixed at 40°. This
aqueous CTAB solution was then mixed with sodium silicate solution and stirred for
15 min. The resulting mixture was slowly added to the magnetic ash at a ratio of 1:20
maghemite to Na>Si03 10%, while being stirred and heated to 80 °C. After stirring for
30 min, the pH of the mixture was adjusted to 11 by 5 mol/L HCI solution and stirred
continuously for 6 hours. The mixture was kept in a water bath at 80 °C for 72 hours,
followed by the addition of 100 mL ethanol 99.9% to precipitated product. To remove
CTAB, the mixture was sonicated for 30 min at 60 °C [80], and washed with DI water
multiple times, and dried at 80 °C for 24 hours. The synthesis process of magnetic
mesoporous silica is demonstrated in Figure 3.4.
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Figure 3. 4. The procedure for preparation Magnetic mesoporous silica

The mineral elements MMS were analyzing by X-ray fluorescence
(XRF), (S2175 Ranger, Bruker, Burladingen, Germany). Fourier transform infrared
spectroscopy FT-IR (Perkin Elmer Model Spectrum GX) was used to analyze the
specific functional groups of the adsorbents by compressed samples into KBr pellets
and then analyzed with a Nicole IS10 spectrometer over the wavelength ranged from
400 to 4000 cm™!. X-ray diffraction (XRD) pattern (PAN analytical, X Pert Pro MPD)
was performed on a Bruker AXS Advance instrument for confirmation the structure.
The surface morphology of MMS was examined by scanning electron microscopy
(SEM, Apreo, FEI, South Moravian Region, Czech Republic) running by Schottky
field emission at the accelerating voltage of 20 kV in high vacuum mode. The
elemental mapping analysis of the sample was conducted using the energy-dispersive
X-ray spectrometer (EDS)-(X-Max80, Oxford, UK).

MMS was used to adsorb TC in an aqueous solution, and the impact of
adsorption time and temperature on the unit adsorption capacity and adsorption rate of
TC was investigated to determine the ideal conditions. MMS (3 mg) was dispersed in
a flask containing 10.0 mL TC solution with various concentrations (10-100 mg/L),
pH 6-8, and fully homogenized with a vortex mixer. The suspension was incubated
overnight at 25 °C, 45 °C, and 60 °C and covered with aluminum foil to protect TC
from the potential photo degradation. MMS was separated from the samples through a
magnet after centrifuging at 2000 rpm for 15, 30, 45, 60, and 90 min while
maintaining the experiment temperature including centrifugation. The residual
concentration of TC in an aqueous solution was determined by UV—vis absorbance at
357 nm, using a calibration curve built. All the experiments were replicated thrice,
and the averaged results were reported. Equation (2) was used to calculate the
percentage removal of TC, and Equation (3) was used to determine the adsorption
capacity:
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(%) = g 100 )

« — ) 3)

where:

C, is the initial concentration of TCs (mg/mL);
Ce (mg/L) is the equilibrium concentration of TC;
V is the solution volume (mL);

m is the mass of adsorbent (g).

The experimental scheme for remove TCs from aqueous by magnetic
mesoporous silica is shown in Figure 3.5.

Te

TC at Votex for Incubated overnight Separated MMS ;
stock solution 10-100 ppms  Add 3 mg MMS homogenized at25°C, 45 °C, andgéo C \gith magnet UV-Vis

Figure 3. 5. The diagram TC adsorption on MMS from aqueous

3.5 Economic evaluation

In the economic evaluation, several assumptions will be used based on
all apparatus’ specification, prices for raw materials/ chemicals, electricity, and the
labor cost follow Nandiyanto, A. B. D. (2018) [81] with some modifications for
suitable with our research. And then calculate the price for produces lkg SiO: from
waste and compared to the selling the price.

In order to conduct an accurate economic analysis, certain assumptions
were made to anticipate and evaluate various possibilities that could arise during the
project. These assumptions include:

1. Using the USD as the currency for all analyses.

2. Assuming the prices of NaOH and silica to be 0.6 and 5 USD/kg, respectively,
based on commercially available prices. The price of HCI (33%) was assumed to be
0.30 USD/L. These estimates were based on the chemical reaction mechanism.
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3. And the material cost of ashes is free.

4. The process of converting ashes to silica particles takes one cycle with 16 hours to
complete.

5. To simplify the utility system, the unit of utility can be simplified and converted to
kWh (kilowatt hours) of electricity [82]. This allows for easy conversion into cost by
multiplying with the standard minimum electricity cost, which is 0.15 USD/kWh [81].

6. The labor cost per processing cycle amounts to 8.56 USD in total [81].
The production cost was calculated according to the equation:

Production cost = (raw materials cost + labor cost + manufacturing 4)
cost) / amount of product produced during that period.

where:
raw materials cost = quantity used x purchase price/amount of all 4.1
labor cost = earned income/ number of products produced 4.2)

manufacturing cost = electricity cost X number of production hours 4.3)
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Characteristics of Ash

Figure 4.1 show the visual of the samples of BA and FA from MSWI
and biomass power plant. Fresh BA has a high-water content and a faintly
unpleasant smell since it needs to be cooled by water washing. The large-diameter
BA is primarily composed of ceramic pieces, bricks, and metal products, while the
small-diameter portion is predominantly made up of glass and ash. The composition
of BA consists mainly composed of Si, Ca, Al, Fe and other elements. The higher
SiO2 and CaO ratio in BA, as compared to FA, is especially advantageous in
enhancing the strength of BA. BA includes smaller heavy metals than FA, which is
more ecologically friendly (Table 4.1). FA is gray or dark gray with fine particles.
Because of its high porosity and capacity for adsorption, FA contains certain
volatile heavy metals adsorbed on its surface [83].

Figure 4. 1. The picture of the sample: a). BA-Biomass Power Plant; b). FA-Biomass
Power Plant; ¢). BA-MSWI, d). FA-MSWL

Table 4.1 lists the chemical composition of the BA and FA from
MSWI and Biomass power plant were used. The chemical analysis indicated that the
component consisting of SiO2 accounted for 36.56, 55.52, 37.55 wt.% of the total
content from the BA-MSWI, BA-Biomass power plant, FA-Biomass power plant,
respectively. And the Fe;Os3 content was 7.7 wt.% from BA-Biomass power plant.
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The FA-MSWI samples was not extracted SiO: in this investigation, due to containing
only a minor amount of silica.

Table 4. 1. Chemical compositions of the materials by XRF

Compound BA-MSWI FA-MSWI | BA-Biomass FA-Biomass
power plant power plant
(wt. %) (wt. %) (wt. %) (wt. %)
Na;O 3.23 4.04 0.09 0.11
MgO 2.72 0.58 2.35 4.37
ALOs 4.65 0.45 10.67 8.55
Si0O; 36.56 1.36 55.52 37.55
P20s 3.24 0.31 1.06 2.38
SOs 2.18 3.16 0.36 4.65
Cl 2.94 24.82 0.07 0.64
Br 0.03 0.16
CHNO 6.18 16.19 4.42 7.20
K-0 1.61 4.65 5.92 10.19
CaO 30.44 42.64 10.48 19.67
TiO2 0.97 0.24 0.81 0.72
Cr203 0.13 0.02 0.07 0.04
MnO 0.09 0.02 0.29 0.32
Fex0Os 4.15 0.41 7.70 3.32
NiO 0.01 0.01 0.01
BaO 0.18
CuO 0.09 0.06 0.02 0.02
Zn0O 0.21 0.61 0.01 0.05
Rb20 0.01 0.02 0.04 0.07
SrO 0.13 0.04 0.04 0.06
V4{0J} 0.05 0.06 0.06
SnO; 0.02 0.06
Sb20; 0.01 0.03
PbO 0.17 0.13 0.01 0.02
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4.2 Synthesis SiO: from BA and FA.

The chemical content of the white powers was measured by X-ray
Fluorescence Spectroscopy (XRF) was shown in the Table 4.2. The amount of SiO:
up to 81.48, 75.65, 52.86 wt.% was obtained by refluxing in NaOH 4M
solution, at 90 °C for 16 hours from BA-MSWI, BA-Biomass power plant, FA-
Biomass power plant. Trace a number of impurities were also found such as Al>Os,
K-0, Ca0O, MgO, MnO, and P>0s.

Table 4. 2. Chemical composition of SiO» extracted from samples

Compound BA BA FA
MSWI Biomass power Biomass power plant
(wt %) plant (wt %) (wt %)
Na20 443 +2.11 434+2.11 7.35+3.00
ALO; 5.55+4.46 5.56 £ 4.46 17.75+11.14
Si0; 81.48 £1.53 7565+11.4 52.86 +15.53
P05 0.03+0.00 0.07 £ 0.08 1.02 +0.89
SO; 0.02 £0.01 0.02 £0.00 -
Cl 0.50+0.56 3.99 +£4.41 3.63+0.42
K0 0.14 £0.01 0.44 +0.33 1.34 +£0.54
Fe 0O; 0.16 £0.06 0.55+0.49 0.54+0.11
CuO 0.04 £0.01 0.03+0.01 0.05+£0.00
ZnO 0.31+£0.31 0.12+0.18 0.22+0.28
PbO 0.25+0.03 0.20 +0.00 0.08 £ 0.00
CaO 0.03+0.00 - 0.04+£0.00
TiO> 0.03 +£0.00 0.07 £0.00 0.06 £ 0.02
Cr20s 0.03 +£0.00 -
MnO - - 0.06 £ 0.00
Rb20 - 0.01 £0.00 0.02 £ 0.00
CHNO 8.45+0.18 9.03 £2.08 14.09 £0.16
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The XRD patterns of the extracted SiOz from BA-MSWI, BA-Biomass
Power Plant, and FA-Biomass Power Plant were displayed in Figure 4. 2 (a-c). The
prepared powders exhibited the board peaks that appeared around 26 = 22°, which
indicated the presence of silica particles. The disappearance of sharp peaks in the
XRD pattern of silica nano powders confirmed an amorphous nature, and did not
appear in the zeolite or crystalline phase, indicating a comparatively high degree of
disordered structure in silica [84].

(a) SiO, from BA-MSWI
— (b) SiO, from BA-Biomass Power Plant
(c) SiO, from FA-Biomass Power Plant
—_
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Figure 4. 2. XRD patterns of SiO: extracted from BA-MSWI (a); BA-Biomass Power
Plant (b); FA-Biomass Power Plant (c).

The silica powders were confirmed by FT-IR examination in Fig 4.3.
The broad peak from 3000 to 3700 cm™ was assigned to the presence of O-H group
[85]. Similarly to this, a peak matching to vibration bending may be seen at 1633 to
1644 cm!, indicating the presence of an O-H stretching bond [86]. Additionally, the
strong bands at 1025, 1085, and 1097 cm™' was associated to the asymmetric and
symmetric Si-O-Si stretching vibration bindings [87].
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Figure 4. 3. FTIR spectra of SiO» extracted from BA-MSWI (a); BA-Biomass Power
Plant (b); FA-Biomass Power Plant (c).

By using the reflux process and alkaline extraction, amorphous silica
was successfully created. The surface morphology of the amorphous silica was
examined using SEM pictures. As shown in Figure 4.4, the grain of the synthetic
silica made from ashes has an irregular shape and a size of 9—12 nm. Amorphous
silica is indicated by surfaces that are brightly colored, while pore cavities are shown
by surfaces that are darkly colored [88]. The SEM picture shows that the

agglomeration of spherical particles, which formed through the aggregation of fine
homogeneous grains of nano size.

Figure 4. 4. SEM of Si0O; extracted from BA-MSWI (a, A); BA-Biomass Power Plant
(b, B); FA-Biomass Power Plant (c, C)-(a,b,c~Mag 50.0 kx, A,B,C~Mag 20.0 kx).
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o The mechanism of Silica extraction process from Ash

BA and FA contained a silica composition of 35 to 55%, followed by
alumina, ferrous and traces, and then Ca, K, P, etc. Silica is acid-insoluble and could
react easily with strong hydroxides (NaOH) at 90-95 °C for 16 hours along with
stirring by the alkali—dissolution method. The three essential processes of such a
technique are extraction of silicates from the source (BA&FA), condensation, and
drying to produce powdered silica. After filtering and titrating with diluted HCI (5 M)
as a precipitating agent, the produced alkaline sodium silicate was precipitated. At the
top of the beaker, a clear gel developed. As seen in the Reactions (1-3), the silicate
was extracted from the BA & FA in the form of crude sodium silicate, which was
followed by the formation of silicon hydroxides in the presence of HCI at a pH of
around 7-8. At this stage, the silicon hydroxide species undergo condensation to
create a silicone bond (Si-O-Si). Finally, condensation and drying were performed to
produce silica. Yadav, V.K. and et al., reported a similar observation during floral-
shaped nano silica production from coal FA [76].

Si0, (BA&FA) + 2NaOH — Na,SiOs + Ha0 (1)
Na2SiOs + 2H20 + 2HCI — Si(OH)s + 2NaCl )
—Si—OH+=Si—OH —=Si—0-Si +HO0 3)

100 - 100

M- BA_Biomass Power Plant| a)
—@— FA_Biomass Power Plant|
i BA_M SWI
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Figure 4. 5. Condition optimization for maximum silica extraction (a) effect of the
molar concentration of NaOH (3-5 M), (b) effect of reaction time (8-24 hours)

The concentration of the alkaline solution and reaction time have the
most effects on the amount of silica that can be extracted from the sample. Figure 4.5a
shows the impact of sodium hydroxide solution's molar concentration on the
extraction of silica. The figure shows that silica extraction increases as sodium
hydroxide solution concentration rises up to 4M. The amount of silica is seen to
decrease above this concentration, hence 4M concentration is the optimal value.
Figure 4.5b shows the impact of reaction time on silica extraction. It has been
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discovered that reaction time has a higher impact on silica extraction effectiveness.
An increase in the extraction of silica was seen when the reaction time increased from
9 to 16 hours. Silica extraction virtually stops at 24 hours, which means that the entire
amorphous silica reacts with sodium hydroxide at 16 hours.

4.3 Synthesis of Iron Oxides (Fe203)

According to the X-ray diffraction analysis (Figure 4.6) showed the
obtained the iron oxide extract from BA-Biomass Power Plant and standard Fe,Os.
The obtained fraction of iron oxide indicated a low concentration of iron oxide,
making it difficult to identify the primary iron minerals.

Fe, 04
Iron oxide extracted from BA-Biomass

Intensity (a.u.)

)

N .
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Figure 4. 6. XRD of the iron oxide extract from BA-Biomass Power Plant and
standard Fe>Os.

The quantitative analysis of elements by XRF (Table 4.3) presented
that Fe>Os3 contained only 18.31 %. Various traces of impurities, including Al>Os,
K>0, Ca0O, MgO, MnO, and P>0s, were also discovered, and a large amount of SiO;
accounted for 20.56%.



Table 4. 3. XRF of iron oxide extracted from BA - Biomass Power Plant
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Compound | Conc. (%) | Compound | Conc. (%)| Compound | Conc. (%)
Na,O 0.09 SO3 0.24 CuO 0.08
MgO 4.29 Cl 0.21 Fe 03 18.31
ALO; 16.30 K0 0.23 ZnO 0.07

Si0» 20.56 CaO 5.14 Y20; 0.01
P05 2.68 TiO> 0.82 V4(0)} 0.01
Cr203 0.05 Co304 1.05 PbO 0.02
As203 0.02 SrO 0.03
MnO 1.56 NiO 0.50 CHNO 27.73
S
3
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Figure 4. 7. FTIR spectra of the iron oxide from BA-Biomass Power Plant

Based on Figure 4.7, the FTIR of iron oxide extracted from BA-

Biomass Power Plant were in the range of 4000 cm™! to 500 cm™! wave number which
provides the chemical bonds and functional groups in the products. The large broad
band at 3445 cm™! and 1739 cm™! was ascribed to the O-H stretching vibration in O-H
groups. The characteristic absorption bands of the sample at 561 cm™' and 472 ¢cm™!
referred to the stretching vibrations of Fe—O bonds [89]. The sharp peaks at 1384 cm-
1 and 1082 cm™! were maybe indicated of the Si-O bonds, which could be impurities

of the products.
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The morphology analysis in Figure 4.8 with different magnifications,
shows that iron oxide extracted from BA-Biomass Power Plant is presented in an
irregular flocculent distribution with a loose structure and rough surface. Meanwhile,
based on XRF monitoring data in Table 4.3, it is obvious that the red power product
consists of O, Ca, Si, Al, ... and other trace elements product. However, the content
of Fe;0s is higher than that of Pb, Cu, Zn, and Ni.

9.31 pm 15.07 mm |2¢|
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Figure 4. 8. SEM(a, b, ¢) and EDS (d) of the iron oxide extract from BA-Biomass
Power Plant

4.4 Preparation Magnetic Mesoporous Silica for TC adsorption.

In the paper 1.(Appendices)

Revised paper after defensed thesis:
3.3. Adsorption Kinetics of TC on MMS

The adsorption kinetics explained the impact of time and temperature
on the TC adsorption rate. The adsorption kinetics test was conducted by adding 0.03
g of adsorbent to 10 mL of 100 mg/L TC solution at 45 °C. The adsorption data were
fitted using three popular kinetic models, including the pseudo-first-order, pseudo-
second-order, and Elovich models. The kinetic models are listed in the Equations (9)—
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(11) respectively, the corresponding nonlinear curves are shown in Figure 5, and
Table 3 contains the estimated and shown kinetic parameters of TC adsorption on
MMS.

= (- 1) ©)
2
_ 2
T (10)
=(3) ( )+ () (11)

where: (O, : the adsorption capacity at t time (mg/g); : time (min); 1:
the pseudo-first-order rate constant; ,: the pseudo-second-order rate constant; a: the
initial adsorption rate; b: the Elovich constant (g/mg)

Table 3. Adsorption Kinetic Coefficients.

Model Parameter Value
K; 0.04 £0.01
0. 28.19 +3.70
pseudo-1st-order R’ 0.9266
SSE 36.58
x 9.14
Qe 3490 £5.62
K> 0.001 £ 0.0006
pseudo-2nd-order R’ 0.9487
SSE 25.54
2 6.38
1.52+0.02
0.09 £ 0.0006
Elovich R’ 0.9900
SSE 526.01
x 0.52
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Figure 5. Adsorption kinetics of TC onto MMS at 45 °C, with initial TC
concentration = 100 mg/L.

From the results presented in Table 3, it was possible to verify that the
pseudo-2nd-order models have the determination coefficient (R?) values higher and
the error functions (SSE, and y?) lower than the pseudo-lst-order. Moreover, the
Elovich model has the highest determination coefficient (R? = 0.99). However, the
SSE values, commonly used as an indicator of model accuracy, are considerably high
for this particular model [90], indicating this model is unable to explain the
experimental data well. Consequently, the pseudo-2nd-order models were the best fit

with the adsorption data.

4.5 Economic assessment

Table 4. 4 was displayed the calculate the cost of production for
manufacturing Skg from ashes, and calculates to expense for 1 kg.

The cost of producing the silica derived from ash as the raw material
was found to be lower than that of the silica produced using silicate available on the
market. With this study, the silica was obtained from ash, the production estimated
cost for laboratory purpose is approximately $3.3739/kg. Comparing, the cost of a
commercial SiO2 sample reaches $5/kg as assumed.
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Table 4. 4. Production cost for manufacturing Skg

No. Content Quantity Unit | Unit price ($) Cost ()
Raw materials cost 12.75
1 NaOH 20 kg 0.6 12
2 HCI 33% 2.5 L 0.3 0.75
3 Materials (ashes 5 ke 0 0
waste)
Labour cost 1.712
4 Labour cost 1 process 8.56 1.712
Manufacturing cost 2.4075
5 Electricity used 18.05 kWh 0.15 2.4075
Total cost for S5kg 16.8695
Total cost for 1kg 3.3739

SiO2 is the most important material used in many field industries. For
examples, SiO: plays a crucial role in the semiconductor industry. It is used as an
insulating material in integrated circuits (ICs) and serves as a gate oxide in metal-
oxide-semiconductor (MOS) devices. As the demand for electronic devices continues
to rise, reducing the cost of silicon dioxide is essential for making electronics more
affordable. In addition, in the field of photovoltaics, SiOz is commonly used as an
anti-reflective coating on solar cells. By reducing reflection losses, it enhances the
overall efficiency of the solar panels. As solar energy becomes increasingly important
for sustainable power generation, cost reduction in the manufacturing process is
crucial for widespread adoption. Moreover, SiO: is a key component in the production
of high-quality optical components, such as lenses, mirrors, and fibers. Its excellent
optical properties and transparency make it an ideal material for various optical
applications. Cost reduction in the manufacturing of these components can make
optical devices and systems more affordable.

In summary, innovations in the production processes, resources of
SiO2 can lead to improved manufacturing efficiency, reducing energy consumption
and waste generation. These advancements can help lower production costs and make
products more cost-effective, resulting in cost savings for various sectors both in the
present and the future.
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CHAPTER 5. CONCLUSION AND FUTURE WORK

5.1 Conclusion

The study has shown the feasibility of utilizing the Biomass Power
Plant and MSWI residues, namely bottom ash (BA) and Fly Ash (FA) as a source of
silica and iron oxide. The hydrothermal process was studies to extract the maximum
amount of amorphous silica and iron oxide, and the following conclusion was made:

o The BA and FA samples from Rubber Biomass Power Plant,
and Municipal Solid Waste Incineration Plant in Southern, Thailand have successfully
been applied in high purity silica obtained from raw material with low costs, which
can be obtained by hydrothermal extraction.

o The highest yield of pure silica was achieved by re-fluxing at
90 °C in a sodium hydroxide solution 4M for 16 hours, with the ratio solid/liquid of
1:20 (g:L). Longer extraction times or higher ratios did not increase extraction
efficiency.

o XRD and SEM analyses confirmed that the extracted silica had
an amorphous structure, while FT-IR analysis indicated the presence of Si-O-Si bonds.
The elemental composition showed that the extracted silica was 81 % pure. However,
the separation capacity of iron oxide by acid washing from this sample was low
quality and weak yield.

o MMS fabricated from rubber biomass power plant ash
exhibited promise as a low-cost adsorbent for TC in aqueous solution.

. The maximum TC adsorption capacity of MMS was 276.74
mg/g at 60 °C. The pseudo-second-order model accurately described the adsorption
kinetics, while the Langmuir model fitted the adsorption isotherms as well.

o Negative values of Gibbs free energy and enthalpy change
confirmed that TC adsorption by MMS was spontaneous, and higher temperatures had
an adverse effect on adsorption.

o MMS demonstrated excellent properties for TC removal,
including high efficiency and easy separation from aqueous media by a magnet. It
could also be utilized as an eco-friendly adsorbent for wastewater treatment.

o Generally, using incineration ash-derived waste as an SiO:
source could decrease the costs of obtaining silica materials, and synthezing the new
materials.

5.2 Implications in Thailand and Vietnam

Annually, hundreds of thousands of tons of ash are discharged from
MSWI and biomass power plants in Thailand and Vietnam, yet most of it is not
treated or efficiently reused. This is due to various reasons, including poor ash quality,
lack of suitable treatment technology, inadequate awareness about environmental
pollution and resource conservation, and insufficient policies and penalties. Currently,



31

the most common application for BA and FA is as a low-end aggregate in concrete,
which still requires pretreatment due to contaminants. However, our study
demonstrates the potential for utilizing MSWI and biomass power plant residues as a
recycle-material to synthesize high-quality silica products and the MMS adsorbent.
The extraction process eliminates many of the contaminants, leaving behind an inert
residue that can be used in building materials. To apply these findings on an industrial
scale, further research is needed to upscale the process and increase efficiency, as well
as evaluate the economics in detail, including estimating the total investment cost, the
discounted rate, the income tax, and the length of the project. Our study shows that
recycling BA and FA into high-quality silica and a new adsorbent is a viable option
including the technique and economic assessment.

5.3 Future work

e  To encourage the growth of a sustainable market, it is essential
to recognize the possibilities as well as the challenges associated with the recovery of
valuable elements. The recovery of metals and silica from Biomass Power Plant and
MSWI BA and FA can be used to offset the expenses of operating and maintaining
active and legacy plants.

° There are few studies on the further purification of metals from
ashes. Therefore, more research should be done on the further purification of metals.
Additional extraction with solvent optimization with reference to the organic-to-
aqueous ratio, to reduce secondary waste.

e  Further study should concentrate on detailed economic analysis
to contrast the price of heavy metals and silica technology with the value produced by
recycling metals and making use of residual BA and FA. As well as estimating total
investment cost and the factor effect to the manufacturing cost.

° Through life cycle analysis (LCA), examine the environmental
advantages of precious elements recovery from ashes.
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Abstrach lnmcuvt}gam,'thg contamination of the aqua.t'u: environment with antibiotics, mchiding
E!m:grcl[neq, has drawn much attention. Bottom ash (BA ), a resichae from the biomass power pLarrrt,
was usad to ::,m.lheli:z the magnetic mesnpomous silica {MMMZ) and was utilized as an adsorbent
for tetracycline (TC) remewval from agueous solutions. The MMS was characterized by Fourier
transformrrinfraned (FITR), X-ray diffraction (XRD) pattern, and scanning electron microscopy (SEM]
Dpl:imm'n conditions wers obtainesd in wcmigh: incubation at&60 7C, a 'pH of &8, and an. murpu'nn
capacity of Z76. 74 mg/' g. The isctherm and kineticequations pointed to a Langmuir isctherm model
and paeudo-frst-omder kinetic optimum fitting models. Based on the very low values of entropy
changes (A5"), the negative value ofenthalpy changes (AH™) (—15.94 k] mal}, and the negative Gibbs
fme-energy changes (AG7), the adsorption process was physisorption and spontanecus.

Keywords antibiotic contaminaticn; tetracydine; solid waste; adscrption mechanisms

1 Introsduction

Antibiotics have been commonly used for the prevention and treatment of mfectious
diseases, both in humans and animals. According to Cycon et al, the situation analyzed
i 75 countries, indicates that the antibiotics usage climbed by 65%, and the peediction is
Ehat in 2080, the consumption of antibiotics will be higher by 200% compared with 2015 [1].
Amaong antibiotics, tetracycline (TC) is a conventional, inex pensive antibiolic having wide-
ranging antiback rial action that is frequently wsed in both human and veterinary medicine
to prevent infection [2]. Addiionally, TC antibiotics are utilized as a grow th stimulant
for animals and for agricultural purposes [3,4]. Moreover, TC constitubes one of the most
important antibictic famikies, ranking second in production and usage worldwide [5,6]
Because of its high aqueous solubility, TC has been found in ecological communities such
as surface water and groundwater (ranging from 5.4 to 8.1 ng/L) [7] municipal solid waste
(greates than 100 ng, L) [8]. and seil (ranging from 852 1o 198.7 we/kg) [9] and it can beeas-
ily transferned to otherenvironments via aqueous matrives [10], and like other antibiotics, it
has a structural framework called naphthol ring that makes it difficult to degrade [11]. Thus,
Cycof et al. [1] supgested that “the reason is that antibiotics ase not complebely me tabolized
by humans and animals, and a large proportion of the administered drug is released as
the parent compound through feces and urine, dischasging into domestic wastewater and
into the pits whese slurries) sludges are depositeed”. Gu and Karthikeyan [12] also found
that " in the statewide survey of wastew ater treatment plants, the compound TC was the
most frequently deected antibiotic {among 25 antibictics), being present in 80% of the
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wastewater influent and effluent samples”. However, standard aqueous solution water
treatment and spontaneous biodegradation are ineffective in removing TC from aqueous
solution [12,13]. Therefore, techniques for the secure and efficient removal of TC from
liquid have received a great deal of interest. Methods for TC removal include oxdadation [14],
photo electrocatalytic [15], degradation [16], membrane processing [17], adsorption [18],
permeation [19], Aocculation [19], ozonation coddation [19]. Among these, adsorption has
several advantages over other procedures, including ease of operation, inexpensive operat-
ing costs, and significant removal efficiency at extremely low TC content in wastewater and
water [20]. Particularly, no generation of toxicity of intermediated and by-products dunng
adsorption makes it a more attractive appealing method of treating TC [21]. Until now,
some studies investigated the adsorption and removal of tetracyclines on several materials
such as graphene oxide [22], activated carbon [23], kaolinite [24], single-walled carbon
nanotubes, and multi-walled carbon nanotubes [13]. Carbon nanotubes and graphene,
which have a high graphite structure, have a strong TC elimination capacity [25]. However,
the high manufacturing, disposal, and regeneration costs of the aforementioned materials
would pose significant barriers in their practical application for TC adsorption, as well as
the capacity for large-scale application. As a result, there is still a considerable desire for
the development of efficient and affordable, simple-to-operate, high-selectivity devices.

Mesoporous silicas are often employed in a vanety of applications, including catalysis,
separation, drug administration, chemical sensing, optic and electrical devices, rubber
reinforcement, and as a template in the production of nanomatenals [26]. Because they
possess a large surface area, big pore size, pore volume, and regular channel-type structures,
these properties are potential advantages that suit the adsorbate. A renewed interest in the
design of adsorbents [27] and catalysts has been sparked by the discovery of hexagonally
organized mesoporous silica [28], which has a distinctively large surface area, well-defined
pore size, and pore-shaped pores. For the production of surfactant-template silica matenals,
which need an organic structure-directing agent or template is typically a single surfactant,
such as: the Pluronic-type surfactant; poly{ethylene oxide)-b-poly{propylene oxide)b-
poly{ethylene oxide}-Pluronic P123 (EQy PO EOy) or Pluronic F127 (EO 9 POwEO6)
and cetyltrimethylammonium bromide (CTMAB) [22-32]. Some studies have magnetized
the silicates to allow for rapidly and effectively separating the adsorbents from the aqueous
solution by an external magnetic field, and incorporating magnetic elements within or on
mesoporous silicates has also enhanced the adsorption properties [33].

Some previous researches have investigated magnetic mesoporous silica (MMS) with
a variety of structures: including embedded [31], core-shell [32], and yolk-shell [34]. The
MMS could be synthesized by combining the mesoporous silica (MS) and magnetic particles.
Tetraethyl orthosilicate (TEQS) was used as the silica source, and magnetic particles wene
prepared from iron (1) chloride tetrahydrate (FeCly 4H20), iron (1) chloride hexahydrate
(FeCly-6H2 ) [35]. Because TEOS is expensive and magnetic particles require time and
chemicals to make, searches for alternative cheap source are necessary.

Bottom ash (BA)}—biomass power plant was a byproduct from the combusting of agri-
cultural waste to produce energy. Approximately §5-95 percent of BA was generated from
biomass power plants [36], with 510p making up the majority of this ash [37]. Thus, these
residues were an ideal silica source. Currently, Thailand has an abundance of BA—biomass
power plants that may be utihzed to create magnetic mesoporous silica as an appropriate
supply. Generally, utilizing the residues from incineration and combustion plant to produce
silica materials is feasible. Some studies have been successful in converting this byproduct
to zeolite in alkali solution [38], synthesizing zeolitic material and successfully separating
510 from municipal solid waste incineration (MSWTI) ash [39], MCM-41, 5BA-15, and
SBA-16 mesoporous silica from power plant bottormn ash were successfully synthesized
for the first time n 2007 [40]. Mesoporous silica was prepared by the sol-gel method
from municipal solid waste incineration bottom ash [41] and industrial fly ash [42]. This
application would increase the usage of BA—biomass power plants, minimize pollution,
and effectively improve the quality of the wastewater process. However, according to our
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knowledge, there has not been any published research on the synthesis of magnetic silica
nanoparticles derived from BA for specific applications in the adsorption of tetracycline.

Therefore, the purpose of this study is to apply magnetic mesoporous silica synthesized
from biomass power plant ash to absorb TC from aqueous solutions. The properties of
the MMS including surface area, function groups, and crystal structure were analyzed.
The research was conducted on the isotherm model, kinetics model, and thermodynamic
characteristics of TC's adsorption onto the MMS. According to the findings of adsorption
tests, the MMS demonstrated promising potential for TC removal from water. This study
provides a detailed technique for achieving the goal of treating trash with waste in addition
to describing how solid waste is utilized as a resource.

2. Materials and Methods
2.1. Materials

In this study, the bottom ash (BA) was obtained from the rubber biomass power
plant of Gulf Yala company, Yala, located in southern Thailand. The composition of
BA was determined by X-ray fluorescence spectrometer (XRF) as listed in Table 51 (in
the Supplementary material). Tetracycline hydrochloride, 96%, Alfa Aesar were used
without further purification. Hexadecyltrimethyl ammonium bromide (CTAB) = 98%,
Sigma, Cibolo, TX, USA; Sodium hydroxide (NaOH) 98%, Loba Chemie PYT.LTD, India;
Hydrochloric acid (HCH) 37%, Qrec, Mewzealand; Ethanol 99.9%, Qrec, New zealand.

2.2 Methods
22.1. Synthesis of Magnetic Mesoporous Silica

The biomass power plant ash (BA) which includes 55% 5i0: content as the main
component { Table 51 in the Supplementary Material) was used as raw material for extraction
of 505 compound. Briefly, BA sample was ground into small particles (<45 pm) and then
washed with DI water several times and dried in the oven at 90 *C for 24 h. The permanent
magnets were employed to separate the magnetic and nommagnetic ashes. The magnetic
ash was served as the magnetic component in the magnetic mesoporous silica, and the
nonmagnetic ash was utilized to extract silica. The weight ratio between the magnetic and
nonmagnetic ashes was 1:10.

A total of 4 g of nonmagnetic ash was refluxed with 100 mL NaOH solution with the
concentration 4 M at 90 °C for 16 h in a round bottom flask. Then, the reaction solution was
filtered through a membrane of 0.45 pm and the supernatant was collected for adjusting
pH at 7 by 5 M HCl and aging at the room temperature for 24 h. The precipitated product
was washed with distilled water several times and dried at %0 °C for 24 h. To prepare the
sodium silicate solution, the obtained white power and NaOH (4:5 w/w) were precisely
weighed and then dissolved in 250 mL of dishlled water at 80 °C for 1 day [43]. The white
power 15 51 and was extracted from BA, which was analyzed by X-ray fluorescence
spectrometer (XRF), as shown in Table 52 (in the Supplementary material).

Dreionized water (20 mL) was added to 1.2 g hexadecyltrimethyl ammonium bromide
(CTAB) and then mixed at 40 °C until a clear solution was observed. The aqueous CTAB
solution was slowly mixed with sodium silicate solution and continuously stirred for
15 min. This mixture was added slowly into the magnetic ash; the ratio of the mass of
maghemite to MapSi0s; 10% was 1:20, and it was stirred while being heated to 80 °C. After
further stirring for 30 min, the pH of the mixture was adjusted to 11 by 5 mol/L HC1
solution and then continucusly stirred for 6 h. The mixture was kept in a water bath at
80 *C for 72 h. The ethanol 99.9%, 100 mL, was added to the precipitated product. To
eliminate CTAB, the mixture was sonicated for 30 min at 80 °C [44] and then washed with
D1 water several times and dried at 80 °C for 24 h.

The experimental procedure was repeated more than three times to verify that the
results are reproducible.
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222 Characterization

The mineral compositions in BA and MMS were determined by X-ray fluorescence
(XRF), (52175 Ranger, Bruker, Burladingen, Germany). Fourier transform infrared spec-
troscopy FT-IR {Perkin Elmer Model Spectrum GX) was used to analyze the specific func-
tional groups of the adsorbents by compressed samples into KBr pellets and then analyzed
with a Nicole 1510 spectrometer over the wavelength ranged from 400 to 4000 cm ™. Xeray
diffraction (XRI¥) pattern (PAN analytical, X"Pert Pro MPD) was performed on a Bruker
AXS Advance instrument for confirmation the structure. The surface morphology (SEM) of
magnetic mesoporous silica was examined by scanning electron microscopy (SEM, Apreo,
FEI, South Moravian Region, Czech Republic) running by Schottky field emission at the
accelerating voltage of 20 kV in high vacoum mode. The elemental mapping analysis
of the sample was recorded by energy-dispersive X-ray spectrometer (EDS}—(X-MaxB0,
Onford, UK).

223 Adsorption Experiments

MMS was used for tetracyclines (TC) adsorption in an aqueous solution. To find the
ideal conditions, the impact of adsorption time and temperature on the unit adsorption
capacity and adsorption rate of TC was investigated. MMS (3 mg) was dispersed in a flask
containing 10.0 mL TC solution with various concentrations (10100 mg /L), pH -8, and
then fully homogenized with a vortex mixer. The suspension was incubated overnight at
25°C, 45 °C, and 60 °C and covered with aluminum foil to protect TC from the potential
photo degradation. MMS was then separated from the samples through a magnet after
centrifuging at 2000 rpm for 15, 30, 45, 60, and 20 min while maintaining the experiment
temperature including centrifugation. The residual concentration of TC in an aqueous
solution was determined by UV—vis absorbance at 357 nm, using a calibration curve
built. All the experiments were replicated thrice, and the averaged results were reported.
Equation (1) was used to calculate the percentage removal of TC, and Equation (2} was
used to determine the adsorption capacity:

Removal (%) = (C" C"J

i1)
Q= “:u""crj xV

mn

@)

where:

e 15 the amount of TC adsorption per unit weight of adsorbent (mg/g);
C, is the initial concentration of TCs (mg/mL);

Ce (mg /L) 1s the equilibrium concentration of TC;

V is the solution volume (mL);

m 15 the mass of adsorbent (g).

3. Results and Discussion
3.1. Characterization of MMS

The FT-IE peaks of the MMS before and after adsorption of TC were collected in the
range from 400 to 4000 em™! (Figure 1), indicating the chemical bonds and functional
groups in the compound. The O-H stretching vibration was identified as the source of the
big broadband at 3440 to 3443 cm ™. The absorption peaks at 1640 cm ™" were caused by
the symmetric and asymmetric bending vibration of C=0. Fe-(0 stretching was assigned to
the band below 700 em™!. The characteristic absorption bands of the sample at 692 and
583 cm ™! were assigned to iron(Il) oxide bending, and the band at 459 to 446 cm ™! was
ascribed to the bending vibration mode of Fey(Os. The band at 1048 cm™! to 1051 em ™!,
which is associated with 5i-0-51 antisymmetric stretching vibrations, is a sign that silicon
dioxide is present in the sample. The bands at 579 and 583 em ™! are also an indication of
the presence of Si-0-Fe [45]. Most of the adsorbent’s peaks remained constant after TC
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adsorption, revealing that the adsorption procedure did not modify the structure of material.

However, several distinctive peaks at 1478, 2852, and 2022 cm~! were characteristic peaks
of the C=C skeleton and C-H stretching vibration of CH; and CH; induced by aromatic
groups of TC [46,47]. The FT-IR spectrum proved that TC was adsorbed onto the adsorbent
and the sample’s structure is mostly stable after adsorption [45].
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Figure 1. FTIR spectra of the adsorbent before and after adsorption of TC.

The XRD profile of the MMS in the FT-IR spectrum proved that TC was adsorbed onto
the adsorbent and the sample’s structure is mostly stable after adsorption [45].

Comparisons with those of S0 (extracted from biomass power plant Ash) and
Feals peak [49] are shown in Figure 2. The XRD pattern of the MMS exhibited the
characteristic diffraction peaks of FeaOs with weak intensity due to the lower concentration
of Fea(h. In addition, the relatively slightly broad peak observed at 15=30° arose from the
510k, demonstrating that the crystalline structure of the iron oxide was retained after the
encapsulation in silica.
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Figure 2. XED patterns of the MMS.
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The morphological structures of the MMS were examined using SEM. As shown in
Figure Za, there are many unobvious spherical particles (aggregated) with a size of around
50—80 nm. A rough surface, which mainly consists of not—well—crystallized FepOs, seems
not to be efficient to achieve homogeneous coating 510;, but instead irregular and severely
agglomerated particles are observed in Figure 3b,c.

500 Tym

Figure 3. SEM images of MMS (a—c), and EDS curve of MMS (d).

The samples typically determined the elemental analysis or chemical properties using
energy-dispersive X —=ray spectrometry (EDS). The various elements in the sample are rep-
resented by energy peaks. As-prepared nanocomposites were found to include significant
amounts of Fe, O, 5i, Ti, Ma, Ca, Al, etc. (Figure 3d), confirming the formation of additional
nanocrystals on the surface of FesO3@5i0, particles.

3.2, Adsorption Isotherms of TC on MMS

In order to elucidate the interactions between the adsorption ability of the MMS and
TC in solution at adsorption equilibrium, the data were modeled using four adsorption
isotherms, including Langmuir, Freundlich, Temkin, and Sips isotherm models at 25, 45,
and 60 *C. The isotherm models were listed below with Equations (3~6) as follows.

e Ky, 1
&=rine T IIRG @
Qe = KfC:_!" (4)
RT
Qe = Efn(KrC;] (5)
= (KsC)"
Qe= Q’“1+ KeC. (&)

where Om = maximum adsorption ability (mg/g), Ce = equilibrium concentration (mg/L),
e = adsorption capacity (mg/g) at equilibrium time, K; = Langmuir constant, Ry = sepa-
ration constant, }q and n = Freundlich constant, R = universal gas constant (§.314 [ /mol),
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T = temperature in terms of Kelvin, br = Temkin constant, K1 = equilibrium bond constant
related to the maximum energy of bond, and K and a are Sips constants.

According to Figure 4a, as the equilibrium TC concentration climbed, the TC's capacity
to adsorb on the MMS also dramatically increased. It was determined that the adsorption
process was endothermic because the adsorption capacity of TC increased as the adsorption
temperature rose. This is likely because the higher temperature supported the quantity of
activated functional groups on the surface of the MMS or sped up the diffusion rate of the
tetracycline molecules.
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Figure 4. Adsorption isotherms of TC onto MMS at 25, 45, and 60 *C (a), The nonlinear fits for
Langmuir, Freundlich, Temkin, Sips models at 25 *C (b), 45 *C (¢}, 60 °C {d). (adsorbent dosage =
003 g/L, pH =8, ¥V =10mL).

The starting TC concentration used in the modeling procedure varied from 10 to
100 mg /L, and the adsorption temperature was adjusted at 25, 45, and 60 *C. Figure 4b—d
show the plot of the nonlinear fits for the aforementioned four isotherm models, and Table 1
lists the related parameter values. The Langmuir model was more appropriate to explain
the adsorption of TC onta the MMS, as shown by the correlation coefficients, R, which
were consistently close to 1 and the sum of square error (55E), chi-square {;;2]- values, which
suggest that the surface of the MMS was homogeneous and the adsorption was monolayer.
Additionally, K| is a significant evaluation factor in relation to the binding site affinities.
The value of K| was between (-1 and declined with the rising temperature, and separation
factor (Rp) <1 reflected that the adsorption of TC onto the MMS was favorable [50]. The
nonlinear fitting of the Langmuir model {Figure 4b) showed the adsorption capacity ()
of MMS for TC was 27674 mg/g.
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Table 1. Paramelers of adsorplion isotherm model of TC onto MMS at 25, 45, 60 °C.

Temp (C) 2590 45°C 60°C
muir

i 18.11 £ 265 4392 + 15.67 276.74 £ 159.62
Ky 0.031 + 0.009 0.009 £ 0.004 0.002 £ 0.001
R 09832 05876 0.9815
SSE 158 174 0.19

¥ 053 0.53 0.53

Freundlich

n 054+ 0.003 (.79 + 0.00 0.96 + 325 x 10~
K 131 £ 00 64 + 0.003 056 + 6.20 = 10™*
Rz 09867 09953 0.9999
SSE 13827 3207 L6

© 014 003 02

Temkin

Ar 058 + 0.01 0.58 % 0.01 .88 £ 0.03
EBr TI06] £ 753 79062 £ 753 90952 + 10.28
R o181 09181 0.8380
S5E #5540 0677 8002.25

© 0.56 3.59 £.03

Sips

i 1282 £ 011 1452 £ 017 17.07 £0.24
Kg 018 £ 0.02 0.35 = 0.08 047 £0.13
A 209 +0.18 379 £ 0.77 363 £ 0.87
R 09603 05415 0.9218
S5E 51281 1055 65 21077

K 051 106 222

The R? values of the Freundlich isotherms were from 0.98 to 0.99, but the 1/n values
were more than 1, at 1.85, 1.26, and 1.04, with increased temperatures at 25, 45, 60 °C,
respectively, suggesting the adsorption is not prone to occur. Therefore, the Freundlich
isotherm had a hard time accurately explaining the TC adsorption pattern.

The Temkin and Sips isotherms were a poor fit, although heterogeneity was also
assumed. The Temkin isotherms illustrate that the heat of adsorption is negatively pro-
portional to the surface area covered by the adsorbate molecules. The Temkin's constant,
abbreviated By, represents the heat generated during adsorption. The fact that By was
positive (790.61-909.52 | /mol) for the TC adsorption from the aqueous solution indicates
that TC was endothermically adsorbed on the MMS. The equilibrium binding constant Ay
is the quantity that relates to the greatest binding energy. When the temperature was raised
from 25 to 6l *C, the values of At also increased from 0.58 to (.88 L /mg, indicating that the
adsorption of TC on the MMS was endothermic.

Equations (7} and (8) of the van't Hoff equation were used to compute the Gibbs
free-energy change AG® enthalpy AH® and entropy AS® during the adsorption process (8).
The results are displayed in Table 2.

AG" = =RTinK; 7}
AS® AHT
In(Ky) = —==—4= (8}

where R is the ideal gas constant 8.314 | /{mol-E), T is Kelvin temperature (K}, and K 1s the
Langmuir sotherm equilibrium constant (L /mg) [5(-~53].
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Table 2. Thermodynamic parameters of TC adsorption onto MMS.
Temperature (K) AGT (K[fmaol) AH (k) fmol) ASY (imol.K)
298 —1351
38 —2193 —782 —15.94
333 —18.79

The absolute values of AG® are negative for all the parameter intervals, indicating that
the adsorption behavior is spontaneous. AG® also increased as the adsorption temperature
rose, suggesting that the adsorption process was impeded [51]. Moreover, the value of AG®
in the range from =20 to =80 (k] /mol) showed that physisorption was involved in the
process, but a minor chemical achion effect could speed up the procedure. Furthermore, the
value of AH® lower than 20 (k] fmol) revealed the physical adsorption with van der Waals
interaction implied in the process mechamism [52]. A very low AS® value (=15.94 [/ {mol K]}
proved a little change in entropy occurred during the adsorption of TC by the MMS [55].

3.3. Adsorption Kinetics of TC on MMS

The adsorption kinetics explained the impact of time and temperature on the TC
adsorption rate. The adsorption kinetics test was conducted by adding 0,03 g of adsorbent to
10mL of 100 mg /L TC solution at 45 °C. The adsorphion data were fitted using three popular
kinetic models, including the pseudo-first-order, pseudo-second-order, and Elovich models.
The kinetic models are listed in the Equations (9){11) respectively, the corresponding
nonlinear curves are shown in Figure 5, and Table 3 contains the estimated and shown
kinetic parameters.

Q= Q.(1-¢75) (9)

_ R
N A

0= (%):nm; g (%)Iu[t}l: 11)

Q (10

B impiz)
= Pt fierst irrdier
Paadoesocond ander
= = = Ekwich

Bl 1] 1K

Time (min)

Figure 5. Adsorption kinetics of TC onto MMS at 45 *C, with initial TC concentration = 100 mg /L.
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Table 3. Adsorption Kinetic Coefficienls.

Muodel Parameter Value
Ky 014 £ 0.02
Qe 144 £ 0.02
pseudo-1st-order R* 09571
SSE 0.005
e 000
Q. 156 £ 0.003
Ka 0.14 & 0.002
pseudo-2nd-order R? 019646
SSE 244
i 0.00
B 133 + 005
P 390 + 0.03
Elowich R 0.9550
SSE 420
¥ 420

For the pseudo-second-order and Elovich models, R? was considerably less than 1,
and SSE, y* were higher. It was determined that neither model could adequately explain
the experimental findings. However, the pseudo-first-order kinetic model showed a high
value of R? (0.9971) and a small value of S$5E, 3. The closer fitting curves imply that the
pseudo-first-order adsorption process was dominant for TC adsorption on the MRS,

As presented in Table 4, the MMS has a high adsorption capacity when compared to
the Om values of a vanety of adsorbents utilized from waste for TC antibiotics in aquatic
environments. From this table, the MMS can be considered as an alternative adsorbent
material for TC adsorption.

Table 4. The capacity adsorption of TC with other different adsorbents” ulilization from waste.

Adsorbent Qu img g=1) Refs.
Alkali modified magnetic biochar (MSBC) 97.962
Alkali-acid modified magnetic biochar (MSABC) 98334 [54]
The raw biochar (RBC) 37803
Alfalfa-derived biochar 32 [35]
Finus taeda-derived activated biochar 2748 [56]
Waste d\jckﬂs—fea!her—derh'ed multilayered 39933 57
graphene-phase biochar
Clay-biochar compaosites 7962 [55]
Spent coffee-ground-derived biochar 322 [39]
Biomass ash pyrolyzed from municipal sludge 50.75 [&0]
Shrimp Shell Waste 2998 [&1]
gima:m\ﬁnpnmus silica from BA-Biomass 7674 In this study

4. Conclusions

Magnetic mesoporous silica that was fabricated from rubber biomass power plant ash
was considered as a low-price adsorbent for tetracycline adsorption in aqueous solution.
The adsorption of tetracycline onto the magnetic mesoporous silica was a monolayer en-
dothermic process. The maximum tetracycline adsorption capacity of magnetic mesoporous
silica in aqueous solutions was 276.74 mg /g at 60 *C. With the adsorption, the pseudo-first-
order model accurately reflects the data on adsorption kinetics, while the Langmuir model
for adsorption matches the data on adsorption isotherms well. Tetracychne adsorption
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by the MMS was spontaneous due to the negative values of the Gibbs free-energy and
enthalpy change, and at the higher temperature the adsorption was adversely affected.
The adsorbent showed exceptional properties, including tetracycline removal efficiency
and easy separation from aqueous media by a magnet. Therefore, magnetic mesoporous
silica could be used as a potential adsorbent for tetracycline from an agueous solution.
Furthermore, this adsorbent can be utilized as an environmentally friendly adsorbent for
the treatment of wastewater.

Supplementary Materials: The following supporting information can be downloaded at: hitps:
{fwwwomndpi.com farticle/ 10,3390/ su 15064727/ 51, Table 51: Chemical compaositions of Bottom Ash -
Biomass Power Flant by XRF; Table 52: Chemical compaosition of 5i0; extracted from Bottom Ash -
Biomass Power Plant by XEE
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