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Abstract

Coal is one of the primary sources of energy worldwide. There are many countries that
generate electricity from coal-fired power stations; however, today environmental
pollution is considered to be the main issue threatening planet Earth. There are various
sources of environmental pollutions, including the by-products of burned coal, such as
coal fly ash (CFA). In the USA, about 20-80 million tonnes of CFA are produced per
year. This value is expected to increase as population continues to grow and demand for
energy increases. Although the building industry uses a percentage of CFA for cement
and concrete, the majority of CFA is disposed of in landfill sites. Converting CFA from
the waste stream into zeolite is of interest for researchers to recycle this material into an
economic and environmental merit. Recently, microwave (MW) and ultrasound (UTS)
energies have been used as novel heating sources for the zeolitization of CFA.

This research was focused on the production of zeolites from CFA through utilizing
ultrasound and microwave power. A magnetic stirrer built into a single-mode microwave
system. The initial conventional heating process of 6 h prior to microwave irradiation for
samples with high solid-to-liquid (S/L) ratio (CFA mass/ NaOH solution volume, g/mL)
led to a higher yield of zeolite and decreased the synthesis time and consumption of
energy, while keeping the high quality of the synthesized zeolite intact. Ultrasound-
assisted zeolitization CFA was also applied in this research. Ultrasound energy increased

the pore diameter and surface area of the synthesized zeolitic product. The ultrasound-
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assisted hydrothermal system enhanced the rate of nucleation and decreased the
crystallization time during the synthesis process. The present technique could be
considered an economic, eco-friendly, and fast conversion process.

This study has shown that zeolites were successfully synthesized from CFA by utilizing
microwave and ultrasound irradiation. These novel energy sources significantly
decreased the zeolitization process time. The single-mode microwave-assisted synthesis
at high S/L ratio has been shown to be much more effective in producing the same results
at a lower S/L ratio. On the other hand, utilization of an ultrasound probe produced a
single-phase zeolite in a very short synthesis time compared to other conventional

methods.
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Chapter 1

INTRODUCTION

Zeolite is a mineral known for losing water upon heating and, as such, is called a
‘boiling stone’ because this mineral starts to lose water upon heating. Zeolites are
crystalline aluminosilicates with a three-dimensional fully cross-linked open
framework structure that develop uniformly-sized pores of molecular dimensions [1].
As crystalline aluminosilicates, zeolites are made up of primary units, where Si and Al
atoms are located at the centre of a tetrahedra and surrounded by four oxygen atoms at
the corners of the tetrahedra. Si and Al are linked by sharing one oxygen atom. Zeolites
are commercially viable for several industrial applications. They are used as
adsorbents, as they have the appropriate pore size for adsorbing different sized
molecules. The net charge of zeolite is negative because within the framework of
zeolite 4" Si is replaced by 3" Al at many places. The negative charge is balanced by
an exchangeable alkali metal cation which is located within the cavities. These alkali
metal cations have ion-exchange properties that allow them to react reversibly with
polar molecules [1].

Coal is one of the main sources of energy, generating approximately 41% of the world’s
electricity [2]. Coal fly ash is a waste generated during the coal combustion process in
thermal power stations. Millions of tonnes of CFA have been stored in landfills as a
waste product and is an environmental pollutant. Researchers have found that
zeolitization of CFA is promising in terms of converting a waste material, that is, CFA,
into a value-added material. Zeolites are utilized in different areas, such as adsorption,

catalysis, removal of heavy metal elements from water [3], in the health field, and



petrochemical and agricultural industries [4]. Zeolites are utilized in diverse ways, such
as for adsorption, catalysis, removal of heavy metal elements from water, and processes
in the healthcare, petrochemical, and agricultural industries. Zeolite’s properties, such
as adsorption, catalysis, and ion-exchange, make them highly valuable in biology,
medicine, and pharmacology due to the strong relationship between the mineral’s
properties and biochemical processes. Also, zeolites possess size and shape selectivities
and have known biological properties, along with long-term chemical and biological
stability [5].

With coal being one of the main sources of energy worldwide, many countries generate
electricity from coal-fired power stations. The rapid developments being made in
technology and the human reliance on a continuous stream of energy will not only
increase demand for energy but add to the threat of environmental pollution [1-3].
Coal fly ash (CFA) is defined as a by-product of coal-fired power plants, therefore
with the high use of coal as a source of energy, billions of tonnes of CFA are produced
every year around the world. Although CFA has been used in the building industry as
a concrete and cement additive, a huge amount of CFA (~> 60 %) is disposed of in
landfills with a high environmental and financial cost [1]. In order to decrease the
environmental pollution and cost of disposal, CFA has been reused in methods which
could lead to economic and environmental benefits. For example, extraction of
valuable metals such as Si, Fe, Al, and synthesis of high CEC (cationic exchange
capacity) zeolites. These materials; zeolites, could be reused for many different
applications such as in environmental protection field. They could be used as heavy
metals adsorption and water decontamination. In petrochemistry field they could be

used as catalysis, and in construction field they could be used as concrete additive [1].



1.1 Literature Survey

With coal being one of the main sources of energy worldwide, many countries
generate electricity from coal-fired power stations. The rapid developments being
made in technology and the human reliance on a continuous stream of energy will not
only increase demand for energy but add to the threat of environmental pollution [6-
8]. Coal fly ash (CFA) is defined as a by-product of coal-fired power plants, therefore
with the high use of coal as a source of energy, billions of tonnes of CFA are produced
every year around the world. Although CFA has been used in the building industry as
a concrete and cement additive, a huge amount of CFA (~> 60 %) is disposed of in
landfills with a high environmental and financial cost [6]. In order to decrease the
environmental pollution and cost of disposal, CFA has been reused in methods which
could lead to economic and environmental benefits. For example, extraction of
valuable metals such as Si, Fe, Al, and synthesis of high CEC (cationic exchange
capacity) zeolites. These materials; zeolites, could be reused for many different
applications such as in environmental protection field. They could be used as heavy
metals adsorption and water decontamination. In petrochemistry field they could be
used as catalysis, and in construction field they could be used as concrete additive [6].
Zeolites are molecular sieve materials containing void spaces that can host cations,
water, or other molecules [9]. Zeolite is a value-added product with superior
characteristics, such as adsorption, ion-exchange, and catalysis. There are 40 natural
types of zeolite, such as analcime, chabazite, erionite, mordenite, clinoptilolite, and
phillipsite [9]. There are more than 140 synthetic zeolitic types: Na-X, Na-Y, ZMS-5
and Na-A. Zeolites have been used for heavy metal adsorption in the areas of

environmental sciences and protection, catalysis in the petrochemical field, drying of



gases in gas treatment, and in the agriculture, nuclear fields [8]. The chemical formula
of zeolite is:

M2/ O. [A1203.XSi02]. YH:0,
where the formula between square brackets is the framework composition, M is the
exchangeable cations, n is the cation valence, X equals 2 or more as an alumina

tetrahedral does not cover the adjacent tetrahedral. Y represents the hydration degree

[9].

Many studies have been conducted to produce zeolites hydrothermally from
different sources of raw materials. Dalai et al. [10] synthesized zeolites Na-X, Na-P,
and hydroxysodalite hydrothermally from husk rice at a temperature of 500 °C-900 °C
for 18 h. Also, some zeolites were produced hydrothermally from clear aluminosilicate
solutions in the presence of organic templates, such as ZSM-5 [11, 12], Na-Y [13, 14],
Na-A [15, 16], Na-X [16, 18]. In addition, CFA was successfully converted to zeolite

P hydrothermally at a high temperature: ~ 200 °C for 8-100 h [19, 22].

Studies have been conducted on synthesis of zeolites utilizing either microwave
(MW) or ultrasound (UTS) energy as a novel heating source rather than conventional
heating, as MW and UTS energy reduces the overall synthesis time. CFA was
converted to CFAZP utilizing a MW heating method assisted by hydrothermal heating
in alkaline medium and batch processing at high S/L ratio for 6 h [8]. Pure zeolite Na-
X was successfully produced using MW irradiation for 3 h by Ansari et al. [23]. Their
results showed that MW heating increased the surface area and crystallinity of the
product. Using UTS energy, Aldahri et al. [7] synthesized CFAZP from CFA via the

thermo-sonication technique at low temperature and atmospheric pressure. Results



showed a strong reduction in synthesis process time over 4 h instead of 24 h. Bukhari
et al. [24] converted CFA into CFAZA utilizing UTS energy for the crystallization
step. They revealed that UTS enhanced the formation of the zeolitic product at low

temperature within 60 min.

There have been several studies conducted on synthesized zeolites on a large
scale in a batch system and via continuous flow. Moriyama et al. [22] and Querol et
al. [26] produced zeolite P using 0.6 L and 10,000 L reactors respectively. The
experiment conditions were 153 °C, 0.48 MPa, 3 M of NaOH solution, S/L is 0.91
kg/L and ~150 °C, 0.33 MPa, 2.4 M of NaOH solution, S/L is 0.60 kg/L respectively.
Bukhari et al. synthesized zeolite-A at bench-scale utilizing continuous flow MW
reactor of 0.2 L volume and recycled waste liquid from a synthesis process stream
[27]. They observed that the crystallinity of the product increased as the MW power
increased and reached the maximum at 2:30 h. In addition, results revealed that
crystallinity and cation-exchange capacity were decreased by using recycled waste
from the zeolitization process due to the decreasing amount of Si and Al in the waste
after crystallization. To the best of our knowledge, synthesis of pure zeolite Na-X at
bench-scale by using a FlowSynth circulating batch flow microwave reactor from CFA
has not been investigated. In the present study, pure Na-X zeolite was produced from
a clear solution that was extracted from CFA in alkaline medium with a high

crystallinity [28].

1.2 Objectives of the research

The research aims have been to develop and optimize a novel, energy-efficient, and
environmentally sustainable approach to synthesizing valuable zeolites from coal fly

ash using either ultrasound or microwave technologies as the sources of energy.



This project involves three main parts: (1) Batch-wise synthesis of zeolite crystals
using the selected optimized reaction compositions by utilizing microwave (MW) and
ultrasound (UTS) assisted methods; (2) Developing and testing a mini-pilot circulating
batch synthesis set-up (FlowSynth) from 1 g/h to 1 kg/h using MW energy sources to
decrease crystallization and production time. The synthesis of zeolite from CFA is a
hydrothermal reaction. It is widely known that a ton of CFA used in the cement mixture
preserves the use of almost one barrel of oil; ~159 liters [29]. Since the pioneering
work of zeolitization [24, 30- 32] of CFA utilizing two conventional heating methods,
there have been many reports of CFA zeolitization with microwave (MW) and
ultrasound (UTS) energies. This project has focused on the CFA zeolitization from
laboratory-scale to large-scale. CFA has been previously zeolitized using MW and
UTS energies; however, that work has been largely limited to small laboratory-scale
experiments using altered household microwave [24, 29- 32] and ultrasound baths [6,
33].

(3) Test the synthesized zeolitic products as adsorbents for environmental applications.
Also, verify the adsorption capacity of the synthesized zeolites adsorbents for the
removal of environmental pollutants such as Anionic and Methyl Orange dye from

contaminated aqueous solution.

The focus of this thesis was to consider more efficient methods of microwave and
ultrasound irradiation for the zeolitization of coal fly ash. In the case of microwave
experiments, a laboratory-scale single-mode microwave unit manufactured by CEM
Corporation (Discover, USA) was used. In a single-mode microwave device,
electromagnetic waves are directed through a designed waveguide that generates a

wave, unlike an altered home microwave system, which produces waves with various



phase shifts resulting in multimode microwave irradiation. A single-mode microwave
device results in a higher energy field density that is also uniform, compared with a
multimode microwave system. This thesis also introduces the use of an ultrasound
probe to directly irradiate the zeolitization reaction with ultrasound energy, unlike the

previously conducted works that have used an ultrasound water bath [4].

1.3 Outline and Organization of the Thesis

This thesis is organized in an integrated article format as specified by The School of
Postgraduate Studies at the University of Western Ontario.

Chapter 1 introduces the conversion process of CFA into zeolites with utilizing
Microwave (MW) and Ultrasound (UTS) energies as novel energy sources.

Chapter 2 describes the methodology followed during conducting the research which
include samples preparation, description for the zeolite synthesis process, and
technique used to evaluate the synthesized zeolites which included X-Ray diffraction
analysis (XRD), X-ray fluorescence spectroscopy (XRF), Scanning electron
microscopy (SEM), Thermogravimetric analysis (TGA), Brunauer-Emmett-Teller
technique (BET), and Particle size distribution analysis (PSD).

Chapter 3 describes the synthesis of zeolite Na-P from coal fly ash by thermo-
sonochemical treatment.

The effect of microwave irradiation on crystal growth of zeolitized coal fly ash with
different solid/liquid ratios is investigated in Chapter 4.

Chapter 5 contains the experiments done by response surface modeling for the
removal of methyl orange dye from its aqueous solution using two types of zeolite

synthesized from coal fly ash.



Chapter 6 discusses the preparation and characterization of Linde-Type A zeolite
(LTA) from coal fly ash by microwave-assisted synthesis method: its application as an
adsorbent for removal of anionic dyes is also discussed.

Bench scale experiments in a FlowSynth circulating batch flow microwave reactor
from clear solution extracted from coal fly ash is discussed in Chapter 7.

Chapter 8 presents the general conclusions of the thesis based on the experimental
results. Major findings are summarized and further recommendations for future work

are provided.
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Chapter 2

Experimental Procedure

This chapter presents detailed descriptions of the techniques, analysis instruments,
chemicals, and experimental setups used in the present research work to evaluate the
synthesis process of zeolite from coal fly ash utilizing MW and UTS energy as heating
sources in batch and batch circulating systems. This chapter is divided into two major
sections. The first section describes sample preparations and experimental procedures,
including the process followed to synthesize zeolite from coal fly ash utilizing MW and
UTS energy as heating sources in batch and batch circulating systems, as well as
different conditions used during the synthesis process. The second section focuses on

the instrumentation technique used to evaluate results obtained for each studied case.

2.1 CFA Zeolitization

Coal fly ash (CFA) zeolitization using both MW and UTS as energy sources was
examined. The raw CFA was hydrothermally treated to extract Si and Al to form
alumina-silicate gel and zeolite nuclei. The MW and UTS energies were used in the
crystallization stage to accelerate nuclei growth rate and form zeolite crystals. In the
present work, zeolite P was produced by applying the MW and/or UTS energy post to
the hydrothermal treatment of the CFA. Findings showed that MW-assisted synthesis
of zeolite P led to higher crystallinity in the production of zeolite P. In addition, UTS-
assisted synthesis of zeolite P increased the rate of nucleation and decreased

crystallization time during the zeolitization process.
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2.2 Samples Preparations and Experimental Setups
2.2.1 Samples preparations

Coal fly ash was obtained from the Nanticoke coal-fired power plant in Ontario,
Canada (owned by Ontario Power Generation [OPG]). The CFA sample was stored in
a sealed container before use. Sodium hydroxide (Alphachem, Canada), the sole
chemical used in the research, was analytically graded and used as received without
further purification. Deionized water (DI) was used for washing synthesized zeolite.
Alkali solution was prepared by dissolving 0.8 g of NaOH into 20 ml of deionized water
to form 1 M solution. For each experiment, 2 g of CFA was added to 20 ml of the alkali
solution. The alkali solution was treated hydrothermally prior to MW and UTS
irradition as described in the following section.

In chapters 5 and 6, the used synthesized zeolites were prepared using the
microwave-assisted synthesis method with (CFA) as raw materials; 2 g of (CFA) was
dissolved in 20 ml of HCL solution (0.1 M). The mixture was agitated at 250 rpm and
heated at 90 °C for 3 hours. Subsequently, the sample was filtrated, and the solid
product was washed and dried overnight at room temperature. HCI treatment helps to
remove impurities from the raw coal fly ash [1]. Zeolitization of coal fly ash involving
a hydrothermal treatment step was conducted as follows: 1.5 molar of NaOH granules
with 2 g of acid treated coal fly ash were dissolved in 20 ml of distilled water
(CFA/NaOH ratio of 1.67), and then 0.4 g of sodium aluminate and 1 g of sodium meta-
silicate were added to the reaction solution. Thereafter, the mixture was introduced to
microwave radiation energy for crystallization using microwave source (self-adjusting
type) (2.45 GHz, single mode, CEM cooperation, USA), the experiment conducted at
atmospheric pressure. A cylindrical tube PTEE (28 mm ID X 108 mm) was fixed at the

microwave chamber and equipped with a total reflux condenser. The radiation time was
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30 minutes and microwave power 250W. Later, the solid product was filtered and

washed with distilled water before being dried at room temperature overnight.

2.2.2 Experimental setups

Zeolite synthesis was studied under at different conditions by varying
solid/liquid ratio, reaction temperature, reaction time, and concentration of NaOH in
the reaction solution. Three different types of experiments were performed to

synthesize zeolite from coal fly ash as described below.

2.2.2.1 Laboratory-scale microwave reaction

The process of CFA zeolitization included 30 minutes of microwave irradiation
after a conventional hydrothermal treatment for 6 hours at a relatively low temperature
(~90 °C). Then zeolite-P was synthesized from CFA at atmospheric pressure. Two g
of CFA and 0.8 g of sodium hydroxide granules were dissolved in 20 ml deionized
water to form an alkaline slurry of 1 M (solid/liquid ratio of 0.10 g/ml). The mixture
was subjected to conventional heating under atmospheric pressure at 90 °C for 6 hours
and stirred continuously using a heater stirrer (Thermo Scientific, China) at 170 rpm.
After hydrothermal treatment for 6 hours in a 125-ml glass flask reactor in which Si
and Al were extracted into the liquid, and achieving a desired solid/liquid ratio, a certain
amount of the liquid was withdrawn by a syringe filter to adjust the solid/liquid ratio
range. The latter was chosen in a way to allow the solids to form a wet bed for the safe
irradiation of microwave and to avoid hot spots. The residual mixture was poured into
a cylindrical PTFE vessel (40 ml, 28 mm ID) attached to a reflux condenser. The

suspension was subjected to microwave radiation for crystal growth at 105 °C for 15-
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30 minutes. Then, the filtered solid products were washed and dried overnight at room
temperature. Microwave power was constant at 250W during the experiments.

The microwave treatment was performed in a self-adjusting microwave oven (single-
mode microwave apparatus equipped with a magnetic stirrer, 2.45 GHz, CEM
cooperation, Discover, USA), where the reaction temperature and power were
monitored automatically.

In this experiment, zeolite P was produced using a small scale (laboratory scale) single

mode microwave, for which the sample volume was 20 ml.

2.2.2.2 Ultrasound Reaction

CFA was converted to zeolite CFAZP at a low temperature ~100 °C, using
atmospheric pressure via conventional hydrothermal heating prior to a sonochemical
technique for 4 hours. Alkali solution was prepared by dissolving 0.8 g of NaOH into
20 ml of deionized water to form 1 M solution. For each experiment, 2 g of CFA was
added to 20 ml of the alkali solution. Then, the mixture was subjected to conventional
heating, ultrasound radiation, and a combination of the two at different durations to
study the effect of irradiation time on crystallization of zeolite Na-P. A jacketed
cylindrical glass reactor with an ID of 4 cm and length of 10 cm was used to conduct
the reaction inside the ultrasound proof enclosure under a controlled temperature
condition using a circulating oil bath. The crystallization experiments were carried out
using an ultrasonic processor (Sonics, Vibra-Cell, USA) with standard probe (i.e. tip
diameter of 13 mm) for sonicating under atmospheric pressure. The ultrasound process
produced acoustic waves at the frequency of 20 kHz. The delivered power of the
ultrasound wave was 125W (35% max). During sonication, the temperature of the

mixture raised from ambient temperature to a steady state of 90 °C within 5 minutes.
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Using a circulating oil bath, the reactor temperature was kept constant at 100 °C (1
°C). At the end of the thermo-sonochemical reaction, the reactor was cooled down to
room temperature; the zeolitized CFA (CFA-ZP) was filtered, thoroughly washed with
deionized water to remove un-reacted and water-soluble components, and dried
overnight at room temperature.

In this work, zeolite P was produced at small scale using an ultrasonic processor

(Sonics, Vibra-Cell, USA), for which the sample volume was 20 ml.

2.2.2.3 Bench Scale Microwave Reaction

A mixture of 14.0 g of raw CFA and 5.6 g of sodium hydroxide granules was
dissolved in 140- ml deionized water to form an alkaline solution of 1 M. The alkaline
hydrothermal process was applied to break down the fly ash crystalline phases and
release the SiO, and Al,Os; content. Therefore, the mixture was subjected to
conventional heating under atmospheric pressure at 90 °C for 4 hours using a heater
stirrer (Thermo Scientific, China). After hydrothermal treatment for 4 hours in a 1,000
ml glass flask reactor, Si0; and Al,O3 were dissolved into liquid and extra deionized
water was added while stirring the mixture at 200 rpm for 18 hours. The mixture was
filtered, and the supernatant was collected as an aluminum silicate gel.
An appropriate amount of filtrate solution was mixed with Na;SiO4 and Na>AlOs3 to
render a molar ratio of the sample: 3.0 Na;SiO4: 0.5 Na2AlOs: 192 H>O. The resulting
solution was left in an aging feed tank for 6 hours at 85 °C. The aging feed tank was
equipped with a heating jacket and a condenser for controlling reaction temperature.
For the crystallization step, the mixture was then pumped into the microwave
FlowSynth reactor for crystal growth at different temperatures: 78 °C, 85 °C, and 95

°C, for 270 minutes. The reaction time was 4 hours, and the mixture flow rate was 5
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ml/minute. The system was kept at atmospheric pressure at 85 °C with the use of a
reflux condenser and a recycle stream.

The solution was pumped into the FlowSynth MW reactor via a peristaltic pump
(Masterflex L/S, Cole Parmer) with tubing (L/S 15, Tygon Chemical) with an inner
diameter of 4.8 mm; it was then recirculated at a constant flow rate of 5 ml/minute. The
system took about 10 minutes to reach steady-state. After reaching the steady-state, 5
ml samples were withdrawn from the mixing/feed tank every hour. Microwave power
was constant at 125 W during the experiments. Subsequently, the filtrate solid products
were washed and dried overnight at room temperature.

In this study, zeolites P, A, and X were produced using Milestone FlowSynth
circulating batch MW reactor (large or bench scale), for which the sample volume was

0.5-1 kg.

2.3 Evaluation Techniques and Analysis Instruments

Zeolite phase formation and the physical properties of the produced zeolitic
materials were evaluated using x-ray diffraction analysis (XRD), X-ray fluorescence
spectroscopy (XRF), scanning electron microscopy (SEM), thermogravimetric analysis

(TGA), Brunauer-Emmett-Teller technique (BET), and particle size distribution
analysis (PSD).

2.3.1 X-ray fluorescence spectroscopy
The chemical and mineral compositions of the CFA used as starting materials was
performed using X-ray fluorescence spectroscopy (XRF); PANalytical PW2400

Wavelength Dispersive.
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2.3.2 X-Ray diffraction analysis

Synthesized zeolite was evaluated primarily using the x-ray diffraction technique
using Rigaku-MiniFlex powder diffractometer (Japan) to collect XRD data of the
synthesized samples using Cu Ka (k = 1.54059 A) over the range of 5° <20 < 40° with
a step width of 0.02 °. The XRD patterns of the synthesized zeolite samples were

compared with the characteristic peaks of Na-P from Ref.[2].

2.3.3 Zeolite percentage estimation (crystallinity)

The percentages of the produced zeolites were determined by ‘‘peak fitting”
algorithm in the MDI-Jade v 7.5 software. For example, the characteristic peak for the
CFA-ZP main peak was found at 20 of 28°; the crystallinity and crystal size were then

calculated as follows:

C linity(%) Peak intensity of sample at 26: 28 ° « 100
t t =
ST Peak intensity of standard sample at 26: 28 °

The crystal size was calculated using Scherrer’s equation:

K. A
Bcose

d(20e) =
where d is average crystal size (nm), K is the Scherrer’s constant, A is the wavelength

of the X-rays (nm), 0 is the value of the Bragg angle, and B is the full width at half-

maximum (FWHM) of the broad peak in radians.

2.3.4 Scanning electron microscope
Morphology of the produced zeolite was studied by scanning electron microscope

(SEM) using a JSM 600F (Joel, Japan) operating at 10 keV of acceleration voltage.



20

2.3.5 Thermogravimetric analysis
Thermal analysis (TGA) was performed using a Mettler Toledo TGA/DTA 851e
model (Switzerland) with version 6.1 Stare software by heating the samples from 25 °C

to 600 °C with a heating rate of 10 °C/minute under nitrogen purge of 40 ml/minute.

2.3.6 Particle size distribution analysis
The Mastersizer 2000 (Malvern Instruments Ltd., UK) was used for particle size

distribution (PSD) analysis.

2.3.7 Brunauer-Emmett-Teller technique

The Brunauer-Emmett-Teller (BET) technique was used to measure the specific
surface area, pore size, and pore volume of selected synthesized zeolites using a
Micrometrics Accelerated Surface Area and Porosimetry (ASAP 2010) surface area
analyzer. Synthesized zeolites samples were degassed for 6—8 hours at 150 °C, before

the analysis.
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Chapter 3
SYNTHESIS OF ZEOLITE Na-P FROM COAL FLY ASH

BY THERMO-SONOCHEMICAL TREATMENT?

Abstract

In the present work, coal fly ash (CFA) was transformed to Na-P zeolite (CFA-ZP)
experimentally at atmospheric pressure and low temperature (~ 100 °C) via
conventional hydrothermal heating followed by sonochemical energy in 4 hours. The
synthesized products were characterized using XRD, TGA/DTA, SEM, PSD, and BET
techniques. The effect of ultra-sonication time on crystallinity of the synthesized zeolite
was studied. Crystallinity of Na-P zeolite as high as 87 % was achieved at the optimum
experimental conditions of NaOH/CFA of 0.27 and 1 hour conventional heating
followed by 3 h ultrasound irradiation. Experimental results revealed that sonochemical
treatment shortened the crystallization time from 24 hours to 4 hours. Increasing the
conventional heating time and decreasing the ultra-sonication time resulted in a lower

crystallinity of the synthesized zeolite.

Keywords: Coal fly ash; Rapid crystallization; Ultrasound energy; Zeolite Na-P

2 This Chapter is published in the Fuel. Tahani Aldahri, Jamshid Behin, Hossein
Kazemian, Sohrab Rohani, Fuel 182, 494 (2016)
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3.1. Introduction

Coal fly ash (CFA) is a by-product of coal fired power plants which is considered
as residual solid waste [1,2]. CFA is mainly used in concrete production as pozzalan
[3]. However, more than 50% of the world’s CFA are disposed into landfills at
significant cost to producers of this solid waste [4]. Efficient disposal of CFA is a
worldwide issue because of its massive production and its harmful effects on the
environment [5].

In order to overcome this issue, numerous approaches have been studied and
tested, in which using of CFA as a raw material for the production of different valued
added products has been considered. In the past four decades, researchers have focused
on using CFA as a source of silicon and aluminum for manufacturing different types of
synthetic zeolites such as Na-P zeolite [6-15]. Na-P zeolite is one of the most interesting
synthesized zeolite because of its high cation exchange and adsorption capacity. This
synthetic zeolite can be used in different application such as gas separation application;
removal of heavy metal, ammonium, toxic and radioactive waste species; extraction of
potassium from sea water; water-softening; and as a builder and water-softening agent
for eco-friendly detergent [16, 17].

Conventional hydrothermal method of synthesis of NaP zeolite is an energy- and
time-consuming process, in which the crystallization time might be as long as 8 to 100
h, requiring relatively high temperature up to 200°C [18-24]. The conventional
hydrothermal method has been optimized in terms of the operating alkaline process
variables to achieve higher yield, purity, cation exchange capacity and crystallinity [25-
27].

To make the process more cost effective, novel sources of energy such as

microwave (MW) radiation energy were used along with conventional hydrothermal
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process to shorten synthesis time. There are several reports on microwave-assisted
hydrothermal conversion of CFA to different synthetic zeolites (e.g. Na-A) [28-36].
Ultrasound (UTS) is an alternative energy source, which is considered to be safer
compared to microwave because of its wave frequencies that are lower than the
microwave [37]. UTS assisted synthesis is a straightforward and simple technique that
has been used by our research group to manufacture different zeolites and zeolite-like
porous materials [38-40]. The chemical effects of ultrasound originate from acoustic
cavitation and collapsing of generated micro-bubbles in liquid medium, which leads to
a micro-mixing effect. This phenomenon increases the secondary nucleation rates and
enhances mass transfer that eventually increases crystal growth rates [37, 41].

It has been suggested that using microwave and ultrasound as energy sources
could lead to homogenous nucleation and uniform distribution of heat leading to a
decrease in the reaction time from days down to hours and even minutes. The use of
alternative energy sources can lead to an economically viable zeolitization process [42].
Azizi et al. [43] synthesized zeolite Na-P under ultrasonic and microwave ageing
process prior to the hydrothermal crystallization using perlite. The optimum conditions
for maximum zeolite crystallinity (97%) were obtained in 55 min using microwave-
assisted ageing and 4 hours for the hydrothermal crystallization time. Recently, Pal et
al. [44] synthesized zeolite Na-P from pure chemicals by sonochemical method and
compared the results with conventional hydrothermal technique. The precursors were
mixed at room temperature for 1 hour and then sonicated for 3 hours. During the
sonication, the temperature of bulk reaction mixture raised up to 80 °C. According to
their study, sonochemical treatment followed by hydrothermal treatment does not show
any significant effect on crystallization and phase formation of zeolite under the studied

conditions.
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The short-time zeolitization is preferable for efficient industrial production [13].
To the best of the authors’ knowledge, so far, the sonochemical conversion of CFA into
zeolite Na-P has not been reported. In this study, CFA was converted into zeolite Na-P
by means of ultrasound irradiation in an alkali medium as a facile method of synthesis.
Furthermore, the effectiveness of ultrasound (UTS) and UTS-assisted hydrothermal

method are compared.

3.2. Materials and Methods

Coal fly ash was obtained from Nanticoke coal fired power plant, Ontario, Canada
(owned by Ontario Power Generation; OPG). The CFA sample was stored in a sealed
container before use. The chemical and mineral compositions of the CFA used as
starting materials and the main source of Si and Al are given in Table 3-1. The
content of unburnt carbon determined by a loss on ignition (LOI) test. The Si02/Al>O3
ratio was found to be 2.13, which is suitable for synthesis of zeolite Na-P under the
mild concentration of NaOH without adding extra aluminate or silicate precursors for
adjusting the batch composition. The sodium hydroxide (Alphachem, Canada), as the
sole chemical used in the experiments, was analytical grade and used as received
without further purification. Deionized water was used for washing of synthesized

zeolite.
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Table 3-1: Chemical composition (XRF analysis) and mineral composition (XRD

analysis) of the CFA used in this study (particle size < 600 pm) *

Parameter Weight percent (%)
Major oxide

SiO» 41.78

Al O3 19.61
CaO 13.64

Fe;03 5.79

MgO 3.23

TiO» 1.39

K>0O 1.10

Na;O 0.94

P>0s 0.71

BaO 0.36

SrO 0.25

Cr203 0.01

MnO 0.02

Loss On Ignition 10.89
Total 99.72

Phases analysis

Amorphous aluminosilicate 88
Quartz (Si0,) 8
Mullite (3A1203.2S103) 3
Others 1

*S10,/A103: 2.13

Alkali solution was prepared by dissolving 0.8 g of NaOH into 20 mL of deionized
water to form 1 M solution. For each experiment, 2 g of CFA was added to 20 mL of
the alkali solution. Then, the mixture was subjected to conventional heating, ultrasound

radiation and their combination at different durations to study the effect of irradiation
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time on crystallization of zeolite Na-P. A jacketed cylindrical glass reactor with an ID
of 4 cm and length of 10 cm was used to conduct the reaction inside the ultrasound
proof enclosure under controlled temperature condition using a circulating oil bath. The
crystallization experiments were carried out using an ultrasonic processor (Sonics,
Vibra-Cell, USA) with standard probe (i.e. tip diameter of 13 mm) for sonicating under
atmospheric pressure. The ultrasound process produces acoustic waves at the frequency
of 20 kHz. The delivered power of ultrasound wave was 125 W (35% max). During
sonication, the temperature of mixture raised from ambient temperature to a steady state
of 90 °C within 5 min by immersing UTS probe (Vibra Cell VCX-500, Sonics &
Materials, USA) into the reaction mixture. Using a circulating oil bath, the reactor
temperature was kept constant at 100 °C (1 °C). The photographs of the experimental

setup and the jacketed glass reactor are illustrated in Figure 3-1.

v
~ Ol Bath

Figure 3-1: Photograph of experimental set-up
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At the end of thermo-sonchemical reaction, the reactor was cooled down to room
temperature; the zeolitized CFA (CFA-ZP) was filtered, thoroughly washed with
deionized water to remove un-reacted and water soluble components, and dried
overnight at room temperature.

Rigaku-MiniFlex powder diffractometer (Japan) was used to collect XRD data of the
synthesized samples using CuKo. (A = 1.54059 A) over the range of 5°< 20<40° with a
step width of 0.02°. The XRD patterns of the synthesized zeolite samples were
compared with the characteristic peaks of NaP from references [45]. The characteristic
peak intensity (crystallinity) percentage of the synthesized zeolite was determined by
"peak fitting" algorithm in the MDI-Jade v 7.5 software. Area of the characteristic peaks
were found for the CFA-ZP main peaks at 20 of 12.5°, 21.3°, and 28° and the average
crystallinity was then calculated. The effect of ultrasound on the yield of CFA-ZP
estimated from mass of the final product multiplied by the average crystallinity as
shown in Table 3-3. Morphology of the produced zeolite were studied by scanning
electron microscope (SEM) using a JSM 600F (Joel, Japan) operating at 10 keV of
acceleration voltage. Thermal analysis was performed using a Mettler Toledo
TGA/DTA 851e model (Switzerland) with version 6.1 Stare software by heating the
samples from 25 °C to 600 °C with a heating rate of 10 °C/min under nitrogen purge of
40 mL/min. Mastersizer 2000 (Malvern Instruments Ltd., UK) was used for particle
size distribution (PSD) analysis. Burnauer-Emmett-Teller (BET) technique was used to
measure the specific surface area, pore size and pore volume of selected CFA-ZP using
a Micrometrics Accelerated Surface Area and Porosimetry (ASAP 2010) surface area
analyzer. CFA-ZP samples were degassed for 6-8 hours at 150°C, before the analysis.
X-ray fluorescence spectroscopy (XRF) was used to determine the chemical

composition of the CFA sample using PANalytical PW2400 Wavelength Dispersive.
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3.3. Results and discussion

Synthesis time, energy consumption and risk of leaching harmful components of
CFA should be considered as three main factors limiting the commercialization of CFA
zeolitization process. Therefore, the main objective of this work was to synthesize
zeolite under mild and cost effective conditions. The temperature of alkaline reaction
mixture raised from ambient to ~90 °C solely as a result of the energy supplied by
ultrasound irradiation alone. In order to ensure reproducibility at a controlled
temperature, all of the tests were conducted at 100 °C by using a circulating oil bath.
At constant temperature of 100 °C, the energy supplied by the oil as the external source
of energy will be the lowest. The NaOH to CFA mass ratio was set at a minimum value
of 0.27 (1 M).

In order to determine whether or not the ultrasound irradiation affect the zeolite
formation process, the overall crystallization time at 100 °C was kept constant for 4
hours for all the tests while the sonication and conventional hydrothermal duration was
varied. Therefore, in order to find the optimized synthesis procedure, two combinations
of sonication and conventional heating were studied. First, the UTS irradiation (named
early sonication) followed by conventional heating was performed. For a 4 hour time,
the UTS irradiation time was decreased as the conventional heating was increased.
Results are illustrated in Table 3-2. As it can be seen from Table 3-2a, when ultrasonic
energy was applied at first; neither 4 hours of ultra-sonication nor the combination of
ultrasonic and conventional heating resulted in any zeolitic product. This set of
experiments revealed that under the tested conditions, apparently continuous UTS
irradiation retards the recrystallization process of CFA to NaP zeolite. According to de

Castro and Priego Capote [46], ultrasound irradiation enhances the dissolution of solid
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particles suspended in liquid phase as a result of the mechanical effect. Thus, the
deposited product was an amorphous aluminosilicate gel. This means that the UTS
heating enhanced the dissolution of CFA but inhibited the crystallization of zeolite from
the intermediate gel. Partial UTS irradiation exhibits various influences in the course
of conventional heating process. The early-stage UTS heating doesn’t enhance the
zeolite formation, which is caused by the retardation of nucleation in the intermediate
aluminosilicate gel.

Conventional heating followed by UTS irradiation (named late sonication) was
also performed for a total of 4 hours treatment time. Late sonication resulted in
successful synthesis of zeolite. This finding is in agreement with those reported in [46];
the cavitation phenomenon of UTS accelerates the rate of nucleation and crystallization.
When bubbles collapsed, precursors are distributed in the liquid and grow up to form
crystalline structure. It is noteworthy that no zeolitic product was obtained by
conventional heating alone after 4 hours (Table 3-2b). However, late UTS heating
successfully shortened the crystallization time compared to the conventional heating.
Therefore, conventional heating followed by late UTS heating should be considered as
an effective approach to enhance the zeolitization of coal fly ash.

Table 3-2: Two different treatment approaches for conversion of CFA to NaP

zeolite with total reaction time of 4 hours. a) UTS irradiation followed by
conventional heating. b) Conventional heating followed by UTS irradiation

First Second
Experimental | treatment: | treatment:
run UST Conventional
“) irradiation heating Remarks
(h) (h)
No
1 0.0 4.0 L
Zeolitization
No
2 3.0 1.0 L
Zeolitization
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No
3 2.0 2.0 o
Zeolitization
No
4 1.0 3.0 o
Zeolitization
(a)
First Second
Experimental | treatment: treatment:
run Conventional UST
) heating irradiation Remarks
(h) (h)
1 1.0 3.0 Zeolite Na-P
2 2.0 2.0 Zeolite Na-P
3 3.0 1.0 Zeolite Na-P
No
4 4.0 0.0 o
Zeolitization
(b)

Figure 3-2 illustrates the XRD patterns of the raw coal fly ash before and after
subjecting to treatment at the 20 ranging from 5 to 40 degrees. Quartz, mullite, calcite
and hematite are the main crystalline phases presented in raw CFA. During the
conventional heating process of CFA with sodium hydroxide for 4 hours, hematite and
calcite phases were partially dissolved; therefore, the intensities of some relevant peaks
(i.e. 20 = 23°, 32.3°) were decreased. No noticeable dissolution of quartz was observed
at the mild alkaline conditions indicating the resistance of quartz during direct
hydrothermal treatment. Mullite appeared to be a less-active crystalline component for
zeolite formation. There is no significant difference between XRD patterns of the raw
CFA and the products after 4 hours treatment solely with ultrasound energy or
conventional heating. The XRD patterns of the zeolite synthesized by thermo-

sonochemical crystallization showed at least three main characteristic peaks at 20:
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12.46°, 21.67°, 28.10° confirming the successful formation of zeolite Na-P as the major
crystalline phase of the zeolitized CFA (Figure 3-2a).

The diffraction peak intensity of crystalline zeolite P increases with an increase in UTS
irradiation time (below 3 hours) while the conventional heating time was decreased.
Ultrasonic irradiation heating for 4 hours, however, led to the formation of a more stable
phase of hydroxysodalite as a side product without any NaP zeolite. The relatively high
temperature of the reaction mixture can be considered as another reason for the
formation of hydroxyl-sodalite [9].

To study the effect of NaOH/CFA ratio on zeolitization process, one experiment
was conducted with 1.5 M NaOH at the optimum heating condition of 1 hour
conventional heating followed by 3 hours UTS heating. The XRD pattern of the
product, which is illustrated in Figure 3-2b, revealed that increasing the NaOH
concentration from 1 M to 1.5 M favors the formation of hydroxysodalite phase instead
of NaP. It seems hydrothermal conversion to zeolite from CFA at higher concentration
of NaOH will result in conversion of NaP zeolite crystals to a more stable crystalline
phase of hydroxysodalite phase. This trend and observation are in strong agreement

with the previous work reported by Murayama et al. [22].
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Figure 3-2: XRD patterns of CFA and zeolitized CFA a) with 1M NaOH and b)

with 1.5M NaOH (CH: conventional heating, UT: S UTS irradiation, Q: quartz,
M: mullite, C: cancrinite, H: hematite, P: zeolite Na-P, S: hydroxyl-sodalite)

In order to optimize the CFA zeolitization process, late sonication was performed
at shorter time intervals of 0.5 hour by keeping the overall synthesis time at 4 hours.
The results are shown in Table 3-3. The maximum crystallinity of the NaP zeolitic

phase of 87 %, was achieved in 1 hour conventional heating followed by 3 hours of
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UTS irradiation. Increasing hydrothermal treatment time to 3.5 hours and decreasing
the UTS irradiation time to 0.5 hour resulted in decreasing the peak intensity
(crystallinity) of product to 78 %. The results showed that the late sonication including
hydrothermal treatment (at least 1 hour) and UTS irradiation (at least 0.5 hour) are
necessary for successful conversion of CFA to NaP zeolite. On the other hand, late

irradiation is effective rather than the overall irradiation during the zeolitization.

Table 3-3: Crystallinity of CFA-ZP synthesized by conventional heating followed
by UTS irradiation for 4 hours

First Second
Experimental | treatment: | treatment:
run Conventional UST Peak
¢ heating irradiation | intensity

(h) (h) (“o)

1 0.5 3.5 0.0
2 1.0 3.0 87.05
3 1.5 2.5 82.91
4 2.0 2.0 80.32
5 2.5 1.5 79,34
6 3.0 1.0 78.89
7 3.5 0.5 78.44

In order to investigate the effect of UTS irradiation time on the crystallinity of
CFA-ZP, experiments were conducted using 1 hour of conventional heating plus 4
hours, 5 hours, and 6 hours of ultrasonication. The XRD patterns of the products are

illustrated in Figure 3-3, which reveal the absence of NaP zeolite. These results
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ascertain that in order to produce NaP zeolite from CFA using ultrasonic—assisted

approach, the order of treatment is important.
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Figure 3-3: XRD patterns of CFA and zeolitized CFA (CH: conventional heating,
UTS: UTS irradiation, Q: quartz, M: mullite, C: cancrinite, H: hematite, P:
zeolite Na-P, S: hydroxyl-sodalite).

Raw CFA and the CFA-ZP with highest crystallinity of 87.05 % were analyzed
using TGA/DTA technique to measure their water adsorption capacities. In Figure 3-4,
the single inflection point at 105 °C corresponds to an endothermic weight loss of ~ 4.5
% which is attributed to the removal of physically adsorbed water. The TGA curve of
CFA-ZP sample showed higher adsorption capacity (~ 14 %) than CFA sample. The
two step weight losses at 90 °C and 130 °C indicated the desorption of un-bond moisture
on the surface of non zeolitized CFA and bond moisture on CFA-ZP, respectively. It
was found that UTS heating promotes the rate of increase of the adsorption capacity of

the produced NaP zeolite.
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Figure 3-4: Thermogravimetric curves of the raw CFA and CFA-ZP produced
under optimized condition (heating rate: 10°C/min, under 40mL/min N2).

Figure 3-5 shows the SEM micrographs of raw CFA and the zeolitized CFA under
the optimum conditions (i.e. CH: 1 hour and UTS: 3 hours) with highest crystallinity
of 87%. It reveals that the CFA used in this study is quasi-spherical with a smooth
surface. Very significant changes can be observed on the surface of CFA during
zeolitization process. The NaP zeolite crystallites deposit on partially activated fly ash
spheres which is in agreement with literature [9, 22]. The micrographs of CFA-ZP
demonstrate regular morphology of the synthesized crystals. Zeolite NaP can be
identified by pseudo-spherical forms constituted by small plates. This typical
morphology, which comprises most of the samples, displays well-defined NaP crystal
faces [19].

The X-ray patterns indicate the presence of hydoxysodalite in acicular shapes in
zeolitic products. The characteristic and morphological shapes of hydroxysodalite
crystals, predominantly as randomly oriented rods, indicate that the crystal growth
using the UTS energy was somewhat lower than the hydrothermal case. The product

changes from zeolite P to hydroxysodalite via co-crystallization between zeolite P and
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hydroxysodalite, under prolonged UTS irradiation. Similar results were observed with

increasing alkali concentration in hydrothermal conversion of CFA to zeolite P [22].
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Figure 3-5: SEM images of the raw CFA and UTS-assisted synthesized zeolites
samples after 4 hours.
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The particle size analysis using a Malvern Mastersizer 2000, revealed that both
raw CFA and the CFA-ZP products show similar particle size distribution from 0.2 pm
to 200 um with the maximum volumetric population of 5.5 vol.% at 35 um. The particle
size distribution curves of both raw CFA and the CFA-ZP product that are illustrated
in Figure 3-4. That shows no significant changes during zeolitization process.
Apparently, the thermo-sonochemical treatment at mild alkali condition has little
influence on the particle size distribution. Using ultrasonication for reducing solid
particle size is common due to the ability of ultrasonic energy to destroy agglomeration
and/or the structure of particles. However, in this work, it seems using ultrasonic
treatment under the tested condition doesn’t have a strong influence on the particle size

reduction.
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Figure 3-6: The particle size distribution of raw CFA and CFA-ZP.

The BET surface area of the raw CFA and the CFA-ZP sample synthesized under

optimized condition was 15.47 m2/g and 68.81 m2/g, respectively. A remarkable
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increase of the surface area is achieved by zeolitization of CFA. Micro-pore area and

mesoporous area of the produced sample were 8.99 m2/g and 59.38 m2/g, respectively.

According to the XRD and SEM results, the synthetic zeolite (CFA-ZP) was formed on

the surface of CFA, which attributes to the increase of the surface area due to the higher

porosity of CFA-ZP. The pore volume and the mean pore diameter of the best sample

were 0.132 cm3/g and 10.92 A, respectively. Nitrogen adsorption/desorption isotherm

of the CFA-ZP product, which is illustrated in Figure 3-7 indicates a type II isotherm.

A type II isotherm is known for the microporous zeolites that could be assigned to

impurities occupying the pores and channels of CFA-ZP which limit the adsorption of

N2 inside the pores.
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Figure 3-7: Isothermal plot of synthesized CFA-ZP

3.4. Conclusions

The experimental results of this research revealed that CFA could be converted

successfully to zeolite Na-P by the thermo-sonochemical treatment at low temperature

(i.e. 100°C) and atmospheric pressure in 4 hours. The main synthesized zeolitic phase



40

was Na-P zeolite with traces of hydroxysodalite with 1 hour conventional heating
followed by 3 hours of sonochemical treatment. When ultrasound was applied in the
course of hydrothermal treatment, zeolitization was promoted by later stage irradiation.
On the other hand, the ultrasound irradiation in the early-stage retarded the
crystallization of zeolite. Thermo-sonochemical zeolitization of CFA leads to an
increase in the surface area and pore diameter. It can be concluded that the ultrasound-
assisted hydrothermal technique facilitates formation of NaP zeolite from CFA by
enhancing the rate of nucleation and shortening the crystallization time during the
conversion process. The developed method can be considered as a fast and eco-friendly

zeolitization process with lower energy demands.
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Chapter 4

EFFECT OF MICROWAVE IRRADIATION ON CRYSTAL
GROWTH OF ZEOLITED COAL FLY ASH WITH

DIFFERENT SOLID/LIQUID?

Abstract

In the present work, coal fly ash (CFA) was converted to zeolite (CFAZP)
experimentally at atmospheric pressure via a conventional hydrothermal heating for 6
h at low temperature (9043 °C) followed by microwave irradiation for 30 min. The
synthesized products were characterized using XRD, TGA/DTA, SEM, PSD, BET, and
cation-exchange capacity (CEC) techniques. The effect of microwave on the crystal
growth of nucleated CFAZP at different solid/liquid ratios (suspended CFA mass to
NaOH solution volume, g/mL) was studied. A three-variable, three level central
composite statistical experimental design was applied to investigate the effect of the
independent variables on the response function defined as the ratio of the characteristic
peak intensity at 20: 28° of a sample to that of the same peak of a sample run for 24 h
with conventional heating. The relative peak intensity of CFAZP as high as 97 % was
achieved under optimum experimental conditions with 1 M of NaOH concentration, 6

h of conventional heating followed by 30 min microwave irradiation with a solid/liquid

3 "This Chapter is published in the Advance Powder Technology. Tahani Aldahri,
Jamshid Behin, Hossein Kazemian, Sohrab Rohani, Advance Powder Technol. 28,
2865(2017)".
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ratio of 0.40 g/mL. Under constant microwave energy, higher solid/liquid ratios led to
higher relative peak intensity of the product.
Keywords: Coal fly ash; Crystallization, Na-P Zeolite; Microwave energy;

CFA/NaOH ratio

4.1. Introduction

Coal fly ash (CFA), as a by-product of coal fired power plants, is considered as
one of the biggest industrial waste streams in the world [1,2]. About 50% of the world’s
electricity energy is produced by burning coal [3]. Treatment of CFA is a worldwide
priority due to several reasons, including but not limited to its harmful effects on the
environment. In addition, disposing this solid waste, in landfills is a financial liability
for the coal burning power plants [4]. In order to overcome this problem, numerous
investigations have been conducted on the zeolitization of CFA as a source of silicon
and aluminum. CFAZP is an interesting synthesized zeolite with high cation exchange

capacity (CEC) [5-11].

Successful conversion of CFA to CFAZP was conducted using a conventional
hydrothermal process at relatively high temperatures up to 200°C for 8-100 h [12-15].
The synthesized product had a relatively high cation exchange capacity and crystallinity
[16-18]. The characteristics of zeolites such as purity and CEC were strongly influenced
by the hydrothermal heating methods and the synthesis parameters such as the reaction
time, temperature, etc. [19-22]. Conventional hydrothermal treatment is an energy-
intensive and time-consuming process which is difficult to commercialize. Using
microwave (MW) and ultrasound (UTS) as alternative energy sources could lead to
homogenous nucleation and uniform distribution of thermal energy and decrease the

reaction time remarkably from days down to hours, which can lead to an economically
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viable zeolitization process [23-28]. Inductive energies can strongly affect the synthesis
of zeolites by accelerating the crystallization process [29-36].

Querol et al. [37] synthesized CFAZP from CFA by conventional and
microwave-assisted hydrothermal alkaline activation experiments. Synthesis yields
obtained from both methods were similar, but the activation time needed was drastically
reduced from 24-48 h to 30 min by using microwaves. All experiments were carried
out using 0.5-5.0 M of NaOH, CFA mass to NaOH solution volume ratios of 0.05-0.1
g/ml and the highest microwave power available (1000 W) with temperature control.
Inada et al. [38] investigated the effect of microwave irradiation on the yield of zeolite
from CFA. The NaOH concentration was 2 M and the solid/liquid ratio was fixed at
0.125g/ml for safe irradiation of microwave. The microwave heating was performed by
using a household oven (500 W) refurbished to equip the vessel with a condenser under
the ambient atmosphere. CFAZP was formed after the conventional treatment at 100
°C, but no zeolitic product was obtained by microwave heating alone after 2 h. In the
combined experiment, however, zeolitization was achieved when the microwave was
applied for 15 min in the course of the conventional heating. The initial MW irradiation
was more effective. This is due to the stimulated dissolution of SiO> and Al,O3 from
CFA. On the other hand, the microwave irradiation in the middle to later stages of the
process retarded the crystallization of zeolite. Especially, the microwave heating at 45-
60 min into the process influenced the zeolitization negatively.

Fukui et al. [39] synthesized phillipsite from CFA with a solid to liquid ratio of
0.04g/ml at controlled temperature 100 °C (variable power) over 6 h of conventional
heating and microwave heating. Microwave heating reduced the crystallization
induction time compared to the conventional heating, but it retarded the crystal growth

rate slightly leading to smaller particle size of the synthesized phillipsite. They showed
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that the crystal structure and chemical composition of the product powder did not
depend on the heating method [15]. To the best of our knowledge, utilizing MW energy
after a period of conventional heating for the crystallization of CFAZP from CFA has
not been reported. In this study, CFA was converted into CFAZP by means of
microwave irradiation of CFA after hydrothermal treatment in an alkali medium.
Furthermore, the effectiveness of the hydrothermal and microwave-assisted

hydrothermal method is compared.

4.2. Materials and method

Coal fly ash, as a source of Al and Si, was supplied by a coal-fired power plant
(OPG, Nanticoke) located in Ontario, Canada. Analytical grade sodium hydroxide
(Alphachem, Canada) was used as received. Deionized water was used for the
preparation of the solutions and washing.

Two g of CFA and 0.8 g of sodium hydroxide granules were dissolved in 20 ml
deionized water to form an alkaline slurry of 1M (solid/liquid ratio of 0.10 g/ml). The
mixture was subjected to conventional heating under atmospheric pressure at 90 °C for
6 h and stirred continuously using a heater stirrer (Thermo Scientific, China) at 170
rpm. The schematic of the synthesis procedure and microwave setup are illustrated in
Figure 4-1.

After hydrothermal treatment for 6 h in a 125-ml glass flask reactor in which Si
and Al were extracted into the liquid, and achieving a desired solid/liquid ratio, a certain
amount of the liquid phase was withdrawn by a syringe filter to adjust the solid/liquid
ratio range. The latter was chosen in a way to allow the solids to form a wet bed for the
safe irradiation of microwave and avoiding the hot spots issue. The residual mixture

was poured into a cylindrical PTFE vessel (40 ml, 28 mm ID) attached to a reflux
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condenser. The suspension was subjected to microwave radiation for crystal growth at
105 °C for 15-30 min. Then, the filtered solid products were washed and dried overnight
at room temperature. Microwave power was constant at 250 W during the experiments.
The microwave treatment was performed in a self-adjusting microwave oven (single-
mode microwave apparatus equipped with a magnetic stirrer, 2.45 GHz, CEM
cooperation, Discover, USA), where the reaction temperature and power were

monitored automatically.

mp Solution out

!

Microwave treatment

Cake
7 1% % F/ » ; -
Washing & Drying -
. !
Filtrate Solid product
(a) High Solid/Liquid (S/L) ratio (b) Microwave apparatus
procedure

Figure 4-1. Schematic diagrams of experimental procedure and microwave set-up
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Rigaku-MiniFlex powder diffractometer (Japan) was used to collect XRD
diffraction pattern data of the synthesized samples using CuKo (A : 1.54059 A) over the
range of 5°<20<40° with step width of 0.02° and scan speed: 2°\min. The XRD patterns
of the synthesized zeolite samples were compared with the characteristic peaks of
CFAZP from the literature [40]. The peak intensities were calculated by the "peak
fitting" algorithm in the MDI-Jade v 7.5 software. Intensities of the characteristic peaks
were found for CFAZP main peaks at 20 of 12.5°, 21.3°, and 28°. The relative peak
intensity was defined as the ratio of the characteristic peak intensity at 20: 28° of a
sample to that of the same peak of a sample run for 24 h with conventional heating.
Crystal morphology of the produced zeolite was studied by scanning electron
microscope (SEM) using a JSM 600F (Joel, Japan) operating at 10 keV. Thermal
analysis was performed using a Mettler Toledo TGA/DTA 851e model (Switzerland)
with version 6.1 Stare software by heating the samples from 25 °C to 600 °C with a
heating rate of 10 °C/min under nitrogen purge of 40mL/min. Master-sizer 2000
(Malvern Instruments Ltd., UK) was used for the particle size distribution (PSD)
analysis. Brunauer-Emmett-Teller (BET) technique was used to measure the specific
surface area, pore size and pore volume of selected CFAZP using a Micrometrics
Accelerated Surface Area and Porosimetry (ASAP 2010) analyzer (Micrometrics,
USA). CFAZP samples were degassed for 6-8 h at 150°C, before the analysis. The
cation-exchange capacities (CECs) values of the synthesized CFAZP samples were
determined based on Bain and Smith procedure; using the ammonium acetate saturation

standard method [41]. The crystal size was calculated using Scherrer’s equation [42]:

K.A
d(Ze) = m (Eq- 4'1)
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where d is average crystal size (nm), K is the Scherrer’s constant, A is the wavelength
of the X-rays (nm), 0 is the value of the Bragg angle, and B is the full width at half-

maximum (FWHM) of the broad peak in radians.

4.3 Experimental design

A central composition design (CCD) was considered with three variables, the
molarity of alkaline solution, solid to liquid ratio, and microwave irradiation time as
the independent variables in the zeolitization process. The experimental design was
conducted in Design Expert Software (ver.7.1.5, USA). According to the CCD, all

variables have three levels (-1, 0, +1) as shown in Table 4-1.

Table 4-1: Range and levels of experimental variables.

levels and Range

Independent variable Unit . ; 7

A : Solution molarity mol/L 1.00 1.15 1.30
B : Solid/liquid ratio g/mL 0.10 0.25 0.40
C : Microwave time min 15.00 225 30.00

4.4. Results and discussion

The results of XRD patterns are shown in Figure 4-2 a. For comparison, the XRD
patterns of the raw coal fly ash are also shown for the 20 ranging from 5 to 40 degrees.
Quartz, mullite, calcite and hematite are the main crystalline phases present in the raw
CFA. During the conventional heating process of the CFA with sodium hydroxide,

hematite and calcite phases were partially dissolved; therefore, the intensities of peaks



53

(at 20: 23°, 32.3°) were decreased. No noticeable dissolution of quartz was observed at
the mild alkaline conditions indicating high resistance of quartz under direct
conventional hydrothermal conversion of CFA to CFAZP. Mullite appeared to be a
reactive silica crystalline phase of CFA during the course of zeolite formation. The
XRD patterns of the zeolite synthesized by hydrothermal crystallization showed at least
three main characteristic peaks at 20:12.46°, 21.67°, and 28.10° confirming the
successful formation of zeolite CFAZP as the major crystalline phase of the zeolitized
CFA. For comparison and in order to achieve the best quality of zeolitized CFA with
the highest relative peak intensity at 20: 28° (the objective function) of Na-P zeolite
product, a conventional hydrothermal synthesis was conducted at 90 °C for 24 h. The
alkaline-solution molarity and solid/liquid ratio were considered as 1 M and 0.10 g/ml,

respectively.
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Figure 4-2: XRD patterns (a) Raw CFA and CFAZP synthesized hydrothermally
at 90 °C for 24 h, (b) CFAZP synthesized hydrothermally for 6 h and CFAZP
synthesized hydrothermally (6 h) followed by microwave irradiation for 30 min,

where C: calcite, M:mullite, P: zeolite Na-P, Q: quartz, and S: hydroxyl-sodalite

To find the optimal conditions for maximum relative peak intensity at 20: 28° of
the product under microwave-assisted hydrothermal procedure, the CCD experimental
design was carried out. The effects of the molarity of alkaline solution, solid to liquid
ratio, and microwave irradiation time on response factor as well as the observed and
the CCD model predicted values of the peak intensity are presented in Table 4-2. As
shown in Table 4-2, the percentage relative peak intensity (I..1.) was calculated by
dividing the peak intensity of a product at 20: 28.1° by the peak intensity of the standard
sample run for 24 h using conventional hydrothermal synthesis with estimated errors +
0.05 at the same 20 of a sample.

The peak intensity of the sample at 20: 28 °
The peak intensity of the standard sample at 20: 28 °

Ire1. (%) = X100  (Eq.4-2)
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The best sample (Run 5 of Table 4-2) with the highest peak intensity, was obtained with
6 h of conventional heating followed by 30 min of MW irradiation, with solid to liquid
ratio of 0.40g/ml, and 1 M of NaOH concentration. Figure 4-2 b shows the XRD pattern
of the sample synthesized by means of conventional hydrothermal method at 90 °C for
6 h (1 M of NaOH and solid/liquid ratio: 0.10 g/ml) and the best sample synthesized
under optimized condition at 30 min of MW irradiation. To synthesize CFAZP from
CFA, it seems hydrothermal treatment time of at least 6 h prior to microwave treatment
is necessary, which agrees with another work that reported continuous microwave
irradiation could not initiate the nucleation of CFAZP from un-treated CFA as main
source of Si and Al [38]. It seems nucleation starts under conventional hydrothermal
treatment as was confirmed by the appearance of characteristic peaks CFAZP with low
intensity. Microwave irradiation speeds up crystal growth leading to a zeolite product
with higherrelative peak intensity. The relative peak intensity of CFAZP obtained under
higher solid/liquid ratio of 0.40g/ml was comparable with the zeolite obtained under

lower solid/liquid of 0.10g/ml ratio; at 97.09 % and 93.51 %, respectively.

Table 4-2: Central composite design matrix for three test variables in coded units

along with the observed and predicted responses (microwave power: 250 W)

Factors Response factor
Run Molarity Solid/liquid ratic MW irradiation Relative peak intensity at peak of
order  (mol/) (g/ml) time (min) 20: 28° (%)
A B C observed predicted
1 1.00 0.10 30.0 93.51 94.23
2 1.15 0.25 22.5 80.71 80.59
3 1.15 0.25 15.0 79.32 76.10
4 1.15 0.25 22.5 80.01 80.59
5 1.00 0.40 30.0 97.09 97.96
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6 1.15 0.25 22.5 80.99 80.59
7 1.15 0.40 22.5 83.33 76.79
8 1.30 0.10 15.0 83.42 83.71
9 1.15 0.10 22.5 83.13 83.86
10 1.00 0.40 15.0 67.40 70.83
11 1.30 0.40 30.0 71.31 72.54
12 1.15 0.25 22.5 77.01 80.59
13 1.30 0.25 22.5 67.39 74.13
14 1.15 0.25 22.5 82.99 80.59
15 1.00 0.10 15.0 83.14 83.08
16 1.30 0.40 15.0 65.40 65.84
17 1.30 0.10 30.0 76.68 74.42
18 1.15 0.25 22.5 83.99 80.59
19 1.15 0.25 30.0 84.70 85.10
20 1.00 0.25 22.5 85.05 86.52

After 6 h conventional heating applied to all samples, small peaks of CFAZP
crystals were observed. When that step was followed by either 30 min MW irradiation
at ~ 105 °C under atmospheric pressure, or using oven heating for additional 18 h at 90
°C; high XRD peaks of zeolite CFAZP were observed as shown in Figure 4-2 (a, b).
Following the initial conventional heating for 6 h, the required additional 18 h of oven
heating was reduced to 30 min with MW irradiation. The samples of raw CFA and the
CFAZP with highest peak intensity of 97 % (Run 5) were analyzed using thermo-
gravimetric analysis (TGA/DTA) (Figure 4-3). In Figure 4-3a, the TGA curve of raw
CFA shows a single inflection point at 105°Ccorresponding to an endothermic weight
loss of ~5 %, which is attributed to the removal of physically adsorbed water from the
solid sample. Figure 4-3b displays the TGA curves of zeolites synthesized by 6 h
conventional hydrothermal heating and the zeolites synthesized hydrothermally for 6 h

followed by microwave heating for 30 min. The TGA curves show 7% and 12% weight
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losses corresponding to the point of inflection approximately 120 °C and 115 °C,
respectively. These weight losses indicate that the water content in the produced
zeolites is much higher than the raw CFA due to the higher micro porosity area and
larger surface area. Shifting of dehydration temperature of the MW-assisted sample
from 120 °C to 115 °C could be attributed to the larger micropore area and pore volume
of the sample in comparison to the conventionally synthesized sample. [29]. These
results were confirming the obtained BET micropore surface areas that are presented in

Table 4-3. It was found that MW heating increases the water adsorption capacity of the

produced CFAZP.
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Figure 4-3: TGA/DTA of (a) Raw CFA; (b) CFAZP synthesized hydrothermally

and hydrothermally followed by microwave

The particle size distribution curves of both raw CFA and the CFAZP product are
illustrated in Figure 4-4. The particle size analysis reveals little change during
zeolitization process during the conventional heating process. The small particles of
CFA are consumed during alkaline hydrothermal treatment and the particles size of the
final product is slightly increased that could be relate to agglomeration smaller particles.
The microwave-assisted synthesis zeolite CFAZP resulted in particles with narrower
particle size distribution. In this work, it seems using MW after hydrothermal treatment
step (under the tested condition) have a strong effect on decreasing agglomeration and
controlling of particle size. The particle size distribution corresponding to the sample
processed hydrothermally for 6 h (0.8-1000 pm), became narrower for the sample
processed with microwave (10-420 pm).

In microwave assisted synthesis of zeolites, the fast and homogenous nucleation

and crystal growth results in reducing of agglomerates formation. Therefore, MW-
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assisted synthesized zeolite has a narrower particle size distribution [43, 44]. However,
according to Ansari et al. [45], with increasing crystallization temperature the
simultaneous progress of generation and resolution of zeolite crystal in solution leads

to generate of larger agglomerated zeolite particles.
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Figure 4-4: Particle size distribution of raw CFA and synthesized CFAZP

Figure 4-5 shows the SEM micrographs of raw CFA and the zeolitized CFA under
the best conditions (i.e. M: 1; solid/liquid ratio: 0.40 g/ml and MW irradiation: 30 min)
with highest relative peak intensity of 97%. It reveals that the CFA used in this study is
quasi-spherical with a smooth surface. Significant changes occur on the surface of CFA
during zeolitization process. Figure 4-5b displays the surface of CFA after 6 h
hydrothermal treatment which shows that zeolite particles started to form on the CFA’s
surface, partially activating the fly ash spheres which agrees with the literature [38,46].
Figure 4-5¢ shows Na-P zeolite particles cover the whole surface of CFA due to

applying the MW irradiation after conventional heating. MW heating enhances the rate
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of crystal growth of zeolite CFAZP. The micrographs of CFAZP demonstrate uniform
distribution of the zeolite particle sized and uniform morphology of its crystallites.
Zeolite CFAZP can be identified on the surface of the CFA pseudo-spherical forms as
small plates, which form polycrystals with an average size of approximately 1-1.5 pm.
This typical morphology, which comprises most of the samples, displays well-defined

CFAZP crystal faces [7].
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Figure 4-5: The SEM images of the CFA and microwave-assisted synthesized
zeolites samples after30 min irradiation (a) Raw CFA (b) CFAZP synthesized
hydrothermallyfor 6 h (¢c) CFAZP synthesized hydrothermally for 6 h followed

by 30 min microwave irradiation

Table 4-3 displays the BET surface area of the raw CFA and the best CFAZP
sample synthesized under optimized condition as 15.47 m?/g and 72.05 m?/g,
respectively. A remarkable increase of surface area was achieved by zeolitization of
CFA. The micro pore area of the produced samples was 17 m?/g. According to the XRD
and SEM results, the synthetic zeolite (CFAZP) was formed on the surface of CFA,
which attributes to the increase of the surface area due to the higher microporosity of
CFAZP. The pore volume and the mean pore diameter of the best sample were 0.134
cm?/g and 110.68 A, respectively. The proposed technique of synthesis allows to
produce CFAZP with surface area of ~ 4.7 times higher than raw CFA and ~ 2 times
higher than CFAZP; which was synthesized conventionally at 105 °C for 24h (with the
BET surface area and pore volume of 39 m?/g and 0.015 cm?/g, respectively) [47].

Higher loss on ignition of the MW- assisted synthesized sample could be explained
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because of its larger surface area and larger pore volume, which leads to higher water
sorption capacity [29]. The BET surface area of the CFAZP which was synthesized
conventionally and CFAZP which was synthesized by MW-assisted synthesis were 39
m2/g and 72.05 m2/g, respectively. Furthermore, the pore volume of the MW-assisted
and conventionally synthesized CFAZP were 0.134 cm3/g and 0.015 cm3/g,
respectively [47]. Nitrogen adsorption/desorption isotherm of the CFAZP product,
which is illustrated in Figure 4-6 indicates a type I isotherm. A type I isotherm is known
for the microporous zeolites according to Applied Chemistry (IUPAC) isotherm
classification and the International Union of Pure [48,49]. The limited adsorption of N
inside the pores, could be attributed to the impurities that occupy pores and channels of
CFAZP.

The cation-exchange capacities (CECs) of the raw CFA and the best CFAZP
sample which was synthesized under optimized condition were 0.30 meq/g and 0.48
meq/g, respectively. To compare, the CEC of the CFAZP synthesized by conventional
heating was 0.22 meq/g [47]. The new synthesis technique enhances the CEC of the
synthesized CFAZP by ~38% and ~54% compared to the CEC of the raw CFA and the
CFAZP synthesized by conventional heating; respectively. Due to the high CEC, the
product (CFAZP) could be very useful as an adsorbent for many environmental

applications.

Table 4-3: BET surface area of CFA and synthesized CFAZP.

CFAZP
CFA MW: 0 min MW:15 min MW:30
min
BET surface area (m%/g) 15.47 57.20 59.12 72.05

Micropore area (m?/g) 3.38 6.38 7.36 17.10




63

140
= 120 | —e— Adsorption
- —s=— Desorption
E 100
=
%
T 80 -
2
=
o 60
£
=
S 40

20

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Relative pressure (P/P,)

Figure 4-6: Adsorption/desorption isotherms of CFAZP synthesized under
optimized condition (Run 5)

The crystal size of the prepared zeolites at various synthesis conditions was
estimated using Scherrer’s equation (Eq. 4-1) from the peak width of (310) reflection
plane at 20: 28.1°. The full width at half-maximum (FWHM) of the broad peak
calculated by "peak fitting" algorithm in the MDI-Jade v 7.5 software and the results
are presented in Table 4-4. Results show that crystal size and relative peak intensity of
synthesized zeolite CFAZP increases as MW time increase. This result agrees with the
finding of literature [45] where authors found that zeolite LAT under longer time at 25

°C has narrow particle size distribution with small crystal size up to 0.4 um [50].



64

Table 4-4: Crystal size of synthesized CFAZP at different microwave time.

_ Temperature Time  Relative peak intensity Crystal size
Heating method )
(°C) (min) (%) (nm)
Microwave- assisted 105 15 67.4 25
Microwave-assisted 105 22.5 85.0 29
Microwave-assisted 105 30 97.09 31

4.4.1 Statistical analysis

The statistical significance of the model was analyzed by the analysis of variance
(ANOVA). The model F-value of 14.84 implies the model is significant. There is only
a 0.01% chance that a model F-value this large could occur due to noise. Table 4-5
presents statistical characteristics of the selected model’s parameters to describe the
relative peak intensity as a function of the variables studied. The significance of the
coefficients was determined by F-value and P-value (probability value). A small
probability value (p < 0.05) indicates that the model was highly significant. The
probability value (0.0001) shows that the effect of the variables on the relative peak
intensity of CFAZP is significant. Also, the probability value (0.0001) shows the
highest effect of NaOH concentration on the relative peak intensity of the CFAZP
sample, while the probability value (0.0065) shows the lowest effect of solid/liquid ratio
on the relative peak intensity of the CFAZP. The goodness of the fit for the model was
validated by the determination correlation coefficient (R?). Correlation coefficient (R?)
measures the amount of variations about the mean. Adjusted R? estimates the variations
about the mean adjusted for the number of parameters in model. Predicted R? enunciates

the predictive capability of model. Adequate precision compares the range of predicted
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values at design points to the average prediction error and is a measure of the signal to
noise ratio (S/N ratio) [51,52]. Correlation coefficient was 0.8726 which indicates the
absence of variations about the mean. When the difference between R?a4j and R?preq is
less than 0.2, R%pred would be in reasonable agreement with R?a4;. Difference between
R?pred 0f 0.638 and R?a4j of 0.8138 was found less than 0.2 which indicates the rational
agreement between regression coefficients. Moreover, the adequate precision is a
measure of the range of the predicted response relative to its associated error. The
adequate precision greater than 4 (15.728 in this case) shows that the model could be
used to navigate the design space defined by the CCD. From the analysis data that is
shown in Table 4-5, the terms A, B, C, AC, BC are significant and other model’s terms

are not significant (with a probability value larger than 0.05).

Table 4-5: Analysis of variance (ANOVA) for prediction of relative peak

intensity by the quaderatic model*

Statistics
Parameters Sum of Degree of freedom Mean F-value P-value
squares squares
Model 1060.77 6 176.79 14.84 <0.0001
A: Molarity (mol/l)  384.28 1 384.28 32.25 <0.0001
B: S/L ratio (g/ml) 124.96 1 124.96 10.49 0.0065
C: MW time (min) 199.01 1 199.01 16.70 0.0013
AB 15.76 1 15.76 1.32 0.2708
AC 209.00 1 209.00 17.54 0.0011
BC 127.76 1 127.76 10.72 0.0060
Residuals 154.92 13 11.92
Lack of fit 125.05 8 15.63 2.62 0.1521

*The model F-value implies the model is significant. A probability less than 0.05 indicates

model terms are significant. In this case A, B, C, AC, BC are significant model terms.
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In order to describe the effects of the variables studied, a quadratic model was
fitted to the actual data. The quadratic model for predicting the relative peak intensity
(Irer,pra) of the zeolitized samples in terms of the coded variables with significance of

99.99% is as follow:

lrelpra = 4.849 +76.496 A —31.744 B + 4.932 C — 4.543 AC (Eq.
+3.552 BC 4-3)
The negative coefficients of the model components indicate the unfavorable effects of
B and AC on the relative peak intensity, while, the positive coefficients for A, C and
BC indicate favorable effects on the response.

The main diagnostic plots were used to evaluate the response surface design,
ensuring that the statistical assumptions fit the analyzed data. The predictions of the
experimental data by developed quadratic model for the relative peak intensity are
illustrated in Figure 4-7 that convey the general impression of a normal distribution of
underlying errors. Since the relative peak intensity values fall near a straight line; there
is no clear indication of non-normality of experimental results. Based on these plots,
the relative peak intensity values appear to be randomly scattered; thus, the proposed
model is adequate and the constant variance assumption is confirmed.
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Figure 4-7: Diagnostic plots for relative peak intensity (a) normal probability, (b)

predicted vs. actual values, and (c) residuals vs. predicted values.

The contour and 3D plots of the relative peak intensity vs solid/liquid ratio, MW
irradiation time and the molarity are shown in Figure 4-8. The relationship between
solid/liquid ratio and molarity (Figure 4- 8a) is an inverse relationship where increasing
both the molarity and the solid/liquid ratio of the sample mixture led to a decrease in
the relative peak intensity. The time of MW irradiation and molarity led to a decrease
in the relative peak intensity (Figure 4-8b). Increasing MW irradiation time and
molarity led to a decrease in the relative peak intensity. The highest value of the relative
peak intensity achieved at 30 min of MW irradiation time and 1 M. At 1.0-1.15 M
NaOH concentration, a high relative peak intensity was observed when the time of MW
irradiation was 26.25 to 30.0 min. Increasing the concentration of NaOH solution led
to a decrease in the CFAZP’s relative peak intensity. Moreover, the plot in Figure 4- 8c
shows that increasing MW irradiation time and solid/liquid ratio led to an increase in
the relative peak intensity. The highest relative peak intensity was achieved at a
solid/liquid ratio equal to 0.40 g/ml and 30 min MW irradiation time. The experiments
with a solid/liquid ratio higher than 0.40 g/ml weren’t conducted to avoid the possible
appearance of hot spots in the slurry solution and to keep a homogenous MW heating
environment. The increase in the relative peak intensity at 26: 28° might be attributed
to the higher dissolution of silica as sodium silicate and alumina as sodium aluminate
when CFA reacts with the sodium hydroxide solution. In this figure, at a higher
solid/liquid ratio (0.40 g/ml), the relative peak intensity of the product at 20: 28° is

either at a minimum or a maximum depending on the time of MW irradiation.
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4.4.2. Mechanism of microwave heating
In order to investigate the effect of the microwave irradiation on the relative peak

intensity of the zeolite at 20: 28°, Inada et al. [38], Tanaka et al. [18], and Querol et al.
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[37] obtained zeolite P1 from CFA by applying MW energy at a solid/liquid ratio 0.055-
0.125 g/mL and found out that early stage MW irradiation is effective to produce zeolite
CFAZP. Microwave irradiation breaks down the hydrogen bonds of H,O molecules and
enhances the dissolution of Si and Al from the CFA particles [38]. In the present work,
hydrothermal treatment was applied in the first 6 h at a solid//liquid of 0.10 g/mL.
During this step, aluminate ions and silicate ions dissolved from CFA into the solution
and formed the precursor alumino-silicate gel. This precursor was attacked by sodium
ions and it crystallized to CFAZP crystals. Figure 4-5b shows that the CFAZP particles
start to deposit on the surface of the unreacted fly ash which confirms the XRD’s result
in Figure 4-2b. After hydrothermal treatment, the solid//liquid ratio of the synthesis
mixture was changed to different values; 0.25 g/ml and 0.40 g/ml by withdrawing a
certain amount of the liquid phase. Then, the mixture with higher solid/liquid ratio
was exposed to MW irradiation (max 300 W) for 15 min to 30 min. Figure 4-5¢ shows
the completion of the zeolitization process of the CFA after applying MW heating. The
induction time of the crystallization in Figure 4-5b, was shortened by the microwave
heating method. Microwave heating appears to help crystal growth, compared to the
conventional heating which agrees with literature [53].

The proposed method, hydrothermal treatment prior to microwave irradiation,
achieves the zeolitization of CFA in less time and leads to higher relative peak intensity
of zeolite CFAZP. Table 4-2 shows that the relative peak intensity (~ 97 %) for the
sample with a solid/liquid of 0.40 g/mL was higher than that (~ 93 %) for a sample with
a solid/liquid of 0.10g/mL. This result shows that liquid phase retards the formation of
CFAZP. This could be attributed to the MW irradiation characteristics. Since MW
heating is generated via ionic conduction and dipolar polarization of water molecules,

using microwave chemistry increases selectivity, raises thermal homogeneity, saves
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time and increases the product yield [54]. The microwave assisted crystallization
process mechanism is not fully understood, however; it is known to provide volumetric
heating, rather than the conventional heating which heats by conduction and convection
through a surface leading to a temperature profile within the reacting mixture.
Microwave heating is generated when the irradiated molecules dipoles try to move
quickly to arrange themselves with the electro-magnetic field. Also, during ions’
oscillation with the oscillating field, they collide with other molecules in the solution
and release large amounts of thermal energy. In addition, MW penetration depth is
considered as an important factor that could affect the MW efficiency. Penetration

depth depends on the dielectric properties of materials and the dielectric loss

n

tangent;tan 6 = i—, ,where ¢" is the relative dielectric loss which is a measure of the

ability of a dielectric material that converts MW irradiation to thermal energy, and €' is
the reflected or stored energy the relative dielectric constant which is a measure the
ability of the dielectric material to reflect or store electrical energy [55,56]. In the
present study; when an alkaline solution with a relatively large dielectric loss
tangent(tan §) was used, the reactant molecules in the solution with large tan & collide
and raise the temperature [55]. When the MW irradiation introduced into the high
solid/liquid ratio sample, a raise of temperature occurred on the surface of nuclei
leading to an increase in the growth rate and crystal size. An increase in the intensity of
X-ray diffraction peaks of CFAZP were observed which corresponded to an increase in
the relative peak intensity at 20: 28.1° (Figure 4-5¢). Recently, Gitari et al. [57] reported
that decreasing the solid/liquid ratio could change the degree of the supersaturation
which decreases the crystallization rate. Therefore, higher solid/liquid ratios increase
the supersaturation faster leading to higher growth rate of the nano-particles. Formation

of a zeolite structure consists of three stages including formation of building units,
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nucleation by using the building units, and crystal growth followed the nucleation by
adsorption of building units on the surface of zeolite nuclei [45]. In other word, zeolite
crystals form on CFA’s surface via precipitation method as a result of fast homogenous
heating of particles. By using microwave heating after the hydrothermal treatment at
higher solid/liquid ratios, the rate of crystal growth of zeolite increases due to the
surface activation characteristic of MW irradiation which leading to a strong
aggregation between zeolite particles and nuclei were formed during conventional
heating step [57]. Increasing the solid/liquid ratio led to lower energy requirement due
to a lower heating volume [58]. Thus, the present technique of zeolite synthesis
significantly reduces the consumption of energy and increases the productivity of

CFAZP.

4.5. Conclusions

The eco-friendly technique to synthesize zeolite P from coal fly ash by utilizing
MW irradiation at high solid/liquid ratio after the initial conventional heating for 6 h,
resulted in a higher yield of CFAZP and reduced the reaction time and energy
consumption remarkably without decreasing the quality of the zeolite. The particle size
distribution with MW irradiation was narrower and the SEM images and XRD data
showed the product’s relative peak intensity at 20: 28.1° was comparable with the
zeolite obtained hydrothermally with 24 h of conventional heating. Post microwave
heating enhanced the crystal growth of the existing nuclei formed during the initial 6 h

of conventional heating.
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Chapter 5
RESPONSE SURFACE MODELING OF THE REMOVAL
OF METHYL ORANGE DYE FROM ITS AQUEOUS
SOLUTION USING TWO TYPES OF ZEOLITE

SYNTHESIZED FROM COAL FLY ASH*

ABSTRACT:

Coal fly ash (CFA) produced as a waste material in coal power plants was converted
into Linde-type A (LTA) and Na-P type (ZP) zeolite using microwave irradiation. The
prepared zeolites were characterized and modified using a cationic surfactant. The
removal of methyl orange (MO) dyes from aqueous solution by LTA and ZP as
adsorbent was studied by applying the response surface method (RSM). A quadratic
model was developed to relate the MO removal rate to the main independent variables,
namely the solution pH (in the 3—9 range), the initial MO concentration (in the 20—100
mg/L range), and the adsorbent mass (200—1000 mg/L). The modified MLTA was
found to be a more effective adsorbent relative to the modified MZP. In addition,
MLTA mass exerted the greatest influence on the MO removal process under the

studied conditions. However, when MZP zeolite was used as an adsorbent, the pH of

4 This Chapter is published in the Materials Express Journal. Tahani Aldahri, Adnan
A. AbdulRazak, Intisar H. Khalaf and Sohrab Rohani Sohrab, Materials Express 8 (2018)
234 - 244.
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the solution was the most influential factor. The two quadratic models were found to be
statistically significant.

Keywords: Methyl orange, Coal fly ash, Zeolite LTA, Zeolite Na-P, Microwave

synthesis.

5.1 INTRODUCTION

Treatment of wastewater produced in the textile industry has been the subject of
extensive research, due to the large volume of water required (up to 100 I/kg of finished
textile product). These effluents have a significant detrimental impact on the water
resources because they contain slowly- or non-biodegradable organic materials. At
present, different treatment methods are utilized to remove the dyes from wastewater,
including those based on biological treatment, floatation, coagulation, membrane
filtration and adsorption techniques. However, the economic cost, effectiveness, and
environmental impact of these methods differ significantly (-2,

Adsorption is the most common dye removal method, because it does not
produce dangerous byproducts, and some of the adsorbents can be easily regenerated.
Methyl orange (MO) is a well-known anionic dye, frequently utilized in various
industries, such as dye manufacturing plants and textile industries, and as acid and basic
indicator. Discharge of effluents containing MO can have detrimental environmental
consequences, as it can adversely affect human health and the ecosystem of other living
organisms. Empirical evidence indicates that release of MO dyes without proper
treatment can cause significant health problems. ®) In addition, presence of even a very
low concentration of MO dye in water system may reduce the light penetration and

affect the photosynthetic processes.
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Recently, various adsorbents—such as zeolite,®) multiwall carbon nanotubes,®
graphene oxide,® and calcined ZnMgAl hydrotalcite®® have been utilized for MO
removal.

Coal fly ash (CFA) is a powder produced as a byproduct of burning coal to
generate electricity. In the EU and the US, around 115 million tones of CFA are
produced per year. (7 Presently, fly ash is primarily used as additive in cement and
concrete production. Due to its high silica and alumina content, CFA is also converted
to different types of zeolite by hydrothermal treatment. Bukhari et al. recently reported
on this hydrothermal conventional method, assisted by microwave and ultrasonic
energy. ® Microwave energy is employed in the zeolite synthesis process because this
can yield different zeolite morphologies, which not only leads to different zeolite types,
but also accelerates nucleation, shortens the crystallization time, reduces the
undesirable phases due to phase selectivity, and facilitates control of the particle size
distribution. ) Zeolites are used in various applications as adsorbents, ion exchangers,
catalysts, and membranes. The applications and utilization of synthetic zeolites from
CFA were reviewed by Ahmaruzzaman. (!9

To the best of the authors’ knowledge, zeolite extraction from CFA by using the
microwave assisted method as a means of removing dyes from a wastewater stream has
rarely been studied.

As zeolites possess a net negative charge, their adsorption of an anionic dye
would be relatively low due to the repulsive forces between the zeolite surface and the
dye. Thus, to make zeolites suitable for adsorption of anionic dyes, the negative surface
charge must be modified by wusing cationic surfactants, such as

hexadecyltrimethylammonium bromide (HDTMA).
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The aim of this work was to synthesize Linde-type A (LTA) and Na-P type (ZP)
from CFA by using the microwave assisted method. These zeolites were further
modified by HDTMA before being utilized as adsorbent to eliminate the MO dye

from the aqueous solution.

52 MATERIALS AND METHODS

5.2.1 Materials

Coal fly ash (CFA) was supplied by a coal-fired power plant (Ontario Power
Generation, Nanticoke, Canada), and was stored in a sealed container until required.
NazSi03:5H,0  (sodium met silicate), NaxO:ALO3:3H>O (sodium aluminate
anhydrous) and HDTMA bromide were purchased from Sigma-Aldrich, USA, while
NaOH (sodium hydroxide) was supplied by Alphachem, Mississauga, Canada. Methyl
orange with an MW = 327.34 g/mole was purchased from Alfa Aesar, USA. The
chemical structure of MO is shown in Figure 5.1. Deionized water (DI) was used for
the preparation of the solutions and washing of synthesized zeolite. All chemicals
(including those used for characterization tests) were of analytical grade and were used

as received.

CH;
Ses
7 \
Nao3s©—N CH;
Figure 5.1. MO chemical structure.
5.2.2 Synthesis Procedure

The CFA zeolitization process of CFA commenced with dissolving 2 g of CFA

in 0.1 M of HCl and heating the mixture for 3 hours at 90 °C, as acid treatment enhances
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CFA purity by removing impurities. !V’ Subsequently, the mixture was filtered and the
solid phase was washed with deionized water and was left to try overnight at room
temperature. Next, 2 g of acid treated CFA, 1.5 M of NaOH granules, 0.4 g of NaAlOs,
and 0.07—1 g of NaSi0O4 were added to 20 mL of distilled water to produce the reaction
solution of Linde-type A (LTA) and Na-P type (ZP) zeolite, respectively. ©:1>13) The
obtained samples were subjected to microwave irradiation for a certain period of time
and a fixed power required for crystallization. A self-adjusting microwave (single-
mode, 2.5 GHz, CEM cooperation, Discover, USA) was used to conduct experiments
at atmospheric pressure. A reflux condenser was attached to a cylindrical batch PTFE
vessel (28 mm ID x 108 mm) and was placed in the microwave chamber for 30 min, at
250 W microwave power. The samples were subsequently filtered and the solid phase

was collected, washed with deionized water, and dried at room temperature overnight.

5.2.3 Characterization

Microscopic images revealing phase purity and morphology of the zeolitized
CFA were obtained by using scanning electron microscope (SEM), Hitachi S 2600N
SEM (Tokyo, Japan), operating at 5 kV accelerating voltage. Powder X-ray diffraction
(XRD) images of the synthesized ZP and LTA zeolites were obtained by Rigaku—
Miniflex powder diffractometer (Japan) with CuKq (A for K, = 1.54059 A) over the 5°
< 20 < 40° range in 2° increments. The obtained crystalline phase was verified by
comparing the characteristic peaks of ZP and LTA with the standard peaks reported in
the pertinent literature. ! The thermogravimetric analysis (TGA) of the samples was
performed using a Mettler Toledo TGA/SDTA 851e model (Switzerland) coupled with
Stare software version 6.1. The samples were heated from 25 °C to 600 °C in 10 °C/min

steps under nitrogen purge. Specific surface area and pore size of the synthesized zeolite



84

(ZP and LTA) were measured using a Micromeritics ASAP 2020 Surface Analyzer,
while a Zetasizer Nano ZS 3000 HSA (Malvern, Worcestershire, UK) was used for

measuring the zeta potential of the product particles.

5.2.4 Modification of the Synthesized Zeolites

For the modification of LTA and ZP, 500 mL of the solution of the cationic
surfactant, HDTMA bromide, at a concentration of 55 mmol/L was strongly mixed with
10 g of LTA at 50 °C for 4 h. The reaction settings were chosen to assure proper
surfactant loading. After being cooled to room temperature, the product was
centrifuged, washed with doubly distilled water, dried in an oven at 60 °C and ground

to pass through an 80-mesh sieve.

5.2.5 Experimental Design

Response Surface Method (RSM) was employed in this work, as it is a well-
known statistical technique utilized for designing experiments in various engineering
and research disciplines.(15,16) To investigate the influence of the independent
variables, the solution pH, the initial dye concentration, and the adsorbent mass, on the
adsorption process, a three-factorial, three-level central composite design (CCD) was
adopted. Seventeen experimental runs were required, including five replicates at the
center points. The experiments were designed using Design-Expert 7 software. Table
5.1 shows the low, center and high levels of the independent variables investigated in
this study. A 3-9 pH range was chosen for the solution to cover both the acid and basic
mediums. Also, no precipitation was formed below pH = 3. The Initial MO dye
concentration range, 20-100 mg/L, was chosen based on information from the fabric
factories. Also, mass of the adsorbent range chosen was between 200 and 1000 mg/L

to achieve the minimum and maximum percentage of dye removal.
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Table 5.1. Process-independent variables and their levels.

Variables Levels and Range
+1) (0) D)
pH of the solution (X}) 9 6 3
Initial MO dye concentration (X2) (mg/L) 100 60 20
Mass of the adsorbent (X3) (mg/L) 1000 600 200

5.2.6 Removal Process

Batch mode experiments were carried out randomly to study the influence of
the three independent variables on the MO removal by the MLTA and MZP.

In the dye removal process, two adsorbents were utilized with different MLTA
and MZP masses (200—1000 mg/L), at a fixed pH (3, 6, and 9), and an initial
concentration of (20—100 mg/L) after the equilibrium was reached the adsorbents
separating from the solution using a centrifuge.

The residual MO concentration in the solution was measured using the UV-
visible (Cary 60, Agilent Technology, Germany) at 464 nm (Amax of MO).

The dye removal percentage was calculated by applying the following equation:

% MO dye removal= C"C;Cfx 100 (5-1)

o

where C, and Crare the initial and final MO concentration (mg/L). The details of the

experiments are shown in Table 5.2.
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86

Run No. X1 X2 X3 % MO dye removal
(MZP) (MLTA)
1 6.00 60.00 600.00 27.09 53.5
2 6.00 60.00 600.00 27.8 53.5
3 9.00 60.00 200.00 3.47 13.41
4 6.00 100.00 200.00 18.72 20.52
5 9.00 100.00 600.00 4.935 23.41
6 6.00 20.00 200.00 30.94 40.1
7 6.00 60.00 600.00 27.6 53.66
8 9.00 60.00 1000.00 21.74 86.28
9 6.00 60.00 600.00 27.1 53.96
10 3.00 60.00 1000.00 60.59 92.31
11 6.00 60.00 600.00 27.2 52.86
12 6.00 20.00 1000.00 91 99.9
13 6.00 100.00 1000.00 31.99 56.24
14 3.00 60.00 200.00 36.13 73.33
15 3.00 20.00 600.00 82.73 82.44
16 9.00 20.00 600.00 58.64 90.2
17 3.00 100.00 600.00 63.18 90.2

5.3 RESULTS AND DISCUSSION

Microwave heating (MW) is a volumetric heating process due to ionic

conduction and dipolar nature of H>O. Therefore, MW heating is preferable to

conventional heating, since its two aforementioned characteristics shorten the reaction

time, while increasing the yield and selectivity.(!”)

CFA is converted to zeolite via three main steps. '® During the first step, Si and

Al dissolve from CFA particles into the solution. In the second step, alumina-silicate

gel is formed in the solution. In the last step, the zeolite nuclei that formed in previous

stage are grown and crystalized to zeolite particles on the CFA surface. In the present

study, exposing the mixture to MW irradiation assisted with dissolving the Si and Al

from the CFA particles into the solution and enhanced the crystal growth. Thus, zeolite

ZP and LTA were deposited on the CFA surface. @
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5.3.1 Characterization of LTA and ZP

Figure 5.2 presents the nitrogen adsorption/desorption isotherms of the ZP and
LTA. Both show isotherms of type IV based on the International Union of Pure Applied
Chemistry (IUPAC) isotherm classification, 1*2% typical of the mesoporous materials.
This finding could be due to the presence of impurities trapped inside the pores and
channels of the synthesized zeolite, which limit nitrogen adsorption inside the pores.
Table 5.3 summarizes the textural properties of ZP, LTA and raw CFA. The Brunauer-
Emmett-Teller (BET) surface area of ZP was found to be 378.07 m?/g higher than that
of the raw CFA sample, which had a surface area of 15.47 m?/g. The surface area of
LTA was 48.47 m?/g, which is less than the ZP surface area. The pore size of ZP and
LTA was similar, as 118.9336 A and 110.6834 A, respectively, were measured. On the
other hand, the micro pore volume of LTA was 0.134135 cm?/g greater than that of ZP
(0.015059 cm’/g). The higher pore volume may be one of the main reasons for the
higher removal efficiency of LTA compared to ZP. In both cases, however, the HCI1
acid treatment of CFA prior to the microwave-assisted synthesis step resulted in
producing ZP and LTA with greater surface area and pore size.

Obviously, the pore volume of zeolite ZP is much lower than that of LTA,
while its surface area is much higher than that of LTA. These characteristics could be
attributed to the porosity of both zeolites. Based on their crystal structures—cubic
structure for LTA and fiber structure for ZP—zeolites have various connective pores.?!
In zeolites, pores grow from the radical crystalline structure, which follows
configurational diffusion.? Zeolites comprise of primary tetrahedral units, whereby Si
and Al atoms are located at the center of the tetrahedral and are surrounded by four
oxygen atoms, located at the corners. As Si-O and Al-O cannot fill the space perfectly,

cavities are produced.?® These cavities could result in porosity, which increases the
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zeolite surface area. Owing to this characteristic, the surface area of ZP is much higher

than that of LTA, while the pore volume of ZP is much lower than that of LTA.
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Figure 5.2. The adsorption /desorption of ZP and LTA synthesized from CFA.

Table 5.3. BET surface area of CFA and synthesized ZP and LTA

Surface area (m?/g) Pore volume (cm’/g) Pore size (A)
CFA 15.47 - -
LTA 48.47 0.134135 110.6834
ZP 378.07 0.015059 118.9336

The samples were analyzed by XRD after being subjected to microwave
irradiation to determine the zeolite phases present. Figure 5.3 shows that CFA was
successfully converted into zeolite ZP and LTA, and the main characteristic peaks were
observed at 12.5°, 17°, 21.3°, 28°, 31.8°, and 33° 2-theta for ZP, and 7.25°, 10.26°,
12.56°, 16.2°, 21.8°, 24°, 27.2°, 30.1° and 34.3° 2-theta for LTA. Moreover, a major
zeolitic phase was identified, namely zeolite Na-P (ZP) and Linde-Type A (LTA). The
average crystalline size of ZP and LTA, as calculated using Scherrer’s equation was

found to be 31 and 43 nm, respectively.
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Figure 5.3. The XRD patterns of CFA, ZP and LTA. (A = zeolite Na-A, Q = quartz,
M = mullite, H = hematite, M = magnetite, P = zeolite Na-P, H = hydroxy-sodalite
and C= cristobalite)

The SEM images obtained for raw CFA and synthesized LTA and ZP zeolites
are shown in Figure 5.4(a) — (c¢). Figure 5.4(b) shows one major structure observed,
namely a fiber structure, associated with the Na-P zeolite.?*?>) Figure 5.4(c) shows
another major cubic structure, related to the Linde-Type A (LTA) framework.® These
observations confirm the BET and XRD results. In addition, they concur with the

findings reported in pertinent literature, (!¥ confirming that ZP and LTA structures

cover the undissolved CFA surface.

(2) (b) (c)

Figure 5.4. The SEM of (a) CFA, and synthesized (b) ZP and (c¢) LTA zeolites.
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The TGA curves of the synthesized ZP and LTA zeolites are shown in Figure
5.5. Both samples exhibit a significant weight loss at approximately 105—128 °C,
corresponding to ~ 14% and ~ 3 % of the initial ZP and LTA weight, respectively, while
5% was measured for the raw CFA. These findings demonstrate the high water holding
capacity of synthesized ZP and LTA zeolite compared to the raw CFA, and confirm the

BET results.
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Figure 5.5. The TGA of CFA and synthesized ZP and LTA zeolite.

The zeta potential of MLTA and MZP versus the pH of the solution is shown in
Table 5.4. The surface charges for both types of adsorbent were positive and had the

highest value at pH 6.
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Table 5.4. Zeta potential of modified zeolite (MLTA) and MZP vs pH

pH MLTA (mV) MZP (mV)
3 24 20
6 327 25
8 15.8 8
9 10 4

5.3.2 Dye Removal Regression Equations

The regression equations of %MO dye removal using LTA and ZP as adsorbent
are shown below. The quadratic model equations were obtained by applying the Design
Expert Software.

% MO dye removal (ZP) =27.36-19.23 x Xi-18.06 x X>+14.51 x X3-8.54 X X1 X X2

-1.55 x X1 x X3-11.70 x X2 X X3+6.17 x Xi2+18.85 x X»2-3.04 x X3?

(5-2)

% MO dye removal (LTA) = 53.50-15.62 x X;-15.28 x X»+23.42 x X3-18.64 X X1 X

Xo+13.48 x X1 X X3-6.02 X X2 X X3+15.11 x X1242.96 x X22-2.27 X X3

(5-3)

where X is the pH of the solution, X2 denotes the initial MO dye concentration (mg/L)
and X3 pertains to the adsorbent mass (mg/L).

Positive sign in the above equations reveal an increase in the value of the variable

results in an increase in the % dye removal.

To study the adequacy and the significance of the current models, ANOVA test

was performed and the results are shown in Table 5.5. The p value was set at < 0.05

and the F-value was high, at 57.59 and 847.10 for MZP and MLTA, respectively. These

results confirm that the models are statistically significant.
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The accuracy of the models fit was checked by calculating the correlation

coefficient R?, which had the value of 98.60% and 99.91%, for MZP and MLTA,

respectively. These values indicate that only 1.4% and 0.09% of the total data variations

were not captured by the current models. Moreover, the high values of adjusted

determination coefficients (Adj = 96. 95%) and (Adj = 99.79%), which were close to

R2, confirm the high statistical significance of these models.

Table 5.5. The results of ANOVA analysis for MZP and MLTA.

Mean p-value
Sum of Squares df Squares F-Value prop>F
Source MZP MLTA MZP MLTA MZP MLTA MZP MLTA
Model 9824.5 11496.8 9 1091.61 1277.43 57.59 847.10 | <0.0001 <0.0001 | significant
X1 2958.5 1952.09 1 2958.52 1952.10 156.07 | 1294.5 | <0.0001 <0.0001
X2 2610.15 | 1868.36 1 2610.15 1868.36 137.70 | 1238.9 | <0.0001 <0.0001
X3 1683.7 4387.97 1 1683.69 4387.97 88.82 2909.8 | <0.0001 <0.0001
X1X2 291.8 1389.75 1 291.83 1389.75 15.40 921.59 0.0057 <0.0001
X1X3 9.6 726.34 1 9.59 726.34 0.51 481.66 0.5000 <0.0001
X2X3 5474 145.08 1 547.40 145.08 28.88 96.21 0.0010 <0.0001
X172 160.16 960.89 1 160.16 960.90 8.45 637.20 0.0228 <0.0001
X272 1495.3 36.96 1 1495.32 36.96 78.88 24.51 <0.0001 0.0017
X372 38.98 21.663 1 38.98 21.66 2.06 14.37 0.1947 0.0068
Residual 132.69 10.56 7 18.96 1.51 significant
Lack of 9.90 3.30
Fit 132.28 3 44.09 428.21 20.27 <0.0001 0.0070
Pure 0.65 0.16
Error 0.41 4 0.10
Cor 11507.4
Total 9957.2 16

The predicted and the actual values of the % dye removal are plotted in Figure

5.6(a) and 5.6(b). These plots % show that the predicted values provide a good fit for

the experimental results pertaining to the %MO removal using LTA and ZP. Similar

results were reported by Singh et al. 19
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Figure 5.6. Actual vs. predicted values of %MO dye removal: (a) MLTA, and (b)
MZP.

The influence of the independent variables and their joint effects are presented
in Pareto charts, shown in Figure 5.7(a) and 5.7(b). In these graphs, the influence of the
variables is denoted by the bar length. As can be seen in Figure 5.7(a), when MLTA
was employed, the amount of the adsorbent (X3) had the greatest and positive effect in
the %MO dye removal followed by X, X», X|—X; interaction, (X;)?, X;—X3 interaction,

X>—X3 interaction, (X2)?, and (X3)%. The terms X, Xz, Xi—X2, X>-X3 and (X3)? had a
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negative effect, while the remaining terms had a positive effect. For ZP, the Pareto chart
shown in Fig7(b) suggests that the pH of the solution (X1) had the greatest effect on the
MO removal process, followed by the initial MO dye concentration (X3), the amount
of the adsorbent (X3), (X2)?, X>—X3 interaction, X;—Xz interaction, and (X;)?, while
(X3)? and X;—Xj interaction had no effect. The negative sign of the terms in Pareto
charts indicates that the increase in the term causes a decreases in %MO dye removal
(antagonistic effect), which was the case for Xi, X», X>—X3 interaction, and X;—X>
interaction. Conversely, X3, (X2)?, and (Xi)? had a synergistic effect, as these terms

increased the %MO dye removal.

X312
X212
X2X3
% X1X3
g X172
B X1X2
X2
X1
X3

terms

Quadratic

107.88

0 20 40 60 80 100 120
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10 15 20
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Figure 5.7. Pareto chart for (a) MLTA and (b) MZP.
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From the ANOVA results, the percentage contributions (PC) of each
independent variable in the MO dye removal were calculated and the results are shown
in Table 5.6, where SS is the sum of the squares of these terms, calculated using the

equation below®":

SS
PC—ﬁ

x 100 (5-4)
As shown in Table 5.6, using ZP as the adsorbent, the pH of the solution (Xi) showed
the highest effect on MO dye removal, as its contribution was 30.2%, while for LTD,

the adsorbent mass exerted the highest effect, at 38.19%. These results confirm the

findings reported in the Pareto charts.

Table 5.6. The percentage contributions (PC) for MZP and MLTA.

PC%

Source | X Xs X3 X1-X2 X1-X3 | X2-X3 X12 X22 X32
MZP |30.20 | 26.65 | 17.19 | 2.98 0.098 | 5.59 1.64 15.27 | 0.398
MLTA | 16.99 | 16.262 | 38.19 | 12.096 | 6.322 | 1.263 | 8.364 | 0.322 | 0.19

5.3.3 Three-Dimensional (3D) Response Surface and Contour Plots

In three-dimensional (3D) response surface plots, %MO removal, as the
dependent variable, was plotted against two independent variables, while keeping the
third independent variable constant. In addition, 3D response surfaces and their
analogous 2D contour plots, which were constructed using the model equation, can
assist in elucidating the influence of the independent variables on the response.?®)
Based on the findings reported in extant literature, the removal of MO dye is highly
dependent on pH of the solution.*® Figure 5.8 (a) and 5.8 (b) show the interactive effect
of the pH of the solution and the initial MO dye concentration on the % dye removal at

a fixed mass of the adsorbent. It is obvious that the % dye removal decreases with the
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increase in the solution pH as well as the initial MO dye concentration. A maximum %
dye removal is observed at pH = 6, which may be attributed to the fact that the MO dye
consists of the (—SOs3Na) group. Thus, in aqueous solution, it dissociates, whereby
anionic form of the dye can emerge. Hence, because of the electrostatic attraction
between positive charges of the modified LTA and ZP and MO, dye can be efficiently
removed. As shown in Table 5.4, for both zeolites, the zeta potential increases as the
pH increase until pH 6, when it starts to decrease. Hence, the % dye removal increases
as the number of positive charge sites on the surface increases. Moreover, the modified
LTA zeolite was found to be more effective when compared with modified ZP zeolite
because its modified surface is more positive than that of ZP, yielding more positive
active sites. In addition, the combined effect of initial dye concentration and the solution
pH is shown in Figure 5.8(a) and 5.8(b), where it can be seen that maximum % dye
removal as 100% and 91% is attained at pH 6.17 and 5.15 and initial MO dye
concentration 20 and 20.24 mg/L for MLTA and MZP respectively adsorbents.

In addition, it is clearly demonstrated that the initial MO dye concentration had
a negative effect on the % dye removal under these conditions, these is due to at low
dye concentrations, there is a sufficient number of active sites on the surface of the
adsorbed material for a reduced number of dye molecules. However, when the initial
dye concentration is increased, the number of active sites is insufficient to adsorb the
dye molecules. The contour curve placed down in the 3D plots gives an indication on
the type of the interaction between the independent variables. If the shape is circular or
a parallel plane, it suggests absence of interaction, whether the shape is elliptical or
curved. ©®% 3D Figure 5.8(a) and 5.8(b) depict an elliptical curve of contour plots,
indicating a good interaction between the initial MO dye concentration and the pH of

the solution for both adsorbents.
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mg/L) by (a) MLTA and (b) MZP, respectively.
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Figure 5.9(a) and 5.9(b) depict the influence of the adsorbent mass and the
solution pH at a constant initial MO dye concentration. It can be seen from the plots
that the adsorbent mass had a positive effect on the dye removal. For both modified
adsorbents, in the studied solution pH range, the dye removal increased with the
increase in mass. This behavior can be attributed to the fact that, when adsorbent mass
is high (1000 mg/L), the available active sites at the adsorbent surface are sufficient to
interact with the MO 1ons, ensuring high dye removal rate. Conversely, at low adsorbent
mass (200 mg/L), certain percentage of active sites will be occupied and the saturation
state will be achieved, whereby the adsorbent is unable to adsorb more MO molecules.
Similar findings were reported by Noorimotlagh et al. for the uptake of acid orange by
activated carbon. ®? As can be seen in Figure 5.9(a) and 5.9(b), for LTA, there is
interaction between the mass of the adsorbent and the pH of the solution due to the
elliptical nature of the contour plots. However, for the ZP, there is no interaction in the
effect of these variables due to the contour plot shape, which is a parallel straight line.

These results are in good agreement with the Pareto charts.
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Figure 5.9. Response surface for MO removal at constant mass of adsorbent (20
mg/L) by (a) MLTA and (b) MZP, respectively.

Figure 5.10(a) and 5.10(b) show the joint effect of the MO initial dye concentration
and the amount of the adsorbent on the %MO removal when the pH of the solution is
kept constant. For both adsorbents, the positive effect of the amount of the adsorbent

and the negative effect of the MO initial dye concentration on the %MO dye removal
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is in agreement with the results yielded by Equation (2) and (3). In the entire range of
the adsorbent mass examined in this study, the %MO removal decreases as the initial
dye concentration increases. This trend can be explained by the fact that, at a low initial
concentration (20 mg/L), the MO ions present in the solution can interact with
accessible binding sites. However, at a high dye concentration (100 mg/L), due to the
limited number of the energetic adsorption sites, the adsorbent cannot interact with all
MO molecules in the solution.

Based on the above discussion, the trends in Figure 5.10(a) and 5.10(b) indicate
that the interaction between the initial MO dye concentration and the mass of the
adsorbent is in good agreement with the previous conclusion and the findings reported

in Pareto charts for both adsorbents.
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Figure 5.10. Response surface for MO removal at constant pH 6 by (a) MLTA
and (b) MZP, respectively.

5.3.4 Selection of Optimum Conditions
The DESIGN EXPERT software was applied to optimize the %MO removal.

The input variables were “within the range” and the response (% dye removal) for both
adsorbents was chosen as "maximum". The desirability values of 0.960 and 0.986 were
obtained for LTA and ZP (Figure 5.11), respectively. The maximum MO dye removal
was obtained as 100% and 91% at pH 6.17 and 5.15, the initial MO dye concentration

of 20 and 20.24 mg/L, and adsorbent mass of 1000 and 1000 mg/L, respectively. To
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assess the validity of the quadratic models developed in this work, the corresponding
experimental %MO dye removal values were determined at the optimum conditions as
100% and 91%, which was in good agreement with the predicted values. Therefore, the
two models presented here may be used to optimize the dye removal process and predict

the %MO removal.

pH

Initial Dye Concentration
Mass of the Adsorbent
% Dye removal MLTA
%Dye removal MZP 986373

Combined

0.000 0.250 0.500 0.750 1.000

Figure 5.11. Bar-graph showing the desirability values of %MO dye removal for both
adsorbents; MLTA and MZP.

5.3.5 The mechanism of MO removal

The Langmuir model was fitted into the developed kinetic model because the
Langmuir equation can accurately describe the equilibrium data over the chosen
concentration range of initial dye in the present study.

Based on Markandeya, et al. [34], precipitation is largely dependent upon the
combination of three factors: mass of the adsorbent, the initial dye concentration, and

pH. Figure 5.12 shows the mechanism of anionic dye adsorption onto modified zeolite.
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Figure 5.12. The mechanism of anionic dye adsorption onto modified zeolite

The adsorption isotherms with modified adsorbents indicate the three regions of
interest, each corresponding to a different adsorption mechanism. In region I (at the
minimum value of the initial dye concentration), the adsorption of dyes onto modified
zeolite is governed initially by electrostatic attraction of anionic dye groups onto
already adsorbed cationic head groups of the HDTMA molecules. The zeta potential
results (Table 5.1) support this mechanism. Region II (at initial dye concentration value
between the minimum and maximum) is ascribed to the precipitation of an anionic dye—
cationic HTAB complex, and Region III (with initial dye concentration value at the

maximum) is ascribed to the formation of solid phase of the dye [34].

5.4 CONCLUSION
In this study, two types of zeolite, namely Na-P and Linde type-A, were prepared
by microwave-assisted synthesis of waste CFA. Acid pretreatment of raw CFA resulted

in high-purity ZP and LTA zeolite, with high pore volume and surface area. The
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synthesized zeolites were modified by cationic surfactant (HDTMA) bromide. The
dependency of the MO removal process on the pH of the solution, the initial dye
concentration, and the mass of the modified zeolites was studied utilizing the RSM. The
CCD method was applied to develop a quadratic model in each case. The predicated
values, calculated using the quadratic models, were in good agreement with the
response (% dye removal) for LTA and ZP (R? = 0.9991 and 0.986, respectively). The
pH of the solution had the greatest effect when using ZP as an adsorbent, whereas the
adsorbent amount had the greatest influence on the dye removal rate when LTA was
employed.

ANOVA results indicate presence of interaction between all the variables, except
pH and the initial dye concentration, when using ZP as an adsorbent.

The results obtained from the optimization of the MO removal process (100%
at pH 6.17, the initial MO concentration of 20 mg/L, and 1000 mg/L. adsorbent mass)
and for LTA as adsorbent 91% at pH 5.15, with the initial MO dye concentration of
20.24 mg/L and adsorbent mass of 1000 mg/L for ZP as an adsorbent. Finally using
waste CFA as a source for LTA and ZP production for dye removal from aqueous

solutions is economically very attractive.
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Chapter 6
PREPARATION AND CHARACTERIZATION OF LINDE-
TYPE A ZEOLITE FROM COAL FLY ASH BY
MICROWAVE-ASSISTED SYNTHESIS METHODE: ITS
APPLICATION AS ADSORBENT FOR REMOVAL OF

ANIONIC DYES?

Abstract

The industrial dyes effluent poses serious concern to human health if it is
discharged into water supplies system without treatment. Linde-type A zeolite (CFA-
ZA) was prepared from coal fly ash (CFA) and used as an adsorbent to remove acidic
dye (Acid red 66, AR66) from its aqueous solution. The (CFA) was converted to (CFA-
ZA) by a single hydrothermal alkaline treatment process using microwave energy. The
product was characterized by powder XRD, SEM, BET, ZP and TGA. The
effectiveness of synthesized (CFA-ZA) in adsorbing (AR66) from an aqueous solution

was studied using batch experiments. The effects of contact time, pH of the solution,

> This chapter is under review by the Canadian J of Chem. Eng. Aldahri, T., AbdulRazak, A. A.,

Rohani, S. The Canadian J of Chem. Eng. (Submitted 2018).
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initial dye concentration and adsorbent amount were investigated. It was found that
100% dye removal was achievable in 20 min for the following conditions; 25 mg/L
initial dye concentration, 4 pH, and 250 mg/L adsorbent. The equilibrium data were
studied using the Langmuir and Freundlich models and it was found that the data fit
better to Freundlich model with a higher value of R*> 0.998. The maximum adsorption
capacity of (AR66) for Langmuir equation was 416.67 mg/g. Kinetic adsorption studies
were done in terms of intra-particle diffusion model, pseudo — first- order and pseudo-
second-order models. The results showed that the data followed a pseudo-second order
model. The present study demonstrates that the (CFA-ZA) prepared from (CFA) can be
utilized for (AR66) dyes removal with high efficiency and therefore it may be
considered as an alternative material to replace commercial and natural zeolite in this

process.

Key words: Zeolite A, Coal fly ash, Microwave synthesis, Anionic dyes removal

6.1 Introduction

Azo dyes are the largest class of dyes. These dyes contain azo groups (—N=N-)
in their chemical structure. Azo dyes are used to dye different materials such as leather,
textiles, food and cosmetics. Nowadays azo dyes make 60-70 % among the other
commercial types of dyes. Azo dyes are considered as a very serious health hazard to
humans if they get into water supplies. They are harmful to ecosystems if discharged to
water system [1, 2]. Current methods used to remove dangerous azo dyes from
wastewater include physical and chemical treatment processes such as adsorption,

precipitation, flocculation, flotation, coagulation, and electrochemical destruction
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methods [3 — 6]. Biodegradation by fungi and bacteria [7], and photocatalytic
degradation [8] have also been reported. Recent methods for removal of azo dyes
include physical and chemical treatments due to high efficiency and low price compared
with other methods. Various types of adsorbents are in use today to remove azo dyes
from wastewater such as activated carbon [9], chitosan beads [10], and modified
bentonite [11].

Coal-fired energy is a quite large sector in the market of the energy generation
as a result of the fast growth in the world development and population. Coal fly ash
(CFA) is a mixture of inorganic constituents that are generated by coal combustion in
thermal power station as a waste. (CFA) has a negative environmental impact and
should be discarded or utilized safely to diminish the possible risks [12]. (CFA) mainly
consists of aluminum (Al) and silicon (Si) which can be used to produce zeolites. The
unique microporous structure of zeolite, makes zeolite an excellent adsorbent with a
high adsorptive capacity, ion-exchange capacity, and gas separation property [13].
Many studies have been carried out [14-16] and reviews written on the production of
zeolites from CFA [17, 18].

Zeolite A has been successfully synthesized by the hydrothermal process
utilizing the byproduct of the etching process of aluminum, sodium aluminate and
sodium silicate. The results revealed that the reaction temperature and time and are
directly proportional with the production of zeolite A [19]. Moreover, the synthesis of
zeolites with the assist of microwave energy had been studied by many past works [ 14—
16], and they found that to accelerate nucleation, reduce crystallization time, produce
narrower particles size distributions, reduce undesirable phases, and obtain different

morphologies [20].
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A number of researches have used (CFA) as a low-cost adsorbent for removal
of organic material [21-22] and heavy metals [23-24]. Many researchers have used
different type of zeolite from (CFA) for removal of dyes [25] and heavy metals [26].

In this study, (CFA-ZA) synthesized from (CFA) by microwave-assisted
method was used as adsorbent to eliminate anionic acid (acid red 66, AR66) from
aqueous solution by applying various conditions for example contact time, pH of

solution, adsorbent mass and dyes initial concentration through batch experiments.

6.2 Materials and Methods

6.2.1 Materials

Coal fly ash (CFA) was collected from (Ontario Power Generation, Nanticoke,
Canada). The materials were stored in container before use. (Na;SiO3) Sodium meta-
silicate, and (NaAlO2) sodium aluminate anhydrous both brought from (Sigma-Aldrich,
USA), NaOH Sodium hydroxide purchased from (Alphachem, Mississauga, Canada),
and AR66 was supplied from (Alfa Aesar, USA). Molecular formula of (AR66) is
C22H14Na;07S2, with a molecular mass of 556 g/mol and the following chemical

structure:

Figure 6-1: Acid red 66 chemical structures
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6.2.2 Preparation of (CFA-ZA)

Linde-type A zeolite (CFA-ZA) was prepared by microwave-assisted synthesis
method using (CFA) as raw materials, 2 g of (CFA) was dissolved in 20 mL of HCL
solution (0.1 M). The mixture was agitated at 250 rpm and heated at 90 °C for 3 h.
Subsequently, the sample was filtrated and the solid product was washed and dried over
night at room temperature. HCI treatment helps to remove impurities from the raw coal
fly ash [27]. Zeolitization of coal fly ash involving a hydrothermal treatment step was
conducted as follows: 1.5 molar of NaOH granules with 2 g of acid treated coal fly ash
were dissolved in 20 mL of distilled water (CFA/NaOH ratio of 1.67). 0.4 g of the
sodium aluminate and 1 g of sodium meta-silicate were added to the reaction solution.
Thereafter, the mixture was introduced to microwave radiation energy for
crystallization using microwave source (self-adjusting type) (2.45 GHz, single mode,
CEM cooperation, USA), the experiment conducted at atmospheric pressure. A
cylindrical tube PTEE, (28mmlID X 108mm) where fixed at the microwave chamber
equipped with a total reflux condenser. The radiation time was 30min and microwave
power 250W. Later, the solid product was filtered and washed with distill water before

dried at room temperature for overnight.

6.2.3 Characterization of (CFA-ZA)

Rigaku—Miniflex powder diffractometer (Japan) was used to collect XRD data
of the synthesized zeolites using CuK, (A for K, = 1.54059 A over the range of
5°<26<40° with a step width of 0.02°. The morphology of the zeolites were studied by
scanning electron microscope (SEM); Hitachi S 2600N SEM (Tokyo, Japan) operating
at 5 kV of acceleration voltage. The thermogravimetric analysis (TGA) of the sample

carried out by using a Mettler Toledo TGA/SDTA 851e model (Switzerland) with
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version 6.1 STARe software. The sample was heated from 25°C to 600°C at a heating
rate of 10°C/min under nitrogen purge. Particle size distribution (PSD) analysis was
also done by using Mastersizer 2000 (Malvern Instruments Ltd., UK), and a Zetasizer
Nano ZS 3000 HSA (Malvern, Worcestershire, UK) was used to measure the zeta

potential.

6.2.4 Adsorption Study of (AR66) on (CFA-ZA)

6.2.4.1 Batch experiments

In this study, batch experiments were conducted to study the influence of pH,
initial concentration of the dye, adsorbent amounts, and contact time. A dye solution
of 25mg/L initial concentration was prepared by dissolving 25 mg of dyes into 1 L
distilled water. A 250 mL flask was used to add 100 mL (25 mg/L) of dye solution, 25
mg /100 mL of (CFA-ZA) at a fixed pH. The pH was fixed to 4 by adding either HCl
or NaOH of 0.1M. The solution was mixed at 400 rpm speed at room temperature by a
magnetic stirrer. Dyes concentration before and after adsorption was measured using
UV spectrophotometer type ((Cary 60, Agilent Technology (Germany)) at 504nm wave
length which corresponds to the maximum absorbance wavelength of the dye. The dye
concentration was calculated from previously ready calibration curves.

The initial dye concentration was in the range25 to 100 mg/L, the pH of the
solution was (4-9), and adsorbent amount range was 50 to 250 mg/L. The % dye
removal and adsorption capacity of (CFA-ZA) were calculated by the following

equations:

% dye Removal= COC—_Cf (Eq. 6-1)
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Adsorption capacity (q) = ( )X %4 (Eq. 6-2)
Where Cy and Crare the initial and final (AR66) dye concentration (mg/L) respectively,
(V) is the volume of dye solution (L), (m) is the adsorbent mass (g), and (g) is the

amount of (AR66) dye adsorbed per weight of adsorbent (mg/g).

6.2.4.2 Adsorption isotherm

Adsorption isotherms were obtained at pH 4 using 100 mL (AR66) solution at
(25, 50, 75 and 100, mg/L) initial concentration of the dye with 25 mg adsorbent, in a
250 mL conical flask at room temperature. A sample was withdrawn at a time interval

of 10 min to calculate its concentration.

6.3 Results and Discussion

6.3.1 Characterization of (CFA-ZA)

The chemical analysis of the raw (CFA) shows in Table 3-1, this material was
utilized as Al and Si main source in zeolitization process. The SiO»/AlLO3 ratio was
2.13, this low ratio of silica was suitable for synthesis (CFA-ZA). The XRD data of
(CFA) indicated that the main components of the (CFA) were amorphous
aluminosilicate as well as mullite and quartz that appeared as crystalline structures in
Figure 6-2.

The XRD analysis was performed for the sample after microwave irradiation to
determine the zeolite phases existing. One main zeolitic phases was seen, that is zeolite
A (CFA-ZA). The XRD patterns for the (CFA) and microwave-assisted zeolitized coal

fly ash are shown in Figure 6-2.
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Figure 6-2: The XRD pattern of (CFA) and microwave-assisted zeolitized coal fly

ash (LTA: CFA-ZA).

The (SEM) of (CFA) and (CFA-ZA) are displayed in Figure 6-3. In the entire
SEM image, one distinct main structure can be observed, a cubic structure. The cubic
structure is associated with (CFA-ZA) framework [20]. The zeolitic particles are
deposited and crystallized on the surface of the undissolved (CFA) particles which

agrees with an earlier suggested mechanism [28, 29].
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Figure 6-3. The SEM image of a) raw (CFA) and b) (CFA-ZA) from (CFA).

The BET surface area of the synthesized (CFA-ZA) from (CFA) by microwave-
assisted synthesis method was 48.47 m?/g while that for the raw (CFA) was 15.47 m%/g.
The pore volume and the pore size were 0.134135 cm®/g and 110.6834 A, respectively.
Obviously, the BET surface area of synthesized (CFA-ZA) was much higher than that
of the raw (CFA). Figure 6-4 shows the nitrogen adsorption/desorption isotherm of the
(CFA-ZA) which indicates an isotherm of type II. This type of isotherm is known for
the micropores material based on Applied Chemistry (IUPAC) isotherm classification
and the International Union of Pure [30, 31]. The reason could be related to the
impurities that were trapped inside channels and pores of CFA-ZA and limited the
nitrogen adsorption inside the pores.

The HCI treatment of (CFA) during preparation process had a significant effect
on the of (CFA-ZA) structure, resulting in a pore size of 110.6834 A that can be
considered appropriate for reducing the diffusional resistance of the dye ions. The dye

ions transfer easily via the channels of the adsorbent lattice [32]. This may be one of
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main reasons for the increase of the adsorption of dye anions on the adsorbent. In
addition, the transformation of (CFA) to (CFA-ZA) increases the cation exchange
capacity of the adsorbent, which also has a positive effect on increasing the dye

adsorption [33].
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Figure 6-4: The adsorption and desorption isotherms of (CFA-ZA) from (CFA).

Particle size distribution curves for raw (CFA) and (CFA-ZA) are shown in
Figure 6-5. The different size distribution indicates a significant change during the
zeolitization of (CFA). Apparently, the microwave-assisted synthesis method has a
strong effect on the particle size distribution. The maximum volumetric population of

4.5 vol % at ~ 80 um for raw (CFA) is shifted to ~ 10 vol % for synthesized (CFA-ZA).

—=— LTA
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Figure 6-5: The (PSD) of raw (CFA) and (LAT: CFA-ZA) from (CFA).
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6.4 Adsorption of (AR66)

6.4.1 Effect of pH on dye removal efficiency

The pH of solution is considered as one of most influential parameters affecting
the adsorption process. Solutions with different pH values (4.0, 5.0, 6.0, 7.0, and 9.0),
with initial dye concentration of 25 mg/L, 250 mg/L mass of adsorbent, and 1 h stirring
time were prepared to study the influence of these parameters on (CFA-ZA) adsorption.
The zeta potential (mV) versus the pH of the solution is shown in Figure 6-6. The point
of zero zeta potential (pHzpc) of (CFA-ZA) is at 4.7 pH. The pHzpc of (CFA-ZA)
shows that the surface of adsorbent is positively charged when the pH is less than 4.7
and negatively charged above 4.7 pH. At pH 4, 100 % removal of dye (AR99) was
achieved due to high electrostatic attraction between positively charged (CFA-ZA) and
sulfonate groups (—SO73) of (AR66) dye [34]. For values of pH of the solution > 4.7,
there is a decrease in the positive charge and an increase in the number of negative
charge, this condition does not favor the adsorption mechanism of the dyes. Hence the
removal of dyes is decreased. A pH of 4 was fixed in the rest of experiments of this

work to achieved high removal of dyes.
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Figure 6-6: Zeta potential of (CFA-ZA) vs. the pH of solution.
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Figure 6-7: % dye removal vs. the pH of solution

6.4.2 The effect of contact time and initial dye concentration

It 1s important to find the equilibrium adsorption of (AR66) over the adsorbent.
The influence of time of contact on removal of (AR66) was studied at four initial
concentrations of 25, 50, 75, and 100 mg/L, adsorbent mass 250 mg/L and 4 pH of the
solution. The influence of time of contact on the (AR66) removal % is shown in Figure
6-8a and the effect of time of contact on adsorption capacity is illustrated in Figure 6-
8b. It 1s clear that for all selected initial concentrations, at the beginning, the (AR66)

adsorption is increased linearly at a very faster rate: 96-100% of dye removal was
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reached in 10 min. The same time to reach equilibrium adsorption for all initial dye
concentrations may suggest that the process of dye adsorption is second order as will
be discussed in the next part of this paper [35, 36]. Note that the short contact time is
useful in real applications. This behavior can be attributed to the fact that in the initial
stage, the free surface sites are available in large numbers. Also, it is clearly illustrated
that the maximum adsorption capacity of (AR66) dye increases from 100 mg/g to 390
mg/g as the initial concentration of the dye increased from 25 mg/L to 100 m/g. The
increase in adsorption capacity of (AR66) with increased initial dye concentration may
be due: 1) Greater driving force at higher (AR66) dye concentration as shown by
Ranjusha et al. and Chen at al. [37, 38]. 2) The increased collisions between solid
surface and dye molecules as the initial dye concentration is increased which augments

the adsorption process.
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Figure 6-8: The effect of contact time on a) % dye removal and b) adsorption

capacity of (CFA-ZA)

6.4.3 Effect of (CFA-ZA) dosage on removal of dyes

The effect of (CFA-ZA) amount on (AR66) removal is shown in Figure 6-9, as
(CFA-ZA) amount increases from 10 to 25 mg/100 mL, the % dye removal will increase
from 96 to 100 %. An increase in (AR66) removal is due to the increased surface area
of the adsorbent [39]. The dye removal remains unchanged as the (CFA-ZA) amount
increases beyond 25 mg/100mL because no dye molecules are accessible for the

adsorption.
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Figure 6-9: % Dye removal vs. mass of adsorbent.

6.5 Equilibrium isotherms

Equilibrium isotherms depict the interaction of adsorbents with adsorbates and
therefore provide the basic tools in optimizing adsorption process. Commonly,
isotherms of Freundlich [40] and Langmuir [41] are used to model experimental data.
In this work these two important models are used to describe the experimental data of

(AR66) dye.
The main assumptions of Freundlich model are dissimilar active sites with

different adsorption energies, so this model can be applied to multilayer heterogeneous

adsorption systems. The Freundlich equation is:

Log q. =~Log C + Logk, (Eq. 6-3)
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Where 7 is a constant relating to the adsorption process intensity and kris Freundlich
constant relating to the adsorption capacity, » and kr values were estimated from the
slope and the intercept of Figure 6-10 and appear in Table (6-2). The value of n > 1

demonstrates that the nature of adsorption is physical.
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Figure 6-10: Freundlich isotherm of (AR66) on (CFA-ZA).

The assumption of the Langmuir model is that the adsorption occurs on a
homogeneous monolayer covering the outer surface of the adsorbent. These sites have
no interaction between them and when these sites are occupied by the dyes, no more
adsorption can happen at those sites. The general linear form of Langmuir isotherm

model is given below:
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Ce Ce 1
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Where ki is the isotherm constant of Langmuir (L/mg) and ¢, is the maximum
adsorption capacity (mg/g). The plot of C./g. against C. for (AR66) dye is shown in
Figure 6-11. The values of equilibrium constant k;, monolayer adsorption capacity gm
and coefficients of correlation, R?, are presented in Table 6-1. Table (6-1) shows that
the gm of (AR66) is 416.67 mg/g. The nonlinearity and relatively low value of R? < 92
indicate that the equilibrium data of adsorption of this dye did not follow well the

Langmuir model.
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Figure 6-11: Langmuir isotherm of (AR66) on (CFA-ZA).
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The equilibrium data had a better fit with the Freundlich model as shown by
higher value of R?> 0.998 (Table 6-1). This proves that the (AR66) adsorption process
takes place on the heterogeneous adsorbent surface, non-uniform and non-specific in

nature.

Table 6-1: Langmuir and Freundlich constants for (AR66) dye adsorption

isotherms on (CFA-ZA) at 25°C, 4 pH and 250 mg /L adsorbent dosage.

Freundlich parameters Langmuir parameters
kr(mg/g) n R? qm 19) R?
2.41 2.13 1 416.7 3 0.92

Table 6-2 shows comparison of g of (AR66) on (CFA-ZA) of this work with
other references. It is clearly concluded that (CFA-ZA) gives higher performance for

removal of (AR66) dye from wastewater.

Table 6-2: Comparison of ¢, appears in references with this work.

Adsorbent Dyes qgm (mg/g) Isotherm model References
Nymphaea  rubra | Reactive Red 2 66.67 Freundlich [38]
(biosorbent)

Microalgae (AR 66) 44.24 mg/g Freundlich [39]
Mg—Al-COs, (AR66) 102.7 Sips and Langmuir | [40]
(LDH)

Zeolite A from CFA | (AR 66) 416.7 Freundlich This work
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6.6 Kinetic models

The adsorption mechanism of (AR66) dye onto the (CFA-ZA) zeolite surface
was investigated by a pseudo first order [Eq. 6-5], a pseudo second order [Eq. 6-6] and
intraparticle diffusion kinetics models [Eq. 6-7]. The pseudo first order kinetic model
is based on the concept that the change of quantity of the dye adsorbed with the time is
related to the difference between saturation dye concentration and the quantity of dye

adsorbed with time.

In(qe — q¢) = Inqge — kit (Eq. 6-5)

Where ¢; and g. refer to the amounts of (AR66) dye adsorbed (mg/g) at any time (¢) and
at equilibrium condition, respectively, and k; is the rate constant of a pseudo-first-order
model (1/h) or (1/min). The intercept and slope of the linear plot of above equation
render k; values at different initial dye concentrations. The R? (correlation coefficient)

of this model had a low value.

The chemisorption of the dye on the adsorbents surface is the main assumption
of a pseudo second- order kinetic model [45]. The following equation represents this

model:

— = +—t (Eq. 6-6)

Where £ is the rate constant of a pseudo-second-order model (g/mg h) or (g/mg min).
The intercept and slop of a linear plot of #/g; vs. time (¢) provide the k> values at different

initial dye concentrations (Figure 6-12). The k2 and R? listed in Table 6-3. The value
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of R?=1 for this model confirms that the adsorption system of (AR66) dye by (CFA-
ZA) zeolite follows a pseudo second-order model, based on the assumption that the
limiting rate step could be chemisorption [36]. Also, the g. values calculated are well

close to experimental g. values.
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Figure 6-12: Pseudo second order model for (AR66) dye adsorption onto (CFA-

ZA).

The intra particle model states that the adsorption rate depends essentially on the solid
adsorbent properties such as size, surface area, shape, functional group, surface charge

and porosity [46]. This model is expressed by the following equation: [47]

qe = kst/?2 + C (Eq. 6-7)

Where £; is the rate constant of intraparticle diffusion models. An adsorption process
that follows this model should render a linear plot of g; verses #/?, and the rate limiting
step is the intra particle diffusion, if the plot passes through the origin [48]. If not, other
mechanisms will also be involved [49]. As shown in Figure 6-13, the plot does not pass

through origin, indicating that this model is not applicable to the adsorption of (AR66)
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on (CFA-ZA) for all the dye concentrations. Also, as appears in Table 6-3, the R? value

is lower than the pseudo second-order kinetic model.
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Figure 6-13: Intra- particle diffusion for (AR66) adsorption onto (CFA-ZA).

Table 6-3: The kinetic results of Intra- particle diffusion and Pseudo- second

order.

Pseudo- second order Intra- particle diffusion
Comg/L | ge ge k2 R? C ks R?

mg/g (mg/g) | (g/mg/min) (mg/ g) (mg/g/min"?)
25 99.9 101 0.033 1 97.8 0.414 0.72
50 197.7 200 0.014 1 190.5 0.979 0.98
75 295.0 294.1 | 0.006 1 279.65 2.014 0.99
100 390.1 384.6 | 0.022 1 385.44 0.631 0.98
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6.7 Conclusions

(CFA-ZA) was successfully synthesized by microwave-assisted method from
coal fly ash as a plenteous industrial waste. After the synthesis process, different
characterizations were performed such as SEM, XRD, PSD and TGA. The XRD results
shows that utilizing microwave irradiation after acid treatment of the raw (CFA) results
in producing a high purity (CFA-ZA). Microwave synthesis resulted in both higher
crystallinity and production of (CFA-ZA). The PSD and TGA results confirmed with
the SEM and XRD results. The SEM micrographs showed the CFA-ZA crystallites
deposited on the undissolved (CFA) particles. This zeolite was used for the removal of
(AR 66) from an aqueous solution. The removal process was affected by pH of solution,
contact time, initial dye concentration, and the amount of adsorbents. The amount of
(AR66) uptake on (CFA-ZA) was found to increase with a decrease of solution pH but
increased with an increase in contact time, initial dye concentration, and the amount of
adsorbents. The maximum removal efficiency of almost 100 % was achieved with an
initial dye concentration of 25 mg/L, pH 4, dose adsorbent 250 mg/L, and 20 min
contact time. The obtained adsorption data fit Freundlich isotherm better than Langmuir
isotherm and (416.6 mg/g) adsorption capacity was attained. The adsorption kinetic
process for (AR66) over (CFA-ZA) described by a pseudo second-order kinetic better
than a pseudo first-order kinetic and the intraparticle diffusion models. (CFA-ZA)
prepared from (CFA) has an extraordinary potential and effectiveness for the removal
(AR66) from waste water. This zeolite can remove dyes from aqueous solutions with
high efficiency about 100% and therefore it may consider as an alternative material to
replace commercial and natural zeolite. Coal fly ash used to prepare the (CFA-ZA) in
this work, is available in Canada in large amounts at zero cost. This adsorbent can be

obtained from the power plants as waste material. The method of synthesis of (CFA-
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ZA) from coal fly ash is simple. Therefore, from economic point of view, using this
(CFA) as a source of production of (CFA-ZA) for removal of dyes from aqueous

solutions is economically very attractive.
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Chapter 7

SYNTHESIS OF PURE ZEOLITE-X IN A FLOWSYNTH
CICULATING BATCH MICROWAVE REACTOR FROM

CLEAR SOLUTION EXTRACTED FROM COAL FLY ASH®

Abstract

The present work shows that pure phase of Na-X zeolite can be successfully synthesized
via a microwave-assisted system in a flow process from a clear solution extracted from
alkaline treated coal fly ash (CFA). The FlowSynth microwave reactor supplies
continuous microwave irradiation for the circulating batch manufacturing of
nanomaterials. The effect of crystallization time and temperature of circulating batch
microwave on the yield and crystallinity of the produced zeolite was investigated. The
synthesized crystalline zeolite Na-X was thoroughly characterized by XRF, XRD,
SEM, EDX, and BET. The maximum crystallinity (99.13%) was achieved at an
operating temperature of 85 °C, 124-W, and 4-h. Circulating batch flow microwave
reactor enhances and accelerates the crystal growth of zeolite. The produced crystalline

zeolite had a high purity.

® This chapter is under review by Advance Powder Technology. Aldahri, T., Rohani,
S. Adv. Powder Technol. (Submitted 2018).
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7.1. Introduction

Coal fly ash (CFA), is a waste by-product of coal-fired power plants, that has
serious and harmful effects on the environment [1]. To overcome this issue,
investigations have been conducted on zeolitization of CFA as a raw source of silica
(S102) and alumina (Al,O3). Different types of zeolites have been synthesized such as
Na-A [2, 3] Na-P [4, 5], ZSM-5 [6, 7], Na-X [8, 9, 10], and faujasite-Y [8, 9, 11]. One
of the most interesting zeolites is Na-X because of its high cation exchange and
adsorption capacity [13]. It is also used for removing and adsorbing gaseous emissions
and for refining oil as a fluid catalytic cracking catalyst. [14, 15].

Successful conversion of coal fly ash (CFA) to Na-X zeolite was carried out
utilizing different approaches [8, 9]. Hussar et al. [16] synthesized zeolite Na-A
hydrothermally by using sodium silicate (Na»SiO4), sodium aluminate (Na;AlO3) and
the by-product of an aluminum etching process. They found that high crystallinity of
synthesized zeolite could be achieved under high reaction time and temperature. Also,
ultrasound has been utilized to produce Na-X from CFA. According to Hums et al.,
pure phase of zeolites Na-X, Na-A, and sodalite (SOD) were synthesized via
ultrasound-assisted prior to crystallization step, from the clear solution extracted from
fused coal fly ash [17]. Moreover, microwave irradiation has been studied widely in
batch mode to convert CFA into Na-X. Ansari et al. produced pure zeolite Na-X or a
mixture of zeolites Na-A and Na-X by utilizing microwave-assisted hydrothermal

heating in one step by controlling the reaction temperature and time [9].
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Querol et al. [18] used a 10,000-L reactor to synthesize zeolite Na-P by
conventional heating at ~150 °C, 0.35-MPa. with a solid/liquid ratio of 0.60-kg/L using
a 2.4-M alkaline solution. In addition, Moriyama et al. [19], converted hydrothermally
CFA into zeolite P in a 0.6-L reactor at temperature of 153 °C, a solid/liquid ratio of
0.91-kg/L, 0.48-MPa, and a 3-M alkaline solution. Although these approaches were
used for the zeolitization of CFA, some economical and technical issues still exist at
industrial scale. Remaining impurities (heavy and toxic metals) inside the produced
zeolitic powder, and an expensive cost of processing are the most common issues at
large scale [20]. To overcome these problems, extraction of Si0; and AlbO3 from coal
fly ash followed by nucleation of zeolite in the clear phase could be considered as a
potential solution. Under certain conditions of reaction time and temperature, additional
sodium aluminate or sodium silicate must be added to adjust the Si/Al ratio. This
approach shows a significant and remarkable result to produce a pure zeolite compared
to the product produced via hydrothermal process from the CFA slurry. However, the
yield from extracted solution is much lower than the hydrothermal process [17].
Although the conventional synthesis techniques have been conducted successfully at
large scale, a quick, cheapen economically viable, and environmentally friendly process
is desired for the conversion of CFA to zeolite. Microwave-assisted synthesis of zeolite
from a CFA slurry was used [21] with a short reaction time [2, 4, 5]. The scale-up
limitations related to the need of applying microwave irradiation to a large volume
could be alleviated in a flow process. Circulating batch flow microwave-assisted
synthesis is attractive as a potential technique for the production of zeolite from CFA.
To the best of our knowledge, microwave-assisted zeolite synthesis from a clear
solution in a bench FlowSynth circulating batch Microwave Reactor with a volume of

0.5-L, has not been reported.
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7.2. Materials and method

7.2.1 Materials

Raw coal fly ash (Class C) was obtained from a coal-fired power plant (OPG,
Nanticoke) located in Ontario, Canada and stored in a sealed container before use.
According to the American Society for Testing and Materials, ashes from bituminous
coal combustion are known as class F with SiO»+AlLO3; +Fe>O2 > 70%, while ashes
from lignite coals are known as class C with SiO; + Al,O3 + Fe;O: in the range 50 —
70% [22,23]. Analytical grade NaOH (Alphachem, Canada), Na;AlO3 anhydrous
(Sigma-Aldrich, USA), and Na,Si0O4 (Sigma-Aldrich, USA), were used as received. For
the preparation of the solutions and washing, deionized water was used.
7.2.2 Method

The general reaction scheme for the alkaline treatment and zeolitization of CFA

is given by [24]:

NaOH + xAl0s. ySiO2 2 NaxSiO3 + Na,AlO»
- NaOHq) + NacAl(OH)4(aq) + Na2SiO3(aq)
- [Nax(AlOy)y (Si02),] . NaOH . H2Ogel

> Nap[(AlOz)p (SlOz)q] . hH,O (zeolite)

7.2.3 Extraction of silica (SiO2) and alumina (Al,O3) from coal fly ash

A mixture of 14.0-g of raw CFA and 5.6-g of sodium hydroxide granules was
dissolved in 140-mL deionized water to form an alkaline solution of 1-M. The alkaline
hydrothermal process was applied to break down the fly ash crystalline phases and
release the SiO, and Al,O; content. Therefore, the mixture was subjected to

conventional heating under atmospheric pressure at 90 °C for 4-h using a heater stirrer
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(Thermo Scientific, China). After hydrothermal treatment for 4-h in a 1000-mL glass
flask reactor, Si0, and AlLO3 were dissolve into the liquid and extra deionized water
was added while stirring the mixture at 200 rpm for 18-h. The mixture was filtered and

the supernatant was collected as an aluminumsilicate gel.

7.2.4 Circulating Batch Microwave Experiments (Crystallization stage)

An appropriate amount of filtrate solution was mixed with Na;Si04 and Na;AlO;
to render a molar ratio of the sample: 3.0 Na2S104: 0.5 Na;AlO3: 192 H>O. The resulting
solution was left in an aging feed tank for 6-h at 85 °C. The aging feed tank was
equipped with a heating jacket and a condenser for controlling reaction temperature.
For the crystallization step, the mixture was then pumped into the microwave
FlowSynth reactor for crystal growth at different temperatures; 78 °C, 85 °C, and 95 °C
for 270-min. The reaction time was 4-h and the mixture flow rate was 5-mL/min. The
system was kept at atmospheric pressure at 85 °C with the use of a reflux condenser and

a recycle stream.

NaOH

Zeohtized
CFA

) ) . MW . )
Digestion Ageing Feed Tank i Filtration
o Crystallizer

H,0

Batch Process

Continuous Process
Batch Process

(a)
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Figure 7-1: (a) The diagram [21] and (b) experimental setup of the microwave-

assisted synthesis utilizing FlowSynth reactor

The solution was pumped into the FlowSynth MW reactor via a peristaltic pump
(Masterflex L/S, Cole Parmer) with a tubing (L/S 15, Tygon Chemical) with an inner
diameter of 4.8-mm and recirculated at a constant flow rate of 5-mL/min. The system
took about 10-min to reach steady-state. After reaching the steady-state, 5S-mL samples
were withdrawn from the mixing/feed tank every hour. Mechanical mixer was used to
control the level of mixing during the experiment. The goal of mixing is to either
prevent or reduce temperature or concentration gradients, or to ensure good dispersion
of multiple phases. Good mixing is preferable for several reasons, such as improving

mass transfer in multi-phase systems, side-reactions or byproduct formation, or
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ensuring fast heat transfer [25]. Less than 1000 ml of the mixture; 850 ml, from the
Flow Synth MW reactor was recovered (Figure 7-1 (a)). 150 ml, was lost due to (1) the
liquid content inside the Flow Synth MW reactor could not be completely removed, and
(2) the liquid remained in the zeolitized CFA.

Microwave power was constant at 125 Watts during the experiments.
Subsequently, the filtrate solid products were washed and dried overnight at room
temperature. The experimental setup of the bench scale reactor; the Milestone
FlowSynth circulating batch MW reactor (Milestone, Italy), with 1-L capacity is shown

in Figure 7-1 (b) [21].

X-ray fluorescence spectroscopy (XRF) was used to determine the chemical
composition of the raw CFA by using PANalytical PW2400 Wavelength Dispersive as
shown in Table 3-1. To collect XRD data of the synthesized samples, Rigaku-MiniFlex
powder diffractometer (Japan) was used; utilizing CuK, (A = 1.54059 A over the range
of 5°<20<40° with a step width of 0.02°. The XRD patterns of the synthesized zeolite
samples were compared with the characteristic peaks of the standard Na-X from
reference [26]. The specific characteristic peaks intensity of the synthesized zeolite X
were determined by "peak fitting" algorithm in the MDI-Jade v 7.5 software. The
characteristic peaks for the Na-X main peaks were found at 26 of 6.12°, 10.0°, 15.34°,
23.31° and 30.94°. The crystallinity of the sample was determined from the
characteristic peak areas of 111 (6.12°); by dividing the peak intensity of the product at
2 0 = 6.12° by the peak intensity of the standard sample run for 48-h using conventional

hydrothermal synthesis.

The peak intensity of the sample at 26 = 6.10°
P Y P X 100

Crystalinity (%) =

The peak intensity of the standard sample at 26= 6.10°

(Eq. 7-1)
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The average crystal dimension was calculated using Scherrer’s equation [27]:

— Bx .
" BcosO’

(Eq. 7-2)

where d is the average crystal size (nm), B is the Scherrer’s constant, A is the wavelength
of the X-ray (nm) and 6 is the Bragg’s angle (i.e. the angle of the maximum peak). f is
the full width at half-maximum (FWHM) of the broad peak after correction for intrinsic
instrumental line broadening and must be in radians [9].

Morphology of the produced zeolite was studied by scanning electron microscope
(SEM) using a JSM 600F (Joel, Japan) operating at 10-keV of acceleration voltage. To
measure the specific surface area, pore size and pore volume of selected Na-X,
Burnauer-Emmett-Teller (BET) technique was used; using a Micrometrics Accelerated
Surface Area and Porosimetry (ASAP 2010) surface area analyzer (Micrometrics,
USA). Synthesized Na-X samples were degassed for 6-8 hours at 150°C, before the
analysis. Percentage yield of synthesized zeolite Na-X was calculated by dividing the

weight of the sample by the weight of the Na;AlOs, and NaxSiOs.

Yield (%) = Weight of synthesized Na—X

= Weight of ( NazAl03+ Nazsio#) < 100 (Eq. 7-3)

7.3. Results and discussion

The chemical and mineral compositions of the raw CFA which was used as the
main source of SiO> and AlbO3 are given in Table 3-1. The SiO2/Al>0s ratio was found
to be 2.13, which is unsuitable for synthesis of zeolite Na-X under the medium
concentration of NaOH solution. Therefore, extra aluminate or silicate precursors for

adjusting the Si02/Al>Os ratio were added [28].
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Figure 7-2 presents the X-ray pattern of synthesis zeolite Na-X by a) microwave-
assisted process from extracted solution of alkaline treated CFA in the circulating batch
flow reactor, b) hydrothermally-synthesized at 75 °C for 48-h, and c¢) raw CFA. It can
be noticed that hydrothermal and MW-assisted methods result in similar XRD patterns.
Microwave-assisted synthesis zeolite Na-X had a very high crystallinity and purity with
very sharp peaks. Also, the microwave- assisted synthesis reduced the reaction time
compared to the conventional conversion which required 48-h at 75 °C [17]. Moreover,
the purity and crystallinity of the synthesized zeolite X increased although the yield was

lower as will be discussed later [17].
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Figure 7-2: The XRD patterns of Na-X zeolite synthesized by MW-assisted in the
circulating batch reactor, hydrothermally- synthesized, and raw CFA.

Aging process prior to the crystallization process for zeolitization of coal fly ash
is a very important step. Figure 7-3 shows the XRD results of the sample with and
without aging process. There are no characteristic peaks in the XRD results of the

sample without aging step which means no zeolite Na-X was formed. In addition, a big
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and strong hump appears which suggests the powder is still amorphous. However, XRD
results of the sample with an aging step prior to crystallization step, shows characteristic
peaks at 20 of 6.12°, 10.0°, 15.34°, 23.31° and 30.94° as shown in Figure 7-2. For
zeolite synthesis, there are three main steps: forming the building units, formation of
zeolite nuclei during the aging step, and crystal growth by disposing the building units

on the crystal’s surface [29].

In present experiment to produce zeolites, I studied the effect of different
independent variables on the crystallinity such as NaOH concentration, and MW
irradiation power and time. Although mixing rate is considered as one of factors that
has a strong effect on the quality of synthesized zeolite, I did not consider it as an
independent variable in present work. However, Mainganye D. successfully
synthesized zeolite P1 hydrothermally. He studied the effect of impeller design and
agitation rates during the aging step of the synthesis process. His experimental results
proved that the phase purity of zeolite Na-P1 was strongly affected by agitation and the

type of impeller used during the aging step of the synthesis process [30].
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Figure 7-3: XRD patterns of the mixture after aging and without aging.

Adding extra Na;SiOs4 and Na»AlOs to the mixture is necessary to adjust the
desired silica to alumina ratio. Na-X could not be formed without adding proper

amounts of Na>S104 and Na,AlOs to the extracted solution of CFA [4, 31].

The effects of crystallization temperature and time were investigated.
Crystallization experiments were conducted at different crystallization temperature; 75
°C, 85 °C, and 95 °C. After 4-h of continuous microwave irradiation in the FlowSynth
circulating batch flow microwave reactor, stable phases of zeolite Na-A, Na-X and Na-
P with sharp and clear peaks as seen in Figure 7-4 were produced. According to Sang
et al. [11], zeolite Y was transformed into zeolite P with increasing synthesis
temperature. Also, transformation of zeolite A into zeolite X occurs by increasing
reaction temperature. Building units of zeolite X, double 6-ring (D6R) and Sodalite

(SOD), were formed with increasing synthesis temperature [29, 32]. Figure 7-5 shows
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that up to 1-h no peaks appeared, however, after  2-h of crystallization, the

characteristic peaks of zeolite Na-X started

to appear. With increasing the crystallization time, the characteristic peaks intensities
increased and became sharper. Increasing crystallization time enhances crystallinity of

zeolite Na-X which agrees with reference [9].
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Figure 7-5: The XRD patterns of Na-X zeolites synthesized by
the microwave heating at 85 °C after 1-h, 2-h, 3-h, and 4-h
crystallization time.

SEM microphotographs of samples of zeolite at different crystallization
temperatures; 85, and 95 °C, are presented in Figure 7-6. Figure 7-7 displays the Energy
Dispersive X-ray spectroscopy (EDX) of chemical analysis. Observations were done at
magnifications between 2.5 and 50,000. Figure 7-6 (a) displays SEM micrographs of
synthesized Na-X from extracted solution of CFA. The product contains less impurities
and heavy metals compared to the raw CFA, which has impurities as can be seen from
the elemental composition analysis in Figure 7-7 and Table 3 -1 [5, 19]. Moreover,
Figure 7-6 (b) shows the results of increasing synthesis temperature which produced

zeolite Na-X with impurity of zeolite Na-P. This confirms the XRD results that were
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mentioned in previous paragraphs. Also, Figure 7-7 (a, b) shows EDX results of the
amount of impurities such as Ti, Mg, Fe, and Ca, in the final synthesized product. It is
noted that the impurities in zeolite Na-X are significantly reduced compared to the

starting raw CFA.

(b)

Figure 7-6: SEM images of the CFA and zeolite.
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Element Weight (%) Atomic (%)

CK 3.49 5.90

OK 46.58 59.15

Na K 8.86 7.83

Mg K 0.33 0.27

Al K 13.32 10.03

Si K 20.65 14.94

Ca K 2.87 1.45

05 i 15 2 25 4 OsM 391 0.42
Full Scale 6376 cts Cursor: -0.011 (326 cts)

(a)
Element Weight (%) Atomic (%)
CK 4.70 7.66
OK 49.24 60.26
Na K 10.03 8.55
Mg K 0.53 043
Al K 12.47 9.04
Si K 19.35 13.49
Ca K 0.49 0.24
OsM 3.18 0.33

05 i 15 2 25 : 4 Total 100.00
Full Scale 6376 cts Cursor: -0.011 (317 cts)
(b)

Figure 7-7: EDAX images and elemental composition of synthesized zeolite Na-X
by MW-assisted synthesis a) 4-h, and b) 2-h of crystallization time.

Table 7-1 lists the BET surface area of the raw CFA, the Na-X zeolite synthesized

hydrothermally, and by the microwave-assisted method. The proposed technique

produced zeolite Na-X with surface area (110.565 m?/g), almost three times higher than

that synthesized hydrothermally (42.006 m?/g). Nitrogen adsorption/desorption

isotherms of the synthesized Na-X product are shown in Figure 7-8 and represent a type

IT isotherm. A type II isotherm is known for the nonporous aluminosilicate according

to the Applied Chemistry (IUPAC) isotherm classification and the International Union
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of Pure [33, 34]. Usually, the adsorption isotherm of type II is related to monolayer—
multilayer adsorption on an open and stable external surface of a powder, which could
be non-porous, macroporous, or to a limited extent microporous. The desorption
isotherm is a distinct Hz-type hysteresis loop indicating mesoporous aluminosilicate
[33]. The limited adsorption of N> inside the pores, could be attributed to the amorphous

aluminosilicate that will block outside pores of the zeolite crystals.

Table 7-1: BET surface area of CFA and synthesized Na-X
Zeolite Na-X

CFA Hydrothermally* MMW-assisted
BET surface area (m?/g) 15.47 42.006 110.565
Micropore volume (cm?/g) 3.3765 0.1110 0.0379

*[34]
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Figure 7-8: Isothermal plot of synthesized zeolite Na-X.
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The average crystal size of the prepared zeolites at different synthesis times was
calculated using Scherrer’s from the peak at 26 of 6.1°. The full width at half-maximum
of the broad peak (FWHM), was calculated by ‘‘peak fitting” algorithm in the MDI-
Jade v 7.5 software and the results are listed in Table 7-2. As can be seen in the Table
7-2, there is a proportional relationship between the average crystal size and synthesis
time of synthesized Na-X. Increasing the average crystal size could be assigned to the
increasing crystallization time that enhances the crystal growth and results in larger
particles via agglomeration [9]. Also, the crystallinity of the synthesized product
increases with increasing the synthesis time and this result agrees with reference [9]. In
addition, the yield increases slightly with increasing synthesis time. As mentioned
earlier, the yield of the proposed mothed is less than that of conventional hydrothermal
method. However, optimizing the extraction condition could improve the extracted
amounts of SiO; and AlLOs; from CFA and subsequently increase the yield of

synthesized zeolite [ 17].

Table 7-2: Yield, crystallinity and crystal size of synthesized Na-X.

Synthesis Time (h) Yield (%) Crystallinity (%) Crystal size (nm)
2 14.77 63.12 54.27

3 22.19 85.49 227.73

4 35.41 99.13 325.91

The mechanism for the formation of zeolite and microwave-assisted
crystallization process is understood to a certain degree but not completely. However,

it is known to provide volumetric heating, rather than conventional heating, which heats
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by conduction and convection through a surface leading to a temperature profile within
the reacting mixture.

Recent theory for zeolite synthesis from ash has been provided by Murayama et.
al., [35]. Their theory was based on the formation of amorphous aluminosillicate gel on
the solid particles under high alkaline conditions followed by crystallization of zeolite
due to the reaction between the gel and the alkali or dissolved species in the mother
liquor solution. This theory advocated using the hydrothermal method for the zeolite
synthesis process; it was based on type of zeolite produced as a function of time and by
following the growth trend as observed in SEM images.

The general assumption is that the crystallization of zeolites proceeds via two
steps: (1) nucleation of discrete particles of the new phase, and (2) growth of zeolite
crystals. During the nucleation stage of zeolites, the smallest entities, “crystal nuclei,”
with the identity of the new crystalline phase are formed. The crystal growth process of
zeolites is classically described with typical S-shaped crystallization curves (Figure 7-
9) [37].

(a) Nucleation rate (b) Crystal growth rate

|

Gel diffusion :Nucleation i
to equilibrate { process
composition

Crystal growth
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Figure 7-9 Schematic representation of the (a) nucleation rate and (b) crystal growth
rate of zeolites described with a typical S-shaped curve, and (c) related rearrangements

from amorphous particles into crystalline zeolite during the synthesis [37].

Even when the reaction mixture is stable, a large number of variables can impact
zeolite crystallization. Among these variables, synthesis temperature and crystallization
time used are the most influential due to the metastable nature of zeolites [38].
However, the type of raw materials (purities, reactivity), order of mixing, agitation, and
aging each has a significant effect, too. It is common that the initial mixtures become
gels with high viscosity due to the formation of amorphous aluminosilicate gel particles
suspended in the basic medium.

In other words, zeolite crystals form on the CFA’s surface via precipitation
method as a result of fast homogenous heating of particles. Using microwave heating
after the hydrothermal treatment at higher solid/liquid ratios increases the rate of crystal
growth due to the surface activation characteristic of MW irradiation, which leads to a
strong aggregation between zeolite particles and nuclei formed during the conventional

heating step [39].

7.4 Conclusions

Pure zeolite Na-X was successfully synthesized from a clear solution containing
Si0, and AOs extracted from CFA, utilizing a FlowSynth circulating batch flow
microwave reactor. The effects of crystallization time and temperature on the
characteristics of the synthesized zeolite were investigated. Results of XRD data and
SEM images showed that the highest percentage of crystallinity of the synthesized

product was achieved after 4-h of continuous microwave irradiation at 85 °C in
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circulating batch flow microwave reactor. Yield of zeolites obtained was lower than the
conventional hydrothermal treatment, but the synthesis time was substantially reduced
using microwave technology in the presented technique. The produced zeolite using the
microwave-assisted circulating batch process was significantly more pure compared to
the conventional hydrothermal. In conclusion, the pure zeolite-X could be synthesized
in much shorter time using the circulating batch microwave heating method by

controlling of the crystallization temperature and time.
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Chapter 8

RESEARCH FINDINGS AND RECOMMENDATIONS

8.1 Research findings

The research work of this thesis was focused on the synthesis of zeolite from coal fly

ash utilizing a single-mode microwave unit and an ultrasound horn. The synthesis

product samples were analyzed and characterized using XRD, SEM, BET, TGA, and

CEC. The major conclusions from this research are as follows:

1) Results of this study have found that CFA was converted successfully to zeolite Na-
P by using the thermo-sonochemical technique at low temperature (~100°C) and
atmospheric pressure over 4 h. By applying the conventional heating for 1 h
followed by 3 h of sonochemical treatment, Na-P zeolite was the major synthesized
zeolitic phase with an impurity of hydroxysodalite. The crystallization of zeolite
was hindered by introducing the ultrasound irradiation into the non-hydrothermal
treated mixture. Thermo-sonochemical zeolitization of CFA increased its surface
area and pore diameter. In conclusion, the ultrasound-assisted hydrothermal method
facilitates the formation of Na-P zeolite from CFA by enhancing the rate of
nucleation and shortening the crystallization time during the conversion process.
The presented technique could be considered as a fast and eco-friendly zeolitization

process with lower energy demands.
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Utilizing MW irradiation at a high solid/liquid ratio was the next step of the initial
conventional heating for a 6 h period. This is considered an eco-friendly technique
to synthesize zeolite P from CFA, and it produced a higher yield of CFAZP,
reducing the synthesis process time and energy consumption remarkably without
affecting the zeolitic product quality. The XRD data and SEM images showed the
product’s relative peak intensity at 26: 28.1 © and was comparable with the zeolite
obtained hydrothermally with 24 h of conventional heating. Also, applying the MW
irradiation has resulted in a narrower particle size distribution (PSD). Post-
microwave heating enhanced the crystal growth of the existing nuclei formed during
the initial 6 h of conventional heating.

An acid pre-treatment of raw CFA was applied prior to microwave irradiation to
prepare two types of zeolite: Na-P (CFA-ZP) and Linde Type-A (CFA-ZA), which
resulted in a synthesized, high-purity CFA-ZP and CFA-ZA zeolite with high pore
volume and surface area.

The synthesized zeolites were modified by cationic surfactant (HDTMA) bromide.
The Response Surface Method (RSM) was used to study the dependency of the
Methyl Orange (MO) removal process on the pH of the solution, the initial dye
concentration, and the mass of the modified zeolites. Also, the central composite
design (CCD) method was applied to develop a quadratic model in each case. The
predicted values, calculated using the quadratic models, were in good agreement
with the response (% dye removal) for CFA-ZA and CFA-ZP (R2 = 0.9991 and
0.986, respectively). When the Na-P was used as an adsorbent, the pH of the
solution had the strongest effect; whereas the adsorbent amount had the greatest
influence on the dye removal rate when CFA-ZA was used. ANOVA results

indicate the presence of interaction between all the variables, except pH and the
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initial dye concentration, when using CFA-ZP as an adsorbent. The results obtained
from the optimization of the MO removal process were 100% at pH 6.17, with initial
MO concentration of 20 mg/L, and 1000 mg/L adsorbent mass. Results for CFA-
ZA as an adsorbent were 91% at pH 5.15, with the initial MO dye concentration of
20.24 mg/L, and adsorbent mass of 1000 mg/L for CFA-ZP as an adsorbent. In
conclusion, using CFA as a source for CFA-ZA and CFA-ZP production for dye
removal from aqueous solutions can be economically viable.

Zeolite CFA-ZA was synthesized by a microwave-assisted method from coal fly
ash as an abundant industrial waste. The synthesized product was characterized by
XRD, SEM, TGA, and PSD. The XRD results show that an acid treatment of the
raw CFA prior to a microwave irradiation produces a high purity zeolite CFA-ZA.
Microwave-assisted synthesis resulted in both higher crystallinity and production
of zeolite CFA-ZA. The PSD and TGA results confirmed this with the SEM and
XRD results. This zeolite was used for the removal of Acid Red 66 (AR 66) from
an aqueous solution. Different factors, such as pH of a solution, contact time, initial
dye concentration, and number of adsorbents were affected by the removal process.
The amount of AR 66 uptake on zeolite CFA-ZA was found to increase when the
solution pH was lowered, but also increased with greater contact time, initial dye
concentration, and the number of adsorbents used. The maximum removal
efficiency of ~ 100% was achieved with an initial dye concentration of 25 mg/L,
pH 4, dose adsorbent 250 mg/L, and 20 min of contact time. The obtained
adsorption data fitted with the Freundlich isotherm better than the Langmuir
isotherm, and 416.6 mg/g adsorption capacity was attained. The adsorption kinetic
process for AR 66 over CFA-ZA described by a pseudo-second-order kinetic was

better than a pseudo-first-order kinetic and the intraparticle diffusion models.
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Zeolite CFA-ZA prepared from CFA has shown extraordinary potential for the
removal of AR 66 from waste water. This zeolite can remove dyes from aqueous
solutions with a high efficiency of about 100%, and therefore it may be considered
as an alternative material to replace commercial and natural zeolite. Coal fly ash
used to prepare the CFA-ZA in the present study is available in Canada in large
amounts at zero cost. This adsorbent can be obtained from power plants as waste
material. The method of synthesis of CFA-ZA from coal fly ash is simple and, from
an economic point of view, using CFA as a source of CFA-ZA production for the
removal of dyes from aqueous solutions is economically very attractive.

Utilizing a FlowSynth circulating batch microwave reactor resulted in the synthesis
of pure zeolite Na-X successfully from a clear solution containing SiO> and Al,O3
extracted from CFA. The effects of crystallization time and temperature on the
characteristics of the synthesized zeolite were investigated. Results of XRD data
and SEM images showed that the highest percentage of crystallinity of the
synthesized product was achieved after 4 h of circulating batch microwave
irradiation at 85 °C. Although the yield of zeolites obtained was lower than the
conventional hydrothermal treatment, the synthesis time was substantially reduced
using microwave technology. The zeolite produced using the microwave-assisted
circulating batch process was of significantly higher purity than the one synthesized
by the conventional hydrothermal method. The pure zeolite-X can be synthesized
in a much shorter time frame using the circulating batch microwave heating method

by controlling the crystallization temperature and synthesis time.
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S.S Bukhari et al. who were worked in my group, synthesized zeolite Na-A utilizing
microwave-assisted and ultrasound-assisted methods from coal fly ash in small scale (~
20 ml) and bench scale (~ 500 ml) using both batch and continuous systems [1- 4]. They
needed to add extra Al,O3 to adjust the Si03/Al>0s ratio and synthesized zeolite Na-A.
To compare, in my thesis, I synthesized different types of zeolites, such as Na-P and
Na-X, utilizing microwave-assisted and ultrasound-assisted methods from coal fly ash
in small scale (~ 20 ml) and bench scale (~ 500 ml) using both batch and batch
circulating systems. Moreover, 1 synthesized zeolite Na-P from CFA without add
chemicals to adjust the Si03/Al;0; ratio. The Si03/Al;03 ratio of the raw CFA was

suitable to synthesize zeolite, ~ 2.13, as shown in Table 3-1.

8.2 Recommendations for further research

8.2.1 Extraction of SiO; and AlL,O3; from CFA

The amount of SiO; and Al>O3 extracted from CFA through the digestion step is
an important factor in the zeolite synthesis process. The calculated yield of zeolitic
product during the indirect conversion and during the direct hydrothermal conversion
(as seen in data from Chapter 7) was different. Optimizing the extraction conditions,
such as NaOH concentration, stirring speed, and extraction time, could improve the
extracted amounts of Si02 and ALO3 from CFA and subsequently increase the overall

yield of synthesized zeolite.

8.2.2 Aging step of CFA prior to crystallization process for zeolitization
Regarding the XRD data seen in Chapter 7, the aging process of CFA plays the

main role in zeolite synthesis. Without the aging step, the final product is amorphous
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and no zeolite crystal is formed. Optimizing the aging conditions, such as aging
temperature and time, could improve the yield of synthesized zeolites.

However, there is an aspect concerning the synthesis process which was not within the
objectives of this thesis that need to be investigated such as the effect of agitation during

the hydrothermal treatment/crystallisation step for all zeolite Na-P, X, and zeolite A.

8.2.3 Bench-scale FlowSynth circulating batch Microwave Reactor

For future work, this novel approach for zeolite crystallization in a FlowSynth
circulating batch Microwave reactor still has much scope for optimization. It could be
of benefit to study the effect of the resident time of the mixture inside a circulating
batch MW flow reactor on the conversion rate (i.e. yield of synthesized zeolite). Also,
conduct the experiment for zeolite crystallization in a MW circulating batch reactor
under a certain pressure and investigate the effect of the pressure on the rate of

conversion; yield of synthesized zeolite.

8.2.4 Filtration of CFA prior to zeolitization

The SEM data from Chapter 4 shows that, via microwave-assisted synthesis of
zeolite from CFA, zeolite particles are formed on the surface of the undissolved CFA
particles. Thus, the zeolitized (CFAZ) has a core of unreacted CFA particles; however,
the work in Chapter 6 has shown that the undissolved CFA particles could be separated
from the clear solution after the digestion step and zeolites are formed using the
extracted aluminum and silicon in the clear solution. The zeolites formed in the clear
solution are of high purity and do not have heavy metals that may exit in the CFA.

Therefore, they can be used for a variety of applications compared to the CFAZ.
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8.2.5 Other applications of zeolitized CFA

The results of this thesis offer a significant contribution to synthesizing zeolite at
low cost that is eco-friendly with useful applications, such as dye adsorbents in
wastewater treatment. In addition, it could be use the synthesized zeolite A as a
dishwasher and laundry detergents in water softeners field. The zeolite A traps Mg>*
and Ca®' and releases Na', so the water become softer. Also, since the synthesized
zeolite X has a relative large surface area, it could be used for catalytic cracking in
petrochemical field. Moreover, these synthesized zeolites could be use at gas

separation, odor controlling, and removing radioactive particles from nuclear waste.
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Appendix A
A HIGHLY EFFICIENT LOW-COST ADSORBENT FOR
ANIONIC DYE USING A SYNTHESIZED ZEOLITE P

FROM WASTE COAL FLY ASH®

Abstract

In this work, the CFA collected from a Canadian generation power was converted
into a zeolitic material following a new three step preparation method. The XRD
analysis was used to determine that the type of the zeolite synthesized was a zeolite P
(CFA-ZP). CFA-ZP was also characterized by SEM. The CFA-ZP was applied to
remove the anionic dye Congo Red (CR) from waste water. The effect of the different
factors on the adsorption of CR have been studied: pH (3-10), initial concentration (250-
2000mg/L), adsorbent dosage (0.1-0.5g/L) and contact time (0-20min). The modeling
study indicates that the pseudo second order and Freundlich models fitted well the
kinetic and equilibrium data respectively. An extremally high capacity of adsorption

was found for the adsorption of the CR on CFA-ZP with a maximum of 7819mg/g.

8 This Appendix has been published in the conference ISERD- 493rd International Conference on
Chemical and Biochemical Engineering (ICCBE), 1. Harizi, T. Aldahri, S. Rohani, D. Chebli, and A.
Bouguettoucha, 2018-2019, Stockholm, Sweden.
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A.1 Introduction

The water pollution has always been an increasing problem for the environment
and the human wellbeing. The waste water, coming from the different human activities:
agricultural, commercial, industrial and others is known to be the source of large types
of pollutants. Dyes of all kinds, especially azo dyes, are considered to be one of most
harmful contaminants that are contained in the waste water. The use of azo dyes in the
different industries is indispensable, principally in textile industries [1]. Azo dyes
constitute a large class of synthetic dyes that are identified by the presence of at least
one functional azo group in their chemical structure [2]. Azo dyes, found in the
industrial waste water discharges, are renowned by their visibility, water solubility,
degradability, toxicity, carcinogenicity and mutagenicity which cause serious and
severe health and environmental problems [3]. Studies reported that around 10-15% of
the dyes used for industrial purposes are ending up being released to the nature [4].
Therefore, in a tentative to reduce the harmful impact of the waste water, a wide range
of research has been devoted to the treatment of the waste water effluents. For this
purpose, serval techniques have been applied: coagulation, filtration, degradation by
means of special fungi, oxidation, ozonation, ion exchange, neutralization and
photocatalysis [5], sonochemical degradation [6]. Due to its low cost, ease of operation
and reliability, the adsorption is one of the most popular techniques used in colors
elimination. It has shown, through the countless studies carried out, very effective
results and great yields of removed dyes. The activated carbon was the most ordinarily
used adsorbent. Later, tens of materials of different natures have been applied as

alternative low-cost sorbents such as alumina, polysaccharide , biopolymers, clays[7],
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layered double hydroxides [8], zeolites, graphene oxides [3]. Recently, there has been
growing interest in the use of industrial waste to synthesis ecofriendly materials used
as effective adsorbents [9]. The valuation of these unused sources (industrial waste) is
of great interest since it contributes to diminish environmental pollution by reducing
the pile of industrial waste and, then, exploiting that waste for water treatment purposes.
The coal fly ash is a byproduct generated from coal burning in combustion power
plants. It constitutes more than 70% of the combustion solid residues [10]. One of best
ways to recycle the coal fly ash collected after combustion process is to use it for the
synthesis of new materials useful in other fields such as pollutants removal. Many
studies have proved that coal fly ash can be transformed to valued compounds efficient
for dyes removal essentially zeolites, mesoporous silica [11], silica aerogels [12].
Zeolites are microporous, aluminosilicate minerals, which have a three-dimensional
structure formed of alumina and silica interconnected with each other in crystalline way
[13]. Generally, the main components of the coal fly ash collected from pulverized
combusted coal are silica and alumina [14]. For that reason, a large range of research
have investigated the possibility to convert the coal fly ash into zeolitic materials
considering the coal fly ash as a good resource of the raw materials needed for the
synthesis of zeolite. Following different ways of synthesis, studies have reported
considerable number of zeolites of different types that have been successfully synthesis
from coal fly ash: zeolite X [15], Zeolite A [16], Zeolite P [17], Zeolite Y [18],
Chabazite [19]. Most of these zeolites synthesized from the CFA have found great
applications in different fields basically for water contaminants removal from waste
water such as heavy metals [20] and dyes [21]. Lot of efforts has been spent in order to
find a synthetic method that maximize the conversion yield of the raw CFA to zeolite.

In this work, a multi-step synthesis method has been adapted to convert raw coal fly
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ash into zeolite P (CFA-ZP). The obtained zeolite was used as an adsorbent for the dye
Congo Red. The influence of the pH, mass of adsorbent, the centration of the solution
and temperature were investigated. Kinetics and isotherm data were also obtained to

understand the mechanism of the adsorption.

A.2 Materials and methods

In this section a description of the chemical materials used (Coal fly ash, Dye...)
was provided. The preparation process of the adsorbent (CFA-ZP) and some
characterization methods were also explained. In addition, preliminary adsorption
experiments were presented in order to test the susceptibility of using the obtained
product for valuable applications such as water treatment.

A.2.1 Materials

The Coal fly ash used in this work, as a starting material for zeolite preparation,
is a Canadian waste collected from coal-fired power plant (OPG, Nanticoke) in Ontario,
Canada. The main composition of the Coal fly ash has been defined by X ray
fluorescence analysis to have an Idea about the amount of silica and alumina that have
direct relation with the formation of the zeolite. The coal fly ash is composed of 41.8w%
of silica (Si02) and 19.6w% of alumina (Al,O3) and other oxides. High purity
Hydrochloric Acid and Sodium Hydroxide products were supplied by Alphachem,
Canada.

The pollutant chosen in this study to test the adsorption capacity of the obtained
zeolite was a dye, since in the literature the most applications of zeolite were as heavy
metal adsorbents. The adsorbent was the azo dye Congo Red (CR) is known by its multi
uses, stability and its toxicity [22]. The chemical structure of the dye is shown in Figure

A-1.
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Figure A-1: Chemical structure of Congo red molecule.

A.2.2 Preparation of the adsorbent

Though the conventional hydrothermal conversion method, usually used to convert
coal fly ash to zeolite, allows to obtain zeolite successfully [23], it gives generally a
product of low quality in term of structural properties such as pore size and surface area
and, also, low purity; Since it consumes only a small part of the alumina and silica
contained in the coal fly ash used at the beginning. Recently, in addition to the
conventional method, several ways have been followed in order to maximize the yield
of conversion and ameliorate the quality of product by obtaining purer zeolite powder
and well crystalline. New sources of energy such as microwave radiation [24],
ultrasound [25] fusion followed by microwave [26] fusion followed by ultrasound [27]
have been involved in the preparation mode to exploit as much alumina and silica found
in the Coal Fly Ash as possible. In this study, the preparation of the zeolite from coal
fly ash has been done in 3-step process. Firstly, a given mass of coal fly ash, passed
trough 600um-seive, was subjected to hydrothermal treatment under high temperature
of 800°C inside the furnace for 1h. The second step consisted on an acid treatment of
the calcined coal fly ash. The calcined coal fly ash was added to a volume of 20ml of
0.1M hydrochloric acid solution and heated for 180 min at 65°C under slow stirring.

Then the mixture was filtered, the solid phase is recovered, washed by deionized water
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and has been let to dry. This tow steps aim to get rid of the impurities which cover the
external the surface and the internal pores of the coal fly ash particles, also they allow
a faster and better access to the alumina and the silica [28]. the last step is the conversion
phase or what is called the coal fly ash zeolitization. The solid particles dried were
mixed with to 20ml of 1M NaOH solution in Teflon tube which was introduced into a
single mode microwave irradiation (2.5-GHz, CEM cooperation, Discover, USA) at
250-W for 45-min. The mixture was filtered, and solid particles were collected and
washed with deionized water. Finally, the powder was dried overnight at room

temperature and the synthesized product zeolite P (CFA-ZP) was obtained.

A.2.3 Characterization

In order to identify the nature of the obtained product; the X-Ray diffraction was an
indispensable analysis to be done. The XRD data were collected using MiniFlex powder
diffractometer (Rigaku, Japan) under CuKa radiation (A =1.54059A) and at 20 ranging
from 3° to 40° with 0.02° increment. The scanning electron microscopy was also done
to see the morphology of the product. SEM images has been obtained using Hitachi S
2600N microscope (Tokyo, Japan) at 5 kV. The zeta potential measurement has also
been applied to define the point of zero charge of the product used as adsorbent in order
to get an idea about the surface charge to better understand the adsorption mechanism.
For the zeta potential measurements, equal masses of CFA-ZP were dispersed in equal
volumes of DI water. HCI and NaOH solutions were used to adjust the pH of the

suspension. 3000 zeta-analyzer was used to measure the zeta potential of CFA-ZP.

A.2.4 Sorption experiments

The CFA-ZP obtained has been applied as an adsorbent for the azo dye Congo Red.
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The bath mode was followed to manipulate the adsorption experiments. In a 50ml flask,
20 mg of zeolite powder was added to S0ml of prepared dye solution of a known initial
concentration. The mixture has been magnetically agitated, at room Temperature (T=23
+2°C), with a speed of 200rpm and until the equilibrium is reached. The effect of
several parameters on the adsorption yield has been studied to find the best condition
in which zeolite is more effective. The effect of pH has been obtained by changing the
pH of the CR solution between 3 and 10. pH was adjusted at the wanted values using
drops of 1M HCI and NaOH solutions. We didn’t go under pH value of 3 because for
lower pH the control of the dye maximal wave length Amax is quite difficult since it is
different from Amax at pH > 3. The effect of the adsorbent mass is also investigated
where the mass of the zeolite has been changed in the range of 0.2g/LL — 0.5g/L. The
initial dye concentration has been explored for different initial concentrations 250mg/L
- 2000mg/L. the effect of the temperature has also been exanimated by fixing the
temperature degree at different values between 10°C and 40°C using a thermostat.
Kinetics data were collected as well. An adsorbent dosage of 0.4mg/L was added to
200mL of CR solution at different initial concentrations (250mg/L, 500mg/L,
1000mg/L and 2000mg/L). The mixture was put under stirring speed of 200rpm at room
temperature. After each period of time a sample was taken until the equilibrium is
installed.

Finally, the isotherm experiments were manipulated at room temperature T=23+1°C.
Dye solutions of different concentrations were prepared: SOmg/L- 5000mg/L, a volume
of 50mL was taken from each solution. The mixtures were put under a medium speed.
After the equilibrium time is reached the suspensions were collected and analysed to
determine the dye concentration after the adsorption.

The concentration of the suspensions after adsorption were centrifugated to separate
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the solid from the liquid. The liquid phase of the samples was analysed using UV
spectrometer (UV-1601Shi-madzu, Japan) at Amax = 497nm to find the final
concentration of the dye in the solution. The capacity of adsorption and the removal

efficiency were, then, calculated using the following forms respectively:

Q. (%) = ttyy (Eq. A-1)

m

n(%) = ===x100 (Eq. A-2)
0

Where Q¢ Capacity of adsorption (mg/g), Co: Initial concentration (mg/L), C; final
concentration (mg/L), V: the volume of the dye solution (L), m: the mass of adsorbent

(m), n: removal efficiency (%).

A.3 Results and discussions

A.3.1 Characterization of the materials

The XRD analysis was performed in order to identify the nature of the product, the
crystal phases present in the material and to define which type of zeolite if the zeolite
was successfully synthesised. The XRD patterns of the starting CFA and the obtained
powder were presented in Figure A-2. The main crystalline phases that formed the raw
CFA are Quartz Q, mullite M, Hematite H and cristobalite C. Their corresponding peaks
are presented in Figure A-2. at specific angles. The main peaks of the phases M, Q, C
and H forming the CFA appear at 20=9.4°, 26.77°,29.54° and 33.48° respectively. The
XRD pattern of the final product obtained after CFA conversion confirms that the CFA
was successfully converted into zeolite. The comparison of the main peaks of the
obtained zeolite (Figure A-2) with JCPDS data base of zeolites revealed that the main
characteristic peaks appeared for the obtained zeolite matched well to a zeolite of type

P. The characteristic peaks of CFA-ZP were, respectively, observed at 26= 12.68°,
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17.78°,21.86°, 28.26°, 31.08° and 33.56°.

Figure A-3 shows the SEM images of the CFA and the synthesized CFA-ZP. The
SEM picture of CFA (Figure A-3a) shows a spherical morphology where the CFA
particles are spherically shaped with smooth surfaces. Figure A-3b shows noisy
surfaces instead of the smooth surfaces confirming the conversion of the CFA and the
formation of new particles. It could be seen that the particles formed are basically plates

homogeneously distributed on the surface.
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Figure A-2: The XRD patterns of CFA and P: CFA-ZP (Q: Quartz,
M: mullite, H: Hematite, C: cristobalite, P: CFA-ZP)

Figure A-1: SEM images of (a) Raw CFA (b) CFA-ZP
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A.3.2 Adsorption results

A.3.2.1 The effect of the pH solution on dye adsorption

The capacity of dye adsorption on the different adsorbents is extremely dependent
on the pH, as the adsorption has direct relation with the surface charge and the
molecules ionization. The influence of the pH solution on the CR adsorption has been
investigated. The results are displayed in Figure A-5. From Figure A-5 it could be
observed that the CR removal by CFA-ZP is highly affected by the pH of the medium,
where we can see a sharp drop in the capacity of adsorption when pH changes from
acid to basic value. The best removal efficiency is obtained for pH value in the range
3-5. The more the solution is acidic the better removal is reached. For pH values, higher
than 5, the adsorption capacity is less than 10%.

The explanation of this behavior can be done by referring to Figure A-6. Figure A-6
that exhibits the results of the zeta potential analysis shows that the point of zero charge
(where the surface is of nil charge) is pH..= 5.37. The positive values of zeta potential
at pH < pHzc imply that the surface of the adsorbent carried a positive charge in this

region due to the surface protonation. For pH values above the point of

2500 -
2000 |- -

1500 |-

Qe (mg/g)

Figure A-3: pH effect on CR adsorption onto CFA-ZP
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zero charge pH > pHzc the surface gained a negative charge due to its deprotonation.
This electrostatics attraction phenomenon explains the adsorption of negatively charged
dyes on a positively charged surface at pH values lower than Pzc of the zeolite which

corresponds here to a value of 5,37. the pH chosen in this study was pH=4.

A.3.2.2 The effect of the adsorbent dosage

The adsorbent mass put in contact with the dye solution has a strong effect on the
capacity of adsorption and the removal efficiency. The availability of a larger
contacting surface allows to fix more dye molecules and then remove more dye from
the liquid phase giving higher removal percentage. However, the capacity of adsorption
decreases with the increase of the adsorbent mass due to the fact that it is calculated per
unit of mass. The results of this study were presented in Figure A-6. It could be observed
that a small dosage of 0.4g/L was very efficient to remove more than 99% of dye with
a starting concentration of 1000 mg/L. less dosages are susceptible to remove more than

80% of the dye. For the adsorption experiments, the dosage of 0.4g/L. was considered.
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Figure A-4: The Adsorbent dosage effect on the adsorption of CR

A.3.2.3 The effect of the Initial concentration and the contact time

Figure A-5 shows the effect of the contact time and the initial concentration of the
dye solution on the capacity of adsorption of CR on CFA-ZP. It could be seen that a
larger contact time allows to adsorb more dye from the aqueous solution. The
adsorption process is relatively fast where it could be observed that the equilibrium was
reached in less than 30 minutes for all the concentrations. For the lowest concentrations,
6 minutes were enough to reach the maximum of adsorption with a removal efficiency
of 99%. For the higher concentrations, the adsorption process would take more time to
reach the equilibrium since the adsorption area is more occupied in the presence of extra

dye molecules.
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A.3.2.4 The effect of temperature

The study of the temperature effect on the adsorption process allows to know if the

adsorption is endothermic or exothermic. The results of this study are shown in Figure

A- 7. The Figure A- 7 indicates that the adsorption of CR on CFA-ZP is slightly

negatively affected by the temperature. When increasing temperatures, the capacity of

adsorption of the dye on CFA-ZP is slightly decreasing.
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Figure A- 7: The effect of the temperature on the
adsorption of CR on CFA-ZP

To determine the maximum of adsorption capacity of CR onto CFA-ZP, the
isotherm of adsorption was performed at room temperature (T=23°C). The results are
displayed in Figure A-9. It could be observed that the capacity of adsorption of CR on
CFA-ZP increases with the concentration until it stabilizes at an extremely high value

estimated by more than 7500g/g.

A.3.3 Kinetic and equilibrium Modeling

To better understand the mechanism of the adsorption of CR on CFA-ZP, the
modeling of the kinetics and isotherms data points were performed. Different models
were tested to find the best one to fit the experimental data (pseudo first order, pseudo
second order, Elovich...). The correlation coefficient of each model and their
corresponding parameters were calculated and presented in Table A-1. The best model
found to fit the kinetics was the pseudo second order (Table A-1) with R>» > 0.98 and a
good linear regression Figure A-10. As a consequence, the adsorption of CR on CFA-

ZP is a chemisorption process.
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Table A-1: Pseudo second order fitting results to kinetics data

. _ t 1 1
Pseudo 2" order: P + o t
Co 250 500 1000 2000
k>(g/mg.min) 292103 2.5110* 5.5310% 2.5510°
Q. (mg/g) 645.16 1467.35 3279.66 6633.06
R? 1 1 0.99 0.99

The non-linear regressions of the isotherm data obtained using MATLAB are

represented in Figure A-6. It could be seen that the Langmuir and Sips models represent

the highest correlation coefficients R>> 0.978 ( Table A-2) and the closest capacity of

adsorption from the experimental data. This can be explained by a favorable monolayer

adsorption.

Table A-2: The parameters of the Langmuir and Sips model of the isotherm
modeling of CR adsorption on CFA-ZP

.. & — K1Ce e & — M
Laugmuir: 0.~ T+K.C Sips: O 14(KsC™
. 3
Qu(mg/g): 7.94 10° QIm{ -7698 1150
K. (L/mg) :0.0309 207912
R% 0.973 R
: 0. R?:0.978




183

The effect of the temperature has been explored to determine the thermodynamic
parameters Gibbs free energy change (AG’), enthalpy (AH") and entropy(AS"), of the
CR adsorption on CFA-ZP. the results are reported Table A-3. the negative value of the
AH’ and AG’ indicate that the CR is isothermally and spontaneously adsorbed on CFA-
ZP, while the positive AS" suggests a rising randomness at the adsorption interface

level.

Table A-3: Thermodynamic parameters of the adsorption of CR on CFA-ZP

AH® (KJ.mol™) AS’ (J.K-'mol)
-56.82 97.00

AG” (kJ.mol ™)

10°C 20°C 30°C 40°C
-13.40 -14.08 -14.76 -15.43

A.4 Conclusion

In conclusion, this study demonstrated that the wasted coal fly ash collected from
the power plants can be used to synthesis new materials that have great applications.
The Coal fly ash has been successfully converted CFA-ZP by means of a developed
method. The acid treatment of the CFA allows to obtain a well crystalline structure as
confirmed by XRD analysis. The results of this research showed that the CFA-ZP is an
efficient absorbent for anionic dyes. The capacity of adsorption of CR is remarkably
high and it exceeded 7000mg/g, to our knowledge, it was the highest capacity of
adsorption reported for CR removal. The pH of the solution was found to strongly affect
the capacity of adsorption. The possessing temperature affected slightly the adsorption
mechanism. The Pseudo second order model fits well the kinetics data. The Laugmuir

and sips equations were the best models to describe the equilibrium adsorption of CR
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on CFA-ZP. the thermodynamic study showed that the adsorption of CR on CFA-ZP
is an isothermal spontaneous process. BET, TGA and more characterization analysis

are under current investigations.
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