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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF SOLAR PYROLYZED
RICE HUSK ASH AS A CATALYST SUPPORT

Cosgun, Oguzhan
Master of Science, Chemical Engineering
Supervisor : Prof. Dr. Deniz Uner

December 2024, 109 pages

Rice husk ash was produced and characterized by solar pyrolysis method in this
study, and its utilization as a catalyst support was investigated. Results were
compared with industrially produced flame pyrolyzed rice husk ash samples to
observe the effect of solar pyrolysis. For that purpose, solar pyrolysis of rice husk
was conducted and several samples with varying carbon contents were produced.
Flame and solar pyrolyzed samples were thoroughly characterized. Stability of the
samples were investigated by thermal gravimetric analysis and temperature
programmed reduction. Morphology was studied with scanning electron microscopy
and Brunauer-Emmett-Teller analysis. Surface characterization was performed by
electron spin resonance spectroscopy, nuclear magnetic resonance spectroscopy,
Fourier transform infrared spectroscopy, Raman spectroscopy, and X-ray diffraction
crystallography. Adsorption isotherms were measured with acidic carbon dioxide
and basic ammonia gases. Catalyst was prepared by incipient wetness impregnation
method, and used in temperature programmed reduction analysis in the presence of
hydrogen. Results indicate solar pyrolysis to be an effective method to produce rice
husk ash with high stability and hierarchical porosity where carbon content, porosity,

and free electron density can be engineered by manipulating the exposure time to



concentrated solar energy. Temperature programmed studies show rice husk ash to

be a stable support for palladium catalysts in the presence of hydrogen.

Keywords: Rice Husk Ash, Catalyst Support, Characterization, Spectroscopy,
Carbon
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GUNES ENERJISIi iLE PiROLiZ EDIiLMiS CELTIK KABUGU KULUNUN
KATALIZOR DESTEGI OLARAK SENTEZi VE KARAKTERIZASYONU

Cosgun, Oguzhan
Yuksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Prof. Dr. Deniz Uner

Aralik 2024, 109 sayfa

Bu c¢alismada, solar piroliz yontemi ile iiretilmis celtik kabugu kiilii karakterize
edilmis ve katalizor destegi olarak kullanimi incelendi. Sonuglar, glines pirolizinin
etkisini gozlemlemek icin endistriyel olarak, alevle piroliz edilmis geltik kabugu
kili numuneleri ile karsilastirildi. Bu amagla, celtik kabugunun yogunlastiriimis
glines enerjisi ile pirolizi yapild1 ve farkli karbon igeriklerine sahip celtik kabugu
kiilii numuneleri tiretildi. Alev ve giines pirolizi yontemleri ile {iretilmis numuneler
kapsamli bir sekilde karakterize edildi. Numunelerin kararliligi termal gravimetrik
analiz ve sicaklik programli indirgeme ile; morfoloji, taramali elektron mikroskobu
ve Brunauer-Emmett-Teller analizi ile incelendi. Ylizey karakterizasyonu, elektron
spin rezonans spektroskopisi, nukleer manyetik rezonans spektroskopisi, Fourier
doniistimlii kizilotesi spektroskopisi, Raman spektroskopisi ve X-igin1 kirmnim
kristalografisi gibi yontemlerle gergeklestirildi. Adsorpsiyon izotermleri asidik
karbondioksit ve bazik amonyak gazlar ile 6l¢iildii. Katalizor, 1slaklik baslangici
emdirme yontemi ile hazirlanmistir ve hidrojen varhiginda sicaklik programli
indirgeme analizlerinde kullanildi. Sonuglar, giines pirolizinin, konsantre giines
enerjisine maruz kalma suresinin manipule edilmesiyle karbon igerigi, gozeneklilik

ve serbest elektron yogunlugunun tasarlanabildigi yiiksek kararlilik ve hiyerarsik

vii



gozeneklilige sahip celtik kabugu kiili iiretmek i¢in etkili bir yontem oldugunu
gostermektedir. Sicaklik programli indirgeme deneyleri, ¢eltik kabugu kiiliiniin,
hidrojen varliginda paladyum katalizorleri igin stabil bir destek oldugunu
desteklemektedir.

Anahtar Kelimeler: Celtik Kabugu Kiilii, Katalizér Destegi, Karakterizasyon,
Spektroskopi, Karbon
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CHAPTER 1

INTRODUCTION

1.1 Carbon

Carbon is the fourth most abundant element in the universe and the building block
of all organic matter on earth [1,2]. Due to the flexibility in bonding configurations
of carbon molecules, it can exist in many different forms each of which have unique
properties of their own. Some well-known allotropes of carbon are shown in Figure
1-1.

C60
buckminsterfullerene

Lonsdaleite

SO
R
L Yok s
RS

single-walled

C540, Fullerite c70 Amorphous carbon carbon nanotube

Figure 1-1: Allotropes of carbon [3]

Due to its abundance, electrical conductivity, strength, chemical bonding flexibility,
and stability; carbon is a valuable material for a wide variety of applications.
Additionally, the ability to engineer porosity of carbon enhances the diversity of

possible applications.



Classification of pores in a material are defined by pore size. International Union of
Pure and Applied Chemistry (IUPAC) distinguishes pores as macropores,
mesopores, and micropores as summarized in Table 1-1. Pores of different classes

can exist in a material.

Table 1-1: IUPAC pore classification [4]

IUPAC Pore Class Pore size (nm)
Micropores <2
Mesopores 2-50
Macropores > 50

Carbon and carbonaceous materials have emerged as not only valuable catalyst
supports but also active catalysts themselves. Unique physical and chemical
properties of carbonaceous materials makes them highly versatile for numerous
applications. The wide variety of carbon-based materials offers an attractive
opportunity for improving reaction kinetics and selectivity, ultimately contributing
to greener and more efficient chemical processes. Forms of carbon suitable for
catalytic utilizations include but are not limited to graphene, carbon nanotubes
(CNTSs), and activated carbon.

Activated carbon, a porous medium formed by carbon atoms, can be produced from
fossil fuel-based (coal, petroleum, lignite, etc.) and biomass-based (nut husks, wood,
livestock waste, etc.) resources [5-7]. The term “activated™ refers to the process
during which properties of the carbon-rich material are engineered to form an
effective adsorbent. The activation process can be done thermally or chemically. In
thermal activation process, first a char is produced by pyrolysis of carbon-rich
material. The char is then exposed to an oxidizing atmosphere such as carbon dioxide
or steam at high (800-1000 °C) temperatures [8-10]. Chemical activation requires

impregnation of the carbon-rich material with oxidizing chemicals like phosphoric



acid and potassium hydroxide and heating at 400-800 °C [8,11]. At the end of the
activation process, new pores and vessels are formed on the carbon due to the
removal of some individual carbon atoms, which creates a more porous structure
[10,12]. Activated carbons stand out for their vast surface area thanks to their
exceptionally porous structure. Combined with their other valuable qualities like
stability, low cost, and ease of production it makes activated carbons one of the most
frequently used supports for heterogeneous catalysis [5,6]. They expedite the
adsorption-desorption processes in catalytic reactions by serving as effective
adsorbents for reactants and by-products [13,14].

Graphene is a two-dimensional, single-atom-thick layer of carbons [15,16]. It has
exceptional properties that have attracted the attention of scientists since its isolation
from graphite in 2004 [17]. It has superior conductivity, strength, and electron
mobility [18,19]. There are several methods to synthesize graphene. The original
method is the mechanical cleavage method, where graphene is isolated by peeling
layers of graphite with an adhesive tape. This method produces high-quality
graphene; however, it is only feasible for small-scale synthesis [17,20].
Electrochemical exfoliation is another method to synthesize graphene by graphite.
In this method, graphite is placed in an electrochemical cell filled with electrolytes.
Constant current in the cell followed by centrifuge and washing forms stable
graphene [18,21]. Graphene can also be synthesized from non-graphitic sources.
Chemical vapor deposition (CVD) is an example of such. The CVD method operates
by decomposing a precursor, commonly gaseous methane, and their diffusion on a
catalyst surface where adsorbed species undergo a catalytic reaction to form
graphene layers. Non-carbon species present in the precursor gas, like hydrogen,
later desorbs from the surface [22-24]. Graphene applications include composite
materials [25,26], and supercapacitors [27,28]. Also, the high surface area of
graphene, as well as the increased electron mobility and chemical stability, make it
an ideal material for catalysis applications. The higher number of active sites on the
graphene surface due to its two-dimensional structure promotes faster reactions
[29,30].



graphene | MWCNT

Figure 1-2: Graphene and carbon nanotubes (A) single-walled carbon nanotube (B)
multi-walled carbon nanotube [31]

Carbon nanotubes are nano-scale cylindrical structures of carbon atoms arranged in
hexagonal lattices. They are basically graphene sheets rolled up in a hollow
cylindrical shape in single wall (SWCNT) or multi wall (MWCNT) configurations
as illustrated in Figure 1-2 [32-34]. CNTs have a wide range of remarkable
properties, including excellent electrical and thermal conductivity, mechanical
strength, and stability [35,36]. Various pathways can be followed for the synthesis
of CNTs. The three main methods are chemical vapor deposition (CVD), arc
discharge, and laser ablation. The most common CVD method requires the
transmission of a hydrocarbon vapor through a tubular reactor containing a transition
metal catalyst at elevated temperatures. In time, carbon is decomposed on the catalyst
and CNTs are formed. This method makes it possible to produce CNTSs at low cost
and large scales [35,37]. The arc discharge method uses graphite electrodes under an
inert atmosphere to form an arc. With electric current under high temperatures, a
plasma is formed, which helps deposition of carbon on the electrodes, forming CNTs
[35,38,39]. The laser ablation method aims to vaporize atoms of a solid carbon target
by the high energy supplied by a laser light in the presence of a catalyst under an
inert atmosphere. As the forming vapor cools down, carbon atoms condense and

form CNTSs [39]. CNTSs have a wide range of applications in various fields, such as



biomedicine [32], batteries [40,41], and purification technologies [42]. In catalysis,
the tubular structure of CNTs provides a confined environment for the catalytic
reactions. This confined environment promotes mass transport and enables efficient
reactant diffusion, leading to higher selectivity [43-45].

Despite the promising properties of materials like activated carbon, carbon
nanotubes, and graphene, they entail intricate and energy consuming production
processes. They sometimes require chemicals and high temperatures, ultimately
contributing to carbon emission. Therefore, using inherently energy efficient and
environment friendly materials is more advantageous in terms of both cost and

environmental impact.

1.1.1 Biomass and Biochar

Biomass, the organic materials sourced from living organisms, has been utilized by
humankind for hundreds of thousands of years. Before the discovery of fossil fuels
or modern energy sources such as wind or solar radiation, society relied on wood,
manure, crop residues, and peat for the energy requirement [46]. Figure 1-3 shows
the significant increase in fossil fuel consumption as an energy source since the 19"
century. Although they have high calorific values, fossil fuels are the prevalent cause
of greenhouse gas emissions [47-49]. Additionally, they are scarce resources and
dependence on them is not sustainable in the long term. These drawbacks paved the
way for a shift to traditional energy sources, particularly, biomass.
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Figure 1-3: Global primary energy source [50]

Biochar is the product obtained when biomass goes through thermal decomposition
at elevated temperatures under finite oxygen containing atmosphere. Along with
biomass, biochar has been used by humankind for a long time. High fertility of terra
preta soil of Amazon basin is attributed to the high biochar content in the region,
dating back to 5" century, BC [51,52]. There are also reports of biochar usage for
body preservation in tombs in Ancient China [53]. Furthermore, biochar is known to

be an effective and cheap adsorbent for various applications [54,55]

Traditionally, wood based biomass was the main source for biochar [56]. In time,
increasing demand for alternative sources and waste management requirement
shifted the interest to agricultural resdiues, manure, and food waste. The limited
amount of oxygen during pyrolysis ensure the fixation of carbon in solid form within
the char. This makes biochar a sustainable carbonaceous material. Besides, this
process provides a sustainable mechanism for waste management by transforming

waste and residues to value added products.



1.1.2 Rice Husk and Rice Husk Ash

When the Oryza sativa plant is harvested, it yields grains known as rough rice or rice
paddy. A rice paddy consists of a non-bounding, stiff outer layer, which is commonly
referred to as rice husk or rice hull. When rice husk is separated, remaining grain is
known as brown rice, which contains a brownish middle layer called the rice bran,
and the centre piece, rice. Rice and rice bran can further be separated by milling [57-

59]. Figure 1-4 shows the separate parts of the plant Oryza sativa.

Rice husk forms 20-25% of the rice paddy by weight [60-62]. In 2023, total rice
production throughout the World surpassed 500 million tonnes [63]. This equates to
by-production of more than 100 million tonnes of rice husk, which might have severe
effects on the environment unless proper utilization is ensured. In underdeveloped
regions, rice husk is most commonly disposed to rivers and farmlands. Accumulation
of waste rice husk is a serious threat to soil and water quality. Low nutritional value
and difficulty in digestion by animals eliminates its utilization as livestock food and
non-controlled decomposition in the nature [64—66]. Rice husk is mainly comprised
of cellulose and lignin, and the rest is organic matters and mineral ash [67]. When
rice husk goes through pyrolysis, during which it loses roughly 80% of its weight,

the resulting product is referred to as rice husk ash, as shown in Figure 1-5.



Figure 1-4: Rice paddy and its parts. (A) Rice paddy, (B) Brown rice, (C) Rice, (D)
Rice husk, (E) Rice bran [57]



Figure 1-5: Rice husk ash

Rice husk ash has a very high silica content that is generally above 90%. Rest is the
residual carbon structure and trace alkali elements [64,67-69]. RHA is a highly
porous material with a high specific surface area, low bulk density and a rigid
structure [64]. These properties make rice husk ash a highly sought after material in
several industries, serving a wide range of purposes. Proper utilization of rice husk
and its ash have been studied extensively worldwide. Some promising applications
of rice husk and its ash include but are not limited to industrial fuel [70-72], a silica
source for ceramics [73,74], zeolites [75-79], and glassware [80,81], and as a
concrete filler [82-84].

1.2 Rice Husk Ash as an Adsorbent, and Catalyst Support

In the literature, several studies reported rice husk ash to show great performance as
an adsorbent [85-89] and a catalyst support [90-93]. Various aspects of rice husk
ash contributes to that success. Stability and content of rice husk ash lays the
foundation for its potential usage as an adsorbent, but, in addition to those, structural

properties of rice husk ash also stand out amongst a plethora of biochars.



Hierarchical porosity is a structure that consists of pores of different sizes
interconnected within the material in a branched configuration. It provides an easier
mass transfer, higher strength, and an immensely enhanced surface area [94-96].
Inevitably, such properties are quite attractive for catalytic applications. Hitherto,
many methods are developed for synthesis of hierarchically porous materials.
Surfactant templating, sol-gel controlling, and supercritical fluid processing are only
a few examples of those [95]. The most significant drawback of hierarchically porous
material synthesis methods lies in their substantial demand for resources and energy.
Evolution always favors the most efficient and adaptable. Consequently, a structure
as sophisticated as hierarchical porosity is often found in natural systems. For

instance, vascular systems, leaves, and respiratory system [94-97].

In the scope of this work, rice husk ash, a natural, hierarchically porous material was
studied. Flame and solar pyrolyzed rice husk ash samples were thoroughly
characterized and their performance as adsorbent for gas and liquid phase, and as a
support material for palladium catalysts were investigated.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

211 Rice Husk

Rice husk was obtained from Silo Gida Piring Tarim Sanayi of Edirne, Tiirkiye.

2.1.2 Rice Husk Ash

Rice husk ash was produced by flame, and solar pyrolysis methods. No further

treatment was applied on rice husk ash samples unless otherwise stated.

2.1.3 Rice Husk Ash Supported Palladium Catalyst

0.5% Pd/RHA samples were prepared by Melis Yarar of Uner Research Group.
Incipient wetness method was used for preparation using Pd(NO3)2 solution [98].

214 Reactive Black 5 (RB5)

Reactive black 5 used for liquid phase adsorption experiments was a DyStar Remazol
Black B 133% dye.

2.2 Pyrolysis Methods

Solar pyrolysis was applied in our laboratory. Flame pyrolysis was applied by Silo

Gida Piring Tarim Sanayi by a method that was kept confidential.
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2.2.1 Solar Pyrolysis

Rice husk samples were encased in aluminum foil, and placed in the focus point of
the homemade concave mirror system shown in Figure 2-1. Samples were exposed
to concentrated solar energy for a duration of 2-20 minutes. In the end, aluminum

foils were carefully removed and rice husk ash samples were collected.

Figure 2-1: Homemade concave mirror system used for solar pyrolysis method.

2.2.2 Flame Pyrolysis

Flame pyrolysis was made by Silo Gida Pirin¢g Tarim Sanayi in a temperature level
of roughly 1000°C. 5 different batches of flame pyrolyzed rice husk ash was
obtained. These sample will be referred to as flame pyrolyzed rice husk ash or FP-
RHA from this point onwards. Different batches of samples were indicated by
different letters (e.g., FP-RHA-A).

12



2.3 Characterization Methods

X-Ray diffraction (XRD) crystallography, scanning electron microscopy (SEM),
Brunauer-Emmett-Teller (BET) surface analysis, nuclear magnetic resonance
(NMR) spectroscopy, electron spin resonance (ESR) spectroscopy, temperature
programmed reduction (TPR), Raman spectroscopy, thermal gravimetric analysis
(TGA), Fourier-transform infrared (FTIR) spectroscopy, adsorption calorimetry, and
ultraviolet visible (UV-Vis) spectroscopy techniques were used for qualitative and
quantitative analysis of the materials.

231 X-Ray Diffraction (XRD) Crystallography

X-ray diffraction crystallography is a non-destructive technique that is used for
structural analysis of predominantly crystalline or semi-crystalline materials. It can
be used to determine crystalline or atom structure, phase purity, and composition of
a material. A crystal is a three-dimensional object whose atoms are in a highly
ordered structure in all directions [99]. When a crystalline particle is exposed to X-
ray beams, atoms of the particle cause scattering of X-rays in various directions at
angle 6, known as the diffraction angle. Scattered beams inevitably interfere in either
destructive or constructive manner as in Figure 2-2. If the latter occurs, they form a

new beam, which has a higher amplitude at the particular diffraction angle [99,100].
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Figure 2-2: Constructive (left) and destructive (right) interference of X-ray beams
[101]

Bragg’s law in 2-1 relates the specific diffraction angle at which constructive
interfernce occurs to the planar distance between the atomic planes, where A is the
wavelength of the X-ray beam, 8 is the diffraction angle, d is the planar distance,
and n is the order of reflection.

sing = % 2-1

Results of X-ray diffraction analysis are reported as an XRD pattern where intensity
of a signal is plotted against 26. A typical XRD pattern is given in Figure 2-3.
Scherrer equation in 2-2 relates crystal size to the broadening of a peak in XRD
pattern. Here, 7 is the average crystallite size in nm, K is dimensionless shape factor
(K=0.9), A4 is x-ray wavelength (0.154 nm), £ is full width at half of maximum
intensity in radians, and @ is Bragg angle in radians [102,103]

KA

T= Lcosb 2-2
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Figure 2-3: XRD pattern of sodium chloride [104]

20-minute solar pyrolyzed rice husk ash was subjected to powder X-Ray Diffraction
(XRD) analysis with a Rigaku Ultima-I1V X-ray diffractometer with a scan speed of

5°/min between 5-90°.

2.3.2 Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis is used to obtain data on thermal stability and reaction
kinetics of a material under controlled atmospheric conditions by measuring the
changes in its mass during heating, cooling or keeping at a constant temperature of
selection [105]. Mass change can be observed in occurrence of vaporization,
sublimation, adsorption, absorption, or chemical reactions such as oxidation or

reduction, depending on the material, temperature, and atmosphere. Thermal
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gravimetric analysis help identifying the events occuring at certain temperatures as

well as quantitative analysis by changes in the mass [106].

Results of the analysis are reported in the form of thermogravimetry curve. It simply
represents the change in the mass as a function of temperature or time. A typical

thermogravimetry curve is shown in Figure 2-4.

Weight (%)

Temperature (degree celcius)

Figure 2-4: Typical thermogravimetry curve [105]

Thermal gravimetric analysis is crucial to investigate thermal stability of a material

since it directly reports if a material can withtand high temperatures.

Thermal gravimetric properties were investigated with a Shimadzu DTG - 60H
Thermogravimetric Analyzer equipment where sample was heated from room

temperature to 800°C with a heating rate of 10 °C/min under constant air flow.

2.3.3 Brunauer-Emmett-Teller (BET) Surface Analysis

BET surface analysis method uses the BET theory, developed by Stephen Brunauer,
Paul Hugh Emmett, and Edward Teller in 1938 [107]. It is an extensive study based

on Langmuir adsorption model describing monolayer adsorption on a solid surface.
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Langmuir’s model have some fundamental assumptions such as adsorption only
occurs as a single layer, all sites present on the solid surface are identical and each
can hold only one adsorbate molecule, and the adsorbate molecules do not interact
with each other [108].

BET theory extends Langmuir Theory by acknowledging the multilayer adsorption
of molecules as illustrated in Figure 2-5. BET method defines adsorbate amount as
a function of relative pressure within the system. 2-3 is used for the analysis where

v is the adsorbate amount at pressure p, v, is the volume of adsorbate at complete

Eq1-E .
monolayer coverage, and c is the constant equal to e rRT  where E; — E; is the

difference between heat of adsorption of the first layer and the heat of liquefaction,

or heat of adsorption of the second and latter layers [107].

1 c—-1
P_=- — 4+ L 2-3
v(Po—D) YmC  VmC Do

Plot of —2— against £ gives a straight line in a & range of 0.05 and 0.35 with the
v(Po—p) Po Po

. 1 -1 . .
intercept — and slope E—C which eases the calculation of v,, and c.
m m

Adsorptive () — - ¢« Adsorbate

Adsorbent
Surface

Monolayer Adsorption Multilayer Adsorption

Figure 2-5: Monolayer and multilayer adsorption

Nitrogen at 77 K is the most commonly used adsorptive for the BET method. At this
temperature, it has a cross-sectional area of 0.162 nm?. This value is accepted as the
average area occupied by each nitrogen molecule that sums up to a volume of v,,.

Then, multiplication of the average area by the number of molecules adsorbed at a
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complete mnolayer coverage gives the surface area of the adsorbent. Method is

illustrated in Figure 2-6
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Figure 2-6: BET Method by nitrogen adsorption

Porous properties were measured by Brunauer-Emmett-Teller (BET) method at 77.3
K by nitrogen adsorption using the surface area and porosity system Micrometrics

TriStar 11 3020 after degassing the sample at 200°C for 6 hours.

2.3.4 Scanning Electron Microscopy (SEM)

The traditional optical microscopy uses visible light to observe a sample, much like
a magnifying glass. A scanning electron microscope, on the other hand, differs from
basic optical microscopy by its dependence on highly focused electron beams under
vacuum conditions to scan the surface of the specimen [109]. If the sample has poor
electrical conductivity, a thin metallic film coating is applied to create a conductive

layer of the surface. The image is created by the information carried by the electrons
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back-scattered from the sample surface. This method provides high-resolution
images of the samples that makes it possible to have a detailed morphology and
sizing analysis of the sample [110].

Morphological properties were investigated with a TESCAN-VEGA 3 Scanning
Electron Microscope after the sample surface was coated with gold and palladium or

copper by sputtering.

2.35 Raman Spectroscopy

Raman spectroscopy is a strong tool to obtain information on molecular and
structural composition of materials. It is a non-destructive tool used for the
characterization of crystalline, nanocrystalline, amorphous carbons, and many other
materials [111]. Raman spectroscopy requires a light source (such as a laser), a
spectrometer and a detector. When a sample is illuminated with laser, majority of the
photons are scattered without energy exchange, known as Rayleigh scattering.
However, a small fraction of photons interacts with molecular vibrations, resulting
in a shift in their energy, resulting in ““Raman scattering”. This shift is a
characteristic property, unigue to each molecule, and can be used for identification
and analysis of the given material [112,113]. Raman spectroscopy is both qualitative
and quantitative. Qualitative analysis can be performed due to the characteristic
“Raman shift” of different molecules and structures. Quantitative analysis can also
be performed since intensity of the Raman scattering is directly proportional to

number of molecules [114].

Raman spectroscopy is a widely used characterization method in catalysis since it is
suitable for in-situ studies, i.e., analysis can be performed under reaction conditions.
Also, common supports such as silica or alumina are weak Raman scatterers and
hence, does not interfere with the results [111]. Raman spectroscopy is particularly
sensitive to carbon-carbon bond vibrations. Therefore, it is indispensable for

characterization of carbonaceous materials. An important feature of Raman
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spectroscopy is that it can differentiate G and D bands of carbon, which have

distinctive vibrational frequencies [115].

G-band is observed in graphitic carbon structures where carbon atoms move in
graphene plane, known as the Exg mode of vibration. It appears on a vibrational
frequency level of around 1600 cm™. D-band is associated with the disorder, defects,
and edges in carbon structure. These types of carbon have non-planar vibration
modes known as Aig mode of vibration and observed at around 1350 cm frequency

level. E2g and Alg modes of vibration are illustrated in Figure 2-7.
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Figure 2-7: Exg (Planar) and Aig (non-planar) modes of vibration [112]

Degree of disorder which is proportional to the amount of D-band carbon within the
sample is defined as the intensity ratio of D-band to G-band [116-118]. Degree of
disorder have significant impact in catalysis since it is directly related to number of
active sites in a catalytic material. Controlling the degree of disorder can create
catalysts with higher number of active sites to increase activity.

Raman spectra of the samples were recorded on a Renishaw In Via Raman
Microscope with a 532 nm laser by the Central Laboratory of Middle East Technical
University. Spectral deconvolution was applied by OriginLab software where D and

G bands were quantitatively analyzed for their integrated intensities. A sample
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deconvoluted Raman spectrum can be seen in Figure 2-8. Here, the area under the D
and G bands are calculated by the software. Degree of disorder can be found by the
ratio of the former to the latter. Procedure for peak fitting was described in Appendix
A

Data Set:[Book1]SpectralJ Date:22/02/2024

BaseLine:Line
Chi*2=7.34336E+04
S8=6.40341E+07

Adj. R-Square=9.90207E-01 # of Data Points=882

Degrees of Freedom=872

1.0x10*

5.0x10% 4 :

Subtracted Data

1 I I T
500 1000 1500 2000

Baseline X
Fitting Results
Peak Index Peak Type Area Intg FWHM Max Height Center Grvty Area IntgP
1 Gaussian 2078218.05128 270.52169 7217.00182 1357.55888 70.24149
2 Gaussian 800488.26964 100.08396 7513.77664 1591.75431 27.05563
3 Gaussian 79960.49248 116.78139 643.30729 1124.047 2.70288

Figure 2-8: Deconvoluted Raman spectrum for SP-RHA-01

2.3.6 Electron Spin Resonance (ESR) Spectroscopy

Electron spin resonance (ESR) spectroscopy, also called electron paramagnetic
resonance (EPR) spectroscopy, is used to study materials containing unpaired
electrons. If an external magnetic field applies to a material, paramagnetic centers
experience “Zeeman Splitting” due to splitting of the spectral lines as illustrated in

Figure 2-9. Energy level is explained by 2-4 where u is Bohr Magneton in J/T, B is
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magnetic field strength in T, msis spin quantum number, and g is the dimensionless

g-factor specific to different paramagnetic species.

e

m

mg=+1/2
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my=-1/2

Figure 2-9: Zeeman Splitting [119]
E,, = gugBmg, mg = £1/2 2-4

In ESR spectroscopy, paramagnetic centres in the materials containing unpaired
electrons are exposed to an external magnetic field of changing strength. When
strength of the magnetic field matches to the frequency of unpaired electrons,
resonance occurs, and a signal is produced due to absorption of microwave
irradiation [119]. This signal is known as the absorption spectrum as shown in Figure
2-10. The ESR spectrum is generally reported as the first derivative of the absorption
spectrum as shown in Figure 2-11. The g-factor corresponds to the point where

absorption spectrum reaches its peak or ESR spectrum becomes zero.
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Figure 2-10: The absorption spectrum [120]
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Figure 2-11:First derivative of the absorption spectrum, ESR spectrum [120]

Energy difference between two Zeeman levels is given by the equation AE = gugB.
g-factor then can be calculated from 2-5 where h is Planck’s constant and v is
microwave frequency. Under vacuum conditions, a free electron has a g-factor of

2.00232 [121].

AE hv
g=-t =12 2-5
upB  upB

ESR analyses were completed with a benchtop Bruker MicroESR Spectrometer by
placing the samples in 1 mm diameter glass tubes. All spectra were recorded with 25

mW microwave power and 64 scans.
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2.3.7 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is an exemplary, non-destructive characterization method that
utilizes the magnetic properties of the nuclei. Atomic nuclei that has an odd number
of protons behaves in a certain way under magnetic field, which gives information
on the chemical environment of the analyte [122]. Nuclei of all molecules has an
inherent characteristic property called spin, which makes nuclei act in a similar
manner to a magnet, resulting in the change of behaviour and creation of different
energy states when an external magnetic field is applied. Exposure to radiation in
radiofrequency causes transitions between the energy states, similar to that described
in Section 2.3.6, which is detected by NMR spectrometer. The changes are then
transformed into what is called an NMR spectrum. The frequency of energy state
change is specific to the chemical environment of a molecule, which is measured and
reported in units of ppm from TMS, referencing a chemical shift from the reference
compound, tetramethysilane [123].

A Magritek Spinsolve Benchtop 43 MHz NMR spectrometer in Figure 2-12 was
used for the analyses. Experimental procedure was described in Appendix B.

Figure 2-12: Magritek Spinsolve Benchtop 43 MHz NMR Spectrometer
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2.3.8 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy is a widely used method for molecular
composition and structural characterization studies. The principle base of infrared
spectroscopy is that molecules have a characteristic infrared radiation absorption
range. The absorption only occurs when the molecule bears a change in dipole
moment due to its motion, either vibrational or rotational. At the moment where
radiation frequency aligns with the vibrational frequency of the molecule, an energy
transfer occurs and intensity of the molecular vibration or rotation changes [110].

In the electromagnetic spectrum, infrared spectral regions are divided into three
parts. They are tabulated in Table 2-1. Rotational changes require wavelengths of
less than 100 cm™, which lays in the far IR region. They are also very limited in
solids and liquids. The vibrational changes, on the other hand, are observed in all
phases and have a wide wavelength range of 13000 to 675 cm™, that is in the near
and middle IR region. Absorption radiation range of a majority of organic
compounds and inorganic ions are in 4000 — 400 cm™ wavelength range, which
makes it the most commonly used range in infrared spectrometers [124]. Vibrational
motion in molecules are also distinguished by the type of motion. They are divided
into two categories; stretching, which corresponds to a change in bond length, and
bending, which corresponds to a change in bond angle. They are further divided into
subcategories depending on the direction of movement, all of which have
characteristic wavelength ranges in a spectrum [110,125]. Figure 2-13 shows

different vibrational moves in a molecule.

Table 2-1: IR spectral regions [110]

Region Wavelength Range (cm™?)

Near IR 12800 - 4000
Middle IR 4000 - 200

Far IR 200 - 10
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Figure 2-13: Vibrational modes. () stretching, (b) bending [126]

An infrared spectrometer consists of a radiation source, an interferometer, which
converts the radiation to the time domain, a detector, a signal amplifier, an analog to
digital convertor, and a sample compartment. The resulting data is known as an
interferogram, which is in time domain. Fourier transform is applied to the
interferogram to change the domain back to frequency, and form the IR spectrum.
Y-axis of the IR spectrum can be transmittance or absorbance. A sample IR spectrum

for caffeine is given in Figure 2-14.

26



Caffeine

1 = Can ' = A
: \/ Co T
- I \ VO T
i Ij i!||| Il “ ‘
0.8F ‘ i ‘
. ' (
2 i
o ! |
T osf l
2 L
1]
E _
o]
2 04F
E -
g \
0.2 !
PRI SN ER S TR S S T S T | j |||||| T T S
3000 2000 1000

Wavenumber (cm-1)

Figure 2-14: IR spectrum of caffeine [127]

Solid rice husk ash samples were analysed with a Perkin Elmer Spectrum Two

W/UATR infrared spectrometer without any prior treatment.

2.3.9 Adsorption Calorimetry

A Tian-Calvet calorimeter is a device that consists of a well insulated vessel that
is composed of two isolated chambers both of which are surrounded by an array of
thermocouples that makes it possible to directly and accurately measure heat flow
[128,129].

Adsorption and desorption isotherms were measured by Setaram Tian-Calvet
C80 Calorimeter shown in Figure 2-15. A homemade glass manifold was used to
connect the sample cell in the calorimeter with a Pfeiffer turbomolecular vacuum
pump, a Baratron capacitance pressure sensor, and the adsorptive gas source. FP-

RHA-A was used for all gas phase adsorption experiments. Ammonia and carbon
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dioxide adsorption isotherms were measured. Prior to the experiments, system was
evacuated at 100°C until heat flow stabilized. Adsorbate amount is measured by

changes in the pressure and heats of adsorption were measured by the calorimeter.

Figure 2-15: Calvet Setaram C80 Calorimeter

2.3.10 Ultraviolet-Visible (UV-Vis) Spectroscopy

Absorbance spectrum of a solid or aqueous compound in a wavelength range of
ultraviolet and visible region of the electromagnetic spectrum can be measured by
UV-Vis spectroscopy. It uses the phenomena that when a light beam is emitted by a
compound, a certain fraction of it is absorbed while the rest of it is either reflected
or transmitted [110]. The absorption occurs at the wavelength at which the energy of
the light beam matches the excitation energy of the electrons within the analyte. The
excitation wavelength is used to obtain information on the molecular structure of the
compound. Intensity of the absorbance can be directly related to the concentration of
the sample, therefore, quantitative analysis is possible [110,130].
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Theoretical background for the UV-Vis spectroscopy can be explained by the Beer-
Lambert law in 2-6 where A is absorbance, € is the molar absorptivity that is
characteristic to the analyte in units of M-*cm™, ¢ is concentration of the solution in
units of M, d is the path length of the sample holder in units of cm. Absorption is
defined as a function of transmitted instensity as in 2-7 where I, is the incident

intensity and I is the transmitted intensity.
A= eg*xcx*d 2-6 [131]
A= logy (%) 2-7 [131]

During the analysis, absorbance data is collected and reported as a function of
wavelength, referred to as absorption spectrum. A simple illustration of an UV-Vis

spectrometer is shown in Figure 2-16.

Absorplion

Light ‘S ouroe MMonochromator Sampls Detector -
Specirum

Figure 2-16: lllustration of an UV-Vis spectrometer

In the scope of this work, liquid phase adsorption studies of RB5 on RHA were
quantitatively analyzed via UV-Vis spectroscopy. RB5 is a commonly used synthetic
textile dye which has reactive groups that form chemical bond with the fiber during
the dyeing process [132]. Chemical structure of RB5 is given in Figure 2-17.
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Figure 2-17: Chemical Structure of RB5 [133]

For the experiments, RHA was added to RB5 solutions of different concentrations
and decolorization of the solutions were measured by changes in the absorption
intensity, as a result of concentration change. A sample UV-Vis spectrum of RB5 is
given in Figure 2-18. Here, the peak at ~600 nm is a characteristic of RB5 [134-136]

A TG Instruments T80+ UV/Vis Spectrometer was used for the analyses.
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Figure 2-18: UV-Vis absorbance spectrum of RB5 [137]
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2.3.11 Temperature Programmed Reduction (TPR)

Temperature programmed characterization techniques gives a highly accurate
insight into performance of a material under reaction conditions by qualitatively

monitoring the reaction during controlled heating.

0.5% Pd/RHA samples were subjected to temperature programmed reduction
analyses under hydrogen flow. Experiments were performed on a Micromeritics
ChemiSorb 2750 device. Analyte was positioned between two layers of glass wool
in an U-shaped quartz tube reactor to prevent displacement. Before hydrogen flow
was started, sample was exposed to helium until thermal conductivity detector signal
stabilized. Once stable signal was ensured, hydrogen was introduced to the system
at a rate of 25 sccm and heating was started at a rate of 10 K/min up to 1200 K where
temperature was kept constant for 15 minutes. Then, system was cooled down to

room temperature under helium flow. This procedure was repeated for 5 times.
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CHAPTER 3

RESULTS AND DISCUSSION

This chapter presents the results of rice husk ash preparation, characterization, and

its utiliziation as an adsorbent, absorbent, and a support for palladium catalysts.

3.1 Preparation

Rice husk and flame pyrolyzed rice husk ash were obtained from Silo Gida Piring
Tarim Sanayi. Rice husk was processed by solar pyrolysis using concentrated solar

radiation as energy source.

3.1.1 Solar Pyrolysis

Rice husk was exposed to concentrated solar radiation using the homemade mirror
system described in Section 2.2.1. Produced chars were used for characterization

studies without further treatment unless mentioned otherwise.

To obtain a relation between exposure time and properties of the produced rice husk
ash, duration of the pyrolysis was changed in a range 1-40 minutes. Carbon content
of the products were plotted against exposure time in Figure 3-1. There is a clear
polynomial relation between exposure time and carbon content. It is also clear that
after a certain point, pyrolysis duration has minimal effect on carbon content of the
sample. Although concentrated solar energy provides more than enough energy for
pyrolysis at a greater extent, crystallization of the sample due to sudden temperature
increase caused by the sample’s exposure to an onslaught of energy might have been

a barrier for an extended pyrolysis process.
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Figure 3-1: Effect of exposure time to carbon content in solar pyrolysis
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3.2 Characterization
3.2.1 X-Ray Diffraction (XRD) Crystallography
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Figure 3-2 shows the XRD pattern of 20-minutes solar pyrolyzed RHA sample.
Peaks at 26= 21.7° and 35.9° are the characteristic peaks of cristobalite, a type of
silica mineral [138-140]. Broad linewidth of the pattern indicates the amorph
structure of silica. From the Scherrer equation, crystallite size was calculated as 21

Figure 3-2: XRD pattern of SP-RHA-20 and Cristobalite [138]

nm. Details of the calculation are explained in Appendix C.

3.2.2

Upon several thermal gravimetric analyses under air flow; average moisture,

combustib

rice husk ash samples were calculated and given in Table 3-1. TGA profiles of all

Thermal Gravimetric Analysis (TGA)

le material, and ash contents of rice husk, and flame and solar pyrolyzed
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samples are given in Appendix D. Regardless of the production method, moisture
contents are similar for all samples. Combustible material amount is inversely
proportional to pyrolysis duration for the solar pyrolyzed samples. For the flame
pyrolyzed samples, contents are mostly similar except for two samples, FP-RHA-C
and FP-RHA-E, which have significantly lower combustible content. Remaining ash

is considered to be SiO and its derivatives for all samples.

For the combustible material content, flame pyrolyzed samples seem to be non-
homogenous since different TGA profiles were observed for different analyses. This
might be a result of non-homogenous temperature distribution within the pyrolysis
system. In the solar pyrolyzed samples, however, even though samples were
thermally analysed only once, results are in good agreement with each other in terms

of change of combustible content with pyrolysis duration.
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Table 3-1: Thermal gravimetric analysis results

Content
Sample Moisture  Combustibles Other
(%) (%) (%)
RH 10.0 75.8 14.2
FP-RHA-A 27104 104 +0.2 86.9+0.4
FP-RHA-B 2.7+0.3 91+0.1 88.2+0.4
FP-RHA-C 21+0.5 6.0+£0.3 91.9+0.5
FP-RHA-D 44+0.8 11.2+0.3 844+1.1
FP-RHA-E 13+0.1 6.0+0.3 92.7+0.2
SP-RHA-01 3.2 52.2 44.6
SP-RHA-02 2.9 45.3 51.8
SP-RHA-03 3.6 40.9 55.5
SP-RHA-04 3.5 414 55.1
SP-RHA-05 4.3 34.0 61.7
SP-RHA-07 4.3 26.9 68.8
SP-RHA-10 24 22.5 75.1
SP-RHA-20 3.3 21.2 75.5
SP-RHA-40 6.3 17.5 77.2

3.2.3 Brunauer-Emmett-Teller (BET) Surface Analysis

Specific BET surface area and BJH pore volume obtained by BET surface analysis
is tabulated below in Table 3-2 for flame and solar pyrolyzed samples. BET
isotherms of all samples are given in Appendix E. Figure 3-3 shows the relation
between BET surface area and carbon content of RHA samples. Results clearly
indicate carbon content and BET surface area to be directly proportional for solar

pyrolyzed samples. Solar pyrolyzed samples have a strongly linear relationship
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between BET surface area and carbon content. This paves the way for ease of
engineering the porous properties of the sample to tailor the material suitable for the

process needs by utilizing concentrated solar energy for pyrolysis.

Pore size distributions were also obtained by BET analysis by BJH adsorption
method. Distributions are given in Figure 3-4 and Figure 3-5. Assemblage of pores
of different sizes is a direct proof of hierarchical porosity where pores of smaller size
form the majority of the surface area, connected by the greater pores of varying sizes.
This not only adds to the authenticity of the porosity but also enhances the mass

transfer within the material.

Table 3-2: BET surface analysis results

Specific Surface Area Specific Pore Volume

Sample
(m?g) (cm3g)
FP-RHA-A 57.0 0.04
FP-RHA-B 23.0 0.03
FP-RHA-C 15.7 0.02
FP-RHA-D 18.8 0.02
FP-RHA-E 15.4 0.02
SP-RHA-02 191.3 0.07
SP-RHA-03 169.2 0.06
SP-RHA-04 176.1 0.09
SP-RHA-05 167.9 0.08
SP-RHA-07 147.6 0.08
SP-RHA-10 131.1 0.08
SP-RHA-20 132.7 0.07
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Figure 3-3: Change of BET surface area with carbon content of RHA
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Figure 3-4: FP-RHA pore size distribution
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3.24 Scanning Electron Microscopy (SEM)

Figure 3-6 shows the SEM images of rice husk; and rice husk ash produced by flame,

and solar pyrolysis methods.

Rice husk seems to have a coarse, serrated structure. Presence of pores of different
sizes are evident from the images for both flame and solar pyrolyzed samples. Flame
pyrolyzed rice husk ash is in a hollow cylinder-like structure while solar pyrolyzed
samples exhibit irregular shapes albeit similar pore structures. There are numerous
canals within the samples, in sizes of a couple micrometers that are preserved
regardless of the concentrated solar radiation exposure time. Furthermore, the

serrated structure of rice husk is observed on all surfaces of the rice husk ash samples.
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Figure 3-6: SEM images. (A) RH, (B) FP-RHA-A, (C) SP-RHA-02, (D) SP-RHA-
03, (E) SP-RHA-04, (F) SP-RHA-05, (G) SP-RHA-07, (H) SP-RHA-10, (I) SP-
RHA-20
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3.2.5 Raman Spectroscopy

Raman spectra of FP and SP RHA samples are shown in Figure 3-7. Regardless of
the production method and carbon content, all samples exhibit significant peaks at
1300 cm™ and 1700 cm™ regions corresponding to defect and graphitic carbon
structures. Graphitic carbon is the ordered, crystalline structure of carbon while
defect carbon contains the structural imperfections, or defects. Defect carbon is
where the dangling bonds are present, causing the free electrons and, therefore,
higher chemical reactivity. The defect carbon peaks are broad in all samples,

indicating amorph defect carbon structure.
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Figure 3-7: Raman Spectra of FP and SP RHA

Defect carbon contents were determined by intensity ratio of the defect carbon
signals to the sum of intensity of defect and graphitic carbon signals after applying
deconvolution. Deconvolution procedure is as explained in Appendix A. All

deconvoluted spectra are presented in Appendix F. Defect carbon content is plotted
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against carbon content in Figure 3-8. Degree of disorders were calculated as the ratio
of intensity of defect carbon to graphitic carbon and shown in Figure 3-9. In this
context, intensity is the area under the related peak to obtain a more accurate value
due to broad bands caused by the high disorder of the samples. It is observed that,
for the solar pyrolyzed samples, carbon content does not have much effect on the
degree of disorder. Albeit the total carbon content decreases as the exposure time
increases, ratio of defect carbon to graphitic carbon is barely affected. It can be

deduced that after some point during the solar pyrolysis, graphitic carbon and defect
carbon might be consumed in a similar rate.
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Figure 3-8: Defect carbon content of FP and SP RHA
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Figure 3-9: Degree of disorder of SP and FP RHA

3.2.6 Electron Spin Resonance (ESR) Spectroscopy

ESR spectra of flame and solar pyrolyzed RHA samples are given in Figure 3-10 and
Figure 3-11. Both flame and solar pyrolyzed rice husk ash samples have free

electrons, which comes from the defect carbon structures.

Carbon-specific ESR intensities are calculated by taking the integral of the spectra
and dividing the absolute area by the carbon weight of that analyte. Carbon-specific
ESR intensities are plotted against carbon content and BET surface area in Figure
3-12 and Figure 3-13. Solar pyrolyzed samples have a lower carbon specific ESR
intensity despite the higher carbon content and BET surface area. This strongly
indicates the higher stability of solar pyrolyzed samples, despite the higher defect
carbon content. Another aspect of solar pyrolyzed samples is that carbon specific
ESR intensity decreases with decreasing carbon content. Since carbon content can

be directly manipulated by concentrated solar energy exposure time, it can be
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deduced that free electron density can be controlled. Besides, unlike the degree of
disorder, free electron density decreases with increasing solar radiation exposure
time. This indicates that free electrons are somehow consumed or paired during the
solar pyrolysis while defect to graphitic carbon ratio remains unaffected. Solar
pyrolyzed samples offer a higher surface area with lesser free electron density,

creating a material superior to flame pyrolyzed samples in terms of surface area

stability.
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Figure 3-10: ESR spectra of FP-RHA
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3.2.7 Nuclear Magnetic Resonance (NMR) Spectroscopy

Figure 3-14 shows the NMR *H single pulse spectrum at an acquisition time of 3.2 s
for all rice husk ash samples. Spectra reveals that samples have significant peaks in
both negative and positive chemical shift regions. This was attributed to presence of

acidic and basic surface sites, co-existing on the rice husk ash surface.

Further NMR studies were also performed on RHA and ammonium hydroxide. Data
is given in Appendices G, H and 1, and open for further investigation.
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Figure 3-14: H single pulse spectrum for RHA
3.2.8 Fourier-Transform Infrared (FTIR) Spectroscopy

IR spectrum of rice husk in Figure 3-15 shows numereous peaks, indicating a high
number of functional groups. All significant peaks and corresponding functional
groups are summarized in Table 3-3.
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Figure 3-15: IR spectra of RH
Table 3-3: RH IR peaks and functional groups
Peak wavenumber Functional group Reference(s)
620 Cristobalite [141,142]
670 C-H aromatic bending (out-plane) [143]
790 Si-O-Si symmetric stretching [144]
970 C=C bending [145]
1070 Si-O-Si [146]
1090 Si-O-Si [146]
1140 C-N stretch [143]
1160 C-N stretch [143]
1220 Si-O-Si asymmetric stretching [144]
1290 O-H bending (in-plane) [143]
1310 O-H bending (in-plane) [143]
1480 C-H bending [143]
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Table 3-3 (continued)

Peak wavenumber Functional group Reference(s)
1580 Aromatic ring stretching [147]
1640 C=C stretching [143]
1730 C=0 stretching [145]
2850 C-H symmetric stretching [143,148]
2920 C-H asymmetric stretching [143]
3100 Aromatic C-H stretching [143]
3320 OH stretch [143]

Figure 3-16 and Figure 3-17 shows IR spectra of flame and solar pyrolyzed rice husk

ash samples. Peak wavenumbers and corresponding functional groups are

summarized in Table 3-4.
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Figure 3-16: IR spectra of FP-RHA
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Figure 3-17: IR spectra of SP-RHA

Table 3-4: RHA IR peaks and functional groups

Peak wavenumber Functional group Reference(s)
620 Cristobalite [141,142]
790 Si-O-Si symmetric stretching [149]
1050 Si-O-Si [146]
1220 Si-O-Si asymmetric stretching [144]
1390 C-H bending [143]
1480 C-H bending [143]
1580 Aromatic ring stretching [147]
2900 C-H aliphatic [150]
2980 C-H aliphatic [150]

Most of the organic functional groups have been eliminated during the pyrolysis
process, as understood from the decrease in functional group diversity for the rice

husk ash samples. As expected, there is not much change in the inorganic content of
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rice husk. It is observed that C-H aliphatic groups at 2900 and 2980 cm disappear
after 5 minutes of solar pyrolysis. This indicates solar pyrolysis to be an effective

method to manipulate several functional groups within the sample.

3.3 Use as Adsorbent

3.3.1 Gas Phase Adsorption

Ammonia and carbon dioxide adsorption isotherms at 100°C are given in Figure 3-18

and Figure 3-19.
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Figure 3-18: Ammonia adsorption isotherm on RHA at 100°C
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Figure 3-19: Carbon dioxide adsorption isotherm on RHA at 100°C

0.25 grams and 0.10 grams of RHA was used and at the maximum pressure of ~100
Torr, ~150 and ~200 umoles of adsorbate was reached per gram RHA for ammonia

and carbon dioxide experiments, respectively.

Ammonia and carbon dioxide have similar trends for adsorption and desorption.
Albeit carbon dioxide has higher quantities adsorbed at higher pressures. One
important difference between ammonia and carbon dioxide is that ammonia is a
basic, and carbon dioxide is an acidic gas. Higher adsorption quantities of carbon
dioxide indicates the surface basicity of RHA. Both isotherms have adsorption
hysteresis. Such hysteresis might have been a result of RHA having ink-bottle type

of pores, making it difficult for an adsorbate to desorb from the surface.
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3.3.2 Liquid Phase Adsorption

Liquid phase adsorption studies were completed for RB5 adsorption on RHA.
Adsorption was quantized by UV-Vis spectroscopy. For the calculations, a
calibration plot was formed for UV-Vis absorbance intensity of RB5 at different

concentrations. Calibration spectra and plot was given in Appendix G.

To measure the adsorption isotherm, 5.0 grams of RHA was mixed with 50 ml of
deionized water in an Erlenmeyer flask with a stir bar. The RHA — water suspension
was mixed at 500 rpm for 4 minutes and 3.0 ml of the suspension was taken, filtered,
and analysed with UV-Vis spectroscopy. Without stopping the mixing, 3.0 ml of
0.52 g/L RB5 solution was added in the flask to keep the total volume constant at 50
ml. This procedure was repeated for 12 more times, and the absorbance spectra in
Figure 3-20 was formed, presenting the results for different concentrations.
Adsorption isotherm was measured by applying a mass balance for RB5. At each
step, constant amount of RB5 was added to the system while the amount retracted
for UV-Vis analysis inevitably changed. Since UV-Vis spectroscopy gives the
missing information of concentration within the system, adsorbed RB5 amount can
be calculated by the difference between the concentrations. Adsorption isotherm was
given in Figure 3-21. Isotherm shows the continuous increase in the cumulative
adsorbed RB5 amount, which signals the effectiveness of rice husk ash as an

adsorbent for this particular dye.
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Figure 3-21: Cumulative RB5 adsorption isotherm on RHA
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3.4 Use as a Catalyst Support

TPR profile of 0.5% Palladium supported on FP-RHA-A is shown in Figure 3-22.
For the analysis, 36 mg of 0.5% Pd/RHA was heated to 950 °C from room

temperature with a 10°C/min heating rate. Operational procedure was described in

Appendix K.
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Figure 3-22: TPR profile of 0.5% Pd/RHA

In the first heating, two sharp and one broad peaks were observed at 150, 320, and
580°C. Deconvolution surfaced another hidden peak at 260°C. The 150°C peak was
attributed to PdOx, and surface hydroxyl group reductions. Other peaks at 260, 320,
and 580°C peaks were attributed to hydrogenation of surface functional groups.
While the first two disappear after the first heating, 580°C peak always remains

despite decreasing in intensity.
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H> consumption was calculated to be 17 umol for PdOx and surface hydroxyl
reduction peak at 150°C. H2 consumption due to hydrogenation of surface functional
groups were calculated as 26.8, 8.1, 9.7, 8.1 and 11.5 umol for the cycles 1-5,
respectively. Sum of these correspond to a carbon consumption of 32 umol, or 0.39
mg. This amounts to 11 wt.% of the carbon present in the RHA sample used for the

analysis.

H> consumption was previously calibrated using Ag20 for the quantitaive analysis

[98]. Calibration procedure details are explained in Appendix I.

57






CHAPTER 4

CONCLUSIONS

In this work, rice husk ash samples produced with flame pyrolysis by an industrial
source, and solar pyrolysis by the author was investigated. Samples were thoroughly
characterized, and potential utilization as an adsorbent for both gas and liquid phase

adsorptives, and as a catalyst support in the presence of hydrogen was studied.

Rice husk ash samples were produced by two different methods: Flame pyrolysis
and solar pyrolysis. Flame pyrolyzed rice husk ash was produced by an industrial
source. Solar pyrolyzed rice husk ash samples were produced by a homemade
concave mirror system that can concentrate solar energy in a designed focus point,
where raw materials are placed for pyrolysis. Exposure time of rice husk to
concentrated solar radiation was manipulated to observe the effect of pyrolysis
duration. Results gave a polynomial relationship between an exposure time range of
1-40 minutes and carbon content of the product that changes across the breadth of
17-52%. It was also observed that after 10" minute, exposure time have minimal
effect on carbon content. This was attributed to crytallization of the sample due to
sudden contact with scorching temperature levels caused by concentrated solar
energy. Flame pyrolyzed rice husk ash samples, on the other hand, have a narrower
carbon content range of 6-11%. BET measurements showed a direct relationship
between carbon content and specific surface area. Naturally, solar pyrolyzed rice
husk ash samples had greater specific surface area encompassing 133-191 m?g*
while flame pyolyzed samples stayed in the range 15-57 m?g™. SEM images showed

a serrated surface on all samples with high porosity and micro canal formations.

Both flame and solar pyrolyzed samples were found to contain defect and graphitic
carbon structures. Degrees of disorder were calculated to be around 2 for flame and
3 for solar pyrolyzed samples. Despite the higher degree of disorder, solar pyrolyzed
samples have lower carbon specific ESR intensities, meaning lower free electron
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densities. It was observed that solar radiation exposure time has minimal effect on
degree of disorder while causes a significant decrease in the free electron density.
NMR studies showed the co-existing of acidic and basic functional groups on rice
husk ash surface for all samples. FTIR results showed the rich variety of functional
groups on rice husk surface, many of which were eradicated during the pyrolysis

process.

Gas phase adsorption studies were performed with ammonia and carbon dioxide
gases as adsorptives. Within a similar adsorptive pressure range, carbon dioxide had
a higher adsorption amount compared to ammonia. Results indicate a higher density
of basic surface sites based on the adsorption isotherm trends. Desorption for both
gases showed a similar behaviour that a majority of the adsorbate remained
undesorbed. This provides further validation for co-existing of acidic and basic
surface sites that was indicated by NMR spectra. Liquid phase adsorption for RB5
showed that rice husk ash might be a suitable adsorbent for dye containing

wastewater treatment.

Rice husk ash was used as a support for a palladium catalyst and stability tests were
performed using a temperature programmed desorption equipment under hydrogen
flow up to 900°C. TPR profiles indicated the surface stability under hydrogen flow

after the first heating for a flame pyrolyzed sample.

In short, rice husk ash is a promising material for adsorption and catalytic reaction
processes. It ensures a sustainable alternative for traditional, energy consuming and
high-cost materials. On top of that, solar pyrolysis method is superior to flame
pyrolysis method for production of rice husk ash with higher surface area, and
chemical stability while further decreasing the carbon emissions by utilizing a

renewable energy source.
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APPENDICES

A. Procedure for Peak Fitting via OriginLab

Upload data on OriginLab and plot.

e Click on the curve to apply PeakFitting

e Click on; Analysis > Peaks and Baseline > Peak Analyzer > Open Dialog

e In the pop-up screen, choose Fit Peaks (pro), click on Next

e Define baseline if necessary, click on Next until “Find Peaks” section is
reached.

¢ Disable auto find, add peaks manually by clicking on Add.

e Specify direction of the peaks to be fit on Peak Finding Settings.

Click on Next and Finish
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B. Procedure for NMR spectroscopy

e Open SpinSolve software.

e Insert the shim sample in the NMR spectrometer.

e (o to; system > shim, choose the desired shimming procedure.

e When the shimming ends and software pops up the ““Ready to use’ screen,
remove the shim sample and insert the analyte.

e Go to; 'H screen and select the desired analysis method.

e Set the parameters if there are any.

e Click on “*Start” to begin analysis.

e When the analysis ends, click on MNova option on the right bottom part of

the screen to export data to MestReNova software.

Data can be exported from MestReNova after the corrections, if there are any, by
File > save as > NMR CSV file path.
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C. Quantitative XRD Analysis by Scherrer Equation
Scherrer equation is given by;

K2
T~ Bcoso

where t is the average crystallite size in nm, K is a dimensionless shape factor
(K=0.9), A is the x-ray wavelength (0.154 nm), £ is the full width at half of
maximum intensity in radians, 8 is Bragg angle in radians. To apply, Scherrer
equation, XRD peak corresponding to the plane (1 1 1) was plotted in Figure C-1. 6

is the half of peak position of the (1 1 1) plane, calculated as;

21.76°
2
To calculate FWHM, half of the maximum intensity is shown in Figure C-2 as

dashed line, which crosses XRD pattern at 26 = 21.56° and 21.98°. FWHM is then

= 10.88° = 0.1899 rad

calculated as;
21.98° — 21.56° = 0.42° = 0.0073 rad

Then, using the Scherrer formula, crystallite size for (1 1 1) plane was calculated as;

_ 0.9 %0.154nm
~0.0073 rad * cos(0.1899)

T =21nm
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Figure C-2: FWHM of (1 1 1) plane of SP-RHA-20
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D. TGA Profiles
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Figure D-1: Rice husk TGA profile
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E. BET Isotherms
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F. Deconvoluted Raman Spectra

1. Deconvolution was applied as described in Appendix A.

2. Integral results for all peaks were automaticallycalculated by the software.

3. Degree of Disorder was calculated by dividing the area under the D band at
~1300 cm! to the area under the G band at ~1600cm™.

Data Set:[Book1]SpectralB"Intensity (a.u.)" Date:22/02/2024
BaseLine:Line

Chi*2=2.04416E+04 Adj. R-Square=9.90712E-01 # of Data Points=882
S8=1.78251E+07 Degrees of Freedom=872

6.0x10%

4.0%10°

2.0%10°

Subtracted Data

0.0 H

T T v
500 1000 1500 2000

Baseline X
Fitting Results
Peak Index | Peak Type Area Intg | FWHM Max Height Center Grvty | Area IntgP
1 Gaussi 1004485.53967 231.43402 4077 40879 1357.72887 61.27947
2 Gaussi 528101.75808 120.34266 4122 54867 158712225 32.21728
3 i 106600.4773 162.30405 617.01765 1111.91929 6.50325

Figure F-1: Deconvoluted Raman spectra of FP-RHA-A
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Figure F-2: Deconvoluted Raman spectra of FP-RHA-B
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Figure F-3: Deconvoluted Raman spectra of FP-RHA-C
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Figure F-4: Deconvoluted Raman spectra of FP-RHA-D
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Figure F-5: Deconvoluted Raman spectra of FP-RHA-E
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Figure F-6: Deconvoluted Raman spectra of SP-RHA-01
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Figure F-7: Deconvoluted Raman spectra of SP-RHA-02

99




Data Set:[Book1]Spectrall
BaseLine:Line
Chi*2=1.98020E+04
S5=1.726T3E+07

Adj. R-Square=9.92416E-01
Degrees of Freedom=872

Date:22/02/2024

# of Data Points=882

6.0%10%
E
8 4.0=10° A
h=}
@
3 J
&
£
3
P 2.0%10° 1
0.0+
T T T T
500 1000 1500 2000
Baseline X
Fitting Results
| _Peakindex | Peak Type Area Intg FWHM Max Height Center Grvty | Area IntgP
i 1160531.8554 273.80501 3981.83703 136517873 67.56866
2 i 517722.6959 101.62023 47861337 1582.28443 30.14293
3 i 39304.78451 127.02819 280.67863 1111.06116 2.28841

Figure F-8: Deconvoluted Raman spectra of SP-RHA-03
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Figure F-9:Deconvoluted Raman spectra of SP-RHA-04
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Figure F-10: Deconvoluted Raman spectra of SP-RHA-05
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Figure F-11: Deconvoluted Raman spectra of SP-RHA-07
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Figure F-12: Deconvoluted Raman spectra of SP-RHA-10
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G. NMR Studies — RHA Pore Size Distribution by T2 Relaxation

Procedure

1. 105 mg of FP-RHA-A was mixed with 1500 mg DI water.

2. Several T, relaxation time spectra were measured by changing the final echo
time and number of steps.

3. Area under the spectra were calculated by integration for intensity
calculations.

4. Area at each step was plotted against time.

5. Inverse laplace transform was applied to the plot to obtain pore size

distributions with respect to T2 relaxation time [60,151].

Pore size distribution of FP-RHA-A by NMR relaxometry is given in Figure G-1.

*x10°

Intensity (a.u.)
W

0.01 0.1 1
T, (s)

Figure G-1: FP-RHA-A pore size distribution by T> NMR relaxometry
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H. NMR - Calibration for Ammonium Hydroxide Weight Fraction

Procedure

1. Prepare ammonium hydroxide solutions of different concentrations by
mixing 29 wt% ammonium hydroxide solution and deionised water.

2. Obtain 1H spectrums of the solutions by NMR spectrometer.

3. Note the peak chemical shift.

4. Plot peak chemical shifts against ammonia weight fraction for each mixture.

5. Obtain the equation in the form § = a + b * myy,.

Calibration curve is given in Figure G-2.
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Figure G-2 :Ammonium hydroxide NMR calibration

Calibration equations

Chemical Shift Explicit: § = 4.80 —3.52 * myy,

Weight Fraction Explicit: myy, = 1.365 —0.284 % §
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I. RHA and Water Single Pulse Experiments

Numereous H single pulse experiments were performed with FP-RHA-A and water
mixtures of changing ratios. Spectra obtained from all those experiments are given

in Figure I-1. Chemical shift of pure water is marked with dashed lines at 4.74 ppm
on the plot.

Water (4.74 ppm) — (My/ Mgy J=3.21

= (Myy50/Mgys)=2.30
(My30/Mpy)=0.91
4 - | = (Myyp0/Mgy,)=0.24
Dry RHA
— et RHA
Suspended RHA
0.1 g RHA & 0.1 mI H,O

——0.1 g RHA & 0.2 ml H,0
3 ——10.1g RHA & 0.3 ml H,0
——0.1 g RHA & 0.4 ml H,0
——0.1 g RHA & 0.5 ml H,0
——0.1 g RHA & 1.5 ml H,0

Intensity (a.u.)

Chemical Shift (ppm from TMS)

Figure I-1: RHA and water experiments on single pulse *H NMR

All of these experiments have an obvious nexus that is the fact that when RHA is
mixed with water, peak of the spectrum shifts to right, in other words, the basic
region. This indicates the predominantly basic surface of rice husk ash.
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J. RB5 Adsorption Calibration Plot

UV-Vis spectra of RB5 at different concentrations are given in Figure J-1.
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Figure J-1: UV-Vis spectra of RB5 at different concentrations

For the calibration curve, integral of the spectrum was calculated via OriginLab in
the wavelength range of 500-700 nm, which corresponds to the characteristic peak
of RB5, and plotted against concentration. Calibration plot of RB5 was given in

Figure J-2.
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Figure J-2: Concentration calibration plot for RB5
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K. Procedure for TPR Analysis

e Fill the U-shaped quartz reactor with sample, put quartz wool to both sides.

e Connect the reactor to the system, close the doors of the furnace, insert
thermocouple. Cover the top with insulation material.

e Crush some ice and mix with isopropanol. Connect the cold trap filled with
the mixture to the system. Cover the top with insulation material.

e Turn on the Micromeritics ChemiSorb 2750 , and temperature control
systems.

e Open the TPx software, create a document for the experiment from File >
Open > Sample. Fill in sample weight, and experiment details.

e Turn on He and Ho/Ar cylinder valves.

e Set the flowrate, switch to port A for helium. Set up for bypass and short
path.

e  Click on continue, wait for purge to finish.

e When purge is completed, set up the system for sample and long path/cold
trap.

e Switch to port B for Ho/Ar. Wait for signal stabilization.

e Set up temperature ramp and final temperature on the temperature controller.

e Start the temperature ramp and data collecting.

e Check the software for the progress, wait until the experiment is completed.

e Switch to port A for He during the cooling. Remove insulation material.

e Open the doors of the furnace and the cooling fan when system cooled down
to safer levels.

e Save the TCD signal data collected.

Turn off the cylinder valves, temperature controller and the Micromeritics
ChemiSorb 2750 system.
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L. Quantitative Analysis with TPR

Hydrogen consumption was calibrated for TCD signal using 0.0235 grams of Ag-0.
Calibration was completed by Melis Yarar of our research group [98]. Silver oxide

calibration curve is given below in Figure L-1.
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Figure L-1: Silver oxide calibration curve for quantitative TPR analysis [98]
Silver oxide is reduced in the form of the following reaction:
Ag,0 + H, - 2Ag + H,0

0.0235 grams of silver oxide equates to 0.000101 mols. From the stoichiometry,

required hydrogen is known to be equimolar with silver oxide.

Peak area was found to be 10.73 [98]. Therefore, calibration can be completed by

dividing the mols of hydrogen consumed to the total area:

0.000101 mol H,
= 0.00000945 mols
10.73 area area
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