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ABSTRACT

HYDROGEN PRODUCTION VIA STEAM REFORMING OF G LYCEROL

G° k t, gewilk
Master of SciengeChemical Engineering
Supervisor: Prof. DINa me Asl & Sezgi
Co-SupervisorProf. Dr. Ti mur Doj u

February 2021301 pages

Today, intensive studies are carried out on alternative energy sources that will
replacefossil fuels due to its limited sources, soaring of prices and negative effects
on peple and environment. Hydrogen energy offers a solution to minimize these
problemsas a clean and renewable energy carrier. One of the most important
applications of hydrogen is its use in fuel aidrived vehicles. However, the
implementation of hydrogem the transport sector is limited by the difficulty of
storage and the lack ohfrastructure for its distribution. Gimoard hydrogen
generaton is a great solution to overcome these limitatipasticularlyby allowing
hydrogenproducedfrom renewablesourcesto be fed directly into the fuel cell
without itself being storedBio-glycerol isone of themost attractive biomasderived
oxygenated compousdince its utilization in hydrogen production through steam
reforming process is economically viabledeenvironmentally friendlyin addition,
theoretically one mole of glycerol produces 7 moles of hydrogen gaglyierol

is produced as a bhyroduct 0f10% by weight of biodiesel synthegsoduced by



transesterification of vegetable oils or animal fatkowing it to be use@dsa low-
costraw materiain a large supply of renewable materidk®nerally, metaloaded
mesoporous supports are used to@ahihigher hydrogen yield in steam reforming

of glycerol

In this study, silica aerogel was used fioe first time as a catalyst support in the
steam reforming of glycerol. To activate the silica aerogel, various types and
amounts of metglrecursors were loadedtorthe silica aerogel by weéipregnation

or co-precipitation methodsAccording to the chacterization resultsall catalysts

are mesoporous arma crystal forms with Lewis dominant acid sites.

The activities of the catalysts veetested in a conventional fixdabd quartz reactor
in the presence of a constant weight of catadystonstant caier gas flow rate,
atmospheric pressure, andarious reaction parametersAccording to the
experimenal resultstheincrease invaterglycerolmolar ratioresulted in amcrease

in Hy yield, furthermore H> yield increased firstand thendecreasedlightly at
elevated temperaturesnsistent with the equilibrium linén addition,theincrease

in the metabmountincreasel the H yield, while the catalyst synthesis method and
loadedmetal types affected the:Hsield in various waysIn particular, NiRu
containing bimetallic catalysts showed greater activity among the catabesisn

the reaction

As a result of the experimentshe highestactivity was achieved at 580,
atmospheric pressure, watglycerol feed flow rate of 0.el/h and 30 ml/min of A
flow rate with the W/G molar ratio of & the presence of 0.15 g catalyst. Under
these conditions, the highest teld wasobtaired as 84%, with coke deposition
as 0.06 ggeah™ in the presence dfONi-2Ru/SAcatalyst

Keywords: Glycerol, Hydrogen Steam Reforming, Mesoporous Materials, Silica

Aerogel

Vi



¥7Z

GLKSEROL! N LBREFGRML ANMASI HKDROJEN ! RETKMK

Goktg¢or k, Sevi |
Yé¢ksek,Kiinmsyaan sM¢ hendi sl i J i
Tez Y°%°neti dNiasime Rsdodfe. SBrzgi
Ortak Tez ¥neticisi:Prof.Dr.Ti mur Doj u
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Génegmegzde sénéan éf kihgombh&kdl @aeé-eare ¢zerin
etkileri nedeniyle fosil yakétlaréen yerirt
yojun -al éxkmal ar yapél maekyendetabilir bir eHdrjidr oj e n
takéyéceseée ol azmbirmdku- ismorhuinl a+®z &m sunar .
°nemli wuygul amal aréndan biri yakeét hg¢gcrec
Ancak, takémacél ek sekt®°r¢nde hidrojeni
dajendmki yedkpsé khkedeni yédeérs e nyabnrld jeexni k ¢ rhat i n
°czelli kle yenilenebilir kaynakl ardan ¢r €
yakéet h¢gcresine besl enmesini sajl ayarak
hari ka bi Biyog?zgmdeglt n¢ bk upa meoctuylaghidejemi y

gdgetiminde kullanémeée ekonomi k olarak wuyg
biyok¢tl eden tegretil mi kK enEkolrkk @rimoloksi j e
gliserol teorik ol amBigdglis& onho | bhlitakriéos)edwme woed :
hayvars a | yajlarén transesterifikasyonuyl a
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%10"'" u olarak bir yan ¢reé¢n ol arak ¢retilir, k
tedarijinde d¢ke¢gk maliyetlsiajHcamlihke,dde ol ar a
met al yékl ¢ mezog?© zgegmehetl éeformrl asmakdbaada gl i set

yé¢ksek hidrojen veri mi el de etmek i-in kul/
Bu -al ékmada, si | i ¢&krauhah &foron] & h ma K &n akkeizz °gl 1 ser
destefji ol @k ta&kr .kaeh bkafingdedy ma ¢ r mek i - i n, sili ka
czer i nedraevdyaekk ezmamanl &€ -°kt¢grme yo°ntemleri

mi ktarl arda metal K&énakteri zasdmensmomroilar ér

katali z°rl er enezowi°zielhaekR éigridrsetval il er ml ar dad
Kataliz®°rleribrkaktwlvizPel ajiéyr |l €§intn mevcudi
basén-ta, sabit takéyécé gaz akecx hezeénda

gel eneksel sabeaktytrnidkmitletkitsro.a dB egrieryé n a

sugliseromo | arn doakaingaet €emi ntHe bir ardva&imi sajl améxkt
denge e riaak iaret atnu &saéfchaékel oébkr |t agaprd ad amerka élraf i f
Ek olarak, metami kt ar € ndwekmi nar tadéuk éH ér ken, katali z©°r
ve yeé¢kl enen met al dveerrliemiini- & ikl Il Bk ex<lkt iNirl.er d
i - eikliemet al i k kraetaaklsiizy®ornldkarn tkaullilza®nréllearn ar as énd

fazlaaktivite® sme Kkt i r

Deneyler soncunda en yg¢ ks@,k atkrma s/fi @ reglideboblDa s é n - S
besl eme akék hézée 0,9 ml/saat ve 30 ml/dk A
015 g kataliz®°r v aBrul &joxmnudd aeal ddvesdhidlamient iyr¢.k
10Ni-2RU/SAk a t a lvar 4 %€1f & n daahkok Bibkmegiile %845 olarak

el de edi |l mi ktir.

Anahtar Kelimeler: Gliserol, Hidrojen, Buhar Reforiama Mezog©°®zenekl i

Malzemeler, Silika Aerojel
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CHAPTER 1

INTRODUCTION

Today, approximately 80% of energy demand is met byrapawable energy
souces that exist in the form of fossil fuels such as coal, petroleum and natural gas
( Kot har i .Bventroughthey ar®dbelp and easytobisey ar e avail é

on trhteh eian | i mited quant i tsyi xatnyd yaeraer & ofrreost
Therefore, their prices areheyoaaie@eg ndt
environment al | y oskilrfuels ard puy thraughnacpeocess ttaled f

combustion to producenergyand can have serComhustionef f ect
releases pollutantontaining carbon dioxide, nitrous oxide and sulphur diottide

can causeglobal warming and acid rain (Hosseamnd Wahigd2016).

The evefincreasing global demand for energy and the rapid depletion of fossil fuel
resources in the world bring along theed to find alternative forms of energy from
renewable energy sources. Renewable energy sources include solar energy, wind,
geothernal energy, biomass and hydropower. They are available in the abundant
guantity and free to use. They have low carbon eamss therefore, they are
considered as green and environmentally friendly. However, theugtadst for a

plant is very high and #y are not appropriate for continuous use (Hossmdli
Wahid 2016) The use ofeénewable energgepends on the weathdratmospheric
conditions are nobptimal there will be a lack of energy generation. For instance,
there must be enough rainfedl fill the damsto use hydropowewwhile, solar power
requires clear skies and sigiht which means thatolar energy cannbie ensuredn
cloudy days and/or nightir wind energythe wind speed must be sufficient to move
the wind turbinebladesandgeothemal energy power plantreestablishedn very



rare places containing hot rocks where volcanoes are concentrated hndadaas

are frequen{Mohtasham 2015)

At this point, hydrogen appears as a great solution to diminish fossil fuel dependence
and to nitigate environmental concerns as a clean, renewable and sustainable energy
carrier (Dincer and Acar, 2014). Among thesaliative energy sources hydrogen has
received much attention due to its excellent energy storage capacity and zero carbon
emission dung its usage. Hydrogen is alsoclean fuel,and it isnot toxic and
carcinogenic. Hydrogen is considered as secondagyggrnsource because it is
converted to energy by combustion or electrochemical reactions (Colella et al.,
2005)

The use of hydrogen as a fuel in fuel cells produces only water by combining
hydrogen and oxygen to generate heat and electriitgl cells ae a promising
technology used as a source of heat and electricity for buildings and as a source of
electrical paver for electric motors in vehiclefOne of the most important
applications of hydrogen igs use in fuel celderived vehicles. However, the
implementation of hydrogen in the transport sector is limited due to its storage
difficulty and the lack of infratructure for its distribution. At this point, dooard
hydrogen production plays a fundamental role to circumvent these limitdtyons
feedingdirectly into the fuel cell without itself being stored, particular when
generating hydrogen from renewabteisces (Stdell et al., 2018)

The use of biofuels for hydrogen production provides significant environmental
benefits since the produced €@ consumed for biomass growth and thus
contributes to a low carbon dioxide emitting energy sugplycerol is poduced as

a by-product of 10% by weight of biodiesel synthesis produced by transesterification
of animal fatsor vegetable oilsvith methanolin the presence of homogeneous
catalysts allowing it to be used as a loaost raw material in a large supply of
renewable material3he produced crude glycerol contai#s 16% alkalis, 1518%

methyl esters, i82% methanol, andi3% waterand various elerants such as



calcium, magnesium, phosphorus, and/or sulphur and other compasentd! as
more than half of glycerqSeadira et al., 201 Bagnato et al., 201’ Kent, 2013)

Theuse of glyceroproducedas a byproduct of the biodiesel production presgo
producehydrogenoffers an economically viable, sustainable and enviromatign
friendly process, particularly through steam reforming proedssre 7 moles of
hydrogengas areheoreticallyproducedfrom one mole of glycero{Cheng, 2011
Seadira edl., 2017)

1.1 Hydrogen

Hydrogen is a chemical element with symbol H @atdmic number 1. It is the

lightest element on the periodic table with a standard atomic weight of 1.008.
Hydrogen, the simplest element in the universe consisting of only one praton an

one electron, makes up the major part of the composition of therseiltes also

the most plentiful element in the univer:
a compound with other elements such as oxygen, carbon, and nitrogen; most
hydrogenis found as a compound with oxygen, in the form of water. Normalhg, pu

hydrogen exists in the form of a hydrogen molecule with two atomgHbinig

2003.

Physically, hydrogen is a colourless, odourless, tasteless, flammable gas and the
lightest chemial. It is a useful and clean fuel, not toxic and carcinogenic, slightl
more soluble in organic solvents than wakéydrogenalsoproduces clean power
and/or heat for transport and stationary applicatf¥asuf et al., 2015Honig et al.,

2003) At roomtemperature hydrogen is n@very reactive compound unless it has
been activated in some way; however, it is highly reactive at high temperatures.

Moreover, lydrogen has a high energy density that makes it suitable foitdomg

storage Hydrogen gas isnixed with natural gas and can be transported over long



distances thnagh pipes that allows the energy distribution between the countries.
(Dincer and Acar, 2014)

The gaseous storage of hydroggaates some issuesice itcandiffuse through
materials sch as paper, fabric, rubber, and some metals such as platinunanidon,
steel. Therefore, hydrogen can be stored in liquid form or in a chemical compound,

as well as in gaseous form {&fhari et al., 2017)

In addition, lydrogen canbe produced without carbon footprintby water
electrolysis or steam reforming process. Unlike other fossil fuels, the combustion
products contain water, oxygen and nitrogen when hydrogen is completely burned
with air. Nitrogen oxide emissions are veoylin engines thatae hydrogen as fuel

compared to petrdburning enginegMazloomi et al., 2012)

1.2  Hydrogen Applications

Hydrogen energy applications are basically divided into three: as a fuel, in fugl cells

and in refinery and petrochemical complexes.

1.2.1 Use of Hydrogen as d&uel

Recent developments in the field of hydrogen energy have pointed that hydrogen is
an ideal replacement for fossil fuels in furnaces, heating boilers, internal combustion
engines, turbines, jet engines and hybrids. The fact thdibhgn is a clean dn
endless energy enables hydrogen to be used as an environmentally friendly fuel.
When hydrogen is used as fuel, the production of both other pollutants and
greenhouse gases is negligible compared to fossil energy sources (Dinceaand Ac
2014). For insance, hydrogepowered vehicles do not produce significant amounts

of carbon monoxideGO), hydrocarbonsHCs), sulphur oxides$0x), sulfuric acid

residues, ozone and other oxidants, benzene and other carcinogenic aromatic



compounds, drmaldehyde and othealdehydes other toxic metalsand other
greenhouse gases either directly or indirectly. The only pollutant produced may be
nitrogen oxidesNOy). But NOy emission is at least 200 times lower than that of the

normal vehicles currentlysed( G¢ | e r etiale 20O r k

However, hydrogen burns with oxygen only under certain conditions. Due to its low
density, hydrogen has to be compressed to liquid state and stored the same way at
lower temperatures to ensure its effectiveness antlexfy as an energource. It

also explains why hydrogen should always be stored and transported under high
pressure; therefore, transportation, storage and distribution are far from feasible. In
addition, hydrogen is an extremely flammable and explogasg which makes it

very dangerougMazloomi et al., 2012)

1.2.2 Use of Hydrogen in Fuel Cells

Fuel cells areeledrochemical celf that convert chemical energy into electricity
through electrochemical reactions of hydrogen with oxygen to generate electricity
cleanly and efficiently.The useof hydrogen in fuel cells generates heat and
electricity, andonly wateris releasedas a produc(Eberle et al., 2012)There are
numerous fuel cells in practice. Fuel cells operate on the same general principle,
consisting of three parts, anode, electrolyte and cathode. Two chemical reactions
occur at the interfaces of three different segmentsn&heesult of the twosactions

is the consumption of fuel, thEFroducton of water, and the generation of an electric

current that can be used to power electrical devices (Kirubakaran et al., 2009)

Fuel cells are envisioned as an ideal replacement frecdional power gendi&s,
such as combustion engines or large batteries in cars, buses, forklift trucks,
submarines, and backup and power plants (Colella et al., 2005). Fuel cells are
environmentally friendly and reliable systems with their modularcgtra, high

energy prodction efficiency and short assembly time. In additionirtbperating


http://www.wikizero.org/index.php?q=aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvRWxlY3Ryb2NoZW1pY2FsX2NlbGw

features provide practical convenience. Thereforar thevelopment potentiak
quite high inthe future (Mohamed et al., 2009)

1.2.3 Use of Hydrogen in Refinery anl Petrochemical Complexs

Hydrogen is widely used in the production of bulk chemicals, intermediates and
special chemicals. Mixture of hydrog@nz) and carbon monoxide (CO), known as
syngasis used for largescale production of various products suchighkédr alcohols

and aldaydegRamachandraand Menori1998). It is also used to convert crude oll

to refined fuels such as gasoline and diesel and to remove contaminants such as
sulphur from these fuels. Approximately 75% of hydrogen currently consumed by
refineries is suppliedyblarge hydrogen plants that produce hydrogen from natural

gas or other hydrocarbon fuél3avis et al., 2004).

1.3  Hydrogen Production

Hydrogen can be produced using a number of different processes such as
thermochemical processes, Iloigical processes, direct solar water splitting
processes and electrolytic processes. Each method has advantages in terms of cost,
H> productionefficiency,applicability and availability (Kothari et al., 2008)

Thermochemical processes use heat and chemgaations to produce hydrogen
from organic materials such as fossil fuels and biomass through natural gas
reforming, coal gasification, biomass gasifioat and biomassderived liquid
reforming. Thermochemical processes are clean and sustainable mesipedslly
whenusingrenewable feedstocks that offer feedstock availability. However, due to
the high operating temperatumnegreheatresistanteactorsare required and thereby

higher capital cost is involved.



Water (HO) can be split into hydrogen fHand oxygen (@ using electrolysis or
solar energy. Direct solar water splitting or photolytic processes utilize light energy
to split water into hydrogn and oxygen. These processes are currently in the early
stages of research but offer letegm potatial for sustainable hydrogen production
with low environmental impact. In addition, in the electrolytic process, electrolysers
use electricity to split ater into hydrogen and oxygen. This technology is well
developed and commercially available that ffeo pollutant gas production.
However, water electrolysis process hésw efficiency(about 5575%)in terms of
producing pure kusing the alkaline electrolysis systems (AESyen thoughthe

pure H production efficiency is increased by usingroton exchange
membran€PEM) electrdysersinstead(about 80%) (Bernholz 2018), the process
uneconomicasincetheelectrodesisedare usually coated withosly platinum

In biological process, microbes such as bacteria and microalgae can produce
hydrogen through microbial biomass corsien and photobiological processes,
using sunlight or organic matter. These technology pathways are at an early stage of
research, but in the longrm have the potential for sustainable, dcavbon
hydrogen productiorThis process providedean and suatnable energgeneration

at low operatig temperature. However, the energy production rate is very slow,

operating cost ikigh and the efficiency is low (Hosseini et al., 2016)

According tothe abovestatedhydrogen production processesirious coloursof
hydrogen can be produced. Briefly, hydrogen prtidachroughcoal gasification
wherethe emissiogarereleased ttheatmosphergrefersto brown hydrogenwhile
hydrogen produdion by preventing greenhouse gas emissivam water
electrolytically, photeelectrolytically, or thermeelectrolytically refers to green
hydrogen. Hydrogen can also be produced through stef@mmming processs.The
procesthatreleass CO; to the atmoghereis calledgrey whereas the G@roduced

is captureds called blue. Besides thesa processes that do not producé: (e.g.,


https://en.wikipedia.org/wiki/Proton_exchange_membrane
https://en.wikipedia.org/wiki/Proton_exchange_membrane

methane pyrolysis), the colour of hydrogen is representeaigsisgNewborough
and Graham, 2020)

1.3.1 Hydrogen Production from Hydrocarbons

Hydrogen is mostly produced from hydrocarbons via steam reforming, partial
oxidation and autothermal reforming. These methods have considerable superiorities
in terms of feasillity, high hydrogen efficiency and applicability in fuel cll
(Docekal et al., 1986Ahmed et al., 2001)

1.3.1.1 Steam Reforming

Steam reforming(SR) is currently one of the most widespread processes for
hydrogen production (Docekal et al., 1986). Its advastagyese from the high
efficiency of its operation and the layperatng costs. The most frequently used raw
materials are natural gas and lighter hydrocarbons, methanol, and other oxygenated
hydrocarbons (Ahmed et al., 2005team reforming is generallyn@othermic
reactions in which oxygenated hydrocarbon readts water and produces G@nd

H>. The steam reforming catalytic process requires a raw material free of sulphur
containing compounds tpreventdeactivation of the catalyst used, and requires
modest temperatures (Farrauto et al., 2@ihg et al., 2002). The used catalysts can

be divided into two types: nonprecious metal (typically nickel) and precious metals

from Group VIII elements (typicallplatinum or rhodiumjAdris et al., 1996).

1.3.1.2 Partial Oxidation

Partial oxidation (POX) and catalytic partial oxidation (CPOX) of hydrocarbons

have been proposed in hydrogen production for automobile fuel cells and some other



commercial application§Adris etal., 1996 Hohn et al., 2001). The raw materials
may be methandiogasandheavy oil fractions (e.g., vacuum remnants, heating oil)

whose further treatment and utilization are difficult (Krummenacher et al., 2003).

Compared tsteam reforming, more C® produced in POX. Therefore, the process

is compemented by the conversion of CO with steam ini@htl CQ. Thepatrtial
oxidationreaction can be generallyfded asthe formation of carbon dioxide and
hydrogen exothermically as a result of teaction of oxygenated hydrocarbons with
oxygen Since thgrocess does not require the use of a catalyst, it is not necessary to
remove sulphurous elements from natural gas, which reduce the efficiency of the

catalyst.

Besides this method, catalysts carubedin the partial oxidation system (CPOX) to
lower the operating temperature. However, the control of temperature becomes
difficult due to the coke formation and the exothermic nature of the reactions (Hohn
et al., 2001). For natural gas conversion, catalgs¢ typically based on Ni or Rh;
however, nickehas a strong tendency towards coke, and the cost of Rh is hugh (Y

et al., 2009). In addition, high operating temperatures and safety concerns can make
their use difficult for practical and compact porwldevices due to thermal

management (Farrauto et,&003).

1.3.1.3  Autothermal Reforming

Autothermal reforming (ATR) is a combination of both steam reforming
(endothermic) and partial oxidation (exothermic) reactioMi®ndal and Dalai
2017).In other words, oxgenated hydrocarbon reacts with both water and enxyg
and produces carbon dioxide and hydrogen. The overall reaction is generally

exothermic.

ATR has significant advantages over SR. There is no need of external heat in ATR

processjeading to the processing simpler and cheapeATR has lower capital



cod and the potential for economies of scale (Wilhem et al., 2001). In addition, ATR
process can be shut down and started very rapMbndal and Dalai2017). For
hydrocarbon reforming, the thermal efficiency is higher than POX and slightly less
thanSR Gasoline and other higher hydrocarbons can be converted into hydrogen in
automobiles using appropriate catalysts in autothermal processes (Ayabe et al.,
2003).

1.4  Hydrogen Separation

Hydrogen can be purified through some techniques such as pressure swing

adsaption (PSA), cryogenic distillation, or membrane separation.

Pressure swing adsorption process is the most extensively used industrial process to
sef@rate H from a mixture of gases. This system has mostly been used in the
chemical and petrochemical irgttes. It has an advantage of ability to bring
undesirable impurities down to a low level and to produce-pigity, up to 99.99%,
hydrogern(Adhikari et al., 2006)

Cryogenic distillation process is a low temperature separation process that uses the
difference in boiling temperatures of feed components. Cryogenic distillation
process is widely used to separate fluid mixtures but, it consumes a cabkEde

amount of energy, which makes the process is highly expensive (Pinacci et al., 2013)

Pressure swig adsorption FSA) and cryogenic distillation processes are

commercially available separation techniques. However, they are energy intensive.

Besidesthese, membrane related processes are considered as one of the most
promising technologies for high ptyihydrogen production (Fernandez et al., 2017)

It is a good alternative process for both PSA and cryogenic distillation by providing
high Hz purity, easy scale of production and consuming less energy with continuous

operation. In addition, catalytic refoing can be embedded into the membrane to

10



shift the reversible reforming reaction to the product side, resulting in enhancement
of hydrogen conversiofAdhikari et al., 2006)

1.5 Hydrogen Storage

Gaseous hydrogen can pass through the materials by difftidies property of
hydrogen creates some issues related to storage. Hydrogen can be stored in liquid
form, or in a chemical compound, as well as in gasdorm. In either compressed

gas or liquid form, hydrogen has significant explosion hazards. Therstorage

by adsorption in a metal hydride can be regarded as safer and more corshemient

to the fact thathis methodallows the storage d&rge amouts of hydrogen in small
volumes at low pressure and room temperature. However, the use of hydrides to st
hydrogen has some drawbacks, such as loss of hydrogen capacity after repeated use
due to the limited alloy operating life, and difficulty in extian of all stored
hydrogen (Eftekhari et al., 2017)

1.6  Hydrogen Safety

Hydrogen is a flammable compoundathgnites very quickly with oxygen and/or
ignition sourceTheflammability rangeof hydrogen is 4%0 74% concentration in
air and 46 to 94 in oxygen. In addition, hydrogen is ignited witbnly 0.02
millijoules of energy, less than%a of the energyrequred to ignite natural gas
(Rhodes, 2011)Sincehydrogenburnsin the ultraviolet colour range, it is difficult
to detect the burning with naked eyPsisman et al., 2011)

Any cryogenic liquid (hydr 884€N) banomaus:
severe frostbite if the liquid comes into contact with the skin. Therefore, liquid

hydrogen containers should be used with dowa#ed, vacuum jacketed, super
insulated containerdesigned to safely discharge hydrogen in a gaseous state whe

11



a breach is detected in the outer or inner wé#jidrogen hazards can be kept to a

minimum if proper safety precautions are takiglirza et al., 2011)

The use of hydrogen as a fuel source dag<reate fumes, pollute the atmosphere,
or cause global waning (Dincer and Acar, 2014The mgor drawback may be the
release of water vapour (Eberle et al., 2012) to the atmoghinéng the combustion

of hydrogen with oxygen, whicbauses an increasn atmospheric humidity and a
greenhouse effect as a greenbe gas. However, since water vapour is released to
the atmosphere by human activities such as irrigation, powerplant cooling, aviation
and domestic water use as well as evaporation from trenscé does not seem

possible to prevent water vapour reeeéSherwood et al., 2018)
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CHAPTER 2

GLYCEROL AS A RAW MATERIAL FOR H 2 PRODUCTION

With the recent development of economic and modern society, issues such as global
warming and energy shortagjincrease the importance of renewable energy studies.
Due b the technological advances in fuel cell devices that use hydrogen as fuel in
the development of zero emission power systems, great emphasis has been placed on
the improvement of catalytic progses for converting bicenewable raw materials

to hydrogen.

The use of biofuels for hydrogen production emits low carbon dioxide as the CO
produced is consumed for biomass growth, which provides significant
environmental benefitsBio-glycerol is produed as a byroduct of biodiesel
synthesis produced by transesterification of vegetable oils or animal fats, allowing it
to be used as a lewost raw material in a large supply of renewable mate Bads.
glycerol is produced as a4pyoduct of 10% by weigiof biodiesel whose production
reached 400,000 barrels/day in the world as of 2011 (Silva et al.,. 20 Ha)dition

to being produceds a byproduct of biodiesel productiomlycerol is produced
through propylene synthesis (Shuklaal., 2017) and hydlysis.

In the production obiodiesel and thereby glycerol, the reaction between vegetable
oils and methanol takes place in the presence of a homogeneous catalysts, generally
sodium hydroxide or sodium methylate. After the reaction, the final mixtutaiosn

not only glyceroland ftty esters (or biodiesel), but also water, dissolved salts and
unreacted methanol (Bagnato et al., 2017). The glycerol phase and biodiesel phase
are separated using a settler unitdolamn the densities of the two phas€dycerol

is then purified by vaaum distillation process from other components containing

almost half of the glycerol phase, suclwader, dissolved salts, unreacted methanol,

13



and unused cataly@fent, 2013. However the use of purifieglycerol in industrl
applicdions is limiteddue to the uneconomic purification proceBgerefore it is
anticipated that usingrude glycerol as a raw materialay makethe process
industrially feasible and competitiv@asolini et al., 2019; Adeniyi et al., 2019;
Checa ¢ al., 20D). In propylene chlorination, allyl chloride reacts to produce
glycerol dichlorohydrine Afterwards glycerol dichlorohydrine is hydrolysed to
glycerol with caustic soda or directly, then the epichlorohydrine formed is separated
and hydrated tglycerinewith caustic soda. This process enables a final glycerol
yield of about 90%. Furthermore, in hydrolysis processap and glycerol are
produced by the reaction between triglyceride and alkaline hydroxide (caustic soda)
(Marchetti et al., 200/Bagnato et k, 2017)

Physically, glycerol is a clear, colourless, odourless;ftaanmable, biodegradable

and viscous liquid. It is completely soluble in water and alcohols. Moreover, glycerol
offers other advantages as well as its natural availability asdow oxicity, safe
storage and handlin@ilva et al.,2015Reddy et al., 2011}heseexpand the use of
glycerol in the lots of industries such as in cosmetics, food, alkyl resine, tobacco,
pharmaceutical, polyurethae¢c In addition, dycerol canbe converd into other
compounds, such as butanol,-pf®panediol, 2,3utanediol, citric acid, lipid, poly
(hydroxyalkanoates),  dihydroxyacetone, glyceric acid, glyceraldehyde,
hydroxypyruvic acid, glycolic acid, acrolein, monoglycerides, etc., viaabixid,
reduction, esterification, dehydrogenation, halogenation, pyrolysetc., by

conventional or fermentation procg&agnato et al., 2017)

Glycerol isone ofthe most attractive biomasterived oxygenatecompoundsasits
utilization in hydrogerproduction through steam reforming process is economically
viable and environmentally friendland allows easy scaling of the process in
industrial applicationdn steam reforming of glycerol process, glycerol reacts with
water in the presence of an apmiate catalyst, and theoretically one mole of

glycerol produces 7 moles of hydrogen ¢@keng, 2011)
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In the view of various aspegtglycerol is apromising candidate asraw material
for the stearmeforming procesto reduce concerns tieimpending dpbal energy
crisis by providinggood hydrogen yield for energy sustainabiliydeniyi et al.,
2019).

2.1  Hydrogen Production Processe$rom Glycerol

Hydrogencan beproduced from glycerahroughseveral processes, suchsieam

reforming, partial oxidatiomandautothermal reforming

211 Steam Reforming

Steam reforming is the mostidely used methodior hydrogen productiobecause

this process is economically viable, environmentally friendigd allows easy
scaling of the prcess in industrial applications. this process, glycerol reacts with
water vapour in the presence of a catalyst, produces mainly hydrogen, carbon dioxide
and carbon monoxide. Even though the presence of water increases the hydrogen
yield, a largeamount of water is necessary to preveneadéposition on the catalyst.

In addition, dycerol steam reforming is an endothermic reaction; therefore, it
requires high operating temperature that increases energy consumption and
inherently operating cosin addition,due to the high operating tempaire, more
heatresistantreactorsare required and thereby higher capital cost is involired.
particular, at lower temperatures, in addition to the main products,itérmed

that decreases the selectivityHtf

In glycerol steam reforming reacti@nmoles of hydrogen is produced by one mole
of glycerol. In essence, it may be viewed as the combination of glycerol

decomposition and watgas shift reactions.
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Glycerol Steam Reforming:

C3HgO3 + 3HOz 3COx + 7H2 aHr = 128 kJ/mole
Glycerol Decomposition:

C3HsOs A 3CO +4h aHr = 250 kJ/mole
Water Gas Shift Reaction:

CO+H0O z €k &k =-41 kJ/mole

However, these reactions may also be accompanied by methanation, methane dry
reforming, methane steam reforming and a series of carbon formation reactions
(Adhikari et al., 2007Schwengber et al., 201Cheng, 201,1Fasolini et al., 2019

Methanation:

CO+4H2z  C4Ht 2HO &kt =-165 kJ/mole
Methane Dry Reforming:

CHs4+C0Oz 2CO 2+ 2H aHr = 259kJ/mole

Methane Steam Reforming:

CH4+HO z CO2 + 3H &k = 206 kJ/mole

Carbon Formation:

2C0O z:+CO &k =-172 kd/mole
CHsz 22HC &k =75 kJ/mole
CO+Hz #+C &k =-131 kd/mole
CO:+2Hz2 201+ C &k =-90 kd/mole

Considering thelaove stated reactionglycerol steam reforming reaction ocsuat
temperatures in the range 80D0-90C°C; however, according to studjethe

maximum h yield is obtained between 5225°C. Althoughthe operatig pressure
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is generally atmospheric pressure, vacuum pressure is better not only to achieve
higher H yield, but alsoto reduceenergy consumption by lowering operating
temperatures (Schwengber et al., 2016; Avasthi et al., 2013; Adhikari 20@8;,

Silva et al.,, 2015). Similar to glycerol steam reforming reaction, glycerol
decomposition reactiomccurs at wide temperature rangf 400900°C, but isyield
increases betwedb0-75(°C at atmospheric pressure (Bagnato et al., 2017; Barker
Hemings et al., @L1) In addition, water gas shift reactitavours the product side

up to 450C, this reactionmay alsooccurat elevated temgraturedepenéhg on the
amount of water in the fedBal et al., 2018; Rhodes et al., 19Basile et al., 201)3
Exothermic médianation reactiongenerally occursbetween 20650°C at
atmospheric pressure (Stangeland et al., 28tf[aaf et al., 20)4Aside from these
reactions, both methane dry reforming and methane steam reforming reactions
operate at high temperature in thegamf700-1000°C andat high pressure in the
range of 320 bar(ldriss et al., 2015ahle et al., 2013; Chen et &Q20) Moreover,

while carbon formation reactions may occur at the temperature higheA®RQ,
reversecarbon formation reactions (cam gasification reactions) may oceur
particularlyat high water/glycerol ratio&Schaaf et al., 2014; Nakoua et 2i009;
Spivey, 2011)

2.1.2 Partial Oxidation

Glycerol reacts with oxygen in the presence or absence of a catalyst in the partial
oxidation proess that uses an oxygen source to provide the necessary heat internally.
In this process,@ne of the glycerol is oxided in the presence of the required air
energy until the process stabilizeEhe global glycerol oxidation reaction is

represented as:

CsHsOs+3/12 2 3CQOx + 4H: aHr =1598kJ/mole
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The partial oxidation reactioms an exothermic process whose energy efficiency is
directly dependent on the amount of oxygeul. Since it involves the rapid
consumption of oxygen, the reaction causparallel reactia asfollows: (Adhikari

et al., 2009Vaidya et al., 2009Schwengr et al.,2011)

C3HgOz+ O,z CO +2CQ +4H: aHr =1315 kd/mole

If excess air iged all glycerolis oxidized and mainly carbon dioxide and wade

formed Complete combustion of gterol is expresseaks:

C3HgO3+ 7/12 @z 3COx + 4H0 aHr =11565 kJd/mole

2.1.3 Autothermal Reforming

Autothermal process combines partial oxidation and steam refopnicgssebdy
feedingglycerol air, and water togethend forming mainly carbon dioxidend
hydrogenin the presence of a cataly$his processyhereglycerol steam reforming
is an endothermic reactioand partial oxidation is an exothermic reactias
considered promisinipr temperature management and energysdgficiency. Due
to thefact that the heat generated by partial oxidation is abdoby the steam
reforming procesghe overalautothermal process is exotherrardrepresergdas:

Glycerol Autothermal Reforming:
C3HgO3+3/2HO +3/4QA 3CO:+ 112 H ek =1240 kd/mole

The mainadvantagef glycerol autothermakeformingprocess is thato external
heat isrequired The addition of oxygen in the procelsth increases hydrogen
productionand provides the necessary heathich is very valuablen tems of
energy.However,it is noteworthy thathe thermodynamicajl producedhydrogen
in this reaction is less than conventional steam reforr(dtikari et al., 2009
Vaidya et al., 2009Schwenger et al.,2011)
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Among the abowstated processes, steanorafing of glycerol is the most efficient
and widely usedne In addition, the use of glycerol, a-pyoduct of biodiesel,
which is a renewable feedstock, time steam reforming process is considered as
renewable and carbon dioxide (g@eutral, offeringan environmentally harmless
process (Schwengber et al., 20Vaidya et al., 2009Avasthi et al., 2013)

2.2  Thermodynamic Analysis of Glycerol Steam Reforming

In order to accomplish maximum hydrogen yield, one of the most important criteria
is to determinehte reaction operating conditions. For this reason, thetgefééc
reaction parameters such as wteglycerol molar ratio and temperature were

thermodynamially investigatedat atmospheric pressure.

According to the glycerol steam reforming reactiohs, &quilibrium mole fractions

of each compound were obtained dry basis with the aid of Aspen HYS
software.Approximately complete Igcerol conversion was achieved at any feed
ratio and any temperature value eféfore all graphs (Figuie2.1-2.5) wek plotted
considering themole fractions ofproduced gas copounds methane, carbon
monoxide, carbon dioxide and hydrogen. The equilibrium graphs for each compound
and H yield graph were plotted with respect to varying temperature values (300
105C¢C) at amospheric pressure with the constant wéeglycerol molar ratio
(0.25,1,1.5,3,6 &9).

According to Figure 2.1, mole fraction of G@ecreases with an increase in
temperature. At about 525 the mole fraction of C&displays inverse behaviour
with anincrease in W/G ratio. After this temperature, incee@swater amount in
the feed shifts the WGS reaction to the product side, resulting irid@@ation.
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Figure2.1 Effect of Temperature on G@oncentation at Various W/G Molar
Ratios

According to Figure 2.2, the formation of @Hecreases with an increase in both
temperature and W/G ratio. Particularly at high temperatures, methane formation
approaches zero due to the exothermic nature ofanation,reverse methane dry
reforming and reverse methane steam reforming reactions. In addition, considering
the CO and K mole fraction graphs (Figures 2234), it can be deduced that the
increase in the amount of water in the feed contributes &méiCO prduction after
500°C.
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According to Figure 2.3, the formation of CO increases with an increase in
temperature wheas it deaases with an increase in W/G ratio. There is no
significant amount of CO before 4% however, after this temperature, there is a
notable increase in CO formation, attributing to the shift in WGS reaction to the
reactant site after this tempdure. In ddition, increase in the amount of water in the

feed decreases the CO formation in contrast to the fG@ation (Figure 2.1).
Considering these graphs together, the results can be ascribed to the shift in the WGS

reaction with the varying amauof water
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According to Figure 2.4, mole fraction of khicreases with an increase in W/G ratio.

Parallel to the Hyield % graph Eigure 2.5), there is a slight decrease aftef’ G50

when W/G is 9. Similar behaviour can also be seen in other W/G ratios.
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Figure2.4 Effect of Temperature ofl> Concentration at Various W/G Molar

Ratios
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According to Figure 2.5, it can be clearly deduced hiwdlh temperature and W/G
ratio notably affect the fyield. On the one hand, \@/ratio is directly proportional

to the B yield %, implying that the Hyield increases as the W/G ratio increases.
On the other hand, the effect of temperature can be exanmrte regions. For
instance, when the W/G ratio is 9, the yelds % increass significantly with the
increase in temperature to 380 however, it decreases slightly after 850Similar

effects can be seen in other W/G ratios at different temperatures.

To sum up, the increase in the W/G ratio increases the mole fraction df batial
CO: whereas decreases the mole fraction of RidhandCO. In addition, operating
at high tenperatures favours thel> formation. At elevated temperatureshe
formation of CQ and CH decreasedn fact CH, formation approaches zevalug
while the CO formationslightly increases Therefore, the reaction operating
conditions were selected by tering higher amount of Hormationwith lower
amount of CH, CO and CQformations.

Considering the thermodynamic analysis of glycerol steam reforn@agtions,

operating condition was determined as%®5and the W/G molar ratio of 9 in order
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to achieve high Hlyield. In addition, the effect of temperature and W/G molar ratio
on H yield were examinedt temperatures the range of 450050°C with theW/G

molar ratio between-9.
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CHAPTER 3

PROPER CATALYSTS FOR GLYCEROL STEAM REFORMING

Catalysts are used @0% of all commercially producebulk and finechemical
productghroughreforming,hydrolysis,hydrogenation, isomerization, halogenatio
oxidation processestc, as well as in the industries such ewergy and food

processes(Fechete et al., 2012)

The use of catalystprovides an alternative reaction mechanism with a lower
activation energythat equally increags the rates of both forard and reverse
reactionsand reducesthe time to reach equilibriunCatalysts haveno effect on
equilibrium constantsf the reactionThesebenefis not only result in lesenergy
use but alsosaw costsin industies by allowing the operating temperaguto
decreasdn addition catalysts are reusakd@dsufficient to atalyse reactionshen
used even small amountsshould be also taken into account tbatalysts must be
norttoxic and/orinexpensiveas well as at easilypoisoned by waste produats

impurities.

According totheindustrial applications, catalysts are divided into two: homogeneous

and heterogeneous catalysts.

Heterogeneous catalysts are in different phase than reactants. The catalysts provide
reactive surface where the reaction talke place by adsorption of réacts. They

are used in hydrocarbon reactions such as cracking, reforming, dehydrogenation and
isomerization. They can be easily removed from products by filtration that
contributes to the recycling of catalysts. Aside frim@se, they are safe to storelan

have a long lifetime. However, they are only effective on the surface, resulting in
poorly defined reaction mechanisms and active sites of catalyst in general (Farnetti
et al., 1999)

25



Homogeneous catalysts aire the samephase with reactants. The catdly are
consumed at one stage in the mechanism and reformed at a larger stage. They are in
liquid phase and used carbonylation, oxidation, hydrocyanation, metathesis, and
hydrogenatiopacid-base, metal ions, Lewis acida/maticreactionsAll catalyss

are exposed to the reactant and easily modified. The reaction mechanisms are well
understood. In addition, they offer easy process of diffysieat transfer and well

defined active sites of catalysts. However, it isiclift to remove from products ifo

reuse (Bravesuarez et al., 2013)

In addition the use of suppornaterialsin catalystsnot only ensure an optimal
dispersion of the catalytically active components and stabilimesatalyst against
sintering (loss o&ctive surface area by structural modification of the catalyst)
also creats its physical form, texture, mechanical resistance anaioesctivity.
Using support also prevents the aggregatigch@tatalytic particles, thus improving
catalytic perbrmanceFor industrial applications atalyst supports must have high
chemical, mechanical, thermal stability and surkaeato-volume rato. Commonly
used organic solid supportse polymers (e.g. polystyrene), copolymers (e.qg.
styrenedivinylbenzene)and inorganic supports such as silica, zeolites, alumina,
activated carbon, titanium dioxide, graphéN®TEL, 2014)

One of the most signant pointdo achievemaximum hydrogen yielth glycerol
steam reforming is selection of the proper catalyst. &fbeg, catalysts should be
selected taking into accouttte selectivity and yield othe desired productthe
ability to operate undexppropriate mild or severe conditions, environmental impact,

problems caused by catalysts poisoned by impurdies staility.

3.1  Solid Catalysts

A solid catalyst consists of mainly three componeratalgtic agent, support/carrier,

promoters or inhibita.
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Catalytic agents ar¢he catalytically active component in the catalyst. These
components generate the active sites participate in the chemical reactidine
activity of any catalyst is proportional to the concentration of these activgsites
Fe, Pt, Ag, etc.)

The supports provide a large surface area for the dispersion of the catalytically active
agentand inparttheir physical form, texture, mechanical resistance and actovity
catalysts particularly for bifunctional catalys{g.g. alumma, silica, silicaalumina,

molecular sieves etc.)

Promoters are generally defined as substances added during prepafratitalysts
that improve the activityselectivity and/or stabilize the catalytic agents. For
instance, addition of small quantitie$ alumina to an iron catalyst in ammonia

synthesis prevents sintering of the iron crystallites.

Inhibitors act oppos#t to promoters, reducing activity, selectivity, or stability, even
when added in small amouni&he inhibitor is particularly useful faeducing the
activity of a catalyst for undesirable side reactions. For instance, in the oxidation of
ethylene, ethylem dichloride is added to inhibit G@ormation and thus acts as an
inhibitor (NPTEL, 2014)

3.1.1 Preparation of Solid Catalysts

Supported atalysts are prepared in two main steps in which the precursor of the
active component iaded orto the support andatlytically transformed into the
active site. The final active component can be in metallic state, oxide form or reduced

form, depending on the requirements.

There are various deposition methods. Most of these contains aqueous solutions and
liquid solid interface. Tle one of the most common method is impregnation method

because it is faster, inexpensive, and allows the final property and configuration to
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be controllable in advance. However, it is more difficult to both prepare a high
concentration catalystnd to enste an even dispersion of catalyst components on
the surface. Depending on the volume of the solution, the methods of contacting the
solid with the solution are divided into two: wet impregnation and dry impregnation.
On the one hand, in dry imggnation m#od, the volume of the solution of
appropriate concentration is equal or slightly less than the pore volume of the support
or other active solid phase. On the other hand, in wet impregnation method, an excess
solution is used. After a certaimie, the sbd is separated and excess solvent is
removed by drying. The heat of adsorption is released in a short time. Wet
impregnation method provides a great advantegeis easy to prepare a layer of
active matter on the surface of catalyst. Howetee impegnation time is much
longer than dry impregnation (de Jong et al., 2009TEL, 2014)

In addition to the impregnation method, the precipitation method is frequently used
in the synthesis of supported catalysts. Catalysts based on more tltampo@ent

can be easily prepared by themecipitation methodThe main advantage of the
precipitation process is that it is possible to synthesize pure and homogeneous
material, as well as obtain fine and uniform particle size with poorly agglomerated
particles & relatively low reaction temperature and low cddbwever, major
disadvantages include the netedseparag the produchfter precipitation and the
formation of solutions containing large volumes of salt. In the precipitation process
several pocesses amr such as liquid mixing/supersaturation, nucleation, crystal
growth to form primary products, aratjgregationof the primary particles. The
initial mixing or dispersion of the components in solution has a significant effect on
precipitation. In the ceprecipitation method good mixing results in a more
homogeneous produdlowever, $irring rate affects nucleatioand agglomeration

of theparticles (NPTEL, 2014 Deraz et al., 2018)
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3.2  Studies on Glycerol Steam Reforming

According tostudies, hydsgen was mduced via glycerol steam reforming over
mesoporous catalysts whose diameter between 2 and 50 nm. The reaetiens
carried out at high temperatures and atmospheric pressure with different

water/glycerol ratios.

Hirai et al. (2005) tested thatalytic ativities of 810 group metal§Ni, Ru, Rh, Ir,

Co, Pt, Pd & Fe)oaded yttrium oxide, zirconium oxide, cerium oxide, lantiman

oxide, silicon dioxide, magnesium oxidend aluminium oxide catalysts in a fixed

bed quartz reactor. The reactionswe c ar r i e d atraosphexit pre8sdr®é AC an
with the steamto-carbon molar ratio of 3.3. All catalysts exhibited high €0
selectivity. The highest glycerol conversion andidogen yield were achieved in

ruthenium loaded yttrium oxide and rutheniumded zirconium oxide catalysts.

However, the lowest glycerol conversion was observed in rutheloaded

magnesium oxide catalyst. Among all catalysts, the best results wereeobiai

ruthenium loaded yttrium oxide catalyst as 88% hydrogen yield and>ap@ately

complete glycerol conversion.

Profeti et al. (2009) modified nickébaded cerium oxid@luminium oxide catalyst

with noble metals such as platinum, iridium, palladiamd rutheniumAn increase

in glycerol conversion and a decrease in carbqositon were observedith the

addition of noble metalsAll of the noble metals loaded catalysts exhibited high
hydrogen yield and glycer ol pressurewiththes i on a
waterto-glycerol molar ratio of 6. The highest hydrogen lgieand glycerol

conversion were obtained in platinemtkel loaded catalyst as 68% and 98%,
respectively.However, the lowest hydrogen yield and glycerol conversion were
obtainedin nickel loaded aluminium dioxideerium dioxide as 31% and 65%,

respectivey.
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Ming et al. (2016) prepared nickel, cobalt and lanthanum loaded aluminium oxide
catalysts by impregnation method and tested the activities of these catalysts in a fixed
bed gartz reactor a70O(C and atmospheric pressumith the wateito-glycerol
(mole/mole) ratio of 9. They reached 47%, 44% and 55% hydrogen yield in the
presence of nickel loaded aluminium oxide, cobalt loaded aluminium oxide and
lanthanum loaded aluminium iobe catalysts, respectively. Aside from these, under
the same conditions, bydding nickel, cobalt and lanthanum togethetoahe
aluminium oxide, they reached both maximum glycerol conversion and hydrogen

yield as 96% and 78%, respectively.

Demsash etla(2018) synthesized nickel loaded aluminium oxide, nitdated
aluminium «ide-cerium oxide and nickeutheniumloaded aluminium oxide
cerium oxide catalysts by impregnation method. Then, they tested the performances
of these catalysts at 6%D and atospheric pressure with the waterglycerol
(mole/mole) ratio of 12. Amonde catalysts, the lowest carbon deposition and the
highest activity were obtained with nickelthenium loaded aluminium oxide
cerium oxide catalysHydrogen yield, hydrogen sdtivity, and glycerol conversion

were achieved as 86%, 89% and 100%, respagtiin the presence of this catalyst

Ebshish et al. (2012) examined the catalytic activity of 10 wt. % Ni loaded alumina
xerogel catalyst in a fixed bed reactor at ®@nd atmospheric pressure with the
waterto-glycerol molar ratio of 6. Ni is impregied over alumina xerogel which
was pretreated at different temperatures of 700, 800,, @0@ 1000C. It was
deduced that rise in pteeatment temperature of alumina Isad increase in the
amount of hydrogen production. In 10 wt. % Ni loaded alumeragel pretreated

at 1000C, the highest glycerol conversion and hydrogen yield were attained as 100%

and 63%, respectively.

Kim and Lee (2013) tested the catalytic atis of Ru and RuéFe, RuCo, RuNi
and RuMo catalysts supported on yttria, ceriaconia andYalumina at elevated
temperatures. Thé¥alumina supported Rbased catalysts demonstrate a low H
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production rate with a high CO selectivity. Additionallyesle catalysts favour the
formation of G-C> hydrocarbons. The bimetallic catalystere limited with only
small increases in glycerol conversion. Among the synthesized catalysts, Ru
Mo/Y 03 exhibits low carbon formation and superior catalytic stabilityirega
deactivation. The highestoidelectivity was attained as 71.8% in the preserice

wt. % Ru loaded ceriairconia catalyst at 60C and atmospheric pressure with the

waterto-glycerol molar ratio of 12.

Adhikari et al. (2007) examined the influencé a@umina and cerialumina
supported Pt, Rh, Ni, Pd,, land Ru catalysts on hydyen selectivity and glycerol
conversiorattemperatures ranging from 6@to 900C, atmospheric pressure with
the water to glycerol molar ratio of 6 and 9. It veeslucedhat, increase in water
to-glycerol ratio increases hydrogen selectivity and glyjiceanversion. Ch
formation wasalsocompletely inhibited at low flow rates such as 0.15 ml/min. Even
though, increase in metal loading increased glycerol conversion, itne@s
necessarily the case for Belectivity. Among the synthesized 14 catalysts, lhest
catalysts were determined &s5Ni/Al>Oz and 2.5Rh/CeQ-Al20z in terms of
hydrogen selectivity and glycerol conversion. Approximately, 80%afetectivity
and 90%of glycerol conversiomvereobtained with2.5Ni/Al 203 whereaghey were
71% and 93%with 2.5Rh/CeQ-Al>03, respectively at 900C and atmospheric
pressure with the watéo-glycerol molar ratio of 9.

Gallo et al. (2012) synthesized Ru loaddd(Al)O catalyst by employing wet
impregnation method and they used the catalyst for theifivstibh steam reforming

of glycerol. In this case, 0.6 wt. % Ru was doped on Mg(Al)O support and catalytic
activity of the catalyst was tested in a wide feedceotration range (380 wt. %
glycerol in water) and at varying reaction temperature-@EBC). The best activity
results were obtaineds 96% glycerol conversicand 90%hydrogen selectivity,

respectively, in 10 wt. % glycerol in watet,550C and atrospheric pressure.
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Surendar et al. (2016) prepared Au, Ag, Cu, Pt doped Co based perovskites
(LaCm.09X0.0103) by coprecipitation technique and examined their catalytic
activitiesin the temperature range of 4800°C, at atmospheric pressure and 30 wt.

% glycerol in water. The amount of carbon formation was the maximum for
LaCm.o9AU0.0103 catalys. However, Cu and Pt promoted samples demondtrate
similar and the lowest carbon formatoonAt 700°C, LaC®.9Pb.010s and
LaCm.ofCw 0103 exhibitedhigher B yields as 78% and 75%, respectively.

Bossola et al. (2017) examined the catalytic performaot®s/C and RMn/C in
steam reforming and aqueous phase reforming of glycerol. Under steam reforming
conditions,addition ofMn to Ptexhibited a sigificant promoting effect over Pt/C,

in terms of glycerol conversion with a higher selectivity toward tléycerol
dehydration productsContrarily, under aqueous phase reforming conditions
compared to Pt/Ca slightly higher hydrogen selectivity and soleatyinimal
enhancement iproduct selectivityvere obtainedh the presence of MiBoth steam
reforming am aqueous phase reforming reactions operated 4C2REh the feed
ratio of 10 wt. % glycerol in water. Consequently, in steam reforming of glycerol,
glycerol conversion and hydrogen selectivity were obtain&b880 and 36.9% for
Pt/C whereas tleewere78.26 and 25.2% for PMn/C. In aqueous phase reforming,
glycerol conversiomlecreased whereagdrogen selectivity increasedmpared to
steam reforrmg. In the presence of Pt/C, glycerol conversion and hydrogen
selectivity were obtained a8.6% and 51.%6, respectivelyLoading Mn to Pt/C
increased both glycerol conversion amgtrogen selectivityo 10.6% and 58%,

respectively.

Zamzuri et al(2017) tested the catalytic activities of Ni loaded@| LaxOs, ZrOp,
SiO,, and MgO prepared by wémpregnatio method. All synthesized catalysts
wereusedin a fixed bed reactor at 68D and atmospheric pressure with the water
to-glycerol molar ratio b6. The catalysts overall activity increases in the following
order: SiQ<MgO<ZrO<La,03<Al203. Furthermore, glgerol conversion at these
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conditions was in the order: Si€ZrO,<La;0O:<MgO<Al>Oz. In the presence of
alumina supported Ni catalyst, the highegycerol conversion and hydrogen
selectivity were achieved as.8% and 71.5%, respectively. On the other hdhnd,
lowest glycerol conversion and hydrogen selectivity were obtained.8% 48d

43.7%, respectivelyin the presence of silica supporteddsialyst

Goula et al. (2016) examined the effect of catalyst syrdimesithod on hydrogen
production. For this grpose, they synthesized nickel doped alumina catalyst via
incipient wetness, wet impregnation and modified equilibrium deposition filtration
methods. Thee results revealed that the synttsesiethod affected the textural,
structural and surface propertiethe catalysts, differentiating the dispersion and
the kind of nickel species on the surface of alumina. Both Niétland Ni/Aledf
catalysts exhibited increasing €€klectivity and almst constant CO selectivity for
temperatures above 5%D It was also confirmed that the Ni/Aédf catalyst
indicated the highest glycerol conversion, hydrogen yield and the lowest carbon
deposition on the catalyst at 880and atmospheric pressure with feed ratio of

20 wt. % glycerol in water. At these operatingndtions, in the presence of 8 wt. %

Ni loaded alumina synthesized using equilibrium deposition filtration method, the
highest glycerol conversion and:Hield were achieved as 87% and 63%,

respectively.

Carrero et al(2017) tested the activities of 15%y weight of nickel loaded SBA5

and the catalysts promoted by loading 4% by weight of Cu, Co and Gtamkess
steelfixed bed reactor at 600 and 0.075 ml/min wateglycerol feed flowrate with

the waterto-glycerol molar ratio of 6. In the presenof all catalysts, glycerol
conversion was above 880le% and hydrogen contents were above 50 mole %. To
be more specific, Hmole contents were achieved as 55%, 51%,,%28b 61% with
15Ni, 15Ni-4Cu, 15N#4Co, and 15Ni#4Cr loadedSBA-15 catalysts, respmtively.

Adhikari et al. (2008xamined the catalytic performancasmagnesium oxide,

titanium dioxide and cerium dioxide supported nickel catalystsstaialesssteel
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reactor at 550600, and 650C and 1.0 ml/min wateglycerol feed flow rate with the
waterto-glycerol molar ratio of 6 in the presence of 1.5 g catalyse highest
hydrogen yield and hydrogen selectivignd approximatg complete glycerol
conversionwere attainedn nickel-loaded magnesium at 6%Das 57% and 66%
respectivelyHoweve, lower catalytic activity was obtained in the presence of nickel
loaded cerium dioxide, i.e., glycerol conversion, hydrogen selectarity hydrogen
yield decreased to 93%, 54% and 33éspectively.

Calles et al. Z014)compared le activities of SBA-15 supported?% by weight of
nickelwith 10% by weight omagnesium oxide arftD% by weight otalcium oxide
modified catalystat 600C, atmospheric pressure with the wateglycerol mohr
ratio of 6 at 0.@5 ml/min waterglycerol feed flow rate in a fed bed stainless steel
reactor. In the presence of 7Ni/SBA, hydrogen yieldand glycerol conversion
were attained as 46% and 31%, respectivighg use of modified catalysts increased
the glycerol conversion to 98% in both catalystsd hydrogen yield/aluesof
7Ni/10Mg/SBA-15 and 7Ni/10Ca/SBAS5 to 65% and 70%, respectively.

Thyssen et al. (2018&xamined the activities d0% by weight ohickeldoped silica,
10% by weight of nickel dopeldnthanumand 10%, 30% and 50% by weight of
lanthanum modifid nickel loadedsilica catalystsn a fixed bed quartz reactor at
600°C, 2.5 mi/h glycerolvater feed flow rate with the W/@olarratio of 3 On the
one hand,n the presence of 10Ni/SiOglycerol conversion and Jyield were
attained as 52% and 31%, pestively.On the other hand ONi/LaOsshowed lower
activity compared to silica supportedtalystas 26% glycerol conversion and 4% H
yield. However, glycerol conversion and hydrogen yield valweseincreasedvith
lanthanummodified catalysts Approxmately complete glycerol conversion and
54% hydrogen yield were achieved in the presence of 10N40Y/SiO,. However,
theincrease in Lg03 content decreasdte glycerol conversion to 79% and 52% in
10Ni/30L&0s/SiO, and 10Ni/50La0s/SiO,, respectively In addition, hydrogen
yield values were obtained 48% in bothcatalysts.
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Dahdah et al(2020) studied the effect of zirconiapport on H productionin
glycerol steam reforming reactiohherefore tetragonal zirconia synthesized via a
hydrolysis techique and commercial monoclinic zirconia suppeere activated

with 5% by weight Ni via wetmpregnation method and tested at-4@0°C with a
steamto-glycerol molar ratio of 9 and a flow rate of 0.025 ml/min. The results
revealed that higher glycerol meersion and hydrogen yield were achieved in
monoclinic zirconia supported catalyst which remained stable during 24 hours
whereaghe tetragoml zirconia supported catalystasdeactivated due to the coke
deposition after 6 hour&\s a result of the actity tests, both catalysts displayed
higher selectivity to carb@teos compoundwith low glycerol conversion and low

H> yield. In the presence of tetragonal zirconia and monoclinic zirconia supported
catalysts, théH yields of nearly 16% and 20%ere obtaned with 12% and 35%

glycerol conversionat 550C, respectively.

Al-salihi et al (2020) examined the catalytic activities of SBA and MgO
promoted SBAL5 supported Ni and Co based monometallic and bimetallic catalysts
synthesized by onrpot hydrotherral and/or incipient wetness impregnation
methods at temperatwe therange of 456700°C with the watetto-glycerol molar
ratio of 12 at 0.2 ml/min glyceratater liquid mixture flow rate. According the
experimental results, GNiI/SBA-15 catalysts syhesized by both onrpot
hydrothermal and weatnpregnation methods were resistara toke depositiorand
both achieved complete glycerol conversion duthe40 h test period. Moreover,
it was deduced th#testability and activity of C(6BA-15 and NISBA-15 increased
with MgO loading The stability performance ofatalyststesteddecreased in the
following order: 10CebNi>10Ce5MgO>10Cae5Ni-IMPG>15C0>10Ni5MgO
>15Ni/SBA-15. In addition,glycerol conversiorof the catalysts decreased in the
following order: 10Ce5Ni-l MP G O 150i€1®Co5MgO>15Co>15Ni>10Ni
5MgO. All catalystsalso exhibited higher H selectivity (>70%) at 651C. The
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highest hydrogegelectivitywasachieved as 83% in tipgesence of 10GBNi/SBA-

15IMPG with complete glycerol conversion.

Moogi et al (2020) synthesized?0Co/MdO, 5Cu20Co/MgO,and 20Co/50MgQ
50AI20z catalysts by cgrecipitation method. Among the catalysts, 820€o/MgO
exhibited higher hydrogeyield of 74.6%with complete glycerotonversioninto

the gaseousrpducts at650°C with a feed ratio of 30 wt glycerol in water at a
feed flow rateof 0.08 ml/h. In additioncoke deposition on the catalyst was attained
as 0.05 mg/g.h™. The yields of H. obtainedincreagd in the followingorder:
20C0/50Mg0B50AI203<20Co/MgO<5@-20CdMgO. The order of coke formation
amountdecreasedn thefollowing order:20Co/50MgG50AI20:>20Co/MgO5Cu
20Co/MgQ

To sum up, hydrogen production via steam reforming of glycerol was carried out in
a fixed bed reactor. The reactions operate8Bb&900°C and atmospheric pressure
with the watetto-glycerol molar ratio of 3l2 in the presence of mesoporous
catalysts. As catalysts, nickel, cobalt, ruthenium, platinanad palladium loaded
silicon dioxide, aluminium dioxide, cerium oxide, yttrium @& and magnesium
oxide were used. In general, higher hydrogen yield was achieved in the presence of
ruthenium and nickel loaded catalysts. According to literature review, it is clear that
no silica aerogel was used as a catalyst support in glycerol sefarming.
Therefore, the objective of this study wastermined as thesynthesisand
characterization studies ofilica aerogel supported catalystén addition,
determining the effect of the synthesized catalyst tgpeloperating conditions on

H2 yield anddeveloping a laboratory scale setup for this purpos@among the aims

of the study.
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3.3  Silica Aerogel

The superior properties oflisa aerogelssuch adow bulk density (up to 95% of

their volume is air), hydrophobicity, low thermal conductivity, highface area,

optical transparency, high porosity, low dielectric constant and excellent heat
insulationhave attracted attention in science and technol8gica aerogels are
implemented as a composite, an adsorbent, a sensor, a flm material, a catalyst, a
template and a thermal insulator in housing, refrigerators, skylights, windows,
clothing, apparel, blanketand space applications.

Silica aerogel aa catalyst support is of great interest due thigh surface area and
high porosity.Silica aerogeldiave all micro (<2 nm), meso-80 nm) and macro
(>50 nm) pores with a predominance of the mesopore range. The approximate pore
size is between 5 and Q@Gm, and the BET surface area is between 600 and 1000
m?. The porosity can be as high as 99%. An irtguuraspect of theesogel pore
network is its open structure and connectiwtichallows liquids or gaseto flow
throughopen porous structures witimited restrictionfrom pores to poreand
eventually penetrate the entire materMbreover, dica aerogels are chemically
stable, inert and have good thermal stabikiyd theihigh surface with open pes
ersureggooddispersion of catalyticallyaive substance(SoleimaniDorcheh et al.,
2007 Gurav et al., 203,0Amiri et al., 2016)

3.3.1 Synthesis ofSilica Aerogels

Silica aerogels are generally synthesized by thg@algbrocess due to its simplicity,

efficiency and feasibility. Sejel process is a very prevalent and reliable
methodology especially with metal oxides having uniform and small pastizs,

and various morphologies. It involves th

into a solid Agel 6 phase.
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The synthesis of silecaerogel is divided into 3 general steps:

1 Gel preparation: The silica gel is obtained by the sgél process. Thsol is

prepared by a silica source solution and gelation is occurred by addition of catalyst.

The gels are wusually <c¢classiyed according t
hydrogel or aquagel, alcolgend aerogel (for water, alcohol, and air, respectively)

1 Aging of the gel The prepared gel is aged in its mother solution. This aging
process strengthens the gel so that shrinkageng the drying step is kept to a

minimum.

1 Drying of the gel In the drying phasethe gel pore liquids removed to

prevent he gel structure from collapsin§d¢leimaniDorcheh et al.,2007)

3.3.1.1 Silicon Alkoxide Gelation

Solgel processing refers to the synthesis of an inorganic network by a chemical

reaction in solutiontdow temperatures, which forms an amorphous network in the

solution. The most prominent feature of this reaction is the transition from a colloidal

solution (liquid)toadior mul ti phase gel (sol igdl) , l eadi nq

processo.

The mos$ common technique for producing silica gels involves theti@a of a
silicon alkoxide (usually tetramethoxysilane abbreviated as A T MO Sad
tetraethoxysilanabbreviatechsit T E Q,Svbich senesas asource of silicawith
water, actingas a reactant tbelp combine the alkoxide molecules togetierthe
presenceof a basic, acidi@and/or fluoridecontaining catalys¢such as ammonium
hydroxide or ammonium fluorigeSincesilicon alkoxidesare norpolar, ethanol or
acetone is used as a solventaliow the necessary chemical reactions occur in the
same phas@Gurav et al., 2010Pudukudy et al., 2015)
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3.3.1.2 Formation of a Sol

Sol can be prepared by two technigues: condensation and dispersion of particles.
Cordensation proceeds by nucleation growth of particles to the appropriate size,
whereas dispersion involves theluetion of large particles down to the colloidal

dimensions. The size and properties of the resulting particles depend on the relative
rates ofthese two processes. Sol formation is favoured when the rate of nucleation

is high and the rate of crystal grdwt low.

When an alkoxide reacts with water, three reactions occur and result in the formation
of silica nanoparticles which then interconnemgether to form a gel. The first of
these reactions is hydrolysis which a silicon alkoxide reacts with wat® form

silanol (StOH) groups.

Hydrolysis
\S' u u Hydrolysis \S' T RoH
_
_— M~ 7T ~0— . - ~__
Esterification
OR OH
Hydroxy Group Bound
to Silicon
(Silicic Acid)

where R= Vinyl, Alkyl, or Aryl groups.

These silanol groups can then react either with each other or an alkoxide group (Si
OR) to form a siloxane bridge ¢8-Si), forming giant moleculescontaining

thousand®f siliconroxygen bridges called silica nanoparticles

During the formation of a silan nanoparticle, some silicon atoms cannot form a
siloxane bridgdyy forming siloxane bonds with hydroxyl@H) or alkoxy (OR)
groups. The silanol groups are then comsgehin two different reactions to form

silicone-oxygensilicone bridgegGurav et al.2010)
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3.3.1.3 Formation of a Gel from a Sol

+ ROH

At some point, the nanoparticles stop growing in size and instead agglomerate with

othe particles. The terminal hydroxyl@H) groups left over from the hydrolysis of

the alkoxide and alkoxy-QR) groups thatare never hydrolysed allow the

nanoparticleso bond togethenWhen adequate nanoparticles join together, asgel

formed.There ardunctional groups alontheaerogel and on the surface of the struts

that form the spongkke framework of the aerogah which one silicon atom does

not share the sikane bridge with another silicon atém., one of the four bonds do

not participaten network bondingGurav et al., 2010)
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3.3.1.4 Purifying and Aging of Silica Gels

After silica gel is synthesized, the liquid in the pores of the gel usually contains
alcohol, water, catalyst and other random organic compounds thatstaudege

or decrease itransparency and mechanical strength. Therefore, the gel solution is
purified by soaking in a pure organic solvent such as methanol, ethanol or acetone.
Whenthe gel is treated with pure solvent, impurities are diffused out and the pure
solvent is disperseuntil the equilibrium concentration of the species is reached.
During thss purification process, long silica bonds are formed as a result of some
final chemical reactions called aging, which contribute to strengthening the structural
framework of the gelPudukudy et al., 2015)

3.3.1.5 Drying of Alcogel

The process of removing the majority solvent (mainly alcohol and water) from the
gel is called drying. Surface silanol groupsi (3iH) on the adjacent silica cluster
undergo condensation reactiahging drying reultingin an irreversible shrinkage

of the gel network. This process can create very low energy surfaces that
significantly reduce surface tension. Therefore, it is necessary to modify alcogel
surfaces with appropriate modifying agents to render the elldogdrophobic.
Surface modification is a gcial step in the ambient pressure drying methodhe

H of the gelsis replaced by nopolar alkyl or aryl groups from SDH, which
prevens the silica clusters froncondensation reactions that catise gel shink.

There are several hydrophobic reagentsh as, methyltrimethoxysilane (MTMS),
hexamethyldisilazane (HMDZ), dimethylchlorosilane (DMCYS),
dimethyldichlorosilane (DMDC), trimethylchlorosilane (TMCS),
trimethylethoxysilane (TMES), and hexadecyltrimetysilane (HDTMS) that can

change the wettingroperties of the surface (Gurav et al., 2010)
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Surface modification is the key process in the preparation of the silica aerogel. The
most commonly used silylating reagent is TMCS. In silica modification pratbess,
hydroxyl group {OH) located on the ietnal pore surface of the silica gels is reacted
with CI' in TMCS, resulting in the formation of HCI and attachment of ithe
OSi(CH)s functional group to the surface of the silica gel. The replacemélaf

andi CHs groups transforms the initial hydrophilic character of the internal surface

of silica network mto a hydrophobic state.

The reaction mechanism of silica alcogel and TME€3epresented by following
reaction(Wu et al., 2011)

1773
—$i--OH

| | —iS'i'é'O-Si[Cl'lgh
? 9 (s Q 9
—o—sls—o—slsiTOU + 3CHySi-Cl —> —o-s;.i—o—gifoﬁsucmh + 3HCI
? L s ¢ 9
‘?{jOH —:Is_i§0~5i(t::H3:.3
Silica alcogel TMCS Modified silica gel

The reaction of TMCS with water within pores simultaneously take place as

represented by the following reaction.

(;H::, (|:H3 (ISH:’
2(2113—IS:'—C1 + H,0 (pore water) —= CHrSi—-O—%i—CII; + 2HCI
CH; CH; CHj

Water is then replaced with rhexane a low surface tension solverig reduce
capilary pressure into the poreBhe hexamethyldisiloxane ((GHSIi Oi Si(CHs)a3)

is adsorbed on the surface, which enhances the expel of alcold(E phase and
entrance of fHexane due to the incompatibility between hexamethyldisiloxane/n
Hexane phase aradcohols/HO/HCI phas€Wu et al., 2011)
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3.4 Metal-Based Catalysts

In this part, general information about the metals used in this study is detailed in the

relevantsectiors.

3.4.1 Nickel-Based Catalysts

Nickel-based catalyst is used in a large number of indligtrocesses and in organic
synthesis due to its stability and high catalytic actiltiybased catalysts assure an
acceptablecatalytic activity and a lower costThe catalystsoffer significant
advantages iateam reformingeactionsas theyhave high capability of breaking the
C-C, H-O andC-H bonds and thus provide a high s$¢lectivity However, Nibased
catalyss are prone to sinteng at higher temperatureawsing coke fornation
resulting in deactivationf catalystduring the reactioifLlorca et al., 2013Meloni

et al.,2012Ismailia et al., 2020)

3.4.2 Cobalt-Based Catalysts

Cobaltbased catalysts are extensively applied desulphurisation reactions
synthesis of polyester precursgrsoduction of aldehydes from alkenes in the OXO
reactionand dher industrial reactions. The catalysts exhibit higher actifoty
various GC bond formationgOzkal et al., 215) The main reasons behind the
utilization of cobaltarelow cost and high activitas well as god functional group
tolerancepperabilityeven under mild conditionandgood electrochemical activity
(Llorca et al., 2013)In addition, Cebased catghkt might be considered as a good
catalyst in steam reforming reactions due to its stabilityraddceddeposition of
carbonaceous speci@sonsolakis et al., 20&; Greluk et al., 2020However, cobalt
catalysts maye deactivatd by surface oxidation and siniieg depending on the
interaction with support (Carrer¢ &., 2017)
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3.4.3 Chromium-Based Catdysts

Chromiumbased catalysts are the most important ethylene polymerization and
oligomerization catalysts widely applied for industrial production of polyethylene

and thexene. The Phillips catalyst, a heterogeneous ysat@onsisting of a

chromium oxie supported on silica ges used to producebmuthafo f t he wor | doés
polyethylene.The diromiumbased catalysts have drawn intense attention in the
dehydrogenatiorof light alkanes.The effectivity of chromiurbased catalysts is

risen by dispersing on supports with high surface adeaaddition, its us as a

bimetallic formstabilizesthe catalystHowever,it is still unclear thatchromium

based catalystsay the most important role in dehydrogenation reactions (Liu et al.,

2014 Cheng et al., 2016)

3.4.4 Zirconium -Based Catalysts

Zirconium oxide andcompounds containing zirconium are agoized as useful
catalytic materials. In particular, zirconia (Z)@ an important support material for
catalysis due to its acidase properties. Zirconia can also act as a catalyst on its own

in the hydrogenationf CO, olefins and dienes, as wellths conversion of synthesis

gas to isobutan&.he use of zirconia as a catalyst or as a support is effective only
when the compound has a high surface area that remains stable under process
conditions (Calafat et al1,998)

3.4.5 Silver-Based Catalysts

Silver-based catalystare of particulamterest due to a number of valuable features
such asthe ability to activate molecular oxygemniform distribution of metal
particles/clustersrovarious supporisand a synergistieffectwith a large number of

promotes and modifiers. These featuresd a ground for the application of Ag
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based catalysts in the industrial gdgase oxidation of methanol to formaldehyde

and ethylene glycol to glyoxal. Agased catalystare also of interest due tdhe

optimal redox poteml of silver and higher concentratiasf Lewis acid sites
accompanied by the | i mit €fldrbinBetBlnZi8ed aci di

3.4.6 Molybdenum-Based Catalysts

Molybdenumbased catalysts have a number of imguat applications in the
petroleum ad plastics industries. Its major use is in hiyelrodesulfurizatiomof
petroleum, petrochemicals and coalrived liquids. In addition, Mbased catalysts
are resistant tsulphur poisoningand catalyse the conversion of hydrogen and
carbon monoxide fromhe pyrolysis of waste materials to alcohols in the presence
of sulphur, under conditions that will poison precious metal catalydtsbased
catalysts are abundant and navble, possessing superior catalytic activity with their
Lewis acid sites and low adation potentials in the highest oxidation states. In this
regard, interest in Mebased catalyst increased both in industrial and
laboratory(Shen et al., 2019)

3.4.7 Ruthenium-Based Catalysts

One of the cheapest noble metalstheniumis frequently used inrpcesses of
catalytic hydrogen evolution. Roased catalysts offerselective oxidative
transformations of various functional groups with environmentally friendly and
easily accessible oxidants. Ruthenium catalysis can be a very powerful tool for
selective catalysis in synthetic chemistry, such as asymmetric epoxidation of
alkenes, production of dioxygen species, dihydroxylation of olefins and oxidative
dehydrogenation of alcohol®ne of the major reasons of attractiveness is that Ru
based catalysts are pemsible not only for the functionalization ofCbonds but

also fao the GO cleavage with dominant Lewis acid sitésowever, it is not
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economical to use only Ru for catalysiBhus, lower loadings of Ru on an
appropriate support or synthesis bimetdthions of Ru are better options (Demsash
et al.,2018Sun et al., 204; Odenkirk et al., 1992)

3.4.8 Iron -Based Catalysts

Iron-based catalysts offer prominent advantages such as low cost, high safety,
environmental friendliness and widkstribution. Iron and/oriron oxidebased

catalysts are widely used faertilizer, refining and chemical industries. Zero valent

iron (ZV1), Fe(SQy)s, FeSQ, FeCk, and FeOOH are used in water and wastewater

treatment (Zhang et al., 2018)on oxidebased catalyst slsousedfor well-known

larges cal e ammoni a pr odwstcihonmet dhaldlbed | ®mMHatbheirs
Magnetite(Fe304) is used as a catalyst thatreases the reactivity between nitrogen

and hydrogen to produce ammonia (Mo@aret al., 2020)Another weltknown

process usingnagnetite is th@asto-liquid process, which produces synthetic fuel

from either natural gas or gasified coal. Moreovke, irm oxidebased catalysts

dopedwith chromium oxidg(Cr.0s3) thatprevent sintering of iron oxide crystallites

are commercially used in high temperature (880A C) water gas shi ft
reaction (Boarab et al., 2014). Besides the oxide formsgafi, metalic iron is also

an active catalyst in the FischEropsch processes to produce longer hydrocarbon

chains i.e., olefins, by catalysing CO ang ehtlled syngasde Snit et al., 2009).

3.4.9 Magnesium-Based Catalysts

Magnesiumbased catalysts are usefbr oxidatve coupling of methane
dehydrogenatididehydration of alcoho)sdehydrolalogenationof halogenated
hydrocarbonsbenzylationof aromatics synthesis of pyranopyrazole derivatives
andClaisen Schmidt condensatidfielkhalifa et al., 2018)Even though Mg is used

as an active catalyst in a number of processes, MgO, the oxide forneliskagwn
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caalyst support with specific properties such as cation valence, redox properties,
acid-base character, and crystal and electronic structure. MgO is considered as a
high-surfacearea heterogeneous catalyst support, additive and promoter fausvari
chemical reactions such as dry reforming, dehydrohalogenation, oxidative
dehydrogenation of butane, nonoxidative dehydrogenation of ethylbenzene, and
decomposition of CCI. In addition, the use of Mg as a support or promoter-for Ni
based catalysts prales good mel dispersion on the catalyst surface that offers
high catalytic activity and low catalyst deactivatimnreducing the amount and rate

of carbon deposition on the fdctive sitedKhairudin et al., 2018Al-salihi et al.,

2020)

3.4.10 ManganeseBased Catalysts

Manganesebased catalysts have remarkable advantages, such as low toxicity, high
natural abundance, low cost, and environmental friendlinessadded catalysts are
used as the physical template and the chemical oxidative inif@tdhe aniline
polymerization(Ran et al., 2018)n water and wastewater treatmewdowiec et

al., 2019), ad for activating peroxymonosulfate (PMS) and peroxydisulfate (PDS)
to degrade many contaminants (Huang et al., 204 @ddition, the use of Mwith
magnetite (FeD4) are envisioned as a candidaieobtainingCr-free Febased VGS
catalysts (Meshkani etl., 2014)

In this study abovestatedmetals were useds either monometallic or promoting
metals.Theability to breakH-O bonds in addion to GC and CH makesNi a great
candidatefor use as anonometallicand bimetallic catalyst ithe GSR reaction
However,the major drawback of using Ni igs high sintering tendency and less
resistage to carbon formationresulting in acatalystpoisoningandhencecatalyst
deactivatior(Llorca et al., 2013; Meloni &tl.,2012; Ismailia et al., 2020)herefore,

somepromotingmetalssuch as Mg and Rwuere used to increase the thermal stability
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andreducethe coke deposition. Aording to literaturejt was envisioned that due
to the high basicity of MgO, it would lead toa reduction in the amount of coke
deposis on the catalyst bgaptuing the CO, produced and hence reversing the
Boudbuar d r eact i oCallésetiab €044)n a2ldXiant Md provides
good dispersion © particlesby prevening pore cloggng by agglomeration of Ni
particles(Moogi et al, 2020. However,it is also possibléo observe a deeasen

H2 yield asthe basic nature of Mg@nay cause a decrease in aciditytive catalyst
andthusreducethe cleavageability of C-C and GH. BesidesMg, use of Ru as a
promoter to Ni offers a greativantage due to itdility to breakC-C and GH bonds
as well a<C-O bondslIn addition, according ttheliterature Ru has a positive effect
onredudng coke deposition othe catalyst(Demsash eal.,2018; Sun et al., 2017,
Odenkirk et al., 1992)Moreover, iroroxide based catalysts are commercial
catalyss in the high temperature WGS reactiarccurring between 358150°C
(Bouarab et al., 2014Regardless of the high operating temperature ofsthidy,
Fe-oxide wasused as promoting metalo Nito increase the Hyield andthendoped
with Mn, which wasused tgpreventthe sintering of FeAs a result of the studies of
some authorsa higher CO conversion waghieved in NiFe-Mn catalyst inthe
WGS reaction witla Fe/Mn weight ratio oL0% (Meshkamet al., 2014)Moreover,
some literaturdasrevealed thaCo, Cr and Zr promoting Ndased catalystisplay
higher catalytic activity compared to HHased catalystdn addition, their higher
thermal stablity and greatercoke resistare have intensified the studieson these
catalyss (Carrero et al., 2017; Haryanto et al., 20Chlafat, 2011; Manfro et al,
2013) Besides these catalysts, relatively inexpensive metals such as Mo and Ag
compare to the noble metalgerechoserdue to possessimyedomirant Lewis acid
sites(Torbina et al., 2018; Shen et al., 20183t areforecastedo rupturethe C-C
and GH bond and thereby increase the eld.
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CHAPTER 4

EXPERIMENTAL

The experimentastudies are divided into three parts: catalyst synthesis, catalyst
charcterization and catalyst activity test. Silica aerogel supported mono, bi and
trimetallic catalysts were synthesized by loading different amoumtg Gfo, Cr, Zr,
Mo, Ag, Ru, Fe Mg, and Mn by wet impregnatioror co-precipitationmethods.
Subsequentlythe catalysts were calcined under dry air and reduced with hydrogen.

All synthesized catalysts were characterized using Rlysisorption, XRay
Diffractometer (XRD), Scanning Electrdviicroscopy (SEM), Diffuse Reflectance
Infrared Fourier Transform Specsicopy (DRIFT) and Thermogravimetric Analysis
(TGA) methods to examine their physical properties, chemical composition and

surface morphology.

The catalysts were tested in a fixed batghng reactor at 450050C, under
atmospheric pressure with the watesglycerol molar ratio of 1, 3, 6 and 9 at 0.8,
0.9 and 1.0 ml/h feed flow rate in the presence of 2.5, 5, 8 and. 20 nickel and
10 wt. % of eachcobalt, chromiummolybdenum, silverand zirconium loaded
monometallic, various amounts of nickablybdenum, nickelruthenium, nickel
iron and nickel magnesium loaded bimetallic and nigleel-manganese loaded
trimetallic catalysts. Moreover, repeatability of the expenis was performed.

The catalyst synthesis procedure, catalyst characterizationdaeltand catalyst

activity testwere detailed in the following sections.

49



4.1  Synthesis of the Catalysts

Synthesis of the catalyst was divided itk parts ashe synthesis of silica aerogel
and the loading of metals trsilica aerogel. The route of sywsis of silica aerogel
was followed by the synthesis procedure of Deshpande, (H@Jopedby our
labomat e Deji rmenciojlu, (2018)

41.1 Synthesis of Silica Aerogel

In the synthesis of silica aerogel, in general, pure water and ethanol (Sigma Aldrich)
are used as solvents, tetraethylorthosilicate (TEOS, Merck) is used as a silica source,
hydrochloric acid (HG 37% v/v, Merck) is used as an acidic catalyst, ammonia
(NHs, 25% v/v, Merck) is used as a basic catalyst, and ammonium fluoridé-(NH
Merck) is used as@elationagent. Trimethylchlorosilane (TMCS, Merck) is used to

modify surface and maintain hydragticity to aerogel.

For the preparation of the sol, 1.73 g pure water and 5.63 g absolute ethanol, 10.01

g TEOS and 620L HCI are placed in an airtigl
then mixed for 2 hours at room temperature on a magnetic stifter.rixing, 3.8

g pure water, 9. 9 zageaededtctheedhen8rodd 6EO NBIL NH
is added dropwise to the solutiand gelation occuré\bsolute ethanol is then added

to cover the entire gel, and cap of the beaker is closed to preveengy. The
ethanolcovered gel mixture is left at room temperature for 8 hours for the formation

of long silica bonds referring to aging. For ambienesgure drying, ethanol is poured

from the gel after 8 hours and 30 ml of hexane is added. THeegmbte mixture is

l eft in a wat er Rfet2hhousshexahdideCandd ramthz hour s .
gel and the gel is washed again with 30 ml of hex@hen 5 g of TMCS is slowly

added to the gel to provide surface modification and maintain hydroptyotmci

aerogel. At this point, water with HCI vapour comes out as a white smoke. After the
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HCl vapour has disappeared, a solution of water and hexakersinto a graduated

cylinder. Hexane at the top of the water in graduated cylinder and fresh hexane a
much as the volume of water in the graduated cylinder are added back to the gel.
Thus, the water is removed from the gel structure and hexane istadquetect the
hydrophobic structure and prevent the shrinkage into the pores. Thexgele

mixtures t hen | eft in a water bath at 45AC
more by pouring hexane and then leaving the gel in a water bath for 5 hourd & A C .
Finally, thehexane islecantedind the gel is allowed to dry in a furnaceatdt 2 5 A C

for 2 hoursto evaporate all the hexane.

41.2 Synthesis of Metal Loaded Silica Aerogel

Within the scope of this study, various metals were loadéa Silica aerogks by
co-precipitationor wet-impregnatiortechnique to obtain active catalysts. The main
reason for ging co-precipitationtechnique is that it provides pure andiform
catalystsas a result of good mixingvhile wet impregnation methqgorovides an

easy preparation of a layer of an active substance on the catalyst surface for
supported catalysfgle Jonget al., 2009; NPTEL, 2014 this study, nickel, cobalt,
chromium, zirconium, molybdenum, silver, nickethenium, nickeiron, nickel
molybdenum, rikekmagnesiumand nickeliron-manganese loaded silica aerogels
were synthesized by qarecipitation nethod. In addition, only 10 wt. % nickel
doped silica aerogels were synthesized by following botpreoipitation and wet

impregnation methods.

The syithesis methods of Ni, Mo and 8i8Mo loaded silica aerogels were detailed
in relevantsectionsand thesynthesis routesf othercatalysts wersummarizedn
Table 41.

The amount of metal precursors loaded to achieve the desired metal content was
calculaged according to the equation given in Appendix A.
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4.1.2.1 Monometal Loading

Monometals were loaded onto sdiaerogel by cgrecipitationor wetimpregnation

methods.

To synthesize nicketobalt, chromiumand zirconiunoaded silica aerogels by o
precipitation method, one gram of silica aerogel is first powdered, placed in a beaker
and mixed on a magnetiarsér with 20 mlabsolute ethanol for 30 minutes. At the
same timegesired amount of metal precurs®dissolvedn absolute ethanol in the
other beaker and placed on a magnetic stirrer to mix for 30 min. After the solutions
are homogeneously mixed, theetatcontaining solution is added dropwise to the
silica aerogel solution. The resulting solution is alloweddad for 24 hours on the
magnetic stirrer. At the end of the mixing, the solution is left for drying for 24 hours

to evaporate whole ethanoli a f ur nace previously set to 60

To synthesize molybdenum and silver loaded silica aerogels pyectpitation

met hod, silica aerogel was first calcined a:
5 bar under dry air flow of 80 ml/min. Then, egem @lcined silica aerogel placed

in a beaker and mixed on a magnetic stirrer @iimldistilled water for 30 minute

At the same time, desired amount of metal precursor is dissolved in distilled water
in the other beaker and placed on a magnetic stirrerixdfor 30 min. After the
solutions are homogeneously mixed, the metaitaining solution is added
dropwise tohe silica aerogel solution. The resulting solution is allowed to stand for
24 hours on the magnetic stirrer. At the end of the mixing, theisolis left for
drying for 24 hours to evaporate whole distilled water in a furnace previously set to
6 0AC.

To synthesze nickel loaded silica aerogel by wet impregnation method, distilled
water is used instead of ethanol and the synthesis processdad oat following the

same routes as in the-poecipitation process. The reason for using distilled water is
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that silica aerogel, unlike nickel precursor, is insoluble in water due to its

hydrophobic nature.

4.1.2.2 Bimetal Loading

Ni-containing lmetals werdoaded onto silica aerogels by-peecipitation method

with two-step metal loading and simultaneous metal loading.

In two-step metal loading patl@bbreviated as ,)onegram silica aerogel is
powdered, placed in a beaker and mixed on a magnetic stitre2®im| absolute
ethanol for 30 minutes. At the same tindesired amount ofickel precursor, is
dissolved in abolute ethanol in the other beaker and placed on a magnetic stirrer to
mix for 30 min. After the solutions are homogeneously mixed, the rockehining
solution is added dropwise to the silica aerogel solution. The resulting solution is
allowed to standior 24 hours on the magnetic stirrer. At the end of the mixing, the
solution is left for drying for 24 hours to evaporate whole ethanol iar@ate
previously set to 60AC. After dryCng, ni
for 5 h under dry aiof 80 ml/min. Subsequently, it is placed in a beaker and mixed
on a magnetic stirrer with distilled water for 30 minutes. At the same desed
amount of promoting metasuch as molybdenum, iron, magnesjamd ruthenium
aredissolved in distilled ater in the other beaker and placed on a magnetic stirrer
to mix for 30 min. After the solutions are homogeneously mixedptbenoting
metalscontaining solution is added dropwise to thiekelloadedsilica aerogel
solution. The resulting solution is allowed to stand for 24 hours on the magnetic
stirrer. At the end of the mixing, the solution is left for drying for 24 hours to

evaporatewholw at er i n a furnace previously set

In simultaneousmetal loading patli{abbreviated as Il)onegram calcined silica
aerogel placed in a beaker and mixed on a magnetic stirre2vitiidistilled water
for 30 minutes. At the same timbpth desirel amount ofnickel precursorand
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promoting metal (molybdenunprecursor aralissolved in distilled water itwo
different beaker and placed on a magnetic stirrer to mix for 30 min. After the
solutions are homogeneously mixed, the nida@itaining and molydenum
containing solution are simultaneously added droptaiske silica aerogel solution.

The resulting solution is allowed to stand for 24 hours on the magnetic stirrer. At the
end of the mixing, the solution is left for drying for 24 hours to evaposdiole

water in a furnace previously set to 60AC.

4.1.2.3 Trimetal Loading

In this study, NiFeMn loaded trimetallic catalyst was synthesized by co

precipitation method.

In the synthesis of trimetallic catalyst, firstly, egeam silica aerogel is powdered,
placed in a beaker and mixed on a magnetic stirrer 2@tml absolute ethanol for

30 minutes. At the same time, desired amount of nickel precursor is dissolved in
absolute ethanol in the other beaker and placed on a magnetic stirrer to mix for 30
min. Afterthe solutions are homogeneously mixed, the nicketainirg solution is

added dropwise to the silica aerogel solution. The resulting solution is allowed to
stand for 24 hours on the magnetic stirrer. At the end of the mixing, the solution is
left for drying for 24 hours to evaporate whole ethanol in a furnacequsgly set to
60AC. After drying, nickel°to5herderdry | i ca aer
air of 80 ml/min. Subsequently, it is placed in a beaker and mixed on a magnetic
stirrer withdistilled water for 30 minutes. At the same time, both édsiimount of

iron precursor and manganese precursor are dissolved in distilled water in two
different beaker and placed on a magnetic stirrer to mix for 30 min. After the
solutions are homogenedysnixed, the irorcontaining and manganesentaining
solutons are simultaneously added dropwise to the nibbatled silica aerogel

solution. The resulting solution is allowed to stand for 24 hours on the magnetic
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stirrer. At the end of the mixing, theolution is left for drying for 24 hours to

evaporatewholv at er i n a furnace previously

In all catalyst synthesishé amount of solvent containing metal precursor was
arranged with respect to the amount of metal preclwsoied.The syntlesis paths

of catalysts were detailed in Table 4.1.

Table4.1 CatalystSynthesisPaths

Metal Metal
Metal Support  Method | Solvent Metl ' precursor  Content,
Precursor
Amount, g wt. %
0.125 2.5
Co- (Ni(NO3)2 0.250 5
SA | precipitatin | Ethanol L ®H " g 400 8
Ni Acros
Organics, 0.500
SA Wet Water 999%) '
impregnation
(Co
(CoH302)2
L 0OH
Co _ 0.420
Sigma 10
Aldrich,
Co
SA o Ethanol  98%)
precipitation
(Cr(NQGs)3
L #H
Cr Sigma 0.770
Aldrich,
98%)
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Table 4.1 ( &umthesi®Rbaths Cat al yst

Metal Metal

Metal

Metal Support  Method @ Solvent Precursor  Content,

Precursor | amount, g wt. %

(Zro
(NOs)2 L
xH20,
Zr SA Ethanol . 0.250
Sigma
Aldrich,
99%)
(NHa)s
Mo07024 L 10
4H0,
Mo 1.290
Fluka
Water = Analytical,
99%
AgNO:s,
Ag Merck, 0.160

99%

Co

precipitation

Calcined
SA
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Table 4.1 (contdédd) Catalyst Synthesis Pa:
Metal Metal

Metal Support Method | Solvent Met@l | precyrsor | Content,
Precursor Amount, g wt. %

SA (Ni) Ethanol (Ni(NOs)»
& Two-step (Ni) L ®©H
Cdcined co & Acros
SA precipitation | Water | Organics,
Mo Mo 99%) &
Ni & (Mo) (Mo) ) 0.400 &
(NHa4)e &2
Mo 0.260
] Mo7024 L
_ Simultaneous
Calcined 4H0,
co- Water
SA o Fluka
precipitation _
Analytical,
99%
(Ni(NO3)2
L ®H
Acros
Ethanol _
_ Organics,
) SA & Two-step (NI)
Ni & _ 99%) & 0.500 &
Calcined co- & 10&3
Mg L (Mg 0.316
SA precipitation | Water
(NO3)2 L
(Mg)
6H20,
Merck,
99%)
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Table 4.1 (contdédd) Catalyst Synthesis Paths

Metal Metal
Metal | Support Method | Solvent Metal Precursor | Content,
Precursor Amount,g = wt. %
(Ni(NO3)2
L ®H
Acros
. Organics,
Ni & 0.500 &
99%) & 10&3
Fe 0.217
Fe(NQ)s L
9H-0,
Ethanol
. Merck,
(Ni)
SA & Two-step 2 98%
Calcined co- (Ni(NO3)2
. Water 0.500 &
SA precipitation L HH ' 10&3
(Fe- 0.062
Acros
Ru) .
Organics,
Ni & 99%) & 0.500 &
10&2
Ru Cl:Ru | 0.041
xH20,
ACOS 9500 & 01
Organics, 0.021
3540%

58



Table 4.1 (contdédd) Catalyst Synthesis

Metal Metal
Metal

Metal Support  Method | Solvent Precursor @ Content,
Precursor

Amount,g = wt. %

(Ni(NO3)2
L ®H
Acros
Organics,
. 99%) &
. (Ni)
Ni & SA & Two-step Fe(NQ):L | 0.500 &
_ & 10&3
Fe & | Calcined co- 9H:0, 0.217 &
S Water & 0.3
Mn SA precipitation Merck, 0.001
(Fe &
98% &
Mn)
Mn(NOz3)2
L 0H
Merck,
98.5%

Ethanol

4.2  Naming of the Catalysts

The metal laded silica aerogels were synthesizedwstimpregnationor co-

precipitation method, calcined under dry air and reduced witfiolv. They were

named in the XY/SA(Z)(T) format where X indicates the metal percent in weight, Y
is the type of loaded metalAStands for silica aerogel, Z is calcination temperature
and T is reduction temperature. For instance, 10Ni/SA(700)(1035atedithat the
catalyst is 10 wt. % nickel loaded silica aerogel, calcined &C700der dry air and
reduced at 103& with H flow. In addition, 10Ni/SA(700)(1035)et indicates the

catalyst synthesized following wet impregnation method, 10 wt. % niokeled
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silica aerogel, calcined at 7 under dry air and reduced at 1835vith H, flow.

The synthesized catalysts were giverable 42.

Table4.2 SynthesizedCatalysts

Metal Metal Calcination Reduction
Catalyst Type Amount, | Temperature  Temperature
wt.% °C °C
2.5Ni/SA 2.5
5Ni/SA 5 700
8Ni/SA Ni 8
10Ni/SA 700,1035
10Ni/SA-wet
10Co/SA Co 1035
10Cr/SA Cr 10
10Zr/SA Zr 700
10Mo/SA Mo
10Ag/SA Ag
8Ni-2Mo/SA Ni, Mo 8,2
10Ni-3Fe/SA Ni, Fe 10, 3
550 550
10Ni-3Fe-0.3Mn/SA | Ni, Fe, Mn | 10, 3,0.3
10Ni-3Mg/SA Ni, Mg 10, 3
10Ni-1RuU/SA 10,1
700 700
10Ni-2Ru/SA Ni, Ru 10, 2
10Ni-3RuU/SA 10, 3
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42.1 Calcination & Reduction of the Synthesized Catalysts

In metatloaded catalysts, calcination and reduction must be performed respectively
to obtain an active phade. this study, the catalysts were@akd under dry aiand
thenreducedwith hydrogen flow.

Calcination is a heateatment that aims &tabilize textural and structural properties

of catalystsduring the reactiontemove impuritiesand oxidize metal precursor

under controlled environmerand temperature (NPTEL, 2014&or calcination,

metal loaded silica aerogeleglaced in a fixed bed quartz reactor and heated from

room temperature t650,700, andl 0 35AC wi th a heating ramp
under dry air flow at 50 ml/min. Whenelalesired calcination temperature is reached,

the catalyst is kept at this tesmature for 5 hours. At the end of 5 h, the dry air flow

is turned off and furnace is allowed to cool.

After calcination, the catalysts are reduced under hydrogen flow foragigrgeactive

sites of catalysts. For reduction, the catalysts are placeceifixid bed quartz

reactor and heated from room temperature to 550, a0 1038C with a heating

ramp of 10AC/ min a tof 88 mlima.rWhenrthe &emperaturgg o n  f |
reaches to desired point, the catalysts are treated witbwdof 50 ml/min & 5 bar

for half an hour. At the end of half an hour, Ar is allowed to pass through the catalyst

at the same flow rate of 80 ml/min for an hour to sweep all the hydrogen gas.

In both calcination and reduction processes, it is aimed to ensure the sbéliléy

textural and structural propertiestb catalystsduringthe reaction.

4.3  Characterization of the Catalysts

Chemical composition, usface area and porosity, bulk solaructure, surface
morphology, particle size, crystallite size, activity, seldty and stability of the

catalysts were examined with the aid of some of characterization techniques, such as
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N2 Physisorption, XRay Diffraction (XRD), Scanning Electron Mascopy (SEM),
Diffuse Reflectance Infrared Fourier Transform Spectroscopy KDBR) and

Thermogravimetric Analysis (TGA).

43.1 N2 Physisorption Analysis

Nitrogen physisorption at boiling temperature (77 K) is the most widely used
technique to determine the abtst surface area and to characterize its porous texture
(Gregg and Sing1982. In this context, adsorption isotherm curves, which is
nitrogen adsorbed volume against its relative pressure, was determined under the
relative pressure range of 0.0001<P/@89 using Micromeritics Tristar I 3020.

Prior to the analysis, catalystswetee gassed at 110AC for 3h.

4.3.2 X-Ray Diffraction Analysis (XRD)

The degree of crystallinity and the phases of the synthesized catalysts were identified

with the aid of XRD analysi®or their reduced forms (Lavina et al., 2014). Average

crystallite sizes of mats or metal oxides were calculated using Scherrer Equation.

XRD pattern was obtained by set9tOiAngviBrhagg ar
a step si.The XRDfaaldsih ivasiperformed using Rigaku Ultiha

diffractometewi t h  Cu K ( 0.454Dnineopdrading at 40 kV and 30 mA

4.3.3 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that
produces images of a sample by scanning the surface with a focused beam of
electrors. The electrons taract with atoms in the sample, producing various signals

that contain information about the surface texture, morphology and composition of
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the sample (Goula et al., 2016). Prior to SEM analysis, the catalysts were covered
with Au/Pd fa avoiding to inteaiction of electrons with the catalysts. SEM analyses
were performed by using QUANTA 400F fietanission scanning Electron

microscope.

4.3.4 Thermogravimetric Analysis (TGA)

TGA analysis measures the amount of weight change of a material, &stre

function ofincreasing temperature or as a function of time at isothermal condition in

an atmosphere of nitrogen, helium, air, other gas, or in vacuum. The measurements

are generally used in temperature and weight change of decomposition rehations t

allow guantitatve composition analysis. The technique can characterize materials

that exhibit weight loss or gain due to decomposition, oxidation, or dehydration
(Sundari et al., 2012). TGA analysis was performed under air flow with a flow rate

of 50 ml/min and a heat(p r at e of 10AC/ min in -the tert
1050AC to determine the amount of deposi
Shimadzu DTGG0H.

435 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS)

DRIFTS analysisexamines the surfacchemistry of high surface area powders,
particularly heterogeneous catalysis, where the temperature and environment of the
catalyst can be controlled-gitu in the DRIFTS cell (Fuller et al., 1978ccardo et

al., 2014) Pyridine adsmption technique isised to determine the nature of acidity

i . e., Lewis or BrRBnsted acid sites of th
are dried at 110 , then al/|l catalysts ar
ml of pyridinefor 9 daysfor adsorption of pyridine vapour by the catalysts. After
background KBr spectra are obtained, spectraotth fresh and pyridine adsorbed
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catalystsare recorded in the milR region (400G 450 cm') by collecting 100 scans

at 4 cm' resolution usig a mirror velocity of 0.2 cm/sThe final spectra of the
catalysts are obtained based on the differences between the fresh and pyridine
adsorbed spectraDRIFT analyses were performed by using Perkin Elmer

Instruments Spectrum One R Spectrometer.

4.4  Activity Test of the Catalysts

In thissection the reaction system in which activity tests are carriedsalgtailed.

44.1 The Reaction System

A schematic diagram of the reaction systesndemonstrated in Figure ¥.The
experimental setup coisss of two stags: preparation dhecatalysts for the reaction
and the activity test of the catalystCatalystsare preparedor the reactionby
performing thecalcination and reduction stepgth dry air andH» gaseded to the
reactor usingthe bypassstreamwhere tle gaspasses directly to vent without
including condenser and gas chromatography (@@)the other handhé activity
test of the catalyss carried ouusingthereaction streanCatalytic activity tests for
glycerol steam reformingre performed in a @nventional fixeebedquartzreactor.
The glycerolwater mixtureis fed into the evaporator using a syringe pump. The
mixture is heated itheevaporator t@vaporate thenixture and subsequently mixed
with 100% Ar flow. Heating tapes aresad inthe inlet and outlet streams of the
reactor to preventondensation of the feed and produdike bed temperature is
heated by an electric furnasairroundingthe reactor tube to reach the reaction
temperature witih00%Ar flow as carrier gasThe gas products areooled inthe
condensewith thewater bath anthenthe liquid products are collectethe overall
flow rate ismeasuredisinga soap bubble met during the reactionandthe gas

composition of t hamalysedendine at thesarse timdnterbal e n t
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using gas chromatography (GC) (SchimadzuZ&C0 Plus) equipped withithermal
conductivity detector (TCD) (Carboxen 1010 Plot column with 0.53 mm inside
diameter (ID) and 30 m lengthAr was useds a carrier gas GC.Liquid products

in the comlensate armanuallyidentified in GC using RtQ-Bond column with 0.53

mm inside diameter (ID) and 30 m length by using He as a carrier gas. Finally, all

the gaseproducedare sent to the atmosphere.
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4.4.1.1 Experimental Procedure

First, 0.5 gof catalysis weighed an@laced inside the quartz reactor, and supported
by ceramic woolThe reactor is inserted in a tubular furna€ken the setup is
controlled for leakage with 100% Ar flow. Theatalystbed is heated by an electric
furnace enlosed the reactor tube with 190 Ar flow to reach the reaction
temperaturevi t h a heat i n dhenthetondemséris $eOt@0RT/amdi n .
the heating tapesf reactoroutlet streanto 19CC. When the furnace arteeating
tapes ofthe reactoroutle streamreach to the set temyadures, heating tapes
reactorinlet streamand evaporator are set to 3Gtandat the same timie analysis
method is loaded int&C. Theglycerotwater mixtures thenfed to the evaporator

by a syringe pum@and mixed vth %100 Ar flow inthe evaporatorLiquid products

are collected from the bottom tife condenser whilgas products are analysed in
GC with the same time interval (21.85 min) during the reactiot thersent to the
atmosphereAt the end of the experiméperiod(5 h),the final volume issetin the
syringe pump and turned off, théme shutdown method is loaded into GC agab
and liquid detectors aslowed tocool down to 58C. Then GC, He flow, condenser
and furnace are turned o8ubsequentlytheevaporatoandheatingtapesareturned

off. Finally,the Ar flow is turned off.
The experimental conditions for glycerol steam reforming were given in Téble 4.

The method conditions in GC for gas and liquid areslysere given in Table 4.
and Tabled 5, respectively.
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Table4.3 All ParameterSested in GSR

Catalyst

Trxn (OC)

WI/G (molar)

FFR (ml/h)

10Ni/SA(1035)(1035)

10Ni/SA(700)(1035)

10Ni/SA(700)(1035)vet

Metal Loaded Catalysts

965

470
500
540
610

680

755
825
895
965
1035
470
550
470
550
680
550
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0.8
0.9
1.0
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Table4.4 Analysis conditions of GC for gases products

Column Oven Temperature (°C) 250
Injection Temperature (°C) 200
Detector Type and Temperature fC) TCD-250
Column Pressure(psi) 3.89
Analysis Time (min) 21.85
Carrier Gas and Flow Rate(ml/min) Ar-50
Split Ratio 1/1

Table4.5 Analysis conditions of GC for liquid products

Column Oven Temperature (°C) 250
Injection Temperature (°C) 200
Detector Type and Temperature fC) TCD-250
Column Pressure(psi) 3.89
Analysis Time (min) 21.85
Carrier Gas and Flow Rate(ml/min) He-258
Split Ratio 1/50

The analysisn GCis completed by starting the oven temperature &€ 3keeping
it at this temperature for 7.50 minutes and tteaxcthing 258C at 21.85 minutes with

a heating rate of 28/min.
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CHAPTER 5

RESULTS AND DISCUSSION

Within the scope of this study, the experiments were carried out considering both
thermodynamic analysis and studies related to glycerol steam reforming. On the one
hand, considering the effect of W/G ratio acting to thermodynamic analysis, it is
deducd that as the W/G ratio increases, the mole fractions of both hydrogen and
carbon monoxide increase whereas mole fractions of both methane and carbon
dioxide decrease. Furthermore, high operating temperaturearféave hydrogen
formation. Increase in terepature decreases the formation of2G@d CH, while
slightly increases the CO formation. According to the thermodynamic analysis, the
reaction operating conditions were selected considering the high amoydtagén
formation and low amount of methane, carbon monoxide and carbon dioxide
formation. There are various operating conditions to achieve this goal. Thus, the
experiments were carried out at 4606(°C with the W/G molar ratios of 1, 3, &

9 at 0.8, M, & 1.0 ml/h waterglycerol feed flow rates and 30 ml/min Ar flow rate

in the presencef®.15 g catalyst under atmospheric pressure. The effect of reaction
parameters such as temperature, feed,ratid feed flow rate on Hyield were
examined in thengsence of 10% by weight nickel loaded silica aerogel synthesized
by co-precipitation techique. Moreover, the effect of catalyst syntséschnique

on H yield wasexaminel in the presence of 10% by weight nickel loaded silica
aerogels synthesized by hatoprecipitation and weimpregnation techniques. In
addition, the effestof metal amant and mono, bi & trimetal type orphlield were

also examined. For this reason, 2.5, 5, 8 and 10% by weight of Ni loaded silica
aerogels were tested to examine tliflect of metal amount. In addition to Ni,

promising active metals such as Co, Cr, Zr, Ma Ag were loaded ¢m silica
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aerogel by 10% by weight in order to examine the effect of metal type gield.

To examine the bi & trimetal effect, NMtu, N-Mo, Ni-Mg, Ni-Fe and NiFe-Mn

loaded silica aerogels were synthesized in dominance of Ni follpweo
precipitation technique. All the catalysts were calcined under dry air for 5h and
reduced under Hlow for half an hour and then tested. The activity perforcearof
various metal loaded catalysts were performed atG®dth a W/G molar ratio of

9, which is the highest Hsield conditions according to thermodynamic analysis. On
the other hand, according to the studies on glycerol steam reforming, there is no
evidence that silica aerogel is used as a catalyst support, which makes the study
unique. h other words, silica aerogel was used as a catalyst support for the first time

in glycerol steam reforming.

In all experiments, the outlet gas stream contained kygarocarbon monoxide,
carbon dioxide and methane whereas the liquid products, colleotadte bottom

of the condenser, generally contained almost solely water. The conversion of
glycerol and hydrogen yield were obtained based on the analysis of badindyas
liquid products. Apart from these, coke deposition in the catalyst and purity of

produced hydrogen were taken into consideration as crucial factors.

In addition, chemical and physical properties of fresh and used catalysts were
determined using sonaaracterization technigues such afRysisorption, XRD,
SEM, DRIFTS and TGA.

5.1 Characterization Results of the Catalysts

Surface area and porosity, bulk solid structure, surface morphology, particle size,
mechanical strength, crystallite size, activéglectivity and stability of the catalysts
were examined with the aid of some of chagazation techniques, such as N
Physisorption, XRay Diffraction (XRD), Scanning Electron Microscopy (SEM) and
Diffuse Reflectance Infrared Fourier Transform Specopy (DRIFTS).
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51.1 N2 Physisorption Analysis

In this part, N Physisorption analgs of silia aerogel and various metal loaded

silica aerogels were examined.

5.1.1.1  Silica Aerogel andNickel Loaded Silica Aerogels

N2 Physisorption isotherms and pore size distrimgiof pure silica aerogel and
2.5%, 5%, 8%and 10% by weight of nickel loaded silica aerogels were depicted in
Figures5.1-5.2.
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Figure5.1 N2 Physisorptionisotherms oPure SA and NLoaded 8ica Aeroges
(Filled Symbols:AdsorptionBranch Empty Symbols: Desorption Brarjch

According to Figure 5.1, it is clear that nickel loaded silica aerogels exhibited similar
behaviour, unlike pure silicaerogel Pure silica aerogel exhibited type IV isotherm
with H3 type hysteresis looaccording to the Brunau®emingDemingTeller
(BDDT) classification in accordance with the literature (Sivri et al. 920&hich is

characteristic of mesoporous mategiglowell, 2006;Wang et al., 2020). However,
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the adsorbed voluenof N decreasedvith an increase in metal amouriickel
loading also changed the pore structure, resulting in a change in hysteresis loops
from H3 to H1, expressing a narrower pore sizéridistion range. However, there

was no change in the shape aftieerm representing type IV.
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Figureb5.2 PoreSize Distributions ofPure SA and NLoadedSilica Aerogels

According to Figure 5.2, silica aerogel contabtth mesopores anadacropores.
However, when nickelas loaded dio the silica aerogel, the macropores vanished,
only mesopores remained. This is due to the factilckel accommodatemto the
pores of dica aerogelwhich resulted not only in a reductionthe pore size of the
macroporesut also in he clogging of the pore§he physical properties of pure
silica aerogel, 2.5Ni/SA, 5Ni/SA, 8Ni/SA and 10Ni/SA catalysts were given in Table
5.1. Additiondly, due to thdocaion of Ni particles into meso and macropores of
silica aerogetheincrease in itkel amountdecreasethe BET surface aregpore
diameterand pore volume ofthe catalystswhich may resultn an increase in

microporosty.
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Table5.1 Physical Properties of Ni Load&ilica Aerogels

, . BJH BJH
Multi -point _ _
Desorption Desorption _ _
BET _ Microporosity
Catalyst Cumulative  Average Pore
Surface _ (%)
Volume of Diameter
Area (
Pores ( (nm)

SA 806N4 3.56N0 10.9NC 365NO0.
2.5Ni/SA 749 2.98 10.2 6.90
5Ni/SA 698 2.58 9.3 6.63
8Ni/SA 670 2.40 9.6 7.05
10NI/SA 602 1.64 7.1 8.12

5.1.1.2 Monometal Loaded Silica Aerogels

Besides nickel, 10% by weight of cobaihromium, zirconium, molybdenum and

silver were loaded da the silica aerogel by eprecipitation method.
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N2 physisorption isothersiand pore size distributions of 10% by weight of Co, Zr

andCr loaded silica aerogels wesbownin Figures5.3-5.4.
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Figure5.3 N2 Physisorption Isotherms of 10Co/SA, 10Zr/SA and 10Cr/SA
(Filled Symbols:Adsorption BranchEmpty Symbols: Desorption Brarch

According to Figure 5.3, Co, Zr and Cr loaded silica aerogdigoed type IV
isotherm, which is characteristic of mesoporous materials. All catalysts displayed
similar behaviour with nickébased catgsts as changing the hysteresis loop of pure

silica aerogel from H3 to HExpressing a narrower pore size distiitmurange
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Figure5.4 PoreSize Distributions ofL0Co/SA, 10Zr/SA and 10Cr/SA

According b Figure 5.4, Co, Zr and @rased catalysts mainly contain mesopores.
The physical properties of pure SA, 10Co/SA, 10Cr/SA and 10Zr/SA catalysts were
given in Table 5.2Compared to pure silica aerogel, the presence of metals decreased
the BET sirface aregpore volume and pore diameter of the catalysticating that
theclogging of the pores by treecommodabn of the metalito the pores of silica

aerogel.
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Table5.2 PhysicalPropertiesof 10Co/SA,10Zr/SA and 10Cr/SA

Multi - '
) BJH Desorption BJH
point BET ) ) ) )
Cumulative Desorption Microporosity
Catalyst  Surface
Volume of Pores Average Pore (%)
Area . i
( ¢ mj / g Diameter (nm)
(m] /¢
SA 806N4 3.56N0. 10.9NO0 3.65N0

10Co/SA 398 1.66 10.6 5.82
10Zr/SA 763 1.67 5.6 10.12
10Cr/SA 663 0.88 3.5 17.11

N2 physisorption isotherms and pore size distributions of calcined silica aerogel and
10% by weight of Mo and Ag loaded silica aerogels were depicted in Bilre
5.8.
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Figure5.5 N2 Physisorptionisotherm ofCalcinedSA
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According to Figure 5.5, calcined silica aerogel exhibited type IV isotherm
representing mesoporous materials. Differemmnfuncalcinedsilica aerogel (Figure
5.1), calcined silica aerogel indicated H1 hysteresis inogccordance with the
literature (Svri et al., 20B). The reasorior the change in hysteresis type in silica
aerogel was ascribed to changetie pore struatre due to the removal of methyl
(CHz) groups in the aerogstructureduring the heat treatment ithe calcination

process.
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Figure5.6 PoreSize Distributions ofCalcinedSA

According to Figure 5.6, it islear that calcination process leads to an increase in
pore diameter ahesilica aerogel compared to tbacalcinedsilica aeroge(Figure
5.2).

79



300

Adsorbe

Quantity

Figure5.7 N2 Physisorptionisotherms olOMo/SA and 10AdA
(Filled Symbols: Adsorption BranclEmpty Symbols: Desorption Brarch

According to Figure 5.7, molybdenum and silver load#ida aerogels exhibited
type IV isotherm, representing mesoporous materials. Loading of silver and
molybdenum precursors tmcalcined silica aerogels resultedtinhange in the pore

structure of the catalysts. The hysteresis loops of Ag antdded ctlysts refer to

250 1
200 1
150 1

100 4

50 -

10Ag/SA
10Mo/SA

0.2

0.4 0.6
Relative Pressure (PP

H2 and H3 hysteresis loops, respectively.
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Figure5.8 PoreSize Distributionsof 10Mo/SA and 10Ag/SA

According to Figure 5.8, pore size distributions of Ag andiMeed catalysts vary.

On the one hand, Ag loading reduces the pore size of the silica aerogel and contains
mainly mesopores, on the other hand, Mo loadimgyeases the pore size and
contains both meso and macropor€éhe physical properties of calcined silica
aerogel, 10Ag/SA andoMo/SA were given in Table 5.3he unexpected behaviour

of the Mobased catalyst is ascribed to its high tendency to sintedtingsin a
decrease in BET surface area and an increase in BJH pore didtristalso said

that loading of metals causesignificant decrease in pore volume, attributed to the

clogging of pores.
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Table5.3 PhysicalProperties ofCalcined SA, 10Mo/SA and 10Ag/SA

Multi - BJH BJH
point BET Desorption Desorption _ _
' Microporosity
Catalyst Surface Cumulative Average Pore %)
0
Area Volume of Diameter
(m]/ Pores ( (nm)
Calcined SA 1080 5.53 13.2 8.27
10Mo/SA 18 0.12 15.5 20.73
10Ag/SA 423 0.38 2.4 23.76

5.1.1.3 Biand Trimetal Loaded Silica Aerogels

In addition to themonometabased catalysts, nickdbminated NiMo, Ni-Ru, Ni
Mg, Ni-Fe and NiFe-Mn loaded bi and trimetals were loadedaxsilica aerogels by
co-precipitation method.

N2 physisorption isotherms and pore size distributions of 8% by weight of nickel and

2% by weight of molybdenum loaded silica aerogels vséi@vnin Figures5.9-5.10.
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Figure5.9 N2 Physisorptionisotherms of 8NPMo/SA(l) and 8Ni2Mo/SA(Il)
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According to Figure 5.9, NMo bimetallic catalysts synthesized by two different
metal loading paths exhibited type IV isothemepresenting mesoporous materials.
Due to the metal loading paths of the catalytts hyseresis loops differedNi-
2Mo/SA(l) exhibied H1 hysteresis loopvhereas8Ni-2Mo/SA(Il) exhibited H2
hysteresis loopAlthough, the same metal type and metal am@re loaded dp
silica aerogels, the reason for the hysteresis types difference istatriouthe
change in pore structure along the synthesis paths. hstepometal loading path
(D, Ni was first placed ito the pores of the silica aerogel andrtio was placed
into the pores of calcined Ni loaded silica aerogel. Howevesinmltaneousnetal
loading path (1) the metals were simultaneously loadetb@alcined silica aerogel,
causing the two metals to accommodate in the pores together ontslgpara
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Figure5.10 PoreSize Distributions of8Ni-2Mo/SA(I) and8Ni-2Mo/SA(II)

According to Figure 5.10, both catalysts mainly contained mesopores, but in
different sizes due to the following of differenetal loading pathd.arger diameter

and smaller area were obtained in path | jgarad to path IIThe physical properties

of 8Ni-2Mo/SA(l) and 8Ni2Mo/SA(ll) were given in Table 5.4.

Table5.4 PhysicalProperies of8Ni-2Mo/SA(I) and 8Ni2Mo/SA(II)

o BJH BJH
Multi -point . _
Desorption Desorption ) )
BET _ Microporosity
Catalyst Cumulative  Average Pore
Surface _ (%)
Volume of Diameter
Ar ea
Pores ( (nm)
8Ni-2Mo/SA(l) 101 0.40 10.8 9.01

8Ni-2Mo/SA(I) 383 0.36 25 25.14
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N2 physisorption isotherms and pore size distributions of 10% by weight of nickel
and 3% by weight of magnesium, 10% by weight of nickel and 3% by weight of iron,
and 10% by weight of nickel, 3% by weight of iron and 0.3% by weight of
manganestaded silica arogels weréndicaed in Figure 5.11-5.12.
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Figure5.11 N2 Physisorptionisotherms of 10NBMg/SA, 10Ni3F&SA and10Ni-
3Fe0.3Mn/SA
(Filled Symbols:AdsorptionBranch Empty Symbols: Desotipn Branch

According to Figure 5.11, 10NBMg/SA, 10Ni3Fe/SA and 10Ni3Fe0.3Mn/SA bi

and trimetallic catalysts synthesized by following Path | oI metal loading,
exhibited type IV isotherms, which is characteristic of mesoporous material. All
catlyst displayed H2 hysteresis loopdoreover, the almost identical isotherms of
10Ni-3Fe and 10NBFe0.3Mn were attributed to the fact that tdition of asmall
amountof Mn did not significantly affect the properties of 168ke/SA.
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According to Figure 5.12, pore size distributions of the catalysts are quite similar
and mostly contain mesopores. The physical pragsed 10Ni-3Mg/SA, 10Nt
3Fe/SA and 10NBFe-0.3Mn/SA were given in Table 5.5.

Table 5.5 Physical Properties of 10Ni-3Mg/SA, 10Ni3Fe/SA and 10NBFe
0.3Mn/SA

o BJH BJH
Multi -point ] _
Desorption Desorption _ _
BET _ Microporosity
Catalyst Cumulative  Average Pore
Surface . (%)
Volume of Diameter
Area
Pores | (nm)
10Ni-3Mg/SA 463 0.46 2.8 24.26
10Ni-3Fe/SA 657 0.63 2.6 25.35
10Ni-3Fe
638 0.61 2.6 25.31
0.3Mn/SA
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N2 Physisorption isotherms and pore size distitgms of 10% by weight of nickel
and 13% by weight of rutheniunhoaded silica aerogels were depicted in Figure
5.135.14.
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Figure5.13 N2 Physisorptionisotherms of 10NLRUSA, 10Ni2RUSA and 10N#
3RUSA
(Filled Symbols:AdsorptionBranch Empty Symbols: Desorption Brarjch

According to Figure 5.13, 10NMiRu/SA, 10N2Ru/SA and 10NBRu/SA bimetallic
catalysts exhibited type IMsotherms, which is characteristic of mesoporous
material. 10Ni2Ru/SA displagd H2 hysteresis loop, while 108IRu/SA and 10Ni
3RuU/SA displayed both Hand H2 hysteresis loops, indicating bimodal pore size
distribution H1 hysteresisoop can be associadewith exhibiting nonconstrictions

in pore channelsontainingrelatively unform poreswhereas thél2 hysteresis type
occus in anetwork of inkbottle pores whereapillary condensate evaporates from
an inkbottle networkThis means thatesorption fom the pore body maynly occur
aftertheneckhas been emptied@his type ohysteresis loofs generallyregardedas

a signof a percolation procesxcurringduring the emptying of disordered porous
material consigng of cavities connected by constrictiof@drosman et al., 2008)n
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addition theH2 typecan beobservedn a newvork where the neck size distribution
is much narrower than the size distribution of the main cavifibs. two-step
desorption isotherms corsistent with a structure of both open and blocked
mesopores indicating that both equilibrium evaporation/desorn and pore

blocking/cavitatioreffectsoccur(Thommes 2010)
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Figure5.14 PoreSize Distributions of 10Ni-1RuU/SA, 10Ni2Ru/SA and 10Ni
3Ru/SA

According to Figure 5.14, pore size distributions ofRlikbasel catalysts mainly
contain mesopores. Existence of two types of hysteresis in bothk1FOMSA and
10Ni-3RuU/SA is consistent with pore sizetdisution. Theexistence ofwo peaks in
the pore size distribution curve can be attributetiéalifferent mechnisms of pore
structureformation (Zhang et al., 201@pnsistent with the presence of two distinct
hysteresis loops consisting of both narrower and wider pbinesphysical properties
of 10Ni/SA, 10N#1Ru/SA, 10Ni2RuU/SA and 10NBRuU/SA were given in Tade
5.6.The presence of additional metals decreasegdine volume and pore diameter

of the catalysts compared to 10Ni/SA
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Table5.6 PhysicalProperties ofLONi/SA, 10Ni-1Ru/SA, 10Ni2Ru/SA and 10Ni
3RuU/SA

Multi - BJH
point BET  Desorgtion

BJH

. Desorption ~ Microporosity
Catalyst Surface  Cumulative
Average Pore (%)
Area Volume of _
Diameter (nm)
(m]/ Pores |

10Ni/SA 603 1.64 7.1 8.12
10Ni-1Ru/SA 606 0.69 3.2 21.03
10Ni-2Ru/SA 669 0.69 2.8 22.11
10Ni-3Ru/SA 624 0.66 2.9 22.81

Among all catalysts, the highest BET surface area was obtained in 10Zr/SA, while
the lowest BET surface area was obtained in 10Mo/SA. The BET surface areas of all
catalysts increase in the following order:

10Mo<8N2Mo(1)<8Ni-2Mo(11)<10C0<10Ag<10Ni3Mg<10Ni<10Ni1Ru
<10Ni-3RU<10Nt3Fe0.3Mn<10Ni3Fe<10Cr<10N2Ru<8Ni<5Ni<2.5Ni<10Zr.

In addition, considering the desorption average pore diameter of the catalysts, the
highest pore diameter was obtained in 108/a/ however, the lowestedorption
average pore diameter was obtained in 10Ag/SA. The BJH desorption average pore
diameter of all catalysiacrease the following order:

10Ag<8Ni2Mo(I1)<10Ni-3Fe<10N+3Fe0.3Mn<10Ni-2Ru<10N+3Mg<10Nr3Ru
<10Ni1Ru<10C@<10Zr<10Ni<5Ni<8Ni<2.5N<10Co0<8Ni2Mo(ll)<10Mo.
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5.1.2 X-Ray Diffraction (XRD) Analysis of the Catalysts

In this part, XRDanalysis of various metal loaded silica aerogets examined.
According tothe XRD patterns, the phases of catalysts were identifeedy PDF
Cards othemetaland/or metal oxide and/or bimetallic forms given in Appendix B.
In addition, thecrystallite sizes of metals were calculated using Scherrer Equation

explicitly explained in Appendix C.

5.1.2.1 Nickel Loaded Silica Aerogels

XRD patterns ofvariousamounts of Ni laded silica aerogelwere depicted in

Figure 5.15. Aound 22.0° sllica appearsas a broad peak due to its amorphous

structure(Sar éy e Mu s @ Bl.1®11)Thepeaksat2 ® v a KAAES1To f

76.°in 25Ni/SA,hepeaks at 2bp v &BI2undNIBA, hepdaksat, 51 . 9,

2p vVval beblhp74° h 8Ni/SA,thepeaks at 2p vallUe of 44.6
in 10Ni/SAandhepeaks at 2u v aliné&0ONiBSAwetchrregpond5 1. 8, 76.
to metdlic-nickelin accordancevith Ni PDF Card (No00-004-0850)(Table B.1lin

Appendix B. In addition to the metallivickel phasethepeaksst2 6 v a B7i6,e o f

436 and 5°in 8Ni/SA andt he peaks at 2p val®ne of 37.2
10Ni/SA-wetcorrespond to nickel oxida accordanc&ith NiO PDF Cad (No:01-

0895881)(Table B.2in Appendix B.
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Figure5.15 XRD Patterns ofvarious Amounts oNi LoadedSilica Aerogels

Crystallite sizes of the catalysts were calculated uSaigerrer Equation atgpeak

of each and tabulated in Table 5.7.

Table5.7 Crystallite Sizes ofNi Loaded 8ica Aerogels

Catalyst 2d (A) Phase terystaliite size (NM)
2.5Ni/SA 44 .4 Ni° 7.2
5Ni/SA 445 Ni° 8.8
8NIi/SA 445 Ni° 168
10NI/SA 446 Ni° 12.3
10Ni/SA-wet 444 Ni° 19.0
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5.1.2.2 Monometal Loaded Silica Aerogels

XRD patterns ofvarious metal loadesllica aerogelsvereindicatedin Figure 5.16.

In all catalysts, @und222°silica appears as a broad peak due to its amorphous
structure( Sar eyer , 2 01 8 ;In10NI/SA, he peaksaatad . v a l2W0e 19 f
44.6, 51.9, 76.6° correspond to metallinickelin accordance with Ni PDFa2d (No:
00-004-0850) (Table B.1in Appendix B. Similar to Ni, in10Co/SA,the peaks at

2D Vv akagesl.e) B.P correspond to metallicobat in accordance with Co

PDF Card (No00-0150806 (Table B.3n Appendix B. In 10Zr/SA, only peak was
obseved at2 p v a BQurerefeorihg to ZrQin accordance with ZrePDF Card

(No: 00-002-0733)(Table B.8in Appendix B. In 10Ag/SA, thepeaksat2 8 v al ue
of 38.1, 44.3, 64.4, 77.4and 8.7 refer to metalliesilverin accordance with Ag PDF

Card (N0:00-004-0783)(Table B.11in Appendix B. In 10Cr/SA, the peaks atp

value o0f24.5, 33.6, 362, 415, 501, 54.8 634 and 65.1° correspond to GOsin
accordance with GOz PDF Card (No00-038-1479)(Table B.6in Appendix B. In

Mo/SA, the peaks a2 p v afl260g 37.0 and 534° correspond to Mo®in
accordance with Mo©9PDF Card (No01-086-0135)(Table B.10in Appendix B
whereas at @5 58.6, 73.6 and &.6° correspond to metalimolybdenumin
accordance with Mo PDF Card (Na0-042-1120)(Table B.9in Appendix B.
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Figure5.16 XRD Patterns oMonometal_oadedSilica Aerogels

Crystallite sizes of the catalysts were calculated using Scherrer Equatiespatak

of each and tabulated in Table 5.8.

Table5.8 Crystallite Sizes ofMonometal oadedSilica Aerogels

Catalyst 2d (A) Phase terystallite size (NM)
10NiI/SA 446 Ni° 12.3
10Co/SA 44.3 Co 30.3
10Ag/SA 38.1 AgP 223
10Mo/SA 40.5 Mo®° 25.0

5.1.2.3 Biand Trimetal Loaded Silica Aerogels

XRD patterns ofNi&Mo loaded silica aerogelsynthesized by twstep metal

loading (1) aad simultaneous metal loading (II) pateereindicatedin Figure 5.17.
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In both catalysts,raund21.8 silica appears as a broad peak due to its amorphous

structure( Sar éyer , 201 8; In8NiaMVio/BA(le the paaksaat2 p 201 1)

value 0f40.6 58.6, 73.7and88.2andin8Ni2 Mo/ SA(I 1), the peaks at
40.6, 58.6, 73.8 and 87.¢orrespond to metallimolybdenumin accordance with

Mo PDF Card (No00-0421120)(Table B9 in Appendix B. In additionthe peaks

at2 p v aMldend®li®in8Ni-2 Mo/ SA(I) and the peaks at 2
and50.6 in 8Ni-2Mo/SA(l) correspond to molybdenumickel in accordance with

MoNis PDF Card (No03-0651533)(Table B.10in Appendix B.

Silica
® Mo —— 8Ni-2Mo/SA(l)

MoNi4 ¢ ———8Ni-2Mo/SA(ll)

Intensity
@
@
®

Figure5.17 XRD Patterns oBNi-2Mo/SA(l) and 8N#2Mo/SA(ll)
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Crystallite sizes of the catalysts were calculated using Scherrer Equatiespatk
of each and tabulated in Table 5.9.

Table5.9 Crystdlite sizes of8Ni-2Mo/SA(I) and 8Ni2Mo/SA(ll)

Catalyst 2d ( A Phase terystaliite size (NM)
8Ni-2Mo/SA(l) 40.6 Mo®° 14.6

8Ni-2Mo/SA(I) 406 Mo® 7.3

According to Table 5.9., the crystallite size of 8Mo/SA(ll) synthesized
following path Il (simultaneous metal loading) is lower than that synthesized

following path | (twestep metal loading).

XRD patterns of 10NBMg/SA, 10Ni3Fe/SA and 10NBFe0.3Mn/SA were

depicted in Figure 5.18. In all catalystspand22.3° silica appears as a broad peak

due to its amorphous structreSar é y er , 2 0 1 8).;In 10Ns3MP/BA, et  a |
the peaksat 2 o v a 447 52.0 &nd 766° correspond to metalklinickel in
accordance with Ni PDF Card (No:-004-0850)(Table B.1lin AppendixB) andat

29 VvV aB7d2.9%62.7and 78.4correspond to magnesium oxiteaccordnce

with MgO PDF Card (No: 0D751525) (Table B.15in Appendix B. The XRD

analysis of 10NBFe/SA and 10NBFe0.3Mn/SA are quite similar, attributing to
insignificant effect of including very small amount of mangan&bke. peakat2 b

value 0f37.1,43.1and 6°in10ONrF3 Fe/ SA and t he peaks at 2¢
and 62.8in 10Ni-3Fe0.3Mn/SArefer to nickel oxiden accordance with NiO PDF

Card (N0:01-089-5881) (Table B.2in Appendix B, while in both catalyststhe

pealsat2 p Vv a I3u7e42.® dnd 61.1referto ironoxide in accordance with

Fe.0o40 PDF Card (No: 0-089-0686 (Table B16in Appendix B.
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Figure5.18 XRD Patterns ofLONi-3Mg/SA, 10Ni-3F&SA and10Ni-3Fe-0.3Mn/SA

XRD patterns ofNi&Ru loaded silica aerogelsere shownin Figure 519. In all

catalysts, ound22.7°silica appears as a broad peak due to its amorphous structure
(Saréyer, 2018,TheNeaksittd p eu a BBb,e42 104210584 )

70.1, 78.7and 852°in 10Nr1Ru/SAt he peaks at 284.058Rue of 38.
70.0, 78.6 and 85°2n 10Ni+2Ru/SAandth e peaks at 28,44lal ue of 38
585, 702, 788 and 85.8 in 10Ni3Ru/SA correspond to metalkioutheniumin

accordance with Ru PDF Card (No:-0851863)(Table B.13in Appendix B. In

addition,the peaks & p Vv a #44,&l.7arid 762°in 10Ni-1RU/SA, the peaks at

2p val uédl7ahd78adn.10Nj2 Ru/ SA and the peaks at 2b»p
51.7 and 76.3n 10Ni-3Ru/SAcorrespond tanetallic-nickelin accordance with Ni

PDF Card (No: 0004-0850)(Table B.1lin Appendix B. There is no evidence of

the presence of a nickalithenium phase in the catalysts
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Figure5.19 XRD Patterns ofLONi-1RWSA, 10Ni2Ru/SA and 10NBRuU/SA

According to XRD analysis, different sizes of crystallite sizes wedriied.
Crystallite sizes are influenced by the dispersion of metals onstipport,
agglomeration of metals and/or being in various forms as well as metallic phases
(Slowik et al., 2016). Among the catalysts, the lowest crystallite size was obtained
in 2.5Ni/SA, attributing the lowest amount of metal loadelbwever, the highest
crystallite size was obtained in the presence of 10Co/SA, attributing to not well
dispersed of Co particles on the support. The crystallite sizes increase in the
following order:2.5Ni<8Ni-2Mo(1)<5Ni<10Zr<10Ni<8Ni2Mo(I11)<8Ni<10Ni-wet
<10Ag<10Cr<10Mo0<10Co

5.1.3 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) Analyses

In this part,nature of acidity of thevarious metal loaded silica aerogels were

examined with theid of pyridine adsorption techniquieewis and Bronstedcidity
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of the catalystsre determiné with respect tdhe adsorptian bandsbetween 1400

1700cm* wavenumberd.ewis acidityis observedetweerl6321580 cmt, around

1575cmt (Kooli et al., 2000Chen et al., 201 Andbetweer14551438 cmt, while

Bronsted aciditys observedaround164Q 1608and 1540 cm (Busca et al., 1998).

In addition, theband around 1490 chcorrespndsto both Lewis and Bronsted acid

site (Khalil et al., 2020G ¢, n e R00¥Di, n- er B;Ob¥dl ¢ 2®81@l ., 2011

Herein, Lewisto-(Lewis+Bronsteyl acid ratio L(L+B) was determired by
proportionatinghe intensities of Lewis acid site in the region of 14380 cm' to

Lewis+Bronsted acid site around 1490tm

5.1.3.1 Nickel Loaded Silica Aerogels

The nature of acidities of 2.5%, 5%, 8% and 10% by weight of nickel loaded silica
aerogels were determingdth respect to the adsorption bands wavenumdiesa/n
in Figure 5.20.
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Figure5.20 DRIFT Spectra ofAdsorbed Pyridine oNi LoadedSilica Aerogels
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According to Figure 5.20, all nickel loaded silica aerogels exhibited intense bands at
similar wavenumber. In nickel loaded silica aerogels, the intense bands around 1596,
1577, and 1445 cm correspond to Lewis acid siteshile the broad band at 1486

cm! refers to both Lewis and Bronsted acid sites. Therefore, it was deduced that all
Ni dopedsilica aerogelgontain both Lewis and Bronsted acid sites in which Lewis
acid sitesare predominant. The (L+B) ratiosof 2.5Ni, 5Ni, 8Ni and 10Ni doped

silica aerogelswvere found to be8.10, 9.47, 15.82 and 17.5Pespectively,by
proportioning the intensities at 1596 and 1486'cifhisindicaesthat the L(L+B)

ratio increased withraincrease in Ni content.

5.1.3.2 Monometal Loaded Silica Aerogels

The nature of acidities of 10% by weight of silver, chromium, zirconium, cobalt,
nickel and molybdenum loaded silica aerogels were determined with respieet to

adsorption bands wavenumbers degadn Figure 5.21.
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Figure5.21 DRIFT Spectra ofAdsorbed Pyridine oMonometalLoadedSilica

Aerogels
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According to Figure 5.21, 10% by weight Ni, Cr, Zr and Ag loaded silica aerogels
exhibited intense basdat similar wavenumber. In these catalysts, the intense bands
around1596, 1577, and 1445 chrorrespond to Lewis acid sites, while the broad
band at 286 cm! refers to both Lewis and Bronsted acid sites. In addition to these
bands, the broad band atOBécm? in 10Co/SA refers t@®ronstedacid site. Thus,

all monometal dopedilica aerogelsontain both Lewis and Bronsted acid sites in
which Lewis acidsites are predominant, with the exception of the Mo doped SA.
AlthoughMo contains Lewis acid sitesl{&n et al., 2019)he reason for the absence

of both Lewis and Bronsted acid sites in 10Mo/8Ahe DRIFTS analysisnay be

due to thenability of Mo to adsob pyridine vapoudue to itssintering The LAL+B)

ratios of 10Co, 10Cr, 10Zr, 10Ni and 10Agpealsilica aerogelsverefound to be
4.08, 6.90, 3.63, 17.52 and 4.37 respectivepyproportioning the intensities at 1596
and 1486 cm. Thisindicates thathe L{L+B) ratio is affected by the properties of

the metals regardless of the amount of metals

5.1.3.3 Biand Trimetal Loaded Silica Aerogels

The nature of acidities of bi and trimetal loaded silica aerogels were determined with

respect tahe agorption bands wavenumbenslicatedin Figures 5.22-5.24

In Figure 5.22, DRIFT spectra of 8i8Mo/SA(l) and 8N-2Mo/SA(ll) were
depicted.
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Figure5.22 DRIFT Spectra ofAdsorbed Pyridine 08Ni-2Mo/SA(l) & 8Ni-
2Mo/SA(II)

According to Figure 5.22, 8% by weight of Ni and 2% by weight of Mo loaded silica
aerogels syntisized following two distinct paths described in section 4.1.2.7 Nickel
Molybdenum Loading, exhibited intense bands around 159%1and 1445 cm
correspond to Lewis acid sites, while the broad band at d#85Therefore, it was
concluded that 8N2Mo dopedsilica aerogelsontain both Lewis and Bronsted acid
sites in which Lewis acid sites are predomindie L{L+B) ratios of 8Ni2Mo(l)
and 8N+2Mo(ll) dopedsilica aerogelsverefound to be3.96 and 3.94, respectively
by proportioning the intensitieat 1599 and 1486 cf The close values of the
L/(L+B) ratios indicate that the (L/+B) ratio was not affected by the synttegsath

of the bimetallic catalysts. However, thé(L+B) ratio of these catalysts was
significantly reduced compared to solely 8% weight Ni dopedSA with the
L/(L+B) ratio of 15.82. The notable decrease in tH&+B) ratiomight beattributed

to the presence of Mdi4 phase according to XRD analyses.
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In Figure 5.23, DRIFT spectra of 108Mg/SA, 10Ni3Fe/SA and 10NBFe
0.3Mn/SAwere depicted.
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Figure5.23 DRIFT Spectra ofAdsorbed Pyridine otONi-3Mg/SA, 10Ni3Fe/SA
& 10Ni-3Fe0.3Mn/SA

According to Figure 5.23., 10% by weight ofIN8% by weight of magnesium, 10%

by weight of Nii 3% by weight of iron and 10% by weight of NB% by weight of

ironi 0.3% by weight of manganese loaded silica aerogels exhibited intense bands
at similar waenumber. In these catalysts, the intense bands around 1596, 1578 and
and 1445 cm correspondd Lewis acid sites. However, the broad bands around
1487 cmt correspond to both Lewis and Bronsted acid sites. Among the catalysts, it
is clear that the Mg caaining catalysts exhibit less intense bands. The reason for
this is that according to XRD anaig, magnesium is in the form of oxide with basic
structure, which causes a decrease in acidity compared to the catalysts containing Fe
and FeMn. However, it § clear that the catalysts contain both Lewis and Bronsted
acid sites in which Lewis acid sitase predominant. The (U+B) ratios of 10N

3Mg, 10Ni3Fe and 10NBFe0.3Mn dopedsilica aerogelsverefound to be2.48,

7.43 and 6.29, respectivelyy propotioning the intensities at 1596 and 1486%m
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Among these catalysts, the lowes{ll#/B) ratio was obtained in Mg containing SA,
ascribing to the reduction of the acidity of the catalyst due to the basic nature of the
oxide form. It is also clear that tipeesence of Mn causes a decrease in tfie+B)

ratio compared to the nezontaining.

In Figure5.24, DRIFT spectra of 10MiRu/SA, 10Ni2Ru/SA and 10NBRuU/SA
were depicted.
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Figure5.24 DRIFT Spectra ofAdsorbed Pyridine ohONi-1Ru/SA, 10Ni2Ru/SA
& 10Ni-3RU/SA

According to Figure 5.24, 10% by wéigNi and 1%, 2% and 3% by weight of Ru
loaded silica aerogels exhibited intense bands at similar wavenumber. In these
catalysts, the intense bands arous86, 1577and 1445 cm correspond to Lewis

acid sites, while the broad band at 1486'cafers toboth Lewis and Bronsted acid
sites. Therefore, it was deduced that atR\i bimetallic catalysts contain both Lewis

and Bronsted acid sites in which Levasid sites are predominant. ThgLL+B)

ratios of 10Ni1Ru, 10N{2Ru and 10NBRu dopedilica aeroglswerefound to be

19.01, 20.02 and 23.26, respectivaby proportioning the intensities at 1596 and

1486 cmt. It is clear that the presence of Ru lgdd an increase in (L+B) ratio
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compared to other catalystsurther the increase in Ru content tine bimetallic

catalysts led to an increase in théL4/B) ratio.

Considering the WW+B ratios in the catalysts, it was seen that the acid sites differ
due to the diversity in the properties and phases of the doped metals/([[HB)L
acid ratios in the atalysts increase in thi®llowing order: 10Mo<10Ni3Mg
<10Zr<8Ni2Mo(l1)<8Ni-2Mo(1)<10C0<10Ag10Ni-3Fe0.3Mn<10Cr<10Ni3Fe
<2.5Ni<5Ni<8Ni<10Ni<10N#1Ru<1Mi-2Ru<10N+3Ru.

514 Scanning Electron Microscopy (SEM) Analysis

SEM Analysis was performed for pure s#iaerogels and all synthesized mono, bi
and trimetallic catalysts to examine the surface texture, morphology and composition

of catalysts.

5.1.4.1 Silica Aerogeland Nickel Loaded Silica Aerogels

In this part, SEM and back scattered electron images of pureasliogel, 2.5Ni/SA,
5Ni/SA, 8Ni/SA 10Ni/SAand 10Ni/SAwetwere examined.
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Figure 5.25 depicts the SEM images of p@®A at 100000X and 300000X
magnifications.

Figure5.25 SEM Images ofPure SA a) 100000X andb) 300000XMagnifications

According to Figure 5.25, it is clear that silica aerogel has sponge like framework
and porous morphologyThe gaps in the structure represent both macro and

mesopores in size42, 85, 129 231 and257 nm, consistent with Nphysisorption
analysis.
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Figure 5.26shows the SEM and backscattered electron images of 2.5% by weight of

nickel loaded silica aerogel differentmagnificatiors.

— 500 nm ————

1um 5
METU CENTRAL LAB METU CENTRAL LAB

Figure5.26 SEM (a,b,c) (100000X, 200000X, 25000hd Back Scatteregdl)
Electronimages of 2.5Ni/SA

According to Figure 5.26a,b), the mesoporous morphology 5% by weight of
Ni loaded silica aerogés observed with theizesof 25,32, anrd 50nmin accordance
with N2 physisorption analysi®espite the green circghows theshift, it seems that
the surface morphology and texture of the silica aeiegeéserved after Noading
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According to Figure5.26 (cd), the presence of Ni patiés can be easily
distinguished by the white and shiny particles indicating that Ni has been lotaled

SA. However, the presence of the white and shiny particle can be interpreted as an
agglomeration of Ni particlesnplying that the Ni particles are havell dispersed

in the silica aerogel.

SEM and back scattered electron images of 5% by weight of nickel loaded silica
aerogel at 25000X magnificati@me shown in Figure 5.27.

Figure5.27 a) SEM and) Back Scattered Electrdamages of 5Ni/SAat 25000X
Magnification

According to Figure 5.2 thewhite and shiny particles indicate theesence of Ni
particles However, Niparticles do not appear to be well dispersed in silica aerogel.
According to thebackscattered image, the white and shiny particle proves the
agglomeration of Ni particles.
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Figure 528 demonstrate the SEM and back scattered electron images of 8% by

weight of nickel loaded silica aerogel at 10000X magnification.

Figure5.28a) SEM and b) Back Scattered Electtorages of 8Ni/SAat 10000X
Magnification

According to Figure 28, Ni particles can be seen as white and shiny particles.
However, poor dispersion and agglomeration of Nitipes are more clearly

observed in the backscattered image.
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Figure 529 depicts the SEM images of 10% by weight of nickel loaded silica aerogel

atdifferentmagnifications.

Figure5.29 SEM (a,c,e) (4000X, 30000X, 250004nd Back Scattered Electron
(b,d,f) Images of 10Ni/SA
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According to Figure 29 (a,b the presence of Ni particlegppears asvhite and
shiny particleswith the sizes of lBout 2, 4 and 50m, indicating that N has been
loaded ito SA. However, the sizes dii particlesare not compatible with the
literature(Liu et al., 2018 Roselina et al., 2012ian et al., 2014and hencere
interpreted asgglomeration of Ni particles as sphehesterwith a size of Zm as
seen in Figure 29 (c,d). Although the particles appeao be better dispersed
compared to 2.5Ni/SA, 5Ni/SA and 8Ni/Shet agglomeration of particlesnsore
clearlyseenin Figure 529 (ef).

In Figure 5.8 EDX spectrunmof 10Ni/SAwas given.

(EDX analyses of 10Ni/SAof differentregionswere givenin Figures D.1D.3 in
Appendix D).
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Figure5.30 EDX Analysis of 10Ni/SA

According to EDX analysis, 10Ni/SA contains Si, O, C and Ni elements. The
presencef C is due to the carbon tape. this region of the catalyst Ni content is
7.17wt. %. In addition,the average Ni conteit differentregionsof the catalysts

10.14 wt. %, which is very close to the amount of metal loaded.
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Figure 531 showsthe SEMand back scattered electron images of 10% by weight of
nickel loaded silica aerogel by wet impregnation method at 60@®@X120000X
magnificatiors.
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Figure5.31 SEM (a,b,c) (60000X, 12000X, 60000X andBack Scattered
Electron(d) Images of 10Ni/SAwvet

According to Figure 5B(a,b), itis clear that 10Ni/SAvet has different sized porous
morphology.The gaps in the structure represkeoth mesoand macropores sizes

of 40, 42, 44,238 and 357 nmit is also observed that the surface morphology and
texture of silica aerogéd preserved after Ni loading. According to Figurel5&d),

the presence of Ni particles can be easily distinguished by the white and shiny
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particles indicatig that Ni has been loadedtanSA. Ni particles appear well

dispersed in SA
In Figure 5.2 EDX analysis of 10Ni/SAwetwas given.

(EDX analyssof 10Ni/SAwetdifferent regions olvere givenn Figures D.4D.5in
Appendix D
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Figure5.32 EDX Analysis of 10Ni/SAwet

According to EDXanalysis, 10Ni/SAwet contains Si, O, C and Ni elements. The
presence of C is due to the carbon tdpehis region of the catalysi content is
20.93 wt.%.However the aveage Ni contenin differentregionsof the catalyst is

16.74 w.%, indicating thathe poor dispersion oi particlesin silica aerogel.

5.1.4.2 Monometal Loaded Silica Aerogels

In this part, SEM and back scattered electron images of 10Co/SA, 10Cr/SA,
10Zr/SA, DAQ/SA and 10Mo/SA were examined.
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Figure 533 depicts the SEMind back scattered electron images of 10% by weight

of cobalt loaded silica aerogel at 25000X magnification.

Figure5.33a) SEM and b) Backcttered Electromages of 10Co/SAt 25000X
Magnification

According to Figure 53 the presence of small sized white and shiny particles
represents Co particles, indicating that Bas beerloadedinto SA. It is also

observed that the surface morphologyd texture of the silica aerogs not
preserved after Co loading.
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Figure 5.3 shows the SEM images of 10% by weight of chromium loaded silica
aerogel at 25000X and 50000X magnifications.

Figure5.34 SEM Images of 10Cr/SA at a) 25000X and b) 50000xgnifications

According to Figure 54 the surface morphology and texture of pure iSAot
preserved after loading of An addition agglomerabn of Cr particlesis observed

in magnified image
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Figure 535 demonstrateshe back scattered electron images of 10% by weight of
zirconium loaded silica aerogel at 25000X and 50000X magtiiics.

Figure5.35Back Scattered Electrdmagesof 10Zr/SA at a) 25000X and b)
50000XMagnifications

According to Figure 35, it is seen that loading of 10% by weight of Zr into the
silica aerogel changes the morphology of silica aerddpgre isalsono evidence of
the presence of Zr particles inetlregion of the catalyst, indicating that the Zr
particles arenot welldispersed in silica aerogel.
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Figure 536 depicts the back scattered electron images of 10% by weight of silver

loaded silica aerogel at 5000X and 25000X magnifications.

Figure5.36 Back Scattered Electrdmages of 10Ag/SA at a) 5000X and b)
25000XMagnifications

According to Figure 286, Ag particles appear asmall sized white and shiny
particles However,loading of Ag appars to cause a changesurface texture and

morphology ofpureSA.
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SEM andback scattered electron images of 10% by weight of molybdenum loaded

silica aerogel adlifferentmagnificationsare shown in Figure 5.37.
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Figure5.37 SEM (a,b,c) (10000, 25000X, 500004hd Back Scatteregdl)
Electronimages of 10Mo/SA

According to Figure 87, it is clear thatagglomeration oMo particlescausesa

change in surface morphology aedture of pureSA.
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5.1.4.3 Biand Trimetal Loaded Silica Aerogel

In this part, SEM and back scattered electron images of2BMISA(l), 8Nk
2Mo/SA(Il), 10Ni3Mg/SA, 10Ni3Fe/SA, 10Ni3Fe0.3Mn/SA, 10NilRu/SA,
10Ni-2Ru/SA and 10N+3Ru/SA were examined.

Figure 538 demonstratethe SEM and back scattered electron images of 8% by
weight of nickel and 2% by weight of molybdenum loaded silica aerogel at 10000X
and 25000X magnifications.

Figure5.38 SEM (a,c) (10000X, 25000Xand Back Scattered Electr@mnd)
Images of 8BNRMo/SA(l)
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According to Figure 38, it is clear thathe presence of Malespite the low loading
amount notably affects the surface morphology and texture of purdrSaddition

Ni and Mo particles doat appear to be well dispersed in silica aerogel, as evidenced
by the presence of white and shiny particles of agglomeration of these particles.

Figure 539 depicts the SEM images of 8% by weight of nickel and 2% by weight of
molybdenum loaded silica agyel atdifferentmagnifications.

Figure5.39 Back Scattered Electron (a,c) (10000X and 500GENAGSEM (b,d)
(25000X and 100000X)mages of 8N2Mo/SA(lI)

119



According to Figure 89, it is dear that 8% by weight of Ni and 2% by weight of
Mo loaded silica aerogel hakfferent sizedporous networkepresentedh circles
(Figure 5.39 (b)),consistent with N physisorption analysis. According to the
images, Ni and Mo particlemre seeras whiteand shiny particles thappeamell
dispersednto SA.

Figure 540 indicatesthe back scatteretnages of 10% by weight of nickel and 3%
by weight of magnesium loaded silica aerog&0fi00X and 50000¥hagnifications

0 det HV mag |spot WD [— 11}
M BSED 20.00 kV[50000x 5.0 10.2mm METU CENTRAL LAB

Figure5.40 Back Scattered Electrdmages of 10NBMg/SAa) 10000X and b)
50000X Magnifications

According to Figure 5@ the surface morphology of pure S¥as deformed after

loading ofNi and Mg particles The agglomeration of theparticles is more clearly
seen in the magnified image.
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Figure 541 depicts the back scattered electron images of 10% by weight of nickel

and 3% by weight of iron loaded silica aerogel at 10000X aBd00X
magnificdions.
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Figure5.41 Back Scattered Electrdmages of 10NBFe/SAa) 10000X and b)
250000X Magnifications

According to Figure 81, the surface texture and morphology of pure ®anged
after Ni and Fe loadingIn addition, the white and sty particles refer to the

agglomeration of these particles, indicating ttiet metak are not well dispersed
into SA.
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EDX analysis of 10NBFe/SA was given in Figure 5.42.
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Figure5.42 EDX Analysisof 10Ni-3Fe&/SA

According to EDX analysis, 10% by weight of Ni and 3% by weight of Mg loaded
silica aerogel contains Si, O, C, Ni and Fe elements. The presence of C element is
due to the carbon tape. In this region of the catalyst Ni and Fe contentsC3% 11

by weight ad 1.02% by weight, respectively. In addition, presence of high amount
of O elements is due to the presence of niekal ironin the form of oxide in

accordance with XRD analysis.
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Figure 543 showsthe SEM and back scattered electimages of 10% byeight of
nickel, 3% by weight of iron and 0.3% by weight of manganese loaded silica aerogel
at 10000Xand 100000Xnagnifications.
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Figure5.43 SEM (a,c) (100000X, 10000Xgnd BackScattered Electrofb,d)
Images of 10NBFe0.3Mn/SA

According to Figure 33, the surface texture and morphology of pure SA is not
preserved after loading of Ni, Fe and Mineseparticles appeaswhite and shiny
particlesin Figure 5.8 (b), indicatirg thatthe metals have been loadietio SA.
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However, the agglomeration of these particles is seen mordycdledfigure 5.8

(c.0).

EDX analysis of 10NBFe0.3Mr/SA was given in Figure 5.42.
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Figure 5.44 EDX Analysis of 10Ni3Fe0.3Mn/SA

According to EDX analysis, 10% by weight of Ni, 3% by weight of Fe and 0.3% by
weight of Mn loaded silica aerogel contains Si, O, C, Njared Mn elements. The
presence of C element is due to the carbon tape. In thisrefjthe catalyst Ni, Fe

and Mn contents are 18.43%, 1.20% and 0.77% by weight, respectively. In addition,
presence of high amount of O elements is due to the presenioielfamd ironin

the form of oxide in accordance with XRD analysis.
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Figure 545indicateshe SEM and back scattered electron images of 10% by weight
of nickel and 1% by weight of ruthenium loaded silica aerogel at 10000X

magnifications.
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Figure5.45 SEM (a,c) (10000X, 2500X) andBack Scattered Electrqib,d)
Images of 10NLLRuU/SA

According to Figure 85, Ni and Ru particles do not appear to be well dispersed in
silica aerogel, as evidenced by the presence of white and shiny particles of

agglomeration of these particles.
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SEM and back scattered electron images of 10% by weight of nickel and 2% by
weight d ruthenium loaded silica aerogel different magnificationsare shown in
Figure 5.46
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Figure5.46 SEM (a,b,c) 120000X,240000X, 50000Xand Back Scattered
Electron(d) Images of 10NRRuU/SA

According to Figure 36 (a,b),it is observed that 10NMiRuU/SA hadglifferent sized
mesgorous morphologin sizes 32, 34 and 42 neynsistent with Mphysisorption
analysis It is alsoindicatedtha the surface morphology and texture of the silica
aerogels not deformedfter metal loading. Howevehe poor dispersion ddi and
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Ru patrticles ito SAis interpreted based on agglomeratdite and shiny particles

in some regions of theatalystin Figure 5.46 (c,d)

In Figure 547 EDX analysisof 10Ni-2Ru/SA was given.
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Figure5.47 EDX Analysis of 10Ni2Ru/SA

According toEDX analysis, 10Ni2Ru/SA contains Si, O, C aridi elements. The
presence of C is due to the carbon tdpethis region of the catalyst Ni and Ru

contents are 8.49 wt. % and 6.19 wt. %, respectively.

127



Figure 548 depicts the SEM images of 10% by weight of nickel and 3% by weight

of ruthenium loade silica aerogel aifferentmagnifications.

Figure5.48 Back Scattereda(b) (10000X, 25000X) an&EM (c,d) Images
(50000X, 100000Xpf 10Ni-3RU/SA

According to Figure 88 (a,b) agglomerabn of Ni and Ru particlesre seenas
white and shiny particte In addition,the rectangular shaped particles afesered
after Ni and Ru loadingn Figure 5.48 (c,d)

128



5.2  Activity Results of the Catalysts

The activity tests of the catalysts weerformedn a fixed bed quartz reactor system
under continuous flow. The reactions werefpened at 45aL050C, atmospheric
pressurgandwaterglycerol feed flow ratef 0.8, 0.9 and 1.0 ml/lunder 30 ml/min
argon flow rate with the W/G molar ratio of 1, 3,16deO in the presence of 0.15 g
mono, bi and trimetal loaded catalysts. Prior tcheaxperiment, all catalysts were
calcined under 50 ml/min dry air at 5 bar for 5 hours and then reduced under 50
ml/min H flow for half an hour. The produced gases werdyasea onlineduring

the reaction time, 5 h, with the same time interval, 30 mid,the collected liquid

products were analysed manually using a gas chromatograph (GC).

The compositions of the gas and liquid products were calculated with the aid of
calibration (beta) factor detailed in Appendix

The composition of the produced compda and activity of the catalysts were given
in terms of mole compositions of the gas compounds, glycerol conversion and
hydrogen yield in the following sections. The ca#tidns of compositions of

compounds, glycerol conversion angyikld were detaileith Appendix F.

In this study,grey hydrogen was produced in each experimentlaactivity test
resultsof the catalysts were divided intbparts the effect of feed flov rate,the
effect of temperaturéheeffect of feed ratiothe effect ofcatalystsynthess methal,
andthe effect of catalysttypeon H yield. The repeatability experiments were also
performed to ensure the consistency and reliability in the expesn2etailed

information and experimental results were givethmfollowing sections.

5.2.1 Repeatability Experiments

To ensure the consistency andataility of the experiments, the experiments were

performed under the same conditions f@&3 times. Herein, lie repeatability
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experiments were carried out at 360 under atmospheric pressure with the W/G
molar ratio of 9 at 0.9 ml/h glycerglater feedlow rate and 30 ml/min Ar flow rate
over 0.15 g 10NBRuU/SA(700)(700)catalyst Prior to experimenishe catéysts
were calcined under dry air for 5 h and reduced witlfiddv for half an hour.

In both experimentfpur compounds, B CO, CO, and CH were produced with
approximatelycomplete glycerol conversisr{99%). The product distribution and
H2 yield resuts of each experiments were given in Figuré®.50, respectively.
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Figure5.49 Product Distribution of GSR
(Catalyst:10Ni3RU/SA(700)(700), #kn:55C°C, FFR:0.9ml/h, WGMR:9)
(Filled symbolsexperimentl, empty symbolsexperiment 2)

According to Figures 89, it is clear that after 60 minutes, thesgcompounds were
produced with approximately the same mole percent in a time interval of 30 minutes.
This indicates that the product distribution remaisiegdyduringthe reaction time,

5h. In the experiment 1, the average np@ecentof theproduced H, CO,, CO, and

CHj are 65.7%, 32.6%, 0.9% and 0.8%, respectively. The product distribution of
experiment 2 is also quite similrexperiment 1, with thaverage mole percent of
65.8%, 32.4%, 1.1%and 0.6%, respectively. In addition, the average rpeleent
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of the produced H, CQ,, CO, and CH in both experiments are 65I8.1%,
32.5\0.1%, 1.0\ 0 %, 2nd 0.K 0 %, Tespectively.

Depending on the product digtution, high amounts of Hand CQ formations may
be attributed to glycerol steam reforming reaction. Operating at high temperature
favours the glycerol steam reforming reaction due to its endothermic nature and

contributes to C@and H formation.

Glycerol Steam Reforming:
CsHgOs+3HO0 7z 34C76L aHr = 128 kd/mole

In addition, the low amount of CO and ¢ldrmations may be ascribed to water gas
shift andreversemethanation reactions, resulting in an increase in @@ H

compatible with the foduct distribution.

Water Gas Shift Reaction:

CO+HO z B & ht =-41 kd/mole
Methanation:

COo+4Hz  CsH 2H0 & H =-165 kJ/mole
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Figure5.50H: Yield of GSR

(Catalyst:10Ni3RU/SA(700)(700), Txn:55C°C, FFR:0.9ml/h, WGMR:9)
(Filled symbolsexperiment 1, empty symboksxperiment 2)

Similar to the gas products, as depicted in Figur®,3b yield was also steadily
obtained in both experiments with an average val@2@RD.2 %with the H yields
of 82.2 and 82.6% in experiment 1 and 2, respectively.

The onsistency between the values and low standard deviation indicate that

repeatable resdtwere obtained itheexperiments.

522 The Effect of Feed Flow Rateon H: Yield

To examindhe effect of feed flow rate onzifield, the reactions were carried out at
965°C, at 30 ml/min Ar flow rate under atmospheric pressure with the W/G molar
ratio of 3 wer 0.15 g 10Ni/SA(1035)(1035). Prior to experimetiis catalysts were
calcined undedry air for 5 h and reduced withoHow for half an hour. At these
reaction conditions4 compounds, K CO, CO and CH were produced with

approximately complete glycerol conversioims all experiments. The product
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distribution and H yield results at @ ml/h were given in Figures 8.5.52,

respectively.

The product distributions and2Hjield values as a function of tina¢ 0.8 and 1.0

mi/h feed flow ratewere given irFigures G.1G.4 inAppendix G.
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Figure5.51 Product Distribution of GSR
(Catalyst:10Ni/SA(1035)(1035),xh:965°C, FFR:0.9ml/h, WGMR:3)

According toFigure 5.9, it is clear that after 60 minutes, the gas compounds were
produced with approximately the same mole percent in a time inté3@lninutes.

This indicates that the product distribution remained steady during the reaction time,
5h.The averag molepercenpf the produced K CO,, CO, and CH are 60.R0.5%,

27.5N 1 %,0.8N 0 %, and 2.0\ 0 %, Yespectively.

Considering the averagmole compositions of gas compourusth glycerol steam
reforming glycerol decompositioand reverse water gas ghifactiors may occur,

resulting in the formation of HCQO,, and CO.
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Glycerol Steam Reforming:

C3HgOs3+3HO z  3+CrEL aHr = 128 kJ/mole
Glycerol Decomposition:

C3HsOs A 3CO +4h aHr = 250 kJ/mole
ReversaVater Gas Shift Reaction:

Co+H,z CO 0 H &k =41 kd/mole

In addition, the low formation of CHmay be attributed to the conversiohCHs
into CO and H by reversemethanation reaan, which forms in reverse methane
dry reforming and reverse methane steam reforming reacfidniss et al., 2015
Kahle et al., 201;3Chen et al., 2020)

ReverséMethanation:

CHs+2H0z C@ 4H: aHRr = 165 kJ/mole
ReverseMethane DryReforming:

2CO+2nz CHCO aHr = -259 kJ/mole
ReverseMethane Steam Reforming:

CO+3Hz CsH H.O e H =-206 kJ/mole
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Figure5.52 H, Yield of GSR (Catalyst: LONi/SA(1035)(1035),T965°C,
FFR:0.9ml/h, WGMR:3)

Similar to the gas productd; yield was also steadily obtained with an average value
of 66.4KN1.2%.

Thecomparativeesults of the performed feed flow rates were given in FEjuss-
5.54.
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Figure5.53 The Effect of Feed Flow Rate on Product Distribution
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Figure5.54 TheEffect of Feed Flow Ra on h Yield
(Catalyst:10Ni/SA(1035)(1035),xh:965°C, WGMR:3)
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According to results of the feed flow rate experiméhigures5.53-5.54), both mole
compositions of the produced gases and/idld values aresimilar. The H yield
values were attained &5.7%, 66 4% and64.8% with astandard deviation of 2, at
0.8, 0.9 and 1.0 ml/h feed flow rates, respectively. Therefore, it is clearly deduced

that theeffect of feed flow rate imsignificantin the flow rate range tested

5.2.3 The Effect of Temperature on Hz Yield

To examine the effectf aemperature on fyield, the experiments were carried out
between 458 and 1056C with the W/G molar ratio of 3 and at 0.9 mi/h glycerol
water feel flow rate and 30 ml/min Ar flow rate under atmospheric pressure over
10Ni/SA(700)(1035) At these reaction conditions, 4 compounds, €, CO and

CHs were produced with approximately complete glycerol conversions in all
experiments, except for the réiaa carried out at 54C with a glycerol conversion

of 96.5%. The produt distributions and Hyield results at 68T were demonstrated

in Figures 5%5-5.56.

The product distributions and 2 Hjield valuesas a function of timat the other

temperaturesvere given in FigureG.5-G.22in Appendix G.
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Figure5.55 Product Distribution of GSR
(Catalyst:10Ni/SA(700)(1035),:680°C, FFR:0.9ml/h, WGMR:3)

According to Figure %5, it is clear that after 90 minutes, the gas compounds were
produced with approximately the same mole getin a time interval of 30 minutes.
This indicates that the product distribution remained steady during the reaction time,
5h. Under these reaction cotidins, the average mole percent of the producgd H
CQO;, CO, and CH are 63.40.1%, 29.R1%,86.3 21%, and 0.6N 0 %,2

respectively.

Considering the average mole compositions of gas compounds, glycerol steam
reforming, glyceroldecomposition, reverse water gas shift reactions may occur,

resulting in the formatiaof H2, CG; and CO.

Glycerol Steam Refoing:
CsHgOs+3H0 7z 3+C76L aHr = 128 kJ/mole
Glycerol Decomposition:

C3sHgO3 A 3CO +4h aHr = 250 kJ/mole
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Reverse Water Gas Shift Reaction:
CO+H,z CO @ H &k =41 kd/mole

However, low amount of CHormation may be attributetd methanationreverse

methane dry reforming andversemethane steam reforming reactions.
Methanation:

CO+4H, 7z CsHt 2H0 & h =-165 kJ/mole
Reverse Methane Dry Reforming:

2CO+2RHz CiHCO aHRr = -259 kJ/mole
Reverse Methane Stedteforming:

CO+3Hz CsH HO 2 H =-206 kd/mole
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Figure5.56 Hz Yield of GSR
(Catalyst:10Ni/SA(700)(1035),:680°C, FFR:0.9ml/h, WGMR:3)

Similar to the gaseous products, as depicted in Fighéel3; yield was also steadily

obtained with an average value7ef.2ND.2%.
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Figure 557 indicates the product distribution with respect to temperature values
performed and Figure 5B indicates the experimental and equilibrium values of H

yield.
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Figure5.57 The Effect of Temperature on Product Distribution
(Catalyst:10Ni/SA(700)(1035), FFR:0.9ml/h, WGMR:3)

According to Figure 5.57, before 543 there is a notable increase in bothard

CO, formation anddecreasén CO formation with an increase in temperatésier

this temperature, the formation of CO instead of.@@reaseswhich may be
ascribed tahe reversavater gas shift reactipmay also occur before 540, and
results in high CO formation wit low H, and CQ formations After this
temperature, there is a slight increasedridfmation. Due to the endothermic nature

of glycerol steam reforming and glycerol decomposition reactidagormation

rises at elevated temperatureow CHs; formation @n be dtibuted to the
methanationreverse methane steam reforming and reverse methane dry reforming

reactions.

140



100

H, Yield, %
o
o

40 A
30 — experimental
20 1 equlibrium
10 +
0 +———————— e
300 450 600 750 900 1050
T (°C)

Figure5.58 The Effect of Temperature onaYield
(Catalyst:10Ni/SA(700)(1035), FFR:0.9mIMWGMR:3)

As depicted in Figure 58, the highest klyield were attained as42% at 686C

with a standard deviation ofD.The decrease inield is observed before and
after 680C; this is consistent with thegeilibrium values, which implies that the
experimental results of the temperature studies displayed a similar trend to the

equilibrium curve.

To sum up, 868C°C with the W/G molar ratio of 3 (mole/mole ratio is 12), 5.20
moles of H were produced and 726 H yield and approximately complete
conversion were achieved in the presence of 10Ni/SA(700)(1035). In addition, at
610°C and at the same abestted conditions, 52 moles of H were produced,
approximately complete glycerol conversion at&11% H. yield were achieved in

the presence of sameatalyst. Compared toliterature, Demsash et al. (2018)
achieved approximately complete conversion apgields of 79% and 86% in the
presence of 10Ni/ADz-5CeQ and 10Ni1Ru/AlO3-5CeQ, respectively, at 65C,
atmospheric pressure with the W{i@ole'mole) ratio of 12. In addition, Thyssen et
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al. (2014) obtained 52% glycerol conversion and produced 2.2 molesab6B0C
with the W/G molar ratio of 3 in the presence of 10Ni/Silhey aso reached
approximately complete conversion at the same comditio the presence of
10Ni/10L&0s-SiOz and increased the moles of produced to 3.8.

524 The Effect of Feed Ratioon H: Yield

To examine the effect of feed ratio on yeld, theexperiments were performed at
68C°C, at 0.9 ml/h glycerelvater feed flow rateand 30 ml/min Ar flow rate under
atmospheric pressure with the W/G molar ratio of 1, 3, 6 and 9 over
10Ni/SA(700)(1035)At these reaction conditions, 4 compounds, €0, CO and

CHs were produced with approximately complete glycerol conversions in all
experiments, except for the reaction carried out at W/G molar ratio withl a
glycerol conversion d1.1%. The product distributions ancbMield results at 68

with the W/G molar ratio of th Figures 559-5.60.

The product distributions and2Hjield valuesas a function of timat W/G molar
ratio of 1 & 6 were givenin Figures G.23G.26 in Appendix G.(The product
distributions and Hyield values as a functioof time at W/G molar ratio of 3 were

given insection 5.2.3TheEffect of Temperature onzHield)
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Figure5.59 Product Distribution of GSR
(Catalyst:10Ni/SA(700)(1035),4:680°C, FFR:0.9ml/h, WGMR:9)

According to Figure %9, it is clear that after 90 minutes, the gas compounds were
produced wh approximately the same mole percent in a time interval of 30 minutes.
This indicates that the product distribution remained steady dilnéngaction time,

5h. Under these reaction conditions, the average mole percent of the produced H
CO;, CO, and CHs are 64.80.3%, 295N 0 %,75.0N 0 %,5and 0.6N 0 %,4
respectively.

Depending on the product mole distributiésllowing reactionamay occu:

Glycerol Steam Reforming:
C3HgOz +3H,O 7z 3+4Cri6EL aHr = 128 kJ/mole
Water Gas Shift Reaction:

CO+HO 7z €8 ek =-41 kd/mole
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However, a low amount of CHnay be formed in reverse methane steam reforming
and reverse methane dry reforming reactions, which is then convert in@n@®h

by reverse methanation reaction

Reverse Methanation:

CHs+2HO 2z € G &k =165 kJ/mole
ReverseMethane Dry Reforming:

2CO+2RHz CHCO aHRr = -259 kJ/mole
Reverse Methane Steam Reforming:

CO+3Hz CsH H.O 2 H =-206 kd/mole
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Figure5.60H: Yield of GSR
(Catalyst:10Ni/SA(700)(1035),:680°C, FFR:0.9ml/h, WGMR:9)

Similar to the gasompound, as depicted in Figure@®, H; yield was also steadily

obtained with an average value7&3N\L.0%.

The comparative results of the perfaunfeed ratios with thegeilibrium values

were demonstrated in Figw®.61-5.62, respectively.
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Figure5.61 The Effect of Molar Feed Ratio on Product Distributtio
(Catalyst:10Ni/SA(700)(1035),,h:680°C, FFR:0.9ml/h)

According to Figure 5.61, increase in water amount increases thentition, while
decreases the CO formation. The reason behind the positive effect of high W/G molar
ratio on B formation is ascribed to the shift in WGS reaction to thelyco side

which leads to high conversion of CO inte.H

However, increase in CO and ¢kbrmations with a decrease in W/G molar ratio
may be ascribed to glycerol decomposition, reverse methane steam reforming and

reverse methane dry reforming reactions.

Glycerol Decompsition:
C3HgOs A 3CO +4h aHr = 250 kJ/mole
ReverseMethane Dry Reforming:

2CO+2Hz CiHCO aHRr = -259 kJ/mole
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ReverseMethane Steam Reforming:
CO+3Hz CsH HO ek =-206 kd/mole

It is also seen that increasewater amount decreases fioemation ofCHs, which
may be attributed tahe conversion ofCHs formed in reverse methane steam
reforming and reverse methane dry reformiegctionsnto CQ and H in reverse

methanation reaction.
Reverse Methanation:

CHs+2HO0 7z € O+ e H = 165 kJ/mole
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Figure5.62 The Effect of Molar Feed Ration H Yield
(Catalyst:10Ni/SA(700)(1035),h:68C°C, FFR:0.9ml/h, WGMR:9)

According toFigure 562, it is clearly deduced &t increase in W/G ratio increases
the H yield consistent with the equilibrium values. The highestyi¢ld was
obtained ag9.3% at the W/G rolar ratio of 9 with a standard deviation0. In
addition, 5.36 moles of H were producedeferring to 76.6%0of H> yield with

approximately complete glycerol conversatrthe W/G molar ratio of.6
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Comparedto literature, Adhikari et al., (2008) reached approximately complete
conversion and 57% of Hyield at 650C with the W/G molar ratio of 6n the
presence ol15Ni/MgO.

Furthermore, Profeti et al., (2009) tested the activities of 5pMIALOCeQ and
0.3Ru5NI/Al203-10CeQ at 700C, atmospheric pressure with the W/G molar ratio
of 6. At these conditions, in the presence of SNIDAI10CeQ, glycerol conversio

and the number of moles okidroduced as 65% and 2.20, respectively. They also
increased the glycel conversion and the number of moles efgfoduced to 89%
and 2.36, respectively, using 0.3BNi/Al,03-10CeQ.

5.2.5 The Effect of Catalyst Synthess Method on H: Yield

To examine the effect of synthesnethod on H yield, the experiments were
performed at 470, 550 and 680 at 0.9 ml/h glycerelater feed flow rate and 30
ml/min Ar flow rate under atmospheric pressure with the W/G molar ratio of 9 over
10Ni/SA(700)(1035) and 10Ni/SA(700)(103%)et. At these reaction conditions, 4
compounds, H CO, CO, and CH were produced with approximately complete
glycerol conversions in all experimenfBhe product distributions andzHield
results of 10Ni/SA(700)(18b) at 550C with the W/G molar ratio of 9 were
demonstrated in Figusé&.63-5.64, respetively.

The product distributions andzHield valuesof 10Ni/SA(700)(1035t 470°C and
10Ni/SA(700)(1035)vet at47C°C, 550°C and68(°C as a function of timerere gven
in Figures G.27-G.34in Appendix G(The product distributions and2tyield values
of 10Ni/SA(700)(1035t 68C°C were given igection5.2.4TheEffect of Feed Ratio
on HYield)
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Figure5.63 Product Dstribution of GSR
(Catalyst:10Ni/SA(700)(1035),:55C0°C, FFR:0.9ml/h, WGMR:9)

According to Figure 53 it is clear that after 90 minutes, the gas compounds were
produced with approximately the same mole percent in a time interval of 3teminu
This indicates that the product distribution remained steady during the reaction time,
5h. Under these reaction conditions, the average mole percent of the produced H
CO;, CO, and CH are 65.RK0.3%, 29.%0%,73.6N 0 %,5and 0.8 0 %,4

respectively.

According b the product mole distributiofollowing reactionamay occur
Glycerol Steam Reforming:

C3HgOs+3HO 2z 3+C7E: aHr = 128 kJ/mole
Water Gas Shift Reaction:

CO+HO 2z B e h =-41 kd/mole

In addition, low amount of CHormation maybe attributed to methanatiomverse

methane dry reforming andversemethane steam reforming reactions.
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Methanation:

CO+4H 2z CsH 2HO 2 ht =-165 kJ/mole

ReverseMethane Dry Reforming:

2CO+2n7z CHCO aHRr = -259kJ/mole

ReverseMethane Steam Reforming:

CO+3Hz CsH HO ek =-206 kd/mole
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Figure5.64 H: Yield of GSR
(Catalyst:10Ni/SA(700)(1035),:55C0°C, FFR:0.9ml/h, WGMR:9)

Similar to the gasompound, H yield was ao steadily obiaed with an average
value of 82.1N1.0%.

The comparative results of the performed temperatures of the catalysts with the

equilibrium values were demonstrated in Figlb®5-5.66, respectively.
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Figure5.65 The Effect of CatalystSynthesis Methodn Product Distribution
(Filled Symbols Co-precipitation PatternedSymbols Wetimpregnation
(Catalyst: 10Ni/SA(700)(1035KFR:0.9ml/h, WGMR:9)

According to Figure 5.6%yhen each reaction temgure was examined separately,
higher B, CG; and CH formations were achieved in the presence of 10Ni/SA
synthesized by cprecipitation method in expenents performed at 470; on the
contrary, CO formation was quite low compared to the catalyst sinditeby the
wetimpregnation method. Although the mole product distributions were similar at
550°C, H formation was higher in the presence of catalysithesized by co
precipitation method. In addition, when the product distributions are compared in the
presence of both catalyst at 880it is clear that Fland CO formations are higher

in the presence of catalyst synthesized bypmazipitation methodHowever, CQ
formation was higher in the presence of catalyst synthesized bymwetgnation
method. Apart from these, CHformations were quite similar in both catalysts.

Nonetheless, it is clear that the product distributions in both catalysts arelgséte
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As depicted in Figure 5.66, the highest yield were attained as 82.1% in the
presence of 1Qi/SA synthesized by cprecipitation technique at 580 with a
standard deviation of 1.0. The decrease #nyidld is observed before and after
55(°C; this is consistent with the equilibrium values, which implies that the
experimental results of the tenmpture studies at the W/G molar ratio of 9 displayed
a similar trend to the equilibrium curve. In addition, the synthesis method slightly
affected the Hyield by decreasing the value to 76.4% at°&5h the presence of
10Ni/SA synthesized by the wehpregnation method.
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Figure5.66 The Effect of CatalystSynthesis Methodn H Yield
(Filled Symbols: Ceprecipitation, Patterned Symbols: letpregnation)
(Catalyst: 10Ni/SA(700)(1035), FFR:0.9ml/h, WGMIR:9

5.2.6 The Effect of Catalyst Type on H Yield

The effect of catalyst type oH> yield was examined in 3 parts: effect of metal
amount, efiect of monometal type, and effect of bi and trimetal type oryield.

Detailed catalytic activity test results were giverthe relevant sections.
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5.2.6.1 The Effect of Metal Amount on Hz Yield

To examine the effect of metal amount onyii¢ld, 2.5, 5, 8 and 10 % by weight of
Ni doped silica aerogels wetestal at 550C, at 0.9 ml/h glycerelvater feed flow
rate and 30 ml/min Arléw rate under atmospheric pressure with th&\Wholar
ratio of 9. Prior to experiments, all catalysts wealkeioed under dry air at 700 for

5 h and then reduced by.How at 1038C for half an hourAt these reaction
conditions, 4 compoundsHCGO;, CO, and CH were produced with approximately
complete glycerol conversions in all experimefitse comparatig results of the

metal amount experiments were demonstrated in BguUB&-5.68, respectively.

The product distributions and-Hield valuesof 25, 5 and 8 % by weight of Ni doped
silica aerogelsas a function of tim&vere givenn Figures G.35G.40in Appendix

G. (The experimental results of 10 % by weight Ni doped silica aerogel was given in
section 5.2.4 heEffect of Feed Ratio)
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Figure5.67 The Effect of Nickel AmountLoaded onto Silic&erogelon Product
Distribution
(Txn:55C°C, FFR:0.9ml/h, WGMR:9)
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According to Figure 5.67, it is clear that increase in the metal amount from 2.5 % to
5% leadsto a notable increase inoHormation; however, BHformation slightly
increases with amcrease in metal amount from 5% to 10%. In addition, as the
amount of metal increased, CO formation decreased; however, betand@H
formations were not affectedylihis increase and obtained similarly in all metal

amounts tested.

According to Figurés.68, the highest Hyield was obtained in the presence of 10%
by weight nickel doped silica aerogel, which may be ascribed to increase in active
sites with an increase metal amount. Under these reaction conditiong,iéld was
attained as 82.1% withstandard deviation of 1.0.
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Figure5.68 The Effect of Nickel AmountLoaded onto Silica Aerogein H Yield
(Trxn:55C°C, FFR:0.9ml/h, WGMR:9)

5.2.6.2 The Effect of Monometal Typeon H: Yield

To examine theffect of metal type on Hyield, promising metals such as Co, Cr,
Zr, Mo, and Ag in addition to Ni were loaded 10 % by weight on silica aerogel. All
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synthesized catalysts veecalcined under dry air at 7@ for 5h and subsequently
reduced by Hflow at 1035°C for half an hourThe catalytic activities oflecatalysts
were testedat 550C, at 0.9 ml/h glycerelvater feed flow rate and 30 ml/min Ar
flow rate under atmospherigressure with the WGMR of 9At these reaction
conditions, 4 compounds,HCO,;, CO and CHwere produced with approximately
complete glycerol conversions in all experimefitse comparative results of the

metal type experiments were demonstrated in Fefu6®-5.70, respectively.

The product distributions and:hield valuesof Zr, Co, Cr, Mo and Ag loaded silica
aerogelsas a function of timevere givenn Figures G.41-G.50in Appendix G(The
experimental results of 10 % by weight Ni doped silica adra@s given in section
5.2.4TheEffect ofCatalysts Synthesis Method Ha Yield)
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Figure5.69 The Effect of 10% by wt.Metal TypeLoaded onto Silica Aerogein
Product Distribution
(Txn:55C°C, FFR:0.9mh, WGMR:9)
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(Tn:55C°C, FFR:0.9ml/h, WGMR:9)

According to Figure 5.69Mo loaded SA exhibits similar behaviour withi Hs
producing CQ more than CO, which nyabe attributed to GSR and WGSR.
However, high amount of CO formation with low amount ofs@tmation may be
interpreted by reverse methane steam reforming and reverse methane dry reforming

reactions.

Besides Ni ad Mo, CO formation is higher than the €formation in the presence
of Ag loaded SA that may be ascribed to the reverse WGSR. Furthermore,
methanation, reverse methane steam reforming and reverse methane dry reforming

may occur, resulting in low amount GH, formation.

In Co, Cr and Zr loaded SWigh amount of CO formation with low amount of €0
and H formations may be attributed to reverse WGSR. It may be also said that, CO

and H may convert into Cklin methanation reaction.
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To sum up, among all testenetals, the highest.Hormation with the lowest CO
and CH formations were achieved in the presence of Ni loaded SA. The reason
behind the superior catalytic activity of Ni is its high ability to break tHe, C-H

and HO bonds, promoting to both GSRAWGS reactions and thuncrease the
hydrogen formation. In addition, Mo loaded SA displayed a similar behaviour to Ni
despite the low Eformation. In the presence wionometallidNi andmonometallic

Mo, CO, was formed more than CO, indicatitigat both catalysts promoted the
WGSR to the product side. Neverthelessfddmation is quite low compared to Ni.
Moreover, Ag catalysts exhibited almost the samddrmation as Mo, while CO
formation was much higher in Ag than Mo, indicating that Ag favouredehetant
side in WGSRThe rest of the metals, Co, Cr and Zr displayed much lower activity;
in fact, in the presence of Zr, the fdrmation is the lowest with the mole fraction

of around 5%, while CO formation is much higher compared to other metale Asi
from these, Co exhited higher H formation with lower CQ formation compared

to Cr. However, in the presence of both catalysts, thiothations are quite low
and CO formations are very high. Despite the highestfGthation is observed in

Cr loadedSA, all CH: formationsare quite low, varying between 1% and 4%.

As depicted in Figure 30, the highest blyield was obtained in the presence of Ni
as 82.1% with a standard deviation of8.However, the lowest HYield was
obtained as 2% with a standal deviation of @B in the presence of Zr. The overall
activity of all tested catalysts increases in the following order:
Zr<Cr<Co<Mo<Ag<Ni. Considering the activities of alonometalliccatalysts, it

is clear that Ni is the most active and appropriatalyst for GSR.

Compare to some catalysts with literature, Carrero et al (284stgd the activities
of bimetallic catalysts as 15MiCo/SBA15 and 15N4Cr/SBA-15 at 600C with
the W/G molar ratio of 6. At these conditions, 92% glycerol conversiomaeasved
and 52% bymole B was produced in the presence of 18io/SBA15. Theyalso

increased the both glycerol conversion and amount of produced34% and 61%
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by mole, respectively, using 15MCr/SBA-15. In this study, the activities of Co and
Crmonometallic catalyts loaded on SA as 10% by weight were tested &(Gaiih

the W/G molar ratio of 9. In the presence of both catalysts, approximately complete
glycerol conversions were achieved, while mole compositions ufdre quite low,
27.400.2% and 35.8\0.2% in 10CFSA(700)(1035) and 10Co/SA(700)(1035),

respectively.

5.2.6.3 The Effect of Bi and Trimetal Type on Hz Yield

To examine the effect of additional metal type anyléld, Ni and different metals
such as Mo, Ru, Fe, Mg and -Mn were loaded ao silica aerogel by ce
precipitation method. NMo loaded silica aerogels were synthesized following two
different routes explained in detail $ectiord.1.22 BimetalLoading. According to
the experimental results of nickelolybdenum loaded catalysts, atimeetal loaded
catalysts were synthesized by the {step metal loading path, namely the path | of
Nickel-Molybdenum loading, due tilve higher H yield in the syntksis path. The
synthesized catalysts were calcined under dry air for 5h and subsequeéuntigde
by H. flow for half an hour. The loaded metal amounts and calcination & reduction
temperatures were given in detail in Tael-4.2 All catalystsused in tie reaction

at 550C, at 0.9 ml/h glycerelvater feed flow rate and 30 mi/min Ar flow rateder
atmospheric pressure with the W/G molar ratio ohtxhese reaction conditions, 4
compounds, H CO, CO, and CH were produced with approximately complete

glycerol conversions in all experiments.

The product distributions ancpield % valuesasa function of timen the presence
of 10Ni2Ru/SA(700)(700) were demonstrated in Figly&1-5.72.

The product distributions and2Hjield valuesof 8Ni2Mo (1), 8N+2Mo (1), 10N+
3Mg, 10Ni3Fe, 10Ni3Fe-0.3Mn, 10Ni3Ru and 10NiLRu loaded silica aerogehs
a function of timevere givenn Figures G.51-G.64in Appendix G.
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Figure5.71 Product Distibution of GSR
(Catalyst:10Ni2RuU/SA(700)(700), #n:55C°C, FFR:0.9ml/h, WGMR:9)

According to Figure 9.1, it is clear that after 30 minutes, the gas compounds were
produced with approximately the same mole percent in a time interval of 30 minutes.
This indicates that the product distribution remained steady during the reaction time,
5h. Under these reaction cotons, the average mole percent of the producgd H
CO;, CO, and CH are 66.80.1%, 30.00 0%,13.2N 0%,2and 0.5 0%,1

respectively.

Consideringthe product mole distributiomigh amount of Hand CQ formations

may be ascribed to glycerol steam refargireaction.

Glycerol Steam Reforming:

CsHgOs + 3H0 z 3 4C76; aHr = 128 kJ/mole
In addition, reverse WGS retgon may occur, resulting in CO formation.
ReversaVater Gas Shift Reaction:

CO,+H,z CO .6 H e =41 kd/mole
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The low amount ofCH4 formation may be interpreted as ¢£hiay be formed by
reverse methane dry reforming and reverse methane steam reforming and then

converting into CQand H in reverse methanation reaction.
ReverseMethanation:

CHs+ 2HO ZOx+ 4H: &k =165 K/mole
ReverseMethane DryReforming:

2CO+2RHz CHCO aHr = -259 kJ/mole
ReverseMethane Steam Reforming:

CO +3hz CsHt HO &k =-206 kd/mole

Besides these reactions, £hhight also be converted into2Hand carbon by the

following reacton:
CarbonFormation:

CHsz 22HC ek =75 kd/mole
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Figure5.72H2 Yield of GSR
(Catalyst:10Ni2RUSA(700)(700), Fxn:55C°C, FFR:0.9ml/h, WGMR:9)
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Similar to the gasompoundsH: yield was alsotsadily obtained with an average
value 0f845K0.2%.

The comparative results of the bi & trimetal type experiments were demonstrated in

Figures 5.3-5.74, respectively.
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Figure5.73 The Effect of Bi and Trimetal Type on Product Distribution
(Tn:55C°C, FFR:0.9ml/h, WGMR:9)

The low amount of kiformation with high amount of CO formation in the presence
of 8Ni-2Mo/SA(l) and 8Ni2Mo/SA(Il) may be attributed to the reverse WGS

reaction.

Revers&Water Gas Shift &ction:

CO;+H2Z2 CO+HO e =41 kd/mole
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In addition, glycerol steam reforngn reverse methane dry reformjniggverse
methane steam reformignd methanatioreactions may occur, resulting in, O,

and CH formations.

Glycerol Steam Reforming

CsHgOs + 3H0 2z 34C76; aHr = 128 kJ/mole
ReverseMethane DryReforming:

2CO +2h7z CHs+ COp aHRr = -259 kJ/mole

ReverseMethane Steam Reforming:

CO+3Hz CHz+ H.O e H =-206 kd/mole
Methanation:
COx+4H,z  CsH 2H0 &k =-165 kJ/mole

Besides NiMo catalysts, same reactions may occur in 18BMg, 10Ni3Fe and
10Ni-3Fe0.3Mn loaded silica aerogelk the presence of both catalysts, &hd

CHs4 formations were quite similar, while the formations of CO and @
different. Compared to other compounds, higher amount :ofoknations may be
ascribed to GSR. Howevan the presence of 10K8Fe, lower CQand higher CO
formed than in 10NBMg. This is ascribed to the presence of Fe promoting the
WGSR to the reactant site (Boahret al., 2014) at high temperature due to the
exothermic nature of WGSR. In additioopl CHs formationsin both catalysts may

be ascribed to methanation, reverse methane dry reforming and reverse methane
steam reforming reaction® addition, presencef Mn in 10Ni3Fe resulted in a
remarkable redumon in H, formation, despite its small amount loading i.e., 0.3 %
by weight.

In the presence of NRu bimetallic catalysts, the highest fbrmations were
attained, ascribing to glycerol steam reforming arader gas shift reaction. The

highest H formation and the lowest CQormation were obtained in the presence of
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moderate Ru amount i.e., 2% by weidtu. On the one hand, an increase in the
amount of Ru from 2% to 3% resulted in an increase in @@nation from
30.0N0.1% to 32.80.1% and a decrease@® formation from 3.80.2% to 1.600.2.

On the other hand, a decrease in the amount of Ru from 2% to 1% causes a slight
increase in C@formation from 30.80.1% to 31.80.1% and a decrease in CO
formation fran 3.2N0.2% to 2.40.2%. Among the Ripaded bimtllic catalysts,

the lowest CQ@ and the highest CO formation were attained in the presence of
catalyst containing 2% by weight Ru. The disproportionate change ira@DCO

formations may be attributed tiee carbon formation reactions in addition to WGSR

Carbon Formation:

2C0O z7z,+CO ek =-172 kJ/mole
CO+Hz W+C ek =-131 kJ/mole
CO+2Hz 2061+ C 2 h =-90 kd/mole

In addition, CH formations are close to zero in all-Ru loaded catalyst, ascribing
to produced CHin methanation, reverse metfeasteam reforming and reverse

methane dry reforming reactions may also convert into C by following reaction:

CHsz 22HC ek =75 kd/mole

According to Figure 5.73, among all bi and trimetals tested, the highest H
formations were achieved in theggence of 10% by weight Ni and 1%, 2% and 3%
by weight Ru loaded silica aerogels. The reason behind the positive effect of
presence of Ru is its high ability to cleavage th€,G-H and CO bonds, which
increases the Hormation and thereby Hyield. (Demsash et al.,201&un et al.,

2017 Odenkirk et al., 1992)

Besides Ru loaded silica aerogels;N\y bimetallic catalysts showed moderate

activity which may be due to Mg being in oxide form according to the XRD analysis
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(Figure 5.18)(Lopezet al., 1998)which may reduce the ability of-C and GH

bond rupture, and hence a decreaseziyi¢ld compared to monometallic Ni.

In addition, presence of Fe, which is commercially used in WGS reactions (Bouarab
2014), also decreast® H yield by shifting the V&S reaction to the reactant side.
Furthermore, the addition of Mn increases CO formation and decreases the H
formation compared to netontaining, as the presence of Mn may prevent the
sintering of Fe by increasing the thetrstability of the catalyst. fierefore, it may

be said that both catalysts are more appropriate for low temperature WGS reactions.

However, it is clear that loading of Mo by following two different paths affected to
H>formation quitenegatively. The lowest Hormation and thereby Weest b yield

were obtained in the presence of these catalysts. In fact, the formation of CO is higher
than B formation by using 8NEMo synthesized following simultaneous metal
loading explicitly describe in section 4.1.2.7 Bimetal Loading. The reasbthe
lowest B formations by using these catalysts might be ascribed to sintering,of Mo
which causea change in the surface structure, resulting in collapse of the pores and
thus loss of catalyst actiyi{Bartholomew 2001). On the other hahmyerH: yield
obtained in the presence of 8RMo/SA(ll) may be ascribed tie clogging of the
pores by metal loading and/or the formation of inactive metatlimpounds and/or

the agglomeration of metatausinga decrease in activity of the catalyataddition,

the fact that 8NRMo/SA(Il) has much smaller pore diameter compared to- 8Ni
2Mo/SA(l), itmightbededu@d that the synthesisuteof bimetallic catalysts affects

the physical properties of these castdyresulting ina decrease in Hyield.
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Figure5.74 The Effect of Bi and Trimetal Type on#Yield
(Txn:55C°C, FFR:0.9ml/h, WGMR:9)

As seen in Figure 547 the highest blyield was obtained in the presence of 1:0Ni
2Ru as 84.5 % with a standard deviataf 0.2. However, the lowest:hield was
obtained as 30.8 % with a standard deviation of 0.2 in the presence-2Mgili).
The overall activity of all testechtalysts ioreases in the following order:

8Ni-2Mo(11)<8Ni-2Mo(l)<10Ni-3Fe0.3Mn<10Ni3Mg<1Ni-3Fe<10Ni3Ru
<10Ni-1Ru<10Ni2Ru.

Considering the activities of all catalysts, it is clearly deduced that2BNISA is

the most active and appropriate catalyst for GSR.

To sum up, the highestoHield was achieved in the presence of F2RuU/SA as
84.5% whereas the lowestMield was obtained asZ in the presence of 10Zr/SA.
In addition, the H yield values of 10NiLRu/SA, 10Ni3Ru/SA, 10Ni/SA and
8Ni/SA are quite eceptable and close to the yield obtained in 12RIu/SA with the
values of 83.0%632.4%, 82.1% and80.4%, respectively.
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Figure 575 showsall H> yields obtainedrom all synthesized catalysts.
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Figure5.75 Comparison ofAll Catalysts
(Trxn:55C°C, FFR:0.9ml/h, WGMR:9)

Figure 576 depictsthe comparison of the Lewts-(Lewis+Bronstedlacid sites of
the catalysts calculated by the intensities of the Lewis and Lewis+Brondiesitasi

in DRIFT analysis of the fresh catalysts
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Figure5.76 Comparison of HYield and L/(L+B) Acid Sites Ratio of the Catalysts
(Tn:55C°C, FFR:0.9ml/h, WGMR:9)

According to Figure 96, it is clear that, there is an almost direct proportion between
H> yield and Lewisto-(Lewis+Bronsted acid sites ratio. The higist L/(L+B) ratio
was obtained in 10N8Ru/SA in which Hyield was quite high; however, the lowest
L/(L+B) ratio was obtaineth 10Mo/SA in which H yield was moderate valugéhe
zero value of L/(L+B) ratio malgedue to the inabilitypf 10Mo toadsob to pyridine
vapour however, the presence of Lewis acid sites in addition to literature (Shen et
al., 2019) is consistent with t#ning moderate H yield value In addition, low
L/(L+B) ratios were obtained in 8NIMo(l), 8Ni-2Mo(ll), 10Co and 10Zr loaded
slica aerogelsin which H yields were quite lowDespite the fact that both 8Ni
2Mo/SA(l) and 8Ni2Mo/SA(Il) have the same ({/+B) values, the higher Hyield

in 8Ni-2Mo/SA(I) may beascribed to itshigher pore diametemwhich may be
interpretedasredudng the pore clogging in the catalysiding to anncreasen
catalytic activity.Therefore, it is clear that high/(L+B) ratios are much better to

achieve higher Hyield.
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5.3 Characterization Results of Used Catalysts

In this part, surface area and potpscrystallite size, amount of deposited coke and
surface morphology of used mono, bi and trimetallic catalysgsin the reactiorat

the best operating conditions were examined with the aid of some characterization
techniques such asRhysisorptionXRD, TGA and SEM analysis.

53.1 N2 Physisorption Analysis

N2 physisorption analysigesultsof fresh & usedlONi/SA, 10N+1Ru/SA, 10N
2Ru/SA and 10NBRu/SAwere depicted in Figus®.77-5.84. According tofigures,

there isadecrease in adsorbed pore volurheach used catalyst compared to fresh
catalysts. This might be attributed to fhet that Ni is a sti@ble catalyst for carbon
formation(Zhao et al.,2007; Lee et al., 2016; Charisiou et al., 2019; Susi et al., 2008;
Wu et al., 2016)causingcoke deposion during the reactigmesulting inareduction

in surface area, pore volume and pdi@neter. In addition, the physical properties

of fresh and used 10Ni/SA, 10MRuU/SA, 10Ni2Ru/SA and 10NBRuU/SA were
given in Tables 5@:-5.14.
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Table5.10 PhysicalProperties ofFresh & Used ONi/SA Catalysts

Multi - BJH BJH
point BET  Desorption Desorption _ _
) Microporosity
Catalyst Surface  Cumulative  AveragePore %)
0
Area Volume of Diameter
(m]/ Pores ( (nm)
10NIi/SA 602 1.64 7.1 8.12
10Ni/SA(used) 381 0.74 5.1 13.24
< 500
= Fresh
o 450
g 400 ®Used
< 350 o § as?
> 300 oo@ «® °
— 250 s°
% 200 .,.3‘3.
S 150 oo
100
50
o4
0 0.2 0.4 0.6 0.8 1
RelativePressuréP/R,)

Figure5.79 N2 Physisorptionisotherms ofresh andJsed 10Ni1Ru/SACatalysts
(Filled Symbols:AdsorptionBranch Empty §mbols: Desorption Brangh
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Table5.11 PhysicalProperties ofFresh & Used ONi-1Ru/SACatalysts

Multi - BJH BJH

point BET  Desorption Desorption . .
Microporosity

Catalyst Surface Cumulative  Average Pore %)
0
Area Volume of Diameter
( m} / Pores( ¢ mj (nm)
10Ni-1Ru/SA 606 0.69 3.2 21.03
10Ni-1RuU/SA
603 0.63 29 22.75
(used)
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Table5.12 Physical Properties of Fresh & Used 1aNRu/SACatalysts

Multi - BJH BJH

point BET  Desorption Desorption _ _
Microporosity

Catalyst Surface Cumulative  Average Pore %)
0
Area Volume of Diameter
(m]/ Pores ( (nm)
10Ni-2Ru/SA 669 0.69 28 22.11
10Ni-2Ru/SA
527 0.59 3.0 21.50
(used)
()]
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Figure5.83 N2 Physisorptionisotherms ofresh & Used.ONi-3Ru/SA Catalysts
(Filled Symbols:AdsorptionBranch Empty SymbolsDesorption Branch

172



Vv

Fresh
Used

Por e

dVv/ dl og( D)

Pore Diameter (nm)

Figure5.84 Pore Size Distributions dfresh & Used.ONi-3Ru/SACatalysts
Table5.13 PhysicalProperties ofFresh & Used ONi-3Ru/SACatalysts

Multi - BJH BJH

point BET  Desorption Desorption . .
Microporosity

Catalyst Surface Cumulative  Average Pore %)
0
Area Volume of Diameter
(m]/ Pores ( (nm)
10Ni-3RuU/SA 624 0.66 2.9 22.81
10Ni-3RuU/SA
492 0.46 2.6 27.19
(used)

5.3.2 X-Ray Diffraction (XRD) Analysis

In this partfresh& used10Ni/SA, 10Ni/SA-wetand 10Ni2Ru/SA werecompaed
to identify the metal phases anfbrmation of carbormandbr carbon containing

compounds after reactioccording to Figurs 5.85-5.87, in addition to silica,
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metalichickel, nickel oxide and metatruthenium peakdhe peakst 2 p

v al

ue of

262, 44.7 and 54%correspond toarbon in accordance with C PDF Card (Ne:00

041-1487) (Table B.18 Appendix B .

I n

addi ti

on

t he

peaks

43.9 and 62° in used 10Ni/SA catalyst correspond to nickel oxide in accordance
with NiO PDF Card (N0o01-0895881) (Table B.2n Appendix B.
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5.3.3 Thermogravimetric Analysis (TGA)

In this parttheamount of cokelepositedn the catalysts was examinading TGA.

The amount of carbon formation in the catalysts was obtaineddatgao the
weight loss in the catalysts as a result of the reaction of the carbon in the catalysts
with the oxygen in the ailfGA results of the catalysusedwere given in Figures
5.885.94.While, the weight loss of the catalysts up toAD@as dudo the moisture

in the catalysts, the weight loss at high temperatures was due to the carbon formation
in catalysts. For this reason, amounts of deposit&d were calculated with respect

to weight loss between the temperatures of-B50°C. Detailed calalation was

given in AppendixH.

The effect of reaction conditions and metal types on carbon formation in the catalysts

was discussed in followinggectiors.

5.3.3.1 The Effect of Feed Flow Rateon Carbon Deposition

The effect of feed flow rate on carbon formation was examined in the presence of
10Ni/SA(1035)(1035) performedat 965C, atmospheric pressure with the W/G
molar ratio of 3 and at the feed flow rate ,00.9 and 1.0 ml/h. The comparative

TGA analysis rsults with respect to feed flow rates were depicted in Fig@& 5.
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According to Figure 58, there is no significant weight loss in the cattdyused in

the reaction at 0.8, 0.9 and 1.0 ml/h feed flow rates. Low weight loss is ascribed to
the high reaction temperature that prevents carbon formation in the catalysts due to
the exothermic naturef the carbon formation reactions:

CarbonFormationReactions

2C0O z2+CO ek =-172 kJ/mole
CHsz 22HC &k =75 kJ/mole
CO+Hz #+C &k =-131 kd/mole
CO:+2Hz2 2061+ C &k =-90 kd/mole

The weight loss of the cayaits was 0%, 0% and 1.31% corresponding,t® and
0.04 g/gearh™ at the feed flow rates of 0.8, 0.9 and 1.0 ml / h, respectively.
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5.3.3.2 The Effect of Temperature on Carbon Deposition

The effect of temperature on carbon formation was examined in the predence
10Ni/SA(700)(1035)performedat 450105CC, atmospheric pressure with the W/G
molar ratio of 3 and at the feed flow rate of 0.9 ml/h. The comparative TGA analysis

results with espect to temperature were depicted in Figus®e. 5.
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Figure5.89 The Effect of Temperature o8arbon Deposition

According to Figure 5.82he amount of weight loss decreases with an increase in
temperature. This indicates that exothermic carbon formation reactions were

inhibited atelevated temperatures.

Carbon FormationReactions

2C0O z2+CO ek =-172 kJ/mole
CHsz 22HC aHr = 75 kd/mole
CO+Hz #W+C &k =-131 kd/mole
CO+2H,z 206I+C &k =-90 kd/mole
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In the activity tests performed between 48BC, weight loss is observed in the

range of 458650°C, indicating that the formation of carbon fibre (¥ual., 2018)

during the glycerol steam reforming reactide weight loss of the catalysts was
21.83%, 20.88%, 17.589%4,7.00%, 19.55%, 8.93%, 1.89%, 0.89%, 0% and 0%
corresponding to 0.65, 0.6358, 0.8, 0.59, 0.27, 0.06, 0.03, 0 and &ga.hat
470, 500, 540, 610, 680, 755, 825, 895, 965 and°@)3&spectively.

5.3.3.3 The Effect of Feed Ratioon Carbon Deposition

The effect of W/G molar ratio on carbon formation was examined in the presence of
10Ni/SA(700)(1035), performed at 68D, atmospheric presswith the W/G molar

ratio of 1, 3, 6 & 9 and at the feed flow rate of 0.9 mil/h. The comparative TGA
analysis results with respect to feed ratio wadrawnin Figure 590.
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Figure5.90 The Effect of W/G Mokr Ratio onCarbon Deposition

According to Figure 5.90, amount of weight loss varies with respect to the performed

WI/G ratios. The increase in W/G ratio leads to decrease in amount of coke formation
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in the catalysts. The reason of thigy bethat the increase in water content in the
feed vyields thereverse carbon formation (carbon gasification) reactidhas
reducing the formation of carbon in the catalyistt increases the both CO andLCO
formations. (Spivey 201; Charisiou et al., 2020)

Carbon GasificatiorReactions
C+HO 7z €W 2k =131 kdJ/mole
C+2HO 27z ,G0eH: &k =90 kd/mole

However, carbon formation may be assigned to the following reactions, particularly

in activity tests performed at the W/G molar ratio of 1 & 3:

Carbon FormatiorReactions

2CO0z COx+C ek =-172 kd/mole
CHsz 22HC &k =75 kJ/mole
CO+Hz W+C &k =-131 kd/mole
CO:+2Hz 261+C &k =-90 kd/mole

As seen in Figure 5.90, weight loss is observed in the range €380, ascribing

to the formabn of carbon fibre (Xu et al., 2018) during the activity teBke weight

loss of the catalysts was 35.16%, 19.55%, 1.03% and 0.44% corresponding to 1.05,
0.59, 0.03 and 0.01@gcah* at W/G molar ratio of 1, 3, 6 and 9, respeely.

5.3.3.4 The Effect of Catalyst Synthesis Method on HYield

The effect of both catalyst synthesis method and temperature at the W/G molar ratio
of 9 was examined in 10Ni/SA(700)(1035) and 10Ni/SA(700)(1-08%) performed

at 470680°C, atmospheric pressurand at the feed flow mtof 0.9 ml/h. The
comparative TGA analysis results with respect to temperature wei@ndeatd in

Figure 5.91.
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