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Abstract and Keywords

Gasification of waste biomass to form hydrogen, il a promising new source of green
energy; while providing the additional benefit oéating challenging and hazardous
waste streams that pollute the environment. Gasifio of biomass in supercritical water
(SCW) offers an attractive alternative to avoid ¢émergy intensive drying process. In this
approach, biomass is hydrolyzed by water into snatiolecules in the presence of a
suitable catalyst. This study was aimed at dewetppn alumina supported nickel based
non-noble metal catalyst suitable for biomass gadibn in SCW. A lack of detailed

characterization on fresh and spent catalysts W 3@s held back progress in this field
and is critical due to the highly unusual propertef SCW at high pressure and
temperature compared to ambient water. Typicallgrbgen rich gaseous product from
gasification of biomass in SCW requires temperatdrigher than 700 °C, while low

temperature processes (300-500 °C) produce metidmgases. Use of suitable catalysts
can lower the activation energy of the reactiord hypdrogen rich gaseous products can
be achieved at low temperatures thus lower theatipgr cost. Use of suitable catalysts
also can reduce the formation of chars and tareddrduring the gasification process in
SCW. Moreover, non-noble catalysts could be berafic terms of availability and cost.

A kinetic study of SCW gasification is still unddevelopment due to the numerous

intermediate and final products and complex reagbathways.

In this research, supercritical water gasificafiSBCWG) and partial oxidation (SCWPO)
of a model biomass compound was studied to prothydeogen rich syngas at lower

temperatures (400-500 °C). In this respect nonaolatkel catalysts were synthesized,



evaluated and characterized (fresh and spentutty she catalyst role in SCWG. The
catalysts studied were synthesized via incipiernness impregnation of metal salts on
synthesized-alumina nanofibers and commercial gamma alumioaverted to theta)

pellets (3mm average diameter) as catalyst suppddssynthesize nano structured
catalyst supports (alumina nanofibers); a one-pbigsl route in scC®was adopted

without using any hazardous organic solvents, stafds or other additives for the first
time. Aerogel nano catalysts were also directiytlsgsized via a sol-gel technique using

isopropanol as solvent and supercritical carboride(scCQ) as the drying agent.

In this research, it was found that introductioroidant after gasification is beneficial in
terms of gaseous products and reducing the chewxgglen demand (COD) in the liquid
effluents. Another finding is that nickel (Ni) loag on alumina above 11 wt% consumed
carbon dioxide with a simultaneous increase in ar&h attributed to hydrogen
consumption by the methanation reaction. Howewagthinum (La) modified NifAI,O3
enhanced production of hydrogen by retarding théhamation reaction and promoting
the water gas shift (WGS) reaction. In additionsagtion of CQ, one of the main
products, by La was attributed to shifting the tiescequilibrium to the products and

thus contributed to enhance hydrogen production.

Nano catalysts showed higher activity towards hgdroproduction, carbon gasification
efficiency and total organic carbon (TOC) destmuctin the liquid effluent compared to
coarser heterogeneous catalysts. However, hydrpgafuction using aerogel catalysts
where metals were loaded directly through sol-gattion was found comparatively less
than nanofiber catalysts where metals were impitegnan the nano support. This

phenomenon was attributed to the formation of NiAl& nano structure complex by



direct addition of metals during sol-gel reactiodnlike impregnated catalysts,
incorporation of La to the main structure of thd-gal derived catalysts could not

contribute to enhance the WGS reaction.

The fresh and spent catalysts were characterizeng udifferent physicochemical

techniques which revealed that the catalysts wetreeain SCW even though the metallic
sites of nickel agglomerated when exposed to SChditions, oxidized and reacted with
the support alumina. It was found that lanthanutards the formation of graphitic coke,

and adsorbed carbon dioxide during supercriticaéngasification.

To our knowledge, hydrogen yield, total organicbcer destruction and gasification
efficiency were significantly higher using La madd Ni/©-Al,O3 nano catalyst fibers
than that of any other reported results of SCW@rof biomass compound at moderate
temperatures (~500 °C) and pressures (~28 MPa). Howexposing the nanofiber

catalysts to the SCW environment led to disintegnadf the fibrous structure.

A global kinetic model for TOC destruction in sugéical water was developed using

non-linear regression, which convincingly fit witihe experimental results.

Key Words: Catalysis,Hydrogen production, TOC destruction, Supercritioater,
Supercritical Carbon dioxide, Nanomaterials, Chézation of heterogeneous

catalysts, Kinetics of TOC destruction.
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Chapter 1

General Introduction

1.1 Background and Motivation

Disposal of hazardous agricultural and industriglanic biomass waste generated from
feedlots and food processing operations has retemn@ldwide concern in light of

environmental and health concerns with diminishargl resources. The major sources of
biomass are agriculture and forest biomass, fore@ssidues, food processing residues,
industrial wastes, municipal sewage and househaltbagje. As one example, direct
application of livestock manure for soil amendmesuises contamination of surface and
groundwater, and emission of methane gas and sitoxide, two potent greenhouse
gases. In Ontario, Canada, the recent promulgaifotihe Nutrient Management Act,

jointly by OMAFRA and the Ontario Ministry of Endnment (MOE) has led to a

limited availability of land for disposal of munpal and agricultural wastes. This not

only results in higher disposal costs but also sejously hamper industrial growth.

Agricultural waste contains up to 95% watevhereas municipal waste contains
approximately 80% water and 20% dry sgli@5% of this solid is organic matter
Conversion of such waste streams to valuable faets chemicals using conventional
techniques such as pyrolysis or catalytic gasificatvould be energy intensive and
costly due the excessive drying costs. Societylsdrnfer new sources of green energy,
while treating challenging and hazardous waste astse that are polluting the

environment has resulted in the opportunity for neghnologies to emerge.



1.2. Selection of Technology

A major problem of biomass is high moisture contéfrdable 1.1), which is generally
more than that from solid fossil fuels. As wellwsge may have moisture contents
exceeding 90 wt%. Direct combustion would require drying of the riass that would

drastically lower the net energy production.

Table 1.1: Moisture content in several common bionss waste$.

Biomass type Moisture (% wet basis)
Wheat straw 8-20
Sawdust 25-55

RDF pellet 25-35

Wood bark 30-60

Corn stalk 40-60

Rice straw 50-80

Food waste 70

Cattle manure 88

Water hyacinth 95.3

As shown in Table 1.2, at above 31% moisture cdntba energy conversion efficiency
of supercritical water gasification is always highban that of thermal gasification,

pyrolysis, liquefaction, and anaerobic digestion



Table 1.2: A comparison of energy conversion effiency of different options for

biomass conversions ( Data from Yoshida et &).

Moisture content in feed 5% 31% 55% 759
Biomass conversion processes Energy conversianesfty (%)
Thermal gasification 61 55 47 27
Pyrolysis 57 53 45 27
Liquefaction 39 37 36 34
Anaerobic digestion 31 31 31 31
Supercritical water gasification 55 55 55 55

Gasification of biomass in supercritical water offan attractive alternative to avoid the
energy intensive drying process, particularly whiee water content is above 30%

Supercritical water gasification (SWG) and supéaal water partial oxidation (SWPO),
potentially offers a solution, producing syn gaspexially methane or hydrogen rich
gases depending on the operation conditions andlystd. This state of the art
technology is expected to be a significant breaktbh in waste-to-energy power
generation. This process exhibits unparalleled renmental compliance capabilities,

without the need for a pollution-abatement system.

Compared to other biomass thermochemical refornpiracesses, supercritical water
reforming has a high gasification efficiency anceigtes at a lower temperatUr@he

main advantages are: since the solvent is waterthigrmal efficiency is not affected by
biomass humidity; a hydrogen rich gas can be prediury driving the water gas-shift

reaction (CO + KO - CO, + Hy); reaction proceeds in a homogeneous medium



inhibiting tar formation; the product is compressedbout 30 MPa, avoiding additional
work for compression of gases and the hydrogenmiahility is drastically reduced by
water. Supercritical water (SCW) possesses physicgberties that are very different
from those of liquid water under ambient conditiomke dielectric constant of SCW is
much less than that of ambient water (80 at roomperature to 2.5 at 450 °C at 30
MP&’) with the hydrogen bonding being much weaker. &foee, SCW behaves like an
organic solvent and is completely miscible withamig materials. Thus with SCW it is
possible to conduct reactions with organic compsumda single fluid phase which
would otherwise occur in a multiphase system umderwentional conditions. The high
diffusivity of SCW (diffusion coefficient is about00 times higher than ambient wajer
can significantly enhance mass transfer. SCW cdncee coke formation on the catalyst
as it is a good solvent for the intermediate cokecprsor®. Hence, gasification of
biomass in SCW has many advantages including hegiifigation efficiency and a high

yield of hydrogeh

However, many major difficulties exist, althoughrfation of char and tar are much less
than that of conventional processes, still plugging formation of chars and tars during
biomass gasification is a major concern. Chars cfsome non-converted biomass, while
tars are unwanted reaction products. Chars aredirtk the conversion yields of the
process while tars are usually formed by the pwislgf organic molecules. Char and tar
can be minimized by partial oxidation to enhance tasification process and the
resulting yield of hydrogén. Although the formation of char and tar are mumhdr than
conventional processes, the complete removal abdrad tars has not yet been reported.

Catalysts have the advantage of helping on bothctimversion yield and solving the



plugging problem caused by the presence of chatasdThat is one of the reasons why

it has been considered by several researchers.

For hydrogen rich gas production by gasificatiorbmmass, high activation energy i.e.
high temperaturé$ (above 600 °C) are required. To sustain high teatpee processes, a
supply of external energy is needed. This is onthefmajor shortcomings of the high
temperature process. In order to moderate the tondreducing reaction temperature)
of SCWG, and to reduce investment and equipmertt coe available means is to reduce

the activation energy by adding a suitable hydnotta¢ catalyst.

On the other hand, Peterson et“’akoncluded that obtaining the thermodynamic
equilibrium gas composition below 600 °C is not pbke. Therefore, for low
temperature processes reduction of activation enerth the use of catalysts becomes
vital. However, lower temperatures are also mordaBle for the production of
methané&. Methane, which is one of the main products ofAS@asification, is very
stable in SCW and is not converted into any smatietecule$®. The production of
methane could be high in the intermediate tempezamange of 374-56C 2
Temperature also affects the tar yield (in the iigaeffluent) during SCWG. At low
temperatures (<60Q), yellowish and a thin layer of a dark brown/ldie tar has been
observed in the liquid efflueht®. However, clear water was observed at°650* In
addition, some organic intermediates may form salake (char), which is not a
thermodynamically stable product, and has a lowctidty at low temperatures

(<600PC)'% The gasification step must be very fast to atbi formation of polymeric

materials and eventually char.



Therefore the use of suitable catalysts is requicededuce the methanation reaction

while breaking the tars and retarding the formatbohar at lower temperatures.
1.3. Selection of Catalysts

As a solution for SCWG, catalysts must both de@ahs amount of formed tars and
chars and increase the proportion of hydrogen e dynthesized gas. Homogeneous
materials like alkali catalysts are readily miseilith water and have been found very
effective for biomass gasification. Lu et alused KCO; for biomass gasification in
SCW and foundhe H yield two times higher than that without catalysdar the same
conditions. Watanabe et ‘8l studied the effect of both base (NaOH) and meteDy)
catalysts on the gasification of lignin in SCW. Na@roved 2-5 times more effective
than ZrQ for hydrogen production. However, alkali catalysezovery, re-use and

corrosion problems are still the main concerns wWigse types of catalysts

In this regard, Hao et al’ compared the performance of five types of mettdlysts: 5
wt% Ru on activated carbon, 5 wt% Pd on activastban, Ce@particles, nano- CeQO
and nano-(CeZr)x@during the gasification of cellulose at 500 °C a WIPa. The
Ruthenium based catalyst gave the best performaitbethe highest yield of hydrogen
and methane, while the others had a similar lekpkedormance. For SCWG of glucose,
Byrd et al*® evaluated the Ru/AD; at 700 °C and found a high a yield of With low

CO and CH, while Osada et df found CH, rich gas at 400 °C.

Although Ru shows very good activity for gasificettj Ru catalysts can be poisoned by
even a trace amount of @ Pt group noble metals are also prone to the mattemn

reactions of carbon oxides (equation 1.1 and h2he presence of hydrogen, which



increases with an increase of temperatufdoble metals are mainly used for preferential
methantation of carbon monoxfde’? Typical methanation reactions can be written as:
CO +3H, 5 CH, + H,0O (1.1)
CO; + 4H,; 5 CHy + 2H,0 1.2)
Furthermore, the relatively high price of noble al€imakes these catalysts less attractive
if suitable low cost heterogeneous catalysts carutbized, particularly for low cost

energy production processes.

Nickel is a commonly used catalyst for SCW gastfaawith Furusawa et &f finding
that carbon and hydrogen yields increased from 8&B% 14.1% to 22.7% and 46.2%
respectively when 0.05 g of 20 wt% Ni/MgO catalysts added at 400 °C. The reduced
nickel catalyst was found to enhance the gasificatinder SCW conditions. A nickel
catalyst is also known to be favorable for crackEmgmolecules and promoting the WGS
reactioi®. Savage and Reserfdeeported that nickel and copper provided highes ga
yields compared to Ru and Rh. When compared toattadlable alternative catalysts,

nickel displays several favorable attributes inolgchigh activity and low cost.

Lanthanum (La) may increase a catalyst stabilityvalh as enhance the water gas shift
reaction like cerium (Cé&9. La and Ce have very similar chemipedperties with respect
to cation charge, ionic radii, and the stabitifyorganic and inorganic complexésKim
previously found that cerium acts as a promotehefWGS reaction while investigating
the removal of CO with non-noble metal oXitléThe stability of Ni/LaOs was observed
in methane reforming with G&. It was previously shown t@main active and stable
even after 150h of conventional steam reformingth@anot®. That study also showed

that complete ethanol conversion was achieved @atitact times higher than ca. 0.1g s



cm® and was highly selective (ca. 95%) towards hydnogeln this regard, Ni on
La,O3/Al, 03 may be a favorable catalyst for supercritical waggsification. LaO3 also

might be active and stable in SCW, while also hgnarhigh melting point2315°0.

Thus, the use of catalysts seems to be one of #ye points for gasification in
supercritical water, both towards lowering the antoof residual chars and tars while

increasing the proportion of hydrogen in the sysithed gas.

However, the catalyst role in SCWG is still pootdyderstood due to the unusual
properties of SCW and a lack of detailed charazaéion of fresh and spent catalysts.
The published literatures mostly reported the gata activity by product evaluation in
SCWG/SCWO. A recent review of catalytic hydrogeaduction from biomass in SCW

by Guo et al*

showed activity tests of noble and non-noble gataland a possible
mechanism of Ru and acid-base catalysts activityhj@rogen production. This review
also lacks details on catalyst characterizationctvhare required to evaluate the

effectiveness of each catalyst and also to prospaeifications for future products.
1.4. Synthesizing nano catalysts

Conventional catalysts have low surface areas pi&rvolume which limits the contact
area between the reactants and the metallic suofattee catalysts. Nano catalysts with
high surface areas and aspect ratios can helpirntonate this challenge. Supercritical
carbon dioxide (ScC£ can be used as a green solvent to synthesize matesiald™>*

In this research, ScG@ adopted to synthesize nano structured catalygiats without
using any hazardous organic solvents, surfactantdéher additives. The nano support

was then used for impregnation of catalyst develamnior SCWG. Another approach



for nano catalyst synthesis was direct additioaaiive metals to the support during sol-
gel reaction using isopropanol as solvent and Sc&0drying agent. In this approach,

metal oxide aerogel was synthesized.
1.5. Selection of Model Compound

Using a model compound for a feedstock providegmsd\advantages including making
it easier to understand the basic chemical pathwagsirring during conversion in an

unusual reaction medium such as supercritical water

Biomass is typically composed of cellulose, henhidese, lignin, and other organic and
inorganic components. Cellulose is known as ont®imost unmanageable components
for dissolving in hot watéf. The complete conversion of cellulose to glucose is
oligomers can be achieved at temperatures as tighO@ °C in supercritical water
conditions®. Therefore glucose ¢E1,0¢) serves as a model compound for the more

complex sludge and cellulosic wastes for gasifozatn supercritical water.
1.6. Objectives

The main purpose of this research is to provideantitative mechanistic understanding
of the destruction of wet organic matters so tlabther apparatus is necessary for the
further treatment of liquid effluent while produgimydrogen-rich gas at comparatively
low temperatures using non-noble catalysts. Thdetstanding is vital for the practical

application of organic waste treatment, energy veppofrom waste, and a cost analysis
of the supercritical water gasification processoer goal of this research is to gain a

detailed structural picture of the catalysts usedSCW and thus to develop a better



understanding of the function of the catalysts smgrovide guidance in synthesizing
new and improved catalysts. From the engineerimgpeetive, development of a global
kinetic model can guide the reactor design for li&akapplication which has not yet been

developed.

The objectives of this research can be dividedbews:

* Production of hydrogen rich gas from a model conmgbwf waste
biomass.

» Destruction of total organic compounds (TOCSs) ia ligquid effluent so
no subsequent treatment is necessary.

» Synthesis of non-noble heterogeneous catalystbgdbid catalysts).

* Synthesis of high surface area nano catalysts withaising
environmentally hazardous solvents, additives diastants.

» Evaluation of the impact of the synthesized catalys a 600 ml reactor
constructed by Autoclave Engineers by Hastelloy76:-2

» Gaining the structural picture of the synthesizesst and spent catalysts
for SCWG by using different physical and chemichlmcterization
techniques including TPR, TPO, TPD, chemisorptioRgman, SEM,
TEM, FTIR, TGA, BET and XRD analysis.

» Development of a global kinetic model which couddfundamental tool

for the potential industrial reactor design.

Other than the objectives mentioned above, thewviatlg objectives are also considered

to have been achieved:
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Retardation of the methanation reaction at compeigt lower
temperatures and thus improving hydrogen selegtivit

Adsorption of CQ, one of the main gaseous products of supercritical
water gasification, to shift the equilibrium towardoroduct while
increasing the desired product selectivity.

Increasing the water gas shift reaction to maxirhiggdrogen production.
Avoiding the formation of intermediate polymeric tm@als that

eventually leads to the formation of char or coke.
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Chapter 2

Literature Review

2.1 Introduction

Biomass is the organic material coming from plamksch contains stored energy from

the sun through photosynthesis.
CO, +H,00 8"~ C,H,,0, +60, (2.2)

The chemical energy in plants gets passed ontoasiand people through the food
chain. This chemical energy also gets passed ogricudtural and industrial wastes,
municipal sewage and household garba@ee of the better means of utilization of
biomass resources involves converting the biomaastevinto fuel gases. There are
several potential options to convert solid biomass gases as follows:

— Thermal gasification

— Pyrolysis

— Anaerobic digestion

— Supercritical water gasification (SCWG)

The total energy conversion efficiency is reducedhe moisture content of the biomass
feed increases, except for anaerobic digestion sungkercritical water gasification
processes (Chapter 1, Table 1B)is is primarily due to the increasing amount néigy
consumed in drying the feedstodk.supercritical water gasification, water does Inave

to be removed as it serves as both the solvenaaradhydrogen donorhus the drying

12



problem can be avoided using SCWG. Similar to SCW& conversion efficiency of an
anaerobic digestion route (31%) is insensitiveht® moisture content in biomass, but its
efficiency is well below that of SCWGAbove moisture contents of 31%, the
conversion efficiency of supercritical water gasation is always higher than that of

other processe§Chapter 1, Table 1.2).

Under supercritical water conditions, waste feedqugkly and efficiently converted to
hydrogen, carbon oxides, water and salts with gdgdé production of NQ or SQ.
Supercritical water oxidation (SCWO) is well known have the ability to treat

hazardous and toxic chemicals such as chemicahveaaigentt.
2.2 Supercritical water

A supercritical fluid is defined as a substanceaaemperature and pressure above its
critical point. Figure 2.1 shows the phase diaganwater. The critical point specifies
the conditions at which a phase boundary ceasegisb. Along the equilibrium line, as
temperature and pressure increase, the liquid tyemEcreases and vapor density
increases until the two reach the critical poinbo#e that point, the fluid becomes a
single supercritical phase with properties in betwéhose of a gas and a liquid. Water
above it's critical point Tc = 374°C, R= 22MPAY)*® has physical properties such as
density, dielectric constant, dissociation constamid viscosity that undergo dramatic

changes.
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Figure 2.1: Schematic phase diagram of water.

Figure 2.2 illustrates the change in density, digie constant, and dissociation constant
as a function of temperature at a constant presdgil8@ MPa. The density of supercritical
water is about one-tenth that of ambient watersNery low density allows greater
spacing between water molecules and much lesstigffdtydrogen bonding. As a result,
SCW has very little capacity to shield ions. Thelektric constant decreases from 80 at
room temperature to 2.5 at 450 °C and 1.2 at 650'h& range of dielectric constants is
similar to the values of typical nonpolar hydroaarbsolvents such as hexane 1.88,
benzene 2.3, toluene 2.38, and chloroform 4.81.irAga seen in Figure 2.2, at 30 MPa
the ionic dissociation constant (Kfirst increases from 1t to 10" just below 350 °C
and then decreases by five orders of magnitudease rmbove 500 °C. The ion product,

or self-ionization constant, is defined as the poidf the concentrations of the acidic
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and basic forms of water, K= [HsO"][OH, in units of mof kg With a low dielectric

constant and low ionic dissociation constant, igpecies, namely inorganic salts, are

practically insoluble in supercritical water. Additally, SCW has a high diffusivity and

low viscosity”.
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Figure 2.2: Density’®, static dielectric constant and ion dissociation constant (Kw’
of water at 30 MPa as a function of temperature.

One important property of SCW is that there ex@taost no mass transfer limitation.

Generally any catalytic reactions are mass-trarigfeted due to the high reaction rates,

low diffusion rates, and poor fluid flow characstits. Table 2.1 compares the water

properties for ambient water, supercritical wated asuperheated stedmA highly

effective diffusion coefficient of supercritical e (about 100 times higher than ambient
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water) diminishes the chance of a mass-transfeligmadeveloping in a catalyst internal
surface area The low density and viscosity of SCW enhances pihgicle Reynolds
number and effective diffusion coefficiem. catalyst particle Reynolds numberg, =
udyp/p) is defined as the ratio of inertial forces tocaiss forces along the particle.
Dautzenbery§ suggested that a particle Reynolds number of 10idvprevent external
mass-transfer limitations he particle Reynolds number criterion is easilyt foe both
SCW and superheated steam scena8omnilarly, the degree of internal or pore diffusion

limitation is often represented by the Thiele madudp. Values much lower than unity

indicates that pore-diffusion limitations do notstin the catalyst.

Table 2.1 Properties of Ambient Water, Steam, and$ercritical Water °.

FlLid Ambient Supercritical | Superheated
water water steam
Typical Conditions
Temp. (°C) 25 450 450
Pressure (psia) 14.7 4000 200
Properties and Parameters
Dielectric constant 78 1.8 1.0
Hydrocarbon solubility (mg/L) variable 0 variable
Oxygen solubility (mg/L) 8 o0 0
Density,p (g/cnt) 0.998 0.128 0.00419
Viscosity, u (cp) 0.89 0.0298 2.65 x 10-5
Particle Reynolds no. Rep 18.5 553 622
Effective diffusion coeff. De (cfts) | 7.74x10 | 7.67 x 10’ 1.79 x 10°
Thiele moduluseg 2.82 0.0284 0.0122
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The overall result of these properties is that senecal water acts as a non-polar dense
gas that has solvation properties similar to thafdew polarity organic solvents. Hence,
hydrocarbons and gases (e.g &, CO; etc.) are highly soluble and usually completely
miscible under typical SCWG operating conditioiiie lower solubility of ions and
lower activities of H and OH cause reactions to proceed via free radical pathwather
than ionic pathways. Due to higher diffusion conttaand lower viscosities, mass
transfer limitations are much lower than those fribguid water.Even pore diffusion

limitations in catalysts can be avoided using soical water.
2.3 Economic feasibility and current status

The supercritical water gasification process i stithe early stages of development.
Experimental research based on bench scale reamterpresently being examined at
several universities and research centers. Yosglicel® compared the efficiency and
carbon dioxide emissions among various biomasseargion methods to determine the
energy flow from biomass resources to electricaytomobile fuels and heat. The
supercritical water gasification combined cycle vi@aend to be the most efficient option
for biomasses having high moisture content. Matsefhavaluated biomass gasification
in supercritical water from the point of view ofexgy, environmental and economic
aspects. He assumed the system is energeticalgpémdient, and no environmentally
harmful material should be released and that cadiaxide should be removed from the
product gas. For supercritical water gasificatian found the energy efficiency to be
64.8%, the cost of product gas 3.05 yen/MJ (0.0242/1J) which is 1.86 times higher
than city gas in Tokyo (1.64 yen/MJ), g@ayback time is 4.19 years. This study found

that supercritical water gasification is a pradtigeocess for decreasing carbon dioxide
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emissions, and is more advantageous compared tmelianation. Gasafi et &.
conducted an economic analysis of sewage sludgécgéen in supercritical water for
hydrogen generation using the total revenue reouerg (TRR) method. The calculated
cost of hydrogen production and the revenues obdainom the disposal of sewage
sludge for the TRR were determined. They found ith#te case of 211€1{§ry matter ($270
t‘ldry matte) from sewage sludge disposal, that hydrogen pimmlucosts are similar to
those from natural gas reforming. If average reesnare assumed to be obtained from
sewage sludge disposal 24536r,tmatte,($314 tldry matte), the costs of hydrogen production
is 2.3€ GJ ($2.95GJ). They found that the production costs of hydrogera secondary
fuel are closely coupled with the fuel costs (pmyn&nergy costs) in conventional
processes. The primary energy costs increase tlittumeand long term production,
whereas gasification of sewage sludge costs pldy anminor role. Moreover, the
sewage sludge disposal is associated with negatists (revenues). Consequently, the
sewage sludge gasification in supercritical wadea cost effective process. Concentrated
carbon dioxide evolved from the supercritical wagasification can be further used, such

as in the beverage industry.

Commercial application of SCWG has not yet occurfidee pilot plant VERENA is one
of the largest SCWG units in operation with a cityaaf 100kg/H*. This experimental
facility using agricultural matter as feedstock zamsoperating capacity to 35MPa and
700 °C, while the usual operating condition is 2&viend 660 °¢. To improve
efficiency of SCWG, studies on the effect of opeigaparameters, reaction kinetics and

thermodynamic analysis are required.
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2.4 Thermodynamics and Chemistry

Thermodynamic analysis of biomass gasification geovide a theoretical basis for the
design, optimization and operation of a system whére energy efficiency is
importanf®. A system is in equilibrium when there is no temzjein thermal, mechanical,
chemical and phase changes within the system. Tdwghtions are met only when there
is no heat transfer from one location to anotherunbalance of forces between parts of
the system, or no chemical reaction or any traraffenass between the various phases in

the system.

The equilibrium composition and thermodynamic Isndf gasification of biomass in
supercritical water can be predicted using equilibr models. For process design,
evaluation and improvement, an equilibrium model sarve as a guide. Generally two
approaches are adopted for equilibrium modeling:

1. Stoichiometric

2. Non-stoichiometric.

A clearly defined reaction mechanism including mfiation on the reaction rates of all
chemical reactions and species involved is requfoedthe stoichiometric approach.
Within the given residence time, the chemical rieast are not sufficiently fast to reach
equilibrium in most gasification proces&edvioreover, the stoichiometric approach gives
the limiting conditions for a known gasificationaion rather than the true composition

of the product gas.

On the other hand, the non-stoichiometric methaglires information only on the

reaction temperature, pressure and an elementgasition of the feedstock, which may
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be available directly from the ultimate analysis tbé feed. The non-stoichiometric
approach is suitable for reactions whose mechaigstomplex or less clear, for example

hydrogen production from biomass gasification il/&C

Both chemical equilibrium and phase equilibriumigems have to be solved for in the
design of a SCW gasifier. Minimization of the Gilfbse energy can be one of the most
effective means to solve these problems. This sedbaon the principle that at an
equilibrium state, the total Gibbs free energy alyatem is minimized subject to molar

balance constraints.

This approach has been successfully used for coiewahthermal gasification in air i.e.
oxyger!’. The situation is different using supercritical teragasification than with
conventional gasification. This is because in thaation of state for the mixture, the
fugacity of each species is a relatively complerction of pressure, temperature and
mixture composition. Thus, it is beyond the scopmost commercial software packages
for equilibrium calculatioff. The non-stoichiometric equilibrium based on Gilftee
energy minimization approaches used by researdbesupercritical water gasification

is described as follows.

Based on Gibbs free energy minimization, Lu ef®aand Tang and Kitagawh
performed chemical equilibrium analysis for the darction of hydrogen from biomass
gasification in SCW. Yan et &l.also used a non-stoichiometric approach to pretit

performance of hydrogen production in SCW baseGits free energy minimization.

Let us consider a system of fixed mass with uniféemperature and pressure. In the

absence of kinetic and potential energy, the enkeadgnce is:
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dU=dQ-dW

dU=dQ- PdV
For irreversible processes:
dsS> aQ
T
dQ<TTdS

EliminatingdQ between equations (2.3 and 2.5):

TdS-dU —-PdV>0

We know,
G=H-TS

H=U+PV

The Gibbs function can be written as follows:

G=U+PV-TS

Differentiating both sides of equation (2.9) gives:

dG=dU + PdV+ VdP-TdS-SdT

dG-VdP+ SdT= — (TdS—dU — PdV)

From equation 2.9 and 2.11, we get

dG-VdP+ SdT< 0

For a system with constant temperature and presserget

dG< 0
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Equation 2.13 indicates that the Gibbs energy system always gets very small during
an irreversible process. This brings the systenseclto equilibrium which reaches

equilibrium at minimum Gibbs energy.

At equilibrium, the total Gibbs free energy mustrb@imized. Therefore,

dG=0 (2.14)
The equation of element conservation also shoukhhsfied at equilibrium:
N
> agn =by, k=1,2,3,..M (2.15)
i-1
whereay; = molar number of element k in compound i, drfd= total molar number of

element in the initial reactant.

The Gibbs free energy of a system involving sevspalcies| with number of molesy;

in the mixture is:

G= ii_Klni H; 18)

If at unity pressure, the reference state is ket,chemical potential for speciesan be

calculated as
4 =i’ +RTIn f, (2.17)

At a certain temperature and pressure, the nunfh@otes of each species in the system
can be calculated by optimization, until the cadtion reaches the minimum Gibbs free

energy.
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The fugacity coefficient of componenty;, can be expressed as:

¢ 1 (0P 1
ng = || —| — -—dv-Inz 2.18
w \J/-[RT(anl ]T,V,njzi V} ( )

The fugacity can be calculated from the relatiofodews:

A=5 -19)

An equation of state is needed to evaluate the raltegjuation 2.18. The ideal gas law
equation of state can be misleading providing eronis results, as at high pressure the
mixture is non-ideal. Due to non-idealities, differeesearchers have used the following
equations of state to solve the above problem.

1. Van der Waals equation of state

2. Peng-Robinson (PR) equation of state

3. Statistical association fluid theory (SAFT) equatadrstate

4. Soave-Redlich-Kwong (SRK) equation of state

5. Duan’s equation of state

Antal in 1978 predicted complete gasification wittdiggen rich gas product by steam
reforming of cellulose in a high excess of watenab600 °C°. Glucose is considered as
the model compound of biomass for thermodynamidyarsgato make the stoichiometry
easier. Complete conversions of glucose todd CH, are the limiting steps of the

reaction.
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Formation of hydrogen

C.H,,0, +6H,0 - 6CO, +12H, An=+11  (2.20)

Formation of methane

CeH,,0; — 3CH, +3CO, An =+5 (2.21)

The strong variation of reaction enthalpies ofdthd CH formation is attributed to the
gas composition variation as a function of tempegat Equation 2.20 is endothermic
while equation 2.21 is slightly endotherfficFrom equation 2.20, it is seen that water is
not only the solvent but is also a reactant withrogén in the water being released by
the gasification reaction. According to Le Chatédieprinciple, for an endothermic
reaction increased temperature favours more prdduciation. Thus the formation of,H
predominates over that of GHat high temperatures (equation 2.20 is a stronger
endothermic reaction than equation 2.21). The presdependence of the gas yields is
far less pronounced. With increasing pressureyittld of H, decreases, whereas that of
CH, increases. In accordance with Le Chatelier’s ppiegian increase in pressure due to
decreasing volume causes the reaction to shiftedside with fewer moles of gases. Thus
CH, is preferred at higher pressures. As shown in eq&t(2.20) and (2.21), the
formation of B needs more water than the formation of ;CHience, a higher
concentration of biomass, which means a lower coratgm of water, should support

CH, formation.

11 and Tang and Kitagawa(Figure 2.3) provided a thermodynamic analysis of

Voll et a
supercritical water gasification of glucose at terapges above 500 °C. Their analysis

by minimizing the Gibbs free energy considered thing chemical species: glucose
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and HO as reactants, andb,HCO, CQ, CH,, CHg, C3Hg, C;H4, and GHg as products of
the reaction. Voll et at* found the molar fraction (mol of product per mdlfeed) of
glucose, GHg, GH4, CsHeg and solid carbon equal to zero wheregddivas less than 10

®> ppm. They observed that an increase in the teraperincreased the molar fraction of
hydrogen and carbon monoxide while it decreasedrblar fraction of carbon dioxide
and methane. They attributed this result to thédrigemperatures favoring the methane

reforming reaction.
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Figure 2.3: Supercritical water gasification of glicose atP = 28.0 MPa and feed
concentration of 0.6 M glucose. Dashed line: Solithe: Voll et al.>*, Tang and
Kitagawa™®.

Tang and Kitagawa showed by calculation that at lowparatures, glucose gasification
does not consume water but forms w&teFThey assumed the following reaction for

glucose decomposition at lower temperatures:
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2C,H,,0, — 9CO+3H, +3CH, +3H,0 (2.22)

The authors predicted methane reforming and water gjaft reaction at higher
temperatures as follows:
CH;+ H,O 5 CO+ 3H; (2.23)

CO + H,0 & CO, + Hy (2.24)

Yan et a*® developed a non-stoichiometric thermodynamic mdmeled on minimum

free energy to predict the performance of hydrggeduction from biomass in SCW.

Figure 2.4 illustrates the influence of temperatore gaseous products of glucose

gasification in SCW.
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Figure 2.4: Effect of temperature on glucose gasifation in SCW*° (Feed
concentration 0.6 M; P = 28.0 MPa).
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The hydrogen and carbon dioxide yields increasth@semperature increases, while the
methane yield decreases. The carbon monoxide yimtdsase at first and then decrease

as the temperature increases, and it is much |dvaerthat of the other species.

Figure 2.5 illustrates the effect of pressure oer thaseous products of glucose

gasification in SCW.
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Figure 2.5: Effect of pressure on glucose gasifidah in SCW*® (Feed concentration
0.6 M; T =873 K).

In each case, methane is in competition with hydnolgemation. The hydrogen yield
slightly decreases while the methane vyield sligimiyreases as the pressure increases.

Carbon dioxide remains almost constant. The carbonoxide yield is much lower than
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that of the other gases. Therefore, pressure fromiRa to 35 MPa, has no great effect

on the glucose gasification.

Figure 2.6 illustrates the effect of concentration gaseous products of glucose
gasification in SCW. The hydrogen yield drops by@klnd the methane yield increases
by a factor of 20 as the glucose concentratioregees from 0.1 to 1.0 M. A decrease of
29% in the carbon dioxide yield and a small inceeiasthe carbon monoxide yield were

also predicted.
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Figure 2.6: Effect of concentration on glucose gd#ation in SCW*° (P = 28.0 MPa;
T=873 K).
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From the above thermodynamic analysis it is seah ltigh temperature, low pressure
and low concentration is favourable for high hydrogesld. Catalysts can minimize the

activation energy and thus promote the yield ofrbgén at lower temperatures.
2.5 Kinetics

A kinetic analysis of the decomposition rate in SCVE@nportant to design the reactor
system for the potential industrial implementatignuse and Gawlik studied the sub and
supercritical conversion of biomass and concluded the following simplified reaction

pathways of liquefaction and/or gasification for tiemass (Figure 2.9 are occurring.

Cellulose
» Preferred at ionic
Y | conditions (T< 374 |
Glucose ' °C)
[Fructos ' .
e
| Preferred at free  {-------~ Furfurals
radical conditions i.---7 \
' (T>374C) : Acids/ /
' | Phenols
| i | Aldehydes - —
LT :::——:\——-! /
““:I::::\ !
\ Higher molecular
Gases weight products (char)

Figure 2.7: Simplified reaction scheme of liquefaon and/or gasification of
biomass model compountf.
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They showed two parallel paths of conversion; the peth is through a free radical
reaction process which is preferred at supercritc@alditions while the right path is
through ionic reactions, preferred at subcritiaahditions. From the properties of SCW
as discussed before, it may be concluded thatnteemediate decomposition products
are dissolved in SCW as a result of its high sdlysmwer for organic compounds. This

allows faster reaction rates while minimizing thenfiation of tar or chaf.

The overall biomass gasification reaction in supgcal water for the production of
hydrogen is represented as folldws

CH,O, +(2-Yy)H,0 - CO, +(2-y+x/2)H, (2.25)
where x and y are the elemental molar ratios of HI€C @/C in biomass, respectively. In

addition to gasification, three major competingctemns occur during the gasification of

biomass in supercritical wateas follows:

Steam reforming:

CH,O, + (L-y)H,0 - CO+ (2-y+x/2)H, (2.26)

Water gas shift reaction:

CO+H,0 = CO+H, (2.27)

Methanation reaction:
CO+H; = CH;+Hx0 (2.28)

CO+4H, = CHy+ 2H,0 (2.29)

As the primary objective of biomass gasificationsupercritical water gasification is

hydrogen production, reaction (2.28) and (2.29) tns restrained while CO reacting
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with water to form C@ and H is desired in reaction (2.27). Other than the pctglu
mentioned above, other intermediate products ¢har and tar) are also formed during

SCW gasification.

The detailed kinetics of biomass gasification, eusimg the model compound glucose is
still unavailable due to multi-component interméeieeactants and products involved in
this complex reaction mechanism. More than thiynponents in the liquid product

stream were detected during gasification of glucms&SCW* ** Kabyemela et al.

studied glucose and fructose decomposition in subsaipercritical water at residence
times to 2 sec in a tubular reactor, finding fosder reaction kinetics. The main products
of glucose decomposition reported were fructose, thewge, glycolaldehyde,

dihydroxyacetone, glyceraldehyde, 1,6-anhydroglecosand pyruvaldehyde. The
reactions involved were three types, namely isamaéon, bond cleavage, and
dehydration. On the other hand, Lee et*atudied the conversion of glucose without
catalysts in a tubular reactor at 480-750° C, 2&MED-50 sec. They found that below
600 °C the hydrogen yield increases with increasesidence time when gasifying
glucose in supercritical water. They did not stutlg liquid phase in detail, rather
performed a kinetic analysis of COD (chemical oxygemand) destruction assuming
pseudo first order reaction during the gasificatbrglucose in supercritical water. Their

kinetic investigation leads to the following firstder reaction rates:

Glucose as a function of its concentratiog, C

-1, =10%*%° exp(-67.6 + %)Cg (2.30)

The COD as a function of the corresponding coneéntr G
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-1, =10** " exp(-71.0+ %)Cc (2.31)

Jesus et af developed a model for corn silage using a mathieaiaapproximation

based on zero-order kinetics as follows:

Y =10° expmy(min'l) +107%° exp(6.1x10°T[K]) (2.32)
RTIK]
Jin et aP® studied the TOC (Total organic carbon) kineticowidation of food wastes.

They found a fast reaction rate at an early stdgeaxtion (within 50 seconds) and slow

reactions afterwards.

2.6 Challenges

Although the SCWG process seems to be very eftid@nhydrogen production, some
physical limitations and/or technical difficultibave been encountered. Due to the severe
process conditions (typically: T = 600 °C, P = 384r and a corrosive environment),
experimental investigations on SCWG is expensive @me consuming. Chars from
non-converted biomass and tars from unwanted oeacroducts are two major
challenges in SCWG. Chars are linked to the comuengelds of the process, while tars
are usually formed by pyrolysis of organic molesulBecause of sedimentation, these
char and tars plug continuous reactors after seteras of running, while also limiting
the amount of hydrogen production. Although SCW@ lcaver the amount of chars and
tars compared to low pressure processes, this dckwbas to be carefully considered
because of the rather small volume of laboratogctas and tubing. Antal et H.

produced less than a few percent of such resichrapounds in SCWG, whereas Corella
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and his coworkeré observed 10-20% chars and 4% tars in atmosphegispre steam

gasification.

Three major limitations considering the material refictor construction should be
considered; i.e. corrosion, pressure resistancengdrbgen aging. Antal et &.showed
that the inner walls of nickel alloy reactors weteongly corroded by the reaction. Only
specific geometries and specific materials can $&dudue to the high pressures and
temperatures used in SCWG. As an example, it iogsiple to build whole titanium
reactors with high corrosion resistance by compari® classical stainless steels, due to
the low allowable stress (pressure resistance)itahitm. The contact of metallic
materials with hydrogen gas is well known for wedkg the strength (pressure
resistance) of the used materials. Combined wighhtigh pressure constraint, hydrogen
aging can limit the duration of use of reactors @wmbing. In this research a 600ml
Hastelloy C-276 reactor was utilized to withstamese difficulties while preventing

plugging from chars and tars.

Separation of hydrogen from the other formed gasspgecially carbon dioxide, is
another relevant problem. Matsumura et®giroposed to mix the formed gas and sub-

critical water, which dissolves most of the carlddoxide.

2.7 Effects of process parameters

Despite the above mentioned challenges, experimemtslucted by various research
groups have revealed that the influence of processlitions (temperature, pressure,
residence time, concentration of the organics, Igsitg can control the yields and

selectivity of the desirable gas products.
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2.7.1 Effects of temperature

Perhaps the reaction temperature is the single mygsirtant parameter that influences
the performance of SCW gasification. As discussadiez in the thermodynamic and
kinetics analysis sections (Figure 2.4), it wasnséeat with increased temperature,
production of hydrogen yield was increased and ¢asification efficiency and
destruction of COD was also increased (Figure 28)the absence of a catalyst,
temperature has a significant effect on the speyigld of gasificatioh Peterson et af.
divided the gasification process in pressurizedewatto three groups depending on the

primary products of gasification.

In the high temperature range (500-8Dpthe gasification efficiency in SCW is high due
to the high reactivity of bioma3s For these high temperatures, catalysts may not be
required as hydrogen rich gas is produced.

Table 2.2 Division of hydrothermal reaction by temgrature of reaction
Temperature range Catalyst Product yield

High temperature (>50Q) No catalyst* Hydrogen rich gas

Medium temperaturel( to With/without

500°C) catalysts Methane rich gas

Other gases from smaller
organic molecules
* catalysts may be used if need@éd;-critical temperature

Low temperature (&) With catalysts

One major shortcoming of the high temperature @®dg that thermodynamically high
temperature processes are less efficient than Ewpeérature ones. To sustain the
process, external energy may be needed. In thieceslow temperature (300-61T)

processes are more efficient, but the unaidedigasdn in this temperature range may
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be difficult to achieve. Hence, the use of a catalbecomes essential for low temperature

processes. In addition, a lower temperature is raotable for methane production.

The gaseous products from SCWG depend on the cheremctions involved and their
rate. The product gas composition would be govelnethe chemical equilibrium of the
reactions involved. The kinetic rate of any Arrhenitype equation increases with
temperature” °©  Equations (2.30, 2.31 & 2.32), developed for S@u¢ification also

predict that the reaction rate constant increagés temperature. Therefore, the overall

gasification yield increases with temperatures asd with time.

As shown in Figure 2.8 by Lee et'dlfor glucose gasification at 28MPa, the hydrogen
and carbon dioxide yield increases with temperat@abon monoxide increases with
temperature at low temperature, but after reachimgaximum it drops rapidly. Figure
2.8 also shows that the carbon, hydrogen, and axggeversion gasification efficiencies
increase with the reaction temperature. The gasifin efficiencies are defined as the
percentage of the total moles of C, H or O atomgaseous products per moles of C, H or
O atom of glucose feed. At 70D, the carbon gasification efficiency reaches 100%
attributing complete conversion of glucose to peidgas. Interestingly, the hydrogen
gasification efficiency is higher than 100% duetlie contribution of the supercritical
water to the hydrogen in the product gas. This$efmfirm the role of SCW that serves

as both a hydrogen source as well as a solvemgdoose gasification.
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Hao et af** noticed a very large effect of temperature at Z%aMA 167% increase in the
carbon conversion efficiency (CE), and more tha®%80increase in the gasification
efficiency (GE) was observed with a 30% increaserdaction temperature (500 to
650°C). They also noticed that the hydrogen productiameased by 46% and the CO
was reduced by 74%. Whereas Lee et“afssults showed that both hydrogen and CO

increase with temperature but beyond%5ahe CO yield dropped below that of H

Lee et af'® inferred that a significant fraction of the glueos converted to carbon

monoxide and remains stable between temperatur@s&2C. Above 666C, carbon
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monoxide undergoes the water gas shift reactionosimer intermediate products are also

converted to hydrogen. According to most reseascher® ®%- %

glucose is first broken
down into several water-soluble intermediates leetoeing converted to final gaseous
products. To explain the effect of temperaturegiocose conversion in SCW Lee etl.

proposed the following mechanism:

Biomass— water-soluble intermediate gases (mostly CO)

CyHyO, — CrHnOp + H20 — CO + Hy (2.33)

CO later undergoes the water gas shift reactiamifay additional hydrogen.

CO+H,O - CO;+H> (234)

Lee et af** summarized that the rate of CO formation is faitan that of the water gas

shift reaction at low temperatures. However, ahbigemperatures the WGS reaction is
very fast which results in an increase in hydroged a net reduction in CO. They found
that above 650 °C, CO production was reduced dtieetovater-gas shift reaction (Figure
2.8). Some of the intermediate products also uraeegction that produces hydrogen
and carbon dioxide.

CrHnOp + H20 — CO, + H (2.35)

From reactions (2.34) and (2.35) it is evident thdh a rise in temperature, the carbon

dioxide and hydrogen yields increase.

Holgate et af® conducted supercritical water gasification in aular reactor in the
temperature range 425-600 °C at 24.6 MPa with 21s9%eaction times. In contrast to

the calculated chemical equilibrium, at 550 °C pheduction of CO was about two mol
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per mol glucose feed. About the same yield of,@®d B was observed. However, at
600 °C they found the CO content was minimal anoduald0 mol H and 6 mol CQ

were formed per mol of glucose.

On the other hand, the results from Kersten & ibm the University of Twente are
different from Holgate et al. Kersten et al. invgated the gasification of glycerol,
glucose, and pinewood in supercritical water inrtuaapillary reactors with internal
diameters of 1mm. Over 700 experiments were coeduict the temperature range 400-
800 °C, at 5-45 MPa, and 1-20wt% organic feedstmicentration. Below 650 °C, very
low carbon conversion to gases was observed bestigpag function of the temperature.
Focusing on the results with glucose, an intergdtimding was that CO was the main gas
product at 600 °C. The yields of hydrogen and, @@reased with temperature, with CO
still being the main product at 650 and 700 °C880 °C, H and CQ strongly increased
with a corresponding decrease of CO caused by #dterwgas shift reaction. Complete

conversion of glucose was achieved at much dilatdgtion (1wt %) at 650 °C or above.

Methane, which is another important product of SGagification, could be high in the

intermediate temperature range of 374%D({Table 2.2). Methane is very stable in
SCW, and is not converted into any smaller molettil&rom Figure 2.4 and 2.5 it was
shown that with an increase in temperature metlpoduction decreases. But Lee et

al.*®* found an increase in methane formation with angiase in temperature (Figure 2.8).

Tar yield (in the liquid effluent) is also affectbgt the temperature during SCWG. At low
temperaturesT<T,), the tar yield is high with low gas productfdnA yellowish and thin

layer of a dark brown, oil-like tar was observedhe liquid effluent at low temperatures
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(<600PC)* ** But at 656C, clear water was observetf. Lee et al® observed the liquid
product was almost red at 50) while it varied to dark brown, orange, yellow thg

temperature increased up to 800They found the liquid product clear at 880

Total organic compound (TOC) analysis is used t@suee the liquid effluent (tar)
guantitatively. Chemical oxygen demand (COD), aerahtive to TOC in the liquid
effluent, was used by Lee et'dIThe decomposition of glucose and destruction oDCO
highly increased and thereby reached 100% convesgitiigher temperatures (>7QY).
At low temperatures (~66C) Lu et al’ also observed yellowish liquid (tar) while
gasifying sawdust in SCW. They found that the ama@fimOC in the liquid at 65T is

much lower than TOC at 660.

In summary, it can be concluded that the effedeaiperature is significant particularly
in the temperature range of 500-70 and the total gas yield increases with an increase
in temperature while TOC in the liquid product aeses. The yield of hydrogen, and

carbon dioxide is higher at high temperatlfres
2.7.2 Effects of reaction pressure

Conducting over 200 experiments Kersten &f gdund the pressure dependence range of
13.8 to 41.8 MPa on reaction products is insigaific Hao et al? observed no great
effect of pressure on gasification efficiency ahd fraction of gas product from 25MPa

to 30 MPa at temperatures of 500 and 650 °C.

On the other hand, Lu et affound a 7% increase in the hydrogen yield for &65

increase in pressure, although the unconverted inO@ased with pressure. Gasification
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efficiency (GE) and carbon conversion efficiencyEjGare not monotonic functions of

pressure. Over a wider range of pressure, GE anse€i to be independent of pressure.
2.7.3 Effects of residence time

Residence time has an important effect on the asiore of biomass, especially at the
beginning of the reaction. However, this time defe on many factors including

reaction temperature, biomass type and the reaetsel type.

Jesus et &P correlated results from the gasification of coilage, with time at 700 °C
and 25 MPa. A linear relationship between carbomvecsion and residence time was
developed.

Yc =K =0.11 (R*=1) (2.36)

Hao et af** studied the effect of residence time from 0.5.®r8in on SCW gasification
of 0.4 M glucose at 65C€ and 25 MPa. GE increased from 93.6% to 117.6%Ciad
increased from 77.5% to 98.7% with increasing i@ time from 1.7 to 3.7 minutes.
In their experiments, a minimum of 3.6 minutesdest time was needed for reasonable

gasification efficiency.

Lee et al** examined the effect of residence time for 0.6 Mcgke gasified in SCW at
28 MPa, 600 °C and 700. At 700 °C the yields of all the gases remainkdoat
constant except at the shortest residence timel $0However KW and CH yields
increased with residence time at the lower tempezat600C. A slight decreasing

tendency of CO was observed with increasing reseléme.
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Lu et al found the yields of b} CO, and CH increased with residence time. They
gasified wood sawdust in SCW at 25 MPa, ®5®ithin the range of 9 to 46 second. The
gasification efficiency (GE) and carbon conversefficiency (CE) increased while the

unconverted TOC in the liquid effluent decreasethwncreasing residence time. These

data suggest that longer residence times weredhlefor biomass gasification.
2.7.4 Effects of solution concentration

Solid biomass and water are the main componentsedieedstock for SCWG. The solid
concentration in the feedstock could be a majorigdesssue for the commercial

application of SCWG.

Gasification of glucose as a model biomass in SG&tsumura et a° found that the
yields of K, CH,; and CQ decrease while CO increases with an increase uoogé
concentration in the feedstock. Hao et’showed that the percentages ofdnd CQ in

the total product gas increases with increasingage concentration in the range of 0.1
M to 0.9 M, but that CO and CHfractions were reduced while the GE decreased.
Kersten et af® found that at 700 °C and 30 MPa; Bnd CQ decreased with initial
glucose concentration from 1 to 7wt% while CO and,Cemained almost constant.
Nearly complete gasification was achieved with liheest concentration at 650 °C or

above.

The experiments with real biomass gasification @WS' ’ also showed that both
gasification efficiency (GE) and carbon conversefficiency (CE) decreased with an
increase in feed concentration. The yields ¢f €H; and CQ also decreased with feed

concentration, while the yield of CO increased.
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2.8 Catalysis as a solution

Without catalysts, high activation energy is neeftedhe various discussed reactions to
increase the selectivity of hydrogen productiononkrthe earlier discussion (section
2.6.1) it is seen that high temperatures (600 °@ ahove) are favourable for the
production of hydrogen rich product gas while matketemperatures-(500 °C) favour
the production of methane in SCW gasification (€aBl2). Since catalysts lower the
activation energy, hydrogen rich gas productiopassible at lower temperatures. The
biggest obstacle to the development of this teargpols the high costs of equipment and
operation. Therefore, research on the catalytiesarical water gasification is gaining

significant attention.

As a solution, catalysts must increase the rata désired chemical reaction (activity)
and guide the product distribution towards thossirdd (selectivity). Therefore, a
catalyst may still be useful in the case of unfaable thermodynamics, if reaching the

chemical equilibrium is not the gdal

For SCWG, catalysts should not only decrease theuatrof tars and chars formed, but
also increase the proportion of hydrogen in thetlmgized gas. Since the chemical
equilibrium composition is not influenced by thetadgst, increasing the rate of a
gasification reaction with a catalyst is only usefuhe thermodynamics are favourable.
The primary objective of biomass gasification atde@te temperatures- 600 °C) is to

produce either a gas with a medium calorific value.,, methane-rich) or to produce

hydrogeri>. At temperatures below 500 °C, catalytic effeatsnf the reactor wall is
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insignificant?. As summarized by Peterson et'4l.obtaining the thermodynamic
equilibrium gas composition below 600 °C is notgbke due to the following reasons:

1. Glucose decomposed in SCW to reactive internesluch as 5-HMF can
form polymeric materials of very low reactivity.

2. Formation of methane by decarboxylation of @catid or by decarbonylation
of acetaldehyde may occur. A secondary methaneafitomby the hydrogenation of CO
and/or CQ can also happen.

3. Although not a thermodynamically stable prodsotne organic intermediates

may form solid coke (char), which has a very loacterity at these temperatures.

The complete conversion of the biomass feed bylysi¢adepends on the catalyst's
ability to gasify reactive intermediates that apidly formed from the feed molecules by
hydrolysis and dehydration. To avoid the formatioh polymeric materials and
eventually char, the gasification step must be viEst. Two competing reaction
pathways can be followed by these reactive interatest firstly formation of gaseous

products (CO, COH,), and secondly formation of oils and finally cHar

A good catalyst must rupture the C—C bond very dast at the same time dissociat®©H
into H" and OH radicals on the catalyst surface. AdsorbeHd,G, fragments can then
combine with these radicals and release CO and T adsorbed hydrogen atoms from
the cleaved #,0, fragments and from water splitting combine to fokn A good
gasification catalyst must exhibit these minimum chamistic features. Additional
features include fast equilibration of the wateis-ghift reaction, and the hydrogenation
of CO and C@to CH, and HO. Depending on the selected catalyst, either acdgyh-

rich or a methane-rich gas is produced by the S@%¥figation process.
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2.8.1. Homogeneous catalysts

Alkali metal catalysts (N&£0O;, KHCO;, K,COs;, NaOH, etc) for SCWG of biomass
mainly improve the water-gas shift reaction. SCWiGpgrocatechol by Kruse et &l.
reported that increasing the content of KOH frono %, the production of +and CQ
increased while the CO vyield was smallest. Thisnphgenon was attributed to the
catalytic effect on the water-gas shift reactionthie process by adding KOH. They
reported similar activity on the gas-phase compwsivhen compared with LiIOH but to
a smaller extent. Garcia Jarana ef®ateported that the water-gas shift reaction is
accelerated by adding KOH while conducting SCWGaGnaiustrial organic waste using
KOH. The water gas shift reaction was describefbié®wvs:

CO + H,0 5 HCOOH 5 CO, + H, (2)37

Conducting SCWG experiments amhexadecane and lignin with NaOH (400 °C,
30 Mpa) Watanabe et d.reported that the addition of NaOH makes the dugfuH,
four times higher than that of being without NaOHey found the production of coke is
also effectively inhibited. Kersten et %lreported that adding Nar K* cations as an
assistant to Ru/Ti© catalyst for SCWG can promote the water-gas gtaéction,
although the carbon conversion rate was not affectdsing KCO; and Trona
(NaHCQOs NaCOs- 2H:,0) as catalysts by Yanik et®alit was found that the Hyield
increased significantly for the SCWG of lignocetisic materials (cotton stalk and
corncob) and tannery waste. Sinag éf glasified glucose in SCW using 0.5wt%G0s.
At 1°C/min and 8C/min heating rates, the hydrogen yield was highigh K,COsthan
that with Raney nickel. The X O; catalyzed water-gas shift reaction op poduction

can be explained through the formation of HCRO
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K,CO; + Hp0 — KHCO; + KOH (2.38)

KOH + CO— HCOOK @3

Reaction of formate (HCO® ") with water forms hydrogen.

HCOOK + H,0 — KHCO; + Ho (2)40

Formation of CQ and KCO; completes the catalytic cycle

2KHCO; — CO, + Ko,COs + H0 (2.41)

From the above discussion it is clear that alkatalysts are important to achieve high
hydrogen vyield, but may cause corrosion, pluggindonling'® ®® The recovery and

reuse of homogeneous catalysts is also difficult.
2.8.2. Heterogeneous catalysts

Heterogeneous catalysts have the advantages of getgctivity, recyclability, and
environment-friendliness over homogeneous catalié¢sals give a high level of carbon

conversion to gas at a relatively low temperature

Due to the relatively low cost of nickel catalystdaits wide application in many
petrochemical industries, many researchers haveduted it into supercritical water
gasification reaction systems to gain a better stdeding of its hydrothermal activity
and stability. Other researchers use metals likeRRu Pt, Pd, Cr, W; although Pt, Pd, Cr,
W have shown low activif§. Savage and Reserdeeported that nickel and copper
provided higher gas yields. They summarized thecetf metals on SCWG as shown in

Table 2.3.
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Table 2.3: Summary of the catalysts used in SCW&

Catalyst Reactions promoted Comments

Nickel ;Zrtﬁ;?gf[:gﬁ: \évjé?(;gg:nsazgi:’ Increases gas yields substantially
Raney nickel Same as Ni Provides colorless aqueloase
Ruthenium Actively breaks C-C bonds Maintains aitifor long time
Rhodium Effective to decompose benzene rings  Hagivity for decomposition

Stable supports for these active metals includ€ @nonoclinic),a-Al 03, TiO, (rutile),
and carbotf. With many kinds of real compounds (lignin, cedis, etc) for gasification
in supercritical water, Ni catalysts have shownhhictivity. However, due to the
adsorption of intermediate products on the cataysface from the process, the catalyst
deactivate®. Although Elliotf® reported that only reduced nickel possesses tiataly
activity, Savage and Resefitliound that exposure of nickel wires to supercaitiwater
did not reduce the activity of Hproduction. Therefore the deactivation may betdube

formation of coke or adsorption of intermediatedarcts on the catalyst surface.

Furusawa et & gasified lignin in SCW using a Ni/MgO catalyst.ébhfound that with
an increase of the Ni metal surface area, carbesiiigation increased. The best catalytic
performance observed used a 10 wt% Ni/MgO (600 (i@)er the reaction conditions
tested. Minowa et df* showed the importance of Ni catalyst on the stegfiorming and

methanation reactions. Sinag et®&linvestigated Raney nickel for degradation of
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glucose in SCW at 500 °C, 30 MPa and found bothritegmediate phenols and furfurals

were reduced and the gas yield increased in theepoe of catalysts.

Byrd et al'® evaluated the Ru/AD; catalyst for SCWG of glucose at high temperature
(700 °C). They reported high vyields of; Hvith low CO and CH yield at high
temperature and low glucose concentration. In tlsequent investigation of gasificaton
of glycerol in SCW?, the high activity of Ru/AlO; for C—C bond scission was shown.
The catalytic mechanism can be explained as: hydirgboups containing oxygenated
compounds adsorb to the catalytic Ru surface pradortly through one or more oxygen
atoms. On the catalyst surface, the reactant underdehydrogenation first, followed by
subsequent cleavage of C—C or C-O bonds. CleaviaGe© bonds leads to the water-
gas shift reaction and possible methanation reactdorm synthesis gas. Cleavage of

C-0O bonds gives organic acids and alcohols.

High H, selectivity using a Ru catalyst was shown by Osetdal’® at low temperature
(400 °C) for SCWG of lignin and glucose. When catatl at the low temperatures, the
intermediate compound formaldehyde was decompose@H;, CO, and H rapidly.
However, without a catalyst, formaldehyde was ca@eeto methanol and GOA wide
range of heterogeneous catalysts for SCWG was tiga¢sd by Sato et &f They found

that the activity order is: RgAl,O3; > Ru/C > Rh/C > P#£Al O3, Pd/C and PgtAl,0s.

Although Ru shows very good activity, even a traogount of S can cause Ru catalyst
poisoning®. This trace amount of S can exist in Ru/C catalisthe form of sulphur and
sulphate iorf®. Sulphur most likely blocks the sites necessaryCfeC bond scission and

for methanation.
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ZrO, was investigated by Watanabe et®al’ for the SCWG of glucose and lignin. They
reported that Zr@not only reduced CHproduction but also increased the ¥eld,
although the catalytic effect was less than NaOEtivated carbon such as spruce wood
charcoal, macadamia shell charcoal, coal activeéedon and coconut shell can also be
used for catalytic SCWG of organic feedstocks. Maisra and co-worketshowed that
activated carbon not only increased carbon gasificaefficiency, but also improved the
water-gas shift and methanation reactions. Howeleactivation on carbon gasification
occurred after 4 h and water-gas shift reactioruoed after 2 h. Antal et af.reported
that steam reforming of biomass laden gel over rbara catalyst can produce a gas

composed of hydrogen, carbon dioxide, methane pocamonoxide, and traces of ethane.

Comparing with the noble metals, Ni is very inexgea; therefore it is more suited for
large-scale hydrogen production by biomass gasificaNi has shown higher activity
and performance than alkali catalysts, and activeéebon. Ni provides higher gas yield
than Ru and RA. Moreover, if Ni is doped with other metals likerium or lanthanum,

the stability and reactivity can be potentially anbed.
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Chapter 3

Supercritical water gasification and partial oxidation of glucose: Effect
of Ni/Al ,0O5 catalysts on gaseous products and chemical oxygaé@amand

(COD) destruction

In this chapter, gasification and partial oxidatiohglucose was conducted with and
without catalysts at various temperatures in supea water. Part of this chapter is
reproduced from the published article by the autkéfect of nickel loading on hydrogen
production and chemical oxygen demand (COD) destrudrom glucose oxidation and
gasification in supercritical wat@r with permission from International Journal of

Hydrogen Energy 35 (10%034-5042 2010; Copyright [2009] Elsevier Ltd

3.1 Introduction

With increasing public awareness about the growenyironmental impacts and
depletion of fossil fuels, hydrogen production frdmomass is considered an effective
solution towards green energy production. The, G@oduced from gasification is
balanced by photosynthesis through biomass growaviging a carbon neutral approach.
However, the water content of biomass is genefatif, in the range of 90% or above.
Thermochemical conversion processes require pngingl which consumes a large
amount of energy. Supercritical water gasificati®CWG) can be a promising

alternative to the pyrolysis of wet biomass or mecation of aqueous organic waste
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streams. Supercritical water oxidation (SCWO) i eanerging technology to treat
hazardous wastewater stredm€ SCWG is also used in producing green gases asich
hydrogert’. Supercritical water (SCW) can dissolve most oigaubstances and gases
and has low viscosity and excellent mass transfdityl. Above the critical conditions of

water (374 °C, 22.13 MPa) all organic compounds @mesent in a single dense fluid
phase, minimizing mass-transfer resistance andtédirig rapid reaction rates. In the last
decades, there have been a number of studies ccaieon the gasification of wet

biomasd ®* " 1® %and aqueous organic wa$fe&” "®in supercritical water. Enhancement

P> " or partial oxidatiof™

of biomass conversion through oxidation in sup&oai wate
1580 has also been studied. The gaseous product coioposiom supercritical water
gasification of glucose significantly depends ore theactant concentratith and

temperaturé >3

Catalysts play an important role in hydrogen praiducfrom biomass gasification in
supercritical water by increasing the hydrogendyieéducing tar and char formation, and
affecting the matter gasification efficiencies. \Afbe and co-workérsstudied the
effect of various catalysts on the gasificationbadmass model compounds in a batch
reactor at a temperature range of 400—-440 °C asdreéd that the yield of Hrom n-
Ci6 and lignin with zirconia was twice that withoutatalyst at the same conditions. The
H, yield with NaOH was 4 times higher than that witheatalyst. However, Yu and
Antal®® reported that 95% or higher gasification efficigme supercritical water requires
a reaction temperature above 600 °C. Courson?Ataid Wang et &f* reported that
nickel catalysts cracked tar and enhanced the wgdsr shift, methanation, and

hydrogenation reactions. From an economic and gneifficiency point of view, high
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gasification efficiency at low temperatures withglier hydrogen vyields is favorable.
Nickel has a high melting point of 1453 °C and ieeadily available inexpensive metal
widely used in the petrochemical industries, makihga reasonable choice for
examination of supercritical water gasification amddation. Homogeneous catalysts
such as KOH and NaOH, which can easily dissolvB@WG to produce hydrogen-rich
gas, can cause corrosion of the reactor%&fl Minowa et al’* reported that reduced

nickel catalyst enhanced the gasification of ceBel and the water gas shift reaction in
hot compressed water. From an economic perspetdiwver temperature gasification that
coincides with maximum hydrogen and methane righsfis favorablE. These findings

motivated us to study nickel as a catalyst to obthydrogen-rich gas from the

gasification of biomass and partial oxidation ofgasified products (char and tar) in

supercritical water.

In this study, we demonstrate a new approach obdoicing hydrogen peroxide as an
oxygen source after 15 min of reaction time forcgke gasification in supercritical water
at relatively low temperatures i.e. 400-500 °C. tdgen peroxide can help to
decompose intermediate products that are not gdsifiuring supercritical water
gasification (SWG) in the first 15 min of the raaat time. The yield of hydrogen is
expected to increase via CO formation by partiatiatxon of the intermediate products
as well as char and tar formed prior tgQd injection. In this work, different loadings of
nickel on thetaf) alumina catalysts were synthesized via an im@aggn methotf and

were subsequently tested for supercritical watesifigation (SCWG) and supercritical
water partial oxidation (SWPQO) at a temperaturegea00, 450, and 500 °C to

investigate catalysis of hydrogen production.
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3.2. Materials and methods

3.2.1. Materials

Nickel nitrate hexahydrate (NiNGBHO), reduced commercial nickel on silica alumina
and glucose were obtained from Sigma—Aldrich (OlskvOntario, Canada). Hydrogen
peroxide aqueous solution (50%®4 solution) was obtained from EMD Chemicals Inc
(Gibbstown, NJ, U.S.A). De-ionized water was obgdifirom a compact ultrapure water
system (EASY pure LF, Mandel Scientific co, modeDIE7381). For catalyst
preparation,y-Al,0s pellets with 3 mm average particle diameter, 19%gm BET
surface area and pore volume of 0.421%gm received from Aldrich (Mississauga,

Canada).
3.2.2 Catalyst preparation

0-Al,05 pellets were used as catalyst supports for catalsthesis. Because it was
found to be stable in SCW. On the other ha#d,O3; was found to be dissolved in SCW.
It may be due the defects in crystalline structire-Al 0322 #-Al,05 has monoclinic
symmetry in catalyst structdfe In addition, converting -Al,O3 to 6-Al,O3 pore size
increased which allows better impregnation of actwetals, and penetration of bulky
intermediate products formed by SCWGalciningy-Al,0O3 to 1050 °C at a rate of 10 °C
per min convertg-Al,03 to #-Al,0O5. Catalyst synthesis by the incipient impregnation
method was described elsewtéreFor a typical synthesis, the required metal salt
solution was prepared in a volume of pure wateresmonding to 130 vol% of pore
volume of alumina (0.248 citym, measured by Micromeritics ASAP 2010) used for

catalyst support. The required amount of nicketakulated from the nickel present in
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NiNO3-6H,0. For example, preparing one gram 18wt% Ni on alantatalyst requires
0.18 gram nickel that can be obtained from 0.89nghiNOs-6H,O. All alumina was
dipped into the solution at once for uniform medadpersion. The catalysts was then
placed in a beaker which was then placed in anatlosed beaker of 10 vol% NHH,O
solution for ammonia vapor treatment for 10 mis@t’C inside the oven. Any metal salt
on the catalyst support was converted to ammongltrbg ammoniacal treatment which
increases the activity and Ni dispersforAmmoniacal treatment converts the metal salt
anion to ammonium salt. The NH1,0 vapor treated catalysts were then taken out from
the closed beaker and heated from 60 to 120 °@tatof 1°C, then to 250 °C at a rate of
1.5 °C. In this step most of the ammonium saltscattd to the catalysts are removed by
sublimation. Hydrogen reduction and thermal treatnae 600 °C for 2 h was performed
afterwards, in a stream of 10 vol% Kiluted with N with a rate of 6 L/h from room

temperature to 600 °C at 3 °C/min.

The reduced catalysts were weighed to measure chmlaoading of nickel by the
difference between support alumina and nickel |dazigalyst. In our synthesis the actual
loading was slightly less than the calculated IngdiFor instance, the calculated 8 wt%
nickel on alumina was actually approximately 7.8omiickel on alumina, calculated
12 wt% loading was found 11 wt% and 20 wt% loadivas 18 wt%. Due to diffusion
limitations, impregnation was repeated more thaceon order to achieve high nickel
loadings. For example, while the 7.5 wt% nickeldaAl ,O3 was loaded in one step using
incipient impregnation, the 18 wt% nickel was swdized in three steps wherein the
reduced 7.5 wt% nickel/alumina was further impregdato approximately 14 wt%

nickel/alumina and then to 18 wt% nickel/alumin&eTBET (Brunauer-Emmett-Teller)
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surface area, pore size distribution, and pore naelwere determined from nitrogen
adsorption- and desorption isotherm data obtained183 °C in a constant-volume
adsorption apparatus (Micromeritics ASAP 2010) gs#9.995% pure Ngas obtained
from Praxair (Oakville, Canada). The prepared sasplere degassed at 150 °C for
5 hour before measurements. Table 3.1 portraysuhemery of surface area, pore size

and pore volume of gammg) @nd thetad) alumina and synthesized catalysts.

Table 3.1. Physical properties of the synthesizeaialysts.

BET surface | Average pore Micropore
Sample )
area (mf/g) size (nm) | volume (cn¥/g)
y-alumina 198 8.5 0.42
f-alumina 57 17.4 0.25
7.5 wt% Nip-alumina 51 14.0 0.18
11 wt% Ni#-alumina 49 15.8 0.19
18 wt% Nip-alumina 46 10.2 0.12
63 wt% Ni/silica—alumina
. 190 7.54 0.27
commercial catalyst (powder)

3.2.3 SCWG Apparatus

Figure 3.1 portrays a schematic diagram of the ex@mtal SCWG setup. Experiments
were performed in the main reactor body which watsioed from Autoclave Engineers,
Erie, Penna, U.S.A. The reactor was constructedasitelloy C-276 with a capacity of
600 ml. The batch reactor allows for sampling o gad liquid samples throughout the
experiments. The reactor was heated with a 1.5 laatrecal furnace that surrounded its

main body supplied by the same manufacturer.
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Figure 3.1: Schematic diagram of the SCWO batch uhi

3.2.4 Experimental procedures

The experimental procedure consists of severabsttgsted by opening and washing the
reactor body thoroughly with distilled water to e any residue from previous

experiments. The catalyst and 70 ml of de-ionizedewwere added to the reactor, after
which it was closed and purged with helium gas abmstant pressure of 0.2 MPa for
20 min to drive away any air and oxygen presenthi system. After purging with

helium, the outlet valve (VO1) was closed and thesgure in the reactor increased to
0.7 MPa to prevent water evaporation during thetihggphase. The reactor was then
heated to the desired temperature, and the pressgencreased accordingly to about
22.8 MPa. After reaching the desired temperatune, reactor was left for 5 min to

stabilize. Subsequently, the feed was injected thtoreactor by employing a syringe

pump (Model 100 DX, Lincoln NE, USA). As soon ae tieed injection was complete,
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the reaction time (t) was started. Injection ofdf@elution increased the pressure to about
28MPa. After 15 min of reaction time, a known amiwoh hydrogen peroxide was
injected into the reactor using the syringe pumfietA30 min, the valve (VO1) was
opened to allow for effluent gases to pass throtigh condenser (double pipe H/E),
where it was cooled and then depressurized usihgla pressure reducing regulator
(KHP series Solon, OH, USA). The cooled depressdreffluent passed to a gas liquid
separator from which the gases left the separatqrass through an in-line filter to
remove any moisture prior to the OMEGA mass flomten¢FMA 1700/1800 series 0—
2 L/min, Laval (Quebec), Canada). The mass flowematas equipped with a totalizer
that utilizes a K-factor to relate the mass floweraf an actual gas to nitrogen, the
calibrated reference gas. The actual gas flow wae calculated by determining the
average K-factor for the produced gas by meanseiole fraction of each gas in the
stream, as shown by equation (3.1).

AvgK . . = 1 (3.1)

factor
Kref z yi K factor(i)

where K¢ is the K-factor for the reference gas, agdis the mole fraction of the

individual components. The actual gas flow rate walsulated by (3.2)
Qtotal = AVg K factor eref (32)

whereQutal IS the mass flow rate of the actual gas @pdis the mass flow rate of the
reference gas. After passing through the mass floster, the product gases were

collected in 3L Tedlar gas sampling bags for subsatjanalysis.
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3.2.5 Gas & liquid analysis

The gaseous products were analyzed by a gas clograph (Shimadzu, GC-2014)
equipped with a thermal conductivity detector (TCédd 120/80 D Hayesep stainless
steel 3.18 mm ID, 6.2 m nickel packed column (Griaegidson, City and State). Helium
was used as the carrier gas. The gas chromatograpltalibrated using a standard gas
mixture of known composition. The analysis was @enfed manually using 1 ml SGE
gas tight syringe (Model number 008100, Reno, N\AUBYy collecting the sample from
the gas bag. The injection of sample gas into thewas repeated and the results were
averaged to minimize analytical error. The liquifluent was analyzed for chemical
oxygen demand (COD), and pH. Total chemical oxydemand (TCOD) was measured
using HACH methods and test kits (HACH Odyssey ER(J. pH was measured using

an OAKTON portable pH meter (Model WD-35615-22).
3.2.6 Yield calculations

Calculation of product gas yield and carbon gaaifan efficiency (CGE) was performed
using the procedure of Yu and ArffalThe aforementioned authors calculated the CGE
as mol carbon in gas per mol carbon in feed andsured gas yields as mol of gas
species produced per mol of glucose in the feed.maximum theoretical hydrogen that
can be produced from glucosesKz,05) is 12 mol H in accordance with equation (3.3)
following the method proposed by Cortright ef‘a6 moles of H is generated directly
(Equation 3.4) and another 6 moles afikiformed through the water—gas shift reaction
(Equation 3.5).

CeH1206+6H,0—6CO,+12H, (33)
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Equation (3.3) may follow reactions as folldtks
Thermal decomposition,
CeH1206—6CO+6H; (3.4)
The water—gas shift reaction,

CO+H,0 == CO,+ H (3.5)

However, carbon oxides may undergo methanatiorticzecin the presence of hydrogen

depicted by Equations (3.6) and (3.7).

Methanation reaction
CO + 3H, = CHs + H,0 (3.6)

CO, + 4H, = CH, + 2H,0 (3.7)

COD destruction efficiency was selected as a paeme track the liquid effluent
quality and to optimize, together with the maximbgdrogen vyield for the gasification
and partial oxidation of glucose in supercriticatar. The COD destruction efficiency
was defined as:

-COD
CODdestructiun - CcOD

initial

_cop,

initial

4l %100 (3.9)

3.3 Results and discussions

3.3.1 Effect of oxygen to carbon molar ratio (MR) a gas and liquid products

A series of non-catalytic experiments were condiiee400 °C at different oxygen to
carbon molar ratios (MR) to maximize the hydrogeidyin the product gas (Figure 3.2).

The maximum yield of hydrogen (0.32 mol/mol feedda&O (1.13 mol/mol feed) was
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observed at a MR of 0.8. Lee et al. observed orfig@rol H / mol glucose feed at 480°
C while gasifying glucose in supercritical watetthaiut oxidant. Introducing hydrogen
peroxide at 15 minutes of reaction time, partiakidized the ungasified intermediate
products to CO rich gases; CO later undergoes titerwgas shift reaction to produce
more hydrogen and carbon dioxide (Equation 3.5)wéier, hydrogen production
decreased while CQOincreased significantly when the MR was increased.9. This
phenomenon can be attributed to the availabilitgxafgen which converts CO to GOy
direct oxidation instead of through the water daift seaction. The optimized MR of 0.8
was selected as a base line for the higher exanémegeratures of 450 and 500 °C. The

production of methane slightly decreased with anaase of MR as shown in Figure 3.2.
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Figure 3.2: Oxygen to carbon molar ratio (MR) effet on gas yield in the non-
catalytic partial oxidation at 400 °C.
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Figure 3.3 exhibits the liquid effluent charactecigesults which show that the COD
reduction and carbon gasification efficiency werereéased with an increase in MR. The
higher the COD reduction, the higher the puritytloé liquid effluent. The low COD
reduction efficiency with low MR of 0.5 can be eajpled by the lack of oxidant to
oxidize ungasified intermediate products. Incregdime MR to 0.9 gave a 97% COD
reduction efficiency. The highest carbon gasifimatefficiency (86%) was achieved at a
MR 0.9. Without using any oxidant, Lee et al. fowordy 38.6% COD destruction while
carbon gasification efficiency was only 16.5% ab 4€ while gasifying 0.6M glucose in
supercritical watéf. The liquid effluent is acidic due to formation ofganic acids,

mainly acetic acitf. The pH was slightly increased with increasinghef MR.
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Figure 3.3: Liquid effluent characteristicsin the non-catalytic partial oxidation at
400 °C.
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3.3.2 Effect of temperature on gas and liquid prodct distribution

The effect of reaction temperature on the gas ygldout use of a catalyst is depicted in
Figure 3.4. By increasing the temperature from 4600500 °C, the hydrogen yield
increased from 0.24 to 0.61 mol/mol glucose feediclv is attributed to the higher
conversion at higher temperatufesthe CQ and CH yield also increased whereas CO

remains relatively constant; similar to the resoftsiolgate and Test&t
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Figure 3.4: Temperature effect on gas yield in thaon-catalytic partial oxidation
where MR: 0.8.

Figure 3.5 shows the liquid effluent results. CO&tduction was found over 90% due to
the use of HO, oxidant. Lee et al. found much less COD destruc(g8.6%) at 480 °C

without using oxidant while gasifying 0.6M glucose supercritical watéf. They
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increased the reaction temperature for higher C@8§trdction. At 600 °C and 750 °C

they observed 86.7% and 99.8% COD reduction resedet The main aim of tracking

the COD is to understand the amount of carbonesadupts (tar) remaining in the

liquid. Similarly, the carbon gasification efficieyn was increased with an increase in

temperature. Without oxidant Lee et al. found 16.88tbon gasification efficiency at

480 °C, while it reached 99.7 % at 750'2Qt was seen that pH remained relatively

unaffected by the reaction temperature. Accordingliemperature of 500 °C and MR of

0.8 were selected as the baseline for the followatglytic experiments.
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Figure 3.5: Liquid effluent characteristicsin the non-catalytic partial oxidation

where MR: 0.8.

62



3.3.3 Effect of the commercial catalyst on gas ardjuid product distribution

To examine the effect on gaseous and liquid prag@ctommercial powder catalyst (i.e.
63wt% Ni on silica-alumina) was evaluated with avithout oxidant. Figure 3.6 portrays

the gas yield for these experiments.
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Figure 3.6: Effect of commercial catalyst on gas gld at 500 °C; where A: non-
catalytic, MR=0.8; B: catalyst amount 1.0 gm, MR= (8; C: catalyst amount 1.0 gm,
MR= 0; D: catalyst amount 0.5g, MR= 0; E: catalysamount 1g, MR= 0.8. HO,
injected after 15 min gasification reaction excepéxperiment E in which HO, was
injected prior to the feed.

In experiment A and B, D, (oxidant) was introduced at 15 minutes reactioretivhile
experiment A and B are non-catalytic and catalgasification of glucose respectively.

Upon introducing the catalyst, the hydrogen yieldswenhanced by 2.5 times (0.6
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mol/mol feed to 1.5 mol/mol feed). The observedhkigamount of CO is attributed to
the cracking of intermediate products by the catalyar was cracked by Ni catalysts to
produce gaseous products; especially’Ct Carbon monoxide may undergo the water
gas shift reaction catalyzed by Ni to produce mor@drogen. Some of the carbon oxides
may undergo methanation reaction catalyzed by Niséen, the CQyield is decreased
while CH, formation increased by introducing catalyst (conmgaexperiment A and B).
By examining equations 3.3 and 3.5, the;@ount should be increased with increased
H,. This result can be explained as the high loadihdNi (63 wt%) enhanced the
methanation reaction of GQEquation 3.7) which reduced the amount of,d@creasing
the amount of ClHand consuming } otherwise the Kyield would be much higher.
Experiment C shows the catalytic gasification oa groduct yield without using any
oxidant (HOy). There is a significant difference in the produtstribution between
gasification and gasification followed by partiakidation (experiments B and C),
showing that the product yield decreased drasyiedgltihout oxidant. This result confirms

that HO, helps to increase the gasification of unconvectation species (tar and char).

Comparing the gasification results without oxidamsing 1 gm and 0.5 gm catalyst
(experiment C and D) shows that the amount of gstimlhad little influence on the,H
fraction in the gaseous products. Experiment E eeaslucted to understand the effect of
oxygen on products if #D, was introduced prior to the feed (i.e. before fyzstion).
Hydrogen and other gaseous yields (experiment BEevieund almost the same as
without using any catalyst (experiment A), whichatributed to the potential inhibition

of catalyst activity by oxidation of the metallictes of Ni on the catalyst surface.

64



Hydrogen production was found much higher if thadart was introduced after

gasification (i.e. at 15 minutes reaction time).

This finding validates our new approach of injegtthe hydrogen peroxide ¢B,) after
gasification reaction for 15 minutes (that is, feed was injected first and after 15 min,
the oxidant was injected). By using this procedaagalyst inhibition can be mitigated

and potentially more hydrogen could be obtainedglizing the intermediate products.

The liquid effluent characteristics are reportedTeble 3.2. Experiment B shows the
highest yield of all types of gaseous products arathcorresponding with higher COD

destruction. Upon introducing the catalyst, the C@d3truction increased to 95%. This
result confirms that Ni catalysts have a stron@afbn cracking tars and chars. Again
without oxidant (experiments C and D), the obse®@&D destruction is much lower. At

a MR of 0.8 (experiment B) the COD reduction e#ty increased from 78%

(experiment C without oxidant) to 95%. This resaotticates that the presence of oxygen
enhances the gasification process, which is coefirray the higher yield of gases in

experiment B compared to C. Industrially, oxygeraorcould be used instead 0$®4 to

lower the operating cost.
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Table 3.2: Liquid effluent characteristics at 500 € with commercial Ni/silica-
alumina (63wt% Ni).

) Carbon gasification | COD reduction
Experiments MR p" . "

efficiency (%) efficiency (%)

A 0.8 3.3 87 91

B 0.8 3.2 107 95

C 0 3.2 90 78

D 0 3.2 82 78

E 0.8 3.3 109 82

A: non-catalytic, MR=0.8; B: catalyst amount 0.54R= 0.8; C: catalyst amount 0.5g,
MR= 0; D: catalyst amount 1g, MR= 0; E: catalystcamt 1g, MR= 0.8. (kD. injected
after 15 min gasification reaction except experitri2im which HO, was injected before
the feed).

3.3.4 Effect of the synthesized catalyst loading omas and liquid product

distribution

From the previous section it was seen that thessximading of Ni increase methanation
reaction, there we synthesized our own catalysteviduate the effect of Ni loading.
Figure 3.7 portrays the effect of nickel loadingtbe gaseous product distribution using
the synthesized metallic Ni ofralumina catalyst. The maximum vyield of hydrogen,
which coincided with the maximum COD reduction @#ncy, was observed at 11 wt%
loading. The trend of hydrogen yield was similathat reported for gasification of lignin
using Ni/MgG® where the Hyield increased from 1.9 to 11% by increasingaheunt

of nickel deposited on MgO from 5 to 15 wt% Ni/MgBowever, as the amount of
deposited nickel increased to 20 wt%, theykeld decreased to 9.3%. It was also noted
that by increasing the Ni loading to 18 wt%, a #igant decrease in COwas found

along with an equivalent increase in methane (eigui7). This is possibly due to GO
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reacting with hydrogen to form methane which cobulmve consumed some of the
hydrogen and eventually decreased its yield (Eqnadi7). The lower available surface
area with increased loading (Table 3.1: physicabprties of the synthesized catalysts)

may have enhanced the methanation reaction.

To investigate the effect of metal size on hydrogerid, the 11 wt% N# alumina
catalyst pellet was crushed to a mesh size of ;2A@m. As shown in Figure 3.6

(11wt%Ni), the hydrogen yield increased from 1.06 to 1.1%mole glucose.
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1.20 | & carbon monoxide 1 5.00
X Carbon dioxide
S 1.00 + 3
[0}
Q + +4.00 =
5 o
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0.00 i i i 0.00
7.5wt% Ni 11wt% Ni 11wt% Ni* 18wt%Ni
Catalysts

Figure 3.7: Effect of nickel loading on gas yieldtb00 °C, where MR: 0.8. *crushed
catalyst.

The COD reduction was found slightly increased fi&rbo (uncrushed catalysts) to 90%

(crushed catalysts). This result can be explaireedrashing of the catalyst helps open
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any blocked active metallic pore walls that wereckkd during metal salt impregnation
on the support surface during synthesis. The ligdfldient remained acidic with the pH

remaining relatively constant.

120 3.25
B Carbon Gasification
® COD Reduction
100 + XPH
+ 3.2
80 +
< +3.15
3 I
.5 60 + rol
Q
E >I< + 3.1
40 +
+ 3.05
20 +
0 1 1 1 3
7.5 wt% Ni 11 wt% Ni 11 wt% Ni* 18 wt% Ni

Catalysts

Figure 3.7: Effect of nickel loading on liquid effuent at 500 °C and MR 0.8.
*Crushed catalyst.

3.4 Conclusions

Using a new approach in which gasification is fo#al by partial oxidation, the
production of hydrogen was enhanced compared tp gadification or partial oxidation
of glucose in supercritical water. The presencexgfyen after gasification for 15 minutes
enhanced the decomposition of the intermediateymtsdo form gaseous products. The

gaseous products were composed mainly of carboxiddio/CQ), carbon monoxide
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(CO), hydrogen (B, and methane (Ci{i Nickel catalysts were found to facilitate
cracking of the tar and char intermediates. Thedyeh gas yield and destruction COD
increased with an increase in temperature. Forgbartidation, the optimum oxygen to
carbon molar ratio (MR) was found at 0.8. Among thfferent metallic Ni loadings
(7.5, 11, 18 wt%) o-Al,0O3, 11 wt% was found optimum in terms of hydrogendyie
Increasing the metallic loading from 11wt% to 18wtfécreased the hydrogen yield
along with increasing the methane formation by rme#ition of carbon dioxide.
Hydrogen production was found sensitive to the lgstasize as crushed catalysts
enhanced the hydrogen yield and COD destructionmr@ercial Ni/silica—alumina
catalyst (0.1 mm average diameter) enhanced the gieH, by 0.3 mol/mol glucose due
to the higher active metal surface area (four tjncesnpared to the synthesized catalysts
(3.0 mm average diameter). However, with an exéesding of nickel (63wt%), the
methanation reaction of carbon dioxide was enhanthd COD destruction efficiency
reached as high as 97%; i.e. almost clear liquilliexit was formed which could be
disposed to lake or sand without further treatm@&hie relatively low hydrogen yield
(maximum 1.5 mol/mol glucose) obtained was dudrotations in reactor temperature

i.e. 500 °C.
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Chapter 4

Production of hydrogen-rich gas through supercriti@al water

gasification of glucose using La-modified Ni/AlO; catalysts

In this chapter, synthesized Ni&; catalyst was modified through La adsorption.
Commercial alumina pellets, synthesized aluminaofiners were taken as the catalyst
support for incipient impregnation while a sol-gebcess were adopted for synthesizing
the Ni-La-Al-O nano-structure as catalyst. Evalomatof fresh and spent catalysts was
conducted. La adsorption of the Nis@k catalyst was found to increase the activity and
production of hydrogen rich gaseous vyield and redowthanation reactions. Nano
catalysts were found to be very active towardspifegluction of hydrogen. This chapter
is mostly a reproduction from the article by thethasm submitted to Industrial

Engineering & Chemistry ReseaféhProduction of hydrogen-rich gas in Supercritical

Water from Glucose using La-modified NiA&l; catalysts

4.1 Introduction

Hydrogen (H) is considered as one of the most promising piatieciean energy sources
for sustainable development and has a high enezggity by weighf. One of the most
promising renewable sources for hydrogen generaidrom the gasification of waste

biomass. Gasification of waste biomass allows dgstg hazardous organic matters into
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light gases, such as,HCH,;, CO, and CO®. Hydrogen can be used in fuel cells for
power generation while the syngas,{@€0) can be used for producing chemicals and
liquid fuels. Syngas is also used for cleaner costibn technology, as well as direct

feeding for next generation high efficiency intdreambustion enginé$

In recent years, low quality biomasses such asuatwral and municipal waste have
received significant attention to produce syngastkie gasification process. However, a
large amount of energy is lost for drying these \estdstocks, which significantly
decreases the overall thermal efficiency of a ga8if® In addition, formation of char
and tar from the biomass during gasification dessathe gas yiell However,
gasification of biomass using supercritical wate€C{V) has the potential to overcome
these barriers. SCW offers an attractive altereatovavoid the energy intensive drying
process, particularly when the water content isvab80%. Above 31% moisture
content, the energy conversion efficiency of SCVgifgaation is always higher than
thermal gasification, pyrolysis, liquefaction, ara@robic digestioh The lower dielectric
constant and weaker hydrogen bonding of water éensinpercritical state compared to
water under ambient conditions makes SCW similaonganic solvents. Therefore,
organic compounds that are present in the biomase Bnhanced solubility in SCW,
with the various reactions taking place in a sinéd phase. The high diffusivity of
SCW is also favorable for enhanced mass transféngithe gasification process The
high effective diffusion coefficient of SCW (abal®0 times higher than that of ambient
water) diminishes the chance of any mass-transéetignt in the catalyst internal surface
ared. Using the SCW process also provides high pregsarduct that eliminates further

compression steps, contributing to its energy iefficy.
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The advantage of using glucose as the model conapolubiomass is that it is soluble in
water and represents a wide fraction of biomasspoamds present in both agricultural
waste and sewage sludgn this study, glucose was used for the biomassog for the

activity tests. During glucose gasification in SC8Vgroup of competing reactions occur

as follows:
Steam reforming: CgH1206 + HHO—>6 CO+6 B 4.1
Water-gas shift: CO+H,O5CO +Hy (4.2)
Methanation: CO +3H, 5 CH; + H,O (4.3)

CO, + 4H, 5 CHy + 2H0 (44)

As the objective of biomass gasification in supéoal water is generally hydrogen
production, reactions (4.3) and (4.4) must be agsdd as CO reacting with water to form
CO, and H is desired in reaction (4.2). Other than the gasgmroducts mentioned
above, some intermediate products (char and tag) adso formed during SCW
gasification which can be minimized by partial aidn to enhance the gasification
process and the resulting yield of hydrogeft By employing a suitable catalyst, the H

production can be enhanced, approximated by th@xwlg general reactions:

GasificationC,H ,0 0 8%, CO, + H, + CH, +intermediate products (4.5)
Intermediate producSF*L. CO+ H,+ other products (4.6)
In the last chapter we showed the non-catalytieot$f of temperature and oxygen to
carbon molar ratio (MR) on hydrogen yield from gige and on the chemical oxygen

demand (COD) destruction. Within the reactor limitas, 500 °C and 0.8 MR were

found optimized for the production of hydrogen. 5T is considered as a moderate
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temperature for SWG producing methane rich gases @sing a catalyst However, a
proper design of catalyst may produce hydrogen gieh instead of methane rich gas at

moderate temperatures.

To reduce the temperatures (i.e. activation energglired for the total conversion of
biomass, the use of catalysts is still in its imfanHomogeneous materials like alkali
catalysts are readily miscible with water and fourdy effective for biomass gasification.
Lu et al.” used KCO; for biomass gasification in SCW and found that ltheyield was
two times higher than that without catalyst at #zne conditions. Watanabe et"al.
studied the effect of both base (NaOH) and meteD{Ycatalysts on the gasification of
lignin in SCW. NaOH proved 2-5 times more effectittean ZrQ for hydrogen
production. However, alkali catalyst recovery, s&wand reactor corrosion problems are

significant concerns with these types of catalysts

Using a supported solid catalyst can avoid thegsaraéion and reactor corrosion
problems. As well, heterogeneous metal catalystsa#gso relatively easy to recover,
helping reduce the cost of the catalyst. Howevarpmium, tungsten, platinum, and
palladium have shown very low activity A wide range of heterogeneous catalysts for
SCWG was investigated by Sato et’“alThey found that the activity order is Ru/
Al,0O3 > Ru/C > Rh/C > P#Al,05, Pd/C and PgfAl,Os. Although Ru showed very
good activity, even a trace amount of S can causea®alyst poisonirfd. In addition, Pt
group noble metals are prone to methanation oforarbxides in the presence of
hydrogen, which increases with an increase of teatpes’. Furthermore, the relatively
high price of noble metals makes these catalyss &dtractive if suitable low cost

heterogeneous catalysts can be formed.
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Using nickel, a relatively inexpensive metal, Faa et af® found that carbon and
hydrogen yields increased from 8.3% and 14.1% t@%®2and 46.2% respectively when
0.05 g of 20 wt% Ni/MgO catalyst was added at 400A& nickel catalyst was also found
to be favorable for cracking tar molecules and mting the WGS reactiéi When

compared to the available alternative catalystgkeaii displays several favorable
attributes including high activity and low cost.cKel also has a high melting point

(1453°C) which is very important for a biomass fieation catalyst.

However, the amount of nickel loading on the supp®ma key factor for a successful
catalyst synthesis. Sato et®*3lreported that a maximum hydrogen yield was obthine
with 10wt% Ni/MgO during the gasification of lignim SCW. Beyond 10wt% nickel
loading, the hydrogen production decreased andatheunt of methane formation
increased. In the last chapter, it was found that maximum vyield of hydrogen was
obtained with 11wt% Ni orb-alumina and hydrogen production decreasing and the
methane increasing above this loading. At 18wt%oadding on6-Al,Os, a reduction of
carbon dioxide was observed with an equivalent arhofimethane formation indicating
enhanced methanation of &O'he CO product remained nearly constant usingt@.5
18wt% Ni loading orb-Al,0s,”?indicating that CO did not participate significanit the
methanation reaction. Methane is very stable in $S@wWi does not convert into any

smaller moleculés.

Conventional catalysts have low surface area pérvatume which limits the contact
area between the reactants and the metallic suofattee catalysts. Nano catalysts with

high surface areas and aspect ratios can helpnaimg the challenge. It is also evident
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that high surface area catalysts increase theitgcwnd selectivity by increasing the

active catalyst sites for the reactants.

Production of hydrogen rich gases, and inhibitidrth@ methanation reaction of GO
motivated the present studw. this study we wanted to synthesize low costlgstavith
favorable selectivityto produce hydrogen while destroying any organicttena
completely so that no other processing is necegeafurther treatment of liquid effluent
from the reactor. In this regard, Ni on La impretgaaAlLO; catalysts were investigated
for SCW gasification of glucose for the first timém previously found that Cerium acts
as a promoter of the WGS reaction when performirtg axhaust emission contfdlLa
and Ce have very similar chemigaibperties with respect to cation charge, ionidiyad
and stabilityof organic and inorganic complexXésTherefore La may act as promoter for
water gas shift reaction in SCW and thus increagdrdgen yield. In addition, it is
hypothesized that the k@3 acted as an adsorbent which selectively adsoridsoga

dioxide’® %2 as a result methanation of €@ay be reduced.

Other than impregnation on alumina nanofibers totlssize nano-catalysts, ultrafine
NiO-La,Os-Al ,0O3 aerogel catalyst was also prepared by combinati@sol-gel method

and a supercritical drying technique. Aerogels sipoamise in catalytic applications due
to their uniqgue morphological and chemical promsttiAn aerogel is a solid-state
substance similar to a gel where the liquid compone replaced with gas. Aerogels
made with aluminum oxide are known as alumina adsogrhese aerogels, especially
when "metal-doped” with another metal, are usedaaslysts. The main advantages of
sol-gel techniques for the preparation of materais low temperature of processing,

versatility, flexible rheology allowing easy shagiand embedding.
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4.2 Experimental

The model compound glucose, metallic precursorskehicnitrate hexahydrate
[NINO3-6H,0], lanthanum nitrate hexahydrate [La(N©6H0], reagent grade
98%Al(lll) isopropxide, 99.5%isopropanol, 99.7% tceacid were obtained from
Sigma-Aldrich (Mississauga, Ontario, Canada), asebllas received. Hydrogen peroxide
(H20,) was added as an oxidant for partial oxidatiorinbérmediate products using a
50% HO, in water solution as received from EMD Chemicals. IDe-ionized water,
was obtained from an ultrapure water system (EASIYed.F, Mandel Scientific co,
model BDI-D7381) to prepare the solutions. For lgatapreparationy-Al,O3; pellets
with 3 mm average particle diameter, 198gm BET surface area and pore volume of
0.421 cnm/lgm received from Aldrich (Mississauga, Canada)e TBET (Brunauer-
Emmett-Teller) surface area, pore size and digibhy and pore volume were
determined from nitrogen adsorption and desorpgotherm data obtained at 77 K with
a constant-volume adsorption apparatus (MicronesriASAP 2010) using Nas the
probe gas. The prepared samples were degasse@°& fis 5 hour before the nitrogen

adsorption experiments.
4.2.1 Catalysts Synthesis
4.2.1.1 Incipient impregnation

The LaOs; doped 18wt% NO-Al,Os; catalysts were prepared via incipient wetness
technique, as described previodélyThe alumina nanofibers were synthesized in
supercritical carbon dioxide (scGas a green solvent using alumina isopropoxide and

acetic acid" and described in chapter 7. The as recejv&thOs and alumina nanofibers
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were transformed t6-Al,0O3; which has better high temperature properties hgiréag at
1050 °C2 ¢-Al,0; was found to be stable in SCW. On the other haAthOs was found
to be dissolved in SCW. It may be due the defattzystalline structure gkAl,03%. 6-
Al,O3 has monoclinic symmetry in catalyst strucfarén addition, converting -Al,O3 to
0-Al,O3 pore size increased which allows better impregnatf active metals, and
penetration of bulky intermediate products formgd SICWG. The synthesis process
includes two steps: (i) modification of the supp@®l,O; with LapO3 followed by (ii)
nickel loading, or reversed when studying ordeaddition. The solutions were prepared
by dissolving (Ni(NQ)»'6 H,O or La(NQ)s'6 H,O) salts in de-ionized watet30 vol%

of pore volume of suppoft-Al,O; was used to prepare the nitrate solutions. Duttieg
impregnation step, the nitrate solutions were shieed to theéd-Al,O3 with continuous
mixing. After impregnation, the resultant samples wereddswly (0.5 °C/min) and
then treated with NgHH,O vapor as described previouSty® to convert the metal salt
anion to ammonium salt. The M#,O vapor treated sample was dried to 120 °C at a
rate 1°C/min and then to 250 °C at a rate 1.5 °@Ami one hour. This thermal treatment
also helped to remove ammonium salts by sublimatkinally, the catalysts were
reduced using hydrogen (5% by volume) in nitrogAnblock diagram showing the

sequence of catalyst synthesis steps is given below
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Figure 4.1: Block diagram of catalyst synthesis.

4.2.1.2 Sol-gel technique

In the second approach for catalyst synthesis, rdguired amount of aluminum
isopropoxide ( i.e. 20 gm for synthesizing 5 gntafalyst) dispersed in isopropanol (80
ml) was placed in a 250 ml flask and the resultantture was kept under vigorous
stirring at 75°C for one hour. To the cloudy saB énl of 1M nitric acid was added for
peptization (the process responsible for the foiemaof stable dispersion of colloidal
particles) and the sol was refluxed with stirring7&°C for 1 h to obtain clear sol. Here
acetic acid was used as the polycondensation dgerglow hydrolysis of aluminum
isopropoxide. An appropriate amount of lanthanurtrate and nickel nitrate were
dissolved in isopropanol and the individual solnsowere then added to the clear
boehmite sol at 15 minutes intervals, with the itesti mixture refluxed at 75°C for 1 h

with vigorous stirring. The transparent sol turrtedolive green upon addition of the
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nickel solution and sudden gelation was observdok Jol was kept for three days at
room temperature in a sealed flask for aging. Afiging, the resultant gel was washed
with acetone to remove any traces of water, néaid, etc. This washed gel was dried in
scCQ at 4000 psi and 60 °C to remove unreacted acidhalcand ester from the gel

formation. The rate of venting GQvasapproximately 0.2ml/min to prevent collapse of
nano-stuctured morphology. At the end of dryingposous aerogel was obtained which
was calcined to 200 °C in air at a rate of°C/Anin to prevent the collapse of porous
structure keeping the high surface area. The dtalyere then reduced using hydrogen

(5% by volume) in nitrogen at 600 °C.

4.2.2 Catalyst Activity Tests in Supercritical Wate

The activity of the synthesized catalysts was distadd using a 600 ml batch autoclave
reactor constructed from Hastelloy C-276, equippaith 1.5 kW electric furnace for

heating (Autoclave Engineers, Erie, Penn., USAJexcribed in the last chapter. Briefly,
in a typical experiment the required amount of lgatawas loaded along with 70 ml of
deionized water which were injected into the rectanich was finally purged with He

for 10 minutes. The reactor was then pressurize@.7d1Pa with helium in order to

prevent water evaporation and then heated to 500Ni@ the increase of temperature
the reactor pressure increased to about 28 MPa@t°6. The required amount of
glucose solution was then pumped into the readimgua syringe pump (Isco Model 100
DX, Lincoln NE, USA). The initial reaction timegftwas started upon injection of the
feed into the reactor. The oxidation agenOklwas injected after 15 minutes of reaction
time with the syringe pump to facilitate partialidation of the reaction intermediates.

After 30 min reaction time, the products were cdalewn to ambient temperature using
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a double pipe heat exchanger and separated bylajgasseparator operating by sudden
expansion (from 0.635 inner diameter of stainlegsetto 3 liter volume vessel). The
product gas was then passed through a 2 micr@mn fdtremove any remaining moisture
and passed through an OMEGA mass flow meter (FMBOAIBO0O series 0-2 L/min,
Laval, Quebec, Canada). The product gases werecthilatted in a 3L volume Tedlar

gas sampling bag for subsequent analysis.
4.2.3 Products Analysis

To determine the percent of gasification and hydrogield, the product gases were
analyzed by gas chromatography (Shimadzu, GC-2@&#)g a 120/80 D Hayesep
stainless steel Nickel packed column (Grace Daviplgoth dimensions of 6.2 m x 3.18
mm, a thermal conductivity detector (TCD) and halias the carrier gas. The gas yield,
and carbon gasification efficiency (CGE), were gkdted as shown in equations 4.7 and
4.8, as reported by Yu efal

yield = mol of gasprogluced 4.7)
molof glucosein feed

molcarbonin produced
molcarbonin feed

CGE=

X 100% (4.8)

The liquid effluents from the SCWG experiments warelyzed to measure the Total
Organic Carbon (TOC) content using a TOC-VCPH (Stdru Instruments). The TOC
decomposition X, was used to evaluate the extedeodmposition, as defined by:

[TOC],

TOCdecomposion, X =1-
[TOC],

(4.9)

where [TOC]} is the initial TOC and [TOG]is the residual TOC after reaction.
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4.3 Results and Discussion

In this study the synthesis and comparative perdmge of Nip-Al,O; and Ni-Labh-

Al,O3 catalysts were investigated for the productionhgdirogen from glucose using

supercritical water gasification (SCWG). The effeftLa,O3 for promoting hydrogen

yield and reducing the methanation activity wasdigid. The reaction mechanism is

described.

4.3.1 BET Surface area, Pore size, Pore volume

The surface area, average pore diameter and pduenef the prepared catalysts are

summarized in Table 4.1 using BET method.

Table 4.1. Physical properties of the synthesizedtalysts.

Catalysts (rSnBZZ) apr?;()e (c¥ /Ogr]em)
A 0-alumina pellets (commercial) 57 17.4 0.248§
B 7.5wt%Ni/0-alumina 51 14.0 0.179
C 11wt%Ni/0-alumina 49 13.8 0.154
D 18wt% Ni/6-alumina 46 10.2 0.118
E 3.5wt% La0s/0-alumina 60 15.9 0.237
F 7wt% La0Os/0-alumina 50 11.4 0.143
G 3.5wt% La0;-18wt% Ni/f-alumina 48 12.9 0.154
H 3.5wt% La03-18wt% Ni/6-alumina* 46 6.8 0.078
I 3.5wt% La0s-18wt% Ni/6-alumina (crushed) 44 17.8 0.202
J 3.5wt% La03-18wt% Ni/6-alumina nanofiber | 101 15.0 0.373
K Nano struct:ﬁrorl] is;].:\/(vst?_ggej-mwt% Ni- 339 4.2 0.381

Sger = BET surface area; Jae Adsoption average pore diameter (4V/A)od=
Single-point adsorption total pore volume per gramlLa,Oz; impregnated after Ni

loading. All catalysts were reduced at 600 °C.
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After nickel loading the surface areagf9, average pore diameter o), and pore
volume (Myore Of the catalysts decreased (Catalyst A to D)eRuocking by the nickel
species is believed to be mainly responsible fa&r tbduced surface area and pore

volume.

Contrary to Ni loading, it is interesting to seaitlafter LaO; loading on alumina the
surface area was slightly increased (catalyst E peoed to unloaded alumina A)
indicating that LaO3 was primarily deposited on the outer surface efalumina support.
The large diameter of the ffaions hinders diffusion into the alumina pores asd
subsequently dispersed as a monolayer on the ttipedfalumina surfacé. However,
increasing the amount of lanthanum to 7wt% ontgOAl(catalyst F) also decreased the

surface area and pore volume attributed to block&g®er-crystalline pores.

When depositing the same amount (3.5 wt%) of Laatumina before Ni loading
(catalyst G) a higher surface area, pore diametérmpare volume were found compared
to La loaded after Ni loading (catalyst H). Thisidze attributed to La being deposited on

active nickel on top of the catalyst surface.

The Nano catalysts showed significantly higher azefareas. Sol-gel derived catalysts
showed the highest surface area with smallest gegrare size (micro pores) among the
catalysts evaluated. Formation of microporous ndgiwoay be the reason for the high
surface area. Another reason is that the sol-geletecatalyst support was not converted
to 0-Al,0O3 like the other catalyst supports, as all the nsetald support were mixed

together during synthesis. The nanofiber catalgsisphase of the support showed much

higher surface areas than the commercial catatystee same phase.
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4.3.2 Catalysts evaluation

In the last chapter, gasification followed by palrbxidation at 15 minutes reaction time
was found beneficial for the higher hydrogen prdaiuncand organic carbon destruction.
Within the reactor limitation at a reaction time3tf minutes and temperature of 500 °C,
oxygen to carbon molar ratios (MR) 0.8 was foundimpm towards hydrogen
production. In this investigation, the catalytidiaity of both plain Ni and La modified
Ni on 0-Al,0O;3 catalysts was analyzed with and without oxidantimbatch autoclave
reactor using glucose as the biomass model compoifiebn oxidant was applied,
MR(carbon to oxygen molar ratio) 0.8 at 15 minutegction time was used for partial

oxidation of unconverted organic compounds.
4.3.2.1 Effects of types of catalysts

Figure 4.2 displays the product gas yield datather three different Ni loadings di

Al,O; catalysts used in the gasification of glucose @S One can see from Figure 4.2
that with the variation of nickel loading from 7t& 18wt%, the hydrogen and carbon
monoxide yields were not affected significantly.eTiydrogen to carbon monoxide ratio
is around 1:2, which can be considered a poor syr@f#o. For production of methanol
or diesel (Fischer-Tropsch), the syngas ratio (bgdn:carbon monoxide) should be

higher than 2:1 (equations 4.10 and 4.11).

Methanol synthesisCO+2H, 0 #%*_, CH,OH (4.10)

Fischer-TropscltCO+2H, O B, -CH, -+ H,0 (4.11)
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As also shown in Figure 4.2, the CO yield remainsoat constant while the formation of
methane increased and the formation of carbon déorliecreased for Ni loading 11 to
18wt%. Enhancement of the methanation reaction ©@f ®With an increased amount of
nickel has been considered to be responsible feriticreased methane and decreased
CO, formation. This observation is consistent with tésults reported by Youssef ef’al
using 7 to 18wt% Ni on alumina catalysts under ksimreaction conditions. Loosely
bonded nickel on the alumina support deposited kgess nickel loading may be
responsible for this methanation reaction. As theth@anation reaction consumes
hydrogen produced from the gasification reactitwe, hydrogen yield would be higher

with increased Ni loading if this methanation réactcould be restrained.
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Figure 4.2: Effect of Ni loading on theta alumina pllets on gaseous product where,
B) 7.5wt%Ni/0 Al,O3, C) 11wt%Ni/0 Al,O3, D) 18wt%Ni/6 Al,O3 T= 500 °C,
MR=0.8, t=30 min, P=28MPa, Feed= 0.25M Glucose.
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To further examine the role of lanthanum on theegas products, L&; on alumina

catalysts were also evaluated under the same oaacbnditions. From Figure 4.3, it is
observed that lanthanum on alumina (cat. E and Faincreased the hydrogen and
carbon dioxide yield and decreased the carbon mdeo’nd methane formation
significantly compared to nickel on alumina (caj. Dhis result confirms that lanthanum

oxide acts as co-catalyst rather than promoteCWS.
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Figure 4.3: Effect of Ni, LaxO3 and Ni-La,O3 on theta alumina pellets on gaseous
product where, D) 18wt%Ni/0 Al,O3;, E) 3.5wt% LayO3/0 Al,O3, F) 7 wt% La,03 /0
Al,03, G) 18wt%Ni -3.5wt% La 03 /0 Al,0O3(La,O3 impregnated before Ni loading),

G*) 18wt%NiO -3.5wt% La ,03 /0 Al,O3 (oxidized at 500 °C before reaction) , H)
18wt%Ni -3.5wt% La 03 /0 Al,O3 (La,O3 impregnated after Ni loading ); T= 500 °C,

MR=0.8, t=30 min, P=28MPa, Feed= 0.25M Glucose, Gdyst= 1.0gm.

85



With an increased loading of lanthanum oxide (€3t. the hydrogen yield was not
affected compared to catalyst E (lower La loadimg)ile the carbon monoxide formation
decreases and the carbon dioxide formation incsed$es observation can be attributed
to oxidation of CO, whose concentration was sligh#creased with an excess loading of
lanthanum. Comparing catalyst D with catalysts B Bpna higher hydrogen yield with
corresponding lower carbon monoxide formation isesbed and attributed to lanthanum
as a co-catalyst of the WGS reaction, which consucaebon monoxide. The observed
lower yield of methane and higher yield of £@ith La on alumina can be attributed to

the inhibition of the methanation reaction and potion of the WGS reaction by La.

The loading of 18wt% nickel on La modified aluminatalyst (cat. G) increased the
hydrogen yield 25 mol% compared to catalyst E amahdF 65mol% compared to catalyst
D (Figure 4.3). Comparing catalyst D (18wt%Np@) with catalyst G (18wt%Ni-
3.5wt% LaO04/Al,03), the methane formation decreased approximatatyoBid with La
adsorption (Figure 4.3). The formation of metharas vapproximately similar to that
found by La/AbO; catalysts. From the reported restitit is hypothesized that the 1Gs
acted as an adsorbent which selectively adsorbisocadioxidé®. As a result, the
methanation reaction (Equation 5) was significantipimized, hence the lower methane
formation. Like catalysts E and F, lanthanum medifalumina even after loading 18wt%
nickel (cat. G) reduces the formation of carbon made (Figure 4.3) while increasing
CO, and H indicating the promotion of the WGS reaction (e¢gua4.2). Therefore,
using the La with 18wt% nickel loaded catalyst (¢a}, the hydrogen production was
considerably enhanced. At the investigated readBamperature (500 °C), the hydrogen

yield with 18wt% Ni on lanthanum modified aluminapport (cat. G) is significantly
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higher than that reported previously for glucossifgation in SCW with or without

catalysts® ™ 7> %

It is seen that methanation of carbon dioxide sdregned even in the presence of higher
amounts of nickel on the catalyst (Cat. G). Lantibanmpregnation before and after
nickel loading also significantly affected the gaise product yields. When comparing the
effects of the sequence of A loading, lanthanum oxide loading before (cat. @)l a
after (cat. H) Ni loading, from Figure 4.3 it isesethat lanthanum loading before nickel
loading enhances the hydrogen yield, while the @anmonoxide is lowered by about
60mol%. Even the methane formation in catalyst @ ik loaded before Ni loading) is
lower compared to catalyst H (La is loaded aftedddiding). The results indicate that
La,O3 blocked some active nickel species when lanthawasiloaded after nickel on the
alumina support. La molecule has much larger din Ni molecule; therefore if Ni is

loaded after La, free space of La still remainadbas catalyst active sites for SCWG.

The oxidized catalyst (by oxidation of catalystdsG*) shows about 50% less hydrogen
production with a reduction of carbon oxides intiimg less gasification. This result

indicates that the reduced catalysts are moreeatiian the oxidized catalysts.

From the above discussion, catalyst G (18wt%Ni-8bka,04/0-Al,03) shows the best
performance among the evaluated catalysts for lgairgoroduction with a very good
syngas (hydrogen to carbon monoxide) ratio slighijher than 2, which can be used as
a low emission fuel source and is suitable for lsgtit diesel and methanol production.
Catalyst G is used for further study to investigtite effect of size, oxidant, reaction

time, temperature, and feed concentration.
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The liquid effluents from the SCWG experiments ttiat not gasify were measured by

TOC analysis. Figure 4.4 shows the carbon gasificagfficiency (CGE), and TOC

destruction of the evaluated catalysts.
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Figure 4.4: Effect of Ni, LaaO3 and Ni-La,O3 on carbon gasification efficiency and
TOC destruction where, D) 18wt%Ni® Al,O3, E) 3.5wt% La,O3 /0 Al,O3, F) 7 wt%
La 03 /0 Al,O3, G) 18wt%Ni -3.5wt% La O3 /0 Al,03(La,O3 impregnated before Ni

loading), G*) 18wt%NiO -3.5wt% La 03 /0 Al,O3 (oxidized at 500 °C before
reaction) , H) 18wt%Ni -3.5wt% La,O3 /0 Al,O3 (La,O3 impregnated after Ni
loading ); T= 500 °C, MR=0.8, t=30 min, P=28MPa, Qalysts=1.0gm, Feed= 0.25M
Glucose.

It is seen that up to 91% of TOC decomposition wlaigined using the studied catalysts.
High CGE and TOC conversion are due to further atkich of intermediate products by
hydrogen peroxide after 15 minutes SCWG reactionglocose. 97to 98% carbon
gasification efficiency is achievable with Ni and INaded catalysts (cat. D, G, H) while

lanthanum shows comparatively lower carbon gagiboaefficiency (cat. E and F) and
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TOC conversion. The highest TOC decomposition waseved with 18wt%Ni loaded

on 3.5wt% lanthanum modified alumina (cat. G) (fFegd.4).
4.3.2.2 Effects of catalyst size

To evaluate the catalyst particle size on gas yelgeriments with catalyst G (average
size 3 mm), grinded powder of catalyst G (average 8.1-0.3 mm), and nano catalysts
(Ni-La impregnated on nano alumina fibers, avergalyst support size 0.5-1uén*') at
500 °C and 28MPa for 30 minutes were conducted owithusing oxident. For
comparison, direct sol-gel prepared nano aerodalyst was also investigated. All of the

catalysts evaluated were La modified NiB4.

l 2000 - 3000 uym 100 - 300 pm
4.5/ [@0.5-1.0 ym (nano fiber) B Sol-gel derived nano netwrok
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|

N w
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| | |
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| | |

Hydrogen Carbon Methane Carbon Dioxide
Monoxide

Figure 4.5: Effect of catalysts (Ni-LaO3/Al,03) size on gaseous products. T= 500 °C,
t=30 min, P=28MPa, MR=0.0, Feed= 0.25M Glucose, Gdyst 1.0 gm.
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From Figure 4.5 it is seen that the hydrogen yietdeased with decreasing catalyst size.
The nano catalyst showed the highest yield whigepéllet size (approx. 3 mm) showed
the lowest activity. Carbon monoxide and metharso alecreased with decreasing
catalysts size. This phenomenon can be explaineahbgcreased number of active sites
available by exposing blocked pores (created byahmetpregnation) for reactions with
the smaller particles compared to larger partichasother reason may be due to coarse
catalysts may poses some mass transfer limitalonng the study of catalytic phenol
oxidation in supercritical water, Oshima et®&lshowed that external mass transfer
resistance was negligible for small size catalysigze 0.18-0.25 mm), however larger
size catalysts posed some mass transfer resistdooee bulky intermediate products of
SCWG may not be able to use micropores of coatger catalysts. One dimensional
nanofibers can overcome these problems by expasinigher surface area and higher
dispersion of active metals on the surface. It wasviously discussed that lanthanum
increased the water gas shift reaction and retatdedmethanation reaction. Nano
aerogel catalysts using direct metals loading thinothe sol-gel technique showed a
comparatively higher hydrogen yield compared torseaheterogeneous catalysts but
lower hydrogen production compared to the fibroahan catalysts. Sol-gel derived
catalysts showed a higher CO and Qitbduction compared to other catalysts. Low,CO
with high CO production by the sol-gel derived &gt is attributed to lowering the
water gas shift (WGS) reaction, i.e. La might nontcibutes to enhance the WGS
reaction like impregnated catalysts and thus redudnydrogen production. This
phenomenon can be attributed to the formation ef&NAI-O network by direct addition

of metal salt during synthesis of the sol-gel nesctUnlike the impregnation method,
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where metals are deposited on the support, indhged process, metals are incorporated
with the supports. Kaddouri et al. found Ni-La-Ss@stem during synthesizing Ni-La on
silica by a sol-gel process via propiondfedt was previously shown that oxidized
catalyst has a lower activity towards hydrogen pobidn (Figure 4.3; cat G*). However,
the nano catalysts showed a much higher perform@anweards hydrogen selectivity (Fig.

4.3) compared to the conventional impregnated ystsl

The effect of the particle size on total organicboa (TOC) conversion and carbon

gasification efficiency (CGE) are shown in Figuré.4
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Figure 4.6: Effect of catalysts (Ni-LaO3/Al,03) size on TOC conversion and CGE;
T=500 °C, t=30 min, P=28MPa, MR=0.0, Feed= 0.25MI@&o0se, Catalyst 1.0 gm
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TOC conversion and carbon gasification efficienngréased with decreased catalyst
sizw i.e. increased surface area. TOC conversidncarbon gasification efficiency over
80% was achieved using the nano catalysts. Thegg&8agbrepared catalysts showed the
best performance in terms of TOC conversion and CBE from Figure 4.5 it is seen
that hydrogen production is less using the solggepared catalyst than that using the
nanofiber catalysts. This can be explained thdioalyh carbon gasification was higher
(high yield of CO and CkJ using the sol-gel derived catalysts, the WGStreaavas not
enhanced by La in comparison to nanofiber catalyidts phenomenon can be attributed
to incorporation of metals (especially La) with ghgport during synthesis using the sol-

gel process.

4.3.2.3 Effects of Oxidant

For comparison purposes, gasification and partidiasion (oxidant introduced at 15
minutes reaction time) of glucose in SCW was cotetliovith crushed catalyst G
(18wt%Ni-3.5wt%La0s/0Al,03). Figure 4.7 shows the effect on the gaseous ptodu

yields.

Interestingly it is seen that both,ldnd CH production are higher in the gasification
process than that with partial oxidation. Howevsydoction of CQ is much higher in
the partial oxidation process. This may be explhias the direct oxidation of some
carboneous products to @@ccurs instead of producing CO which could undetfgn
WGS reaction producing Hand CQ. Oxidation of carboneous products also limits
conversion to methane by decomposition of any inéeliate products. Some direct

conversion of CO to C£by oxidation may also happen that reduces the \{&g8ation
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4.2) and the methanation reaction (equation 4.8}@f On the other hand in gasification
both the WGS and methanation of CO took place. &leee the possible reasons for

lower production of Hand CH and higher production of Gy oxidation compared to

gasification.
6
W Gasification
O Oxidation [
5 _

Gas yield (mol/mol-feed)
w

, |

H2 0] CH4 CO2

Figure 4.7: Effect of oxidant on gaseous product€atalyst 18wt%Ni-
3.5wt%La»03/0Al,03, size: 0.1-0.3 mm, amount =1.0 gm, T=500 °C, P=28M,
Feed= 0.25M glucose.

Figure 4.8 provides a comparison of TOC conversaod CGE for gasification and

partial oxidation. It is seen that both TOC dedinrc and CGE increased slightly by
using oxidant. The oxidant helps to gasify carbarseproducts to carbon oxides mostly
to CQ, as confirmed by gaseous yields (Figure 4.7). Fiteengaseous products it is seen

that using oxidant production of;tnd CH decreased although here we observed both
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TOC destruction efficiency and CGE increased sigaiftly. This raises the question of
where the excess hydrogen goes to. One possiblaratn is that some water is
formed through oxidation instead of steam reformM{GS and methanation reactions
(equations 4.1 to 4.4) which could be responsittedduction of Hand CH as follows:

CeH1206 + 60, —#6 CO, + 6H,0 (4.12)
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Figure 4.8: Effect of oxidant on TOC conversion andCGE. Catalyst 18wt%Ni-
3.5wt%La»03/0Al,03, size: 0.1-0.3 mm, amount =1.0 gm, T=500 °C, P=28M,
Feed= 0.25M glucose.

4.3.2.4 Effect of Residence Time and Temperature

As seen from the previous section using catalyst (Gushed 18wt%Ni-
3.5wt%La03/0Al,0s3), partial oxidation produced less hydrogen; hesagl the same

catalyst, we examine the effect of reaction time &mperature on the gaseous and
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liquid productswvithout using oxidant. Figure 4.9 shows the timd &amperature effects

on the gaseous products formed during SCWG of gkicdncreasing reaction time

increases the hydrogen production (Figure 4.9 Ajlaxcarbon monoxide decreases with

time (Figure 4.9 B).
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Figure 4.9: Effect of time and temperature on gasess products. Catalyst size: 0.1-

0.3 mm, amount =1 gm, P=28MPa, Feed= 0.25M Glucose.

Reduction of carbon monoxide yield with increasmglrogen can be attributed to the

water gas shift reaction, shown by equation 4.2nFrthis observation, it can be

hypothesized that at the initial stage of the ieacfup to 10 minutes) intermediate tar

decomposition to CO dominates the WGS reaction©f KMethane and carbon dioxides

also increase with time and temperature. There bsagome methanation reaction of
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carbon oxides and some methane coming from thedasn of intermediate liquid

products with increasing time and temperature.

Figure 4.10 shows that increasing reaction time terdperature leads to the TOC
conversion and CGE increasing i.e. the gaseousuptedncreased due to a higher

conversion of the liquid intermediates.
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Figure 4.10: Effect of time and temperature on TOQzonversion and CGE. a) TOC
conversion, b) CGE. Catalyst size: 0.1-0.3 mm, amou=1 gm, P=28MPa, Feed=
0.25M Glucose.

To further study the effect of reaction time, thenperature was fixed at 500 °C, and the
reaction time was increased to 60 and 120 mindtes.hydrogen yield starts decreasing
at 60 minutes and 120 minutes (Figure 4.11). lintsresting that both hydrogen and
carbon monoxide decreased at higher reaction twigle methane and carbon dioxides
increased. This observation may be explained dsthetwater gas shift and methanation

reactions of carbon monoxide (reaction 4.2 and Happened at higher reaction times.

Combination of equations 4.2 and 4.3 gives (WGSraathanation reactions)

2CO + 2H 5 CO, + CHy (4.13)
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Equation 4.13 can explain the reason for reduaifo@O and H with an increase of CO

and CH.

From Figure 4.11 it is also seen that both the T@®@@version and CGE increases with
reaction time. TOC conversion reached almost 90%ev2GE reached over 96% due to

increased gasification.
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Figure 4.11: Effect of time and temperature on gaseis products and TOC
conversion and CGE. Catalyst size: 0.1-0.3 mm, amot=1 gm, MR=0.0, T=500 °C,
P=28MPa, Feed= 0.25M Glucose.

4.3.2.5 Effect of Feed Concentration

Figure 4.12 shows the effect of feed concentrabonthe gaseous products and TOC
conversion and carbon gasification efficiency usiogished catalyst G (crushed

18wt%Ni-3.5wt%La05/0Al,03) without oxidant. It is seen that higher concetibres
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lower the hydrogen and carbon dioxide yield, wholdy a slight increase of carbon
monoxide and methane production is observed. Simelsults were found by Kirsten et
al®®. A thermodynamic analysis by Yan et‘ahlso showed a similar tendency. The TOC
conversion and carbon gasification efficiency baewduced with increased concentration
is attributed to a lower gasification of organicrgmounds occurring. From the above
observations it is clear that low concentrationhwiicreased time and temperature is

favorable for the production of hydrogen and highesification yields.
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Figure 4.12: Effect of feed concentration on gasesiproducts and TOC conversion
and CGE. Catalyst size: 0.1-0.3 mm, amount =1 gm, R&0.0, T=500 °C, P=28MPa.
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4.3.2.6 Effects of TOC destruction on gaseous yield

Destruction of TOC affects the yield of gaseousdpats. For a better understanding of
the performance of catalysts, high concentratectogle corresponding to low TOC

conversion was studied. The TOC conversion wasddor the different catalysts with

the same feed concentration. Figure 4.13 showstligaigas yields with 18wt% NV

Al,O3 (cat. D), 3.5wt%Lg03/6-Al 03 (cat. E) and 18wt%Ni-3.5wt% L84/ 6-Al,0O3 (cat.
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Figure 4.13: Effect of TOC destruction on gaseousrpducts. D) 18wt%Ni/0 Al,O3,
E) 3.5wt% Lay03 /0 Al,03G) 18wt%Ni -3.5wt% La,O3 /0 Al,O3; T=500 °C,
MR=0.8, t=30 min, P=28MPa, Feed= 0.25M Glucose.
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In all cases the 18wt%Ni-3.5wt%4@s/ 0-Al,O;3(cat. G) shows the best performance in
terms of hydrogen yield. CO increases with TOC mdesion using Ni/A}O3 catalyst (cat.

D) whereas with the lanthanum and lanthanum matigegalysts (Cat. E and G), the CO
yield decreased. This phenomenon is described éywidter gas shift reaction being

boosted by lanthanum.

Using LaOs/ Al,O3 (cat. E), and Ni-L#03/ Al,Os (cat. G), CH formation was barely

affected; while using Ni/ AD; catalyst (cat. D), the CHormation was increased
significantly with increased TOC conversion. Lowsidrogen and carbon dioxide were
formed using catalyst D compared to catalysts E @ndhis observation confirms that
the carbon dioxide methanation reaction was enlthoseng the plain Ni catalyst and

resisting this reaction by adsorption with lanthanu
4.3.3 Mechanistic Elucidation and Reaction Mechanm

The reaction pathways for dissociation of glucosesupercritical water have been
described in detail elsewhéfe®’ In the supercritical region, the ion product igHher
than that in ambient water, providing hydroxyl grdhonium ions to catalyze reactions
such as hydrolysis and water eliminations as welearrangements Water elimination
may also occur via a free-radical reaction pathwlye carbon-—carbon scission is a
typical free-radical reaction. Cortright et ®Alreported the mechanism of C-C, C-O
cleavage and dehydration, dehydrogenation and fggdiadion of biomass reforming in
the presence of metal catalyst in liquid water. étran thirty intermediate products in
liquid were reported through glucose gasificationsupercritical water> >* From our

evaluation results, it is seen that TOC reducede®GE increases with time. Therefore

100



it can be hypothesized that glucose is first broklewn into several water-soluble
intermediates, which later undergo steam-reformmegctions to produce gaseous
products.

Glucose— water-soluble intermediate gases

Let us consider the ideal case, glucose gasificatiosupercritical water should follow
equation 4.14.

CeH1205 + 6H,O0— 6 CO+ 12 H, (4.14)

However, if SCWG of glucose solely followed reant#.19, the molar ratio of CHCO,
and H/CO, would become 0:6 and 2:1 respectively. Moreovss, gresence of methane
is significant, between 7 to 14 mol%, increasinghwime suggesting decomposition of
glucose to methane via intermediate products. Aeroffossibility is methanation of
carbon oxides (equation 4.3 and 4.4). If metharferimed only by the methanation, the
reaction tendency of carbon oxides and hydrogenldvdne decreased. From our
evaluation and reported results, £k observed even at the lowest reaction time.
Therefore methane may form via thermal decompasitb glucose and intermediate
products. In addition, a high concentration of wdielps drive the methanation reactions
(equation 4.3 and 4.4) in the reverse directionréduer, it is seen that the lanthnanum

modified catalyst retarded the methanation readsention 4.3.2.1).

Therefore, the thermal decomposition of glucosebmawritten as follows:

C,H,,0, [ - 4CO+CO, +CH, +4H, (4.15)

CO further undergoes the WGS reaction to produdéiadal H, and CQ.

4CO + 4HO S 4CO, + 4H, (4.2)
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The high excess of water may help drive the WGS8 stmction in the forward direction
i.e. not limited by chemical equilibrium. In additi, La enhances the WGS reaction. The

resultant stoichiometric equation from combinindl®) and (4.2) should be:

C,H,,0, +4H,00F*"_, 5CO, + CH, +8H, (4.16)

If all glucose molecules fed were converted by tieaction, the molar ratio of G,
and CH/H, would be 0.625:1 and 0.125: 1 respectively. Frbenaxperimental results at
500 °C (Figure 4.9) it is seen that &8, varied with time from 0.65:1 to 1.5:1,
attributing that H is formed less than the assumed reaction (equdtits). If the WGS
reaction is the main source of gQhe molar ratio of C&@H, would be the same
(equation 4.2). However, a significant reductionCéd/H, ratio with time from 0.88:1 to
0.03:1(Figure 4.9) confirms the major role of WG H, production. The presence of
CO also helps prove that the entire CO did nota@the WGS reaction. Therefore the

equation 4.16 can be rewritten as follows:

C.H,,0, +3H,0 0B, CO+4CO, +CH, + 7H, (4.17)

From equation 4.17, the molar ratio of &€y and CH/H, are 0.57:1 and 0.14: 1
respectively. The experimental results of the R and CH/H, ratios are only a little
higher than the proposed reaction (equation 4.i#)eabeginning while increasing with
time. On the other hand, the experimental/Et molar ratio at 500 °C varied with time
from 0.2:1 to 0.4:1, attributing formation of GHs higher than the proposed reaction
(equation 4.16). Increasing the ratio of methankytdrogen indicates that some methane
is also coming from the methanation reactions (egos 4.3 and 4.4). Therefore it can

be hypothesized that the initial gasification reactof glucose followed equation 4.17.
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However decomposition of intermediate products &iqu 4.6), WGS (equation 4.2),
and methanation reactions (equations 4.3 and 4e4t@mpetitively taking place in the

reaction system at the conditions investigatethéndurrent system.

4.4 Conclusions

The hydrogen vyield during supercritical water gaation of glucose was found to
increase with lanthanum modified nickel on alumireierogeneous catalyst. This was
attributed to retardation of the methanation resctf carbon dioxide and by promoting
the water gas shift reaction. Adsorption of carldosxide, one of the main products of
SCWG/SCWO reaction, by lanthanum oxide is ascrifgdthe shift of the reaction
equilibrium, thus enhancing hydrogen productionséwgbtion of lanthanum before nickel
loading on the support was found more active towérgtrogen production. Gasification
of glucose was found to produce more hydrogen tpartial oxidation using the
lanthanum modified catalysts. However, the totglaoic carbon conversion and carbon
gasification efficiency increased significantly kvéddition of oxidant. The reason for the
lower hydrogen production is explained as a di@dtation of carbon monoxide to
carbon dioxide which otherwise can participatehia water gas shift reaction for further

hydrogen vyield.

Decomposition of TOC can be increased by nickedilog on lanthanum modified
alumina. However, excess lanthanum did not increasehydrogen yield and TOC
decomposition. Increasing the reaction time in@sathe hydrogen yield and TOC
destruction. One important finding is that use 8WioNi/ 8-Al,O3; produces methane

rich gas whereas after adsorption, La produces dggir rich gaseous products.
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Additionally, syngas ratio (HCO) of 18wt%Ni/0Al,O5 is 1:2 whereas addition of La
changes the ratio ¢£CO) to 2:1; an ideal ratio for production of maxtiol (CO + 2H —

CH3OH), and synthetic fuel.

Another finding is that the smaller the catalygiesithe higher the hydrogen production,
carbon gasification efficiency and TOC destructidfano catalysts showed higher
activity compared to coarser heterogeneous casalyistreased active sites, i.e. active
metal dispersion were attributed to these increas#ilities. Sol-gel derived aerogel
catalyst where metals were loaded directly was douary active towards hydrogen
production and TOC destruction. However, hydrogeodpction with sol-gel derived
catalyst was comparatively less than metals loadad nanofiber catalysts. This
phenomenon was attributed to incorporation of acthetals with alumina main structure
forming Ni-La-Al-O network by the sol-gel derivedqgeess. Although integration of Ni
with main Al-structure by this method showed vepod activity towards gasification,
unlike impregnated catalysts the desired WGS reaetias not enhanced by incorporated

La.
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Chapter 5

Characterization of fresh and spent Ni based catasts used for

supercritical water gasification.

In this chapter synthesized fresh and spent Nisbaatalysts were characterized in order
to gain a better understanding of the catalysts iro supercritical water gasification. The
evaluation results found in chapter 3 and 4 mogidats to characterize catalysts in detalil
for future commercial SCWG use. Part of this chageaeproduced from the submitted
article by the author: Characterization of nickaséd catalysts used in supercritical water

gasification of glucose with permission from Appli€atalysis A: General; Elsevier Ltd

5.1 Introduction

Energy shortages and environmental pollution ai@ mvajor concerns for a sustainable
future. Among many options, gasification of wasteniass for the production of
hydrogen, as a renewable and green alternativeggrseiurce has received significant
attention recently. Gasification of biomass in supgcal water (SCW) offers an
attractive alternative to avoid the energy inteasdrying process. In this approach,
biomass is hydrolyzed by water into smaller molesuin the presence of a suitable
catalyst. SCW exists at temperatures and presabmse the critical point of water and is
an innovative solvent to dissolve organic materidany applications of this new
solvent such as oxidation of organic wastes, gadibn of biomass and separation of

metals has been researched with and without cédalyewever the role of the catalyst
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has not been sufficiently addressed. Catalystgptana major role in supercritical water
gasification for the desired yield. A useful caslis normally characterized by a balance
of its activity and stability. However the propegiof SCW are completely different from
ambient water which makes the catalyst behaverdiitéy. In SCW, maintaining catalyst
activity is critical which may become deactivatednf catalyst structure changes, loaded
metals may be agglomerated or transformed, andrdiif types of coke may be formed
on the catalyst surface. A metal oxide may reté&snactive crystalline phase, but the
crystal may coarsen or grow larger under hydrotlaéremvironments. Because crystal
growth normally results in a loss of surface ared activity, it becomes an important

selection criterion for use in SCWG.

One important property of SCW is that there exataost no mass transfer limitation.
Generally, catalytic reactions are mass-transiieitéid due to the high reaction rates, low
diffusion rates, and poor fluid flow characteristicThe high effective diffusion
coefficient of SCW (about 100 times higher thant thiaambient water) diminishes the
chance of any mass-transfer gradient in the catafysrnal surface ardaThe Thiele
modulus, which represents the degree of internglooe diffusion limitation, was shown
to be less than unity for SCW, indicating that pdiféusion limitations do not exist in the
catalyst. Although SCW has very good characteristics, higaspure and temperature

and corrosive nature of SCW rigorously affectsaaglyst’s properties.

Homogeneous materials like alkali catalysts aralibganiscible with water and found
very effective for biomass gasification®. However, alkali catalysts recovery, re-use and

reactor corrosion problems are significant conceuitls these types of catalysts
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Water-insoluble (heterogeneous) catalysts have beesferred by researchers to
minimize unwanted contamination of liquid effluents this regard, heterogeneous
catalysts based on noble metals for SCWG has legemted by Sato et 4. They found
that the activity order is RgAl,O3 > Ru/C > Rh/C > P#Al,03, Pd/C and PgfAl,0s.
However, when one considers the high cost anddumatvailability of noble metals, it is
more practical, from the industrial standpoint evelop low cost transition metal-based
catalyst with high stability and activity. Moreoyealthough Ru showed very good
activity, even a trace amount of S can cause Ralysatpoisoningf. In addition, Pt group
noble metals are prone to methanation of carbodesxin the presence of hydrogen,

which increases with an increase of temperature

Using nickel, a relatively inexpensive metal, Fawa et af® found that carbon and
hydrogen yields increased from 8.3% and 14.1% t@%®2and 46.2% respectively when
0.05 g of 20 wt% Ni/MgO catalyst was added at 400A nickel catalyst was also found
to be favorable for cracking tar molecules and mting the WGS reactiéi When

compared to the available alternative catalystgkeati displays several favorable
attributes including high activity and low cost.ckel also has a high melting point

(1453°C) which is very important for a biomass fieation catalyst.

La,O3 is known to be able to stabilize alumina and caoich metal agglomeratioh
Moreover, La doped Ni/AD; catalysts were found to be very active for inciregs
hydrogen production through retarding the methanatind promoting the water gas shift

reaction in our previous study (chapter 4).
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Recent reviews on previous studies of catalytic S&C@émonstrated the feasibility of
catalytic SCWG and focused on the activity of déf& catalysts, the reaction pathways,
and the probable reaction kinetics mainly basetherproduct distributich*. However,
none of these studies focused on the physical@naal changes of catalysts, interaction
with support, coke deposition on the catalyst sagfar adsorption of any product by the
metals during SCWG and how these changes in tlaystt might correlate with their
activities. Such information would improve our @mt understanding of catalyst
behavior and catalyst deactivation during SCWG @ssmg. Therefore, characterization
of the fresh and spent catalysts is critical ftretter understanding of the catalyst role in

SCW and the reaction mechanism.
5.2 Experimental

The synthesized fresh and spent catalysts use@WG were investigated using various
physiochemical instruments. The characterizatichrigues involved were to determine
if the catalyst experiences any physical or chehtt@nge, interaction with support,
types of coke formation, adsorption of any maindoi to shift the equilibrium

conditions during gasification in supercritical wat The synthesis procedures of

catalysts were described in detail in chapter 4.
5.2.1 Characterization Techniques

The BET (Brunauer-Emmett-Teller) surface area, pore and distribution, and pore
volume were determined from nitrogen adsorption desbrption isotherm data obtained

at 77 K with a constant-volume adsorption apparé@tisromeritics ASAP 2010) using
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N, as the probe gas. The prepared samples were ddgasd50C for 5h before the

nitrogen adsorption experiments.

The catalyst reduction temperature, the availableumt of reduced metal species, and
metal support interaction were assessed usingeimpdrature programmed reduction
(TPR) method. The temperature programmed oxidafid®O) method was applied to
determine the coke deposited on the spent catalyde CO,-temperature programmed
desorption (TPD) was carried out to determine tl@ @dsorption properties of the
synthesized catalysts. All the TPR, TPO, and TPpegments were carried out using a
Micromeritics Autochem 2920. Before TPR measuresiei00-150 mg of the fresh
catalyst was completely oxidized at 750 °C by fllogva stream of gas containing 5% O
in He. For the spent catalysts no pretreatmendxidation was carried out in order to
determine if any carboneous deposition or oxidatibcatalysts happened during SCWG.
The TPR analysis was performed by circulating @astr of gas containing 10 % ldnd
balanced Ar at a rate of 50 mL/min. The temperatuas raised from ambient to 7%D

at a rate of 10C/min. A thermal conductivity detector (TCD) wasedsto record the
change of hydrogen concentration of the gas stiye@ssing through the catalyst sample

for calculating the amount of hydrogen consumedngduthe reduction process.

The amount of reducible species was calculated tr@ramount of hydrogen consumed
during TPR analysis using the following equation:

MW,V
W, = %2'09 (5.1)
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where, W represents the weight of reducible species, \MtWe molecular weight of

nickel, V,,, the volume of hydrogen consumegthe gas molar densigt STP and is

stoichimetric number based on the reaction. Theti@ainvolved can be written as:
NiO + H, — Ni + H,0O (5.2)
where one mole of hydrogen is required to redueerale of nickel. The % of reduction

was thus calculated according to the following eiqgua
W,
% Reduction :W X 100% (5.3)

where, W represents the weight of reducible species, and ihe actual metal amount

in the catalyst.

TPO was carried out subsequent to the TPR expetininflowing a stream of 5% 0
and balanced He gas through the bed of reducelysiadd a rate of 50 mL/min. The bed
temperature was increased from ambient to°Z58t a rate of 1W/min and the TCD
detector analyzed the gas in the exit stream. ¥ TPD analysis, 10%C£and balance
He gas was flowed through the bed of reduced csitaly a rate of 50mL/min; the
temperature was raised at’@dmin to 500C and kept for 30 min, i.e. the typical reaction
temperature and time of supercritical water gasifos. The CQ@ adsorbed catalysts were
then cooled to 60 °C and raised to 900 °C &ClI@in with helium flow to determine
adsorbed C@from the desorption peaks with respect to tempezaffCD analyzed the

exit gas stream.

H, pulse chemisorptions experiments were also coeduatsing a Micromeritics
Autochem 2920 to determine the active metal suréaiea, the percent dispersion and the

active particle size of the nickel crystallites thie alumina support. A stream of Ar gas
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was flowed through a bed of pre-reduced catalyatrate of 50 mL/min. When the argon
flow was stable, a series of hydrogen pulses (1L) were injected into the system at
40°C with the gas leaving the system being analyzed BYCD detector. As hydrogen

gas was adsorbed on the active nickel sites, pgakes created in the TCD reading of the
outlet stream. The hydrogen pulse was discontineeh two consecutive peaks showed

the same area.

The amount of hydrogen chemically adsorbed on thigeasites of the catalyst was used

to calculate the percent dispersion according to:

%D =—— (5.4)

where A is a constant, X is the total hydrogen dserbed, W is the percentage of
weight metal and f is the fraction of reduced methle average crystal sizd,( can be

calculated from the following equation:

y =

P 1

— 5.5
S, %D (5-3)

m
whereg represents the particle shape constgptepresents the average surface area of
metal surface exposed per surface metal atom,Vanepresents the volume of metal

atoms.

Thermogravimetric analysis (TGA) was performed teasure the weight gain due to
oxidation of reduced catalysts, and the weight bhss to oxidation of adsorbed species
(carbon) on the spent catalysts. The analysis vea®nmed using a TGA/SDT A851

instrument at a heating rate of°@Jmin in air.
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Powder X-ray diffraction (XRD) patterns of crusheatalysts were collected to estimate
crystallinities of fresh and used catalysts. A Rigaotating-anode XRD was used
employing Cuky radiation, with monochromation achieved using aved crystal,
diffracted beam, graphite monochrometer. The insémt was operated at 45kV and
160mA, using the normal scan rate of J&r minute (equivalent to 0.3wo-theta on
conventional diffractometers) in theé 2ange from 2 to 82. X-rays were collimated

using T divergent and scatter slits, and a 0.15mm recgisiih.

The crystalline sizes can be calculated using the@er equatiot?:

0.91

dypp=———— 5.6
XRD (,8 _,BO)COSH ( )
where dyq is the volume average diameter of the crystallités the Cu-kKu radiation

(1.79 radian), an{p-fo) is the full width at half maxima of the peak.

The coke deposition on the catalyst surface wasactexrized by Raman spectroscopy

using a Kaiser Optical Systems RXNI-785 with ani@tion wavelength of 785 nm.

The nanostructured morphologies of the sample wabrined from Transmission
Electron Microscopy (TEM) images (Model JEOL 2010Bgfore TEM analysis, the
powdered samples were dispersed in methanol beatm and then placed and dried

by normal evaporation on a copper grid covered wwitley carbon film.
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5.3 Results and Discussion

5.3.1 BET Surface area, Pore size, Pore volume

The surface area, average pore diameter and pammemf the prepared fresh and spent

catalysts are summarized in Table 5.1.

Table 5.1: Physiochemical properties of catalysts:

Cata|yStS &ET Dpore Vpore

(m°/g) (nm) (cm’/gm)
0-alumina 57 17.4 0.248
B 7.5Wt%Ni/0-alumina 51 14.0 0.179
C 11wt%Ni/0-alumina 49 13.8 0.154
. _ Fresh 46 10.2 0.118

D 18wt% Ni/0-alumina*
Spent 31 9.6 0.076
e 3.5Wit% La04/6- Fresh 60 15.9 0.237
alumina Spent 50 9.9 0.125
_ Fresh 50 11.4 0.143

F Twt% LaOs/0-alumina
Spent 45 11.0 0.124
G 3.5Wt% La0s-18Wt% Fresh 48 12.9 0.154
Ni/ 6-alumina Spent 40 9.5 0.091
H 3.5Wt% La0s-18Wt% Fresh 46 6.8 0.078
Ni/ 6-alumina** Spent 36 10.1 0.091
3.5wt% La0s-18wt% Fresh 101 15.0 0.373

J Ni/ 0-alumina

Nano structured Fresh 339 4.2 0.381

K 3.5wt% La03-18wt%
Ni-alumina (sol-gel) Spent 25 7.6 0.051

Seer = BET surface area; Jae= Adsoption average pore diameter (4V/IA)oN=

Single-point adsorption total pore volume per gram.La,Os; impregnated after Ni

loading. * Reference cataly$ts
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After nickel loading the surface area, average pbaeneter, and pore volume of the
catalysts were decreased (Catalyst A to D). Pooekblg by the nickel species is
believed to be mainly responsible for the reduaathse area and pore volume. All the
spent catalysts (after SCWG for 30 mins at 500 AG 28 MPa) also showed lower
surface area, pore volume, and pore diameter tharfresh catalysts. Increasing the
metallic crystallize size by agglomeration durin@€V8G is mainly responsible for

decreased surface area of the spent catalystsjrieerf analyzed later. Deposition of
intermediate products (mainly carbon) during theifgzation reaction on the catalyst
pores is another reason for the reduced pore volantk surface area of the spent

catalysts, (further analyzed later).

Contrary to Ni loading, it is interesting to seaitlafter LaO; loading on alumina the
surface area was slightly increased (catalyst Epemed unloaded alumina A) indicating
that LaO3; was primarily deposited on the outer surface efalumina support. The large
diameter of the LH ions hinders diffusion into the alumina pores @mdubsequently
dispersed as a monolayer on the top oftttedumina surfacé€. However, increasing the
amount of lanthanum to 7wt% onto,8k (catalyst F) also decreased the surface area and

pore volume attributed to blockage of inter-cryigtal pores.

When depositing the same amount (3.5 wt%) of Laatumina before Ni loading

(catalyst G), a higher surface area, pore dianstdrpore volume were found compared
to La loaded after Ni loading (catalyst H). Thisidse attributed to La being deposited on
Ni (catalyst H) hides some active nickel i.e. dases some available Ni on top of the

catalyst surface, as further confirmed by subseig@emperature programmed analysis.
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Exposing nano catalysts to SCW reduced the sudeess and pore volumes drastically.
This may be due to agglomeration, collapse of taeonporous structures, as further

confirmed later.
5.3.2 Temperature Programmed Reduction

In a supported nickel catalyst, the nickel sitesauative in their metallic form. Hence, for
optimum catalyst performance, the catalyst mustréduced, i.e. activated before
exposing to the actual reaction conditions. Theeefthe most important characteristic of
a nickel catalyst that should be first investigaigdts reducibility. In this study, TPR
analysis was carried out in order to determinerdfaeiction temperature, and the amount
of reducible species for the prepared catalystsR TdRaracterization also provides
information to help understand the metal-suppoteractions and the different species
present on the surface of the support. Figure %splals the TPR profiles of the
investigated catalysts and for the La®d reference material synthesized in this study.
Although the synthesized catalysts were oxidized75®°C, they were found to be
reduced completely below 675 °C. It has been prshoreported that high temperature
calcination increases resistance to nickel redoctod calcination of Ni on ADs in air

at 750 °C requires above 800 °C for reducfibn These excellent reduction
characteristics of our catalysts are attributethéoprocedure which includes ammoniacal

treatment, being different from the reported sysisi&".

The reduction profile (Figure 5.1) of both the Ladified and plain nickel on alumina
catalysts show two overlapping peaks between 358ntC700 °C. For all the catalysts,

the maxima of the first peak appeared between &@rfd 500 °C while the second

115



maxima occurred between 600 °C and 650 °C, suggettat two major species of Ni
oxide exist. In the case of a supported nickellgsttathe species reduced above 600 °C
is attributed to NiAJO, '°%. Therefore, the peaks below 600 °C are ascribeNi@,

whereas the peaks 600 °C to 650 °C are due to lNi@rporated with NiAIO,.

High temperature oxidation/reduction reinforces ahemical interactions with the
support, changes the NiO crystallite size, and ripe@tes mobile AT into the NiO

crystallites, resulting in the formation of nicleuminate'®.

2.75

2.7 -
2.65 |
& 26
9]
£
(=]
S 2.55 -
E
c
S
Q 4
2 25
3
[%2]
c
o
© 245
I
2.4 1
2.35 SO a
2.3 T T T T T T
50 150 250 350 450 550 650 750

Temperature (T)

Figure 5.1: TPR profile of a)3.5wt% LaO3/ 0-Al,03 b) 3.5wt% La,03-18% Ni/ 6-
Al,O3 ( La loaded after Ni loading) c) 3.5wt% LaO3-18% Ni/ 0-Al,O3 ( La loaded
before Ni loading), d) 18wt% Ni/0-Al,O3.
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It was previously suggested that small NiO cryg&sl with high dispersion on the
support are reduced at comparatively high temperatindicating that most of the nickel
species are Nit8° Therefore, reduction of the 650 °C species mayNE2 strongly

attached to the support with formation of some Nl

The TPR profile clearly shows that lanthanum hagigile reducibility even when the
catalysts reached 750 °C under hydrogen flow (Eigbrla). When comparing the
effects of the sequence of A loading, the results indicate that,0Oa blocked some
nickel species when lanthanum was loaded afterehiok the alumina support. As a
result, the amount of reducible nickel species ifigantly decreased (Figure 5.1b). On
the other hand, when k@; was loaded before Ni, hydrogen consumption foucédn
of Ni was affected significantly less compared 8wi%Ni loading on alumina (Figure
5.1d). Another important aspect of0g adsorption is shifting the reduction temperature,
as LaOs helps reduce the nickel species by shifting thekpge higher temperatures by
lowering the hydrogen consumption. This phenomeran be attributed to better
dispersion of Ni and enhanced interactions betwdieand LaO; to form LaNiO,4that
may not be fully reduced. It was previously showattnickel reacts with lanthanum at

high temperature (>700 °C) to form NiO, *%2

Figure 5.2 shows the TPR spectra of spent catabfies SCWG which shows two
distinct peaks. It should be noted that spent gsiislwere not oxidized before TPR
analysis. As the TPR peaks appeatr, it can be cdedlthat the catalysts were oxidized
during SCWG. The low temperature peak is assignedi® phase reduction while the
high temperature peak is due to NiBJ reduction. When comparing between Figures 5.1

and 5.2, it is noticed that complete reductiontstifom 675 °C (Figure 5.1) to above 800
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°C (Figure 5.2) and the size of the low temperapgak was significantly decreased after
exposing the catalyst to the SCW reaction envirartmEhis observation indicates that a
significant amount of nickel reacted with the alamisupport during SCW conditions
forming nickel aluminatéd’. The La doped Ni/AD; catalyst (Fig 5.2c) consumed a
higher amount of hydrogen for reduction and the fak of aluminate indicates that a
higher amount of nickel oxide remains on the catalyhich in turn shows better
stability. Low hydrogen consumption can also beikaited to some dissolution or

erosion of metal in the harsh SCW environm®nt
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Figure 5.2: TPR profile of spent catalysts: a) 18w Ni b) 3.5wt% La,03-18wt% Ni
(La loaded after Ni loading) c) 18wt% Ni -3.5wt% L&0O3(La loaded before Ni
loading).

Figure 5.3 shows the TPR spectra of fresh nandys&ta Contrary to the pelletized

catalysts, metals impregnated on nanofibers (Fi§u8ea) showed peaks at 480 °C and
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595°C (below 600 °C) ascribed to deposited NiOdiasussed earlier). The shoulder at
595°C is attributed to NiO strongly attached to support alumina. On the other hand
sol-gel derived nano catalyst (Figure 5.3 b) shomweel small peak at 428°C ascribed to
bulk NiO on the catalyst surface. The small pedkbatted to most of the metals doped
by the direct sol-gel method could not be reducsttilbed to formation of Ni-La-Al-O

alloy structure. In impregnation method, metalsengeposited on catalyst support which

could be reduced easily by using temperature prognathod.
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Figure 5.3: TPR profile of fresh nano catalysts: al8wt% Ni-3.5wt% La 04/ 0-
Al,O3 nanofiber b) Sol-gel derived Ni-La-Al-O catalyst.

Figure 5.4 shows the TPR spectra of the spent patalysts without pre-treatment by

oxygen flow. Like impregnated catalysts, nano gatal were also oxidized during
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SCWG. It should be noted that no oxidant was use&thgd SCWG with these nano

catalysts. It is seen that use in SCW shifted #duction temperatures towards higher
temperatures. For the nanofiber catalysts (Figutea) the first broader peak at 567°C is
attributed to a major portion of deposited nicketmained as NiO even after SCW
exposure, however the peak at 773°C is ascribed sygnificant amount of nickel

interacted with the support alumina forming Ni®4. On the other hand a small peak at
500 °C with the sol-gel derived catalyst indicatiest some impurities from SCWG or

metallic NiO may be present on the catalyst surthaeare not bonded with the catalysts

main structure.
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Figure 5.4: TPR profile of spent nano catalysts: a}8wt% Ni-3.5wt% La203/ 6-
Al,O3 nanofiber b) Sol-gel derived Ni-La-Al-O catalyst.
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Using Equations (5.2 and 5.3); Figure 5.5 dispthgspercent of nickel reduction of fresh
and spent catalyst during TPR analysis. It isrdieam this figure that except for the sol-
gel derived catalysts, the reducibility of both tinesh and spent catalyst is very high
(above 90 %). It can be concluded that nickel presethe catalyst, can be regenerated
by simple reduction. Very low reducibility of soklgderived catalyst further confirms
that most of the metals loaded during synthesisméar Ni-La-Al-O structural bonds,

which are relatively stable.
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Figure 5.5: Metal percent reduction: a-b) 18wt% Ni@-Al,03, c-d) 3.5wt%La,03-
18wt%Ni/ 0-Al 03 , e-f) 3.5wt%La,03-18wt%Ni /0-Al .03 fibers, g-h) Direct sol-gel
derived Ni-La-Al-O; a-c-e-g) Fresh catalysts, b-d-h) Spent catalysts.
Interestingly, the % reduction was found greatanth00% when L#3; was loaded after

Ni. This can be explained by the formation of Ni@J and the partial reduction of @3

104 If non-stoichiometric reduction occurs due to fiiesence of NiAD,, the amount of
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hydrogen needed may be greater than the amountdobdpen required for the available

NiO, which has been shown to over estimate thedaation*®

5.3.3 K, Pulse Chemisorption

Pulse chemisorption experiments were performeddieroto determine the active metal
surface area, the % metal dispersion and the aptxtecle size of the nickel crystals on
the alumina support. No peak was found for lantharman alumina as lanthanum has
negligible reducibility. A decrease in the actiuerface area and the number of active

sites is also an indication of agglomeration.

Table 5.2 shows the pulse chemisorption resultaindd for the nickel based catalysts

synthesized in this investigation.

Table 5.2: Hydrogen chemisorption results for redued catalysts.

Metal Active metal surface area Active particle
Catalysts dispersion (mZ/gm (m2/gm diameter
(%) sample) metal) (nm)
B 2.86 1.62 19.05 35.4
C 2.49 1.82 16.55 40.73
b Fresh 2.27 2.72 15.13 44,55
Spent 0.53 0.63 3.50 192.65
G Fresh 1.31 1.39 8.71 77.37
Spent 0.62 0.66 4.10 164.32
H Fresh 1.50 1.80 10.02 67.28
Spent 0.84 1.00 5.57 120.95
] Fresh 5.28 3.87 35.16 19.17
Spent 1.23 0.90 8.15 82.62
K Fresh 0.13 0.093 0.85 793.60
Spent 0.10 0.073 0.66 1020.68
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It is important to mention that no hydrogen chenpsion was detected when only Gy
was loaded on the alumina support. This confirmet flor the LaO3; doped nickel

catalyst samples, hydrogen chemisorption occurretthe nickel sites.

As can be seen in Table 5.2, with an increased|roetding (catalysts B to C to D), the
metal dispersion decreased, and the active particdeneter increased due to the
formation of larger metal crystallites. The surfazea of nickel sites gives information
on the active metal area measured by chemisorpfianincrease in the active metal
(nickel) surface area per gram of catalyst andaiedee in the active metal surface area
per gram metal are other indications of the fororawf larger crystallites. Although it
has been reported that lanthanum oxide helps pedis metallic crystallité®, the metal
dispersion and surface area were significantly elesgd when 18wt%Ni was loaded on
3.5wt% LaO3; modified alumina support (catalyst G) or 3.5wt%@aon the 18wt%
Ni/Al ,03. This may be due to the formationlaf;NiO,4in the catalyst preparation stage.
During the calcination step, at elevated tempeeatés0 °C in this case) in the presence

of oxygen, La reacts with Ni to form hMiO,**

that causes blocking of nickel
crystallite$®®. Strong metal—support interactions may also haienced the amount of
H, adsorbet?®. Another possibility that can cause the same effe¢he presence of
strongly chemisorbed hydrogen on the metal pagjdiarmed during the reduction step,

which inhibits any further hydrogen chemisorptitn

Nanofiber catalysts (Cat. J) showed the best ntitplersion, and active metal surface
areas among the catalysts evaluated. This findingscribed to the formation of small
metallic crystals (smallest among catalysts evalljabn the support. Like the other

catalysts, agglomeration of active metal on thenspanofiber catalyst resulted in the
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formation larger metallic crystallites on the sedaOn the contrary, the direct sol gel
derived catalyst showed extremely low metal digpersactive metal surface area with
very large metallic crystal diameter. This resulttlier confirms that a small amount of
bulk metal remained on the catalyst surface whilestmof the active metals were

integrated within the main Ni-La-Al-O structure.

A decrease in metal dispersion and an increasherattive particle diameter of spent
catalysts from SCWG indicate that some agglomeratibometals occurred. As well, a
decrease in the surface area may also be duedoldisn or erosion of metal occurring

under SCW conditiori§®
5.3.4 Temperature Programmed Desorption

Since CQ is one of the major products of supercritical wdimass gasification, the
CO, adsorption properties of the experimental catalysis studied by TPD in which the
amount of CQ adsorbed on the catalyst surface at 500 °C fomB0is measured by
desorption analysis. Figure 5séows the TPD profile of CQoy the catalysts in which
two major peaks are observed. This result can tédbwed to the different bonding
modes of CQ@with the active sites during adsorption on theéae. Cox’’ showed that

coordination of CQ@ onto metal oxides has different energies whicludeto different

desorption profiles. The lower temperature peald (8250 °C) is due to desorption of
CO, with the weakest bonding mode on the catalystvacsites. On the other hand,
strong bonds of COwith catalyst require higher temperatures to poedmore energy

for desorption of CQ
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Figure 5.6: Temperature programmed desorption. (aB.5wt%La,03, (b) 18wt%Ni,
(c) 3.5wt%LayO3-18wt%Ni.

From Figure 5.6 it is seen that most £@n the Ni surface is adsorbed weakly and
desorbed at 185°C. Both weak and strong bonding@f on L&O3 is observed which
desorb at 225°C and 600 °C, respectively. Interghtion the Ni-LaOs catalyst surface,
mostly strong bonding of CQwvas observed that needed 600 °C to be desorbeduiAs
reaction temperature is 500 °C, the strong bongioggon of CQ coordination remains

adsorbed on the Ni-L®; surface.

5.3.5 TGA Analysis

Following the SCWG reaction, the spent catalyst @amwere collected and further

analyzed using TGA to characterize the effect ef 8CW environment on the catalyst
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structure and stability. TGA is also of interestitiss useful in determining possible
carbon deposition on the solid catalyst duringrémction. Figure 5.7 shows the weight
loss curves of the different catalysts as a funmctibtemperature in air. Figure 5.7a is the
TGA curve of fresh 18wt% NifAI,O5 catalyst, where 1.5% weight reduction before 200
°C is observed due to loss of adsorbed water duddgction or gases adsorbed from the
environment. The weight gain after 200 °C exced¥4d due to the oxidation of Ni to
NiO. After 600 °C, non-stoichiometry formation ofickel aluminate forms active

metaf®!

. The weight gain of lanthanum modified reducedkeion alumina (Figure 5.7b)
is comparatively low, indicating that a strongetenaction of nickel with lanthanum
prohibits oxidation of nickel. The weight loss gfesit catalyst (Figure 5.7c-f) is due to
the removal of adsorbed water, gases and depcosaidneous species. No net weight
gain of the spent catalysts was observed, indigatiat reduced catalysts were already
oxidized during SCWG process (confirmed by TPR ysig). The initial weight loss up
to 200 °C is ascribed to adsorbed water duringréaetion and any easily oxidizable
carboneous speci@& The oxidation of coke (carbon deposit) to CO @@ mainly
occurred at 360 °C, consistent with the resultstbérs'®. The weight loss was least for
the spent 18wt%Ni on alumina (Fig 5.7c) comparethé&other LgO; modified catalysts
(Figure 5.7d-f). This may be due to formation cdnitic carbon on the nickel catalysts.
Pinherio et al**®found that the larger the amount of graphite tikebon deposition on a
catalyst surface, the lower the weight loss. Theported that for Ni catalysts, graphite
like carbon forms in higher amounts than with Ralysts'®. The formation of graphite

like carbon on Ni and inhibition of this type ofkeoformation by La modified catalysts

was further confirmed by XRD, and Raman analysidiasussed below. In addition, the
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amorphous carbon encapsulating the agglomeratepaNicles of spent catalysts was
found difficult to gasify, similar to that found Bylatsukata et df**. The other reason for
high weight loss by spent k@ is that strongly bonded G@n LaOs3 requires higher

temperatures to desorb than used in the reactishagn by CQ TPD analysis.
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Figure 5.7: TGA Analysis a)18wt%Ni®-Al O3 (Fresh) , b) 18wt%Ni-
3.5wt%La,04/0-Al,03 (Fresh, La,0O3 loaded before Ni loading), ¢) 18wt%N#®-Al O3
(Spent), d) 18wt%Ni-3.5wt%La,04/0-Al,03 (Spent, LaO3 loaded before Ni loading),

e) 18wt%Ni-3.5wt%La,03/0-Al,03(Spent, LaO3 loaded after Ni loading), f)
3.5wt%La,04/0-Al ,O3(Spent).

Adsorbed CQ by lanthanum modified spent catalysts lost weighttwo ways: i)
dissociation of lanthanum oxycarbonate formed dunmeaction (confirmed by XRD
analysis) and ii) reaction of oxycarbonate withfgce carbon to produce carbon oxides.

Impregnation of lanthanum before and after nickagbriegnation also affects the weight
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loss significantly. As discussed earlier, if lamtben is impregnated after nickel (Fig
5.7e), there is a layer of lanthanum oxide overkaliovhich helps to form extra
carboneous complex. On the other hand, if lantiraoxide is loaded before nickel (Fig
5.7d), the weight loss is due to coke formation soihe carbonated lanthanum complex.
Lanthanum oxide is known to have a high abilityattsorb water and carbon dioxidle

(as shown in Figure 5.6) that results in a higheigit loss.

5.3.6 Raman Spectroscopy Analysis

To probe the structure and crystallite size of cokespent reforming catalysts, Raman
spectroscopy has been extensively used. Figursia®s a typical Raman spectrum of
spent catalysts without any sample pre-treatmemé. fleak around 1581&mwhich is
more prominent on the Ni/AD; catalyst, confirms the presence of graphitic ébke
However on the La modified catalyst, this peakessslintense showing the inhibition of
graphitic coke. The peaks around 1300cane due to carbon nano particles, amorphous
carbon, or defective filamentous carbtn which also shows that the La modified
catalyst helps to inhibit formation of carbon. Fnt characterization of the coke on spent

catalysts was performed using XRD and temperattogrammed oxidation analysis.
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Figure 5.8: Raman spectra of the coke of spent cdyats. (a) 18wt% NiB-Al,O3(b)
18wt% Ni- 3.5wt%La»03/0-Al,03

5.3.7 XRD Analysis

XRD measurements were conducted for the investigattalysts before and after

SCWG to investigate any changes, as shown in Fig9e

The peaks at 52.26° and 61.3 on the fresh reducextilysts (Fig 5.9 a,e) are due to
metallic nicket**, which subsequently disappears on the spent stgaliickel oxides
(50.86°) and nickel aluminates (78.26°) appearhanspent catalyst. The peaks at 43.52°
and 67.94° of nickel loaded spent catalyst (Figugeb,f) intensified due to the formation

of nickel aluminat&*® **and at 41.06° from the formation of Nith The peak at 73.2°
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appears only on the nickel-lanthanum-alumina speatalyst (Figure 5.9f) and can be

attributed to the formation of LNiO,*%2
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Figure 5.9: XRD patterns of a-c-e) Fresh Catalystd)-d-f)Spent catalysts; a-b)

18wt% Ni/0-Al 03, c-d) 3.5wt% La,03/0-Al,03, e-f) 18wt%Ni-3.5wt%La,05/0-

Al,O3. ¢- Graphite; o-Al,03; ¥ -Ni; @-NiAlO 4; m-NiO; m-La,0,COg; ¢- coke; o-
LazNiO4; o-LasOs3

The peaks at 29.84° and 61.92° on the spent catysbe attributed to different types
of coke that formed on the catalyst surface. Thakpat 61.92°, only on the spent
catalysts, can be attributed to the formation atcaeous products or coke during
SCWG while the peak at 29.84° appears on spent|)04Fig 5.9b), indicating the

formation of graphite type cokE. A very tiny peak forms on lanthanum-loaded spent
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catalysts at 56.24° and 74.04° which can be astribethe formation of lanthanum

oxycarbonat&”.

Figure 5.10 shows the XRD peaks of fresh and spatatlysts at different reaction time.
It is seen that conversion of Ni to NiO and NiAl@appened mainly in the first five

minutes.
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Figure 5.10: Reaction time effect on XRD patternsfaNi-La ,03/Al,03 a) Fresh
catalyst, Spent catalysts at: b) 5 min ¢) 20 min,)d80 , €) 60 min ¥ -Ni; @-NiAlO 4; m-
NiO; e-Al,0O3; o-LasNiOy4; 0- coke.

The size of Nidxq ) was found to be approximately 86 nm while thee 29f NiO was a
little larger and ranged from 92 nm to 93.5 nm. ikikar effect is seen for the other
crystallites. Therefore the effect of catalystsiface change after initial conversion (5

minutes in batch reactor) can be considered nédgigi
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Figure 5.11 shows the XRD peaks of fresh and spamio catalysts to verify the

crystallinity change in nano structure.
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Figure 5.11: XRD patterns of a-b) 18wt% Nif-Al,O3 (nanofiber), c-d) Ni La-Al sol-
gel derived; a-c) Fresh Catalysts, b-d)Spent catadys; e-Al,O3; ¥ -Ni; @-NiAlO 4; m-
NiO

The nanofiber catalyst showed similar charactegstis shown with pellet size catalysts
due to the same impregnation procedure (Figure &) However, the direct metals
loading by sol-gel method showed that fresh catalygs mostly amorphous (Figure
5.11c). A tiny peak for Ni at 52.26° further confied that a small amount of bulk Ni was
attached on the surface while most of the metalee wetegrated with the support.

Exposure to SCW transformed the catalysts to faomaif NiAlO,.
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5.3.8 Temperature Programmed Oxidation of Spent Catlysts

Temperature programmed oxidation (TPO) of the speatalysts was performed to
further examine the characteristics of depositedbarzeous products on the catalysts
during reaction, as shown in Figure 5.12. Theretlree types of coke or carboneous
products present as indicated from the figure. [Dhetemperature peak is more reactive
to oxygen, and has been assigned to coke depasitedetallic centef$®. The second
peak type is attributed to coke deposited neamtbl-support interphas¥,” while the
third type is less reactive, appearing at highenperature, and corresponds to coke
deposition on the suppdft. This coke type is far from the active metallimiges, which

catalyze the carbon gasificatioh
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Figure 5.12: Temperature programmed oxidation profle of a) 18wt%Ni/0-
Al,0O3(Spent) b) 18wt%Ni-3.5wt%La,03/0-Al,03(Spent), ¢) 3.5wt%La03/0-
Al,O3(Spent)
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The oxidation of coke (carbon deposit) to CO and @@inly occurred at 360 €. The
oxygen consumption is low on the spent 18wt%NKI,O3; (Figure 5.12a) compared to
lanthanum and lanthanum modified catalysts. Theedttire shows that coke formation is
higher on Ni/LaO; than Ni/ALO; ™8 Lanthanum oxide not only adsorbs carbon dioxides
easily but also may form lanthanum oxycarbonate@r@0s), similar to reforming type
reaction§” %2 As discussed earlier, this oxycarbonate readis séposited coke and acts
as a self cleaner by producing carbon monoxide lwlater reacts with oxygen or water

to form carbon dioxide.
5.3.9 TEM analysis

To observe any structural change in the catalyj$E8/ analysis was performed. Figure
5.13 shows the TEM images of fresh and spent catalit is clearly seen that structural
changes occurred after using in SCWG. ComparingrEi§.13a with 5.13b it is further

confirmed that metals impregnated on the suppgdgtomerated when exposed to SCW.

The fibrous structure of the nanofiber catalysesswdistorted by reaction in the SCW
environment (Figure 5.13 c-d). The severe transébion occurred with the sol-gel
derived catalysts. The porous aerogel structurediogéct sol-gel derived catalysts

transformed to non-uniform nano structures (suchaa® sheet, rod, sphere, cube etc.).
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Figure 5.13: TEM images of a-b) 18Wt%Ni-3.5Wt%La0/0- zs(béllté'tl)‘,“c'-d)
18wt%Ni-3.5wt%La ,03/0-Al .03 (fiber), e-f) Ni-La-Al-O (direct sol gel derived);
a-c-e) Fresh catalysts, b-d-f) Spent catalysts
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5.3.10 Reaction mechanism

Carbon dioxide adsorption, comparatively low cokenfation and the formation of

lanthanum oxicarbonate using the La modified catalgan described as follows:

Formation of lanthanum oxycarbonate by adsorbimgaradioxide

La,O5+CO, 5 La,0,CO5 (5.7)

Lanthanum oxycarbonate species reacts with sudad®n (scavenging coke) formed by
glucose or intermediate product decomposition (cm&d by XRD and Raman analysis)
at the periphery to form carbon monoxide and |amtina oxide

La,O,COz+C—La,03+2CO (58)

By adsorbing carbon dioxide and releasing carbonaxide, lanthanum helps to resist
the methanation reaction of G@nd further enhances the water gas shift (WGS}icea

2C0O + 2H0 52CO, + 2H, (5.9)

From our previous study (chapter 4) it is seen #lftaiiough La adsorb GOproduction of
CO; increased with time. From equations 5.7 and 58, @an see that two mol of CO is
released if one mol of CQOs adsorbed scavenging one mol of coke by La. Fifoen
WGS reaction, these two mol of CO produce two nfoC®,. Therefore, the net GO

production is positive.

This mechanism can help to explain the higher yoéldydrogen, lower yield of methane
and high yield of carbon dioxide by lanthanum amadthanum modified catalysts

compared to plain nickel catalyst.
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The water gas shift reaction and carbon dioxidehargtion reaction on the catalyst

surface can be described as follows:

Water gas shift reaction:

)

Vi)

Carbon monoxide adsorbs reversibly on nickel

CO + Ni 5 CO-Ni

Water adsorbs dissociatively on lanthanum oxide

H.,O + O-La & OH-La-OH

Carboxyl formation takes place via the reactionadsorbed CO with
hydroxyl group on the lanthanum

CO-Ni + OH-La-OH % COOH-Ni + La-OH

The carboxyl species and second hydroxyl groupamthbnum react to
form adsorbed hydrogen and carbon dioxide

Ni-COOH + La-OH + Ni 5 2H-Ni + La-O-CQ

Once an adjacent nickel site becomes free this oggtbcomplex
decomposes into the reaction products. Hydrogenpetes with carbon
monoxide for nickel adsorption sites. Similarlyloan dioxide is adsorbed
strongly on lanthanum

2H-Ni S5 H, + 2Ni

La-O-CG, 5 CO; + La-O

Methanation reaction of carbon dioxide over Ni:

vii)

Adsorption of hydrogen and carbon dioxides
2Ni + Hy 5 2H-Ni

CO,; + Ni 5 COx-Ni
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viii)  Formation of carboxyl
CO,-Ni + H-Ni 5 COOH-Ni + Ni

iX) Reaction with adsorbed hydrogen
COOH-Ni + H-Ni 5 COH-Ni + OH-Ni
COH-Ni + H-Ni 5 CH-Ni + OH-Ni
CH-Ni + H-Ni & CHx-Ni + Ni
CH,-Ni + H-Ni 5 CHs-Ni + Ni
CHs-Ni + H-Ni 5 CH, + 2Ni

X) Releasing the adsorbed hydroxyl group

OH-Ni + H-Ni 5 H,O + 2 Ni

As mentioned in chapter 4, lanthanum and ceriume hsimilar chemical properties.
Germani and Schuurman reported a similar mechafoswater gas shift reaction over
Pt/CeQ/Al,0:*° The reaction mechanism for the methantion of aardixide is
similar to that reported by Vandervella and BowkéfaAs carbon dioxide is produced
from the WGS reaction, the total production of carllioxide remained high. As a result
of the WGS reaction, carbon monoxide is consumeiteviiicreasing the hydrogen yield.
This also helps to reduce the catalyst deactivabgncoke formation. Reduction of
methane formation is attributed to the producedaardioxide or carbon monoxide
which did not undergo the methanation reaction emndhe presence of a high amount of

nickel doped with La.
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5.4 Conclusions

Synthesized catalysts by impregnation method weuad to have excellent reduction
characteristics and can be regenerated by simglectien. However, agglomeration of
impregnated metals by exposure in SCW was founetdace the active metal surface
area. Lanthanum modified catalysts was found tagedgraphitic coke formation and
adsorption of carbon dioxide that can contributeetard methanation of carbon dioxide
in the presence of hydrogen. Adsorption of carb@xide, one of the main gaseous
product, can shift equilibrium to the product difes and thus increase desired product,
hydrogen. Formation of lanthanum oxycarbonate bgoding carbon dioxide to
lanthanum also scavenges deposited carbon and hblps to minimize catalyst
deactivation. Reacting with carbon, lanthanum oryoaate produces more carbon
monoxide which in turn may enhance the water g#$ iggaction and thus increase the
hydrogen yield. The reaction mechanism of adsonpdifocarbon dioxide, WGS reaction,

and methanation reaction on nickel sites were disedl.

Nanofiber catalysts were found to have high disparsf active metals due to the high
aspect ratio compared to the other synthesizedysttaHigh dispersion of active metal
can increase the catalyst activity. Sol-gel derivatihlysts were found to have high
surface area with mainly amorphous nano networnkctire of Ni-La-Al-O. However,

the high surface areas of nano catalysts were #progduced after SCWG due to

structural changes.

Although lanthanum modified catalysts were foundéeovery active in SCWG (chapter

4), exposure of catalysts in SCW severely affdotsr tphysical and chemical structure.
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Metal-support interaction of all catalysts was fduto be prominent in SCW. Nano

network of sol-gel derived catalysts was transfatrieenon uniform nano particles.
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Chapter 6

Development of kinetic model for TOC destruction fom supercritical

water gasification of glucose

In this chapter, a global kinetic model of supdicai water gasification of glucose was
developed for the utilized batch reactor. To redtle® complexity of the model, no
oxidant was used for TOC destruction. Crushed Lalifieal Ni/Al,Oz catalysts were
used for evaluation. A MATLAB program was developtd solve the non-linear
regression analysis of differential model equatidinis chapter is mostly a reproduction
from the article by the author submitted to IndiastiEngineering and Chemistry
Researctt’: Development of kinetic model for TOC destructfoom supercritical water

gasification of glucose.

6.1 Introduction

Supercritical water gasification is an economicalliable and ecologically safe
destruction technology for treating wet biomass tevefsom agricultural or industrial
residues into combustible gases without requirifgeistock drying procedure. Under
supercritical conditions, water exhibits gas-likéusion rates along with high liquid like
collision rates, with the reaction taking placetl® homogeneous phase. On the other
hand, the solubility of inorganic compounds decesadramatically in supercritical water,

facilitating separation of valuable products sushpaosphtes. Moreover, supercritical
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water is not only a solvent for organic materialg blso a reactant which can help to
produce fuel gas from organic resources. One impongproperty of SCW is that there
exists almost no mass transfer limitation. Gengreditalytic reactions are mass-transfer
limited due to the high reaction rates, low diftusirates, and poor fluid flow

characteristics. A high effective diffusion coeféint for supercritical water (about 100
times higher than ambient water) diminishes thenchaof mass-transfer gradients
developing in the catalyst internal surface &r&e Thiele modulus, which represents
the degree of internal or pore diffusion limitatigsm much less than unity for supercritical

water, which indicates that pore-diffusion limitats do not exist in the catalyst

Because of the high moisture content, conventigaaification processes for gasification
of sewage sludge, agricultural wastes, and food¢tqasing wastes are not considered
promising. The conversion efficiency of supercadtieater gasification is always higher
than for other conventional processes when the toreiscontent is above 31%
Cellulose is known as one of the most difficult gmments for dissolving in hot watér
The complete conversion of cellulose to glucose igmaeligomers can be achieved at
temperatures as high as 400 °C in supercriticabm@inditions®. Therefore gasification
of glucose in supercritical water can be considere@ good model for gasification of

more complex cellulosic biomasses.

Heterogeneous catalysts are preferable over horneogsralkali catalysts to avoid reactor
corrosion problems while being relatively easy ézavet?” >3 During the study of
catalytic phenol oxidation in supercritical wat€@shima et ai® showed that external

mass transfer resistance was negligible for sma# satalysts (size 0.18-0.25 mm),
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however larger size catalysts posed some masddransistance. In this respect we have

introduced crushed (0.1-0.3 mm) catalysts to olestrg effect on the products.

Total organic carbon (TOC) is the amount of carboand in an organic compound and
is often used as a non-specific indicator of watgality. TOC detection is an important
measurement because of the effects it may haveeoertvironment, human health, and
manufacturing processes. TOC is a highly sensithan-specific measurement of all
organics present in a sample. It can be used tdategthe organic chemical discharge to
the environment in an agriculture or manufacturpignt. In addition, low TOC can

confirm the absence of potentially harmful orgambemicals in water used to

manufacture pharmaceutical products. In this raspecthis study we investigated the

destruction and rate of TOC during SCWG.

A kinetic analysis of the decomposition rate in SG\W¢ important to design the required
reactor system. However, kinetic information ddsog SCWG is limited especially for
longer residence times. Depending on the feed typ&fication increases with increased
residence timé" #* Jesus et &F correlated results of gasification of corn silae700
°C and 25 MPa in SCW with time and developed aalimelationship between carbon
conversion Y¢c) and residence time(

Yc =K =0.11 (R*=1) (6.1)

They also proposed a model for corn silage usinthemaatical approximation based on
zero-order kinetics as follows:

Y =10° exp(A';'_gl_[—[E“]]])r(min'l) +10722 exp(6.1x10°T[K]) (6.2)
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Lee et al®® also found that below 600 °C, the hydrogen yielcréases with increased
residence time when gasifying glucose in supecalitivater. They conducted a kinetic
analysis assuming pseudo first order reaction duthlre gasification of glucose in
supercritical water. Their kinetic investigatioradks to the following first order reaction
rate for COD (chemical oxygen demand) degradatsa &unction of the corresponding

concentration €
—-r. =107 ex —710+£ C 6.3
¢ = pC710+ RT) ¢ (6.3)

Although they assumed zero order for water, theneed that non-first order kinetics

would have given a better correlation of the expental data.

For higher destruction of TOC or COD, some reseacinave introduced oxidant and
studied the kinetics for supercritical water oxidatassuming zero order for oxidant and
water. Jin et ai° studied the TOC kinetics for oxidation of food wess They found the
reaction to be fast at the early stage of readtathin 50 seconds) and slow afterwards.
They assumed the oxidation reaction as first cagersimplified the TOC conversion as:
In(1-X)=-kt (6.4)

whereX is the conversion of TOC, t is time, and k is teacrate constant (function of
temperature). To determine the value of k fromdlope they plotteth(1-X) vst. As the
straight line did not go the origin as requireddmuation 6.4, the reaction kinetics were

not entirely first order.

Due to the complex reaction mechanism of SCWG thablves multi-component

reactants (feed and other reactants formed agriatkate products) and products, Goto

|76

et al.”” performed a kinetic analysis of TOC for the desinn of municipal sewage
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sludge and alcohol distillery wastewater. They difieal the kinetic study by assuming
zero order for oxygen and unity for the reactiodeor Portela et df° performed a
generalized kinetic model based on acetic acid eadon monoxide as the main

refractory intermediates for supercritical waterdation of cutting oil wastes.

Oshima et ai® oxidized phenol in supercritical water using margge oxide as the
catalyst. They showed that the mass transfer limitafor small size catalysts is
negligible. Assuming first order reaction for pheogidation they proposed two models

which could not be discriminated due to a lack atd

Kinetic studies on supercritical water gasificatibave been much less studied than
supercritical water oxidation. One major shortcognaf these studies is the assumption
of a first order reaction rate. The assumption erfozorder for other reactants, such as
oxygen and water may also be misleading for a prapelerstanding of reaction
behavior. Using excess oxygen Hernandez &and Lee et & found that the order
of oxygen concentration was not zero. However, gimplified their model applying an
initial rate method. All of the researchers assumedeffect of water concentration i.e.
zero order on TOC destruction since it is used xcess over the stoichiometric
requirement. However our previous study (chapteshwed that the lower the feed

concentration (i.e. higher water: feed ratio) tighbr is the TOC conversion.

Most of the lab based SCWG reactors use a volunenbf a few milliliters while no
kinetic data available in the literature at longesidence times, which may be required
for industrial implementation in a tubular reactlore than thirty intermediate products

were detected by Hologate et’al(425-600 C and 246 bar) and by Williams and
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Onwudil®*, development of a rigorous kinetic model is difficand has less practical
importance. For engineering purposes, it ofteufBcient to develop a global rate model
to express the reduction of components in SCWGrgamic wastes. Decomposition of
carbon containing components expressed as totanwmrgcarbon (TOC) by SCWG
increases the gaseous yields. In our previous gtithpter 4), we showed that the higher

the TOC destruction, the higher the hydrogen ahdragaseous product yields.

Therefore, in this study a global kinetic model T@®@C destruction without using oxidant
has been developed with time and temperature depegpdThe pressure effect was not
studied due to reactor limitations; moreover, catithg over 200 experiments Kersten et
al®® found the pressure dependence range of 13.8 8oMRa on reaction products to be
insignificant. Hao et dl* also observed no great effect on gasificatiorcigfficy and the

fraction of gas product from 25MPa to 30 MPa at 50Gnd 650 °C.
6.2 Experimental method

In the experiments, the model compound glucose olained from Sigma-Aldrich
(Mississauga, Ontario) and used as received. Dedadrwater, 18.2 M-cm, was obtained
from an ultrapure water system (EASY pure LF, ManS8eientific co, model BDI-

D7381) to prepare the solutions.

Supercritical water gasification experiments weoaducted using a 600 ml autoclave
batch reactor made of Hastelloy C-276 equipped WihkW electric furnace for heating
(Autoclave Engineers, Erie, Penn., USA). The schiemdiagram and experimental
procedure was described in detail elsewleriefly, in a typical experiment 70 ml of

deionized water with 1 gram of catalyst was load®d the reactor, then evacuated
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followed by purging with He gas for 10 minutes. Tieactor was then pressurized to 2.5
MPa with helium in order to prevent water evapamatand pressurized to 24 MPa by
heating to 400 °C. The concentrated glucose sol(ii25 M) was then pumped into the
pressurized reactor using a syringe pump (Isco Ma@@ DX, Lincoln NE, USA);
providing a final reactor pressure of 28MPa. Théahreaction time (t) was started as
soon as the feed was injected into the reactorerAttie required reaction time, the
products were cooled to ambient temperature usidguble pipe heat exchanger and
separated by a sudden expansion gas-liquid sepdiaith heat exchangers and gas-
liquid separator are designed by the author andufaatured at the UWO machine shop).
The product gas was then passed through a 2 midtento remove any remaining
moisture and passed through an OMEGA mass flow m{eEtdA 1700/1800 series 0-2
L/min, Laval, Quebec, Canada). The product gasee ween collected in a 3L volume

Tedlar gas sampling bag for subsequent GC analysis.

To analyze the percent of gasification and hydrogesid, the product gases were
analyzed by gas chromatography (Shimadzu, GC-2Qising 120/80 D Hayesep
stainless steel Nickel packed column (Grace Davipigoth dimensions of 6.2 m x 3.18
mm, a thermal conductivity detector (TCD) and halias the carrier gas. To measure the
total carbon content in the liquid effluent thad diot gasify, Total Organic Carbon
(TOC) was analyzed with a TOC-VCPH (Shimadzu Imeeuats). This is an analytical
method that determines the amount of organics giromeasurement of content
generated during organic matter oxidation. The T@€omposition X was used to

evaluate the extent of oxidative decomposition, defthed as:
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[TOC]

TOC decompositionX =1-
[TOC],

(6.5)
where[TOC]y is the initial TOC andiTOC] is the residual after reaction.

Gas yield, and carbon gasification efficiency (CGRere calculated as shown in
equation 5.7 and 5.8 as defined by Yu &t al

q= molof gasprogluced 6.6)
molof glucosein feed

molcarbonin producedgas
molcarbonin feed

CGE= (6.7)

6.3 Results and Discussion

6.3.1 Effect of Reaction Time and Temperature

Here we examine the effect of reaction time andpature on the TOC destruction with
crushed Ni on La-alumina catalysts. Reaction time temperature have a large effect on

the gaseous and liquid products as shown in chdpter

Figure 6.1 shows that increasing reaction time tsmperature leads to the TOC
conversion and CGE increasing i.e. the gaseousupt®dncreases due to a higher

conversion of the liquid intermediates.
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Figure 6.1: Effect of time and temperature on TOC onversion and CGE. a) TOC

conversion, b) CGE. Catalyst size: 0.1-0.3 mm, amoti

1 gm, P=28MPa, Feed

0.25M Glucose.

To further study the effect of reaction time, tieenperature was fixed at 500 °C, and

reaction time was increased to 60 and 120 mindesn Figure 6.2 it is also seen that

both the TOC conversion and CGE increases withtimmatime. The TOC conversion

reached almost 90% while CGE reached over 96%aireteased gasification.
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Figure 6.2: Effect of time on TOC conversion and C&. Catalyst size: 0.1-0.3 mm,

0.25M Gluaas

28MPa, Feed=
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1 gm, T=500 °C,

amount
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6.3.2 Effect of Concentration

Figure 6.3 shows the effect of feed concentratianttee TOC conversion and carbon

gasification efficiency. The TOC conversion andboer gasification efficiency being

reduced with increased concentration is attributedh lower gasification of organic

compounds occurring.

\l TOC conversion E1CGE ‘
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Feed molarity

Figure 6.3: Effect of feed concentration on TOC coversion and CGE. Catalyst size:

30 min,=500 °C, P

1 gm, reaction time

28MPa.

0.1-0.3 mm, amount

From the above observations it is clear that lowcentration with increased time and

temperature is favorable for the TOC destructiom lagher gasification yields.
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6.4 Reaction Kinetics of TOC destruction

The reaction kinetics of glucose decomposition upescritical water was studied
previously in small tubular reactors with resideticees shorter than 35 seconds #

As summarized by Lu et &°under supercritical water conditions the reactioocpeds
by a free radical reaction mechanism. Intermedigted products need longer residence
times for further gasification as shown by the prevexperimental results. The gaseous
products also undergo internal reactions (e.g. W&S8bonation etc.) with longer

residence times which can also contribute to theenked changes.

From the earlier study of XRD analysis (chaptead literature survey * we assumed
that the catalyst structure change (i.e oxidizedteaflites) happened in the beginning of
the reaction. Therefore it is assumed that aftiéial change, the structure and catalytic
effect on gasification remains steady with timeifir5 minutes to 120 minutes in our
study). The activity of the catalyst for TOC destron and gasification efficiency was
evaluated for the kinetic model development for time range of 5 minute to 120
minutes. It has also been shown that in superatith@ter, mass transfer limitations on
the catalyst surface is negligiBleespecially with particles less than 0.5 finin our
study we crushed catalysts to a 0.1-0.3 mm sizeeréfare the catalyst surface
concentration is assumed approximately equal tobtile concentration. Therefore the
global rate equation for the overall hydrolysisctean may follow a power-law rate
expression and can be written as:

r:—%:k{CH]P[HZO]q (6.8)
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where [C,] and [H:O] indicate the concentration of reactants and magéspectivelyp is

the order of the reaction with respect to reactantiq is the order of the reaction with

respect to water.
6.4.1 Model one

As discussed in the introduction, for simplificatjonost of the researchers have assumed
first order reaction during decomposition in supémal water gasification and ignored
the effect of water. Since water is used in ex@us exists with reactants in a single
homogemeous phase in SCWG, the reaction order eamsbumed zero for water.
Equation (5.24) then becomes

—M = p
pm KIC,] (6.9)

From an environmental point of view, COD or TOC centration is the common
parameter to measure the pollution in waste wateuhstituting G with [TOC] the

equation (6.9) will become,

- d[T?C] - KTOC]? (6.10)
If the reaction is assumed to be a first ordertreacintegration of equation (6.10) will
become,

[Toq] _
[TOC],

~In kt (6.11)

The experimental data of TOC at different tempeestare plotted as —In[TOC]/[TO&L]

vs time in Figure 6.4.

152



1.8

€400 C
W450 C y =0.0142x + 1.1035

2 _
A500 C R®=0.9263

1.6 A

1.4

y =0.0163x + 0.7716

12 ;
R”=10.9853

y = 0.0182x + 0.5505
R?=0.9897

0.8 ~

In([TOC)/[TOC] o)

0.6

0.4 -

0.2 A

0 T T T T T
0 5 10 15 20 25 30

Time (min)

Figure 6.4: Plot —In([TOC]/[TOC] ) against residence time for TOC decomposition
in SCWG.

Figure 6.4 clearly shows a linear relationship vételow reaction and the assumption of
pseudo first order being applied. The slope caatbéuted to the reaction rate constant
k which has a dependency on temperatures, normgflyessed using the Arrhenious

equation,

~E)
k=A 6.12
expﬁ ( )

where A is the pre-exponential factoE the activation energyR the universal gas
constant, and is the temperature in Kelvin. To calculate thevation energy, equation
(6.12) was transformed into the logarithmic fornhiet is plotted in Figure 6.5.

Ink =In A—E (6.13)
RT
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Figure 6.5: Assumed first order Arrhenious plot for TOC decomposition in SCWG

From the intercept of Figure 6.5 the value of the-g@xponential factor is approximately
9.71x10% and from the slope, the activation energy E iswated to be 10.75KJ/mol and
corresponding o «c=1.42x10°/ min, kiso -c=1.63x10°7/ min, ksoo -c=1.82x10% min.
The model equation can be written as,

_d[TOC] ~1075@J/mol)

= 971x107 exp( RT(K) )[TOC] (6.18)

The parity plot of this model is shown in Figuré 6.
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Figure 6.6: Comparison of the TOC conversion betweeexperimental data and
predicted values by model one.

From the parity plot (Figure 6.6) a large differenia the experimental and predicted
model is observed, which we attribute to invaliduamaptions. As shown earlier in Figure
6.4, it is evident that the straight lines drawntfte experimental data do not go through
the origin according to equation (6.11). Thereftte experimental reaction does not
obey the model predicted, i.e. first order kinetiEsrthermore, as discussed in section
6.3.2, the concentration of feed i.e. feed to wattio has a large effect on TOC

decomposition. Therefore the effect of water cafmoignored.

155



6.4.2 Model two

Since supercritical water has negligible mass fearlanitation with small size catalysts
particles (0.1-0.3 mm) and water is used in larggess of the stoichiometric
requirement, the changes of the concentration duedction on the catalyst surface can
be considered negligible, i.e. the concentratiorwater at the catalyst surface can be
regarded to be the same as that in the bulk fltheérefore, assuming the surface reaction
obeys a power rate law model and substitutipgvith [TOC], the equation (6.8) can be

re-written as,

- d[Z?C] = k[TOC]"[H,O]* (6.19)
Let’'s assume at time t,
Total organic carbon concentratigh©OC] = [TOC] o (1-X) (6.20)

where[TOC]y is the initial concentratiorX is conversion factor of TOC.

Water concentratiorjH ,0]= [H 20]o(1-Y) (6.21)

where[H20]is initial concentrationY is conversion factor of D.

The relation of Y and X can be written as follows:
Y=aX

where‘a’ is a constant.

Therefore, the water concentration can be writen a
[H20]= [H 20]o(1-aX) (6.22)

The overall reaction rate can be written as follows
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_d[To(], (LX)
dt

=KTOC],"” @- X)" (- aX)[H,0],° (6.23)

Partial differentiation of the left hand side aedrranging gives equation 6.24:

A8 - rod, " a- %)? -ax)[H,0l,' (624

The reaction rate constakthas an Arrhenius temperature dependency deschiged
equation 6.12. To minimize cross-correlation betwparameters the Arrhenius equation

can be rewritten as:

-E
k=K, exp(%lspp)(% —Ti)] (6.25)

where, Eapp is the activation energy arld the pre-exponential factor and, being the

centering temperature to minimize cross-correlatietween parameters.

Since the initial concentrations are fixed, therefo

Let k'=k,[TOC],""[H,0]," (6.26)

Differentiating and rearranging with equation 6atfsl 6.26, the rate equation becomes

dX) _ praxor Foe (L - L ve - axye (6.27)
ot keXpHR(T Tm)](l X)P @-aX)

This is a differential equation with 5 unknowhs: E, p, q, a As a non-linear regression
is required to fit the rate of reaction, a Matlatngram was developed to solve this

differential equation by estimating the unknowngmaeter values (see Appendix A3).

Confidence values can be calculated by minimizivegydum of square differences of the
experimental and predicted conversions for all dptants using the following

equatior®:

2 _ Nexp 2
$ =20 Ko™ X prea) (6.28)
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The estimated pre-exponential fackdrand the activation energy are 2.7+0.2 X Hdhd
85.57 = 7.5 kJd/mol respectively. Putting the vabifenitial concentration in equation
(6.26), the value of is found to be 1.04+0.09xF&*ppm?*’>. The experimental data led
to reaction orders @i=2.25 for TOCg=1.5 for water respectively. The value of constant
‘a’ is found to be 1.25The uncertainties reported here are 95% confidarieevals. The
corresponding co-relation co-efficient3qRs 0.96. Finally the values of the established
kinetic parameters were introduced into the powate-law model equation. The
differential equation was solved to predict the TGDversion at different reaction times

and temperatures.

Figure 6.7shows a parity plot of the TOC conversion predidiedn the global power
rate law using the parameters from experimentah dagainst the rate obtained

experimentally.
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Figure 6.7: Comparison of the TOC conversion betweeexperimental data and
predicted values by the power-law rate expressionf the surface reaction (model
two).

6.5 Conclusions

Temperature and concentration have a large effacf©OC destruction and carbon
gasification efficiency. Assumption of a first ordeeaction for TOC destruction of
SCWG of glucose and ignoring water concentratioe thuthe large excess led to an
erroneous kinetic model development. A global kinetodel for TOC destruction was

developed using non-liner regression, which conugly fit the experimental results.
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Chapter 7

One-pot procedure to synthesis of high surface aremlumina nanofibers

in supercritical carbon dioxide

This chapter includes the synthesis of high surea alumina nanofiber as a catalyst
support in supercritical carbon dioxide withoutngsiany extra water, organic solvent,
surfactant, chelating agent, or other additivedallerl characterization, morphology, and
mechanism are described forming the nanostructiites. chapter is mainly reproduced
from the article by the author published in LangrfuiOne-Pot Procedure to Synthesize

High Surface Area Alumina Nanofibers Using Supeical Carbon Dioxide

7.1 Introduction

High surface area alumina, i.e..8k, has found a diversity of applications due tditgh
thermal, chemical and mechanical stabili§. These applications include catalysis,
catalyst supports, and adsorptive materials folouarseparation processes. In the form
of fibers, alumina can be also used for reinforcplgstics as a grinding or polishing

material*?tissue engineerint’ or filtration of viral aerosol$®

As with many other metal oxide materials, reseashme exploring a variety of
techniques on how to prepare nanofibrous alumingemass with high surface areas for
the many emerging applications. Successful effiartsbtain nanowires, nanofibers, and

nanorods of alumina have been reported over thedeazsdé>***' The most common
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strategy for synthesizing such materials is usumfpstant-templates, hydrothermal or the
solvothermal process. In the templating approdwh témplates play a crucial role in the
formation and growth of the fibers, however, mustrbmoved after synthesi§. The
hydrothermal process requires temperatures abo®e°@ and often forms lamellar
hydrated hydroxides due to the fast hydrolysislofmenum precursors in aqueous media,
even in the presence of surfactant molectfiésee et al.** reported synthesizing a
series of alumina nanotubes, nanofibers, and ndsdog the hydrothermal method by
varying the type of ionic or non-ionic surfactadhu et al. obtained 30-60 nm long
alumina nanofibers with 3 nm dia. from inorganicrainum salt aluminum hydrates
using poly(ethylene oxide) as the surfactant at 106*” Another three step synthesis
pathway was reported by Zhang et al to synthesimeys lathlike nanoparticles using
non-ionic triblock surfactants® Although it was proposed that the surfactant déréice
fibrils growth by forming rodlike micelle§? recently Wang et al*! reported a non-
surfactant route for synthesizing fibrodsalumina using hexamethylenetramine as an
additive for homogeneous hydrolysis of inorganitt sduminum nitrate and ethanol-
water as solvent. Using the solvothermal approaealumina rod was obtained by
thermal decomposition of boehmite precursor whiets wrepared using the solvothermal
method with inorganic hydrated alumina salt, sodibyadroxide and sodium dodecyl

benzene sulfonate surfactant in a mixed solvemtasér and dimethylbenzeh&

From the various literature studied, it is noticdet the synthesis of nanostructured
materials is generally conducted in aqueous or @agserganic solvents to disperse
reactants where water is used for hydrolysis. Ttrob the hydrolysis and condensation

rates of alumina precursors by direct use of watemplex solvent mixtures or chelating
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agents are required. However, using organic stdvand additives are considered as
environmentally hazardous. Moreover, the surfactamoval process requires heat

treatment, which may lead to collapse of the nanosire.

Recently, direct sol-gel reactions in supercriticatbon dioxide (scC£ have attracted
much attention for synthesizing oxide nanomateridls examples, Si©monolithic
aerogels and nanoparticles have been synthesizedaoting of silicon alkoxides with
formic/acetic acid®***® TiO, and ZrQ nanofibers, nanospheres and mesoporous
monoliths have been produced by polycondensationetél alkoxides with either acetic
acid or water droplets with the aid of surfactdnts® Supercritical C@ (scCQ) is an
attractive alternative to conventional organic soks due to its unique features of tunable
physical properties and environmental benignn&g€arbon dioxideis inexpensive,
environmentally benign and non-flammable with lowgcesity, “zero” surface tension
and high diffusivity in supercritical condition,ahis favorable for synthesizing superior
ultrafine and uniform nanomateriafsMoreover, complete removal of excess acetic acid
with scCQ by venting is easy, no drying process is requited, porous nanostructure
can be maintained, and potentially polymer nancasite® can be synthesized in the
same pot® Following a similar procedure in this work, no swtiant or additives were
used making this a novel one pot synthesis roufakiocate high surface area alumina

nanofibers.

162



7.2 Experimental

7.2.1 Materials

All the chemicals used in this work were reageridgr 98% Al(lll) isopropxide, 99.7%
acetic acid from Sigma-Aldrich Chemical Co., wersed without further purification.

Instrument grade carbon dioxide (99.99%) was obthinrom Praxair, Canada.

7.2.2 Preparation of AbO3

(D) (E)

(©)

Figure 7.1: Experimental set up; A-CQ tank, B- Pump, C- View cell, D-
Temperature controller, E- Pressure indicator.

Figure 7.1 provides the experimental setup whictalgo provided elsewherf®.In a

typical synthesis, aluminum isopropoxide was mixeih excess acetic acid (1:10
mmol:mmol basis) and then placed in a 10 mL vieW+eactor pre-heated to the desired
temperature, followed by stirring and addition o©OLCto the desired pressure. The

concentration of aluminum isopropoxide ranged fi@é&h— 0.5 mmol/ml scCOwhile the
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temperature and pressure were varied from 40 °80t6C, and 4000 psi to 7500 psi
respectively. Excess acetic acid was used for cetmphydrolysis of alkoxide. For
comparison purposes, a lower ratio of alumina igppxide to acetic acid (1:5,
mmol:mmol basis) was also examined. When solid alaralkoxide and acetic acid were
mixed in the view cell using a magnetic Teflon-@r, a non-transparent white phase
was formed after several hours stirring under surgeral conditions. After continuous
stirring of the mixture for 24 hrs, the view celbgvkept at rest for 10 days for aging at
synthesis conditions for complete reaction and-astembly. To ensure complete
reaction, no precipitation was observed by ventdnigw drops of reaction mixture into
water ensuring complete condensation of the precut™® remove unreacted acetic acid
and byproduct, i.e. alcohol etc. from the gel fodnmie the view cell, a supercritical
carbon dioxide washing step was conducted undesahee synthesis conditions until no
smell of acetic acid was detected. To prevent peaof the nanostructure morphology,
CO, was used to wash the aerogek@t25ml/min. The as prepared alumina was then
calcined at 1.85C/min to the desired temperature (600/80CC /1050C) using a

Thermolyne 1500 furnace (NY, USA).

7.2.3 Characterization

The BET (Brunauer-Emmett-Teller) surface area, pore and distribution, and pore
volume were determined from nitrogen adsorption desbrption isotherm data obtained
at 77 K with a constant-volume adsorption apparétisromeritics ASAP 2010) using

N2 gas (99.995% pure; obtained from Praxair,Canadlag prepared samples were

degassed at 180 for 5h before measurements. The pore size disioitss of as-prepared
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samples were determined by a BJH (Barett-Joyneeid) modet®® The
nanostructured morphologies of the sample wereimddafrom Scanning Electron
Microscopy (SEM) micrographs (Model LEO 1530) andafismission Electron
Microscopy (TEM) images (Model JEOL 2010F). BefdreM analysis, the powdered
samples were dispersed in methanol by sonicatidntlzen placed and dried by normal
evaporation on a copper grid covered with holeybear film. Thermogravimetric
Analysis (TGA) and Differential Thermal Analysis TB) were performed to measure
the weight loss, the rate of weight loss, the hefiécts associated with drying,
decomposition, and phase changes as a functicengddrature. TGA/DTA analysis was
performed using a TGA/SDT A851 instrument at a ingatate of 10C/min in air.
Fourier transmission infrared (FTIR) was used &nidy the chemical groups present in
the synthesized samples. For FTIR analysis powde@uples were mixed with
potassium bromide (KBr) powder and pressed intksdisSThe FTIR spectrum was
recorded using a Bruker Tensor 27 Spectrometer avitesolution of 4 cfh scanning
from 4,000 to 400 cih at room temperature. Powder X-ray diffraction (XRiatterns
were collected to estimate crystallinities and $reictural changes of the synthesized
material. A Rigaku rotating-anode XRD was used @yiply Cuko radiation, with
monochromation achieved using a curved crystal fradifed beam, graphite
monochrometer. The instrument was operated at 4&hk 160mA, using the normal
scan rate of 10per minute (equivalent to 0.5wo-theta on conventional diffractometers)
in the D range from 2 to 82. X-rays were collimated using® divergent and scatter
slits, and a 0.15mm receiving slit. The surface position of the nanomaterials was

determined by XPS, using Kratos Axis Ultra spectrometer using a monochtamal
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K(alpha) source (15mA, 14kV). Survey and high-heson spectra were obtained using
an analysis area of ~300x700 microns and pass ieseqf 160 eV and 20 eV,
respectively. Spectra were charge corrected tarth@ line of the carbon 1s spectrum

(C-C, C-H) setto 285.0 eV.

7.3 Results and discussion

7.3.1 Synthesis of Nanofibers

The experimental conditions utilized for synthesigifibers, presenting the resulting
morphology of the samples synthesized under vamonsentrations, temperatures, and
pressures in scCOare summarized in Table 7.1. The surface aresgraption average

pore diameter, and single-point adsorption totaépmlume per gram are presented.

The morphology of the synthesized alumina aerogsisg scCQ@ as both the synthesis
and drying agent was assessed by electron micrgs¢8gM and TEM). Initial
experiments utilized a low concentration of AIP2(@amol/ml scCQ) with excess HAc
(AIP to HAc 1:10 in molar ratio) to facilitate conepe hydrolysis. Low concentration
was also found to facilitate easy dispersion amuidainitial agglomeration of reactants.
The effects of the synthesis temperature on thesteucture were investigated as shown

in Figure 7.2.
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Table 7.1: Physiochemical properties of the syntheed alumina nanostructures at
different conditions.

Experimental Parameters S, Vv
ET pore
Alp:H | AlP conc.) . Syn. | Syn. 1.;‘*" (m?/ Dpore (cm?/ Nanostructure
Ac (mmol/ml | Temp. | Pres. (°C) gm) (A) gm)
ScCQ) W) (psi) _
rﬁzl-o 115 | 612 | 0.176 M'Xt”rehc’f
40 6000 . nan(?]-tsp r?res,
600 77 69.6 | 0.134] Pentagons,
rods, fibers, etc
As-
50 6000 | prep. 481 113.7 1.37 Floripy forous
1:10 0.2 600 263 | 122.2| o004 Stucture
As- 579 706 | 1.021| Veryporous
60 6000 | prep. structure with
600 272 136.2 0.927 some nanofiber
As- .
80 6000 | prep. 436 104.9 1.142 Nan(?[ flbrlt()us
600 263 | 160.2| 1.053  networ
rﬁ;-o 355 | 106.8| 0.949| Nanofibers
1:10 0.3 80 6000| 600 268 | 138.2| 0924 5?6‘9'“9tfr°m
800 242 | 1244] 0753 7 (;‘Org 0 over
1050 108 | 145.8| 0.395 nm.
As- .
110 05 80 6000| prep. 330 1415| 1.171 Flbesrg lr?r?\s than
600 279 181.5 1.267 )
As- Nanofibers
4000 prep. 382 703 0.672 connected with
1:10 03 80 600 297 99.1 0.736 trunks
As- 403 717 0.723 Nanofibers
7500 prep. ' ' connected with
600 287 102.5 0.735 trunks
1:5 0.3 80 6000| 600 31 362  0.278 M'Cmb‘;?g hano
Other synthesis parameters: Degassing temperatgre 150 °C, AIP:HAc= Aluminum

Isopropoxide:Acetic acid mmol ratio; AIP Conc.= Alinum isopropoxide concentration; Syn Temp.=
Synthesis temperature; Syn Pres.= Synthesis pegsSu= Calcination temperature; As-prep= As
prepared; &= BET surface area; fd— Adsoption average pore diameter (4V/A)\= Single-point

adsorption total pore volume per gram.

At a synthesis temperature of 40 °C and 6000 pskedn nanostructures (rod,

sphere fibers, pentagon etc.) were formed withrg \eav BET surface area (115fgm)
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as shown in Figure 7.2-a,b. This low surface aseattributed to agglomeration of these
irregular shaped alumina nanostructures. When yhthesis temperature was increased
to 60 °C, a porous structure with some nanofibemédion developed, as shown by the
SEM and TEM micrographs in Figure 7.2-c and d, eetipely. The surface area
increased significantly to 579gm, along with an observed morphology change from
irregular shaped nanostructures to floppy porouscsire. This morphology change is
attributed to the higher synthesis temperatureignog more thermal energy favoring the

formation of an expanded structure of unfolded boike particles-®

The surface area of the fibers synthesized in sc&@nuch higher than conventional
alumina and reported alumina fibers of 37&m prepared using a PEO surfactdhtA
further increase of synthesis temperature to 80 r@Gulted in a more fibrous
nanostructure being formed (Figure 7.2-e,f). Timdase area of these samples decreased
slightly from 579crfygm to 496crfygm. The morphology changes may also be due to the
decreased density of scgQuith temperature i.e. 0.96 gm/ml at 40 °C/6000 psi

decreasing to 0.83 gm/ml at 80 °C /6000 psi.
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Figure 7.2 SEM (a,c,e) and TEM (b,d,f) images of nanoscale ahina particles with
varying synthesis temperatures: a-b) 40 °C; c-d)®°C, e-f) 80 °C. Concentration of
AIP to ScCO, 0.2mmol/ml, synthesis pressure 6000 psi, calcinati temperature
600 °C, AIP:HAc 1:10 mmol ratio.

Figure 7.3 provides theJNudsorption/desorption isotherms and pore-sizeiloigions for
the nanostructured alumina obtained using synthesmperatures from 40 to 80 °C in

scCQ. As shown in Figure 7.3a, the shapes of the ranogdsorption—desorption
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isotherms and their hysteresis loops are thosgpodal “type 1V’ isotherms with H3 and
H4 loops®. The sample synthesized at 40 °C shows H4 {5bplie to the irregular
shapes and broad size distribution, supportingStE® images, which showed irregular
shape nanoparticles. For the samples prepared an@®@0 °C, type IV, H3 loops were

formed, confirming mesopores with platelike materiith slitlike pore$®
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Figure 7.3: Np adsorption/desorption isotherms (a,c) and pore-s&zdistributions

(b,d) of nanostructured alumina: a, b- as preparedg,d Calcined at 600 °Co- 40 °C,
o- 60 °C,A- 80 °C.

The pore size distributions calculated from thdheans are presented in Figure 7.3b,
which shows that unimodal mesopores are formedaah demperature. The sample

prepared at 60 °C shows a narrow distribution withh peak intensity. In contrast, the
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pore size distribution is relatively broader in teample synthesized at 80 °C. The
broader distribution of pore sizes is attributedtie interparticle spaces of stacked
nanofibers. Figure 7.3-c and d shows similar bedrawihen the alumina samples were

calcined at 600 °C, with the effect of calcinatiescribed in detail later.

After observing nanofiber formation, the effectscohcentration, pressure and alkoxide
to acid ratio were investigated maintaining thectiem temperature at 80 °C. Figure 7.4 a
shows from the SEM micrograph that longer fibersesMermed when the concentration
was increased to 0.3 mmol alumina isopropoxide/a@@& maintaining the pressure at
6000 psi and alkoxide to acid ratio at 1:10. Furthereasing of concentration (0.5 mmol
alumina isopropoxide/ml scGDresulted in agglomeration with some short naresb

being formed (Figure 7.4b). When decreasing thexatle to acid ratio from 1:10 to 1.5

at 80 °C and 6000 psi, much larger structures ia@raed with some fiber-like sheets as

shown in Figure 7.4c. These gave a low surfaceafr8anf/gm.

The pressure effect (4000 psi and 7500 psi) on ialmmanostructures was examined
keeping the synthesis temperature (80 °C) and alkoxo acid ratio (1:10) at the
optimized conditions. At 7500 psi (scg@ensity 0.88gm/ml) nanofibers connected with
a porous trunk structure was formed (Figure 7.4dh wower BET surface areag7

m%/g).
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Figure 7.4: SEM images of nanoscale alumina partiek at varying synthesis
conditions in scCQ at 80 °C a) AIP 0.3mmol/ml, AIP: HAc 1:10, 6000 gg b) AIP
0.5mmol/ml, AIP: HAc 1:10, 6000 psig, c¢) AIP 0.3mmléml, AlIP: HAc 1:5, 6000 psig,
d) AIP 0.3mmol/ml, AlIP: HAc 1:10, 7500 psig, e-f) &2 0.3mmol/ml, AIP: HAc 1:10,
4000 psig.

Interestingly, a similar structure was also obserae lower pressure of 4000 psi with
BET surface are@297 m?/g.(Figure 7.4-e,f). The lower pressure likely fd®s less

penetration of C®in the drying state leading to the observed micoasure of these
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nanofibers as shown in Figure 7.4f. The low resoluSEM pictures of Figure 7.4a-d are

provided in Figure 7.5.

Figure 7.5: SEM images of calcined (600 °C) nanodeaalumina particles at varying
synthesis conditions in scC@at 80 °C a) AIP:scCQ 0.3 mmol/ml, AIP: HAc 1:10,
6000 psi; b) AlP:scCQ 0.5 mmol/ml, AlP: HAc 1:10, 6000 psi; c) AIP:scC®@0.3

mmol/ml, AIP: HAc 1:5, 6000 psig; d) AlP:scCQ 0.3 mmol/ml, AIP: HAc 1:10, 7500

psi.

7.3.1.1 Effects of Calcination on Nanostructure

To examine the thermal stability of the synthesiled) fibers (synthesized at 80 °C with
concentration of AIP in scCGO= 0.3 mmol/mL, AIP to HAc = 1:10, pressure = 6(G30),
the samples were calcined at varying temperatuype® 1050 °C and then examined by
electron microscopy as shown in Figure 7.6. Theofbhers shown in Figure 7.4a

(calcined at 600 °C) were further calcined to 808 4050 °C and examined by SEM, as
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shown in Figure 7.6-a and b. Maintaining the filw@tructure at these high temperature

conditions illustrates the thermal stability of thenofibers.

200 T

Figure 7.6: SEM (a,b) and TEM (c,d) images of alunmia nanofibers calcined at
varying temperatures a) 800 °C, b) 1050 °C, c) 60C, d) 1050 °C. AIP
concentration 0.06gm/ml ScC@, AIP:HAc 1:10; 6000 psig.

From the TEM images of the samples calcined ata&@)1050 °C (Figure 7.6c, d), it is
seen that at 600 °C the nanofibers are uniformavhtl 1050 °C nanocrystallites are
formed that are linearly attached to one anothenifog fibers. The crystallinity is further

confirmed by XRD analysis in subsequent characton. Heat stable high aspect ratio
nanofibers were formed with diameters 11-29 nm 0@-1000 nm length. The fibers

are stable and crystalline at 1050 °C (Figure 7.80¥ formation of —AlI-O-Al- bridges
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(further corroborated by FTIR analysis) may berdeeson for the heat stabilization effect
because their formation allows the disappearancéhefcationic vacancies from the
surface. Beguin et al. stabilized alumina towastrtal sintering by making —Al-O-Si—

bridges which resulted in the disappearance obeativacancie’§>.

The effect of calcination on N adsorption/desorption isotherms and pore-size
distributions of alumina nanofibers are providedhe (Figure 7.7). These show that a
lower volume of N gas adsorption per relative pressure, compardtiegas-prepared
sample, attributed to the lower surface area. Typed3 loops confirm mesopores with

platelike materials with slitlike pores even afbesing calcined at 1050 °C.
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Figure 7.7: Calcination effect on N adsorption/desorption isotherms (left) and pore-
size distributions (right) of alumina nanofibers. §nthesis condition is AIP:scCQ
0.3 mmol/ml; AIP:HAc 1:10; 6000 psi, 80 °C.

The reason for the increment of average pore siffes calcination of the as-prepared
sample (synthesized at 80 °C with concentratioAl&f in scCQ 0.3 mmol/mL, AIP to
HAc 1:10, pressure 6000 psi) to 600 °C (Table &1due to the evolution of gas (O
and water vapor) during heat treatnt€ht At the same time, pore volumes were

decreased due to the formation of denser matettdsiever, after 600 °C, when the
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same sample was further heated to 800 °C, the BEface area, pore size, and pore
volume all decreased (Table 7.1) due to collapssoofie micropores, intercrystalline

spaces of stacked nanofibers, and agglomeration.

The TGA/DTA curves were measured for the as-prepatlemina fibers (synthesized at
80 °C with concentration of AIP in scG& 0.3 mmol/mL, AIP to HAc = 1:10, pressure
= 6000 psi) as shown in Figure 6.8. The TGA curvEigure 6.8a shows 4% weight loss
in the range of 25-215 °C, attributed to physicddbund adsorbed organic molecules
and water produced during synthé§isA 63% weight loss in the region of 215-600 °C
is attributed to the removal of organic groups (bmElging acetate coordinated to Al

atoms) which agrees with the IR and XPS analysislte as described later. About 2.5%
weight loss is due to formation of other phasesigtier temperature¥.
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Figure 7.8: TGA-DTA analysis of alumina nanofibers. a) TGA-DTA, b) Derivative
of TGA-DTA, Solid line: Weight change (TGA); Broken line: Heat Flow (DTA).
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The exothermic peak at 875 °C in Figure 8a fromDA& heat flow trace is attributed to
the phase change ®alumina, while the very small exothermic peak av2 °C is
attributed to transformation walumind®® Figure 6.8b shows a plot of the derivative of
the TGA and DTA heat flows, which more clearly sisosgmoval of loosely bound and

coordinated bidendate materials, and the phassftnamations t@- anda-alumina.

Although increasing calcination temperatures ditldestroy the nanostructure, the BET
surface area and pore volume were decreased ghgdasldescribed in Table 6.1. A
decrease of surface area from 358gn(as-prepared) to 268°fg calcined at 600 °C is
due to the removal of adsorbed species and delgydraf the alumina. A further
reduction in surface area to 24Z/gnand pore volume at 800 °C is attributed to pore
collapse and phase changes, as further confirmed @&/DTA analysis. The BET
surface area of 1084y after calcining at 1050 °C is still higher théwat found by Ji et
al. (55.4 ni/g at 1000 °C¥®. This result shows promise for high surface amgalieation

at elevated temperatures, such as catalyst suppart@merging high temperature
processes such as lgeneration from biomass gasification. The sintggpnopensity of
the alumina nanofibers is low due to very largeopidy and small contact area between
fibers**’, which accounts for the high surface area of ymthesized alumina at high

temperaturé,

Figure 7.9 provides the FTIR traces of both theprpared and calcined alumina
nanofibers. For the as-prepared aerogel in Figu#a, The peaks at 1580 chand from
1400 to 1470 cit are assigned to the asymmetric and symmetricchtres of bridging
bidendate acetate groups, respectively, indicatwagg HAc formed bridging complexes

with the alumina nanostructur&® This is an important observation, which providss
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with direct evidence for the reaction mechanism aelfassembly steps in scgQas
described further below. The peaks below 1053*cane attributed to the Al-OH-AI
groupg*?, which disappears after calcination. A small psaibserved at 1710 ¢ifrom
C=0 bond stretching, while the small peaks about 3960 are due to C—H stretching.
The sharp peak aB8700 cm® and the broad peak a8500 cm® are attributed to the
isolated and hydrogen-bonded AI-OH, respectivelygyfe 7.9a). With elevated
calcination temperatures, the disappearance ofsprakn 1400 to 1580 crhindicates

the removal of the bidentate acetate gropus uplamesion (Figure 7.9b—d).
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Figure 7.9: FTIR analysis: a) As prepared, Sampleaicined at b) 600 °C, c¢) 800 °C,
d) 1050 °C.
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There are more —OH groups after calcination whiah be explained by the bidentate
acetates being replaced by —OH groups. For alumimaremove water completely
generally requires heating to over 1100 °C to peeduAl 0. In addition, from the peak

changes in the regions of 3400-3700 tiand below 1000 ci, it can be observed the

gradual formation of oxo bonds.

The crystalline phase of the as-prepared alumimafrizers was further identified by X-
ray powder diffraction, as shown in Figure 7.10erélwe see that many broad peaks are
evident of as prepared sample, which are diffefesth the known alumina materials,

and are assigned to a material with a formula Al(@OOCH;), as described later.

Intensity/au

20 40 60 80
2-theta/ Degree

Figure 7.10: XRD analysis: a) As prepared, b) Samplcancined at 600 °C, c)
Commercial gamma alumina, d) Calcined sample at 80T, e) Sample calcined at
1050 °C.
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With elevated calcination temperatures, the aerpgeks disappear at 600 °C, Figure
10b, indicating the destruction of the crystalliskeucture due to removal of bridging
acetate groups-Al,O3 appears at 800 °C (Figure 7.10d), witilanda- Al,O3 appear at
1050 °C (Figure 7.10e). This crystallization treaffer calcination agrees with the
observations by othet§% 144 67 170 For comparison purposes, Figure 7.10c shows the
commercial gamma alumina. The broad and weak XR&kp&an be explained by a

retarded phase transformation of the nanostructaeengef.’*
7.3.1.2 Mechanism of Nanofiber Formation

Our IR, TGA, and XRD analysis results show thatigniicant amount of bidentate
acetate groups as well as OH groups were preseheias-prepared nanofibers. In order
to study the surface functionality and elementahposition, the as-prepared aerogel was
further examined by XPS analysis (Figure 7.11). &leenental analysis results show that
the molar ratio of Al/C/O is ca. 1:4:5. In Figurédhl there is a small O(1s) signal at
532.99 eV and a large O(1s) signal at 531.85 e\é 3imall signal is assigned to the
oxygen in adsorbed water or HAc, which has a higimargy level than the oxygen bond
to aluminum atoms due to the higher electronegstiof hydrogen than aluminum. In
Figure 7.11c, two types of carbon are dominant st atomic ratio is about 1. The
C(1s) signal at 288.92 eV is contributed by theéboarfrom —O-C-O- group, and the
C(1s) signal at 284.80 eV is contributed by théboarin the CH- group. Based on the
information provided by the IR and XPS analysig, thrmula of the as-prepared aerogel
is consistent with [AI(OH)(CKCO,),]n. According to this formula, the weight loss of
Al(OH)(CH3C0O,), upon calcinations is 63% if the formed calcinatiproduct is

AIO(OH), which is supported by our TGA and XRD ritsfvide supra).
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Figure 7.11: XPS Analysis of as prepared alumina mefiber.

Based on our experimental evidence, Figure 7.1%shbe proposed structure of the as-
prepared linear alumina polycondensate aerogelddrduring the sol—-gel chemistry in

scCQ. This [AI(OH)(CH;COy,),]n structure has the acetate group as a bidentate tha
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bridges two aluminum atoms. The linear macromokuill form linear colloidal
particles when the molecular weight is high enoagll eventually form nanofibers,

similar to the formation of Ti@nanofibers that we observed previously in s&0
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Figure 7.12: Schemetic diagram of the structure afhe linear macromolecule with a
repeating unit of AI(OH)(CH 3COy)..

The evolution of the polycondensates into nano§ilmernanospheres can be explained by
aggregation of rigid colloidal particles as desedtby Brinker and Scheréf. When the
straight polycondensates grow long enough, thebdajudecreases and small spherical
concentrated regions calleacervatesare formed, decreasing the interfacial energy.
The arrangement of the polycondensates inctieecervatesesults in ellipticatactoids

in which the straight chains are organized due ni@rmolecular interactions. The
polycondensates end up with a rigid nanofiber stinec Crystalloid as observed by

electron microscopy.

According to previous studies by others, duringgsbk-gel process, HAc reacted rapidly

with aluminum alkoxide, generating alcohol and AHmoxylaté”® *™ Production of
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water occurs via either esterification or alcohehydration steps. As the esterification
reaction is very slow relative to the dehydratieaation, and alumina can catalyze the
dehydration reaction, it has been suggested thaerwia produced mainly by the
dehydration of alcohdf®> As soon as water is produced, the hydrolysisti@aoccurs
instantly, which is followed by condensation rean#® "3 7> 17°These basic steps are
outlined as follows:

)] Substitution

AI[CH3),CHO]5 + N"CH;COOH — Al[(CH3),CHO]3.{(CHsCOO), + CH3-CHOH-CHg

i) Dehydration

CH;-CHOH-CH; — CH3-CH=CH; + H;0

OR

Esterification

CH3COOH + CH-CHOH-CH;— CH;-OCO-CH(CH)+ H20
i) Hydrolysis

Al[(CH3),CHQ]3 + xH,0 — AI[(CH3),CHO]3.{(OH), + x(CH3z).CHOH
or
Al[(CH3),CHOQO]3.4(CH3COO}+xH;0 — AI[(CH3),CHO]3.n{CH3COO)(OH)x + X
CH;-CHOH-CH;
iv) Condensation polymerization

—AI[(CH3),CHO]+ HO—Al— — —AI-O-A + CHs-CHOH-CH,

These sol-gel chemical reactions continue duringhgagafter gelation, producing
strengthening, stiffening, and shrinkage of themaha network. This results in the

observed changes in the structural and texturgesties of the final aerogel prodict
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If the gel is aged in the original reaction meditsmall clusters continue to diffuse and
attach to the main network, making the network tsiifier and strongéf’. Ten days of

static aging resulted in high surface areas of alaras shown by Ji et'8f

As aluminum alkoxide is very reactive to water gécipitates quickly, a controlled
hydrolysis for alumina nanostructure formationngatal for a well-defined nanostructure
formation. As water was not added to this one-pattion process in scGCthe in situ
generated water (through the dehydration step)ylikeels the sol-gel reactions. The
controlled hydrolysis in scCQis further enhanced by the low solubility of watar
scCQ (~0.1 wt%), which would decrease the sol-gel reactate and facilitate the

formation of well-defined nanostructure insteagmcipitate’’

In addition, acetic acid is known to slow down tharolysis rate of metal alkoxides in
water. The acetate group coordinates to the matak,i preventing precipitate
formation!® A significant amount of hydrogen bonding betweeetia acid molecules
has been observed in scEthat would similarly slow down the sol-gel procéSsThese
effects facilitate the formation of uniform nanaestiures. Hence, our results in this work
show that acetic acid was an excellent reactiomtagescCQ for producing alumina

nanofibers without adding water for hydrolysis oryather additives for nanostructure

formation.

7.4 Conclusions

A novel method for synthesizing alumina nanofibisreeported for the first time using a
one-pot sol-gel route in scGQvith acetic acid as the polycondensation agents Th

process uses no extra water, organic solvent, tarfg chelating agent or other
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additives. The synthesis temperature, pressuregeadration and alkoxide to acid ratio
were found to play a key role in nanofiber formatidhe acetate bidentate helps to form
linear macromolecules, facilitating fiber formatiod high acid ratio, high temperature
and sufficient pressure >4000 psig, facilitatecfibbormation. Also, high acid ratio helps
to increase the solubility in GOAlthough the BET surface area of mesoporous floppy
chunk was found as high as 579gmicat 60 °C and 6000 psi with aluminum
isopropoxide concentration 0.2mmol/ml scC@he best result with respect to long
nanofibers and high aspect ratio were found at 80ahAd 6000 psi with aluminum
isopropoxide concentration 0.3mmol/ml scC®hermal treatment of these fibers at up to
1050 °C did not change the nanostructure morpholdgg BET surface area of these
fibers remains over 100gm/émeven at 1050 °C. This synthesized mesoporous
nanofibers with high surface area and porosityhragpect ratio, and thermal stability

make the fibers attractive for nanocatalysts aalgat supports.
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Chapter 8

Conclusions and Recommendations

8.1 Conclusions

Gasification and destruction of total organic conmpads (TOC) of a model waste biomass
compound (glucose) was studied in detail using @r8(batch reactor in supercritical
water. The supercritical water gasification teclueigpresented in this thesis can be
applied to environment friendly waste treatmenddoiction of hydrogen or syn gas from
the waste. The success of the gasification and @€xfruction depends on temperature,
types of catalysts, reaction time, concentratiorfegfd, oxidant etc. High temperature,
low feed concentration, longer reaction times ax@fable to the selectivity of hydrogen
production as well as TOC destruction. Oxidantfable to total gasification and TOC
destruction. However, the selectivity for hydrogipends on the catalyst rather than the
oxidant. The reactor temperature restriction lintlits experiments to be investigated up
to 500 °C. This moderate temperature limits gaaifosn and TOC destruction, and the
gaseous products are mostly methane rich. Inteampt to address this limitation, non-
noble metallic catalysts were synthesized, charae and evaluated for gasification in
supercritical water. Use of catalysts only can eéase the gasification, TOC destruction
and yield of hydrogen. The homogeneous and nobtalmatalysts were avoided due to
some limitations discussed in chapter 2, 3, 4,%nthe major outcomes from this study
include: (1) hydrogen rich gaseous products iseacthle at moderate temperaturestfr
500 °C) using non-nble metal catalysts like Ni-Lia@s; (2) the production of Hwas

found to be significantly higher than the reportedoy SCWG; (3) TOC destruction upto
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98% is achievable using oxidant; (4) higher hydroggeld was achieved by
supercritical water gasification than supercritioghter oxidation using Ni-La/AD;
catalyst (5) nickel was found to crack tar and clrad increase gasification; (6) reduced
nickel was found to have a higher efficiency thamdzed nickel; but (7) metallic nickel
oxidized in supercritical water even without usimgydant and may produce hydrogen;
(8) beyond a certain amount of nickel loading, thethanation reaction was increased,;
(9) graphitic type coke was found to be formed ackel catalyst; (10) lanthanum
modified catalyst was found to inhibit the meth&@matreaction, along with graphitic
coke formation and enhance the water gas shiftimag11) lanthanum adsorbs €O
that in turn increases hydrogen selectivity (12) ¢maller the size of catalysts, the higher
is the selectivity, (13) nano catalysts showed ltkst performance towards hydrogen
yield and TOC destruction among all catalysts exaahi (14) synthesis of high surface
area alumina nanofibers in supercritical carbonxid® was found to be thermally stable

at atmospheric pressure and could be promisingras@a catalyst support.

The physical and chemical properties of catalysffuénce the selectivity, reaction
mechanism, length of use, regeneration etc. Hatetajled characterization of fresh and
spent catalysts was conducted to determine theteffesupercritical water gasification
on catalysts and possible future usage and cadgsgin. The synthesized catalysts were
found to have excellent reduction characterisidthough the non-noble metals Ni, La
are found to be promising in SCWG, agglomeratiometfallic sites by exposing in SCW

was found to be a major drawback.

Loading of metals (Ni, La on alumina) by directga-method resulted in integration of

metals forming a Ni-La-Al-O nanostructure. Incorgioon of metals with the main
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support loaded by this method showed high actitasyards hydrogen production or
TOC destruction compared to conventionally metagdregnation on commercial alumina
support. However, integration of lanthanum leads tnopromoting the water gas shift
reaction resulting less hydrogen production congbémenanofiber catalysts. Exposure of

the sol-gel derived catalysts to SCW transformedoto uniform nano particles.

The novel method for synthesizing alumina nanosilder the first time using a one-pot
sol-gel route in scCOwith acetic acid as the polycondensation agentbsapromising

due to environment friendliness. This process usesextra water, organic solvent,
surfactant, chelating agent or other additives. hhekbone of nano catalyst (alumina
nanofibers) could sustain high temperature (1050&tGtmospheric pressure; however,

the fibrous structure morphology was distorted wheposed to supercritical water.

The kinetics of SCWG is important for feasibiligst and to design the catalysts as well
as reactors. The detailed reaction mechanism of S@W's discussed and explained. The
assumption of first order and ignoring water coriion due to high excess was found
erroneous. A global kinetic model for destructidnfT@C was developed using MATLB
by non-linear regression analysis. This model cocingly satisfied the experimental

results.

8.2 Recommendations

SCWG of glucose using non noble catalysts can leadhe potential viability of
industrial application for biomass waste treatmantl production of hydrogen. The

following recommendation should be considered:
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1)  Catalysts should be further improved for total rgalcof Tar, CO and Clat

lower temperatures.

a) Trace amounts of noble metals with Ni-La/@4 could be applied for

higher hydrogen selectivity.

b) As metals form complex with structure and the aloyere found to act
like catalysts; high surface area Ni-Al, Ni-Ru-Adtavork synthesis by sol-

gel method can be applied as catalysts.

c) Rutile titania as catalyst support can be appled & corrosion resistant

and could be stable in SCW.

i)  Other model compounds (cellulose, lignin, hemideie etc.) and real life
agricultural/industrial wastes, sewage sludge shdwg investigated at lower

temperatures using catalysts.

iii)  Detailed kinetic model for dissociation of liquidtermediate products should be

developed.

Iv) A continuous process should be developed with asiesonds residence time for

evaluation of real life industrial viability.

Other than biomass waste, plastic waste can beclegtyusing SCW due to it's
environment friendliness compared to conventionacgsses. The reactions can be

written as follows:

1. Recovering Tolylene diamine (TDA) form Tolylene idocyanate (TDI) residue
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for making polyurethane plastic.

CH CH
__Nco L_NH,
@ + 2H,0 = @ + 2CO,
[
NCO NH,
TDI(Tolylene diisocyanate) TDA(Toluenediamine)

2. Hydrolysis of PET to PTA and ethylene glycol.

PET(Polyethylene terephthalate)
Hz0 Hz0 Hz0 Hz0

v Y AN

O-E—@-E-O—CH2-CH2—0-%—@-E—D-CH2—CH2----

PET(Polyethylene terephthalate)
hydrolysis

HO-C~O)-G-OH+HO-CHz-CHz-OH+HO-C~O)-C-OH+HO-CHz-CHz-OH
o0 ol o)
terephthalicacid  ethylene glycol  terephthalic acid ethylene glycol

Development of catalysts can improve the plastisteveecycling.
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Appendices

Appendix Al: American Chemical Society’s Policy orreprinting published

material in Theses and Dissertations

If your university requires a signed copy of thestér see contact information
below:

Thank you for your request for permission to inelyaur paper(s) or portions of
text from your paper(s) in your thesis. Permiss@omow automatically granted; please
pay special attention to the implications paragrbplow. The Copyright Subcommittee
of the Joint Board/Council Committees on Publiaagiapproved the following:

Copyright permission for published and submittedemal from theses and dissertations
ACS extends blanket permission to students to deli their theses and dissertations
their own articles, or portions thereof, that hdxeen published in ACS journals or
submitted to ACS journals for publication, providiat the ACS copyright credit line is
noted on the appropriate page(s).

Publishing implications of electronic publicatiorf theses and dissertation
material:

Students and their mentors should be aware théihgasf theses and dissertation
material on the Web prior to submission of matefriam that thesis or dissertation to an
ACS journal may affect publication in that journ#hether Web posting is considered
prior publication may be evaluated on a case-by-t@sis by the journal’s editor. If an
ACS journal editor considers Web posting to bedppublication”, the paper will not be

accepted for publication in that journal. If yodeind to submit your unpublished paper to
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ACS for publication, check with the appropriatetedprior to posting your manuscript
electronically.

If your paper has not yet been published by ACShaee no objection to your
including the text or portions of the text in ydhesis/dissertation in print and microfilm
formats; please note, however, that electronicridigion or Web posting of the
unpublished paper as part of your thesis in elaatrdormats might jeopardize
publication of your paper by ACS. Please printfibleowing credit line on the first page
of your article: "Reproduced (or 'Reproduced int'pavith permission from [JOURNAL
NAME], in press (or ‘'submitted for publication’). npublished work copyright
[CURRENT YEAR] American Chemical Society." Includppropriate information.

If your paper has already been published by ACSyandwant to include the text
or portions of the text in your thesis/dissertatianprint or microfilm formats, please
print the ACS copyright credit line on the firstgeaof your article: “Reproduced (or
'Reproduced in part’) with permission from [FULL RERENCE CITATION.]
Copyright [YEAR] American Chemical Society." Incliédppropriate information.

Submission to a Dissertation Distributor: If yo@aplto submit your thesis to UMI
or to another dissertation distributor, you shoubd include the unpublished ACS paper
in your thesis if the thesis will be disseminatégicgonically, until ACS has published
your paper. After publication of the paper by Ag8yu may release the entire thesis (not
the individual ACS article by itself) for electrandissemination through the distributor;
ACS'’s copyright credit line should be printed oe first page of the ACS paper.

Use on an Intranet: The inclusion of your ACS ursined or published

manuscript is permitted in your thesis in print amicrofilm formats. If ACS has
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published your paper you may include the manusarigbur thesis on an intranet that is
not publicly available. Your ACS article cannot pested electronically on a publicly
available medium (i.e. one that is not passwordeeted), such as but not limited to,
electronic archives, Internet, library server, 8the only material from your paper that
can be posted on a public electronic medium isattiiele abstract, figures, and tables,
and you may link to the article’s DOI or post theicke’s author-directed URL link
provided by ACS. This paragraph does not pertainthe dissertation distributor
paragraph above.
Questions? Call +1 202/872-4368/4367. Send e-roabpyright@acs.orgr fax

to +1 202-776-8112. 10/10/03, 01/15/04, 06/07/06
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Appendix A2: Elsevier Policy on reprinting published material.

Authors publishing in Elsevier journals retain widghts to continue to use their
works to support scientific advancement, teaching acholarly communicationAn
author can, without asking permission, do the feifgy after publication of the author’s
article in an Elsevier-published journal:

» Make copies (print or electronic) of the authoriticde for personal use or the
author’s own classroom teaching.

* Make copies of the article and distribute them I(idg via email) to known
research colleagues for their personal use butforotommercial purposes as
described below.

* Present the article at a meeting or conferencedatdbute copies of the article to
attendees.

» Allow the author’'s employer to use the articleuti br in part.

* Retain patent and trademark rights and rights tg process or procedure
described in the article.

* Include the article in full or in part in a thesis or dissertation.

* Use the article in full or in part in a printed cpitation of the author’s, such as
collected writings and lecture notes.

» Use the article in full or in part to prepare otldagrivative works, including
expanding the article to book-length form, with leazich work to include full

acknowledgment of the article’s original publicatio the Elsevier journal.
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Appendix A3: Matlab Program for non-linear regression of global kinetic

model for TOC destruction

%% Main File%%

% Calculate and Plot regression statistics fromusegfit.m

% std -standard error of each parameter

% varresid- Variance of residuals

% r2 - R"2 Correlation coefficient

% cor - Correlation matrix for Parameters

% vcv - Variance Covariance Matrix for Parameters

% varinf- Variance inflation factors >10 implies Maollinearity in x's
% param -Least squares parameter values

% yfit -Response fit using param to get yfit fresgcurvefit use yfit=residual+ydata
% where residual is the error matrix from Isqcuitvef

% ydata -Response data

% jac -Jacobian value at Least squares parawetezs

clearall

clc

global A; globalcpred,;

%global cinit; global cfinal; global tspan; globgl
load bdata.txt % loading experimental data
A=bdata;

TT=[AGL)I;

temp=[A(:,2)]+273.15;

time=[A(:,3)];

Xpi=[A(:,4)];

Xpt=[A(,5)];

xdata=[time temp Xpi];

%

Options=optimsetDisplay,'iter, TolFun, 1e-8);
%'MaxFunEvals',4000,'MaxIter',2000);

%

ko=[0.005 4000];

scale=[1];

%

Ib=[0 O];

ub=fJ;
[kn,resnorm,errl,exitflag,output,lambda,jacl]=Isyetdit('clcf2',ko,xdata, Xpf,Ib,ub,Opti
ons)

err2=reshape(errl,length(time),1);
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cmodel=Xpf+err2
Ym=reshape(cmodel,1*length(time),1);
Yd=reshape(Xpf,1*length(time),1)
[std,varresid,r2,cor,vcv,varinf]=arif(kn,Ym,Yd,jar1l
lowerlimit=kn'-std;

ko=kn(1)

limitko=ko-lowerlimit(1)
E=8.314*kn(2)/1000
limitE=E-lowerlimit(2)*8.314/1000

%Function%
function[std,varresid,r2,cor,vcv,varinf|=regdata(parant,yfiata,jac)

e=yfit(:)-ydata(:);%error vectorize the Y matrix for multiple ouputs
ss=e"*e% best sum of squares

m=length(yfit);n=length(param);

if (m~=n),varresid=ss./(m-r@lse var=NaN;

end% variance of Residuals

% CALC VARIANCE COV MATRIX AND CORRELATION MATRIX OF
PARAMETERS
%convert jac to full matrix for ver
jac=full(jac);
xtx=jac'*jac;
xtxinv=inv(xtx);

%calc correlation matrix cor and variance inflatiarinf
varinf = diag(xtxinv);
cor = xtxinv./sgrt(varinfvarinf);

% Plot the fit vs data
t=1:m;
plot(t,ydatag't,yfit,'g-)
title( ydata and ymodel versus observation number'
xlabel(observation numbgy’
ylabel(ydata o and ymode)-'
grid;

disp(Least Squares Estimates of Param@ters'
disp(param?)

disp(correlation matrix for parametejs '

disp(cor)

vev=xtxinv.*varresid% mult by var of residuals~=pure error
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disp(Variance inflation Factors >10 ==> Multicollinegrin x"s)
disp(varinf)

std=sqrt(diag(vcv))o calc std error for each param
disp(95%Confidence Interval for each parameéter '
lowerlimit=param’-std;

upperlimit=param’'+std;

disp(Lower Limit ClI)

disp(lowerlimit)

disp(Upper Limit CI)

disp(upperlimit)

%Calculate R"2 (Ref Draper & Smith p.46)
r=corrcoef(ydata(:),yfit(;));
r2=r(1,2)."2;
disp(Variance of Residuals)’
disp( varresid)
disp(Correlation Coefficient R}’
disp(r2)

% Class 1%

functiondC = clcfl(t,X,flag,temp,param)
global A; globalnum;

T=temp;

Xp=X(1);

al=param(1);

el=param(2);

T0=420+273.15;
kl=al.*exp(-e1*((1/T)-(1/T0)));

dC(1)=K1.*((1-Xp)"2.4).*(1-1.3*Xp);% Power rate law model
dC =dC(y);

% Class 2%

function cpred = clcf2(param,xdata)
global A; globalcpred;
time=xdata(:,1);

temp=xdata(:,2);
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Xpi=xdata(:,3);
num=length(time);
t0=0.0;
for i=1:num
T=temp(i);
tf=time(i);
tspan=|[to tf];
Xp0=Xpi(i);
[t,Xp]=ode45(lcfl tspan,XpO0,[],T,param);
for j=1
cpred(i,j)=Xp(length(Xp).j);
end
end
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