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X
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Chemicals
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FDCA  2,5-Furandicarboxylic acid LA Levulinic acid
GVL y-valerolactone THF Tetra hydro furan
Variables
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Selectivity to product A
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Summary

Nowadays, fuels and chemicals are mainly derived from fossil feed stocks (e.g., crude
oil, natural gas or coal). However, the combustion of fossil fuels is believed to be responsible
for the global warming (i.e., via the emission of greenhouse gases). A lot of interest in finding
adequate sustainable alternative resources has been generated due to the decrease of fossil
feedstock reservoirs as well as the problem of climate change. Lignocellulosic biomass is
addressed as the only carbon containing sustainable alternative resource for our needs towards
chemicals and fuels. Thus, biorefinery concepts are proposed as guidelines for making energy,
fuels and chemicals from different components of biomass. Synthesis of chemicals/fuels from
biomass can be done via various approaches, namely liquefaction (i.e., flash pyrolysis, high
pressure liquefaction), gasification followed by Fischer-Tropsch conversion or fractionation
of biomass to natural polymers (e.g., cellulose, hemicellulose, lignin) which are subsequently

converted to platform chemical molecules.

The conversion of (hemi)celluloses is important in the biorefinery scheme since they
comprise 70 — 80 wt.% of biomass. Furans (HMF, FF, FDCA) and levulinic acid (LA) are in
the list of Top Ten value added platform molecules from carbohydrates - which include
hemicellulose and cellulose. The conversion of carbohydrate to these molecules requires de-
polymerisation of polysaccharides to sugar monomers and dehydration of the corresponding
sugar to HMF, FF or LA. One of the major problems in such conversion is the formation of

large amounts of solid by-products, namely humin.

A lot of efforts have been made to suppress humin formation in the sugar conversion
processes. However, it involves the use of expensive solvents (€.g., ionic liquids), and the
related difficulty and high energy input required for product separation. In the meantime,
however, in order to achieve a breakthrough in the conversion technology, valorisation of the
humin by-product should be taken into account to improve the economic value and
environmental factor of the whole bio-process. On the other hand, upgrading of these bio-
fuels and bio derived platform chemicals demands large amounts of hydrogen which should
also be produced from sustainable resources (e.g., water or biomass). Therefore, the approach
for producing hydrogen from humin is conceptually attractive. This can provide green

hydrogen for downstream processing in biorefinery.

Although the presence of humin was reported in almost every single literature on HMF,

LA synthesis, its chemical structure, properties or useful conversion is not well understood.
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The objective of this research is investigating the potential of humin for gasification to

produce sustainable hydrogen/synthesis gas.

In the first part of this thesis, the fundamental study on the chemical structure of humin
as well as its characteristics during the gasification is elucidated. The pristine humin, derived
from D-glucose, can embed considerable amounts of extractable components (8 — 16 wt.%)
which are (by)products derived from the dehydration of sugars (e.g., HMF, LA, soluble
humin). Results of spectroscopy analysis (ATR-IR, °C solid state MAS NMR) as well as the
pyrolysis data helped to understand the structure of humin. The humin framework consists of
furanic segments with aliphatic linkages decorated by carboxylic and ketone groups. Mass
spectrometry (ESI-MS, GPC, LDI-TOF) indicated the abundant presence of the mass 301
Dalton. By combining these data, a chemical structure of humin segments, and humin was

proposed.

In the first stage of the gasification (in steam and/or CO,), i.e. pyrolysis or de-
volatilisation stage, humin undergoes drastic changes in morphology, composition and
chemical structure. During this stage, humin turns from a dense to a porous structure due to
the decomposition of functional groups and escape of the volatiles. In CO, reforming, hollow
spherical particles were formed which implied the asymmetric composition of humin. The
most important knowledge obtained about this stage in gasification, is that humin becomes
more and more aromatised/graphitised, resulting in very high carbon content (above 90 wt.%)
and it lost about 25 mol.% carbon into vapour phase in the form of gas (CO, CO,) and organic
volatiles (e.g., phenols, acetic acid, poly-aromatics). In some cases, traces of S containing
species such as DMSO-2 was present in the volatile stream (S containing species released at
temperature below 400 °C). Humin residue showed very low reactivity towards steam/CO,
reforming, thus thermal gasification of humin requires elevated temperature (above 1050 °C).
Therefore, it is essential to employ catalysts to improve the reaction rate, reduce the

gasification temperature and thus the energy input to the process.

Alkali metal carbonates are active for gasification. Sodium carbonate showed the
highest activity for gasification of humin and it was selected for further investigation. The
activation energy for dry reforming in the presence of sodium carbonate is in the same range
as that for bio-char gasification. The kinetics study on steam and dry reforming of humin
revealed that the conversion rate was quite stable over a wide range of conversions
(conversion is proportional to TOS) and the catalytic reforming resembled the bulk reaction.
Complete conversion was achieved for steam reforming in the presence of Na,CO;
(selectivity to CO and CO; is 75 and 25%, respectively; H,/CO ~ 2), however, loss of catalyst

into gas phase was observed and explained by the transformation of Na,COj; to
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mobile/volatile species (e.g., Na, Na,O,). Adding CO; to the feed stream for steam reforming
increased the stability of Na,CO; tremendously. Therefore, in the conceptual design,
combining CO, and steam for the catalytic gasification is essential. The H, yield can be
further increased by implementating WGS step after gasification. Further investigation of the
nature of sodium species which might contribute to the catalytic activity was studied using
dry reforming with isotopic Na,’CO; and *Na MAS-NMR. The results from these
techniques revealed that Na,CO; is in the mixed oxide/carbonate form at the gasification

temperatures.

To maximise the use of carbon in humin as well as to clean up the gas stream, removal
of the volatile tars via steam reforming is required. The second part of the thesis (Chapter 5
and 6) focuses on the development of Ni based catalyst for steam reforming of the tar
products. Non-noble catalyst systems consisting of supported Ni on ceria-zirconia solid
solutions were developed with a preference to the influence of supports synthesis to the
catalytic performance. The use of m-cresol and acetic acid as model components for the
volatiles of humin covers most of chemical functionalities for the vapour mixture. Ceria-
zirconia mixed oxide has good redox properties which can contribute to the oxidation of coke
deposits on catalyst thus preventing catalyst deactivation. Three ceria-zirconia mixed oxides
synthesised via co-precipitation, co-precipitation followed by hydrothermal treatment,
impregnation were developed and characterised. Ni supported on ceria-zirconia synthesised
via co-precipitation followed by hydrothermal treatment showed the most promising for m-
cresol reforming Results from characterisation of fresh and used catalyst as well as the FT-IR

study on the steam reforming of m-cresol helped to explain the performance of the catalysts.

For steam reforming of m-cresol, the supported Ni was attributed to influence the main
activity for C-C and C-H cleavage (of m-cresol). The in situ FT-IR study revealed the
horizontal adsorption of the aromatic rings on the Ni surface and the interaction of methyl
group with the support. This allowed multiple cleavages to occur at the same time on the
catalyst. Since manifold sites including Ni involved in the reforming of m-cresol, relatively

large Ni crystallites (within optimum range) might be more favoured.

Since acetic acid is the most abundant aliphatic component in the volatile tar stream
from humin, performance of the optimal catalyst in acetic acid steam reforming is of interest.
Due to its notoriousness for causing catalyst deactivation, the steam reforming of acetic acid
was studied with preference to the stability of the catalyst. Improvement in activity of the
recycled catalysts was observed and discussed based on the characterisation results (LEIS,
Raman spectroscopy, TPO/TPR). Modification of Ce - or Zr - O bonds happened under the

redox treatment or steam reforming conditions, especially in the latter case. The result also
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Summary

indicated that the gained active sites located in the proximity of Ni particles where the
deprotonated acetic acid was adsorbed and converted via dehydration pathway. Oxygen
mobility of the support was the key factor for preventing coke deposits on the catalyst, thus

improving the catalyst activity and stability

To conclude, the whole process of humin gasification was studied. Humin is a potential
carbonaceous material for producing sustainable hydrogen. The thesis covers fundamental
investigation on chemical structure of humin byproduct from de-hydration of D-glucose for
making levulinic acid (a bio chemical building block) as well as the entire gasification of
humin (devolatilisation, gasification, steam reforming of tar). The findings in this thesis can
also contribute to gasification of a wider bio-derived feedstock range (e.g., lignocellulose,

bio-oils).
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Samenvatting

Brandstoffen en chemicalién worden tegenwoordig voornamelijk geproduceerd uit
fossiele grondstoffen (zoals aardolie, aardgas en kolen). De verbranding van deze fossiele
brandstoffen wordt echter gezien als oorzaak voor de opwarming van de aarde (via de emissie
van broeikasgassen). Er is veel interesse voor het vinden van geschikte alternatieve bronnen,
zowel vanwege het opraken van fossiele bronnen als vanwege het probleem van
klimaatverandering. Lignocellulose biomassa wordt gezien als de enige koolstofhoudende
duurzame alternatieve bron voor chemicalién en brandstoffen. Concepten voor bioraffinage
zijn voorgesteld als richtlijnen voor het maken van energie, brandstof en chemicalién uit
verschillende componenten van biomassa. De productie van chemicalién/brandstoffen uit
biomassa kan gedaan worden op verschillende manieren, namelijk liquefactie (bijvoorbeeld
snelle pyrolyse, hogedrukliquefactie), vergassing gevolgd door Fischer-Tropschconversie of
fractionatie van biomassa naar natuurlijke polymeren (bijvoorbeeld cellulose, hemicellulose,

lignin) die vervolgens naar bulkchemicalién worden omgezet.

De conversie van (hemi)cellulosen is belangrijk in het bioraffinaderijconcept, omdat zij
70 — 80 gew.% van biomassa uitmaken. Furanen (HMF, FF, FDCA) en levulinezuur (LA)
staan in de top 10 van waardevolle bulkchemicalién uit koolwaterstoffen zoals hemicellulose
en cellulose. De omzetting van koolwaterstoffen naar deze moleculen vereist depolymerisatie
van polysachariden naar suikermonomeren en dehydrogenatie van desbetreffende suikers naar
HMF, FF of LA. Een van de voornaamste problemen in dergelijke conversies is het ontstaan

van grote hoeveelheden vast bijproduct, humin genaamd.

Er is veel aandacht besteed aan het onderdrukken van de vorming van humin bij het
omzetten van suiker. Dit vereist echter het gebruik van kostbare solvent (zoals ionogene
vloeistoffen), met de daarmee gepaard gaande hoge complexiteit en hoge energie-input voor
scheiding van de producten. Terwijl het onderzoek naar betere conversiemethoden doorgaat,
dient om een doorbraak in de conversietechnologie te forceren tegelijkertijd te worden
gekeken naar het valorizeren van de humin bijproducten, om zodoende de economische en
ecologische factoren van het gehele bioproces te verbeteren. Aan de andere kant kost het
opwaarderen van deze bio-brandstoffen en de uit biomassa afkomstige basis chemicalién
grote hoeveelheden waterstof, die ook moet komen uit duurzame bronnen (zoals waterkracht

of biomassa). Daarom is het produceren van waterstof uit humin een aantrekkelijk concept.
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Hiermee kan ‘groen’ waterstof worden geproduceerd voor de downstream processen in de

bioraffinaderij.

Hoewel de aanwezigheid van humin wordt vermeld in bijna elke studie over synthese
van HMF en LA, worden de chemische structuur, eigenschappen en nuttige verwerking ervan
niet goed begrepen. Het doel van dit onderzoek is inzicht te krijgen in de mogelijkheden om
humin te gebruiken voor de productie van duurzaam waterstof/synthesegas te produceren door

middel van vergassing.

Het eerste deel van deze thesis bestaat uit een fundamentele studie naar de chemische
structuur van human en de eigenschappen tijdens de vergassing. De onbewerkte humin,
afkomstig van G-glucose, kan aanzienlijke hoeveelheden winbare bestanddelen bevatten (8 —
16 wt.%) die (bij)producten zijn van de dehydrogenatie van suikers (zoals HMF, LA en
oplosbare humin). De resultaten van de spectroscopie-analyse (ATR-IR, "*C vastestof MAS
NMR) evenals de pyrolysedata helpen inzicht te verkrijgen in de structuur van humin. Het
humin-geraamte bestaat uit delen van furanen met alifatische verbindingen aangevuld met
carboxylische groepen en ketongroepen. Massaspecrometrie (ESI-MS, GPC, LDI-TOF) liet
zien dat de massa van 301 Dalton in hoge mate aanwezig is. Door deze informatie te
combineren is een vermeede chemische structuur van humin segmenten voorgesteld, en een

mogelijke structuur van humin.

In de eerste fase van de vergassing (in stoom en/of CO,), oftewel de pyrolysefase,
ondergaat humin drastische veranderingen in morfologie, samenstelling en chemische
structuur. Tijdens deze fase verandert humin van een dichte in een poreuze structuur doordat
functionele groepen uiteenvallen en vluchtige componenten ontsnappen. Zelfs in CO,
reforming werden holle bolvormige deeltjes gevormd, wat suggereert dat humin een
asymetrische samenstelling heeft. Het belangrijkste wat over deze fase is ontdekt, is dat
humin meer en meer gearomatiseerd/gegrafitiseerd raakt met als gevolg een zeer hoog
koolstofgehalte (boven 90 gew.%) met een verlies van ongeveer 25 mol.% koolstof naar de
gasfase in de vorm van gas (CO, CO,) en organische vluchtige stoffen fenolen, azijnzuur en
poly-aromaten. In sommige gevallen waren sporen van zwavelhoudende stoffen zoals DMSO-
2 aanwezig in de vluchtige stroom (zwavelhoudende stoffen vrijgelaten bij een temperatuur
onder de 400 °C). Humin-residu vertoont zeer lage activiteit voor stoom/CO, reforming, dus
thermische vergassing van humin vereist een zeer hoge temperatuur (boven de 1050 °C). Het
is daarom essentieel om een katalysator in te zetten om de reactiesnelheid te verhogen en de

temperatuur (energie-input) van het vergassingprocess te verlagen.
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Alkalimetaalcarbonaten zijn actief voor vergassing. Natriumcarbonaat vertoonde de
hoogste activiteit en is geselecteerd voor verder onderzoek. De activatie-energie voor droge
reforming in aanwezigheid van natriumcarbonaat is vergelijkbaar met bio-houtskool
vergassing. De kinetiekstudie naar stoom- en droge reforming van humin laat zien dat de
conversiesnelheid vrij stabiel is over een groot bereik van de conversie (conversie is
evenredig met de TOS) en de katalytische reforming lijkt op de bulkreactie. Volledige
conversie kan voor stoomreforming worden bereikt in aanwezigheid van Na,COj (selectiviteit
van CO en CO; is 75 en 25%, repectievelijk; H,/CO ~ 2), echter, verlies van katalysator naar
de gasfase werd waargenomen en verklaard met de transformatie van Na,CO; naar
beweeglijke componenten (zoals Na, Na,0,). Het toevoegen van CO, aan de voedingsstroom
voor stoomreformatie verhoogt de stabiliteit van Na,CO; aanzienlijk. Daarom is het voor het
concentuele ontwerp essentieel dat CO,- en stoomreforming worden gecombineerd. Om de H,
opbrengst te verhogen moet tevens WGS worden geimplementeerd als stap na de vergassing.
Nader onderzoek naar de aard van de natriumverbindingen die mogelijk bijdragen aan de
katalytische activiteit is gedaan door middel van droge reforming met gelabelde Na,'>COs en
®Na MAS-NMR. De data die hiermee is verkregen toont aan dat NaCO; zich in

oxide/carbonaatvorm bevindt bij de vergassing-temperatuur.

Om het gebruik van humin als bron van koolstof te optimaliseren en de gasstroom te
reinigen, is het verwijderen van teer door middel van stoomreforming een vereiste. Het
tweede gedeelte van de thesis (Hoofdstukken 5 en 6) concentreren zich op de ontwikkeling
van een katalysator op Nikkel-basis voor stoomreforming van de teerproducten. Niet-edele
katalysatoren bestaande uit Ni met een ceria-zirconia mengsel als drager zijn vervaardigd
waarbij met name de invloed van de drager-synthese op de katalytische activiteit is getest. Het
gebruik van m-cresol en azijnzuur als modelcomponenten voor de vluchtige componenten van
humin benadert de chemische functionaliteit van het dampmengsel. Een ceria-zirconia oxide
mengsel heeft goede redox-eigenschappen die kunnen bijdragen aan het oxideren van
cokesafzetting op de katalysator en deactivatie van de katalysator voorkomen. Drie ceria-
zirconia oxide mengsels, vervaardigd via coprecipitatie, coprecipitatie gevolgd door
hydrothermische behandeling en co-impregnatie zijn gekarakteriseerd. Ni op een drager van
ceria-zirconia vervaardigd via coprecipitatie gevolgd door hydrothermische behandeling toont
zich het beste voor m-cresol reforming. De resultaten van de karakterisatie van ongebruikte en
gebruikte katalysator en de FT-IR studie voor de stoomreforming van m-cresol helpen de

prestaties van de katalysator te verklaren.

Voor stoomreforming van m-cresol wordt de Ni met drager verondersteld het breken

van C-C en C-H bindingen (van m-cresol) te beinvloeden. In situ FT-IR toonde de horizontale
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adsorptie van de acomatische ringen on het Ni-oppervlak en de interactie van de methylgroep
met de drager. Dit maakt het mogelijk dat meerdere bindingen tegelijkertijd openbreken op de
katalysator. Aangezien meerdere sites, inclusief Ni, actief zijn in de reforming van m-cresol,

zijn relatief grote Ni-kristallieten (binnen het optimale gebied) gunsiger.

Aangezien azijnzuur de meest aanwezige alifatische component is in de vluchtige
teerstroom uit humin, is de activiteit van de optimale katalysator in de stoomreforming van
azijnzuur interessant. Vanwege de bekende deactivatie van de katalysator richt de studie naar
stoomreforming van azijnzuur zich met name name op de stabiliteit van de katalysator. Een
verbetering in activiteit van herbruikte katalysator werd waargenomen, en besproken aan de
hand van de characterisatie (LEIS, Raman spectroscopy, TPO/TPR). Aanpassing van Ce- of
Zr-O bindingen gebeurde tijdens de redoxbehandeling of vergassingcondities, met name
tijdens de laatste — stoomreforming van azijnzuur. Het resultaat toont aan ook dat de actieve
sites ontstaan in de buurt van Ni-deeltjes waar de gedeprotoneerde azijnzuur adsorbeerd en
via dehydrogenatie wordt omgezet. De beweeglijkheid van zuurstof op de drager is de sleutel

voor het voorkomen van cokesafzetting op de katalysator, en verhoogd dus de activiteit

Tenslotte is het gehele proces van huminvergassing bestudeerd. Humin is een potentiéel
koolstothoudend materiaal voor het produceren van duurzame waterstof. De thesis omvat
fundamenteel onderzoek naar de chemische structuur van humin-bijproduct uit
dehydrogenatie van D-glucose voor de productie van levulinezuur, een bio “Lego-steen”,
alsmede de gehele vergassing van humin (devolatilisatie, vergassing, stoomreforming van
teer). De bevindingen in deze thesis kunnen ook bijdragen aan vergassing van een bredere

reeks aan biogrondstoffen (waaronder lignocellulose, bio-olién).
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Ngay nay, nhién liéu va hoa chat dugc tong hop chu yéu tir nguyén liéu hoa thach (vi
du, dau tho, khi thién nhién hogc than d4). Tuy nhién, viéc dét nhién li¢u hoa thach duge cho
1a tac nhan cha yéu cho hién tuong trai dat nong 1én (do viéc phat thai khi nha kinh). Ngoai ra,
su can kiét ngudn nhién liéu hoa thach da thiic day cac nghién ctru vé cac ngudn nguyén licu
bén vitng thay thé. Sinh khéi thyuc vat dugc cho 1a ngudn nguyén liéu bén viing duy nhat c6
chira cacbon dé tong hop hoa chit va nhién liéu cho nhu ciu ctia con ngudi. Do vay ma khai
niém tinh ché sinh khéi thuc vat da duoc dé xuét va dong vai tro nhu cAm nang huéng dan san
xuat nhién lidu va hoa chat tir cic thanh phan ciia sinh khéi. Viéc san xuat hoa chat/nhién liéu
tir sinh khdi c6 thé dugc thyc hién theo nhidu cach khac nhau: hoa long sinh khdi (bao gdm
nhiét hoa siéu nhanh, hoa 16ng ¢ ap suét cao), khi hoa kém theo qua trinh chuyén hoa
Fishcher-Tropsch, hodc phan tich sinh khéi thanh cic polyme thién nhién (vi du: xenlulo,
hemi xenlulo, lignin) tir 46 ching duoc chuyén hoa thanh cac chat tong hop cin ban cho san

xudt hoa hoc tir vat li€u tu nhién.

Su chuyén héa (hemi)xenlulo dong vai trd rat quan trong trong so dd chung cua tinh ché
sinh khoi thyuc vat vi chiing 1a thanh phan cha yéu cta sinh khéi thyc vat (chiém dén 70 — 80
% khdi lugng kho cua thyc vat). Cac hop chat furan (vi du hydroxy methyl furan - HMF,
furfural - FF, furan di-carboxylic axit) va levulinic axit (LA) nam trong Tdp10 chat tong hop
cin ban tir cacbohydrat ma bao gdom ca xenlulo va hemi xenlulo. Su chuyén héa cacbohydrat
thanh cac hop chit tong hop cin ban néu trén yéu cau viéc chia nho cac polysaccarit thanh
duong don va loai nude tir phan tr duong don nay thanh HMF, FF hay LA. M{t trong nhiing
nhuoc diém chu yéu trong qua trinh bién dbi nhu trén 1a sy phat sinh mot luong 16n san pham

phu dang rin, thuong dugc goi 1a humin.

Nhiéu nghién ctu d3 va dang dugc thuc hién nham khdng ché qué trinh hinh thanh
humin trong qué trinh chuyén hoéa duong. Tuy nhién, viéc nay doi hoi viéc sir dung cac loai
dung moi dit tién (vi du chat 1ong ion) va kém theo d6 13 viéc phan tach san pham phic tap,
tiéu hao nhidu ning lugng. Cho dén khi cong nghé chuyén hoa duong dat t6i thanh tyu mong
mubn, ching ta can xem xét dén kha nang str dung ctia humin tir d6 nang cao gié tri kinh té va
yéu td moi truong ciia toan bd qué trinh chuyén hoa sinh khbi. Mit khac, viée xur 1y va chuyén
hoa dau tir sinh khéi thyc vat hay cac chat tong hop cin ban tir sinh khéi doi hoi viée s dung
mot luong 16n khi Hy. Do yéu ciu vé san pham xanh/phat trién bén viing nén khi H, str dung

cho céc qué trinh trén ciing phai duoc tong hop tir cic ngudn nguyén lidu téi tao (vi du nhu
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nude hay sinh khdi). Do vay viéc str dung humin cho qué trinh san xuét khi H, dugc xem nhu
mot giai phap hop 1y cho viéc ning cao gia tri sitr dung cia humin. Bing cach nay, khi H,
“xanh” c6 thé duoc tong hop va str dung trong cac qua trinh tinh luyén trong so do bién doi
sinh khoi.

Mic du hau hét cac nghién ctru vé tong hop HMF, LA déu nhic dén sy xuét hién cua
humin, nhung ban chit héa hoc, tinh chat hay cac qué trinh phan tmg ciia n6 khong dugc tim
hiéu chi tiét. Muc dich ctia dé tai nay la nghién ctru kha nang sir dung humin cho qua trinh khi

hoa dé san xuat khi H, hodc khi tong hgp mang tinh phat trién bén ving.

Trong phan dau cta ludn vin ndy, nghién ctru co ban vé thanh phén, cau trac hoa hoc
ctia humin ciing nhu tinh chat cia n6 trong qua trinh khi hoa duoc thyc hién mot cach chi tiét.
Humin thé tir qua trinh tach nuéc cua D-glucose co thé chira mot lugng 16n tap chét co thé
tach duoc (8 — 16 % khdi lwong). Cac tap chat nay chu yéu dugc hinh thanh trong qua trinh
tach nude cia duong (vi du nhu HMF, LA, humin tan trong nudc). Cac két qua tir phan tich
phé hdng ngoai, Bc cong huodng tir cling nhu san pham tir qua trinh nhiét hoa humin dem lai
nhitng hiéu biét vé ciu trac héa hoc ctua humin,cho thiy né bao gdm cac nhom furan dugc
lién két véi nhau boi cac mach hydrocacbon c6 dinh kém cac nhoém keton va cacboxylic. Két
qué tir cac phuong phap phén tich khdi lugng phén tir (ESI-MS, LDI-TOF, GPC) chi ra sy
t6n tai phd bién cua khdi luong 301 Dalton. Bang viée két hop cac két qua trén, cu tric hoa

hoc cua mdt doan thanh phan cling nhu cau truc humin dugc dé xuat.

Trong giai doan dau cua qua trinh khi hoéa (st dung hoi nudc hodc CO,) — giai doan
nhi¢t hoa hay phan huy tach khi, humin bién dbi dang ké v& mit hinh thai, thanh phﬁn va cAu
triic hoa hoc. Trong giai doan nay, humin chuyén tlr cAu truc dic sang cAu tric Xép r6ng do su
phan hily ctia cdc nhom chiic va su giai phong cac chat hoa hoi. Trong qué trinh khi hoa voi
CO,, cac hat ciu véi 15 rong dugc hinh thanh tir humin & nhiét do cao. biéu nay chung to cAu
tric khong déng nhét ctia humin theo doc mait cit caa no. Két luan cin ban nhét vé giai doan
dAu clia qua trinh khi hoa 13 humin bi than hoa theo nhiét d¢. O nhiét d6 ma qua trinh khi hoa
thuc su bat dau, hon 90 % khoi lugng humin 1a cacbon va khoang 25 % mol cacbon ban dau
dugc giai phong dudi dang khi (CO, CO,) hay cac chit hiru co nhe (vi du céc hop chit
phenol, acetic axit, cac chat thom). Trong mét sb trudng hop, mot lugng nhod chiu chira luu
huynh nhu DMSO-2 xuét hién trong hdn hop cac chit hiru co nhe (cac hop chat chira luu
huynh dwogc hinh thanh & nhiét d6 duéi 400 °C). Phan con lai ciia humin c6 hoat tinh thip
trong mdi truong khi héa bang hoi nuée hay CO,, vi vdy ma khi héa humin can nhiét do rat
cao (trén 1050 °C). Do d6 viée sir dung chat xuc tac 1a yéu cau thiét yéu dé tang toc do phan

ung cua humin, gidm nhi¢t d¢ khi héa va nang lugng cung cap cho qua trinh nay.
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Cac mubi kiém c6 hoat tinh cao ddi voi qua trinh khi hoa sinh khdi néi chung. Béi voi
qua trinh khi héa humin, Na,COs ¢6 hoat tinh cao nhét va duoc chon dé nghién ctru sau hon.
Ning luong hoat hoéa ctia humin trong qué trinh khi héa bang CO, véi xuc tic Na,COj5 ciing
trong dwong v6i nang lwong hoat hoa cua than tir thuc vat. Nghién ctru vé dong hoc cia phan
tmg khi héa bang hoi nudc hay CO, chi ra ring tbc do phan tng kha 6n dinh trong mot
khoang rong gié tri chuyén hoa (hay noi cach khac gia tri chuyén hoa ty 18 thuan véi thoi gian
phan tng) va qué trinh khi hoa di thé véi xtic tac twong dong véi phan Gmg ddng thé. Trong
qua trinh khi hoa bang hoi nudc str dung Na,COs 1a xtic tac, phan con lai ctia humin & nhiét
dd cao (trén 700 °C) bi khi hoa hoan toan (75% thanh CO va 25 % thanh CO,, ty 1¢ H,/CO
Xap xi bang 2). Tuy nhién, Na,COs bj thét thoat vao pha khi do bi bién d6i thanh cac chat
linh dong va dé bay hoi nhu Na, Na,O,. Viéc bo sung CO, vao dong khi cung cap cho qua
trinh phan tng c6 thé lam ting dang ké do bén viing cua xuc tac. Do do, trong thiét ké qua
trinh, su két hop khi héa bang hoi nuéc véi CO, 1a yéu cau thiét yéu. Nang suit H, c6 thé
duogc ting thém bang viée két ndi qua trinh 6xy hoa CO bing hoi nude (phan tng WGS) sau
qua trinh khi hoa. Ban chit cta cac hop chét natri dong vai tro xtic tac dugc nghién ctru trong
diéu kién phan tng khi hoa bang CO, véi viéc st dung ddng vi Na,*CO;3 va *’Na cong huong
tir chat ran. Viée st dung cac ki thuat nay chi ra rang natri cacbonat ton tai & trang thai hon

hop 6xit hodc cacbonat ¢ diéu kién khi hoa.

Dé nang cao t6i da viéc sy dung ngudn cacbon trong humin ciing nhu 1am sach dong khi
san pham, viéc loai bo cac san pham nhya hitu co tir humin theo con dudng 6xy hoa bang hoi
nude 1a can thiét. Phan hai ciia Luan an (Chuong 5 va 6) tap trung vao sy tong hop xtic tac
dua trén niken cho qua trinh 6xy hoa bang hoi cic san pham dang nhua hitu co tir humin. Ba
loai xuc tac bao g@)m niken duoc 6n dinh trén hon hop ceria-zirconia dugc phat trién, cha
trong toi sy anh hudng ctia phuong phap tong hop hdn hop chat nén dén hoat tinh cua xuc tac.
m-cresol va acetic axitduoc luya chon 1a chét dai dién cho hdn hop nhya hitu co tir humin vi
cac chat nay chtra hau hét cac nhom chirc ¢6 mat trong hdn hop nay. Hon hop 6xit ceria-
zirconia c6 tinh chat hoa khir tot va co thé dong gop vao viée oxy hoa ce (coke) hinh thanh
trén bé mat xtc tac, do do ngan ngua sy giam hoat tinh cia xac tac. Ba loai chit nén chaa hdn
hop ceria-zirconia duoc téng hop theo phuwong phap dong két tua, dong két tua két hop voi
nhiét thiy phéan va tdm ceria trén zirconia va dwoc phan tich. P6i v6i qua trinh oxy hoéa m-
cresol bang hoi nudc, xtc tac niken trén chat nén ceria-zirconia tong hop theo phuong phap
dong két tiia két hop nhiét thiy phan c6 hoat tinh va do bén cao nhét. Két qua tir viéc phan
tich xtic tac chwa va da qua str dung ciing nhu két qua tir nghién ciru qua trinh phan g bang
ph6 hong ngoai (FT-IR) gitip 1am sang té tinh chat va kha ning hoat dong cia cac loai xuc

tac.
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Déi v6i phan tng oxy hoa m-cresol, nickel dong vai trd chinh trong viéc pha v cac lién
két C-C va C-H (cua phén tir m-cresol). Két qua tir nghién ctru in situ FT-IR cua phan ing nay
chi ra rang vong thom ctia m-cresol duoc hip phu trén bé mit hat nickel theo phuong song
song va nhom methyl tuong tac voi chat nén. Didu nay cho phép viéc pha v& cac lién két
trong phan tir m-cresol c¢6 thé thyc hién dong thoi. Do vdy, kich thude tinh thé nickel twong

dbi 10n (trong ngudng tdi wu) c6 thé cé loi hon cho phan tng.

Vi acetic axit 1 chat hitu co khong thom pho bién nhat trong hdn hop nhya hiru co tir
humin, kha ning hoat dong cua chat xiic tac tdi uu cho m-cresol d6i v6i qué trinh oxy hoa
acetic axit bang hoi nudc ciing can duoc xem xét. Do acetic axit rat d& giy giam va mat hoat
tinh ctia xtic tac, nghién ctru phan ing oxy hoda acetic axit bang hoi dugc tap trung vao tinh
bén vitng, 6n dinh cta chit xuc tac d6i véi phan Gmg nay. Su gia ting hoat tinh & xtc tac dugc
tai sir dung duoc nhan biét va lam sang t6 dua trén cac két qua phan tich xtc tac bang nhiéu
k¥ thuat (vi du LEIS — tan xa ning luong ion thap, phé Raman, oxy hoa/khir theo nhiét do).
Su bién ddi lién két kim loai v6i oxy cua chit nén (Ce-O hay Zr-O) xdy ra trong méi truong
oxy héa khtr hodc trong diéu kién phan ung, dic biét 1a & truong hop sau. Két qua trén ciing
chi ra rﬁng cac diém hoat tinh tang thém nam gén v6i hat nickel. Tai céc vi tri nay, phan tu
acetic acid mat proton bi hap phu 1én bé mat chat nén va chuyén hoa theo con dudng loai
nude. Tinh linh dong cua oxy trén chat nén 1a yéu t6 c6t yéu cho viée ngan ngira viée hinh

thanh coc (coke) trén xuc tac, do do tang cuong hoat tinh va dd bén, 6n dinh cua xuc tac.

Dé két luan, toan bod qua trinh khi héa humin da dugc nghién ctru trong luan véan nay.
Humin 13 ngudn nguyén liéu cacbon trién vong cho qué trinh san xuat hydro “xanh”. Luin
vin bao gdm nghién ctru co ban vé cu tric hoa hoc ctia humin — san pham phu tir qua trinh
tach nudc cua D-glucose dé san xuét levulinic axit (mot hop chat téng hop co ban tir sinh
khéi) ciing nhu toan bd qua trinh khi hoa (nhiét phan humin ban dau, khi hoa phan con lai ciia
humin, oxy hoa bing hoi nuéc san phdm phu dang nhya hitu co). Két qua tir nghién ctru nay
ciing c6 thé dong gop va ap dung cho viée khi hoéa mot khoang 16n nguyén liéu c6 ngudn gbe

tir sinh khéi thue vat (vi dy, ligno-xenlulo, dau tir nhiét phan sinh khéi).
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Opportunity from problem: sustainable hydrogen for biorefinery

from humin by-products of sugar conversion

Abstract

Lignocellulosic biomass is addressed as sustainable alternative feedstock for chemicals
and fuels. The concept of biorefinery consists of integrated approaches for conversion of
biomass to such products. Top value added chemical platforms from carbohydrates were
proposed. Formation of humin by-products is one of the major problem of de-hydration of
sugars for making 5-hydroxy methyl furan and levulinic acid (two of the top 10 top valued
added bio-derived building blocks). On the other hand, there is high demand of sustainable
hydrogen for making bio-chemicals and bio-fuels. Generating hydrogen from humin can
improve the use of carbon in biomass as well as the environmental factor of the sugar
conversion.

1




2

Opportunity from problem: sustainable H, from humin based by-products from sugar conversion

11 Biorefinery

From early history of human-being until the end of 19" century when mankind turned
into the modern era, the carbon utilisation in the global economy and technology was based
on biomass derived materials or feedstocks. Wood, extracts from biomass or animals (e.g.,
vegetable oils, bee wax, whale tallow etc.) used to be the only supply source for energy and
fuels in daily life until early modern time. The first mobile engines in automobile industry
were designed for using biomass derived liquid fuels: e.g., the first internal combustion
engine invented by Nikolaus August Otto used ethanol and the first compression ignition
engine by Rudolph Diesel was demonstrated with peanut oil in 1898. Thus, energy and
transportation fuels from biomass are not a recent discovery. The last century witnessed the
dramatic development of life standards which is based on petroleum economy. Since its
emergence in the early 20" century, tremendous technological advances and scientific
research have established and optimised petroleum processes for energy, fuels and chemicals.
However, the depletion of crude oil resources simultaneous with increased demands as result

of improved living standards has generated great interest in alternative resources.

Along with the increased use of fossil materials, the global temperature has been
increasing in the last century at a rate that by far surpasses the natural variability of the past
1000 years [1]. The emissions of greenhouse gas (e.g., CHy, CO,, N,O) caused by human
activities such as burning fossil fuels, is responsible for this anthropogenic global warming.
Reduction of greenhouse emissions is now a top priority globally, especially in the developed
regions of the world. For example, legislations regarding reduction of CO, emissions has
already been initiated. Sustainability becomes an important requirement for the strategy of
energy/chemicals production and consumption. Several alternative resources including wind,
tide, photovoltaic, biomass have been investigated in an attempt to replace fossil feedstocks
(i.e., crude oil, natural gas and coal), and reduce CO, emissions. Among these, biomass is the
only alternative that is considered as the sustainable alternative, containing carbon, for our
fuels, chemicals and materials [2-6]. The concept of a bio-refinery has been introduced and
considered as the key to use biomass as raw materials for renewable industry [7-9]. It is
analogous to the current petroleum refineries. Generally, biorefinery includes intergraded
approaches to convert biomass for multiple applications involving bio-energy, bio-fuels and
bio-chemicals. A simplistic, idealised biorefinery flow-chart is shown in Figure 1.1 with
specific preference to biofuels and bio-chemicals [2, 6-8, 10-14]. Table 1.1 summarises some

targets of bio-based products for major markets in the world [7].
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Table 1.1. Target of bio-based products for major markets in the world [7]

USA 2010 2020 2030
Bio-energy: biomass share of electricity 4% 5% 5%
and heat demand in utilities and industry (3.38x10°* kJ) | (4.22x10** kJ) | (4.22x10** kJ)
BioFuels: biomass share of demand for |4 % 10% 20 %
transportation fuels (1.37x10** kJ) | (4.22x10** kJ) | (10x10** kJ)
BioProducts: share of target chemicals 12 % 18 % 25%
EU and Germany 2005 2010 2020 — 2050
Bioenergy: share of wind power, photovoltaic, | - 12.5% 26 % (2030)
biomass and geothermal electricity and heat 58 % (2050)
demand in utilities and industry
Biofuels: biomass share of demand in | 1.8% 5.75 % 20 % (2020)
transportation (petrol and diesel fuels)
Bio-based Products Share of target chemicals - - -
Biomass (e.g., agricultural/forestry wastes, algae )
Materials Extractives
Wheat-board | Waxes . Sterols
Clothing, Paper Alkanes,
Packaging Oils for Fuels
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Figure 1. 1. Biorefinery flowchart based on the scheme presented by Clark et al. [2] with

regards to bio-chemicals and bio-fuels
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1.2 Top value added bio-platform molecules

Today petroleum refinery is based on fractionation of hydrocarbons, and
functionalisation of these for making commodity chemicals which can be further converted to
a wide range of applications in fuels, pharmaceuticals, domestic products etc. In contrast to
the identical, standard and relatively consistent feedstocks in petroleum refinery, biomass is
much more diverse and its composition varies from species, locations and seasons. Moreover,
the bio-derived molecules are highly functionalised and oxygenated. Therefore, it is
challenging to directly transfer our knowledge and experiences gained from petroleum
refinery and apply to biorefinery. In spite of this, scientists have made tremendous efforts to
establish basic bio-derived platforms and commodity chemicals as well as their conversion
routes from biomass using existing knowledge [9-11, 13, 15-18]. However, basic ideas to
design appropriate solutions for biorefinery are still at research and development stages.
Cellulose and hemicelluloses, comprising 70 — 80 wt.%, are the largest constituents of
lignocellulosic biomass [15, 19]. Hence, conversion of these (hemi)celluloses, consisting of
carbohydrate units, is crucial in the bio-refinery [7, 12]. In 2004, the US Department of
Energy (DOE) published a report of top value added chemicals from carbohydrates. The
embraced platform chemicals were selected based on factors, such as available existing
technology and versatility of the compound to serve as a building block for production of
wider derivatives with potential markets [13]. Later in 2010, a revised version of this
guideline (The “Top 10 + 4”) was published which added more criteria, taking into account
extensive newer literature, multiple product applicability, possibility of direct substitution,
scope for industrial scale-up etc. [14]. The revised Top Ten bio-platform molecules from

carbohydrates include:

e Ethanol e Hydroxy propionic acid/aldehyde
e Furans (furfural, HMF, FDCA) e Succinic acid

e Glycerol and derivatives e Levulinic acid

¢ Bio-hydrocarbons e Sorbitol

e Lactic acid o Xylitol

Furans (e.g., hydroxymethyl furfural — HMF, furfural — FF) and levulinic acid (LA) are
among this top list of bio-based primary building blocks [13, 14]. A wide range of chemicals
used as solvents, fuels, monomers etc. can be produced from those platform molecules.
Examples of derivatives from furans and LA as well as their applications are illustrated in
Figure 1.2. These products are typically made by dehydration of sugars derived from
carbohydrates. Even though the preparation of HMF or LA via dehydration of fructose was
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already reported in 1970°s [20-23], research on this topic has drawn intensive interest after the
DOE’s report and especially due to the potential to produce transportation fuels from
carbohydrates as stated in a paper in Science [11] by Dumesic and co-workers. Details about
synthesis and processing of HMF were excellently discussed in a recent review by Van Putten
etal. [24].
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Figure 1.2. HMF and levulinic acid as chemical platform

1.3 Humin formation

The pathways to convert lignocellulosic biomass to the above platform chemicals

include, separation of poly-saccharides from biomass, hydrolysis of the polysaccharides to
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Inulin =  Fructose
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Scheme 1.1. Formation of humin from biomass via dehydration

oligomer/mono carbohydrates (sugars) and dehydration of sugars. Both hydrolysis and
dehydration reactions are conventionally performed in aqueous phase using acid catalysts [10,
19]. One of the major problems of these acid catalysed aqueous processes is the formation of
large amounts of soluble and insoluble polymeric side-products, generally called as soluble
humin and humin, respectively. The latter is sometimes also called humin-like substance, char
or coke. Formation of humin during synthesis of HMF and LA via dehydration of sugars is
illustrated in Scheme 1.1. In addition, some recent studies on HMF/FF/LA/y-valerolactone
(GVL) synthesis from carbohydrates are summarised in Table 1.2. As can be seen, the
selectivity to humin depends on substrates used, catalysts, reaction medium, temperature etc.
When the reaction is carried out in aqueous phase, the selectivity to humin can be as high as
50% on carbon basis. The formation of humin is more severe with glucose than fructose.
Unfortunately, glucose is the most abundant monosaccharide present in lignocellulose; in fact
D-glucose is the only monomer of cellulose. Much effort has been made to supress the
formation of humin (see Table 1.2). Most used options include performing the dehydration
in: (i) organic solvents (e.g., DMSO), (ii) ionic liquids or (iii) biphasic systems
(aqueous/organic solvent). Another option is combining the dehydration with esterification/
etherification of the product, HMF or LA, to stabilise it against secondary conversions. In the
esterification/etherification approach, HMF or LA interacts with an alcohol (e.g., methanol,

ethanol; alcohol/water varies 4.5 — 10) forming ester or ether, respectively, thus blocking the
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reactive functionalities in order to avoid further condensation reactions. The biphasic system
employs, beside water, organic solvents such as toluene, benzene, IMBK, THF. They extract
HMF/FF rapidly from the aqueous phase, minimising the condensation reaction between
sugar substrate and HMF/FF. Although use of an organic solvent or ionic liquid improves the
selectivity to HMF or LA substantially, separation of the products from the reaction medium
remains a challenge. In addition, low concentration of the products formed (LA, HMF) and
their higher boiling points compared to solvent (alcohol) makes separation/purification energy

intensive and expensive.

Recently, Alonso et al.[25] proposed a green, conceptual process using alkyl-phenol,
derived from lignin, as the organic solvent. The advantage includes its higher boiling point
and stability in the sulphuric acid reaction medium. Further, alkyl-phenol is also suitable as
medium for the hydrogenation of LA to GVL — a bio-based fuel. Therefore, the synthesis of
HMF/LA via homogeneous acid catalysed aqueous route is still of interest. However,
conceptual design of both the Biofine process (a commercial pilot plant, reference [26], Table
1.2) and the process proposed by Alonso et. al still produce 25-45 wt.% of humin.
Valorisation of this by-product is therefore crucial for making the whole biomass conversion

economical and environmentally viable.
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Figure 1.3. Composition (dry basis) of fossil and biomass feedstocks and fuels/chemicals
derived from them

Biomass and bio-derived chemical platforms have high oxygen contents. Figure 1.3

shows the composition of major bio-derived feedstocks and top value added platforms from
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carbohydrates on a Van Krevelen diagram (i.e. H/C vs. O/C). Fossil fuels, commodity
chemicals and feedstocks are also included for comparison. Conventional fuel blends have
very low amounts of oxygen which mainly come from additives. In order to make the bio-
based fuels and chemicals compatible with today’s transportation engines or materials,
respectively, reduction of oxygen and increase of hydrogen content is essential. Such de-
oxygenation can be achieved via hydro-de-oxygenation (e.g., upgrading of pyrolysis oil).
Moreover, hydrogenation treatment is widely used in biomass processing (e.g., hydrogenation
of LA to GVL, methyl tetra-furan, glucose to sorbitol etc.). Therefore, the demand for
hydrogen is ubiquitous in biorefinery [52].

Hydrogen can be produced from fossil fuels (€.9., natural gas, coal), water and biomass
[53]. Currently, hydrogen is mainly generated from steam reforming of methane or
gasification of coal. These processes use fossil feedstocks and release large amounts of CO,
which contributes to the greenhouse gas problem. Of the 48 million metric tons of H, globally
produced from fossil fuels, about 50 % is consumed for ammonia synthesis, used in fertiliser
industry, 37% is in hydro-treating petroleum processes and a small part for food industry
(e.g., hydrogenation of edible oil). It is forecasted that hydrogen demand will increase in the
next decade because of the increasing demand in fertilisers and also use of hydrogen for fuel
cells (mainly in hybrid cars) and biorefinery. On the other hand, for the production of bio-
fuels or chemicals, it is mandatory to minimise the use of hydrogen from external sources
especially from fossil resources [52]. Production of hydrogen from water splitting (e.g.,
photochemical/biological water decomposition, electrolysis coupled with photovoltaic cells or
wind turbines) is believed to be either in infant stages of development or economically
unattractive in the short term future [54-57]. Sustainable hydrogen from biomass based
feedstocks via gasification is prohibitively expensive and considered as potentially
comparable with the conventional fossil based hydrogen only in the scenario [56] when

sequestration of CO; is included.

Technologies to convert biomass to hydrogen includes direct gasification, liquefaction
(e.g., pyrolysis or high pressure liquefaction) followed by steam reforming [53]. Biomass
gasification is similar to coal gasification except that the gasification temperature can be
lower since biomass contains more functionalised (oxygenate) chemical structure which
makes it more reactive than coal [58, 59]. Gasification of biomass can be performed at
temperatures above 700 °C in the presence of oxygen/air or steam [58]. In the case of
gasification using oxygen (partial oxidation) or auto-thermal gasification (using oxygen and
steam), use of pure oxygen is preferable. This also requires application of high temperatures

typically above 1000 °C and use of oxygen via the costly air separation. In addition, the
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disadvantage of these methods also includes difficulty in process control (e.g., supplying gas

mixture evenly to avoid local overheating, full oxidation etc.).

Biomass is unstable under the elevated temperatures required for gasification. The
reactions stages of a typical gasification process using steam as oxidant is shown in Figure 1.
4. First, biomass is pyrolysed and decomposed to form gas, oxygenate vapour and char. The
oxygenate vapour further experiences secondary reactions which cause the formation of light
hydrocarbons (C; — C4) and tar [55, 60]. The steam reforming of biomass is actually the steam
reforming of tar and bio-char. Significant amounts of tar in the product gas which mainly
consists of oxygenate, phenols, (poly)aromatics [59, 61] can still be present even at high
gasification temperature (i.e., 800 — 1000 °C). Selectivity of unconverted char is about 10 —
25 % on carbon basis [56, 62, 63].

H,0, CO, CO, H,, H,0, CO, CO,

Oxygenate ! Light !
vapour secondary reactions | hydrocarbon, | Reforming Syngas, CHy

T T tar T
Steam Steam Steam

Chﬂ.r " e

Temperature, Time

Biomass | Primary pyrolysis

Y

temperature

Biomass (C,H,0,) ——— C,H,0, + CO + CO+ H,0 (1 —pyrolysis)

temperature
CyHy0, —— C,H,+CO + CO,+ H,0 + H, + tar (2)
temperature .
tar + H,O —— CO+H, (3 — steam reforming)
temperature .
C,H,+* H,O ——— CO+H, (4 — steam reforming)
temperature .
C (coke or char) + H,O ——— CO+H, (5 — steam reforming)
CO +H,0—- CO,+H, (6 — water gas shift)
CO +3H, -» CH4+H,0O (7 - methanation)

Figure 1.4. Stages and reactions occurring during steam reforming of biomass [4, 59]
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Biomass usually contains a small amount of ash in its composition. The ash which
comprises mainly K,0O, CaO, MgO can play the role as catalysts for the gasification.
Therefore, gasification of biomass is usually performed “thermally”, without adding external
catalysts. Additional catalyst used for gasification of biomass was well reviewed by Sutton et
al. [64]. They briefly belong to three groups: dolomite, alkali metals and Ni based catalysts.
Dolomite can be used as primary catalyst by dry mixing with biomass. However, due to poor
contact with biomass, it is commonly used in a downstream reactor as the guard bed for
reducing tar in the gas stream. Ni based catalysts are commercially used in steam methane
reforming. When mixed directly with biomass, Ni based catalysts rapidly deactivate due to
coke and carbon fouling [64]. Therefore, Ni based catalysts are usually used in a secondary
bed for tar reforming. Alkali based catalysts, especially K,COs, are widely investigated in
biomass gasification. Alkali based catalysts (e.g., Li,CO3, K,COj;, Na,COs) are also known to
be effective in tar reforming [61, 64]. Due to their natural presence in large amounts in
biomass (homogenously distributed), alkali metals are effective for steam gasification of bio-
char [65-67]. In the case of added catalyst, it can be dry mixed or impregnated directly with
biomass. However creation of good contact between solid biomass and the catalyst is still a
challenge. Moreover, alkali or alkali earth metal catalysts can evaporate at gasification
temperatures, especially in presence of oxygen/steam. They can also cause fouling as well as

deactivation of catalysts in the downstream reactor.

1.5 Scope and outline of the thesis

Since humin contains about 60 wt.% carbon [32, 51, 68], it can be used as feedstock for
production of synthesis gas or hydrogen via gasification. Hydrogen, as often stated, is
essential in biorefinery [52]. However, minimising the import of H, from fossil fuels is
mandatory [52] for making biofuels/green chemicals. From this point of view, efficient
conversion of humin to H, or syngas (CO + H) is conceptually attractive. Producing
H,/syngas from humin, which is considered as waste residue, would allow complete use of
feedstock carbon in the sugar conversion processes thus enhancing the environmental factor

of the process.

The main objective of this thesis is to investigate the potential of humin valorisation via
catalytic gasification for sustainable synthesis gas/hydrogen production. The knowledge can
thus be used for developing a conceptual process for maximising the use of carbon source.
Humin derived from glucose was used as model of humin based by-products from biomass

processing.
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Although humin as a by-product has been known for a long time, its chemical structure
and properties is not well understood. Generally, it is suggested that humin is a heterogeneous
polymeric by-product from carbohydrate conversion which results from the condensation
reactions between the carbohydrate (e.g., glucose, fructose) and its intermediates formed
during transformation to HMF/FF/LA. Further, the influence of gasification conditions on
humin structure has not been reported in literature. This thesis comprises of two parts. The
first part (Chapter 1 to Chapter 4) focuses on understanding the nature of humin as well as
gasification of humin residues with steam and CO,. The second part (Chapter 5 and 6)
involves the development of Ni based catalyst for steam reforming of volatiles products
released during heating humin to gasification temperatures. Here-below are the details of the

thesis:

Chapter 1. Opportunity from problem: sustainable hydrogen for biorefinery from
by-products of sugar conversion

The vitals of biorefinery to our future as well as important aspects of the biorefinery
concept such as chemical building blocks from carbohydrates, use and production of
sustainable hydrogen were described in this chapter. One of the major problems in the
dehydration conversion route for carbohydrates — formation of humin based by-products was
also addressed. The requirement for improving the value of humin via gasification to produce
renewable hydrogen and maximise the use of carbon source in biomass is the motivation of
this study.

Chapter 2. Humin based by-products from bio-processing as potential
carbonaceous source for synthesis gas production

Understanding the nature and properties of humin obtained from dehydration of D-
glucose (the basic, most abundant sugar derived from lignocellulosic biomass) is one of the
main objective in this chapter. Various characterisation techniques were employed to
investigate the structure of humin as well as its transformations under the dry reforming
conditions. The key results of this chapter include the proposed model of humin molecule and
the strong influence of thermal treatment (in CO;) on humin morphology, structure and
properties. At gasification temperatures, humin resembles bio-char and shows poor reactivity

in non-catalytic dry reforming. It implies the essential need for a catalyst for the gasification.

Chapter 3. Valorisation of humin based by-products from bio-processing — A route
to sustainable hydrogen
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Steam reforming of humin was has been studied by temperature gravimetric analysis.
Nature of humin at gasification temperatures is discussed. Various alkali metal and calcium
carbonates were screened for the steam reforming. Sodium carbonate which shows the highest

activity has been selected for further study on catalyst stability and selectivity of products.
Chapter 4. Kinetics study of dry reforming of humin with Na,CO;

Adding CO; to the reactive gas feed improves the stability of Na,COs catalyst during
steam reforming. Kinetics of the catalytic gasification in CO, for different humin samples (i.e.
pristine humin and purified humin) is the main objective of this chapter. Further investigation
of the nature of sodium species which might contribute to the catalytic activity was studied
using dry reforming with labelled Na,?CO; and ?Na MAS-NMR. The data result from these
techniques reveals that Na,CO; is in the oxide/carbonate form at the gasification

temperatures.

By the end of Part 1 of the thesis, the questions on nature of humin and its
characteristics under gasification were clarified. The study also demonstrates the potential of
hydrogen/synthesis gas production from humin via catalytic gasification. Humin residue
(above 700 °C) can be gasified with Na,COs. However during the pre-heating stage, humin
loses ~ 45 wt.%, which equals to 25 % on carbon basis, into vapour phase in the form of gas
and condensable products — tar type products. To maximise the use of carbon source in humin
as well as clean the gas stream, removal of these tars via steam reforming is required. Part 2
of the thesis focuses on the development of Ni based catalyst for steam reforming of the tar

products.

Chapter 5. Investigation of Ce-Zr oxide supported Ni catalysts in steam reforming
of meta-cresol as model component for bio-derived tar

m-Cresol was selected as one of the model components of tar formed during humin
gasification. Design an effective supported Ni catalyst using ceria-zirconia based support is
described in this chapter. Three ceria-zirconia mixed oxides synthesised via co-precipitation,
co-precipitation followed by hydrothermal treatment co-impregnation have been developed
and characterised. Ni supported on ceria-zirconia synthesised via co-precipitation followed by
hydrothermal treatment shows the most promising for m-cresol reforming Results from
characterisation of fresh and used catalyst as well as the FT-IR study on the steam reforming

of m-cresol help to explain the performance of the catalysts.

Chapter 6. Steam reforming of acetic acid with nickel supported on ceria-zirconia
support
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Since acetic acid is the most abundant aliphatic components in the tar from humin,
performance of the optimal catalyst in the steam reforming of acetic acid is of interest,
especially with preference to stability of the catalyst. Improvement in activity of recycled
catalyst is discussed based on the characterisation results. Redox properties of the ceria-
zirconia support is observed and clarified. Oxygen mobility of the support is key for

preventing coke deposits on the catalyst, thus improved its activity.
Chapter 7. Concluding remarks and outlooks

Most important remarks resulted from the study were summarised in this chapter. Based
on these, a brief conceptual design was proposed. Recommendations for future works were

also included in this chapter.
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Characterisation of humin — the insight to chemical structure &
Reactivity of humin in dry reforming

Abstract

Humin derived from dehydration of D-glucose was used in this study. Solvent fractionation
and multiple characterisation techniques (e.g., ATR-IR, HR-SEM, CHNS elemental analyser,

solid state **C NMR) were employed to understand the composition and chemical structure of
pristine humin. The influence of dry reforming conditions on humin was investigated using
various probe techniques such as TGA coupled with MS, pyrolysis, HR-SEM, Raman
spectroscopy and NMR. The results indicated that humin underwent drastically
morphological and structural change under heating condition to reach gasification
temperature. Humin residue prior reforming stage resembles to bio-char. Chemical structure
of humin was proposed from characterisation data (from pristine humin and insight to its
structure during heating treatment). Thermal dry reforming was performed at atmospheric
condition in the temperature range from 750 to 900 °C with CO, partial pressure from 5066
Pa to 40530 Pa. Due to the low reactivity of humin in thermal dry reforming, catalyst is
required to accelerate the reforming reaction.
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2.1. Introduction

The depletion of fossil raw materials, especially crude oil and the increasing demand for
fuel, energy and chemicals as a result of improved living standards, have generated interest in
alternative, sustainable feedstocks [1-3]. Lignocellulosic biomass is considered as one of the
potential renewable feedstocks [1, 2, 4-6]. Carbohydrates, which include cellulose and hemi-
cellulose, are the largest constituents, comprising approximately 70 — 80 wt.% of
lignocellulose. The conversion of carbohydrates to chemical platform molecules is considered
as an important part of the bio-refinery concept [7, 8]. Such conversions require hydrolysis
de-polymerization of polysaccharides for production of sugars such as xylose and hexose
from hemicellulose and cellulose, respectively. According to the report of the U.S.
Department of Energy in 2004 [9], three of the twelve top value added chemical building
blocks, namely 5-hydroxymethyl furfural (HMF), furfural (FF) and levulinic acid (LA), are
produced by the dehydration of sugar using acid catalysts. These reactions are usually

performed in the aqueous phase.

The dehydration of sugars often leads to the formation of waste by-products. The most
significant among these are the insoluble disperse polymeric residues, generally called humin,
humins, humin-like substances or sometimes simply char or coke [10-13]. The formation of
humin is reported in most papers during the synthesis of HMF, LA or FF from
(poly)saccharides. The yield of humin is influenced by process parameters such as the type of
sugar substrate, time, temperature and type of acid catalyst. For example, in an aqueous rich
medium, humin yields vary from 5.3 — 27.5 wt.% during the formation of FF from xylose
using HCI or the solid acid Yb(OTf); as catalyst [13]. In the case of cellulose conversion to
LA, humin yields range from 25 — 45 wt.% [10-12]. In the case of HMF production even 10 —
50 wt.% of sugar substrates can be converted into humin [14]. Humin is thus a major waste

fraction during sugar conversion.

Efforts have been made to suppress the formation of humin for example, by co-feeding
alcohol to stabilize HMF by esterification and thus prevent its further conversion to humin.
However, the yield of humin is still 14-22 wt.% [15]. Despite intensive investigation on the
various conversion routes of polysaccharides, understanding of the pathway of humin

formation is poor. Furthermore, a clear description of the nature of humin itself is lacking.

Although humin as a by-product is known for a long time, its use as feedstock is limited
to combustion. Further, its chemical structure and properties is not well understood.
Generally, it is suggested that humin is a heterogeneous polymeric by-product from

carbohydrate conversion which result from the condensation reactions between the
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carbohydrate (e.g., glucose, fructose) and its intermediates formed during transformation to
HMEF/FF/LA. Since humin contains C ca. 60 wt.% [16, 17], it can be used as feedstock for
production of synthesis gas or hydrogen via gasification. Hydrogen is omnipresent in
biorefinery [1], such as conversion of LA to GVL, hydrogenation of glucose to sorbitol.
However, minimising the use of external H, for making biofuels/green chemicals is
mandatory [1]. From this point of view, efficient conversion of humin to H, or syngas (CO +
H,) is conceptually attractive. Producing Ha/syngas from humin which is considered as waste
residue would allow complete use of feedstock carbon in the sugar conversion processes,
enhancing the E (environmental) factor of end targeted product. Therefore, in this chapter, we
discuss: (i) the characteristics of humin formed during sugar conversion; (ii) changes that take
place during heating to gasification temperature for dry reforming; and (iii) kinetics of dry

reforming of humin.
2.2. Experimental

All chemicals used in this study were analytical grade, purchased from Sigma-Aldrich

and used without further purification.
2.2.1. Humin preparation and purification

Humin was prepared as following. A mixture of 500 ml glucose 1 M and sulphuric acid
0.01 M were placed in quartz insert of 1 L Biichi stirred autoclave. The mixture was flushed
with helium at room temperature to remove air. It was then heated to 180 °C and kept at that
temperature for 6 h with stirring rate 500 rpm. After that the reactor was cooled down to room
temperature (RT). Insoluble products were filtered with a Briichner funnel and washed with 3
L of de-mineralised water. The solid humins were then dried at 80 °C for 24 h and then
ground to granular powder (< 300 um). Humins after this step were denoted as HG1. HGI
was then purified using Soxhlet extraction with water for 24 h. After that, the solid was dried

in vacuum oven at 80 °C for 24 h and denoted as HG2.

Solubility of humin in various solvents (e.g., water, acetone etc.) was determined
using standard analytical methods applied for wood and pulp, approved by Technical
Association of the Pulp and Paper Industry (TAPPI). Water solubility of humin was
performed and estimated using “TAPPI T207 cm-99 Standard”. Acetone extractives of humin
were carried out according to “TAPPI T204 cm-97 Standard”. One per cent sodium hydroxide
solubility of humin was determined using “TAPPI T212 om-02 Standard”. Residues of humin
after the extraction in hot water, acetone and NaOH 1 wt.% are denoted as HG1-W, HG1-Ac,
HG1-NaOH 1 %, respectively. HG1-W was further extracted in acetone and tetra hydro furan
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(THF) using method described in the “TAPPI T204 cm 97”. Short description of these
methods can be found in the Appendix section. The solvents containing extractives were later

analysed by LDI-TOF and ESI mass spectrometric techniques.

Samples for elemental analysis and Nuclear Magnetic Resonance (NMR) experiments
were prepared by heating ca. 1 g humin in a furnace under 100 ml.min"' flow of 40 vol.%
CO, balanced with N,. Furnace temperature was increased at the rate 10 °C.min”', kept

constant at the desired temperatures for 0.2 h, and then cooled down to room temperature.
2.2.2. Characterisation

Elemental composition was determined with a Perkin-Elmer elemental analyser
(Thermo Scientific Flash 2000). The analyser was equipped with a two-reactive-bed-column
and calibrated with acetanilide. Carbon, hydrogen and nitrogen were estimated based on the
amount of water, CO, and N, from the chromatogram. Oxygen content was calculated as the

remaining part.

Morphology of humins was analysed by High Resolution Scanning Electron
Microscopy (HR-SEM) using HR-SEM Zeiss 1550.

Specific area was determined from t-plot in BET method with a Micromeritics Tristar
instrument. Humin samples pre-heated at various temperatures (300 - 700 °C) and fresh

humin were degassed at 300 °C and 150 °C, respectively for 24 h prior to the analysis.

For ATR-IR analysis, acetone soluble fraction of pristine humin or solid humin
were deposited or placed directly on a ZnSe crystal. The crystal with samples was
dried in vacuum oven for 30 minutes at 50 °C to remove solvent and minimise
moisture between humin particles. ATR-IR analysis was acquired with a Bruker
Tensor 27 infrared spectrometer equipped with a MCT detector. All ATR-IR spectra

were recorded at ca. 21°C by averaging of 128 scans with resolution of 4 cm™.

Qualitative analysis of components in the effluents after extraction in water and
NaOH was performed with a mass spectrometry detector (MSD) (SL/G1956B,
Agilent) equipped with an electro-spray ionisation (ESI) liquid-phase interface
(G1948A, Agilent). The effluents were sent to the ESI chamber by a syringe pump
with flow-rate 0.5 ml.min”'. ESI was operated in positive mode with fragmentation

voltage of 200 V, drying gas temperature 350 °C.

Extractives of humin in acetone were dissolved in THF (0.1 g/10 ml THF) for

gel permeation chromatography (GPC) analysis. The GPC data was obtained using a
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GPC system of Agilent Technologies 1200 series equipped with an reflective index
detector, calibrated with polystyrene standards (molecular masses between 162 and
29510 Dalton).

For Laser desorption ionisation time of flight MS (LDI TOF MS), humin was
dispersed in water using ultra-sonication bath. 2 pl of the mixture was pipetted onto the
stainless steel MS plate. The mass spectra were recorded using a Waters SYNAPT
HDMS MALDI-TOF mass spectrometer operated in positive ion mode. Poly-ethylene

glycol standards were used for calibration.

Carbon structure of humin was identified by a Bruker Senterra Raman
spectrometer with laser wavelength 532 cm™ . Humin particles are black bodies and can
be heated up easily under the laser beam, which can cause structural influence or
damage to the material. To diminish this thermal emission, samples were mixed with
spectroscopic grade KBr and ground with mortar and pestle. The powder mixtures of
0.5 wt.% humin in KBr were then pelleted. Laser power of 10 mW, contact time 1 s
was used. Each Raman spectrum represents the average of 50 scans with spectral

resolution of 4 cm™.

Solid state *C Nuclear Magnetic Resonance spectra of humin were acquired on
a 14.1 T Varian VNMRS system at Magic Angle Spinning (MAS) frequency of 20
kHz using 3.2 mm MAS probe. Contact time of 1000 us and 50 ps was used for cross
polarization (CP) and single pulse (SP) experiments, respectively. The spectra were

referenced to adamantane.

Pyrolysis experiments were performed as described elsewhere [18]. CO,/Ar
mixture (CO; 40 vol.%) was used to mimic the dry reforming experiment. For the
experiment to identify volatiles as function of temperature, the furnace was heated
from RT to 400 °C in less than a minute, kept at that temperature for 15 minutes before
it was raised to the next temperature (e.g., 500, 600, and 700 °C). The condensable
products were collected during each step. In a separate experiment one sample was
heated directly to 700 °C (heating rate ca. 925 °C.min""). The condensable products
formed during pyrolysis experiments were diluted with acetone and analysed by an
Agilent 7890AGC coupled with 5975C Mass Spec. The identification was based on
NIST (National Institute of Standards) 2008 library.

2.2.3. Thermo gravimetric analysis and dry reforming experiments
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TGA experiments were performed using a Mettler Toledo analyser
(TGA/SDTA/851¢) with samples of 2 — 3 mg initial weight, 100 ml.min™" flow rate of
COy/Argon mixture (CO; 5 — 40 vol.%). The initial weight was small enough to avoid
mass transfer limitations (experiments show conversion rate is independent of sample
mass below 5 mg). Typically, samples were first dried in situ at 105 °C (heating rate
from RT of 10 °C.min™") for 1 hour to remove any physically adsorbed water; then they
were heated to the desired temperatures with the same rate and kept at those
temperatures for the required time (4 — 6 hours). The exhaust gas from TGA was

analysed by an on-line quadrupole mass spectrometry (QMS).

All conversion values used in this study are cumulative and calculated as

following:

mo- my

Conversion (X;) = (w/w)

m.
Residue weight = —  (w/w)
my

. . 6Xi .-l
Gasification rate = g (mm )

Where: my, m; are mass of humin after in situ drying at 105 °C for 1 hour and at

the interest point, respectively; X is conversion at that point.

2.3. Results and discussion

2.3.1. Pristine humin

HR-SEM images of the pristine humin sample used in this study are shown in
Figure 2.1- A-B. It can be seen from Figure 2.1-A that humin comprises of dark
(brown), solid, sphere-shaped agglomerates with wide size distribution (1 — 20 pum).
This size range is much wider than that reported elsewhere [16, 19] (5-10 um) for
humin obtained from HMF, glucose or cellulose. In our sample, particles below 3um
have a more defined spherical shape while the larger ones look like smaller spheres
fused together. The cross section image (not shown) of these particles indicates no
clear boundary or interface between the smaller spheres. At higher magnification
(Figure. 2.1-B) smooth surface and a dense core structure of the humin particles can
be seen. This is confirmed by nitrogen adsorption at liquid nitrogen temperature; the

specific area of this pristine humin is negligible.
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surface of HG1 and HG2 respectively

Generally, it is suggested that humin is formed by condensation of intermediates
formed during dehydration of sugar. Besides, all components which are part of the
reaction sequence can also be embedded in the humin matrix. For example, Baccile
[20] reported that about 15 wt.% carbon exists in the form of levulinic acid entrapped
in carbon spheres. It should be noted that the hydrothermal carbon spheres were
synthesised in a similar method for making humin — except that the dehydration
reactions are catalysed by the acid in situ generated. Hence, it could be possible to
extract these embedded components using solvents such as water or acetone. It is
observed that extraction solvents changed to brown colour after refluxing with humin.
The extractable fractions in various solvents and their elemental composition of the
residue after extraction are shown in Table 2.1. Only 7.5 wt.% of humin dissolves in
hot water (~95 °C). Acetone or NaOH 1 wt.% in water is more effective. While water
can extract hydrophilic, light, water soluble components such as HMF, LA, and
acetone might be capable of removing more polymerised oligomers which can be more
hydrophobic. NaOH can also affect the hydrolysis of oligomers or humin. GC-MS
analysis of the solution after Soxhlet extraction of pristine humin (HG1) in acetone

confirmed the presence of LA, HMF, 5-methyl furfural, furfural, 2-acetyl furan which
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are formed during the dehydration of glucose [21]. These identified compounds
comprise ca. 90% peak area in the gas chromatogram (not shown). However, it should
be noted that the GC-MS can only analyse the volatile fraction of the extraction
solution (boiling point below 250 °C). After Soxhlet extraction (24 h for water and 8
hour for acetone), the solvent in contact with solid humin became colourless and did
not contain any extractable as seen by GC-MS. Thus, it can be assumed that the
extraction was completed and all of the embedded components were removed. HR-
SEM images of humin after Soxhlet extraction for 24 h in water is shown in Figure 1-
C-D. There is no clear indication of change in particle size (Figure 1-C). However
shallow pores on the surface of humin after the extraction can be seen (Figure 1-D).
This might be the result of removal of the oligomers or precursors of humin. This is in
agreement with the growth mechanism of humin or carbon spheres proposed by Yao et
al. [22] for glucose, where the spheres grow by condensation at the external surface,

also implying the presence of oligomers on the surface.

Table 2.1. Elemental composition of humin and humin fractions

Sample C (wt.%) HWwt.%) O (wt.%) Dissolved Fraction
HGI1 663 +t1 4.4 29.3 0
HG1-W 66.3 4.2 29.5 ~7.5 wt.%
HG2 66.1 4.4 29.5 n.a.
HGI1-Ac 67.9 4.3 27.8 ~11 wt.%
HGI1-NaOH 1 wt.% 66.3 4.2 29.0 ~15.8 wt.%
HGI1-W-Ac 65.7 4.2 30.1 n.a.
HG1-W-Ac-F 67.9 4.8 27.2 n.a.
Acetone soluble 63.2 5.4 31.4

HG1-W-Ac: humin residue after extractions in water then in acetone, HG1-W-Ac-F: is
residue of Soxhlet extraction of HG1-W-Ac in THF; n.a - not available

Table 2.1 also shows the elemental composition of humin and its residues after
the purification. In addition to C, H, O contents, small amounts of sulphur (0 — ca.
1200 ppm) were also found in some batches of humin. This S content can result from
the sulfonation reaction between sulphuric acid and humin or sugar substrates during
the dehydration. The elemental composition of pristine humin in this research is similar

to those reported by others [16, 19]. Variations in the carbon content of humin samples
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are the result of different extent of dehydration and depend on experimental conditions
[23]. Within our experiments, only very minor changes in elemental composition were
observed (Table 2.1) for humin and its residues after various extraction steps in
different solvents. The fraction extracted with acetone still contains low mass sugar

inter-mediates such as HMF and LA.
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Figure 2.2. ATR-IR of humin and acetone soluble fraction

GPC analysis of the acetone soluble fraction provide a number-average-
molecular mass of 302 Dalton and 90 % of the sample eluting from the GPC column
has mass below 2000 Dalton (A.2.1, Appendix). Lower masses include (i) 110 Dalton
which can be acetyl furan or methyl furfural, (ii) 138 Dalton, corresponding to the
formula C7H¢O3 and (iii) 252 Dalton which can be attributed to acetal of 2-HMF. The
higher masses might be from the oligomer by-products in the de-hydration of glucose
or humin segments which can be dissolved in acetone or the recombination/
condensation of the low mass molecules (HMF, LA, FF, 2-acetyl furan etc.). The
higher mass molecules can be considered as humin precursor/fragments. MS analysis
of soluble humin in NaOH 1%, water (by ESI-MS, Figure A.2.3) as well as solid
humin (LDI-TOF MS, Figure A.2.4) shows a significant peak of 301 Dalton. In
addition, set of peaks with 300 Dalton difference were observed in MS spectra (Figure
A.2.4, Appendix section). From the relative ratio of the peaks 301+1 and 301 Dalton,

the number of carbon in the molecule is estimated as 17. Regarding the elemental



Characterisation & Reactivity of humin in dry reforming

composition, the mass 301 can be assigned to the chemical formula of C;7;H;c0s. All

resolved masses from MS analysis are below 3000 Dalton.

The ATR-IR spectra of pristine humin (HG1) and the fraction that is soluble in
acetone are displayed in Figure 2.2. Peaks at 1705 cm™, corresponding to C=0 asymmetric
stretching typical for carbonyls, and 1616, 1400 cm™ to 2-substituted furans, are as expected
present in samples. Peak at 1512 cm™, typically corresponds to poly-substituted furans and
since it is present only in humin sample, it may be due to furan structure present in the
framework. The peaks at 1436 and 1460 cm’’ can be assigned to CH, deformation vibrations
in aliphatic chains. The shift of peak at 1460 to lower range (i.e., 1436 cm™) is due to being
adjacent to double bonds or carbonyl groups. 1024 and 1300 cm™ in humin corresponds to
C=C stretching and C-H rocking, respectively, in olefinic groups. Strong peaks at 1078 and

1157 em™ corresponding to C-O stretching in alcohols is seen in the extracted sample [24].
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Figure 2.3. Solid state BC-MAS NMR of pristine humin (HG1) with long contact time (cross

polarisation mode) and short contact time (single pulse mode)

Figure 2.3 shows solid state °C NMR spectra of humin recorded at long contact time
(1000 ps) using cross polarization mode and short contact time (50 ps) with single pulse
mode. The spectrum from short contact time analysis mainly shows functional groups which
contain proton (H). By comparing spectra between these two NMR modes, it is possible to
identify the functional groups which have the same value of chemical shift (e.g., ketone Vvs.
aldehyde or carboxylic acid vs. ester). Therefore, the band 210 ppm corresponds to carbon in
carboxylic and not in ester group, while 178 ppm represents ketone and not aldehyde [20].
The band from 0 — 50 ppm is assigned to aliphatic groups (CHy). The main band between 100
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and 150 corresponds to sp” carbon. According to Baccile et al. [20] and Falcao et al. [25],
bands in this region comprise three types of functional groups: (i) furanic carbon at alpha
position (150 ppm), (ii) furanic C at beta position (110 ppm) and (iii) sp® hybridised aromatic
carbon (127 ppm). It can thus be concluded that humin framework mainly consists of furanic

segments with aliphatic linkages decorated by carboxylic and ketone groups.

2.3.2. Changes to humin prior to gasification

Figure 2.4. HR-SEM of humin (HG1) preheated in CO, at various temperatures: A —
400 °C, B—500 °C, C - 600 °C, D —700 °C

Gasification of humin requires high temperatures, typically 700 - 900 °C. Since
humin is made up of an organic matrix that is unstable during heating, it can be
expected to undergo changes and the residue that is gasified can be different from the
pristine sample at room temperature. Therefore, understanding any changes that occur
is very important. Figure 2.4 shows HR-SEM photographs of humin sample preheated
to various temperatures in CO,. There is no clear indication of any change in particle
size after heat treatment even up to 700 °C. However, changes in morphology and
surface texture are observed. The surface of humin at 400 °C appears to be swollen and
the boundary between particles shows neck formation. At 500 °C, spherical shaped
particles are clearer to see and the dense structure is maintained in agreement with the

similar low (below detection limits) surface areas measured by N, adsorption at liquid
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nitrogen temperature. At 600 and 700

De-volatilisation stage Gasification stage
°C, sample becomes very porous 10 :
with specific area of 463 and 447 g -
m?/g, respectively. This can be the g.i, h
result of loss of part of humin, e.g., E 0.6-
escape of molecules trapped in the E "
humin matrix, as discussed earlier. o
These are discussed in more detail in 5 . . . 4 . COT
0 200 400 600 800 1000 1200

the following section. The most "
Temperature ("C)

surprising result is the appearance of

hollow structures (Figure 4-D) in Figure 2.5. TGA analysis of humin in inert (Ar)
humin particles at 700 °C. This and 40 vol.% CO, atmospheres. Ramp = 10
phenomenon did not occur in the °C.min”

case of heating in inert gas (N;). The

unique hollow structure could result from faster dry reforming reactions of the
materials at the core of humin particles, which is more reactive than those at the shell.
This indicates an asymmetric composition across the radius of humin particle. The
degree of carbonisation and condensation of the insoluble polymer at the core layer
might be lower than that of the shell, which had more contact with acidic medium of
the sugar dehydration process. Surprisingly, we did not see this in the case of steam
(ca. 2 vol.% steam/ N;) [26]. This probably is because CO, is a very mild oxidant and
less reactive than steam, in the latter case gasification is possible and occurs

everywhere (see Chapter 3).

HR-SEM analysis visualised the influence of thermal treatment on humin. Other
characterisation techniques such as TGA, pyrolysis were employed to gain further
insight into the influence of pre-heating on humin. The thermal gravimetric analysis of
humin under inert and reactive gas atmospheres is depicted in Figure 2.5. In both CO,
and Ar, continuous weight loss occurs from 105 °C to 700 °C, followed by a stable
period up to ca. 800°C. While in Ar the weight loss levels off at a value of ca. 45
wt.%, in CO; the rate of weight loss increases again above 800 °C and continues rising
until 1100 °C. The weight loss below 800 °C can be attributed to thermal de-
volatilisation since no clear difference between two curves (performed in reactive gas
(CO,, dry reforming) versus inert Ar). The weight loss in CO, atmosphere at higher
temperatures results from dry reforming reactions of humin residue. However, even at
1100 °C, final weight loss of only 70 wt.% is achieved implying incomplete

conversion and low reactivity of part of the humin residue.
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Figure 2.6. Elemental composition of humin residues preheated in CO, at 400, 500, 600, 700

°C (Inset: Van Krevelen diagram of corresponding humin residues)

The elemental composition of humin as a function of temperature (prior to CO;
reforming temperature) is depicted in Figure 2.6. The inset graph illustrates the Van
Krevelen diagram of these intermediate humin residues (the figure presents the pre-
treatment temperature of that corresponding residue). It reveals the continuous de-
oxygenation occurring when humin is heated. Loss of oxygen and change in elemental
composition is caused by the release of volatile products as well as decomposition of
reactive functionalities in its structure to form organic volatiles and gas (e.g.,
dehydration, decarboxylation, decarbonylation). Humin heated to 700 °C, close to the
onset of reforming, contains 92 wt.% carbon. And the corresponding changes in H/C
ratios of the samples indicate more and more aromatisation of humin residue as the
result of heating. Similar Van Krevelen diagrams were reported for pyrolysis char from

pectin [27], and glucose [28].

The online analysis of the exhaust gas released during the TGA experiment
showed that the products belong to two groups: (i) permanent gases (e.g., H;O, CO,,
and H,) and (ii) organic volatiles. The former was monitored by QMS (Figure 2.7)
while the organics were monitored in a separate experiment, discussed later. The
formation of gas products in both thermal decomposition (Figure 2.7-A) and in CO,
reforming (Figure 2.7-B) show similar trends. The signal for HO has 2 peaks at ca.
450 °C and ca. 780 °C. The first peak can be attributed to dehydration of sugar
derivatives while the second one might correspond to dehydration or condensation of

phenols or aromatic aldehydes. CO; in the exhaust gas, as result of decarboxylation of
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carboxylic groups in humin structure, peaks at ca. 390 °C or 396 °C in inert — Ar or in
rich CO, atmosphere, respectively. The signal of CO reaches to highest point at ca. 410
°C in CO; atmosphere, then levels off from 550 °C till 800°C and rises rapidly above
800 °C. The first peak of CO is due to de-carbonylation of ketone groups in humin
while the rise at elevated temperature range corresponds to the dry reforming reactions.
Both de-carboxylation and de-carbonylation not only lead to decrease of O content but
also cause loss of C to gas phase. From Figure 2.6, it can be seen that most of C loss
occurred between 400 and 500 °C. There is no corresponding evolution of COy
(Figure 2.7-A or B) in this temperature range, thus the loss in Figure 2.6 does not
match with the trend of CO and CO; evolution in dry reforming atmosphere and might
be attributed to other vapour products (e.g., organic volatiles). The presence of H, was
also detected in the exhaust stream from the TGA furnace. Dehydrogenation takes
place above 600 °C and reaches its peak at ca. 750 °C. This might contributes to the
sharp slope in Van Krevelen plot between 600 — 700 °C, besides some possible

aromatisation reactions.
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Figure 2.8. Representative condensable volatiles released during de-volatilisation stage.
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Chemical structures in embedded in frame are those identified in 1-step pyrolysis experiment
from RT-700°C.

in the matrix) throughout each temperature step. The identified volatiles are classified
into six groups: furans, cyclopentene-1ones, benzo-furans, phenols, (poly)-aromatics
(excluding phenol type compounds), and oxygenate aliphatics. Components of the
volatile mixture from 21 — 400 °C are the most diverse with about 60 compounds.
Furans, cyclopenten-lones and some aliphatic oxygenates (€.9., acetic acid, propanoic
acid) are present only in this temperature interval. Between 400 and 500 °C only traces
of these are observed. Phenols, (poly)aromatics and benzo-furans are the major
constituents of the volatile stream above 400 °C. The components of volatile mixture
not only reflect the chemical structure of humin — furan rich but also reveal the
complexity of reaction pathways during heating. In addition, secondary reactions of
volatiles might still take place during pyrolysis (heating rate 480 °C.min™).
Accordingly, fewer components were observed when the pyrolysis of humin in CO;
atmosphere from RT to 700 °C was carried out much more rapidly (heating rate ca.
975 °C.min™).

Solid state °C NMR can give information about the chemical bonds in humin
residues. °C NMR spectra of humin preheated to 400 and 700 °C and spectrum of
pristine humin in comparison are shown in Figure 2.9. Ketone (178 ppm) and

carboxylic functional groups (210 ppm) in pristine humin almost disappear in the
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spectrum of residue at 400 °C. This can be explained by the decarboxylation,
decarbonylation to form CO,, CO (mentioned above) of carboxylic volatiles (e.g.,
acetic acid, propanoic acid). No presence of these bands is observed in the 700 °C-
residue. The aliphatic region (0 - 50 ppm) decreases significantly at 400 °C and
vanishes at 700 °C. The most important band, 100 — 160 ppm, changes intensively in
shape and peak position. Both bands, at 110 ppm and 150 ppm are representative for
furan rings decrease extensively while the band at 127 ppm, corresponding to
hybridised sp® of C=C bond in aromatic ring, increases sharply for sample preheated at
400°C. Sample at 700°C, where the dry reforming initiates, contains one main peak at
127 ppm and a small shoulder at 150 ppm. The one at 127 ppm corresponds to
(poly)aromatic, graphitic carbon. The shoulder might be attributed to benzo-furan

which was also present in the volatiles released at this temperature interval.
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Figure 2.9. Solid state °C NMR of humin Figure 2.10. Raman spectra of humin
(HG1) residues pre-heated at various residues normalised to G band height.
temperatures. * is spinning side band Inset: position of G band peak

Raman spectroscopy can be used to analyse the structure of carbon. Figure 2.10
shows the Raman spectra of humin residue heated from 300 to 700 °C. All spectra
were normalised to the intensity of the stronger band at 1600 cm™. It was not possible
to record the visual Raman spectrum of pristine humin due to increase of
photoluminescence background caused by the high H content. Spectra of the pre-
heated humin residue consist of two peaks, corresponding to D-band at 1350 cm™ and
G-band at ca. 1600 cm™. According to Ferrari and Robertson [29], the D and G band
are due to sp2 C=C. The G band corresponds to the bond stretching of all pairs of sp2 C
in both rings and chains while the D band is due to the breathing mode of sp”> C in

rings. Those, particular spectra of samples above 400 °C are typical for carbonised
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carbon materials [30]. A clear increase in D band to G band area/height ratio with
temperature can easily be observed from Figure 2.10. This means increase in aromatic
ring concentration at the higher temperatures [29, 31]. In addition, FHWM of G band
peaks is a measure of the crystal order. The narrower FHWMg, the disorder in C
structure of the residues become decreased. The increase of G band position (inset of
Figure 2.10) with temperature, together with the decrease of FWHMg and increased D
band to G ban intensity ratio, support the conclusion of transition of humin from

amorphous structure to aromatised/graphitised carbon [29].
2.3.3. Discussion of the change in structure of humin at elevated temperatures

As mentioned in section 2.3.1, the molecule mass of 301 Dalton (or masses with
300 Dalton difference) was found in all fractions of humin. Chemical formula of
C17H 605 can be assigned to this mass. Interestingly, the C:H:O atomic ratio of humin
is approximately 17:13:5. We believe that this formula is one of the basic structural
units produced from the hydrolysis depolymerisation of solid humin as well as soluble

humin.

From spectroscopic analyses (ATR-IR, NMR), as well as from pyrolysis studies,
and taking into account literature information [19, 20] on hydrothermal carbon (which
is similar to highly carbonised humin), we propose structure of the formula C;7H ;05
as that illustrated in Figure 2.11-A. It is suggested that two furan rings are linked by an
acetyl group via oC. This is supported by the presence of 2-acetyl furan or 2-acetyl, 5-
methyl furan in the pyrolysis products of humin. The acetyl linkage is formed via de-

hydration of two HMF molecules. aC can be linked with BC of other furan ring by

Figure 2.11. Chemical structure of humin segment with mass of 300 Dalton and proposed

model of humin constructed from that segment (Cs;H40O;7-from 3 units)
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CH, linkage. Figure 2.11-B shows the proposed representative structure of humin
which is constructed from three proposed units with a carboxylic functional group. It
corresponds to the chemical formula of Cs;H400O;7. In this report the suggested humin
structure is formed via a de-hydration pathway of furan type species. It should be
noticed that other active components in the medium of de-hydration of sugars such as
levulinic acid, formic acid, sugar intermediates can also graft to humin matrix via
condensation reactions. This model structure shares some common features with the
structure of humin from glucose proposed by Van Zandvoort et al. [19]. However, in
our model, acetyl is the major linkage between furan rings due to the consistent
presence of acetyl groups in spectroscopic and pyrolysis characterisation analysis.
Meanwhile, ethyl/ethylene is proposed as major linkage between furan rings in that

literature.

By various characterisation techniques shown in section 2.3.2, it is concluded that
thermal treatment has very strong influence on humin. Humin undergoes a lot of
changes in texture, composition and chemical structure upon heating prior to it
reaching gasification temperatures. De-oxygenation, de-volatilisation of humin occurs
at elevated temperatures. Humin becomes, as a result, more aromatised, graphitised.
The actual humin feedstock for gasification contains mainly C (above 90 wt.%) in
graphitic/aromatic structure with few oxygen containing groups (€.g., phenolic or
benzo-furan). Therefore, the gasification of humin is expected to resemble those of

bio-char or coals.
2.3.4. Dry reforming of humin

Due to the inert, low reactivity of graphitic carbon, thermal reforming of humin
would also be difficult. Dry reforming reactions of humin residue at elevated

temperatures (above 700°C) can be simplified as following:
C613H1603 +61.3 CO, — 122.6 CO+5 H, +3 H,O (Eq 1)
Ce13H1603 + 58.3 CO, —> 119.6 CO + 8 H, (Eq 2)

Where Cg; 3H1603 is the simplified chemical formula based on the CHO analysis
of humin residue preheated at 700 °C. Eq 1 illustrates the conversion of H and O in
humin via dehydration and dehydrogenation while the O in humin releases in the form
of CO in Eq 2. The dry reforming of humin was studied based on TGA which monitors
the change of sample mass as function of time on stream (TOS) and temperature.

Selectivity of products which only can comprise CO, H, and H,O could not be
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analysed and quantified. However, from Eq.1 and Eq.2, if humin is completely
converted to syngas, beside minor amount of water, selectivity of H» is in the range of

4 — 6%. CO is the main product of dry reforming of humin.
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Figure 2.12. Thermal dry reforming of purified humin (HG2): A — influence of temperature
(isothermal gasification, 5 vol.% CO,), the grey line represents for conversion of pristine
humin (HG1); B — the influence of CO, partial pressure - reaction order (isothermal at

900°C). The initial conversions correspond to weight loss in preheating step

Figure 2.12-A shows the thermal (non-catalytic) dry reforming of purified humin
samples (HG2) at various temperatures using the same preheating conditions (10
°C.min™"). At 750 °C, after 4.5 h time on stream, only 7 wt.% is converted. Even at 900
°C, only 20 wt.% of humin is gasified. Compared with lingo-cellulosic char, reactivity
of humin is much lower [32, 33]. This is due to lack of mineral in the humin derived
from glucose meanwhile chars from natural lignocellulosic biomass always contains a
certain percentage of potassium or other minerals which act as catalyst for the
reforming reactions. It should be mentioned that HG2 was used in order to investigate
the intrinsic reactivity of pure humin (viz. without the contamination of the entrapped
sugar derivatives). However, the slope of conversion curve for gasification of pristine
humin (HG1) at 900 °C — the grey line in Figure 2.12-A is almost similar with that of
purified humin. This implies those two residues have similar reactivity towards the dry
reforming reactions. The impact of the char formed from the sugar derivatives in HG1
during the de-volatilisation stage is minor due to two possibilities: (i) low amounts or

(i1) its reactivity falls in the same range of purified humin.

Apparent kinetic orders of the reforming reaction were investigated and the
result is shown in Figure 2.12-B. The dry reforming of humin is performed at

atmospheric condition. Therefore, CO, concentration of 5, 22.5, 40 vol.% (balanced in
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Ar) corresponds to CO, partial pressure of 5066, 22780, 40530 Pa, respectively.
Reaction orders, calculated by applying power law model or shrinking model for
kinetic reactions of dry reforming, varies from 0.27 - 0.35. It should be noticed that the
reactivity of humin depend on the conversion levels. The low value of reaction order is

another proof for the inert nature of humin residue.
2.4. Conclusions

Humin formation is one of major problems in conversion of carbohydrates to
value added platform chemicals (e.g., HMF, LA, and FF). Despite significant carbon
selectivity to humin, understanding of the pathways of its formation, chemical structure
as well as its application in bio-refinery scheme is still limited. Structural analysis of
humin and humin fractions were done in this study in addition to investigation of the
influence of thermal treatment on humin. Although pristine humin has complex furan-
rich structure with multiple oxygen functional groups, heating humin at elevated
temperature (to reach to reforming temperature) leads to de-volatilisation and
aromatisation/graphitisation. The volatile organic components released during heating
were identified. They can be reformed to syngas in a second stage thereby converting
the whole humin feedstock or used as a source of potential chemicals. Only graphitic
type carbon structure is left prior the gasification. Its inert nature causes thermal dry
reforming very difficult at mild gasification conditions. The use of catalyst is required

to improve the reforming rate, thus making the process more viable.
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Appendix 2

i.  Experimental

Water solubility of humin experiment was carried out and estimated based on “TAPPI
T207 cm-99 Standard”. Ca. 1g humin was refluxed in 100ml water in 250 ml Erlenmeyer
flash. The flask with humin was placed in a boiling water bath for 3h. After that humin was
filtered and dried to constant weight at 105 + 3°C.

One percent sodium hydroxide solubility of humin was determined using “TAPPI T212
om-02 Standard”. Ca. 1g humin was dispersed in 100 ml of 1% NaOH solution in a 200ml
beaker. The beaker with a watch glass cover is kept in a water bath maintained at 98 + 2°C
for 60 minutes. The solution was stirred with glass rod at 10, 15 and 25 minute after placing
in the bath. After 60 minutes, humin was filter and washed with 100 ml hot water then 25 ml
CH;COOH 10 wt.% (soaked for 1 minute before removal). The water — acetic acid washing
was repeated 2 times. Then humin was washed with hot water until acid free. Finally humin
(together with tarred filter paper) was dried to constant weight at 105 + 3°C in a tarred
drying cup.

Acetone extractives of humin was carried out according to “TAPPI T204 cm-97
Standard”. An extraction thimble with ~1g humin was placed in a clean and dry Soxhlet
extraction apparatus. 150ml acetone was used for the extraction. Heating power was adjusted
so that it was allowed the solvent to cycle every ~ 10 min. The extraction was kept for 8 h.
After that the solvent solution containing humin extracts was evaporated in a tarred extraction

flask to near dryness. The flask was then dried in vacuum oven at 30 °C for 1 h.

Solubility of humin was estimated as following:

J . Wo-W
Solubility in hot water or 1% NaOH= 100%x

Wo

W,
Solubility in acetone= 100%% W—e
0

Where wy, w and w, is the oven-dry of humin before extraction and after extraction and

oven-dry weight of extract after acetone extraction respectively.

ii. Results
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Valorisation of humin-based by-products from biomass

processing — A route to sustainable hydrogen

Abstract

Valorisation of humin by steam reforming for H, is discussed in this chapter. Both thermal
and catalytic steam gasification were investigated systematically. Humin undergoes drastic
changes under thermal pre-treatment to the gasification temperatures. Alkali-metal-based
catalysts were screened for the reactions. Na,CO3z; showed the highest activity and was
selected for further study. The presence of Na,CO3 enhances the gasification rate drastically,
and gas-product analysis shows that the selectivity to CO and CO; is 75 % and 25 %
respectively, with a H,/CO ratio of 2 (corresponding to 81.3 % H, as compared to
thermodynamic equilibrium). A possible process for the complete, efficient conversion of
humin is outlined.
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3.1. Introduction

Over the last century, mankind witnessed the dramatic development of life standard
which is mainly based on petroleum economy. However, along with the use of fossil materials,
the global temperature has been increasing with the rate that far surpasses the natural
variability of the last years [1]. The greenhouse gas emission (e.g., CH4, CO,, N,O) produced
from anthropogenic activities such as burning fossil fuels is responsible for the global
warming. The depletion of fossil fuels as well as influence of climate change on economy and
ecology has generated great interest in searching for sustainable alternative resources.
Biomass is considered as the only sustainable carbon containing resource for our chemical
and material industry [2-5]. Furans (including 5-hydroxy methyl furfural — HMF, furfural)
and levulinic acid are among Top ten value added chemical platforms from bio-derived
carbohydrates [6]. The synthesis of these molecules from lignocellulosic biomass involves
multiple acid catalysed processes (e.g., hydrolysis of (hemi)cellulose, dehydration of the
corresponding sugars) [7-9]. One of the major problems of these processes is formation of
large amount solid by-products, generally called humin. The yield of the waste can be as high
as 40 — 50 % (on carbon basis) [8-11]. Therefore, an efficient use of humin is essential. Since
it can maximise the use of carbon source, reduce total waste of the overall process. Thus it
improves the E factor and feasibility of the conversion route from biomass to HMF or

levulinic acid.

Generally, humin consists of carbon-rich agglomerate particles [12-14]. It is composed
of approximately 50 — 66 wt.% carbon, 29 — 46% wt.% oxygen and the remainder is hydrogen
[12, 14]. The only application of humin so far is to generate heat by combustion. Interestingly,
most of the conversions in bio-refinery involve a hydrogenation step. This requires the import
of hydrogen from external fossil sources, which is expensive and not sustainable. In this
context, the efficient conversion of humin to syngas (CO + H;) or hydrogen is extremely
interesting. Hydrogen generation from humin would allow the complete usage of the
feedstock in the sugar conversion processes by generating hydrogen from what is normally
considered as a waste product. To the best of our knowledge, the valorisation of humin

through hydrogen production has not been reported in the literature.

Conventionally, the gasification of solid, carbon rich materials such as char or coal is
performed thermally in steam or oxygen. This requires the gasification temperature to be
above 1000 °C due to the high endothermicity of the reactions. The gasification of the solid
feedstock, for example, coal, char or biomass, involves two stages. The first stage is de-

volatilisation in which biomass decomposes and gas/volatiles escape from the solid substrates
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under heating to gasification temperature. This is followed by the gasification stage in which

the remainder reacts with oxidative reagents (steam, carbon dioxide or oxygen).

Catalytic gasification is advantageous over the thermal process because of the
improvement of reactivity, and thus the decrease of the reaction temperature. Moreover, tar,
which is often formed during the conversion of highly carbonaceous materials, can be gasified
completely in the presence of a catalyst. The catalytic gasification of biomass and biomass-
derived syngas has been reviewed by Sutton et. al. [15], Dayton [16] and Yung et al.[17]
According to Sutton et al., catalysts used in biomass gasification can be divided into two
distinct groups. The primary catalysts are generally added directly to the biomass prior to
gasification. They enhance the gasification rate of the remaining char. The second group of

catalysts helps in tar destruction, hence increases gas yields.

Despite extensive studies on the development of efficient catalysts for the reforming of
oxygenate biomass-based compounds and tar, catalysts in the first group are based on
conventional, off-the-shelf materials. Usually inexpensive, disposable materials such as
dolomite, alkali metals or alkaline earth metals are used as primary catalysts [15]. It is well-
known that alkali metals enhance the reactivity of biomass, char and coal in dry or steam
reforming [18-20]. The gasification rate is improved dramatically. In addition, alkali metals

are moderately active towards tar reforming [17].

This chapter focuses on the catalytic steam reforming/ gasification of humin with a view
to provide a complete sustainable process for carbohydrate conversions in the biorefinery
concept. Alkali metal based catalysts were investigated and the complexity of humin

gasification is discussed.
3.2. Experimental Section

All chemicals used in this study were of analytical or spectroscopic grade (Sigma—

Aldrich) and used without further purification.
3.2.1. Humin preparation, purification and thermal pre-treatment

Humin samples used in the study were prepared via dehydration of D-glucose followed
by a Soxhlet extraction with for 24 hours. Detail of the preparation and purification was
described in Chapter 2.

In the case of catalytic gasification, the humin was dry-mixed with catalyst using a
Fluxana mixer (MU-K-Mixer 50Hz). Typically, dried humin (~ 1 g) with the required

amount of catalyst was shaken in a mixing beaker for 20 minutes. The catalyst loading is
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defined as the weight percentage of alkali metal compared with weight of dried humin (e.g.,
1.5 % Na corresponds to 3.45 wt. unit of Na,COs in 100 wt. unit of dried humin).

Samples for elemental analysis and Nuclear Magnetic Resonance (NMR) experiments
were prepared by heating humin or a humin mixture (~ 1 g) in a calcination furnace under a
flow of Argon (50 ml.min"') saturated with water at room temperature. The furnace
temperature was increased at the rate of 10 °C.min™" and kept at the desired temperatures for

0.2 hour and then cooled down to room temperature.
3.2.2. Characterization

Elemental composition, specific area and HR-SEM images of humin residues were
recorded with the correspondent characterisation setups which were described in Chapter 2

with the same condition and parameters.

C Cross Polarization with Magic Angle Spinning (CP-MAS) NMR spectra of humin
residue were acquired using a 20 T Varian system at a MAS frequency of 20 kHz with a 3.2
mm MAS probe. The recycle delay and cross polarisation contact time were 5 s and 1 s,

respectively. The spectra were referenced to adamantane.

Pyrolysis experiments were performed as described elsewhere [21]. Argon saturated
with water at room temperature was used to mimic the steam gasification conditions. The
condensable products were diluted with acetone and analysed by using an Agilent 7890AGC
coupled with a 5975C MS. The identification was performed with reference to the NIST 2008
library.

3.2.3. Thermo-gravimetric Analysis (TGA) and gasification experiments

TGA experiments were performed by using a Mettler Toledo analyser (TGA/
SDTA/851¢) with samples of 2 — 3 mg initial weight, and a 65 ml min™' flow rate of argon or
water-saturated argon at room temperature. The initial weight was small enough to avoid
mass-transfer limitations (experiments show that the conversion rate is independent of the
sample mass below 5 mg). Typically, samples were first heated to 105 °C at 10 °C.min" and
held for 1 h to remove any physically adsorbed water; then heated to the desired temperatures

and held for the required time. The exhaust gas from TGA was analysed by using on-line MS.

All conversion values used in this study are cumulative and calculated as following:

) my-my
Conversion (X;) = (w/w)

0 — Mgyt
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Residue weight =1 — X

. . 8Xi .-l
Gasification rate = K (mm )

Where: my, m; are mass of humin mixture part after in situ drying at 105 °C for 1 hour
and at interest point respectively; mg,; 1S the mass of catalyst; X is conversion at interest

point.

Catalytic flow experiments were performed in a fixed-bed reactor. About 35 mg of
humin with sodium catalyst pre-heated at 700 °C was held in place by quartz wool plugs in an
o-alumina reactor (4 mm internal diameter). Then samples were heated to 750 °C under argon
flow (30 ml.min™) at a heating rate of 10 °C.min"'. When temperature reached 750 °C, the
feed-stream was switched to argon saturated with water at room temperature. Gas
compositions were determined with an online three-channel gas chromatograph (GC, Varian
CP-3800). Each analysis takes ~ 19 minute. The GC is equipped with five gas separation
columns (Haysep Q, Haysep T, Molsieve 13X, Molsieve SA and CP-Wax 52CB) using two

thermal conductivity detector (TCD) and a flame ionization detector (FID).
3.3. Results and discussion

3.3.1. Thermal steam gasification of humin

The steam gasification of

De-volatilisation ) Gasification

carbon-based materials, for
example, coal and methane, is
favored at higher temperatures

according to thermodynamics [22].  Residue

. . weight
Figure 3.1 shows changes in the
weight of a humin sample as a !
0.2- ;
function of temperature during a i H,O/Ar
- 1 1 1 0.0 T T T : T T 1
thermo-gravimetric analysis (TGA) = o =5 e 10
experiment. The experiment was Temperature /°6——

performed to high temperatures to
Figure 3.1. Thermo-gravimetric analysis of humin

in Ar (gray line) or HyO/Ar 1.75 vol.% (black line),

heating rate of 10 °C min™.

include typical gasification
temperatures. It can be seen from
Figure 3.1 that continuous weight
loss occurs until approximately

700 °C followed by a stable region and further loss of weight in the presence of water above
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750 °C. If we consider that no changes occur in the absence of water above 750 °C, this
region indicates the occurrence of steam gasification. Below 700 °C, we attribute the weight
changes to the liberation of volatile products from the humin sample. Analysis of the
condensable fraction of the volatiles by GC-MS indicated the presence of acetic acid,

furfural/phenol, derivatives and poly-aromatic tars, for example naphthalene. Significantly,

this corresponds to about 45 wt. % of the humin sample that is lost before it reaches

o 1
2%

gasification temperature.

Figure 3.2. HR-SEM images of humin, fresh (left) and after heating in H,O/Ar at 700 °C for
0.2 h (right).

High resolution SEM (HR-SEM) images of the humin sample during the two stages of
the experiment (described above, room temperature and 700 °C) are shown in Figure 3.2.
Hardly any morphological differences are seen in the two images. The humin sample retains
its shape and size despite the 40 % weight loss. However, the specific surface area of the fresh
sample was negligible whereas it increased to 450 m’g™” after heat treatment, as would be
expected if degradation is followed by the escape of volatile components from a solid matrix
occurs [23] (see Chapter 2). Thus, prior to gasification, the humin sample becomes very

porous and accessible to reactive gases, in this case steam.

The fresh humin sample has a nominal composition of approximately 65 wt.% carbon, 4
wt.% hydrogen and 30 wt.% oxygen. It also contains traces of sulphur (~ 1200 ppm). Figure
3.3 shows the compositional changes that occur during heating of the humin sample
represented in a typical Van Krevelen diagram. This representation is used normally to follow
aromatisation of the substrate but also allows us to measure the extent of de-oxygenation.
Starting from 105 °C, a continuous and significant de-oxygenation of the humin is observed
with increasing temperature. The corresponding decrease in the H/C ratio can be result of
dehydration and aromatisation of the sample. Aromatisation is expected to dominate at higher

temperatures and we already see an increased amount of aromatic products above 400 °C. The
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sharper change above 600 °C in the H/C ratio is often attributed to dehydrogenation [24].
Thus, owing to de-oxygenation, the humin sample becomes increasingly aromatised before
reforming occurs. The solid-state °C MAS NMR spectrum, shown as inset in Figure 3.3,
confirms that only aromatic carbon is present in the sample heated to 700 °C (the peak at ~

125 ppm indicates carbon atoms in an aromatic ring).

0.8 ./.105 °C
300°C

064 400°C |
BC-NMR

ke
s
3 1 500°C
s o4 600°C
£
z =700°C————— %
< 0.2
300 200 100 0
Slppm
00 T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5

Atomic O/C ratio

Figure 3.3. Changes in the composition of humin as a function of temperature, details in
experimental section; inset graph - °C CPMAS NMR of humin preheated to 700 °C, * -

spinning side band (temperature ramp 10 °C.min"', in argon saturated water at RT)

The gases that evolved during heating of the humin sample are shown qualitatively in
Figure 3.4. The signal for CO, and CO starts to increase appreciably above 800 and 850 °C,
respectively, whereas the signal for hydrogen increases slightly above 500 °C, levels off at
approximately 800 °C and rises substantially above 850 °C. This indicates a significant
increase of steam gasification. The peaks of the H,, CO signals at approximately 1050 °C
correspond to the gasification temperature of humin at which the maximum conversion rate
occurs. It is possible that gasification takes place at a very low rate between 700 and 850 °C.
In summary, under heating in enriched steam gas, humin becomes highly aromatised (H/C ~
0.2) and contains some oxygen (< 5 — 6 wt.%) before steam reforming occurs. Therefore, the

gasification of the remaining humin would resemble the process of char gasification.

The results of the steam reforming of humin, preheated to 750 °C, and performed
isothermally at three different temperatures are shown in Figure 3.5. It is clearly seen that at
900 °C conversion is not complete even after 4 h time on stream. This is not surprising
because the extensive graphitisation of humin during preheating to reach gasification
temperatures makes it inert. Steam reforming of such graphitised carbon materials mandates

the presence of a catalyst for operation at lower temperatures.
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Figure 3.4. Evolution of gaseous products during heating of the humin sample in H,O/Ar
followed by mass spectrometry (temperature ramp of 10 °C min™"). Inset graph shows the

amplification of gaseous product signals in the temperature range 450 — 900 °C

3.3.2. Catalyst screening

The results of the 1'0'_ 200G
gasification of humin in the 0.9-
presence of alkali and alkaline- % 0:-
earth-based catalysts is E ] 850 °C
summarised in Table 3.1. o
Gasification rates were é 0,6-' 200
determined based on weight 0.5-
changes for the humin samples, 0.4 -
dry mixed with the catalysts g 2 100 T

. . TOS at gasification temperature (min)
and in the presence of steam in
thermo-gravimetric Figure 3.5. Non-catalytic isothermal steam gasification
experiments  performed iS0- o pymin samples at various temperature (sample was

thermally at 750 °C. The details preheated to desired temperature at the rate of 10 °C.min
can be found in the 1

Experimental section.

Gasification rates are given at three conversion levels: 55 %, 65 % and 78 %. In the case

of solid-to-gas conversion from batch reactors, the reaction rate is generally a function of
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conversion [25]. In the presence of a catalyst, the rates obtained are much higher than those of

the thermal experiments presented in Figure 3.5.

Table 3.1. Gasification rate of Humin at 750 °C. The humin samples were preheated at
750°C in steam prior to the experiments.

Gasification rate (10~ .min™)

Catalyst!! X =0.55"! X =0.65"! X =0.78""  Time (min)'®
Na,COs 15.5 17 17 28
K,CO; 5.5 7.2 9.1 77
Cs,CO;3 8 10.9 11.2 55
CaCO; 2 0.65 n.al¥ n.al?
Non catalytic 4.6 n.al¥l n.al¥ n.al¥l

[a] Loading of metal (Na, K, Cs, Ca) is 0.065 mol metal/100g humin which
corresponds to loading of 1.5, 2.5, 8.66, 2.6 wt.% metals respectively, [b] X is
accumulative conversion including mass loss during the heating stage as volatiles [c]
Time of stream to achieve conversion 0.95. [d] n.a is “not achieved” (final conversion
of humin were below such levels after 2 hour gasification at 750 °C)

It can be seen that at all stages of conversion, Na,COs is appreciably more active than
the other catalysts in the gasification of humin. CaCO; was the least active, even after 2 h, the
conversion levels were below 65 %. The order of activity is Na,CO3 > Cs,CO; > K,CO; >
CaCOs;. Potassium carbonate shows a lower activity than the other alkali carbonates for humin
gasification. This is surprising, as for char steam gasification, which is similar to this,
potassium-based catalysts are more active than sodium based catalyst [18, 20]. Our results do
not agree with this, but for humin gasification this is the trend observed experimentally for
both carbon dioxide and steam reforming. Based on our own results, this indicates that the
chemistry of humin is possibly different from that of char. Further steam reforming

experiments were performed with Na,COj as catalyst.
3.3.3. Influence of sodium carbonate on gasification

The influence of sodium carbonate on the steam reforming of humin was studied with
regard to conversion rates, product and by-product distribution. Figure 3.6 shows the effect of
catalyst loading on the gasification rate during isothermal steam reforming. It can be seen that
the conversion rate is enhanced tremendously in the presence of Na,CO;. Compared with

thermal gasification under the same conditions, the rate is increased by 10 (with 0.5 % Na
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addition) to 62 times (with 2.5 % Na addition). Complete conversion can be achieved in

approximately 15 min with the addition of 2.5 % sodium.
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Figure 3.6. Isothermal steam reforming of humin in the presence of Na,COs; catalyst at
750 °C; percentages in the legend indicates wt.% of Na in the humin sample. 0 % Na

corresponds to thermal gasification

Conversions above 100 % were observed at longer times on stream (Figure 3.6). As the
gasification is performed in a thermo-gravimetric analyser (TGA), and the conversion is
calculated based on mass loss, this corresponds to a mass loss that is greater than the initial
weight of humin. This indicates the loss of sodium carbonate by decomposition or
evaporation to the vapour stream. To confirm this, a blank experiment with only sodium
carbonate was performed. Under steam-reforming conditions with a water-argon mixture at
750 °C for 2 hour, approximately 10 % weight loss was observed (see Figure 3.7). However,

in the presence of humin, Na,COj3 hardly remained after the TGA experiments.

To analyse the loss of Na,COs catalyst during the steam gasification of humin, it is
important to look at the chemical changes that the catalyst undergoes during gasification.
Nagase et. al., [26] postulated a cyclic catalytic scheme for carbon dioxide reforming of
carbon. In this scheme, the reaction of carbon with sodium carbonate results in the formation
of oxides of sodium [Eq. (1) and Eq. (2)] and CO. The reaction of sodium oxide with CO,
completes the catalytic cycle [Eq. (6)]. We propose that a similar sequence occurs during

steam reforming. This is detailed in the following reactions:
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low

Na,CO; + C — Na,0 + 2CO (1)
id

2Na,0 2 2Na(gas) + Na,O,(liquid) (2)
rapid

2Na + H,0 —— Na,0 + H, 3)
fast

N3202 + C — NazO + CO (4)

H,0 + CO — CO, + H, (5 - WGS)
1

Na,0 + CO, —s Na,COs (6)

Na,COs is thermally stable and decomposes above 850 °C in argon. During steam
reforming, the presence of water and carbon oxides can cause the formation of oxides that
may influence its stability. If we look Eq. (6), which describes the formation of Na,COs3, this
requires the presence of CO, and CO, should add to the stability of the catalyst. However, the
water gas shift (WGS) reaction, the only reaction in which CO?2 is generated, is not favoured
by alkali catalysts [15]. Moreover, reactions are performed at elevated temperatures that are

not favourable for formation of CO, by the WGS reaction according to thermodynamics.

in Steam . .
1.0 Humin mixed
in Steam + 5 %C0,”  N&C0;
0.8+
&)
S 0.6
[
ie)
[2])
5 0.4+
>
c
/<)
O 0.2
] in Steam
0.0 /// ) NaZCO3
in Steam + 5 %CO,

0 20 40 60 80 100 120 140
TOS at 750 °C (min) ——

Figure 3.7. The influence of addition of CO; in steam reforming: humin mixed with 1.5 wt.%
Na (black line) and sodium carbonate (grey line). Samples are preheated to 750 °C at

temperature ramp of 10 °C.min™".

Thus, the addition of CO; to the feed gas may be a solution to improve the stability of
the catalyst, if the above arguments are taken into account. Figure 3.7 shows the influence of
the presence of excess CO, during the gasification experiment. The blank experiment shows

that Na,COs is stable even in the presence of steam if CO, is added. However, in the humin
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gasification experiment, conversions remain below 100 % in the presence of CO,. Such
incomplete conversion can be because of the poorer heterogeneous contact between the
catalyst and humin and the lower reactivity of CO, compared to steam. Moreover, in the
experiment, the gas composition (CO,/H,0O partial pressure ~ 3) is much richer in CO, which

is a weaker oxidant than steam.
3.3.4. Products and by-product distribution

Almost complete conversion of humin can be achieved in the presence of Na,CO;
catalyst at 750 °C. The addition of carbon dioxide provides stability to the catalyst for
continuous operation. Regarding product selectivity, the gas-phase composition during the
steam reforming experiment is shown in Figure 3.8. The reforming of humin was performed
in a fixed-bed reactor with larger amounts of humin (35 mg versus 3 mg in the TGA

experiments) to allow quantitative analysis of the gas products.

Ar | H,O/Ar
10 °C min* Isothermal at 750 °C

-50 0 50 100 150
L L L 1 L 1

e H

2

v CO

TOS /min EE——

Figure 3.8. Flow rate of gases released during the isothermal steam reforming of preheated
humin to 750 °C: (e) H,, (¥)CO, (¢) CO, (heating rate 10 °C.min”' in Ar, isothermal
reaction at 750 °C in Ar saturated H,O at RT)

The selectivity to the gas products was estimated by sampling over time (Figure 3.8) as
well as by analysing all product gases at the outlet of the reactor collected in a gas balloon
(cumulative). These two results are in good agreement with each other (~ 4 % difference).
Steam reforming of humin with Na,COj catalyst results in 75 % selectivity to CO, and 25% to
CO; with a H,/CO ratio of approximately 2 (results from the analysis of the gas balloon). This

corresponds to 81.3 % H; as compared to thermodynamic equilibrium. We calculated that at
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thermodynamic equilibrium, the selectivity to CO; is 55.3 % (calculation based on the known
elemental composition of the preheated humin), thus the incorporation of a WGS step of the

produced CO is plausible to increase hydrogen yields.
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Figure 3.9. Distribution of the components in the condensable fraction identified by GC-MS
(FF Derivatives include Furfural, 2-Acetylfuran, HMF and 2-Acetyl-5-methylfuran; Phenols
include phenol and cresols; MHBZ is 2-Methyl-5-hydroxybenzofuran). The y axis shows the
ratio of the area percentage of each component divided by the area percentage of dimethyl

sulfone (internal standard).

As shown in Figure 3.1, the humin sample loses approximately 45 wt.% during the de-
volatilisation step. The weight loss of humin in the catalytic gasification step is above 40
wt.% once the gasification reactions start. This loss corresponds to the formation of gases
[monitored by (Q-MS) as illustrated in Figure 3.4] and condensable volatiles. Steam
reforming of these volatile components is necessary to use the humin feedstock completely
and maximise the hydrogen yield. To gain an insight into the nature of the chemicals groups
of these volatiles, flash pyrolysis analysis was employed. The advantage of flash pyrolysis is
that it offers short residence times, which are typical for solid gasification in gas entrained
reactors used in industry. It also prevents secondary reactions (e.g., re-arrangement or re-
condensation of primary products formed during heating) because of its extremely high
heating rate (~ 925 °C.min™") and short residence time. The condensable products were
separated and identified by GC-MS. Dimethyl sulfone formed from sulphur in humin samples
(known) was the only sulphur containing molecule identified in the condensable fraction, and
was selected as the internal reference for different experiments. This was used to calculate the
variation of other components. Figure 3.9 illustrates the comparison of condensable products

formed during thermal and catalytic gasification with sodium carbonate. A variety of products,
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which included aliphatic acids, furanic and phenolic derivatives, and poly-aromatic
components (tars) were observed. The steam reforming of these components is necessary to

maximise hydrogen yields.

Acetic acid is known to cause coke formation which leads to the deactivation of
catalysts [27-29]. The minimization of acetic acid in the volatiles makes the gas cleaning step
less stringent and facilitates the catalytic reforming step. It is clearly seen that the acetic acid
yield was reduced significantly (~ 90%) in the case of catalytic reforming. In addition, the
yield of furanic and phenolic compounds both increase by approximately 88%. In our group,
ZrO;-supported Ni-based catalysts with K and La or CeO, as promoter were developed and
show promise for steam reforming of phenol [30]. This catalyst is also stable in acetic acid
reforming [28]. However, the presence of furanic components in the volatiles may have an
adverse impact. These components contain aldehyde and ketone groups that contribute to
coke/char formation by aldol condensation reactions. Experiments with model compounds

representing volatiles are will discussed in Chapter 5 and Chapter 6.

3.3.5. Towards a complete gasification process

The thermal steam
Syngas/H;

!

2" catalyst
Tar reforming

gasification of humin requires an

elevated temperature because of

the low reactivity of humin. The

use of sodium carbonate helps to A

decrease the gasification Mixing | primary | Steam +COy
temperature and increase the 7| Gasifier Carrier gas
gasification  rate.  Although 1 Ash

complete conversion of humin ¢

. . . . Na,CO
residue is possible with the use a2 Vent

of Na,CO;, approximately 25
wt.% carbon (i.e., ~ 45 wt.%

Scheme 3.1. Proposed complete conversion of humin

total) is lost as volatiles during heating to the gasification temperature (above 700 °C).
Therefore, a second catalytic bed for the steam gasification of these volatiles would not only
improve hydrogen/syngas yields but also help reduce tar and improve the purity of the
product gas. Such a process is illustrated in Scheme 3.1.

In this process, Na,CO3 and humin are dry mixed. The mixture is then converted in the
primary gasifier. Owing to the small particle size of humin, fluidised bed or entrained-flow

reactors can be used [3]. The exhaust gas that contains oxygenated volatiles then goes through
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a second catalytic bed, which can be incorporated inside or outside the gasifier (depending on

the operating temperature).

As mentioned above, the loss of sodium carbonate during the gasification can be
avoided by including dry reforming (using a small amount of CO;) in the steam reforming.
However, the disadvantage is that some unconverted humin remains as ash, which has high
sodium content. Hauserman [31] co-fed wood ash into coal steam reforming, and the
reactivity of the substrate was improved substantially. Thus, we suggest that the ash stream
can be recycled to minimise the amount of fresh sodium carbonate required. Some ash should

be vented to prevent the accumulation of ash over time.
3.4. Conclusions

Na,COs is appreciably more active than the other alkali- and alkaline-earth-based
catalyst studied. Na,COs is thermally stable. However, during steam reforming, the presence
of water and carbon oxides can cause the formation of sodium oxides that may influence its
stability. The addition of carbon dioxide provides stability to the catalyst by enhancing the

formation of carbonate from the oxide phase.

Humin becomes highly aromatised and undergoes extensive de-oxygenation during
heating to steam reforming temperatures and the residue resembles char. The humin sample
loses approximately 45 wt.% through de-volatilisation during heating. The steam reforming of
these volatile components is necessary to use the humin feed-stock completely, and maximise
hydrogen yield. The presence of Na2CO3 improves the gasification rate tremendously, thus it
also enable the reaction in milder condition (viz. lower temperature) thus reducing the energy

consumption.
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Figure A.3.1. Evolution of gaseous products during steam reforming of the humin sample in

presence of Na,COs (1.5 % Na) followed by mass spectrometry (Ar saturated with H,O,
temperature ramp of 10 °C.min™")

Figure A.3.1 indicates that the onset of catalytic steam reforming reaction of humin occurs at

~ 600 °C which is much lower than that of non-catalytic one, ~ 800 °C (from Figure 3.4)
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Catalytic dry reforming of humin with Na,COs as catalyst

Abstract

Kinetics study on dry-reforming of humin was performed with different humin samples
in the presence of sodium carbonate. The conversion rate remained almost constant in a wide
range of conversion degree and was linearly proportional to the amounts of sodium
carbonate used. Dry reforming reactions of humin in the presence of sodium carbonate
resemble to the bulk reaction. The nature of sodium catalyst at gasification temperature was
studied by using labelled Na,**CO; and Na MAS-NMR.
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4.1. Introduction

Thermal gasification of humin (in CO, or steam) was demonstrated in previous
chapters. Due to the de-volatilisation that occurs during heating to gasification temperatures,
humin becomes more and more aromatised/graphitised. At the gasification temperatures,
humin resembles bio-char and show low reactivity towards non-catalytic dry (CO,) as well as
steam reforming. In chapter 3, various alkali metal carbonates and CaCOs were screened as
possible catalysts for steam reforming and Na,CO3 showed the highest activity [1]. Although
complete conversion can be achieved via steam reforming of humin with Na,CO3, loss of
catalyst into gas phase was observed due to conversion of Na,COs3 to more volatile species.
Adding small amounts of CO, in the reactive gas feed stream improved the stability of
Na,COs catalysts. Thus the gasification process is a combination of steam reforming and CO,
reforming. It is, therefore, essential to understand the details of the catalytic gasification in
CO,. A kinetics study of the reaction can also provide useful knowledge for industrial
application since it can cover wider range of reactive gas compositions as well as generate the
necessary kinetic parameters. It can help additionally to predict the behaviour of humin during

steam reforming in the presence of carbon dioxide.

In order to minimise the influence of sugar residues on the dry or steam reforming,
purified humin samples were employed in earlier investigations reported in chapters 2 & 3. In
this chapter we have also included non-purified samples. This is to take care of the fact that
purification (Soxhlet extraction in water for 24 hour) is time and energy consuming.

Moreover, the recovery the sugar residue in diluted solution is challenging and costly.

In this chapter, kinetics of CO, reforming of the pristine humin (without purification) is
included and compared with results on the clean humin. Furthermore, insight into the
behaviour or transformation of sodium carbonate is initiated by using isotopic labelling of

Na,COs for dry reforming as well as for characterisation using 2’Na MAS-NMR.
4.2. Experimental

All chemicals used in this study were analytical grade, purchased from Sigma-Aldrich

and used without further purification.

Two humin samples, pristine and after purification (Soxhlet extraction in water for 24
hours) were used and denoted as HG1 and HG2. The latter sample was used for the kinetics
experiments (both dry and steam reforming — in chapter 2 and 3). HG1 and Na,CO3 (Na/HG1
~ 1.5/100 w/w) were ball-milled together in a ZrO, coated jar using frequency of 20 Hz for 15

minute. In other cases, Na,"CO;3 (°C 99 % molar) and HG1 were mixed together with
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mortar and pestle. HG2 was only used for investigating the influence of the catalyst loading
on the reaction rate. Various amounts of Na (Na/Humin ~ 0.5 — 2.5 wt%) were mixed with
HG?2 using a Fluxana mixer (MU-K-Mixer 50 Hz) for ~ 20 minutes which mainly mixes the

powders together by shaking, albeit in the presence of two small plastic balls.

Catalytic dry reforming of humin was performed in a Mettler Toledo thermo
gravimetric analyser (TGA/SDTA/851e). Gas supply to the TGA chamber included two
streams: protective gas stream using Ar which is flown to the sides to the crucible and
reactive gas stream containing CO, and Ar flowing in adjacent to the top of the crucible. The
inlet of a mass spectrometer (Balzer QMS 200F) was inserted next to the outlet valve of the
oven to monitor the gas evolution during TGA analysis. Mixture of humin with Na,CO;
(initial weight of 2 — 3 mg) was placed in an alpha alumina crucible (volume of 70 ul) and
dried in situ at 105 °C (heating from 25 °C at the ramp of 10 °C. min™"). After that the furnace
was raised to reforming temperatures (725 — 775 °C) and kept there for 1 — 5 hours before

cooling to room temperature.

ZNa MAS NMR spectra of humin-Na,COs; mixtures were recorded with a 14.1 T
Varian VNMRS system at magic angle spinning (MAS) frequency of 20 kHz using 3.2 mm
MAS probe. The spectra were referenced to NaCl.

All conversion values used in this study are cumulative and calculated as

following:
Conversion (X)) = ——"  (w/w)
onversion (X)) = ———— (w/w
1 My-Mgyye
. 8Xi, .,
Conversion rate = E(mm )

Where: my, mg,, m; are mass of humin sample after in situ drying at 105 °C for 1
hour, mass of Na,CO; in the mixture and humin residue at the measuring point of
interest, respectively; Xj is conversion at this point. The conversion rate is the slope of

the conversion vs. TOS at that conversion level.

4.3. Results and discussion
4.3.1. Kinetics dry reforming

The influence of gasification temperatures on the conversion of humin (to gas

products) is illustrated in Figure 4.1. It can be seen that the conversion of humin in the
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Figure 4.1. Isothermal conversion of HG1 ball-milled with Na,COs; at various dry

reforming temperatures (A), conversion rate vs. conversion (B) and the Arrhenius

plot at conversion of 0.55 (e), 0.65 (<) and 0.8 (&) respectively. Heating rate 10 °C
min’! ; gas flowrate (COz + Ar)reactive/ Alprotective = (40 + 20)/40 ml.min'l; P =1 atm;

Na/Humin ~ 1.5 wt.%

presence of Na,CO; is improved tremendously compared with thermal gasification. In

addition, the conversion is linearly proportional to the reaction time over a wide range

of conversion levels which means constant conversion rate. Generally, in biomass

gasification, the morphology, texture and structure of biomass residue strongly

depends on the degree of
conversion, thus the reaction rate
can vary over the conversion range
[2]. However, in this case both
reaction rate (Figure 4.1-B) and the
activation energy of dry reforming
reaction estimated from Arrhenius
plot (Figure 4.1-C) are almost
constant in the conversion range
from 0.45 (initial conversion value
of dry reforming stage) to ~ 0.9. A
between

linear relationship

conversion and reaction time could
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Figure 4.2. The influence of CO, concentration in

reactive gas stream on the conversion of humin
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also be observed when reactive gas composition changed (illustrated in Figure 4.2) or
with variation in catalyst loading (discussed in the next section). Therefore, the
catalytic dry reforming of humin in presence of Na,CO; proceeds evenly and

resembles bulk reaction.

The activation energy of 214 + 1 kJ.mol” for dry reforming in the presence of

Na,COs (calculated from Arrhenius plot, Figure 4.1-C) is in the same range for dry
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Figure 4.3. Influence of sodium loading, T = 700 °C, reactive gas: CO»/Ar= 5 ml.min/75
ml.min™', protective gas 20 ml.min"'. HG2 (¢), HG1 ball-milled with 1.5 wt.% Na (e),
thermal dry reforming (m)

reforming of bio-derived char as summarised in the review on combustion and

gasification of char by Blasi [2].

Figure 4.3 shows the influence of sodium loading on the conversion rate. It
should be remarked that purified humin is used for this data set. Improvement of
conversion rate due to presence of Na,COj is confirmed again. Compared to thermal
reforming under the same conditions, the conversion rate is improved substantially. In
the range from 0.5 to 2.5 wt.%, the conversion rate is proportional to the sodium
loading. The slope derived from the linear fitting is ~ 0.45 which means ~ 0.45 wt.%
humin can be converted with 1 wt.% Na increment. Further, the conversion rate of

pristine humin ball-milled with Na,COs also falls in the same curve (one experimental
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point). Therefore, we expect similar properties of these two humin samples for dry

reforming reaction.

4.3.2. Consideration of reaction pathway in catalytic dry reforming of humin with
Na,COj3 catalyst

The use and influence of alkali carbonate catalysts on gasification of carbon rich
materials (e.g., coal, char, graphite) has been known for a long time. Albeit a lot of
attempts, the actual reaction pathways and active species/sites in the catalytic reactions
are still debated [3-6]. Different reaction mechanisms proposed in the literature
critically reviewed by Moulijn and co-workers [5] are represented in Figure 4.4.
Basically, the suggested reaction schemes involve cyclic transformations between
carbonate and oxidic/metal phases of the catalyst. Accordingly, Moulijn et al
suggested a sequence, supported by their own experimental study, of CO; reforming of
coal catalysed by potassium, involving cyclic reaction of oxidic potassium species
(K<Oy/K«Oy+1). However, the actual chemical formula/structures of these active species
was not resolved yet, and many oxide forms of potassium (e.g., K,O, K,0,, K,O;
except K,CO3) were suggested to be possible. On the other hand, the mechanism
proposed by McKee [4, 7], discussed below, is acknowledged and mentioned in many
works [3, 8]. This mechanism proposed by McKee consists of three elementary

reactions:
M,CO; +2C =2M +3CO (1)
2M+CO,=M,0+CO  (2)
M,O + CO, = M,COs 3)

According to this mechanism, carbon (or humin) would react directly with
Na,COj via reaction (1) to form Na metal and CO. However, Na,COjs is stable in CO,
rich atmospheres [1]. It was shown in chapter 3 that almost no weight loss of Na,CO;
was observed during 2 h TOS in mixture of 5 vol.% CO,/steam enriched Ar at 750 °C.
Therefore, during dry reforming conditions, Na,CO3; would be expected to stay in solid
phase, making the contact between active catalyst species and C difficult. In this case,
the dry reforming should proceed via solid-solid reactions. Therefore, the reactions rate
should depend strongly on particle size (both humin and Na,COs;), dispersion of
Na,CO3; homogeneously in the humin matrix. In case of the sublimation of alkali metal
(here Na, which is susceptible to sublimation at the gasification temperatures), re-

distribution of sodium species is possible. Therefore, the reaction rate can vary
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Figure 4.4. Significant mechanism for K catalysed CO, gasification were critically

reviewed by Moulijn et al. [5]

according to conversion levels. Furthermore, the degree of mixing of humin with
Na,COs; can influence the gasification rate. However, as shown in Figure 4.1-B and
Figure 4.3, these were not observed. No difference in conversion rates between
extended/mild mixing or conversion levels was observed. Hence, this mechanism is not

likely to explain the experimental results.

For a mechanism involving oxide, the nature of active catalytic species was not
clearly explained. Recently, Nagase et al.[9] suggested another pathway involving
reverse Bourdard reaction in which C mainly reacts with Na,O,. The reaction pathways

involved are summarised below:
slow
N32C03+ C — NazO + 2CO (4)

id
2Na,O LN 2Na(gas) + Na,O,(liquid)  (5)
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JNa + CO, — Na,0 +CO (6)
fast

Na,0, + C —> Na,0 + CO (7)
slow

NaZO + C02 _— Na2CO3

®)

According to Nagase et al. the actual catalytic cycles involve the circulation of

Na,O-Na-Na,0O,. Since reaction (7) is much faster than reaction (4), it can be

considered that most of the carbon in the humin matrix is converted via reaction (7).

From the  stoichiometry  of
reactions (4), (5) and (7), it can be
seen that the maximum amount of
Na,O, is just half of the initial
amount of Na,COs. In addition, the
relatively low melting point of
Na,O, (675 °C), helps to create
good contact between “initial”
Na,CO3; and humin, making the
reaction occur homogeneously in
bulk phase of humin. This also
helps to explain the constant
conversion rate in the initial stages
of isothermal reforming. This
mechanism seems to fit the
experiment data. Catalytic dry
reforming of humin with labelled
sodium carbonate ('*C) may help
to verify the nature of sodium

carbonate.
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Figure 4.5. TGA profile of pure Na,>COs in Ar and
COy/Ar and gas released during thermal treatment in
Ar. Dashed line indicate the conversion level of

sodium carbonate is completely decomposed to CO,
and Na,O. Ramp 10 °C.min’!

Figure 4.5 shows the conversion of sodium carbonate in inert and CO,/Ar

atmosphere and the gases released. In Ar, about 65 wt.% of initial Na,’CO; is

converted to gas products when the oven reaches 1100 °C. This value even exceeds the

maximum stoichiometry of thermal

decomposition, 0.58. Thus, it implies besides the

decomposition which release *CO,, some other species (e.g., Na, Na,O,, Na,O) escape

to the gas phase. The signal for ?CO, starts increasing along with the onset of weight
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loss at ~ 850 °C. The volatiles would condense at the cold inlet of the MS, and we
observe corresponding blockage/loss of pressure in MS (see Figure 4.5).

Ion current (A)

in CO, [ in Ar|

I T I I I T I [ [ [ T [
200 400 600 800 1000 200 400 600 800
Temperature (°C) — Temperature (°C)—

T
1000

Figure 4.6. Carbon containing gas released during the heating treatment of HGI1-
Na,"*COs mixture in 40 vol.% CO, (left graph: ?CO, -2\, °CO, - ©) and in Ar (right
graph, ’CO, - 0, 'CO - A). The solid lines in the left graph present the smoothing

data using Fourier transformation filter with 10 points.

On the other hand, in CO,/Ar, weight loss of sodium carbonate starts at 260 °C
and increases with very slow rate until 700 °C. The weight loss (or conversion) at this
point is 0.4 wt.%. The conversion levels off from 700 °C to 900 °C and increases again
until the end of heating program, 1100 °C, where ~ 2 wt.% loss is achieved. Since
onset of the first weight loss occurs at a quite low temperature, it is not likely that this
is caused by decomposition. The first weight loss is attributed to desorption of gas
absorbed on sodium carbonate (e.g., CO;). In CO, rich atmosphere, the decomposition
reaction (reaction 9) can occur in equilibrium with the recombination reaction (reaction
10) due to the abundance of CO, present in the gas phase. Since sodium carbonate
formed in reaction (10) is 1 Dalton less than the original one, total weight loss of 0.94
wt.% can be achieved when all the "°C is replaced by '*C from CO, in gas phase. This
theoretical weight loss is slightly below the final weight loss obtained at the end of the
experiment. Thus, the second weight loss (onset above 900 °C) can correspond to the
exchange of the labelled C. This result confirms the reversibility of the decomposition

reaction of sodium carbonate in CO, atmosphere. It also indicates that the
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decomposition of Na,COs; occurs in CO, at much higher temperature used for

gasification (900 °C compared with typical 750 °C in gasification).
Na,°CO; = Na,O + °C0O, (9)
Na,O + CO, — Na,CO; (10)

Carbon containing gas released during the dry reforming reaction of humin
mildly mixed with Na,'>COs (by mortar and pestle) is displayed in Figure 4.6- left
graph. Since natural abundance of ">C is 1.1% the signal of *CO, is the combination of
13C02 release from the sodium carbonate and the natural isotopic fraction of gaseous
CO, which in turn comes from two sources: (1) gas supply and (2) humin via de-
volatilisation. The difference in trends between CO, and 13 CO; signals is due to the
3CO, originating from sodium source which can be seen around 217 °C and in the
range 500 — 700 °C. These two *CO; release stages from sodium catalyst is also seen
when the humin mixture is treated in argon (Figure 4.6-right graph). In this case, the

same trend can be seen more clearly since no external CO; being present in the gas.

The release of *CO, occurs at much lower temperature in comparison with that
for the decomposition of pure Na,'?COs in argon. The first peak at 217 °C can be
attributed to reactions between the volatiles from humin (e.g., levulinic acid, acetic
acid etc.) with some part of sodium carbonate. Such acid-base reactions can make
CO0, as product. During the pyrolysis stage (RT — 600 °C), the carbonate salt has a
high chance to interact with humin which consists of oxygen functional groups. The
actual form of sodium species in this stage is unknown. They are tentatively assigned
to sodium-carbonate or carboxylate complexes. The second evolution of '*CO,
(starting at 500 °C) may be due to the decomposition of these tentative complexes
which are less stable than sodium carbonate. The forms of sodium species after 700 °C
are discussed in the next section. It is tentatively attributed to carbonate or oxide type
species. No further evolution of >CO, is observed after 750 °C (until 1100 °C) which
implies the all the °C is consumed and released to the gas phase by 750 °C. From 600
to 700 °C, intensity of *CO, increases to almost similar intensity of the peaks at 217
and 400 °C, however, there is no corresponding increase of >CO signal. This indicates
that signal of >CO caused by fragmentation of Na,’COj5 is negligible. Hence *CO
signal is due to evolution of carbon monoxide either from humin or "*C containing
sodium complexes. The second peak of '*CO centralised at 700 °C is probably the
result of the reaction between humin residue and sodium complexes since it is not seen

in the case of heating only humin in Ar (Figure 2.7, chapter 2).

73



74

Catalytic dry reforming of humin with Na,CO; as catalyst

Na,CO,

b I P
40 30 20 10 0 -10 -20 -30 40 -50 -60
*Na Chemical shift (ppm)

Figure 4. 7. Solid state 2*Na NMR of various humin-Na,CO3; mixture. BM-T stands for the
samples was prepared by ball-milling and pre-heated in CO, to corresponding T degree Celsius.
Grind-MP and stir-mix is the humin mixture prepared by mixing in mortar and pestle with very

low pressing force (just for stir mixing) and with pressing, respectively

Figure 4.7 shows the **Na solid state NMR spectra of humin-Na,CO; mixtures
with different extends of mixing and treated in CO, atmosphere. The spectra are
compared with that of pure Na,COs. In general, “*Na NMR spectra depend on atomic
environment surrounding Na nucleus [10]. The NMR spectra shown here suggest the
complexity of sodium forms in these humin samples. The energy degree introduced to
the mixture via the mixing activity or the thermal treatment can modify the elemental
environment surrounding Na nucleus. Mixing humin with Na,COj3 in mortar and pestle
can already create a small change. Ball-milling can not only improve the contact
between humin and Na,COs but also generate local friction heat. The spectrum of the
sample prepared by ball-milling differs from the original Na,CO;3; in which the
intensity of the main band at 5 ppm decreases and the band around -11 ppm becomes
broader. The NMR patterns of the ball-milled mixture at room temperature and that
pre-treated at 400 °C show a lot of similarity except that the band centralised at -11
ppm becomes even broader in the latter sample. However, for the sample pre-heated at
700 °C (all samples are cooled down to room temperature in CO, prior to NMR
measurement), the spectrum is almost identical to that of pure Na,CO;3; implying that
sodium remained in this sample mainly in the form of sodium carbonate. Thus, the

corresponding form of sodium species at 700 °C must have the ability to convert back
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to carbonate type compounds in CO, atmosphere when cooled down to room
temperature. They tentatively correspond to either sodium carbonate or oxides. In the
latter case, the reaction (4) is not required to generate sodium oxide and reaction (8)
might become substantial during the cooling step. However, reaction (5), (6), (7) of the
mechanism proposed by Nagase can still be applied in this case. The complete answer
for the exact reaction pathways during dry reforming of humin with Na,COs indeed

requires further studies.
4.4, Conclusions

The kinetic study on catalytic dry reforming of humin with Na,CO; catalyst was
investigated in this chapter. The kinetic results indicated the similar trends for different
humin samples (with and without sugar residues) toward dry reforming reaction. Thus,
from an application point of view, humin derived from dehydration of sugar can be
used directly for gasification with minimal purification step (washing humin with
water during the filtration separation is enough). The kinetic results also implied the
first order dependency of gasification rate on the catalyst loading and the activation
energy is in the same range for dry reforming of bio-derived char. The dry reforming
with labelled sodium carbonate together with **Na NMR result tentatively revealed the

form of sodium species at dry reforming condition as either carbonate or oxide forms.
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Figure A.4.1. Conversion rate of humin samples (mixed with Na,*CO3) in CO, and Ar in
comparison with that of only humin in Ar (A); Evolution of CO in the exhaust gas from dry

reforming of humin in presence of Na,*CO; (B)

Figure A 4.1-A presents the conversion rate of the gasification of humin- Na,"*CO; in
CO; and Ar. These are the experiment cases corresponding to the gas evolution shown in
Figure 4.5. Figure A 4.1-B is the evolution of CO in the exhaust gas which corresponds to
the right graph of Figure 4.5 (gasification in CO, of humin in presence of Na,'?CO3)
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Investigation of Ce-Zr oxide supported Ni catalysts in steam

reforming of meta-cresol as model component for bio-derived tar

Abstract

Phenols are major components in the tar vapour formed during gasification of
biomass based feedstocks. The steam reforming of m-cresol was demonstrated for tar removal
and H, production in this study. Ceria-zirconia based catalysts containing Ni were developed
and investigated using multiple characterisation techniques such as XRD, Raman
spectroscopy, XPS, TPR/TPO etc. These catalysts show high activity and excellent stability
for making hydrogen. Influence of preparation methods for support synthesis was studied. Ni
on hydrothermal Ce-Zr solid solution is the most promising due to its excellent anti-coking
properties which results from its high oxygen mobility. Insight into to the steam reforming
reactions was investigated by in situ FT-IR spectroscopy. The IR results show that multiple
sites (Ni and Ce) on the catalysts are involved in the reactions.
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5.1. Introduction

With the depletion of fossil fuels, intensified efforts in developing technology for
conversion of alternative sources for energy and chemicals, especially focusing on the aspect
of sustainability have been made. Biomass, tide, solar, wind are considered as sustainable
resources for fuels and energy. Among them, biomass is the only renewable resource that
contains carbon. Transportation fuels or fuel precursors can be produced from biomass via
direct approaches (e.g., pyrolysis for bio-oil, dehydration of carbohydrates for hydroxy-
methyl furfural etc.) or indirectly via gasification for synthesis gas production followed by
Fischer — Tropsch conversion [1]. Since bio-oil and bio-derived platform chemicals have high
[O] contents [1], de-oxygenation upgrading of these components is mandatory to meet the
requirement for fuels. Hydrogen is a key component for upgrading bio-oil via hydro-de-
oxygenation, and for hydrogenation of platform chemicals from biomass, €.g., sorbitol from
cellulose. Demand for hydrogen is omnipresent in biorefinery [2]. Minimisation of the use of
H, from external sources, especially from fossil resources is obligatory for the production of
bio-fuels [2]. Hydrogen can be made from biomass based feedstocks by gasification, e.g.,
steam reforming or partial oxidation [1, 3-5]. Biomass is unstable under the elevated
temperatures required for gasification, de-volatilisation and formation of tars occur [4, 6]. Tar
gasification is, thus, an important issue from the point of view of complete utilisation of the
waste humin. Removal of tar is also essential for making high purity H, for subsequent
processes or its use in fuel-cells. Phenols and phenolic components such as cresols, account
for the largest fraction in the composition of tars derived from bio-feedstocks [1, 7]. In
Chapter 3 on steam reforming of humin-based by-products, we addressed the issue of cresols
and phenol, as the major volatile components, formed during the heating of humin to the
gasification temperatures. In many studies on steam reforming of tars, model components
such as phenol, benzene, toluene or acid acetic are normally chosen. The number of research
studies involving steam reforming of cresols is very limited [8-11]. m-Cresol is a good probe
molecule for study in the steam reforming of biomass due to its multiple chemical
functionalities, namely aromatic ring, hydroxyl and alkyl substitutions. These chemical
groups are widely present in most bio-derived tars [12]. Certainly, cresols are typical
degradation components of cellulose derived humin waste. In this study, m-cresol is selected
as a model component for the development of a catalyst for the steam reforming of volatiles

formed during gasification of humin, and in general for bio-oil and tars for making hydrogen.

Commercial steam reforming nickel (Ni) catalysts have been widely used for tars
gasification [6, 12]. Ni catalysts show high, demonstrated activity [6]. However, the

disadvantage of Ni catalyst in reforming of tars is the rapid deactivation, mainly due to coke
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formation. For example, coke deposition rate in steam reforming of m-cresol can be as high as
20 — 140 mg coke/geaialyst.h when a Ni/MgO commercial catalyst (WC series — supplied by
Wuxi Qiangya Co. Ltd) was used [8]. Ishihara et al.[10] reported that both conversion of m-
cresol and hydrogen yield dropped from 100 to ~ 80 % within 4 hours when 15 wt.% Ni — 2
wt.% Ru/MgO-La;03-Al,0; catalyst was used. Tomisghe’s group designed an effective
catalyst - Ni/CeO,-Al,0;3 for removal of tars from biomass via auto-thermal reforming, i.e, in
the presence of oxygen [13]. They claimed that the “excellent performance” [13] of the
catalyst was due to the strong interaction of Ni with CeO,, and explained this as due to
oxygen mobility between Ni and CeO,. In general, CeO, is a key component of commercial
catalysts when oxidation is required such as in three-way automotive exhaust gas clean up
systems [14]. It has facile redox properties and oxygen storage capacity which facilitate
oxidation reactions. Since gasification is essentially an oxidation reaction with H,O, or CO,,
using CeO, as support or a promoter for steam reforming catalysts may also help improve the
oxidation of coke. Oxygen mobility of CeO, is much enhanced by introducing foreign ions
such as Zr*", Gd*" or Tb*" into the CeO; lattice [15, 16]. According to Di Monte et al.,[15, 17]
the oxygen ion mobility within the crystal lattice originates from the formation of a defective
solid solution in which, for example Zr'" (ionic radius 0.84) replaces some Ce*" cations
(ionic radius 0.96). Matas Giiell et al. showed that Ni/CeO,-ZrO, in which CeO, was
impregnated on ZrO, oxide prior the deposition of Ni, is active and more stable under the
steam reforming of phenol [18]. In this study, the influence of ceria-zirconia mixed oxide

supports on Ni based catalysts for the steam reforming for the m-cresol is investigated.
5.2. Experiment

5.2.1. Catalyst preparation

Syntheses of Ce-Zr mixture:

Stoichiometric amounts of Ce(NO3);.6H,O and ZrO(NOs),.6H,O (Ce/Zr 0.25) were
dissolved in de-mineralised water. The initial pH of this solution was about 0.5. The solution
was heated to ~ 80 °C under vigorous magnetic agitation. NH; 10 % was slowly added drop-
wise into the precursor solution until pH reached 8.5 in order to precipitate most of the
precursor species (the gel of cerilum-zirconium hydroxide complex started forming at pH ~
3.5). Cerium-zirconium gel was then filtered with a Biichner funnel and washed with demi-
water until the effluent reached to neutral pH. A part of the gel was then dried at 80 °C in a
vacuum dryer overnight prior to calcination in air. The calcination procedure is described
later. This solid powder after calcination is denoted as CP as it was made via co-precipitation

method. Other part of the gel after the co-precipitation step was transferred to a 100 ml non-
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stirred autoclave with Teflon liner. 40 ml KOH 40 wt.% was added to the gel. The sealed
autoclave was then heated to 180 °C and maintained at this temperature for 24 hours in a
static oven. Afterward, the autoclave was slowly cooled down to room temperature. The
product was then filtered and washed with large amount of demineralised water until the pH
of the effluent became neutral (pH ~ 8). The sample was subsequently dried in a vacuum oven
overnight followed by calcination in air. The final product obtained after calcination step is

denoted as HT (hydrothermal treatment).

Commercial monoclinic ZrO, oxide (RC-100, Gimex Technisch Keramik B.V.) was
first calcined in air at 800 °C with flow rate 50 ml.min™ for 6h (heating or cooling rate 5
°C.min"). Ceria was deposited on m-ZrO, via wet impregnation method. Ce(NO;);. 6H,0
was dissolved in 50 ml demi-water. m-ZrO, was then dispersed in the Ce(NOs3); solution. The
solvent was then removed using a rotary evaporator under vacuum. Subsequently, the sample
was dried further in vacuum oven at 80 °C overnight. After subjecting to calcination

treatment, the support prepared via impregnation route is denoted as IM (impregnation).
Calcination treatment of Ce-Zr support:

Solid samples obtained after drying in vacuum oven, were then heated in air with a flow
rate of 50 ml.min™". The furnace was first heated to 150 °C with temperature ramp 5 °C.min"'
and kept at 150 °C for 1 hour. Then, the furnace temperature was increased to 725 °C with
heating rate 5 °C.min"", kept at that temperature for 6 hours prior to cooling down at the rate 5

°C.min"' to room temperature.
Deposition of Nickel:

Nickel (Ni) was deposited on these supports via homogeneous deposition precipitation
technique. Typically, 0.1734 g Ni(NO3;);.6H,0 99% was dissolved in demi-water in a round
flask with vigorous agitation. Then ca. 1 g support was dispersed in the solution. The mixture
temperature was preheated to 75 °C. A solution containing ~ 4.5g urea was poured into the
mixture at this point. The total volume of liquid was 250 ml. Subsequently, the mixture
temperature was increased to 90 °C and kept at this temperature until the deposition
completed (4 — 5 h, final pH of 7.5). Samples were then filtered and washed with demi-water
prior to drying in the vacuum oven (80 °C) for 3 hour. After that, the solid samples were
calcined (air flow rate 50ml.min™") at 500 °C for 3h with heating rate 5 °C.min"'. All catalysts
were reduced in 10 vol.% Hy/N; at 650 °C (ramping temperature 10 °C.min’l) for 3 hours.
After the reduction step, catalysts were denoted as Ni/CP, Ni/HT, Ni/IM, respectively.

5.2.2. Catalyst characterisation
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The texture of these catalysts (specific area, pore size distribution) was determined from
liquid nitrogen adsorption/desorption isothermal curves acquired with a Micromeritics TriStar
instrument. Samples were degassed at 300 °C prior to the analysis. X-Ray diffraction data
were recorded with a Bruker D2 Phaser diffractometer using Cu Ka radiation (A = 0.1544nm).
The elemental composition of the catalysts was analysed by a X-ray fluorescence (XRF)
spectrometer (Philips PW 1480). X-ray photoelectron (XPS) analysis was measured with a
Quantera SXM (scanning XPS microprobe) spectrometer from Physical Electronics. X-ray
(Al K) power of 50W, 20 mA and beam size 200 pm was used.

Temperature programmed reduction (TPR) or oxidation (TPO) was performed in a
homebuilt set-up. For TPO and TPR measurement, 10 — 50 mg catalyst or supports with grain
size 0.3 — 0.6 mm were packed between two quartz plugs in a 4 mm i.d. a-alumina tube.
Before TPR or TPO analysis, samples were pre-treated in inert gas at 150 °C for 30 minutes.
Then the oven was cooled to room temperature. For TPR analysis, 5 vol.% H,/Ar with flow
rate 25 ml.min” was used. The H; consumption was monitored with a standard thermal
conductivity detector calibrated by H, reduction of NiO (purity 99.999%). For TPO analysis,
1 vol.% O,/He with flow rate 75ml.min” was sent through the reactor. The gas outlet
containing CO or CO, was sent (split ratio 6%) to an online methanizer (Model 110 Chassis,
SRI Instruments Europe GmbH) equipped with a FID detector. COx produced was calibrated
using Al,(COs); as carbon source standard (the C content of Aly(CO3); was determined with
CHNS elemental analyser, mentioned in chapter 2). In a typical TPR or TPO measurement,
the furnace was heated to 700 °C with heating ramp 5 °C.min" then kept at that end

temperature for 30 minutes before cooling down to room temperature (10 °C.min™).

Raman spectroscopy data were obtained with a Bruker Senterra Raman spectrometer
(laser wavenumber 532 cm™) at ambient conditions. The spectra were recorded with laser
power of 5 mW, exposed time of 1 — 2 s. The spectra represent 50-100 scans with spectral

resolution 3 — 5 cm™.
5.2.3. Catalytic testing

15 mg of catalysts (or supports) with grain size of 0.3 — 0.6 mm were packed in an a-
alumina fixed bed reactor (i.d. 4 mm) and held in place between two quartz wool plugs. The
catalyst/support was first reduced in situ in 10%H,/Ar (flow rate 50 ml.min™, temperature
ramp 10 °C min™) at 650 °C for 1 h. The reactor was then purged with Ar for about 30
minutes before furnace temperature was raised to 700 °C. An aqueous solution of m-cresol (~
20 gL'l) was sent to an evaporator using a syringe pump (ISCO Model 500 D). The solution

was vapourised at 140 °C. The m-cresol/steam mixture was carried to the reactor by Ar flow
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(flow rate 25 ml.min™). Ar was also used as internal standard gas for the outlet gas mixture.
With such flow-rates, the weight hourly space velocity of m-cresol (WHSV) is equal to 7.89
h'. The outlet gas stream passed through a flash separator where the condensed liquid was
sampled every hour and the gas was sent directly to an online Varian gas chromatograph (GC,
CP-3800) with three parallel separation channels using multiple GC columns (channel 1:
Hayesep Q, Hayesep T, Molsieve 13X; channel 2: Hayesep Q, Molsieve 5A; channel 3: CP
Wax 52CB). The GC was equipped with TCD detectors for quantification of permanent gases
(CO, CO,, Hy, Ar) and a FID detector for quantification of hydrocarbons.

The condensed liquid from the flash separator was analysed offline with a Shimadzu
reverse phased High Performance Liquid Chromatograph Prominence system equipped with a

1™ Gold column and an UV detector (A 254 nm). A mobile phase containing

Hypesi
water/methanol 40/60 (v/v) with flowrate of 0.5 ml.min"' was used for analysis. The column

oven was kept at 40 °C. Typically, it took 15 minutes for an analysis.

m-Cresol conversion was calculated as the mole of m-cresol reacted divided by the
moles of m-cresol in the feed (see Appendix 5). Hydrogen yield was defined as the mole of
hydrogen produced divided by the maximum amount of H, that can be produced based on the

following reaction:

C7Hgo +13 H, O - 7CO, + 17 H,

Therefore yields and selectivity to H,, COy,and phenol were calculated as following:

mole of hydrogen produced

. 0 — 0
Yield of H, (%) = 100 % x 17xmole of m-resol feed

6xmole of phenol

. 0 — o
Yield of phenol (%) =100 % x 7xmole of m-cresol feed

mole of CO,
7xmole of m-cresol feed

Yield of CO, (%)= 100 % x

6xmole of phenol

Selectivity of phenol (%) = 100 % x
clectivity of phenol (%) % 7xmole of m-cresol reacted

mole of CO,

7xmole of m-cresol reacted

Selectivity of CO, (%)=100 % x

5.24. In situ FT-IR study on reforming of m-cresol

Transmission FTIR (Fourier Transmission Infra-red) spectra were recorded using a

Bruker Vector 22 equipped with a MCT detector with time interval of 120 s. Each spectrum is
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the average of 128 scans with spectral resolution of 4 cm™. Typically, a self-supporting disc
(~ 10 mg of sample) was placed into a purpose built stainless steel cell. FTIR spectra of the
empty cell with helium flow (20 ml.min™") at 21 °C were recorded an used as background. m-
Cresol reforming reactions were performed on titration basis. Samples were pre-treated in
10% Ha/He (flowrate 20 ml.min™', temperature ramp 10 °C.min™") at 450 °C for an hour. The
IR cell containing samples was then outgassed with helium for 30 minutes prior to adsorption
of m-cresol and then steam. Each adsorption step was performed for an hour and followed by
flushing the cell with He for 30 minutes. For the m-cresol adsorption or steam adsorption, He
was flown through a saturator at 21 °C filled with m-cresol (Sigma Aldrich >98% purity) or
filled with demineralised water, respectively, resulting m-cresol partial pressure of 13 Pa
(estimated from Antoine equation formula proposed by Biddiscombe and Martin [19]) or H,O
partial pressure of ~ 2500 Pa, respectively. The tubing from saturators to the cell was heated

at 150 °C in order to prevent condensation.
5.3. Results and discussion

5.3.1L Catalyst characterisation

Structure and texture characterisation

o CeO, = tetragonal phase a monoclinic phase 460 314

* 625 246 141
A A CP support \/\/
'y 260 A\
P 177
o cP ‘ 332 \/ 189
e : 344 h
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i : a HT '
A : ‘ - 5 IM support
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20 Wavenumber (cm™)
Figure 5.1. XRD of catalyst supports Figure 5.2. Raman spectra of catalyst supports

Figure 5.1 shows the XRD spectra of the supports prepared. The XRD pattern of the
IM support inherits all the major structural features of its initial support-precursor i.e., m-
ZrO,. However, the main peak at ~ 28 ° shifts to 28.2 ° with an asymmetric shape. This shift
might be due to the overlapped peak of cubic CeO, (111) which appears at 28.55 °. In
addition, two distinct peaks of CeO, are found at 33.1° and 47.4 ° which correspond to CeO,
(200) and CeO; (220), respectively. Thus, the impregnation support is regarded as a mixture

of CeO; and ZrO, oxides. In contrast, the CP support contains only one single tetragonal
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phase of ZrO,, which indicates that CeO, distributed homogenously in the ZrO, lattice to
form a solid solution. The XRD spectrum of HT support indicates the presence of both
tetragonal and monoclinic phases without any segregation of CeO,. The transition of
tetragonal to monoclinic had been claimed to be caused by the influence of the strong alkaline
medium (viz. KOH 40 wt.%) used in the hydrothermal step [20].

Table 5.1. Frequencies of Raman modes observed in the case of ZrO,/CeO, materials and

associated symmetries

m-ZrO, M HT Cp
Vibration | Mode vl | Mode | v | Mode | v Vibration | Mode | v
(0-0) | A, | 101 | A, | 101 | By, | 14l By, | 141
(Zr-Zr) | A, | 177 | A, | 177 | A, | 177
(Zr-Zr) | A, | 189 | A, | 190 | A, | 189 Zr-0 b | e
(Zr-Zr) | By | 220 | B, | 221 | By | 220 | stretching ¢
(Zr-0) | A, | 305 | A, | 305 | E, | 260 B, | 314
(Zr-Zr) | By | 332 | A, | 333 | By | 314
(Zr-0) A, 344 A, 346 A, 332 | asymmetric E 460
(zr-0)y | By | 378 | By | 381 | A, | 344 | M-O-M ¢
(0-0) | A, | 476 | F» | 465 | B, | 378 Al | 625
(0-0) | B, | 500 | A, | 476 | E, | 460
(0-0) | B, | 534 | B, | 500 | A, | 474
(0-0) A, 557 B, 534 B, 500
(0-0) | B, | 614 | A, | 558 | B, | 534
(0-0) | A, | 635 | A, | 615 | A, | 557
A, | 637 | A, | 614
A, 635
[a] : Raman vibration (cm™)

The Raman spectra of Ce-ZrO; supports are illustrated in Figure 5.2. The assignment of
vibration frequencies is based on the work by B. K. Kim et al. [21], Anastassakis et al. [22],
Hirata et al [23, 24], D. J. Kim et al. [25] and summarized in Table 5.1. For the reference m-
71O, (calcined at 800 °C, 6 hours) 14 (of the 18) Raman active modes of monoclinic structure
were observed, as also reported by others. The IM support also shows all these frequencies,
besides a broader peak in the region ~ 470 cm’'. This broad band is due to the overlap of the
peak at ~ 476 cm™ (A; mode of ZrO,) and the peak ~ 465cm’™ (Foq of CeOy).
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On the other hand, for CP support, six frequencies (1A, + 3E, + 2By,) are typical for
tetragonal structure. Raman spectrum of HT support is a combination of both features
indicating the presence of both monoclinic and tetragonal phases. Raman spectral results are
thus in excellent agreement with XRD results. The shift to higher value of E, mode at 246 cm
" in the case of HT support is due to the decrease in the lattice parameter as result of solid

solution formation, resulting in lower metal-oxygen bond length [17].

Table 5.2. Physical and chemical properties of catalysts

BET Bulk Elemental composition Surface elemental composition
Sample | specific] Vo (based on XRF) (based on XPS)
ID area | (cm’/g) Ni/Zr/Ce Ni Ni/Zr/Ce Ni
(m/g) (atomic ratio) Celzr (wt.%) | (atomic ratio) Celzr (count)
CP 10 0.11 - - - -
HT 53.7 0.30 - - - -
Ni/CP™" | 2.7 0.01 3/85.2/10.8 | 0.12 | 1.7 8.3/79.7/ 12 0.15 44952
Ni/HT*' | 42.2 0.29 7.1/76.8/15.3 | 0.2 3.2 14.7/69.2/ 16.1 | 0.23 48515
Ni-IM 35.4 0.47 6/78/16 0.2 2.9 18.7/53.9/27.4 | 0.51 55645
*: Ni/CP catalyst contains ~1.5% HfO, (based on XRF)
#: Ni/HT contains ~1.34 wt.% HfO, (based on XRF)
t: These catalysts contain trace amount of potassium (~ 0.06 wt.% based on XRF) which probably
came from the ammonia solution used in co-precipitation step. No potassium was detected by XPS

The physicochemical characteristics of the catalysts are summarised in Table 5.2.
Catalysts made with the IM and HT supports have higher surface areas and pore volumes
even after the thermal treatments (725 °C calcination, and 650 °C reduction). In comparison,
CP based catalysts have low surface areas. In general, the texture of the Ce-Zr solid solution
strongly depends upon synthesis parameters such as type of precursors, precipitation agent
(OH’ source), time, calcination temperature etc. The specific area (SA) of CP support of 10
mz.g'1 is relatively lower than the Ce-Zr solid solution for similar Ce/Zr ratios reported in
literature [16, 26, 27]. However, authors of those works used slightly different preparation
recipe. For example, Hu et. al. [27] used ZrOCl, and Ce(NO3).6H,O as precursors, and the
support was calcined at only 600 °C for 6 h. Consequently, the obtained Cey Zr90O, oxide
has a specific area of 42.97 m”/g. Biswas and Kunzru [26] also used similar synthesis
conditions with higher calcination temperature (750 °C) and they obtained the mixed oxide
Ceo.16Zr0340, with specific area of 31.1 m’g’. Colon et al. [16] used nitrate precursors,

however, the mixed oxide was calcined under H,O enriched gas. Therefore, the low specific
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area of CP in this study can be due to experimental synthesis parameters that were used.
However, by introducing the subsequent hydrothermal step the specific area of corresponding
support (HT) is much improved, from 10 to 53.7 m”g”". This improvement might be due to the
conversion of the hydroxide complex to oxide form (the hydroxide complex is formed in the
co-precipitation step). Thus, it possibly inhibits the grain growth and fusion of as-prepared
hydrated mixed hydroxide during the calcination step at high temperature [28]. Furthermore,
the metal deposition and the subsequent thermal treatment steps (e.g., calcination and
reduction of metal supported catalyst) have adverse effect on the texture of the catalyst. For
example, in deposition of Ni or Rh on CeO; — ZrO, based supports, loss of 20 — 33 % specific
area was reported elsewhere [26, 27, 29]. In this study, the CP support also experienced
severe sintering during deposition and post-treatment of Ni supported catalyst. Its specific
area reduced ~ 80 % and the pore structure almost collapses. Meanwhile, HT based catalyst
lost only about 21 % its original specific area. Therefore, the hydrothermal treatment
improved not only the texture of as-prepared support, but also the thermal resistance of the

corresponding catalyst.

Table 5.2 also includes the elemental composition of the catalysts, bulk (XRF) and
surface (XPS). Since the depth of information in XPS technique is below 3 nm, it is
reasonable to consider that the data obtained from XPS as representative for the surface
composition. The surface atomic Ce/Zr ratios, respectively, for Ni/HT and Ni/CP are very
close to the corresponding ratios in bulk phase as estimated from XRF. This confirms an even
distribution of Ceria in the ceria-zirconia solid solution formed in these two cases. The
slightly enriched Ceria content on the surface can be due to migration of Ce*" during
reductive treatment [30] or the cover of Zr site by Ni. In contrast, the surface Ce/Zr atomic
ratio of Ni/IM catalyst is much higher than in the bulk (0.51 compared with 0.2). This result is
expected since ceria was deposited via impregnation on ZrO, oxide. The atomic concentration
of cerium on the surface is highest in the case of Ni/IM catalyst. XRF analysis found trace
amounts of potassium in both Ni/CP and Ni/HT catalyst which came from ammonia used in
the co-precipitation step. However, no potassium was detected by XPS which indicate no
presence of potassium on the surface of the catalyst. Thus, these traced amount of potassium

is not expected to have any contribution to the differences in activity of the catalysts.

From Table 5.1, it is realised that the weight percentage of Ni on Ni/IM is about 10 %
lower than that on Ni/HT (2.9 vs. 3.2 wt.%). The absolute counts for Ni band in the XPS
spectra of Ni/IM and Ni/HT are 55645 and 48515, respectively. These values are proportional
to the Ni content per unit surface area of the catalyst. When the specific area of each catalyst
is accounted for (Ni/IM 35.4 m’g”, and Ni/HT 42.2 m’¢") the amounts of Ni on the surface of
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Ni/IM and Ni/HT are similar. On the other hand, both surface and bulk amounts of Ni on
Ni/CP are much lower. Consequently, this can be expected to have a big influence on the

activity of the catalyst.
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Figure 5.3. XPS Ce 345/ spectra of supported Ni catalysts. Area curve filled with grey
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Table 5.3. Result of the de-convolution of Ce 3ds,, XPS bands

v=_882.25%0.0.15(eV) | v"=885.15+0.35(eV) | v'=888.7£0.2 (eV)

Area Area % Area | Area % Area | Area %
Ni/CP 61185 543 29196 25.9 22265 19.8
Ni/HT 64596 47.4 58637 43.1 12957 9.5
Ni/IM 106305 48.8 48956 22.5 62502 28.7

In addition, XPS can also help to understand the surface chemical state of cerium in the
catalysts. Figure 5.3 shows the XPS Ce 3ds, core-level spectra of the catalysts and

corresponding de-convolution curves. The experimental photo emission band of Ce3ds, were
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de-convoluted into three peaks and denoted as: v (882.25 £ 0.0.15 eV), v’ (885.15£0.35eV)
and v” (888.7 + 0.2 eV) according to Laachir et al. [31], Pfau and Schierbaum [32]. X-ray
satellites and the Shirley background were subtracted prior to de-convolution. v and v” are
assigned to mixing of the 3d°4f"V™? and 3d°4f'V™' Ce*" state. v’ is attributed to 3d’4f'V"
Ce’" state. These assignments are in accordance with reported literature [31-33]. Quantitative
determination of Ce’ concentrations is realized from area percentage of v’ band and
summarized in Table 5.3. It is easily recognized that Ce’" concentration/amount is the highest
in Ni/HT among the three catalysts. It should be remarked that there is high chance that the
samples are re-oxidised due to exposing to ambient condition when they were transferred
from reactor to container vials as well as during the sample deposition on Ir foil for XPS

measurement. Thus, the oxidation state of Ce is investigated further by using TPR analysis.

The temperature programed reduction profiles of the catalysts and the corresponding
supports are shown in Figure 5.4. The H; uptake and other related details are given in Table
5.4. The TPR curve of IM support shows only a small peak at ca. 650 °C. The H, uptake
during reduction of IM support is much lower (see Table 5.4) than that required for full/bulk
reduction of Ce*" to Ce’". It is reported that bulk Ce*" is reduced only at elevated temperature,
above 850 °C [29, 34]. However, another

reduction peak in the range of 450 to 750 8'_ Ni/CP
7 -

°C is reported for pure ceria, depending on :
the size and morphology of the ceria 6‘.
particles. This is often attributed to
reduction of Ce*" at the surface [26, 34].
Therefore, the low H, uptake in the
reduction of IM support (at 650 °C)
indicates presence of ceria as a separate
phase and the reduction peak corresponds

to Ce*", probably present at the external

Offset TCD signal (mV)

surface of Ce particles or Ce in the vicinity
of ZrO,. CP and HT support shows a major s
peak at ~ 700 °C and 500 °C, respectively, -4 4 IM support

where it was shown earlier that ceria is 160 ' 260 ' 360 ' 460 ' 560 . 560 ' 760 '
distributed well in the zirconia phase Temperature (°C)

formi lid solutions. Th ducti .
OTMING  SOTE  SOHONS © reduction Figure 5.4. TPR of Ce-Zr supports and

temperature of these oxide solutions are in . .
corresponding catalysts supported Ni

the same temperature range reported for
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ceria-zirconia solid solutions with similar Ce/Zr ratios [15, 35]. The lower reduction
temperature of HT support compared with CP support can be due to increase of cerium
content in the support [15, 34]. The percentage of Ce’" in CP support is higher than that in HT
support, 91 compared to 79 %, respectively (Table 5.4). These high Ce’" contents indicates

that the reduction also takes place in the bulk phase of the mixed oxides.

Table 5.4. H, consumption during TPR analysis

Sample | Theoretical H, uptake (m mol/g sample) | TPR H, uptake Ce’'/total Ce

ID Ce'" > Ce’" (Uce) | Ni*" -Ni’ (Uyn)) | (m mol/g sample) %

CP 0.43 - 0.39 91

HT 0.62 - 0.49 £ 0.02 79+3.2

IM 0.646 - 0.05 7.8

Ni/CP 0.42 0.23 0.65 100

Ni/HT 0.59 0.55 1.02 +0.04 80 £ 6.7

Ni/IM 0.62 0.47 0.83+0.1 58 £16

Note: Composition of Ce®" is estimated based on the following equation:

Ce3t (%) = 100% X W[where Utpr, Uce, Ui is Ho uptake in TPR experiment, the
Ce

theoretical H, uptake for reduction of Ni**(to Ni%) and Ce**(to Ce**), respectively]
Assume that besides the reduction of Ni, H, uptake is only consumed for the following
reaction: 2 CeO; +H,; —» Ce,03 + H,0

The TPR patterns of the catalysts containing Ni are different from those of the
corresponding supports. In all cases two reduction peaks are observed, differing in intensities
as well as temperature. These reduction peaks appear below 400 °C. Reduction is initiated at
relatively lower temperatures (125 — 150 °C) and the reduction peaks are broad mean while
uptake of H, at low temperature is not seen in reduction of bare supports. These two
phenomena are often attributed to interaction between transition metal (i.e, Ni in this case)
and ceria based support [36]. Reducibility of Ni is facilitated in the case of being supported on
CeO; or Ce-Zr oxide [13, 36]. The uptake of H, at relatively low temperature (onset at 125
°C) is attributed to the spill-over of H, on the support [37, 38]. This phenomenon requires the
presence of a metal to activate H, [37]. Furthermore, the interaction between Ni and CeO,
may help with reducing Ce*" species not only those on the surface but also those located
inside the lattice. The reducibility of ceria by H; in general associates with the oxygen storage
capacity of the catalyst support. According to the estimation of H2 uptake from Table 5.4,
Ni/HT catalyst potentially has highest amounts of oxygen vacancies among three catalysts

due to the amount of reducible Ce*", thus maximising the redox capacity of the catalyst.
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5.3.2. Catalytic tests
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Figure 5.5. Catalytic steam reforming of m-cresol using Ni/HT and Ni/IM catalysts:
conversion of m-cresol and yield of COx (A); yield of H, and selectivity to COx (B).
Reaction condition: 700 °C, S/C ~ 43/1, WHSV 7.89 h™ (Solid labels represent conversion
or yield of H,, open symbol represents yield or selectivity of COy, result of Ni/HT in
magenta and that of Ni/IM in blue)

Among the three catalysts, Ni/CP has the lowest Ni content, low surface area and
correspondingly showed low catalytic activity. It also deactivated severely, losing > 60 %

activity during an 8 hour time on stream. This catalyst was not investigated further. Figure
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5.5 shows the results of steam reforming of m-cresol using Ni/HT and Ni/IM catalysts during
30 h TOS. The products identified in the case of m-cresol reforming were phenol, benzene,
toluene, CO, CO; and hydrogen. Both catalysts give very high initial conversion of m-cresol,
98% and 95% for Ni/HT and Ni/IM, respectively (Figure 5.5-A). The main products were
CO, CO», H; and trace amounts of phenol (yield below 0.1%). The initial selectivities (Figure
5.5-B) towards CO, and CO of both catalysts are similar: CO; ~ 85 % and CO ~ 15 % in
carbon basis. The corresponding initial hydrogen yields are 89 % and 87 % when using Ni/HT
and Ni/IM, respectively. The conversion of m-cresol gradually decreases (Figure 5.5-A) in
both cases over 25 hour TOS and then the conversion levels off/stabilize, showing partial
deactivation. The drop in conversion for Ni/IM catalyst is higher than that for Ni/HT catalyst
(NV/HT from 99 % to 80 %; Ni/IM from 95 % to 63 % after 30 h TOS). There is also a
corresponding decrease in yields of gaseous products. Surprisingly, the product selectivities to
CO; and CO, in the case of Ni/HT, remain almost constant. For Ni/IM catalyst, selectivities
vary with time; CO increases from 14.9 % to 29.7 % and CO, decrease from 85.1% to 69.1%
after 30 h TOS. Carbon balance of 100 £ 3% was achieved during all the kinetic experiments.
Due to the different variations in selectivities for COy with time, and loss of conversion
caused by deactivation, H, yields for Ni/HT decreases less appreciably than Ni/IM. Thus

among the three catalysts, Ni/HT also shows the most promise.
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Figure 5.6. Yield of products from reforming of m-cresol on bare HT support. Reaction
condition: 700 °C, S/C ~ 43/1, WHSV 7.89 h'!

The identified products in steam reforming of m-cresol using bared HT support are
illustrated in Figure 5.6. The HT support already exhibits some initial activity for the
decomposition/reforming of m-cresol. This activity decreased rapidly within the first hour
then reached steady state after 2 h TOS. For example, phenol yield dropped from 0.5 % at 0.5

h to 0.15 % and continued at this level. Similar observation can also be made in the case of
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CO and CO,. Benzene and toluene were not observed in these experiments. These results
imply the activation of m-cresol on the support. It should be noted that the yields of phenol,
benzene, toluene or COx were negligible (€.g., phenol 0.03 — 0.08 %) in thermal steam
reforming (in the absence of a catalyst). Therefore, the yields of COx when reaction reaches to
steady state (i.e. after 2 h TOS) are attributed to a combination of the residual activity of the
support and the coke deposits on the support.

5.3.3. Characterisation of coke deposits on used catalysts

The nature of the coke

: —— IM support
deposited on used catalysts was oy

investigated by Raman spectroscopy. )l

Figure 5.7 shows the primary order
Raman spectra of coke normalized
with respect to the band at 1595 cm™
(G-band). It can be seen that Raman
spectra of coke deposited on

supports contain two broad and 22000 2000 1800 1600 1400 1200 1000 800
Raman shift (cm™)

strongly overlapping peaks, at ~1350

cm” (D-band) and at 1595 cm™.  Figure 5.7. Raman spectroscopy of coke deposited
With regard to relatively low  on catalysts. Spectra were normalized to G band at
oxidation temperature of these cokes 1395 cm’!

(310-321 °C, from TPO - Figure

5.8), these two bands cannot be assigned to graphitic crystallite structures or disordered
graphite. The G band here can be due to the aromatic ring breathing [39] or the bond
stretching of all pairs of sp® carbon [40] (in both rings and chains). The D band corresponds to
the breathing mode of sp® C in (poly)aromatic rings [39-41]. The Raman spectra of coke
deposited on both Ni-supported catalysts (Ni/HT and Ni/IM) exhibit similar shapes.
Compared with the Raman spectra of coke deposited on bare support, both D and G bands of
the Raman spectra of coke on supported Ni catalysts are sharper with narrower line-width. It
is also apparent that D band to G band intensity ratios (Ip/Ig) of the coke on Ni catalysts
increases compared to bare supports. The differences in Raman spectra, together with slightly
higher oxidation temperature indicate increase in order of the carbon based structure in the
case of supported Ni catalysts. This also implies lower hydrogen content and increases of ring
concentration in coke deposited on supported Ni catalysts compared with coke on bare
support. Coke formed during steam reforming of m-cresol using bare supports might be due to

decomposition/condensation of m-cresol, resulting in probably poly-aromatic type carbon. As
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Ni is capable of disassociating C-C or C-H bonds of m-cresol, the coke formed in the presence
of Ni-catalyst might be result of recombination of intermediates formed on metal surface.

Therefore, more graphitised coke is expected.

The quantification of
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reforming steps by in situ FT-IR. Nevertheless, the coke formation on supported Ni catalysts
was lower but shows the opposite trend. The amount of carbon deposited on Ni/HT (0.79
wt.%) is half of that on Ni/IM (1.58 wt.%). Albeit its higher surface cerium content, the latter
catalyst (Ni/IM) has lower amount of Ce’” (according to TPR result). Under steam reforming
conditions, the support can be re-oxidised by H>O or CO,. Thus, higher reducible oxygen
capacity can be achieved with Ni/HT catalyst. In addition, HT also shows the lowest
reduction temperature among those supports, which correlates to more facile removal of
oxygen on the support lattice. Together, the higher amount of labile oxygen can enhance the
oxidation of the coke or the carbon amounts deposited on the catalyst under reforming
condition. Therefore, it can explain the lower coke content on the used Ni/HT catalyst. The
presence of coke on supported Ni catalysts is one of the causes of deactivation of the
catalysts. In agreement, Ni/HT catalyst shows the lowest extent of deactivation, and most

promise for steam reforming of m-cresol.

5.3.4. In situ FT-IR of steam reforming of m-cresol on HT and IM based catalysts

FT-IR spectroscopy was employed to investigate the interaction of m-cresol with
catalyst and the subsequent steam reforming steps. In order to observe the interaction of the

reactants with the support, a titration-type reforming experiment was carried out in FT-IR cell.
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Figure 5.9. FT-IR spectra under titration mode for the steam reforming of m-cresol on IM
(A) and HT (B)

The self-supporting discs of catalysts were first reduced in 10 vol.% Hj,/He at 450 °C for an
hour and then the IR cell was evacuated in He. For the reforming steps, catalyst discs were
exposed to He containing each reactant (first m-cresol then H,O) for 1 h; the two steps are
separated by an evacuation step for 30 minutes in He to remove weakly or physically
adsorbed species. Figures 5.9 — A, B represent the IR spectra recorded at the end of each step.
Both IM and HT supports exhibit two set of peaks prior to adsorption of m-cresol: (i) O—H
stretching, vor (3800 — 3200 cm™) and (ii) C—O stretching (vco) in carbonate or carboxylate
between 1600 and 1300 cm™ [42]. In the vou range, the spectra of both supports show strong
peak at 3664 cm™, which is assigned to tri-bridging hydroxyls and a broad band in the range
of 3500 — 3300 cm™ which corresponds to hydrogen bridging hydroxyls. In addition, in the
case of IM support, the main peak at 3664 cm’ has a small shoulder at ~ 3745¢cm™ which may
be attributed to low coordinated hydroxyl of m-ZrO, [43]. For the HT support, the spectral
Vo range consists a weak peak at 3721 cm™ which may be tentatively assigned to bi-bridging
OH [44]. IR spectrum of reduced m-ZrO, does not exhibit any clear peaks in the vco range
(not shown here). This is in agreement with the literatures on reduced ZrO, reported

elsewhere [45]. Therefore, presence of vco in the IR spectra of both supports can be mainly
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associated with the ceria fraction of the support. The peak in vco band of IM support centres
at 1450 — 1375 cm™ which mainly represents polydentate carbonate stretching (1462 cm™,
1351 cm™) [46]. On the other hand, the vco band of HT support spreads the range 1600 —
1400 cm™ which comprises band of bi-dentate (1567 cm™), mono-dentate (1504 cm™) and bi-

carbonate (1414 cm™).

The spectra of support after adsorption of m-cresol vapour as well as the subsequent
exposure to steam consist of three distinct sets of peaks: (1) O—H stretching vibration (vop)
between 3750 and 3200 cm™, (ii) C-H stretching vibration (vcy) between 3100 and 2800 cm’
and (iii) the set between 1600 and 1000 cm™. The last set contains a complex combination of
multiple vibrations including skeletal aromatic ring stretching, C-O stretching (vco), alkyl
deformation etc. Discussing in detail what occurs during each reaction step is beyond the
purpose of this chapter. However, the apparent differences in relative intensities of the main
peaks (e.9., ven vs. peak at ~1570 cm™ or peak at 1475 cm™) implies different reaction
pathways occurring on these supports. The assignments for the main peaks of IR spectra is
summarised in Table 5.5.

Table 5.5. Peak assignment of FT-IR spectra of reforming m-cresol on Ce-Zr oxide

M HT .
Peak (cm™) | Intensity | Peak (cm™) | Intensity Assignment
3745 w Terminated voy
3721 w 3721 w Bi-bridge von
3645 S 3645 S Tri-bridge vou
3300 - 3500 b 3300 - 3500 b Hydogen bond OH
3050 m 3052 m vc-y of aromatic ring
2921 w 2925 mw V(CH3 asym/ VCH2 asym
2867 VW 2860 sh VCH3 sym/VCHZ asym
1540 - 1565 S 1556 — 1575 Vs ¢ (quadrant stretching of the ring)
Oring c=c (Semicircle stretching of ring
1471 - 1473 Vs 1473 - 1477 S C=gC mix CH bending)
1440 - 1446 sh 1446 & Ocns or Ocy (alkyl deformation)
1365 sh Oon (OH deformation)
1240 - 1290 S 1260 — 1280 Vs Vcoo
Note:
w : week; s: strong; b: broaden, m: medium; vw: very week, vs: very strong, sh: on
shoulder

The spectra recorded after outgassing the m-cresol adsorbed on support surface

represent the chemisorbed m-cresol or intermediates on the supports. It is clearly observed
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that the vc_my/¢ (peak at 3052 cm™ vs. peak at 1575 cm™, respectively) intensity ratio of IM is
much lower than that of HT. This can indicate the orientation of adsorbed molecules on the
surface. When the aromatic rings are adsorbed in parallel direction on the surface, the H can
interact with OH or carbonate groups on the support surface via hydrogen bonds. This would
hinder the C-H stretching vibrations (3052 cm™), thus leading to lower the vc_y/¢ ratio. In
contrast, when m-cresol is adsorbed perpendicularly on the support via the phenol group or
methylene group, hydrogen bond between the groups on support surface and H of the ring is
minimised. The comparison of IR spectra of m-cresol adsorbed on the two supports as well as
the ATR-IR spectrum of free liquid m-cresol in the low wavenumber range is shown in
Figure 5.10. All the spectra have been normalised to the intensity of the band near 1600 cm’™.
It can be seen that the spectral pattern of HT resemble more closely to that of free m-cresol. In
addition, it is noticeable that the band at ~1350 cm™ of free m-cresol, which is assigned to
deformation vibration of OH group (Sop) is absent in the spectrum of IM while it is present in
the spectrum for HT. This implies that de-protonation of OH takes place on IM support to
form an adsorbed phenolate and in the case of HT support the phenolic group remains intact.
Increasing of electronegativity of the O containing substitute (phenolate) also enhances the
intensity of the vc_o [47, 48] and the &ying c=c [42]. The spectrum of IM is in agreement with
these arguments. It is concluded that m-cresol adsorbs perpendicularly on HT support surface
probably via methylene group mainly while it favours the adsorption through OH group on

the IM surface, orienting the ring in parallel with the surface.

—HT
— 1M
—— m-cresol (liquid)

Absorbance (a.u.) —

i T T T T T T T T T T T T T T T T T 1
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

viem') —m

Figure 5.10. Comparison of adsorbed m-cresol on IM and HT support with pure m-

cresol at 21 °C. The spectra are normalised to the peak at ~1590 cm™
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For HT support, after an hour exposing to steam (the blue lines in Figure 5.9), the
intensity of C-H stretching of alkyl group reduce the most while other major vibration
intensities of adsorbed species (€.9., Vc.H ring, ¢, Oring c=c, Vc-0) decrease with similar relative
ratio. This result suggests that under steam reforming conditions, some adsorbed methyl(ene)
groups changed, which could be oxidised, and the rest of these species (the ring and OH
group) desorbed together. On the other hand, for IM support, during steam reforming step, the
intensity of C-O stretching vibration (1245 cm™) remains constant. Thus the anchoring point
of m-cresol on IM support via phenolate group is stable. In contrast, the C-H stretching for
methyl(ene) vanishes and the intensity of ¢ decreases further than that of &ng c=c. This
phenomenon implies there is reaction occur with the ring and methylene groups under the
influence of steam. Since the adsorbed species orientates parallel with the surface, the reaction
with steam can be more enhanced (more influence of the support) in comparison with the
vertically adsorbed species on HT supports. Consequently, the amounts of species remained
on HT can be higher due to combination result of adsorption and steam reforming step. It is
in agreement with the TPO result where more coke was found on used HT support compared

with IM support.

—— (1) reduced Ni/HT 1270 1155
0077 (2) m-cresol | ' A

0.06 1 ——(3) He after cresol
0.05 4 —— (4) Steam

T 0.04 -

A 0.03-
0.02
0.01
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006 —(2)- (1)
0054 —©@)-()
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Figure 11. IR spectra recorded during titration typed steam reforming of m-cresol on Ni/HT

at 450 °C. A- baseline corrected spectra, B-different spectra compared with reduced one

Since Ni/HT shows lowest amount of coke and works better than Ni/IM, we only used

Ni/HT for the IR investigation with supported Ni catalyst. In comparison to the bare HT
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support, IR spectra for the Ni/HT (the orange line in Figure 5.11) does not show clear peaks
for C-O stretching (vco) vibration for carbonate or carboxylate in the region between 1600
and 1300 cm™ [42]. Surprisingly, the introduction of m-cresol did not lead to any sorption
bands even after an hour exposure as observed for HT support. This might indicate
decomposition of m-cresol to IR inactive species probably. To probe this further, the partial
pressure of m-cresol in the vapour feed mixture was increased from 13 Pa to 28 Pa for the
adsorption of m-cresol step on Ni/HT (corresponding to m-cresol concentration 128 ppm and
276 ppm, respectively). However, even with the higher m-cresol concentration, it is hardly
possible to observe any clear band for C-H stretching vibration of both aromatic (~ 3050 cm™)
or alkyl groups (2850 — 2925 cm™) (not shown here). This can be due to the activation of C-H
cleavage by Ni. FT-IR spectra in low wavenumber range recorded at the end of each step of
the steam reforming on Ni/HT catalyst with higher m-cresol concentration is shown in Figure
5.11. The part A of Figure 5.11 exhibits the resulting spectra after baseline correction and the
part B of the figure shows the corresponding spectra subtracted the spectrum of the catalyst
just prior to the adsorption step when the catalyst was reduced in Hy/He at 450 °C for an hour
followed by an evacuation in He for 30 minutes. Surprisingly, the peak position in the range
1700 — 1000 cm™ of adsorbed species on the catalyst after adsorption step is identical and

similar to those adsorbed on the bare IM support.

In the baseline corrected spectra (Figure 5.11 — A) the peak at 1423 cm™ may be
thought of as red shifted CH, deformation [42], but as we did not observe any C-H stretching
vibration. Thus, this is highly unlikely. In this region features corresponding to appearance of
COO  ions [42], it is possible that the missing methyl group from m-cresol is oxidised by ceria

to form a carbonate or carboxyl group.

The absence of the OH band between 1320 and 1400 cm™, enhanced intensity of the
band at 1477 and 1270 indicate the de-protonation in OH group of m-cresol. Thus it suggests
that the adsorbed species anchor horizontally on the surface via both aromatic ring and
phenolate groups. This is in agreement with literature on adsorption of phenol on Ni surface
reported by Russell et al.[49]. The difference spectra of (3, evacuation in He after m-cresol
sorption) minus (1, clean reduced surface) (Figure 5.11-B) shows the chemisorbed species on
the catalyst. It can be seen that the ring C=C still remain on the surface. However, under the
steam/He flow, the bands for the skeletal ring vibrations (1572 and 1477 cm™") are completely
removed. No olefin intermediate (their band in the range 1650 — 1800 cm™) is detected during
all these experimental steps, suggesting that the 6 C ring structure is disassociated at once on

the Ni surface.
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Among these three supported Ni on CeO,-ZrO, based catalysts, Ni on Ce-Zr solid
solution support synthesised via co-precipitation followed by hydrothermal treatment shows
best activity and stability in steam reforming of m-cresol (Figure. 5.6 and 5.7). This catalyst
has highest content of Ce’" in the bulk phase as well as on the catalyst surface (XPS and TPR
data) which is proportional to the oxygen vacancy within the catalyst system in reductive
atmosphere or oxygen mobility in oxidative reaction condition. The mobile O in the Ce-Zr
solid solution can help with oxidation of adsorbed molecules. In situ FT-IR study on
reforming of m-cresol shows that the sorption geometry/orientation of absorbed species are
different in the two catalysts. In the case of Ni/HT, the methyl group may be oxidised through
the interaction with active site on the support in the vicinity of Ni active particles; the whole
aromatic ring inclines to the metal surface where de-protonation of OH group takes place.
Then the aromatic ring C interacts with Ni and oxidised via steam reforming reactions.
Therefore, with all the above mentioned remarks, they result in excellent performance of
Ni/HT catalyst. The catalysis of steam m-cresol reforming seems to involve manifold sites
including Ce and Ni with multiple Ni sites which implies that larger Ni crystallites may be

favoured and there should be an optimum as ceria is also involved.
5.4. Conclusions

For the steam reforming of m-cresol, Ni/HT catalyst shows the most promising among
three CeO,-ZrO; supported Ni catalysts. The hydrothermal treatment, beside improvement in
the thermal resistance of the support, provides high concentration of Ce’" on the surface as
well as the bulk phase of the solid solution. This in turn improves the redox nature of the
catalysts which contributes to its tremendous capability in steam reforming and coke
oxidation via redox. The supported Ni attributes to major activity in breaking the C-C and C-
H bonds of m-cresol. In situ FT-IR study reveals the horizontal adsorption of the aromatic
rings on the Ni surface and interaction of methyl group with the support. This allows multiple
cleavages to occur at the same time on the catalyst. Since manifold sites including Ni involve
in the reforming of m-cresol, relatively large Ni crystallites (within optimum range) are more

favoured.
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Figure A.5.1. Schematic flowsheet of the setup for steam reforming of m-cresol
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The conversion of m-cresol during the steam reforming with presence of supported Ni
catalysts is calculated based on 2 main cumulative reactions below:

C7HO + 13H,0 — 7C0, + 17H, (Eq 1)

C7H30 + 6H,0 — 7CO + 10H; (Eq 2)
Denote:
a[g/min]: amounts of m-cresol is converted via Eq 1
b[g/min|: amounts of m-cresol is converted via Eq 2
Co [g/ml]: concentration of the m-cresol solution delivered by the pump to the evaporator
C [g/ml]: concentration of the liquid collected in the flash separator which is quantified
by HPLC
d [g/ml]: density of m-cresol, 1.03 [g/ml]
F [ml/min]: flowrate of m-cresol solution delivered by the pump
Call:

L mole of CO o :l_)
mole of COy a
The amount of m-cresol is supplied into the reactor [g/min] = Cy- F
The amount of unconverted m-cresol [g/min)]

Co-F-(a+b)=Cp-F-a-(n+1) (1)

The amount of water consumed in Eq 1 and Eq 2 [g/min]:

13 x 18 6 x 18 13 13
~a+ -b:—-a+b:<——|—n>-a

108 108 6 6
The total volume of liquid condensed after the reactor [ml/min]:
a+b 13 a n+1 13
F— Y AP a2 : p
1 (6+n>1 T2 (6+n)a (2)
From (1) and (2):
1 1
CO-F—a-(n—i—l):C-[F—nziL -a—(gg%—n)-a} (3)
Solving equation (3)
d-F(C, —
a= 6-d-F(Co—C) (@)

6-n-(d—dC—C)+6d—6C — 13dC

Conversion of m-cresol:
a+b a-(n+1)

X = = 5
F-Cy F-Cy (5)
Replace a from (4) to (5), conversion is obtained:
" F-Cy 6-n-(d—dC—C)+6d—6C—13dC
1 . _

Co 6-n-(d—dC—C)+6d—6C— 13dC
C and Cy is determined from HPLC. n is estimated from GC result.
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Steam reforming of acetic acid with nickel supported on ceria-
zirconia

Abstract

Supported Ni on Ce-Zr mixed oxides was previously developed and showed promise for
steam reforming of the oxygenate aromatic fraction (i.e. m-cresol) released during heating
humin to gasification temperatures. Acetic acid amounts to the largest aliphatic fraction of
the volatiles. It is also well known for causing deactivation to Ni based catalysts during steam
reforming of oxygenates. Catalytic reforming of acetic acid using supported Ni on Ce-Zr
mixed oxide prepared via the hydrothermal route is reported in this chapter. The catalyst
shows high activity and good stability. Furthermore, activity improvement was achieved with
multiple redox cycles as relevant to recycling the catalysts. Characterisation of the fresh and
used catalyst by various techniques (e.g., LEIS, Raman spectroscopy, TPO/TPR) revealed
modification of metal-oxygen bond on the support thus increase of oxygen mobility of the
catalyst.
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6.1. Introduction

In chapter 3, we suggested a catalytic gasification scheme of humin for sustainable H,
production [1]. Gasification of humin with steam is possible using sodium based catalysts.
The catalyst (i.e. NayCOs) is active and stable under steam reforming at 750 °C. Humin
residues become graphitic, amorphous char at the gasification temperatures. During pre-
heating step to gasification temperature, large amounts of organic volatiles which contain
acetic acid, phenols, furans etc. are released from humin [1, 2]. The total volatiles including
permanent gases such as CO,, CO account for ca. 25 per cent on carbon basis of humin. In
order to use the whole carbon source from humin for making hydrogen/syngas, reduce waste,
and also improve the purity of hydrogen stream it is essential to convert these organic
volatiles during steam reforming. In chapter 5, Ce-Zr based supported Ni catalysts were
developed for the steam reforming of m-cresol, one of the major aromatic components of the
volatiles. The catalyst with supported Ni on CeO, — ZrO, prepared via co-precipitation
followed by hydrothermal treatment (catalyst named Ni/HT) showed the most promise [3].
This catalyst had high activity and selectivity to hydrogen, kept stable performance during
thirty hours’ time on stream. This catalyst also showed lowest amount of coke deposits. In
addition to substituted phenols such as m-cresol, the volatiles also contain aliphatic
oxygenates in which acetic acid is the major component [1, 2] (see chapter 2 and 3). With a
view to probe the performance of the developed catalyst (Ni/HT) to be able to convert the

whole of the volatiles, catalytic steam reforming of acetic acid was undertaken.

Nickel based catalysts is the most widely used in petroleum industry for steam
reforming of naphtha and methane. Therefore, they are of interest for application in steam
reforming of bio-oil/tar including acetic acid. Basagiannis and Verykios reported that Ni
supported Al,Os catalysts showed highest value of TOF compared with catalysts containing
supported noble metals (e.g., Rh, Ru, Pt, Pd) [4]. In the same literature, the authors also noted
that the carrier support had a strong influence on the apparent activation energies for the
steam reforming reactions since these values altered most with the variation of support, yet
with change in the type of active metal. Acidic supports such as Al,Os favours cracking and
condensation reactions, thus causing the deposition of coke and deactivation of catalyst as
consequence [4, 5]. Addition of basic oxides (e.g., MgO, CeO,, La,0;) to alumina support
enhanced the coking resistance thus improving the catalytic activity, stability [4, 6]. Other
support materials such as ZrO,, La,03, CeO, have also been used. However, despite the lower
acidity in comparison with Al,Os, severe coke formation was also observed [7-10] with ZrO,.
Masta Giiell et al. reported that the Pt catalyst using CeO, support is more stable than that

using ZrO,. This improvement was explained by the facile redox properties of CeO, which
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can help the oxidation of coke deposits with water, preventing severe accumulation of coke
thus slowing down the deactivation rate. In addition, the oxygen storage capacity, one of the
important variables for the redox properties of CeO, can be further increased by doping other
elements such as Zr, Tb, Gd [11, 12]. Catalytic activity, redox properties of ceria is enhanced
when it is incorporated with Zr. Research about ceria-zirconia supports for hydrogen
production from alkanes and oxygenates were recently reviewed by Nahar and Dupont which
shows the strong influence of preparation methods on texture, OSC and redox properties of
the catalyst thus catalytic activity for steam reforming [12]. Furthermore, reductive/oxidative
pre-treatment can also modify the redox properties of ceria-zirconia [13-15]. The steam
reforming condition also contains reductive/oxidative elements. Thus, it raises the question

about how this condition will impact the catalytic properties.

In this chapter, we studied the performance of Ni supported on ceria-zirconia prepared
via hydrothermal route since it showed best activity and stability in steam reforming of m-
cresol. In addition, influence of reductive/oxidative treatments (either during the steam

reforming or recycling of the catalysts) on its catalytic properties was also investigated.
6.2. Experimental

6.2.1. Catalyst preparation

All the chemicals used in this research are analytical grades purchased from Sigma

Aldrich. The chemicals were used without any further purification.

Ceria-zirconia oxide support was prepared via co-precipitation of Ce and Zr precursors
(Ce(NO3)3.6H,0 and ZrO(NOs),.xH,0) with ammonia followed by hydrothermal treatment in
40 wt.% KOH for 24 hours. The support was calcined in air at 800 °C for 6 hours prior to
deposition of Ni via homogeneous deposition precipitation of Ni(NOs),.6H,O with urea. The
supported Ni catalyst was then calcined in air at 500 °C, reduced subsequently in 10 vol.%
H,/N, at 650 °C for 1 hour. Hereby the catalyst is denoted as Ni/HT catalyst. In all thermal
treatment steps, a corresponding gas flow of 50 ml.min™' and ramping temperature rate of 5

°C was used. Details of catalyst synthesis were described in chapter 5.
6.2.2. Catalytic performance

The catalytic experiments were carried out in an o-alumina fix bed reactor (internal
diameter of 4 mm) at atmospheric pressure. The catalyst powder was pressed, crushed and
sieved to sizes between 0.3 — 0.6 mm. The catalytic bed was held in place by two quartz wool

plugs. Typically, the catalyst was reduced in situ with 50 ml flow of 10 vol.% H,/Argon at
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650 °C for 1 hour, then purged under the flow of Ar for 30 minutes before the furnace was set
to gasification temperatures (600 — 700 °C). Aqueous acetic acid solutions were delivered to
an evaporator by a syringe pump (ISCO Model 500 D). The evaporator and the connected
tubing to the reactor were heated at 145 °C. The vapour was carried to the reactor by Ar flow.
At the end of the reforming step, the reactor was cooled down in argon flow to room
temperature prior to the regeneration step. Parameters of flow-rate of feed streams, amount of
catalyst and vapour concentration is summarised in Table 6.1. In all cases the weight hourly

space velocity solely based on acetic acid (WHSV) are similar and equals to 25.2 h.

Table 6.1. Process parameters of feed streams to the reactor

[AcOH]fea  S/C Fliquid Catalyst Gas flowrate, ml.min" !
(g/L) ratio  (ml.min™) (mg) Ar AcOH  Steam
104.7 14 0.1 25 25 4.2 120
252.8 5 0.083 50 45 8.4 84

[a]: gas flow-rate is estimate at 293 K, atmospheric pressure

In the case of using recycled catalyst, each steam reforming run was separated by
regeneration step in which the catalyst (from the previous cycle, in the same reactor) was
oxidised in 20 vol.% air/Ar (total flow-rate 30 ml.min™") at 650 °C for 90 minutes then cooled
down to room temperature before used in the next experiment according to the procedure
mentioned above. A heating/cooling rate of 10 °C.min" was used in all the ramping

temperature steps.

Ar was also used as internal standard gas for determination of total gas evolving during
the steam reforming. Gas outlet stream from the reactor was cooled and separated using a
flash condenser cooled by continuous water stream at 15 °C. Gas composition was analysed
by an online Varian CP-3800 gas chromatograph. The liquid from the flash condenser was
collected every 30 minute intervals for the first 2 hour TOS and then with the frequency of
every 1 — 2 hour. Composition of the condensed phase from the reactor was analysed using a
Shimadzu HPLC system with a Animex HPX-87H column and a Refractive Index detector
(RID-10D). Mobile phase of H,SO4 (0.005 M, 0.6 ml.min™) was used for the separation.

Column oven was maintained at 35 °C. It took typically 25 minutes for an analysis.

Acetic acid conversion was calculated as the mole of acetic acid reacted divided by the
mole of acetic acid fed to the reactor. Hydrogen yield was defined as hydrogen in the product
stream compared with the maximum H; that could be produced from reaction Eq 1). Methane

and acetone yield was estimated from reactions (Eq 2) and (Eq 3), respectively :
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CH;COOH + 2H,0 — 2CO, + 4H, (Eq 1)
CH,;COOH — 2H, + 2CO (Eq 2)
2CH;COOH — CH;COCH; + H,0 + COs (Eq 3)

Therefore the yield and selectivity gas products were estimated on carbon basis (except

for H,) and from the equations, below:

n n -n
Conversion (%) = 100 % X Aot _ 110 0p x —ACOHS " TAcOHU

NacoHf NacoHf

Yield of Hy(%) = 100%x moles of hydrogen produced
5 (%) =

4xmoles of acetic acid feed

moles of CO/C0O,/CH, produced

] 0 — 0
Yield of CO/CO,/CH, (%) = 1007 2xmoles of acetic acid feed

. 3 X moles of acetone produced
Yield of acetone (%) = 100% X

2 X'moles of acetic acid feed

moles of CO/CO,/CH, produced
2xmoles of acetic acid converted

Selectivity to CO/CO,/CH,(%) =100%x

where naconr, Nacone and nacony are the moles of acetic acid that was fed to the reactor,
converted and unconverted during reforming, respectively. The amounts of unconverted
acetic acid was calculated from HPLC data with the assumption that negligible amount of
acetic acid vapour in the gas stream to GC. Thus, condensed liquid volume is theoretically

calculated based on the feed concentration

and water consumed in Eq 1. Carbon Table 6.2. Characteristics of Ni/HT catalyst

balance of 97 £ 3 % was achieved in all

- 2 -1

experiments if not specifically mentioned. Specific area (m 3g ? 422
Pore volume (cm’g™) 0.29

6.2.3. Characterisation of catalysts Ce/Zr atomic ratio 0.27 (0.23%)
Ni loadi t.% 32

Main characteristics of the fresh Hoa mg (Wt.%) )
) ) ) Surface Ni/Ce/Zr (atomic

catalyst is summarised in Table 6.2. For o)} 14.7/69.2/ 16.1

ratio

temperature programmed reduction (TPR)
or oxidation (TPO), the catalysts (10 — 50
mg, with grain size of 0.3 — 0.6 mm ) were ": based on XRF

held between two quartz plugs in a | - based on XPS result

cylinder, o-alumina reactor (4 mm : based on TPR

Ce*/Total Ce (%) 43% (80"
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internal diameter), pre-treated in inert gas (Ar or He for TPR or TPO, respectively) at 150 °C
for 30 minutes then cooled down to room temperature prior to the analysis. 5 vol.% Hy/Ar (25
mlmin™) or 1 vol.% OyHe (75 mlmin) was used as reactive for these analyses,
respectively. H, consumption was followed by a standard thermal conductivity detector
which was calibrated by conducting similar TPR procedure with known amounts of NiO
(purity 99.999 %, purchased from Sigma Aldrich). In TPO analysis of coke deposits on
catalysts, ~ 6 vol.% of gas stream from the reactor, containing CO or CO,, was sent to an
online methanizer (Model 110 Chassis, SRI Instruments Europe GmbH) where CO and CO,
were converted to methane. The evolution of methane was monitored and quantified using a
FID detector which was calibrated in the same TPO procedure using known amounts of
Aly(COs);3 as carbon source. In TPR or TPO measurement, the furnace was heated to 700 °C
at the rate of 5 °C.min"' then kept at that end temperature for 30 minutes and subsequently

cooled down to room temperature (10 °C.min™).

Raman measurements were performed in ambient condition using a visible Bruker
Senterra Raman spectrometer (wavenumber 532 cm™) equipped with a CCD detector. In each
scan, samples were exposed to laser power of 5 mW for 1 — 2 s. The Raman spectra were

average of 50-100 scans with spectral resolution 3 — 5 cm™.

Low-Energy lon Scattering LEIS) was performed with commercially available
equipment (ION-TOF Qtac'® from ION-TOF). A catalyst sample was pressed to a pellet,
which was pre-treated with atomic oxygen in order to remove hydrocarbon contamination
before introduction in the analysis chamber. Both He and Ne were used as primary ion source,

with a dose density of typically 2x10" ion.cm™ per spectrum.

6.3. Results

6.3.1. Influence of temperature on catalyst performance

Figure 6.1 shows the performance of Ni/HT for steam reforming of acetic acid in the
temperature range 600 — 700 °C, including the conversion of acetic acid, yields and
selectivities to various products. First, it can be easily seen that the conversion of acetic acid,
and selectivity to different products depend strongly on the reforming temperatures. The
catalyst shows very high conversion at the beginning (90 — 98 %, Fig 6.1-A). However, its
activity experiences rapid initial deactivation which happens within the first ~ 4 hours TOS.
The rate of initial deactivation is strongly dependant on the temperature. For example, at 600
°C, the conversion dropped from ~ 90 % to ~50% in 2 hours TOS, while at 700 °C the activity

loss was only 6%. The conversions dropped ca. 16% in the next 23 hours TOS at all three
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reforming temperatures. This slow gradual deactivation seems to be independent of the

reforming temperature.
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Figure 6.1. Influence of reforming temperature on performance of catalyst: A- conversion of

AcOH and yield of acetone; B- Selectivity and yield of gaseous products at steady state

The identified products of steam reforming of acetic acid (Fig 6.1-B) included CO,
CO,, Hy, acetone and trace amounts of methane. It should be noted that no other hydrocarbons
beside CH4 was detected throughout all experiments within our experimental conditions. The
highest yield of acetone was obtained at 600 °C in the first 1 h TOS while at 700 °C this value
was negligible (less than 0.16 %). Since acetone is intermediate product formed from acetic
acid its presence in the product stream indicates that its formation rate is higher than its
conversion rate in subsequent reactions, €.¢., to syngas, hydrogen Yield of acetone declines
after 4 — 6 h TOS when the conversion approaches steady state. This implies that the initial
deactivation of catalyst is strongly connected with the formation of acetone. CO and CO, are
the main C containing products of steam reforming. When the catalyst reached steady state at
600 °C, selectivity of CO; and CO is around 80 and 5 % on carbon basis, respectively. The
carbon balance in this case is quite poor (88 £ 2 %). This implies besides acetone and CO,
there are large amount of unidentified products (e.g., coke precursors, coke). The highest
selectivity towards CO; (~ 88% on C basis) at steady state was achieved at reforming
temperature of 650 °C. The selectivity to CO, at 700 °C was slightly lower than that at 650 °C
which is due to less favourable conditions for the exothermic water gas shift reaction. In both
cases (650 & 700 °C), carbon balance of 97 = 3 % was obtained. The yield of hydrogen is

proportional to acetic acid conversion and the selectivity to COyx. Due to the highest
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conversion and yield of H,, as well as the lowest yield of acetone, reforming temperature of

700 °C was selected for further investigations.

As mentioned in the previous section, the temperature has strong influence on
deactivation rate (with regard to conversion — activity). In this section, impact of steam/carbon
ratio on the deactivation rate is further investigated. Figure 6.2 shows the performance of
Ni/HT catalyst with a steam/carbon ratio of 5. In the case of S/C 14 (Figure 6.1-A), the
conversion dropped from ~ 100 to ~ 76.7 % after 30 hours TOS. Here in the case S/C 5
(Figure 6.2), the conversion of acetic acid dropped from ~ 90 to 63.6 %. This amounts to
catalyst loss in activity of ~ 23.3 % and 27 % with S/C - 14 and S/C - 5, respectively.
Selectivity to CO (~ 15 %) in these two cases is similar while selectivity to CO, in the case
S/C 14 is higher. This must be due to the enhanced WGS reaction because of the higher
partial pressure of steam. The same trend is indicated by the Kygs calculated and shown in
Figure 6.2. Quantification of coke deposited on the used catalysts shows that the coke content
is similar (C 1.8 wt.%) in both cases. In agreement with the degree of loss in activity (25 %
VS. 27%), it seems that the steam to carbon ratio in the range from 5 to 14 has only a very

minor impact on the coke content.
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Figure 6.2. Steam reforming of AcOH in presence of Ni/HT catalyst with steam to carbon
ratio of 5, T =700 °C, WHSV =252 h"!

Figure 6.3 shows the conversion and yields of products from the reforming of AcOH on
the bare HT support. CO,, CO, CH4, H, and acetone were detected as products here also.
Initial conversion of AcOH was as high as ~ 90% which rapidly decreased to ~ 4% within 2
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hours’ time on stream. Yields of identified products follow the same trend. No further
changes in conversion and yields of products were observed after 2 hours. Thus the support is
strongly deactivated and the low residual yields of products such as CO,, CH4, H,, CO was
due to remaining activity of the catalyst/coke or reactions in gas phase. It is also seen that the
production of acetone in this case only occurred within the first 2 h TOS, or during the active

period of the support
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Figure 6.3. Reforming of acetic acid on bare HT support WHSV = 25.2 h''; S/C = 5; at 700
°C

6.3.2. Influence of catalyst recycle

Compared with the fresh catalyst, recycled one experienced the deactivation and
regeneration by coke combustion followed by H, reduction. These reaction, treatment
activities can have influence on the performance of the recycled catalyst, which is displayed
in Figure 6.4. It can be seen that when S/C ratio of 14 is used, the conversion with recycled
catalyst - Run 5 is higher than the conversion achieved with the fresh catalyst - Run 1 (Figure
6.4-A). The conversion of AcOH at steady state increased from ~ 75 % to 82 %. This increase
of conversion is the direct cause for increase of H, yield (Figure 6.4-A). The similar trend of
higher conversion and yield of H; is also observed in run 2 for the case of using S/C ratio 5/1
(See Appendix section). For product distribution, at steady state, the selectivity to CO,
decreased whereas selectivity to CO increases with the recycled catalysts (Figure 6.4-B).
Interestingly, the yields of CO, are similar in all these runs but yield of CO is increased
clearly. This increase in yield of CO corresponds to the gain in conversion. Data result from
various characterisation techniques shown in later section were employed to understand the

evolution happened to the catalyst under sequential steam reforming of acetic acid.
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6.3.3. Characterisation of catalysts

Low-energy ion scattering spectroscopy (LEIS) was used to analyse the changes in
surface composition of the catalyst. This surface sensitive analytical technique allows to get
information of the very first layer of the catalyst surface. Figure 6.5 shows the LEIS spectra,
obtained by scattering of 5 keV Ne ions, normalised to intensity of the Ce peak. It can easily
be observed that the relative Ce/Zr peak

ratio of the supported Ni catalysts is higher ) 100+

than that of the bare support. The Ce/Zr & 90_‘

ratio of the support is expected to be % i

similar to the bulk Ce/Zr ratio of the % i
catalyst even after Ni deposition. This g )Hz
value (Ce/Zr = 0.2) is derived from XRF §

result. For the surface composition of the

fresh supported Ni catalyst, Ce/Zr atomic > 0 5 10 15 20 25 30 35 40 45
ratios is 0.23 (obtained from XPS). B) 1001 Tos¢h) —
Therefore, the increase of Ce/Zr atomic 30_:«_-“ * Run5
ratio on the surface observed with LEIS is 1 '*”wm N

in agreement with previous results %e 60-. |

obtained from XPS and XRF. The higher £ 40-

cerium coverage on the surface can be due 20__ - — Run 5

to two reasons: (i) migration of Ce to the o T Run 1 )CO
surface during the reduction treatment 0 5 10 15 20 25 30 35 40 45
[16], or (ii) Zr is covered by Ni — in the C) 100+ TOS (h)

other words Ni precursors deposit 30_“:.?:—'”'._-__ RSN _"__iliﬂ )Coz
preferably on Zr rather than Ce site during § 60_' o " Runs

the homogenous deposition precipitation. % !

The disappearance of hafnium 8 40'_ fun s
(omnipresent impurity in  zirconium 204 w~ s \CO
precursors) on the supported catalyst is 0 - '?”’.‘1I
also caused by preference deposition of Ni 0 5 10 15 1'288 ?2) 30 35 40 45

precursor, albeit its presence on the
surface of the corresponding support. Figure 6.4. Influence of catalyst recycle on steam
Therefore, the second reason for increase reformoing of AcOH: A- conersion/yield of H,, B-
of Ce/Zr ratio (in other word decrease of yield of COy, C- selectivity to COy. Condition: T =
Zr/Ce) is more likely in this case. By 700 °C, WHSVcon =25.2 h', S/C =14/1
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comparing the relative ratios of
504

- s A peaks for Ni, Ce and Zr,
404 SR respectively (Figure 6.5), there
@ 30] Fresn might be a very slight decrease of
2] I . .
g8 {*™ Zr Ni and Zr compared with Ce
= 20
£ between the fresh catalyst and the
10 . i catalyst after 5 times of recycle.
4 Therefore, break down of Ni
500 1000 1500 2000 2500 3000 3500 particles, that increases the surface
) e area of Ni nano-particles, thus
Figure 6.5. LEIS spectra of support, fresh and catalyst . ) ) )
varying the atomic ratios of Ni to
after run 5

other elements on the surface of the

catalyst, is not expected.
Additionally, it should be noted that the spectral baseline of the recycled catalyst increased
sharply in the low energy range. This effect can be attributed to sputtering of light elements
from the catalyst surface. LEIS measurements with He as primary ion showed that the 5 times
recycled sample had a 1.2 times larger oxygen surface coverage compared to the fresh catalyst
and a small contamination of silicon oxide which comes from the quartz wool used to keep
the catalyst bed stationary inside the reactor (7 % of the Si surface coverage of a Si wafer
exposed to O plasma). Time-of-flight measurements of Ne scattering confirm that the

increased background of the recycled catalyst is due to sputtering of O an d Si (not shown
here).
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Figure 6.6. Raman spectra of fresh and used catalysts after steam reforming. Inset graph is
Raman bands for coke. Raman spectra were recorded in ambient condition ( 21 °C, 1 bar)

with laser wavelength 532 nm and normalised to the peak at ~ 250 cm™
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Figure 6.6 shows the Raman spectra of the catalysts which are scaled to the band
around 250 cm™'. Major spectral features of the Raman spectra from 100 cm™ to 750 cm™ of
the catalysts are typical for tetragonal phase for CeO,-ZrO, oxides: ~ 625 cm’™ (A1g mode), ~
444 — 459 cm™ (Ey mode), 314 cm™ (B mode), 248 — 262 cm™ (Eg mode) and 140 — 144 cm™
! (B1g mode) [17]. The Raman vibration at 593 cm’ for tetragonal phase which is reported by
Hirata et al.[17] is not seen clearly in all spectra. This is probably due to overlap with other
bands. Besides, vibrational modes for monoclinic phase were also found, peaks at 376 cm’
(Bg mode), 306 cm™”, 171 cm™, 183 cm™ (A mode). The presence of these bands is also in

agreement with the Raman spectrum of the un-reduced support.

It can be seen from Figure 6.6 that the E, vibration mode (peaks at ~ 460 cm™ and 260
cm') of the catalysts after
exposing to steam reforming
condition (Run 1 and Run 5) shifts
to lower wavenumber (459 cm™ to
444 cm™ and 262 cm™ to 248 cm’
) compared to reduced fresh
catalyst or reduced fresh support.
The E, mode at 444 — 460 em™ is
assigned to the asymmetric Zr-O-
Zr or Ce-O-Ce stretching while the

Bare support (8.0%)

——

g 215 |
sic =14
E; mode at 260 cm™ corresponds
to Zr-O stretching [18] or Ce’”
[19]. These red shifts imply

cation-oxygen stretching

Run 1

Run 5 (1.8%)
d

1(1.1%)

Offset FID signal (mV)
=)

becoming weakened as the result
of lower energy of vibrations. This
indicates certain modification of
cation-oxygen bond (i.e.,
lengthening of bond) [18]. Thus,

oxygen can become more labile,

- —T
100 200 300 400 500 600 700
causing increase In  oxygen Temperature (°C)

mobility. The red shift of E, mode
(from 459 cm™ to 444 cm™ ) is Figure 6.7. TPO profile of catalysts normalised to 1

much larger than those of recycled Mg of catalysts. Numbers in bracket indicate the carbon

ceria — zirconia mixed oxides (the ~content deposited on the catalysts
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samples were exposed to
o . 345°C
oxidative/reductive sequence) |

reported in literature [11, 14, 17,
20-24]. We suggest that the redox

process occurring in the steam

14 326 °C -

——Run 5 (S/C 14)

12 4 ——Run 1 (S/C 14)

reforming of acetic acid has

stronger influence on s
modification of the cation —
> 8 4
oxygen bonds (between Ce or Zr :E,  Run2(SIC5)
with O) than conventional redox g Run 1(S/C 5)
treatment. This aspect will be A 67
. ) O
elucidated later by TPR analysis. E — Catalyst-redox 1
L 44 —— Catalyst-redox 2
. Pure NiO
Figure 6.7 shows the TPO  © e
profiles of catalysts. Coke 2-
contents (on carbon basis) were ,
calculated based on the area of 0 gﬂgg:_redom (- 500°C

TPO peaks. The oxidation profile {~—Supportrun 1

of the coke deposited on the bare 2 ~_A£Z_

T T T T il T T I[ T T T

support consists two significant 160 200 300 400 500 600 760
oxidation peaks at 360°C and 390 Temperature (°C)

°C and a low-intensity peak at ~

250 °C. The coke deposited on Figure 6.8. TPR profile of catalyst. The intensity of
the catalysts after the first TPR signal of catalysts were scaled to 50 mg and TPR
reforming cycle with both signal of NiO was normalised to the same amount of
steam/carbon ratios (5 and 14) NiO in the catalyst. Support-redox 1, catalyst redox 1
were very similar both in carbon and 2 are fresh support and catalyst which experienced
contents and oxidation profile. sequence of re-oxidation followed by TPR 1 and 2
These consist 4  oxidation times, respectively. Used support, run 1, 2, 5 are those
temperatures 256 °C, 356°C, obtained after TPO analysis of correspondent catalysts
450°C and ~ 650 °C. The peaks

at 210 — 250 °C can be assigned to strongly adsorbed intermediates of acetic acid on the
support. This low oxidation temperature of coke deposits in acetic acid reforming was
reported by Vagia et al. [25] and Lemonidu et al. [26]. However, supported Rh on CeO,-ZrO,
or Ce0,-ZrO, modified with 3 wt.% La catalysts were used in their cases. The peak above at
650 °C on the supported Ni catalyst after the first cycle can be due to the intermediate species

which formed in presence of Ni particles. Surprisingly, the coke on recycled catalysts (run 5
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for S/C 14 and run 2 for S/C 5) does not contain any coke component that is oxidised at high
temperature — at 650 °C (i.e., all the peaks were below 450 °C). Especially for catalyst after
run 5, the oxidation temperatures of the coke shifted to much lower temperature (30 — 40 °C

lower).

The dependency of redox properties of CeO,-ZrO, materials on the reductive/oxidative
treatments which is referred as thermal ageing is well-known in literature [13-15, 20, 27, 28].
Reducibility of ceria based oxides can be enhanced by exposing the samples to sequence of
deep reductive treatment followed by mild oxidative treatment [14]. Therefore, similar
improvements can be expected with the recycled catalysts used in this study since recycling of
catalyst includes oxidation of coke followed by a reduction pre-treatment for the next
reforming cycle. Thus, investigating the reducibility of the catalyst can help to explain their
catalytic performance in the steam reforming. It should be remarked that most of the research
on the influence of thermal aging focus on the enriched Ce solid oxide solutions (i.e. Ce molar

content above 50%).

TPR profiles of the supports and catalysts are illustrated in Figure 6.8. Since, in the
case of used catalysts, the TPR analysis was carried out following the TPO experiment to
remove the coke deposits (i.e., samples were oxidised in 1 vol.% O,/He to typically 700 °C
then cooled down in He to room temperature), the fresh catalyst was also pre-treated in the
same condition (i.e. re-oxidised to 700 °C) prior to each TPR experiment to mimic the
thermal treatment history. The TPR profile of fresh support has an asymmetric shape centred
at ~ 500 °C. The support that experienced a cycle of redox (reduction to 700 °C followed by
re-oxidation to 700 °C) is labelled as support-redox 1 on Figure 6.8. TPR profile of the
support-redox consists of two peaks at ~ 320 °C and 483 °C in which the onset of reduction
occurs at lower temperature compared with the fresh support (150 °C vs. 200 °C). The TPR
profile of the support which was used for the steam reforming of AcOH is quite similar to the
support-redox 1 except that the reduction initiates at ca. 100 °C and larger part of ceria is
reduced at lower temperature range (the range below 420 °C). This phenomenon indicates the
reduction of the treated support as well as the used support is facilitated, thus improving the
reducibility. In the other words, the reductive/oxidative recycle modifies the metal (Zr or Ce)
— oxygen bonds, making oxygen atoms more labile. This associates with the oxygen mobility
in the lattice of the materials, leading to facile Ce*"/Ce** redox reaction. Therefore, the
thermal aging treatment (Viz. reduction/oxidation of support in H, or O, respectively) and the
reductive/oxidative condition of steam reforming gives improvement to the oxygen mobility
of the support. About 80 % ceria (Ce*") is reduced to Ce** by the end of the TPR experiments

for bare supports. This result is in coincidence with literature [14].



Steam reforming of acetic acid with Ni supported on ceria-zirconia

Secondly, for the supported Ni catalysts reduction is initiated at relatively lower
temperature (~ 100 °C) and gradually increases until ~ 270 °C. Then the reduction sharply
increases and shows an asymmetric peak at 325 — 345 °C. This peak can be related to
reduction of bulk NiO on the catalyst since pure NiO (purchased from Sigma Aldrich, thus
large particle size is expected) also shows a strong reduction peak in this temperature range.
Additionally, a broad reduction peak at 420 — 435 °C is found in some cases. Combining with
the TPR profile of the support, the broad, asymmetric reduction area beneath the sharp peak at
325 — 345 °C which peaks at 420 — 435 °C and spans from ~100 to the end of the temperature
program ( 700 °C) is mainly attributed to the reduction of the Ce-Zr support which is
promoted by the presence of Ni. In the case of thermally aged catalysts (catalyst redox 1 and
2) their reduction profiles are quite similar. This indicates that the repeated redox treatment in
O, and H; does not cause further significant changes in reducibility of the catalyst after the
first reduction-oxidation cycle. However, the recycled catalysts which had been exposed to
the steam reforming conditions show some differences compared with the thermally aged
catalysts. It can be seen that the highest reduction peak at ~ 345 °C becomes broader and shift
to higher temperature (345 vs. 325 °C). Remarkably, the peaks for support reduction become
less distinct and fuse with the main peak, making the overlapped total peak shift to 345 °C in
the case of catalyst with several recycle time (the Run 2 and Run 5 catalyst with S/C ratio of 5
and 14, respectively). This demonstrates the more facile reduction of the recycled catalysts.
The total H, consumption of all supported Ni catalysts (fresh and recycled catalysts) just vary
within the machine error. The Ce®/total Ce ratios are estimated as 80 + 6 % with assumption

that all Ni is completely reduced.
6.4. Discussions

Reaction pathways which occur in catalytic steam reforming of acetic acid is illustrated
in Scheme 6.1 taking in to account the works reported by Lemonidou et al.,[26] Takanabe et
al.[7, 29], Pestman et al.[30], and Barteau’s group [31, 32]. In the case of steam reforming in
presence of only oxide supports (e.g. ZrO,, CeO,, Al,O3) conversion of acetic acid through
the formation of acetone is favourable. Further condensation of acetone via reaction (11) —
(14) is believed to be the main cause for coke formation on the support, blocking the active
sites and leading to the deactivation of catalyst. Both acidic or basic sites are known to
activate the formation of acetone from acetic acid. However, basic supports such as CeO,,
La,O3 or CeO/MnO; solid solutions are more active than acidic supports for acetone
formation [4]. In this study, the bare support itself shows high activity early TOS for
conversion of acetic acid to acetone (compared with the non-catalytic thermal steam

reforming) when the catalyst is strongly deactivated (conversion 90 % Vs. 4 %). High yield of
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CO, and CHy in the beginning suggests that conversion of acetic acid follows reactions (1),
(2) and (9). Yields of CH4 and H; decline faster than that of acetone indicating the limited
number of actives sites on the support for forming *CHy and these sites are quickly blocked
by coke formation probably via reaction (16). Active sites for acetone formation, reaction (9),
last longer (~ 2 h). The poor carbon balance achieved in the case of reforming on bare support
implies the large amounts of AcOH or active carbon species (e.g., *CHs;., acetone) are further
converted into unidentified products which includes coke deposits. That explained the high
coke content in this case (C 8 wt.% — Figure 6.8). The accumulation of coke on the support
blocks the active sites on the catalysts and inhibits further conversion of AcOH. At the end
when all the active sites are blocked, the conversion of acetic acid is just thermal or due to

activity of the coke.
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Scheme 6.1. Reaction pathways occurring in steam reforming of acetic acid
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In the case of Ce-ZrO, supported Ni catalyst, the conversion of AcOH is maintained
above 75 % after 45 h TOS with stable selectivity to COx (almost 100%). Therefore,
reforming capability of the catalyst is attributed mainly to Ni metal. The rapid initial
deactivation of the catalyst observed in all the experiments is assigned to the deactivation of
support activity which is mainly due to accumulation of coke and strongly adsorbed species
on the support surface. Ni particles can help the reforming of acetone formed on support
within the proximity of Ni particles to syngas via reaction (10). This explains the very low
yield of acetone in the case of supported Ni catalyst compared with reforming in presence of
bare support (Figure 6.1 and Figure 6.3). In addition, when steam reforming acetone at 700
°C with WHSV 6.96 h™' with this catalyst (not shown here), total yield of COy and CH, ~ 95 +
2 % (yield of CHy ~ 1%) was achieved. Thus, that confirms the catalyst is capable of
reforming acetone to syngas. Therefore, if acetone is formed on Ni during steam acetic acid
reforming, it would be expected to be converted to syngas rapidly. Coke formed on Ni via
ketonisation or condensation, reaction (11) — (15), is therefore unlikely. Thus, the coke
deposition under the influence of supported Ni is more likely to involve recombination of
unconverted active carbon rich radicals via reaction (16). This coke can be much more
graphitised than the coke formed on the support via condensation of ketones. The high
oxidation temperature of coke deposits on the catalyst after run 1 (Figure 6.8) is the result of

graphitisation of unconverted active, rich C radical.

It is remarkable that the overall activity of the catalyst for steam reforming reactions is
improved with the recycled catalysts (Figure 6.4). Usually the increase in activity (or
conversion) is attributed to the increase of number of active sites. From LEIS result, no
increase of Ni peak compared with Zr and Ce is observed. Therefore, increase in number of
metal particles after recycling is improbable in this case. Importantly, the increase of CO yield
is in accordance to the gain of AcOH conversion without any change in yield of CO,. If the
additional acetic acid is converted via decarboxylation route that means *CH; and CO, is
made with 1/1 molar ratio. To keep the CO, yield constant, the all extra CO, have to be
consumed. Reactions involving the consumption of CO, include dry reforming of
hydrocarbon radial and reverse water gas shift (RWGS). Since dry reforming is more difficult
than steam reforming, it is not possible that all the additional *CHj radical is only reformed
by CO; yet by steam. On the other hand, the concentration CO in gas stream is higher than the
thermodynamic equilibrium concentration (at 700 °C, 1 atm, selectivity of CO at equilibrium
is ~ 8.3 %). Thus, RWGS reaction is not probable. With all those analysis points, additional
conversion of acetic acid via decarboxylation as the first step can be ruled out. The route via
reactions (9) is not possible either because it also makes CO, as the first step. Therefore, the

additional acetic acid is probably converted via dehydration route for formation of ketene —
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reaction (7). Subsequently, ketene can either decompose to CO and methylene by C — C
cleavage via reaction (7) or be converted to acetone by coupling with another ketene to form
acetone and CO [26].

There have been a lot of debates about the role of ketene in the mechanism of
ketonisation reactions of acetic acid. A recent review by Pham et al.[33] provided a good
summary on various proposed mechanisms for this reaction. In typical condition for
ketonisation (e.g., T max below 600 °C, only metal oxide as catalyst, long contact time), it
usually involves decarboxylation step. Lemonidou et al. [26] investigated TPD of acetic acid
on Rh/La,03;-CeZrO, catalyst and found that formation of acetone was followed by CO
instead of CO,. Therefore, they proposed acetone was formed by condensation of two ketene
molecules — reaction (19). In the same paper, the decarbonylation of ketene for *CH, was
included as the main pathway of ketene conversion which contribute to reforming activity of
the catalyst. We leave the possibility of reaction (19) open here since our catalyst system
resembles quite well to the one used in that literature. Additionally, the activity improvement
can be seen throughout the whole reaction time, above 30 h TOS, this suggests that the gained
active sites are located in the proximity of Ni particles. Thus, the adsorbed intermediates on
these sites can get the influence of reforming activity of Ni. If these intermediates are away
from Ni, they tend to form coke which will block these sites after short times on stream. In
any scenarios of intermediates on these gained active sites, it is assured that improvement of
reducibility of the support can enhance the adsorption of deprotonated acetic acid [31, 33].
Also, the CeO, — ZrO, supported Ni catalyst is capable of steam reforming acetone. The
recycled catalyst shows ca. 100 % conversion of acetone to syngas after 24 h TOS (not shown
here).

Scheme 6.2. Oxygen migration of oxygen under reductive condition illustrated in the case of

H;. During steam reforming the reducing agents are *CHy or coke precursor.
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Another factor which contributes to the higher activity of the recycled catalyst is the
capability of minimizing coke deposits on the catalyst. Raman spectroscopy indicates weaker
bonds between metal cation and O anion on the recycled catalyst (Figure 6.7). This in turn
means oxygen becomes more labile and mobile. The TPR result is in accordance with Raman
result. The support itself becomes more easily to be reduced after exposing to steam
reforming conditions. Although the reduction (in H;) and oxidation in O, can provide certain
improvement of redox properties, the presence of oxidative/reductive elements in steam
reforming (e.g., steam, CO,, coke, acetic acid etc.) seems to make more improvements in the
reducibility of the supports. This can be seen even more clearly with the supported Ni
catalysts. There is no clear change in TPR profile of fresh catalyst after several
oxidation/reduction cycles but surely for the recycled catalysts. In the latter case, the major
part of the catalyst support is reduced in the same range of Ni particle (Figure 6.9) implies
possible interactions between them. Spill-over of oxygen from the support to Ni particles can
probably take place. It should be noted that this phenomena applies for bulk phase migration
of O” anion, i.e. oxygen from sub-lattice to the surface and interphase with Ni particles and O
from surface of the mixed oxide to surface of Ni (illustrated in Scheme 6.2). As known from
literature [34], migration of O* from bulk phase to the surface is the rate limiting steps of

reduction.

During steam reforming of acetic acid, Ce’" can be re-oxidised by H>O. The more labile
O or OH on the surface of recycled catalyst can improve the oxidation of the coke precursors
absorbed on the support. Moreover, that mobile O can spill-over to Ni particles to help the
oxidation of carbon radical (e.g. *CH, C* species), thus preventing the graphitisation of coke.
The improvement of redox properties results in less coke content, preventing transformation
via aging to hard coke which can be seen from TPO. Lower extend of coking also help to

decrease the deactivation of catalyst.
6.5. Conclusion

Supported Ni on ceria-zirconia catalyst shows high activity and stability for steam
reforming of acetic acid. The steam reforming condition creates extra modification on the
metal — oxygen bonds of the oxide support compared with thermal ageing treatment. Under
the reforming condition, oxygen in the lattice becomes more labile. Thus steam reforming
elements (e.g., presence of H,O, acetic acid, coke, long exposure to reductive/oxidative agents
etc.) improve the oxygen mobility of the catalyst, facilitating the redox coupling of Ce**/Ce*".
Higher activity of recycled catalyst suggests implementation of ageing pre-treatment in
similar reforming condition can be applied to improve the stability and activity of the catalyst.

In addition, the catalyst is highly potential for steam reforming of the whole volatile stocks
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from humin gasification. Since bio-derived oils (e.g., pyrolysis oil, high pressure liquefaction
oil) contain similar components to humin volatiles, we strongly believe that this catalyst is

also promising for the steam reforming of these bio-oils.
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Appendix 6

Al. Calculation of Acetic acid conversion

The conversion of acetic acid during the steam reforming with presence of supported

Ni catalysts is calculated based on 2 main cumulative reactions below:
CH;COOH +2 H,0 — 2 CO, +4 H,

CH;COOH —»2CO+2H,
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Denote:
a [g/min]: amounts of AcOH is converted via Eq 1
b [g/min]: amounts of AcOH is converted via Eq 2

127

Co [g/ml]: concentration of the m-cresol solution delivered by the pump to the evaporator
C [g/ml]: concentration of the liquid collected in the flash separator which is quantified

by HPLC
d [g/ml]: density of pure AcOH, 1.047 [g/ml]
F [ml/min]: flowrate of AcOH solution delivered by the pump

Call:
B mole of CO b

. ~ mole of CO, o T a

The amount of AcOH is supplied into the reactor [g/min] = Cy- F

The amount of unconverted AcOH [g/min)]

Co-F-(a+b)=Cy-F-a-(n+1)

The amount of water consumed in Eq 1 and Eq 2 [g/min]:

2 x 18
60

a=06-a

The total volume of liquid condensed after the reactor [ml/min]:

a+b n-+1

F

From (1) and (2):

CO~Fa~(n—i—1)—C~(F—n+1-a—0.6-a>

d

Solving equation (3)

o d-F-(Cy—0C)
a (n+1)-(d—C)—-0.6-C
Conversion of AcOH:
X_a—i—b_a-(n—l—l)

F-Cy, F-Cq

Replace a from (4) to (5), conversion is obtained as following:

X_Il—i‘l. dF(Co—C)
F-Cy (n+1)-(d—C)—-06-C

—0.6~a:F—T-a—O.6~a

Co (n+1)-(d—C)—-0.6-C
C and Cy is determined from HPLC.
n is estimated from GC result.
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Figure A.6.1 Influence of catalyst recycle on steam reforming of AcOH in the case S/C ratio
of 5 (T =700 °C, WHSV =25.2h™")

Figure A.6.2. TEM image of fresh Ni/HT catalyst
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Abstract

Concluding remarks about gasification of humin from results reported in this thesis are
summarised. An initial process design was proposed taking into account technical aspects
such as gas processing, catalysts for the conversion and energy management.
Recommendations for further studies on gasification of humin as well as optimisation and
characterisation of supported catalysts are also included.
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7.1. Concluding remarks

Over the last hundred years, the living standards have changed tremendously developed
based on the advances in industrial technology. In terms of fuel and materials, 20™ century
has also marked the use and domination of petroleum refinery. However, mankind today
consumes fossil fuel at the rate that is much faster than that of fossil feedstock exploration and
development. The discovery and invention in technology which allows to extract difficult
resources such as shale gas only can give us some more time until the critical moment: fossil
reserves cannot meet our daily demands of feedstock for fuel and chemicals even in the near
future. Moreover, burning fossil fuels is one of the biggest causes for the global warming.

These problems have generated a lot of interest in searching for the sustainable alternatives.

Lignocellulosic biomass is considered as the only carbon-containing, renewable
alternative resource for our fuels and materials. Biorefinery concepts are proposed as
guidelines for making energy, fuels and chemicals from different components of biomass. The
conversion of (hemi)celluloses is important in the biorefinery scheme since they comprise 70
— 80 wt.% of biomass. Furans (HMF, FF, FDCA) and levulinic acid are in the list of final Top
Ten value added chemical platforms from carbohydrates which include hemicellulose and
cellulose. The conversion of carbohydrate to those molecules requires depolymerisation of
polysaccharides for sugars and dehydration of corresponding sugar to HMF, FF or LA. One of
the major problem in such conversion is the formation of large amounts of solid by-products,

namely humin.

A lot of effort has been paid on suppression of humin formation in the sugar conversion
processes. However, it requires use of expensive solvent (e.g., ionic liquids), difficulty and
high energy input required for product separation. In the meantime for achieving
breakthrough in the conversion technology, valorisation of the humin by-product should be
taken into account to improve the economic value and environmental factor of whole bio-
process. Since hydrogen is omnipresent in biorefinery, the approach for producing hydrogen
from humin is conceptually attractive. This can provide green hydrogen for downstream

processing in biorefinery.

Although the presence of humin was reported in almost every single literature on HMF,
LA synthesis, its chemical structure, properties or useful conversion is not well understood.
Furthermore, use of humin is usually mentioned in a few words for the possibility of
generating heat. To the best of our knowledge, serious research on application of humin with
regard to gasification has not been reported in literature. The objective of this research is

about investigating the potential of humin for gasification to produce sustainable
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hydrogen/synthesis gas. The fundamental study on the chemical structure of humin as well as
its characteristics during the gasification has been elaborated. The whole gasification process
(e.g., de-volatilisation stage, dry/steam reforming stage, removal of tar) has been considered
and investigated so that complete process scheme can be established for a conceptual design

in this thesis.

The pristine humin can embed considerable amounts of extractable components (8 — 16
wt.%) which are (by)products derived from the dehydration of sugars (e.g., HMF, LA, soluble
humin). Results of spectroscopy analysis (ATR-IR, °C solid state MAS NMR) as well as the
pyrolysis data helped to understand the structure of humin. The humin framework consists of
furanic segments with aliphatic linkages decorated by carboxylic and ketone groups. Mass
spectrometry (ESI-MS, GPC, LDI-TOF) indicated the abundant presence of the mass 301
Dalton. By combining those data, a proposal of the chemical structure of humin segments,

and possible structure of humin has been made.

In the first stage of the gasification (in steam and/or CO,), i.e. pyrolysis or de-
volatilisation stage, humin undergoes drastic changes in morphology, composition and
chemical structure. During this stage, humin turned from a dense to a porous structure due to
the decomposition of functional groups and escape of the volatiles. Even in CO; reforming,
hollow spherical particles were formed which indicated the asymmetric composition of
humin. The most important knowledge obtained about this stage in gasification, is that humin
becomes more and more aromatised/graphitised resulting in very high carbon content (above
90 wt.%) and it lost about 25 % carbon into vapour phase in the form of gas (CO, CO;) and
organic volatiles (e.g., phenols, acetic acid, poly-aromatics). In some cases, traces of S
containing species such as DMSO-2 were present in the volatile stream (S containing species
released at temperature below 400 °C). Caution for processing the vapour/gas stream should
be exercised since these species can cause deactivation of catalyst in downstream reactors.
The results also indicate that the gasification of humin resembles to that of coal or bio-char

and consideration should be taken for removal of the volatiles in the product gas stream.

Humin shows low reactivity towards steam/CO, reforming, thus thermal gasification of
humin requires very high temperature (above 1050 °C). Alkali metal carbonates are active for
gasification. Sodium carbonate showed highest activity and it was selected for further
investigation. Activation energy for dry reforming in presence of sodium carbonate is in the
range for bio-char gasification. The kinetics study on steam and dry reforming of humin
reveals that the conversion rate is quite stable over wide range of conversions (conversion is
proportional to TOS) and the catalytic reforming resembles bulk reaction. Complete

conversion can be achieved for steam reforming in the presence of presence of Na,CO;
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(selectivity to CO and CO; is 75 and 25%, respectively; H,/CO ~ 2), however, loss of catalyst
into gas phase was observed and explained by the transformation of Na,COj3 to more volatile
species (e.9., Na, Na,0,). Addition of CO; to the feed stream for steam reforming increases
the stability of Na,CO; tremendously. Therefore, for a conceptual design, it is required that
combining CO, and steam for the catalytic gasification is essential. Implementation of WGS

step after gasification is to increase the H, production yields.

For the steam reforming of volatiles (tar type products) released from humin during
heating to the gasification temperatures, non-noble catalyst systems consisting of supported
Ni on ceria-zirconia solid solutions were developed with a preference to influence properties
of support via varying synthesis parameters. The use of m-cresol and acetic acid as model
components for the volatiles of humin covers most of chemical functionalities for the vapour
mixture. Ceria-zirconia mixed oxide has good redox properties which can contribute to the
oxidation of coke deposits on catalyst thus preventing catalyst deactivation. The synthesis of
ceria-zirconia oxide, indeed, was also essential for improving the redox properties of the
support (in term of oxygen capacity and oxygen mobility) to help enhance gasification. This
is the reason for stable, high activity of the supported Ni on Ce-Zr catalyst prepared via co-
precipitation followed by hydrothermal treatment compared with conventional impregnation
deposition of Ce on ZrO; in steam reforming of m-cresol. The stability of this catalyst is also
demonstrated in steam reforming of acetic acid, a component well-known for causing catalyst
deactivation in steam reforming of bio-derived feedstocks. The improvement in activity of the
recycled catalyst has been suggested to be caused by increase of oxygen mobility in the case
of recycled catalyst. Modification of Ce or Zr - O bonds happen under the redox treatment or
gasification conditions, especially in the latter case — steam reforming of acetic acid.
Characterisation of the catalysts indicates the gain active sites locating in proximity of Ni
particles where the deprotonated acetic acid was adsorbed and converted via dehydration

pathway.

For steam reforming of m-cresol, the supported Ni was attributed to influence the main
activity for C-C and C-H cleavage (of m-cresol). The in situ FT-IR study revealed the
horizontal adsorption of the aromatic rings on the Ni surface and interaction of methyl group
with the support. This allows multiple cleavages to occur at the same time on the catalyst.
Since manifold sites including Ni involve in the reforming of m-cresol, relatively large Ni

crystallites (within optimum range) are more favoured.

The supported Ni on Ce-Zr catalyst prepared via co-precipitation followed by
hydrothermal treatment compared is the best of the three designed catalysts. This catalyst



Concluding remarks and outlook | 133

shows great promise for industrial applications, not only for humin gasification but also for

steam reforming of bio oil or tar reforming in biomass gasification.

7.2. Proposed conceptual design

Hydrogen WGS -e—— Synthesis gas/H;

Humin Gas
NayCO5 separation 700°C Ni/Ce-Zr oxide
- — = Catalyst bed
lﬁ Guard bed
CO;
Y
]
Preheaterto T °C
Gas + Volatiles
Ash
Vit i Burner for heating
—_—
Steam_ +CO; Steam + CO,
+ Carrier gas ¢ + Carrier gas

Exhaust gas processing

Figure 7.1. Proposed process scheme for steam reforming of humin

In chapter 3, a scheme for complete conversion of humin was proposed. For a
conceptual design of the process, more technical aspects such as impurities in the humin
feedstock, especially residues from inorganic acids used in the dehydration step, feedstock
and product processing is required and considered carefully. Similar to the approach of
biorefinery, the design and use of material and energy streams should be integrated with the
conversion of sugars or the downstream processes (€.¢., synthesis gas processing, conversion

of chemical building platforms — for instance, levulinic acid to y-valerolactone).

In this study sulphuric acid was used as catalyst for the dehydration of glucose. The
sulphur content in humin is due to certain extent of sulfonation. The presence of sulphur

would not affect the gasification of solid humin residue which uses sodium carbonate as
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catalyst. However, it can cause deactivation to supported Ni catalysts used for reforming of
humin tar. Release of molecules such DMSO-2 is only observed in the early stage of de-
volatilisation, thus, it is possible to separate the gas stream containing impurity by stepwise
pre-heating. Moreover, in practice, other inorganic acids such as HCI are also widely used for
the dehydration step. In that case, the issue of chlorine containing species needs to be

considered.

Steam reforming of humin residue requires a lot of energy since steam or dry reforming
of carbon reactions is highly endothermic. Energy required for this stage should come from
sustainable source, too. Humin or its products can also be used for generating heat. With that
regard, the harmful volatiles such as S containing species can be combusted for heat

production.

Taking all these remarks above as well as the results presented in the thesis, conceptual
steps for gasification of humin is proposed and illustrated in Figure 7.1. Sodium carbonate
and humin are mixed together in grinding machine. A skew preheater with cross flows can be
used for heating humin to a temperature above 400 °C. While the preheated humin residue
can be transferred to feeder of the gasifier, the heat carrier stream containing gas and volatiles
of humin (e.g., CO,, CO, furan, acetic acid, aromatics) released can be sent to the combustion
furnace for generating heat. It also helps to diminish the amounts of sulphur and acetic acid to
the gasifier and maximise the use of carbon source in humin. In Figure 7.1, the main gasifier
is illustrated as a fluidization reactor since this reactor design provides good heat and mass
transfer. The physical strength of humin is much lower than biomass or coal since it is only
agglomerates of small particles. It is easy to prepare humin (by grinding) to small particle

size. Therefore besides fluidised bed reactor, entrained flow gasifier can also be used.

For maximising the yield of hydrogen, WGS step is mandatory since the gas stream
from gasifier of solid humin residue contains large amount of CO (in steam only, selectivity
of CO,/CO is 25/75). CO, after the gas separation preceded by WGS step can be used for 3
purposes: (1) heat carrier for preheating of humin; (2) co-feeding to the gasifier with steam for
stabilising sodium catalyst; (3) the excess CO; can be pressurised and stored for used in other

process in biorefinery (e.g., extraction of biomass with supercritical CO5).
7.3. Recommendations

This process shows positive primary economic value and promise for producing green
hydrogen. The proposed conceptual design here can be the first step for the further

optimisation of the process, which will be carried out in the next phase of the project.
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The chemical model of humin that is proposed in chapter 2 needs validation. LC-MS
combining with NMR can provide more details about the components (including soluble
humin and humin precursors) in the extractable fraction in organic solvents (e.g., in acetone)

since aqueous solution can cause problem in chromatography techniques.

NMR is a very useful characterisation tool for such a complex material. For further
study, 2D-NMR should be employed for investigating the interaction of each functionality of

humin and maybe of sodium species with humin.

As shown in chapter 3, the presence of Na,COs not only improves the gasification rate
tremendously, but also alters the composition of volatile products. Further investigation on the
influence of the Na,COs loading is recommended. Micro-pyrolysis in CO; or steam enriched

gas can be a convenient solution for this investigation.

More detail of mass and carbon balance which distinguishes the contribution of gas,

volatile products should be investigated.

With the current facility, the gasification was mainly performed using TGA which only
allows maximum 2.5 vol.% steam in the gas stream. And mass transfer is big issue in fix bed
reactors for such fine powder materials. In practice, gasification is usually performed in a
fluidised bed reactor at high pressure (10 — 15 bar). The performance (product selectivity,
conversion rate) in fluidised bed at high pressure can be different from the results of this
work. Conducting the gasification at higher pressures and in fluidisation bed are strongly

recommended in order to establish a process design.

Ce-Zr based catalyst with supported Ni shows great promise for steam removal of tars
from humin. Doping Zr into Ce lattice can improve the oxygen capacity as well as redox
properties of the mixed-oxide, and the catalyst. In this study, the low range Ce/Zr (17/83)
atomic ratio was chosen on the purpose of comparison with previous work. However, the
catalyst system can be further optimised by varying Ce/Zr ratio. Redox property of the
supports is very importance to the performance of correspondent catalyst. Higher Ce content
(Ce/Zr = 30/70 — 60/40) can be used since the mixed oxide with these compositions were

reported to have highest redox properties in literature.

The oxygen mobility is an important factor which has strong influence on preventing
coke formation during steam reforming of m-cresol or acetic acid. Quantitative
characterisation techniques for this property such as measuring the oxygen buffering capacity
by alternating the oxidative gas stream at working temperatures (€.g., 700 °C) can be very

useful.
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