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Nomenclature 

C*biomass  Carbon composition of the pretreated biomass sample, wt %  

C*yield  Carbon yield based on pretreated - feedstock basis, % 

Cash  Ash mass fraction, d.b. kg·kg−1 

Cash,t  Ash mass fraction in the treated sample, d.b. kg·kg−1  

Cash,u  Ash mass fraction in the raw sample, d.b. kg·kg−1  

Cbiomass  Carbon composition of the raw biomass sample, wt % 

Cbio-oil  Carbon composition of the bio-oil sample, wt. % 

Ce,i,A   Purchased equipment cost of equipment i in alloy, USD 

Cp  Reactor cost, 

Cyield  Carbon yield based on raw- feedstock basis, % 

d1  Diameter of the propeller, mm 

D2  Diameter of the vessel, mm 

fc   Installation factor for civil engineering work, - 

FCI  Fixed capital investment costs, USD 

fel   Installation factor for electrical work, - 

fer  Installation factor for equipment erection, - 

fi   Installation factor for instrumentation and process control, - 

fl   Installation factor for lagging, insulation, or paint, - 

fp  Installation factor for piping, - 

fs   Installation factor for structures and buildings, - 

h1  High above the vessel bottom to the bottom propeller, mm 

h3  Distance from the second propeller to surface of liquid, mm 

HHV  Higher heating value, MJ·kg−1 

K  Flow consistency index, mPa.s 

LHV  Lower heating value, MJ·kg−1 

M  Total number of pieces of equipment; - 

m/z  Mass-to-charge ratio;- 

Mbiomass feed Mass of biomass feed to pyrolysis reactor, g   

Mbio-oil  Mass of bio-oil produced by biomass pryrolysis, g 
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ii 

Mchar  Mass of char produced by pryrolysis, g 

MNCGs  Mass of non-condensable gases produced by biomass 

pryrolysis, g  

mt  Mass of the treated sample, d.b. kg 

mu  Mass of the raw sample, d.b. kg 

Nl  Number of rotations per min. of the stirrer (larger scale), min−1 

Nsm  Number of rotations per min. of the stirrer (small scale), min−1 

p  Significance 

PB  Pyrolysis bio-oil sample taken for analysis, g 

PS1  Pyrolysis solids retained on 1 μm filter paper, g 

Q  Processing capacity, kg·h-1 

TAN  Total acid number, mg KOH·g−1 

TCI   Total capital investment, USD 

Tpeak  Temperature at which maximum rate of weight loss 

occurred, °C 

Vl  Volume biomass/leaching agent dispersion (larger scale), dm3 

Vsm  Volume biomass/leaching agent dispersion (small scale), dm3 

WC   Working capital costs, USD 

wt. %  Weight percent 

Yield*bio-oil Bio-oil yield on pretreated-feedstock basis, %  

Yieldbio-oil Bio-oil yield on raw-feedstock basis, wt. %  

Yieldtotal  Total yield, % 

Z  Maximum height of the mixed volume in vessel, mm 

 

Greek Symbols 

∂v/∂y  Shear rate, s−1 

  Significance level 

2  Chi-squared 

ash  Removed mass fraction of ash, % 

el  Removed fraction of individual inorganic element, % 

total   Mass loss in pretreatment, % 

  Shear stress, Nm−2   
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Abbreviations 

AAEM  Alkali and alkaline earth metals 

AH  Aldehydes 

ALC  Alcohols 

AP  Aqueous phase  

ASTM  American Society for Testing and Materials 

AT  Acetals 

AU  Arbitrary unit 

BBOT  2,5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene 

BDL  Below detection limit 

BTG  Biomass Technology Group B.V. 

C  Carbohydrate derivatives 

CA  Citric acid 

CAc  Carboxylic acids 

CAPEX/OPEX Capital and Operational Expenditure  

CEPCI   Chemical Eng. Plant cost index 

CFB  Circulating fluidized bed 

CIF  Cost Insurance and Freight 

CNG  Compressed natural gas 

CRF  Capital recovery factor 

DCM  Dichloromethane 

DP  Re pressuring operation 

DTG  Derivative thermogravimetric 

ELCA  Exergetic life cycle assessment 

EOS  Equation of state 

ESP  Electrostatic precipitator 
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FC  Fixed carbon 

FOB  Free On Board 

FP  Fast pyrolysis 

FTIR-ATR Fourier transform infrared spectroscopy-attenuated total 

reflectance  

FU  Furans/pyrans 

GC  Gas chromatograph 

GC/MS  Gas chromatography-mass spectrometry 

IC  Internal combustion 

ICP-OES Inductively coupled plasma optical emission spectrometry  

IR  Infrared  

KE  Ketones 

KF  Karl-Fischer 

L  Lignin derivatives 

LCA  Life cycle assessment 

LCI  Life cycle inventory analysis 

LCIA   Life cycle impact assessment 

LNG  Liquefied natural gas 

MAP  Microwave assisted pyrolysis 

MeOH  Methanol 

MS  Mass spectrometer 

NCGs  Non-condensable gases 

NEES  National electricity energy system 

NIST  National Institute of Standards and Technology 

NM  Not measured 

NRTL  Non-random two-liquid model  

O&M  Operation and maintenance costs 

OECD   Organisation for Economic Cooperation and Development 
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OP  Oil phase 

OP  Bottom or organic phase 

OPEC  Organization of the petroleum exporting countries 

OT  Others 

PF  Phenols 

PTFE  Polytetrafluoroethylene 

Py-GC/MS Micro-pyrolysis coupled to gas chromatography mass 

spectrometry  

RKS  Redlich-Kwong-Soave 

SCB  Sugar cane bagasse 

SCC  Storing and cleaning centers 

SCT  Sugar cane trash 

SIDS  Small island developing state 

SU  Sugars 

T  Temperature 

t  Leaching time 

TCD  Thermal conductivity detector 

TCOE  Thermoeconomic cost of electricity 

TG  Thermal degradation 

TGA  Thermogravimetric analysis 

THF  Tetrahydrofuran 

TIC  Total ion current 

UN  Unspecified origin 

VM  Volatile matter 
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ABSTRACT 
 

The expected growth of the world’s population and the consequent increase in 

the global energy demand, together with the volatility of the energy market, results 

in specific uncertainties in the future world economy, which are reflected in the 

range of oil price projections both in the short and long term. Cuba is an island 

that lacks sufficient proven fossil energy resources to be able to have an advance 

in long-term sustainable economic and social development. However, the largest 

source of domestic energy production comes from imported oil. Hence the 

importance of the promotion and development of renewable sources of energy. 

In this sense, sugar cane bagasse (SCB) and trash (SCT) are the main residues 

derived from the production of sugar from cane which accounted for 3.3% of the 

total electricity production in the country, albeit the trash not being valorized to a 

significant extent. 

Fast pyrolysis is an attractive alternative technology to process sugar cane 

residues, whereby solid biomass is converted mainly to bio-oil. The bio-oil has 

the potential for use as a fuel or as a feedstock for the extraction and/or synthesis 

of more valuable chemical compounds. However, the high heterogeneity and 

poor fuel quality of crude bio-oil (i.e. high oxygen and water fraction, high acidity, 

and high viscosity) impose the need for upgrading processes. Nowadays, 

research efforts have been conducted in pretreatment to address problems 

associated with the presence of naturally occurring alkali and alkaline earth 

metals (AAEMs) in biomass. In terms of specific elements, Si, Na, K, Mg and Ca 

are generally the major inorganic components in sugar cane. These elements 

have been demonstrated to act as catalysts during fast pyrolysis. Also, they 

possess large potential to reduce the yield and the bio-oil’s stability, and to alter 

the resulting bio-oil composition in a negative way. Most notably, AAEMs appear 

to suppress and/or suppress the pyrolytic production of levoglucosan out of 

cellulose and favor the production of lighter oxygenates instead.  

This thesis focuses on the pretreatment of sugar cane residues prior to fast 

pyrolysis (500 °C) to produce bio-oils to be considered as a fuel or as a chemical 

platform. First study is centered on the effect of citric acid (CA) pretreatment for 
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removing AAEMs from SCB and SCT and to compare its effectiveness to that of 

other well-known leaching agents such as demineralized water, HCl and H2SO4. 

Both raw and pretreated materials structure, thermal behavior and chemical 

composition are analyzed based on compositional analyses, Fourier transform 

infrared spectroscopy (FTIR-ATR) and thermogravimetric analysis (TGA). The 

influence of leaching temperature (T = 25 – 50 °C) and contact time (t = 1 – 12 h) 

on the removed ash fraction was assessed by using the nonparametric bifactorial 

analysis of variance proposed by Sokal and Rohlf. It was found that the mass 

fraction of ash removed (i.e. by leaching with CA and the reference leaching 

solutions) was in a narrow range (between 38.9 and 54.1%) regardless of 

biomass type and leaching conditions tested. The nonparametric bifactorial 

analysis of the results revealed that the nature of the leaching solution and its 

interaction with contact time are of major significance when demineralizing both 

SCT and SCB but no significance of temperature and its interaction with contact 

time was found. The FTIR-ATR revealed a modification of the xylan fraction and 

the reduction of CO by OH groups, caused by hydrolysis, demonstrating to be 

important for subsequent thermal degradation.  

The biomass samples derived from the previous experimental design were then 

used to evaluate the effect of SCT and SCB leaching by CA (compared with well-

known leaching agents including H2SO4, HCl and water) on the chemical 

composition of the pyrolysis vapors, viz. by applying micro-pyrolysis (Py-GC/MS) 

at 500 °C. As a result, the yields of levoglucosan in the pyrolysis vapors increased 

by 5–8 fold when sugar cane biomasses were leached with acids (i.e. CA or well-

known inorganic acids). Differences in the range of leaching conditions tested 

had only minor influence on the composition of the pyrolysis vapors derived from 

CA pretreated sugar cane residues. CA treatment generally favored the reduction 

in the total production of ketones and furans independently of temperature and 

leaching time.  

Experiments in a bench-scale pyrolysis reactor were conducted to see whether 

the results obtained in Py-GC/MS can be scaled to an actual fast pyrolysis reactor. 

The effects of leaching (25 °C and 1 h) sugar cane trash and sugar cane bagasse 

with CA on the yields and quality of fast pyrolysis bio-oils were studied, a 
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comparison was made with commonly used leaching agents such as water or 

solutions of HCl and H2SO4. The quality of the obtained bio-oils was assessed by 

elemental analysis, total acid number (TAN) and water content determinations, 

combustion calorimetry and gas chromatography-mass spectrometry (GC/MS) 

analysis. Results from the fast pyrolysis of SCT or SCB pretreated with acids 

revealed higher yields on raw-feedstock basis (38–45 wt.%) of the organic bio-oil 

fraction than those from raw and water–leached feedstock, but lower yields of 

water and char. The most important observations related to bio-oils chemical 

composition from leaching with CA are a significant increase of the relative 

abundance of sugars from     15.1% in raw SCT to 44.7% in CA–leached SCT, 

as well as a decrease in carboxylic acids, ketones, furans and phenols with 

respect to the raw biomasses. Also, the bio-oils from the pyrolysis of CA–leached 

SCT and SCB have slightly higher HHVs than those obtained from reference 

leaching solutions (HCl and H2SO4). 

The economic viability of pretreatment will depend on the minimization of CA 

consumption. In this sense, the effect of CA concentration used in pretreatment 

on the demineralization of SCT and SCB was studied. A comparison was made 

with H2SO4 as well-known leaching agent. An additional aim was to identify the 

optimal acid pretreatment concentration and its influence on the chemical 

characteristics of leached biomass and on the chemical composition of pyrolysis 

vapors, viz. by applying micro-pyrolysis. In general, the ash removal was found 

to decrease in both sugar cane residues upon a decrease in the concentration of 

the leaching solution. Small differences in total mass loss were associated with 

the type of biomass and the leaching agent used. The HHV of all pretreated 

samples had negligible differences, although at higher acid concentrations, a 

small reduction was observed. The proximate and ultimate analysis of leached 

SCT and SCB showed similar results for all H2SO4 or CA concentrations tested. 

Py-GC/MS studies at 500 °C of pretreated SCT and SCB showed an increase in 

the production of levoglucosan with respect to the raw feedstock. However, 

ketones production decreased by half or more compared to the raw materials 

irrespective of the acid concentration in pretreatment and the phenols didn’t follow 

any trend. The nonparametric analysis of results revealed that the pretreatment 
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with lowest concentrations for CA (0.096 kgdm−3) and 0.251 kgdm−3 for H2SO4 

have similar influence on the production of levoglucosan than higher 

concentrations tested. When comparing both biomasses, the nonparametric 

analysis demonstrated better results in SCB than in SCT with respect to the 

leaching solution concentration as dependent variable. 

Raw sugar cane bagasse and trash were pretreated with CA having a 

concentration of 0.096 kgdm−3. The pretreatments were performed on a 10 dm3 

scale and compared to the previous results at 0.25 dm3. The suitability of the 

pretreatment parameters established for scale up at 10 dm3 were verified by 

comparing the compositional characteristics of the treated biomasses and its 

products distribution in the vapor phase (by Py-GC/MS analysis) with previous 

results at 0.25 dm3 scale. Bio-oil samples were then obtained on a continuous 

auger pyrolysis reactor. Physicochemical characterization of the bio-oil included 

GC/MS, elemental composition, higher heating value, water and solids content 

and pH. Additionally, dynamic viscosity and stability (ageing) of the bio-oils were 

assessed. The average bio-oil yield on raw-feedstock basis revealed differences 

below 5% between SCT and SCB for both raw and leached with CA. The most 

important observations related to the effect of leaching with CA on the bio-oil’s 

chemical composition are a significant increase of the sugars, as well as a 

decrease of the carboxylic acids and phenols. From the analysis of the properties 

of bio-oils from pyrolysis of sugar cane residues, it is concluded that bio-oil 

samples from both raw or CA–leached SCT and SCB may not be suitable for 

direct use as a fuel but could be valuable as a chemical platform. The poor quality 

of bio-oils obtained from the pyrolysis of raw SCT or SCB makes them difficult to 

be considered as fuel nor for the production of chemical platform molecules. 

A preliminary economic and environmental analysis associated with the 

installation and operation of a 2.5 t∙h−1 pyrolysis plant was carried out. The plant 

was designed for processing sugar cane residues raw (SCT and SCB) or 

pretreated (L-SCT and L-SCB). The analyses are based on comprehensive 

mathematical models and experimental data derived from a bench scale pyrolysis 

reactor using the auger technology. The models were implemented in Aspen One 

v10.0 and describe the heat, momentum and mass balances involved in both the 
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pretreatment and pyrolysis stages presented as four scenarios. These models 

allow gathering basic engineering data; and provide the possibility to identify 

major issues and bottlenecks during the pyrolysis of raw and pretreated feedstock. 

Additionally, a preliminary cost analysis on the process to foresee its potential 

application at industrial scale is presented. Finally, an environmental impact study 

was performed using Life Cycle Assessment (LCA) methodology and extending 

the system boundaries to agriculture and sugar cane industry stages. The 

scenarios that use raw biomass are preferred to those that use pretreatment 

when economic (as well as environmental) aspects are taken into account. 

Although, the lower quality of bio-oils from raw SCT and SCB allows only using it 

as a low quality fuel. On the other hand, the investment costs for installing the L-

SCT plant are in the same order, with the remarkable difference in the quality of 

the bio-oil. This last option could attract the attention as a way to valorize the non-

edible and usually wasted SCT. 
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ABSTRACT (DUTCH) 

 

De verwachte groei van de wereldbevolking en de hierbij horende stijging in de 

vraag naar energie, samen met de volatiliteit van de energiemarkt geven de 

aanleiding tot specifieke onzekerheden in de toekomstige wereldeconomie. Deze 

laatste zijn onder andere terug te vinden in de onzekere vooruitzichten in de prijs 

van ruwe aardolie, en dit zowel op korte als op lange termijn. Cuba is een eiland 

dat niet beschikt over voldoende bewezen reserves aan fossiele grondstoffen om 

op lange termijn economische groei en sociale ontwikkeling te garanderen. De 

belangrijkste energiebron in Cuba vormt aldus geïmporteerde aardolie. Er kan 

dus besloten worden dat de ontwikkeling van hernieuwbare energiebronnen een 

belangrijke rol zal spelen in de toekomstige economie in Cuba. Binnen de 

hernieuwbare energieproductie hebben nevenstromen van de suikerrietproductie, 

zijnde bagasse en suikerrietstro, een belangrijk potentieel. Deze residuën van 

suikerriet staan nu al reeds in voor 3.3% van de landelijke elektriciteitsproductie. 

In tegenstelling tot bagasse, wordt suikerrietstro nog niet voldoende 

gevaloriseerd op de dag vandaag. 

Snelle pyrolyse is een aantrekkelijke alternatieve technologie om 

suikerrietresiduen te verwerken, waarin de vaste biomassa wordt omgezet tot 

een vloeibare bio-olie. Deze bio-olie kan gebruikt worden als een brandstof of 

voor de extractie en synthese van waardevolle chemische bouwstenen. Echter, 

de hoge mate van heterogeniteit en de ondermaatse brandstofeigenschappen 

van bio-olie (bijv. hoge zuurstofinhoud, hoge zuurtegraad, hoge viscositeit,…) 

vereisen het opwaarderen van deze bio-olie. Tegenwoordig focust onderzoek 

zich op het voorbehandelen van de suikerrietresiduen om de problemen 

veroorzaakt door de van nature aanwezige alkali- en aardalkalimetalen (kortweg 

AAEM)  te onderdrukken. In termen van specifieke elementen, zijn vooral K, Mg, 

Ca, Si en Na de belangrijkste anorganische elementen aanwezig in suikerriet. 

Deze elementen hebben een bewezen invloed tijdens het pyrolyseproces, in die 

mate dat ze optreden als katalysator. Deze elementen zijn in staat om de 

opbrengst aan en de stabiliteit van de bio-olie te verminderen, en kunnen de 

samenstelling  van  de  bio-olie  op  een negatieve   manier  beïnvloeden. Meer   
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specifiek, AAEM blijken de productie van levoglucosaan uit cellulose te 

onderdrukken en de productie van lichtere, geoxygeneerde componenten te 

bevorderen. 

Dit proefschrift focust op de voorbehandeling van suikerrietresiduen voor snelle 

pyrolyse (500°C) om bio-oliën te produceren, welke in aanmerking als brandstof 

of als bron van chemicaliën kunnen komen. Een eerste studie richtte zich op het 

effect van een voorbehandeling met citroenzuur met als doel de AAEM uit 

suikerrietbagasse en –stro te verwijderen. De effectiviteit van citroenzuur werd 

vergeleken met beter gekende loogstoffen zoals gedemineraliseerd water, zout- 

en zwavelzuur. De structuur, thermisch gedrag en chemische samenstelling van 

zowel ruwe als voorbehandelde suikerrietresiduen werden geanalyseerd en dit 

op basis van Fourier infrarood spectroscopie (FTIR-ATR) en 

thermogravimetrische analyse (TGA). De invloed van de temperatuur tijdens het 

logen (25 – 50°C) en de contacttijd (1 – 12 u) op de fractie verwijderde mineralen 

in de biomassa werd nagegaan door middel van een niet-parametrische 

bifactoriale analyse van de variantie, volgens de methode voorgesteld door Sokal 

en Rohlf. Er werd vastgesteld dat de verwijderde fractie aan mineralen (door 

loging met citroenzuur en de overige loogstoffen) in een nauw interval begrepen 

lag (tussen de 38.9 en 54.1 %) ongeacht het type biomassa en de geteste 

procesomstandigheden tijdens het logen. De niet-parametrische bifactoriale 

analyse van de resultaten toonde dat de aard van de loogstof en de interactie 

van deze laatste met contacttijd statistisch significant was wanneer zowel 

bagasse als suikerrietstro werden gedemineraliseerd. Geen significant effect van 

loogtemperatuur en de interactie ervan met contacttijd, werd gevonden. De FTIR-

ATR toonde een chemische wijziging van xylaan in de biomassa aan, waarbij 

CO groepen werden gereduceerd tot C-OH groepen, ten gevolge van hydrolyse. 

Deze laatste chemische wijzigingen zijn belangrijk voor het gedrag tijdens 

thermische ontbinding. 

De biomassastalen, al dan niet na voorbehandeling, werden vervolgens gebruikt 

om het effect van loging met citroenzuur (alsook met de beter gekarakteriseerde 

loogstoffen zoals water, zout- en zwavelzuur) op de chemische samenstelling 

van de pyrolysedampen aan te tonen door middel van micropyrolyse (Py-GC/MS) 
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bij 500°C. De resultaten toonden een 5 tot 8-voudige verhoging van 

levoglucosaan in de pyrolysedampen wanneer de biomassa werd voorbehandeld 

door middel van loging met zuren. Verschillen in de geteste 

procesomstandigheden tijdens het logen hadden slechts een kleine invloed op 

de samenstelling van de pyrolysedampen afkomstig van suikerrietresiduen na 

voorbehandeling met citroenzuur. Loging met citroenzuur, in het algemeen, 

bevorderde de reductie van de productie van ketonen en furanen, onafhankelijk 

van de geteste loogtemperatuur en contacttijd. 

Experimenten werden vervolgens op bench-schaal uitgevoerd om te zien of de 

bekomen resultaten van de micropyrolyse kunnen worden opgeschaald in een 

feitelijke snelle pyrolysereactor. De effecten van logen (25°C, 1u) van 

suikerrietbagasse en –stro met citroenzuur op de opbrengst en de kwaliteit van 

bio-olie werden geanalyseerd en een vergelijking werd gemaakt met meer 

gebruikelijke loogstoffen zoals water of zuren (zout- en zwavelzuur). De kwaliteit 

van de bekomen bio-oliën werd getest met elementenanalyse, bepaling van het 

zuurgetal (TAN), bepaling van het watergehalte, stookwaardebepaling en gas 

chromatografie-massaspectrometrie (GC/MS). Resultaten van suikerrietbagasse 

en –stro, voorbehandeld met zuren, toonden hogere opbrengsten aan organische 

bio-olie (38-45 gew.%, op biomassabasis) wanneer vergeleken wordt met deze 

bekomen uit water en niet-voorbehandelde biomassa. De belangrijkste 

waarnemingen met betrekking tot de chemische samenstelling van bio-olie 

verkregen na behandeling van de biomassa met citroenzuur waren een 

significante stijging in de suikers van 15.1% in niet-voorbehandeld stro tot 44.7% 

in citroenzuur-voorbehandeld suikerrietstro, alsook een daling in zuren, ketonen, 

furanen en fenolen in vergelijking met de olie bekomen uit niet-voorbehandelde 

biomassa. Bovendien, de bio-oliën bekomen door pyrolyse van citroenzuur-

voorbehandelde suikerrietstro en –bagasse hadden een iets hogere stookwaarde 

dan deze bekomen uit pyrolyse van biomassa voorbehandeld met de referentie 

loogstoffen (zout- en zwavelzuur). 

De economische haalbaarheid van de voorbehandeling zal afhangen van het 

beperken van het gebruik van citroenzuur. Hiertoe werd het effect van 

citroenzuurconcentratie in de voorbehandeling van suikerrietstro en –bagasse 
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bestudeerd. Een vergelijking werd gemaakt met zwavelzuur als beter gekende 

loogstof. Een bijkomend doel was om de optimale zuurconcentratie in de 

voorbehandeling te bepalen en de invloed ervan op de samenstelling van de 

pyrolysedampen in kaart te brengen, en dit door middel van micropyrolyse. In het 

algemeen werd een daling in de verwijdering van mineralen vastgesteld wanneer 

de concentratie van het zuur daalde in de voorbehandeling van suikerrietstro en 

–bagasse. Kleine verschillen in massaverlies werden geassocieerd met het type 

biomassa en het type loogstof dat werd gebruikt. De stookwaarde van alle 

voorbehandelde biomassa’s had verwaarloosbare verschillen, hoewel bij hogere 

concentratie aan zuur, een kleine daling werd vastgesteld. De proximale en 

elementenanalyse van geloogd suikerrietstro en bagasse toonden gelijkaardige 

resultaten voor alle geteste concentraties citroen- en zwavelzuur. Micropyrolyse 

bij 500°C van geloogd suikerrietstro en –bagasse toonde een verhoging in de 

productie van levoglucosaan aan, en dit in vergelijking met de niet-

voorbehandelde biomassa. Echter, ketonproductie daalde met de helft in 

vergelijking met niet-voorbehandelde biomassa, ongeacht de concentratie van 

het zuur in de voorbehandeling, en fenolen volgen geen specifieke trend. De niet-

parametrische analyse van de resultaten toonde aan dat de voorbehandeling met 

de laagste citroenzuurconcentratie (0.096 kg.dm-3) en zwavelzuurconcentratie 

(0.251 kg.dm-3) een gelijke invloed had op de productie van levoglucosaan dan 

de hogere zuurconcentraties die werden getest. Wanneer beide biomassa’s 

onderling werden vergeleken door middel van niet-parametrische analyse, 

werden er betere resultaten opgemerkt in bagasse in vergelijking met 

suikerrietstro met betrekking tot zuurconcentratie als de geteste variabele. 

Suikerrietstro- en bagasse werden voorbehandeld met citroenzuur (aan een 

concentratie van 0.096 kg.dm-3). De voorbehandeling werd uitgevoerd op een 10 

dm³ schaal en vergeleken met eerdere resultaten op 0.25 dm³ schaal. Bio-olie 

stalen werden bekomen in een continue schroefreactor. Fysicochemische 

karakterisering van de bio-olie hield o.a. in GC/MS, elementensamenstelling, 

stookwaarde, water en deeltjesconcentratie, en pH. Bijkomend werd de 

viscositeit en de stabiliteit van de bio-oliën getest. De gemiddelde olieopbrengst 

(op biomassabasis) toonde verschillen aan kleiner dan 5% voor de bagasse en 
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stro, al dan niet voorbehandeld met citroenzuur. De belangrijkste waarnemingen 

met betrekking tot het effect van zure voorbehandeling met citroenzuur zijn een 

sterke stijging van de suikers, alsook een daling van de zuren en de fenolen in 

de bio-olie. Uit de fysicochemische analyse van de bio-oliën werd besloten dat 

deze bekomen uit citroenzure voorbehandeling van suikerrietbagasse en –stro 

niet geschikt zijn voor rechtstreeks gebruik als brandstof, maar waardevol kunnen 

worden aangewend voor de extractie van chemicaliën. De lage kwaliteit van bio-

oliën bekomen uit niet-voorbehandelde biomassa heeft tot gevolg dat deze niet 

geschikt kunnen worden geacht noch als brandstof, noch voor de productie van 

chemicaliën. 

Een preliminaire economische en milieu-analyse toegepast op een hypothetische 

2.475 kg∙u−1  verwerkende (industriële schaal) pyrolyse-eenheid werd uitgevoerd. 

De installatie werd ontworpen voor de verwerking van suikerrietstro en –bagasse, 

al dan niet voorbehandeld met citroenzuur. De analyses zijn gebaseerd op 

procesmodellen en experimentele data uit eerdere bench-schaal testen met de 

schroefreactor. De procesmodellen werden geïmplementeerd in Aspen One 

v10.0 en beschrijven de behoudsvergelijkingen van energie, momentum en 

massa in zowel de voorbehandeling als de pyrolyse in elk van de 4 scenario’s. 

Deze procesmodellen stellen in staat om basisgegevens te verzamelen, en om 

de mogelijke problemen en flessenhalzen te identificeren tijdens de 

voorbehandeling en pyrolyse van de suikerrietresiduen. Tevens werd een 

preliminaire kostenanalyse uitgevoerd om te zien wat de economische 

haalbaarheid op industriële schaal is. Tenslotte werd de milieu-impact nagegaan 

door middel van een levenscyclusanalyse (LCA) waarbij de systeemgrenzen 

werden uitgebreid om ook de productie (landbouw) en suikerrietverwerking te 

omvatten. De scenario’s die uitgaan van niet-voorbehandelde biomassa genieten 

de voorkeur boven deze die uitgaan van een citroenzure voorbehandeling 

wanneer zowel economische haalbaarheid als milieu-impact in rekening worden 

gehouden. Hierbij dient wel de kanttekening te worden gemaakt dat deze 

laatstgenoemde scenario’s aanleiding geven tot een laag-kwalitatieve bio-olie. 

Echter, de investeringskost van een installatie met zure voorbehandeling was van 

dezelfde  grootte-orde  als   deze   waar   de   voorbehandeling   ontbreekt,   en
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eerstgenoemde geeft aanleiding tot hoogwaardige bio-olie. De installatie met 

zure voorbehandeling is een aantrekkelijke optie om suikerrietstro, een niet-

eetbare en onderbenutte biomassastroom, te valoriseren. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

In this introduction, a general overview of available literature is presented. The 

global energy market is analyzed emphasizing on energy production 

technologies and the energy policy in Cuba, highlighting the role of the sugar 

industry in this sector. Also, the main thermochemical technologies to convert 

biomass into energy, transportation fuels, and chemicals are analyzed. A brief 

introduction into fast pyrolysis of biomass and the technological developments 

are provided, while a separate section is dedicated to sugar cane residues. 

Finally, the aims and outline of the following chapters are given. 
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1. General introduction 

1.1. Global energy market and trends 

Today, fossil fuel resource availability is decreasing. On the other hand, the 

world’s population is growing and is aiming to further increase the standards of 

living which have led to an increase in energy demand. The need for waste 

reduction and preserving a clean environment is persisting and cannot be ignored 

(El-Sayed, 2003). By 2040, the world’s population will reach nearly 9 billion 

people (a growth of more than 25% from 2010 to 2040), which means an 

additional 2 billion people adding to the current demand of energy. The majority 

of the population growth is increasingly concentrated in the African continent, in 

India and in most other developing countries (British Petroleum, 2013, Exxon 

Mobil, 2018). Consequently, it is expected that the global energy demand 

(Fig.1.1) will increase by 25%, even with significant efficiency gains that can arise 

for different reasons (Exxon Mobil, 2018). 

 

Fig.1.1. Predicted future world’s energy demand (Exxon Mobil, 2018). 

Market volatility and different assumptions, met with specific uncertainties, about 

the future of the world economy are reflected in the range of oil price projections 

for both the near and long term (Maisonnier, 2013). 
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1.2. Cuba and its energy framework 

Cuba is a small island developing state (SIDS) working on a prolonged recovery 

period from the dissolution of favourable trade agreements with the former Soviet 

Union for the import of crude oil and petroleum products. As others SIDS, the 

country lacks sufficient proven fossil energy resources to support sustainable 

long term economic and social development (International Atomic Energy Agency, 

2008). The country has not reached a higher level of economical development 

due to external and internal factors (Suárez et al., 2012). The largest source of 

domestic fossil energy production comes from oil with 2.9106 t in 2014. 

The National Renewable Energies Front created in 2002 by the Executive 

Secretariat of the Council of Ministers outlined a Cuban green energy 

development program, which regrettably, has been fulfilled only to a low 

percentage (Alonso-Pippo et al., 2008). However, there were a number of 

problems that constrained the development of renewable energy sources in Cuba; 

these include the lack of adequate data on actual energy potential, lack of local 

capability to manufacture energy equipment and spare parts and lack of financial 

support (Suárez et al., 2012). The domestic oil production has stayed above 

2.6106 t since 2009. However, the imports of this fuel are around 4106 t (National 

Office of Statistics (Cuba), 2018). Hence the importance of the promotion and 

development of renewable sources of energy and increasing domestic oil 

extraction.  

Currently, the supply of renewable energy besides biomass is made up by hydro, 

windpower, and solar systems in a very small percentage distributed as 

presented in Fig.1.2 (National Office of Statistics (Cuba), 2018). In 2013, 

renewable sources of energy in Cuba accounted for 4.3% of the total electricity 

production. The sugar agro-industry provides 3.3% of energy by co-generation 

using bagasse as fuel. The nickel industry in Cuba produced 1% of the total gross 

generation of electricity by co-generation (National Office of Statistics (Cuba), 

2018).  
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Fig.1.2. Distribution of energy supply by sources in Cuba and the projected 

growth for 2030 compared to 2013 (Guerra, 2015, National Office of Statistics 

(Cuba), 2018). 

1.3. Cuba’s energy policy 

In 2012, the Cuban government, created the Governmental Commission for 

Policy Development for the prospective development of renewable energy 

sources during the time period 2014–2030. An important principle included in this 

policy is that the use of renewable energy sources should be projected, both in 

the generation of electricity connected to the National Electricity Energy System 

(NEES) grid and in the reduction of consumers’ energy demand. The power 

generation program for the development of renewable sources of energy includes 

among other aspects the installation of 13 wind farms with a total capacity of 633 

MW, 25 thermal power plants (i.e. bioenergy plant to produce clean electric 

energy) using bagasse as the main source of energy adjacent to sugar mills (870 

MW), solar photovoltaics (700 MW) and 56 MW generated by 74 hydroelectric 

dams (National Electrical Union of Cuba, 2015) by 2030. The energy policy is 

planning in 2030 a electrical power supply of 24% covered by renewable energy, 

and especially an increased use by 11.5% of biomass compared to 2013 (Guerra, 

2015, National Office of Statistics (Cuba), 2018). 

1.4. Sugar cane industry and the energy sector in Cuba 

Until 2001, Cuba had 156 active sugar mills. Sugar cane production has fallen 

from 82106 t in 1990 to 23.8106 t in 2004 with a decrease in efficiency and a 

reduction in harvesting areas during the crisis (National Office of Statistics 

(Cuba), 2018). At present, there are more than 70 active sugar factories, but the 

use of each of them during the milling season depends on the local availability of 
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sugar cane (Alonso-Pippo et al., 2008). In 2015, only 56 of them produced sugar 

(Group 4: Sugarcane biomass, 2015). Two main biomass residues, sugar cane 

bagasse and trash, are derived from the production of sugar from cane. 

Sugar cane bagasse (SCB) is the fibrous waste byproduct after the recovery of 

sugar juice via crushing and extraction (Alonso Pippo et al., 2011, Dahiya, 2014). 

The sugar cane trash (SCT) is composed of sugar cane leaves (green and dry) 

and cane tops (Alonso Pippo et al., 2011, Franco et al., 2013). Until the previous 

century, sugar cane varieties grown were developed mainly for sugar and ethanol 

production for energy (transportation fuel). SCT and SCB are composed of 

cellulose (32–48 wt %, d.b), hemicellulose (23–32 wt %, d.b), lignin (13–24 wt %, 

d.b) and ash (1.7–8 wt %, d.b) (Franco et al., 2013, IEA Bioenergy Task 32, 2014). 

Other biomasses such as rice straw have different composition of cellulose (54.6 

wt %), hemicellulose (32.5 wt %), ligning (11.9 wt %) and ash (11.6 wt %) than 

that of sugar cane lignocellulosic residues (Lee et al., 2005). About 80% of the 

sugar cane harvest is mechanized and cleaned of trash at the storing and 

cleaning centers (SCC). Typically, a SCC can collect 40–50 t of SCT per day, 

which facilitates its collection, handling, transportation, and later conversion into 

energy. Additionally, the country has a well-developed rail network allowing all 

SCC to be connected by train to the nearest mill (Alonso-Pippo et al., 2008). The 

procedure of harvesting does not prevent the contamination of SCT with soil 

particles. The presence of soil particles and therefore the higher trash’s ash 

content make this biomass less suitable for use in common boilers (Alonso Pippo 

et al., 2011).  

On the other hand, bagasse is usually burnt in low-efficiency boilers as a way of 

saving on the costly disposal of surplus bagasse (i.e. the amount not used in co-

generation), and the co-generation systems use back pressure steam turbines 

with low pressure at low temperature (typically 1.9–21 MPa, 573 K). The process 

does not produce energy in an efficient, cost-effective manner (Alonso-Pippo et 

al., 2008). The Cuban sugar industry has 470 MW connected by 33 kV in 68 

plants (sugar factories, refineries and distilleries) (Group 4: Sugarcane biomass, 

2015). The existing steam supply and power generation at the sugar mills 

produces 95% of the total electricity required by the sugar mill but at the moment, 

as a general rule, sugar mills do not export electricity to the NEES grid. They 
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generate an average of 20–25 kWht−1 of sugar cane (Alonso Pippo et al., 2007).  

In 2011, AZCUBA Group have the responsibility for sugar production, its 

derivatives and electricity co-generation. This group leads the program of the 

construction, assembly and start-up of 25 thermal power plants (Fig.1.3), for 

electricity generation from sugar cane residues (i.e. bagasse or a mixture of 

bagasse and max. 20% trash), in the period 2016–2027.  

The thermal power plants (i.e. bioenergy plant to produce clean electric energy) 

are mainly integrated by one or two boilers and one or two turbo-generators to 

supply the sugar mill with exhaust steam and electricity needed for the sugar 

manufacturing process. The surpluss electrical power could be exported to the 

NEES, i.e. around 1 000 GWhyear−1 (Barrios, 2017, Group 4: Sugarcane 

biomass, 2015). 

Fig.1.3. Bio-electric plant localizations programmed to be installed throughout 

Cuba in the period of 2016–2027, adapted from (Group 4: Sugarcane biomass, 

2015). 

1.5. Biomass-to-energy technologies 

The difficulty of biomass and residues to be handled, stored, or transported is the 

major motivation for the conversion of solid biomass into liquid and gaseous fuels, 

which have the advantage to be more energy dense and can be handled and 

stored relatively easily. Biomass can be converted to fuels through four major 

routes (Fig.1.4): physical, chemical, biochemical and thermochemical conversion 

(Bridgwater, 2006, Basu, 2013). 
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Fig.1.4. Major conversion routes to energy and fuels. Based on (Bridgwater, 

2006, Basu, 2013, Pant and Mohanty, 2014, Dahiya, 2014). 

Physical or mechanical processing and biological conversion processes are well 

established and are commercially available with performance guarantees 

(Bridgwater, 2006). The thermochemical conversion process (pyrolysis) offers 

high solid-to-liquid conversion efficiencies. Thermochemical conversion gives 

multiple and often complex products, with catalysts often used to improve the 

product quality or spectrum, and takes place in very short reaction times of 

typically seconds to minutes (Basu, 2013). 

1.5.1. Thermochemical conversion of lignocellulosic residues into biofuels 

The product distribution is the most important difference between fast pyrolysis, 

gasification, carbonization, and torrefaction. For instance, the primary motivation 

of torrefaction is to maximize energy and mass yields with a reduction in oxygen 

to carbon and hydrogen to carbon ratios. The objective of carbonization is the 

increase of carbon content of organic materials through thermochemical 

decomposition. Meanwhile, fast pyrolysis aims to maximize liquid production 

instead of char (Basu, 2013). The main characteristics of these processes are 
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presented below.  

1.5.1.1. Torrefaction 

Torrefaction may be described as a thermochemical process in an inert or limited 

oxygen environment where biomass is slowly heated to within a specified 

temperature range and retained there for a specific time such that it results in 

near complete degradation of its hemicellulose content while maximizing mass 

and energy yields of the resulting solid product (Basu, 2013). The aim is to 

increase the energy density of biomass. Requirements for this process are slow 

heating rates, long residence times and temperatures between 200 and 320 °C 

(Wigley et al., 2015). In torrefaction, biomass becomes hydrophobic instead of 

hydrophilic (Koppejan et al., 2012). The Fig. 1.5 shows the three main steps of 

the torrefaction process: biomass grinding, drying and torrefaction (Acharya et 

al., 2012).  

 

Fig.1.5. Conceptual principle for directly heated, two stage torrefaction with gas 

recycling (Acharya et al., 2012). 

This process prepares biomass for further use and can be considered as a 

pretreatment making the biomass lose its fibrous nature so that it becomes easily 

grindable (Alonso Pippo et al., 2011). The type of biomass is an important 

parameter in the torrefaction process, its composition determines its behavior 

(Prins et al., 2006). Suitable biomass resources for torrefaction are clean and dry 

lignocellulosic biomass, containing substantial fractions of cellulose, 

hemicellulose and lignin (Koppejan et al., 2012). 
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1.5.1.2. Carbonization  

Carbonization (also known as slow pyrolysis) has some important differences 

with torrefaction although they are similar in many aspects. Both carbonization 

and torrefaction require relatively slow rates of heating (Basu, 2013). 

Carbonization covers a broad range of processes by which the carbon content of 

organic materials is increased through thermochemical decomposition. However, 

for biomass it can be considered in a more restrictive sense as a process for 

production of charcoal by slowly heating (Fig. 1.6) it to the carbonization 

temperature (>300 °C) in an oxygen-starved atmosphere. Carbonization 

produces more energy dense fuel than torrefaction, but it has much lower energy 

and mass yields (Basu, 2013). 

 

Fig.1.6. Scheme of a carbonization process. Adapted from (Wang et al., 2013). 

1.5.1.3. Gasification 

Gasification can convert any carbonaceous fuel into a gaseous product with a 

usable heating value (Higman and van der Burgt, 2003). In this process the entire 

structure of the biomass is lost in the formation of simple molecules like H2, CO, 

CH4 and light hydrocarbons (Drummond and Drummond, 1996). The success of 

gasification as a process is not only due to the fact that gas is easier to handle 

than a solid fuel. There is also a chemical reason, where the average of 72% of 

the heating value of the fuel carbon is conserved in the gas. The gasification 

process takes place in a partial oxidative atmosphere and at temperatures in the 

range 800–1800 °C, the temperature depends on the characteristics of the 

feedstock, in particular the softening and melting temperatures of the ash. 
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Feedstocks for gasification may vary from natural gas to heavy oil residues and 

coal. Furthermore, waste streams and biomass may be used as well (Higman 

and van der Burgt, 2003) which require proper characterization in terms of 

moisture, size, ash and inerts (Maniatis, 2008). The resulting gas of biomass 

gasification is a mixture of carbon monoxide, hydrogen and methane, together 

with carbon dioxide and nitrogen (Balat et al., 2009a). The first step in the 

biomass gasification process is a thermochemical decomposition of the cellulose, 

hemicelluloses and lignin compounds with the production of char and volatiles 

(Balat, 2009). Subsequently, gasification of char and other equilibrium reactions 

occur. Tar formation during the process is one of the major problems in biomass 

gasification (Balat et al., 2009a). A system for power production by means of 

fixed-bed gasification of biomass is shown in Fig. 1.7. It consists of the main 

gasifier unit, a gas cleaning system and an internal combustion engine (Balat et 

al., 2009a). 

Applications of biomass gasification mainly include its gaseous product but the 

production of chemical feedstock is also an important application (Basu, 2013). 

The gaseous product can potentially be used in the synthesis of liquid 

transportation fuels, H2, or chemicals (Balat et al., 2009a). For example, partial 

oxidation of methane gas is widely used in production of synthetic gas, or syngas, 

which is a mixture of H2 and CO. Syngas can be used for the production of liquid 

hydrocarbons by the Fischer-Tropsch synthesis method. 
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Fig.1.7. Scheme of a biomass conversion system for power generation by 

gasification. Adapted from (Balat et al., 2009a, Baldwin et al., 2012). 

1.5.1.4. Pyrolysis 

Pyrolysis can be described as the thermochemical decomposition of biomass by 

heat into a range of useful products, either in the total absence of oxidizing agents 

or with a limited supply that does not permit gasification to an appreciable extent 

(Bridgwater, 2003, Sanchez-Silva et al., 2012). The pyrolysis process also 

constitutes several initial reaction steps which are essential in a gasifier. During 

the process, large complex molecules break down into relatively smaller and 

simpler molecules and redistribute into three product phases: liquids and gas, 

next to the formation of char. Pyrolysis is typically carried out in  temperature 

range of 300–650 °C (Basu, 2013). 

The initial products of pyrolysis are made up by condensable vapors and solid 

char – these are to so-called primary pyrolysis products. The condensable vapors 

may break down further into non-condensable gases (CO, CO2, H2, and CH4) as 
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well as into liquids and additional char. This decomposition, which is also known 

as secondary reactions, occurs partly through gas-phase homogeneous 

reactions and partly through gas–solid-phase heterogeneous reactions. In gas-

phase reactions, the condensable vapors are cracked into smaller molecules of 

non-condensable gases such as CO and CO2.  

The pyrolysis process may be represented by a generic reaction such as: 

𝐶𝑛𝐻𝑚𝑂𝑝 (𝑏𝑖𝑜𝑚𝑎𝑠𝑠)  
ℎ𝑒𝑎𝑡
→   ∑ 𝐶𝑥𝐻𝑦𝑂𝑧 +

𝑙𝑖𝑞𝑢𝑖𝑑
 ∑ 𝐶𝑎𝐻𝑏𝑂𝑐

𝑔𝑎𝑠
+ 𝐻2𝑂 + 𝐶 (𝑐ℎ𝑎𝑟) 

The nature of its products depends on several factors, including the final 

temperature reached by the biomass and heating rate. From the standpoint of the 

heating rate, pyrolysis may be broadly classified as being slow (theating >> tr) and 

fast (theating << tr), 1000–10,000 C−1, where theating is the time required to heat the 

fuel to the pyrolysis temperature and tr is the characteristic pyrolysis reaction time 

(Basu, 2013).  

In fast pyrolysis, the vapor residence time is in the order of seconds (< 2s) or 

milliseconds (Basu, 2013). The major benefit of fast pyrolysis technology over 

combustion or gasification technologies is that it could effectively decouple fuel 

production from its application, both in time and in space, see Fig. 1.8 (Lu et al., 

2009). 

Fig.1.8. Biomass fast pyrolysis platform. Adapted from: (Bridgwater, 2012). 

Pyrolysis of biomass to bio-fuel has to overcome challenges such as 

understanding the trade-off between the size of the plant and feedstock, 

improvement of the reliability of pyrolysis reactors and processes to become 
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viable for commercial application. Pyrolysis bio-oil needs to overcome many 

technical, economic and social barriers to compete with tradition fossil fuels. 

Some adverse properties of crude bio-oil make it unsuitable for the direct use as 

a transportation fuel or as a source for the production of fuels and chemicals 

including, its high water content (15–30%), the high oxygen content (35–40 wt.%), 

its corrosiveness (pH of 2–3), the low heating value if compared to fossil fuels 

(LHV of approximately 17 MJkg−1), poor volatility, and the presence of small 

particulates (Czernik and Bridgwater, 2004, Bridgwater, 2012). The production of 

bio-oil of high enough quality to be used as a heating fuel and modifying engines, 

turbines, and boiler combustion systems to run on bio-oil are the main challenges. 

There are particular health and safety problems associated with pyrolysis, like the 

production of highly explosive and flammable gases (btbtErnsting, 2015). 

Some authors (Lu et al., 2009, Balat et al., 2009b, Venderbosch and Prins, 2010, 

Bridgwater, 2012, Basu, 2013) summarized the essential features of a fast 

pyrolysis process for producing liquid as the following: 

 Size of biomass particles between 1–3 mm is required to be fed because of 

their low thermal conductivity. Very high heating (i.e. 10–200 K·s−1) and heat 

transfer rates are essential at the biomass-particle reaction interface, 

 Carefully controlled fast pyrolysis reaction temperature of ca. 500 °C, 

 Short vapor residence times in the reactor, both inside the decomposing 

particle and in the equipment before the condenser, of typically less than 2 s 

to minimize secondary reactions, 

 Rapid removal of produced char to minimize cracking of vapors, 

 Rapid cooling and quenching of pyrolysis vapors and aerosols to give the bio-

oil product. 

Such conditions would then lead to a maximum yield of crude bio-oil as the main 

product with yields of around 65 wt.% (dry-feed basis). The yields of by-products 

of the process (char and non-condensable gases) are reported to be around 15–

25 wt.% and 10–20 wt.%, respectively (Mohan et al., 2006). Practically any form 

of biomass can be considered for fast pyrolysis. The most used has been wood 

because of its consistency and comparability between tests, but over 100 

different biomass types have been tested by many laboratories, ranging from 
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agricultural wastes to energy crops, forestry wastes and solid wastes (Bridgwater, 

2012). However, there could be some limitations in their use, for example, the 

municipal solid waste or sewage sludge contains sulfur, a high amount of 

inorganic materials and may have a high moisture content. The latter (moisture 

content) must be kept below a certain limit (i.e. 30 wt %) to allow pyrolysis to 

proceed. Additionally, for fast pyrolysis the particle size must be kept sufficiently 

small. As such, municipal solid waste may require extensive processing before 

conversion (drying, sorting, size reduction,…) which increases the costs of the 

pyrolysis process. 

Although research and development is now paying attention to control, 

improvement in liquid quality and progress in liquid collection systems, the 

developing and testing of different reactor configurations on a variety of 

feedstocks continue to be a concern (Bridgwater, 2012). A number of reactor 

designs have been explored, viz. circulating and bubbling fluidized beds, ablative, 

entrained flow, rotating cone, auger, and vacuum pyrolysis reactors (Mohan et 

al., 2006, Venderbosch and Prins, 2010, Bridgwater, 2012). In section 1.5.2 the 

main reactor configurations will be discussed.  

However, fast pyrolysis also faces technological challenges. The major drawback 

of fast pyrolysis bio-oil is its highly oxygenated nature resulting in less beneficial 

properties such as low stability, corrosiveness and a lower heating value than 

that of fossil fuels (Lu et al., 2009). Chemically, pyrolysis oil constitutes 100’s of 

oxygenated species (aldehydes, ketones, acids, etc.) which during storage can 

react and polymerize resulting in a deterioration of the bio-oil, a process also 

known as ‘bio-oil ageing’ (Carrier et al., 2012). Specifically with respect to fast 

pyrolysis of sugar cane bagasse and agricultural residues, lower stability is further 

promoted by the rather high ash content of SCB and SCT (esp. compared to 

wood) and its tendency to induce fine particle carry-over or entrainment into the 

bio-oil during fluidized bed pyrolysis (Perez et al., 1998b, Das et al., 2004, 

Patwardhan, 2010). Salts containing sodium, potassium, magnesium and 

calcium are the major minerals found in biomass ash, these elements are part of 

the alkali and alkaline earth metals – further denoted as AAEM in this dissertation. 

During pyrolysis, these minerals, especially AAEMs, act as catalysts and possess 

a great potential to alter the resulting bio-oil composition (Patwardhan, 2010). 
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Carry-over of ash particles could also prove detrimental to internal combustion 

engines or turbines if the bio-oil is used as a fuel. In order to overcome mentioned 

difficulties associated with bagasse fast pyrolysis, potential solutions exist: on the 

one hand alternative pyrolysis reactor configurations can be employed which do 

not rely upon high fluidization gas flow rates, such as vacuum pyrolysis reactors 

and rotating screw or rotating cone reactors, however they have no influence over 

the catalytic effect of ash during pyrolysis. On the other hand, the feedstock could 

be pretreated prior to pyrolysis to reduce its ash content. In terms of specific metal 

ions, Si, Na, K, Mg and Ca are generally the major inorganic components in the 

sugar cane (Piskorz et al., 1998, Das et al., 2004). 

1.5.2. Reactors in fast pyrolysis 

According to the objective of pyrolysis, to produce the maximum amount of liquid, 

some operating variables need to be properly chosen. These operating variables 

include heating rate, maximum temperature, and the duration of the process. 

These choices also decide what kind of reactor has to be used. Different types of 

pyrolysis reactors have been developed. Based on the gas–solid contacting 

mode, they can be broadly classified as fixed bed, fluidized bed, and entrained 

bed, and then further subdivided depending on design configuration. Here are 

listed some of the major pyrolyzer designs for fast pyrolysis (Basu, 2013): 

 Bubbling fluidized beds 

 Circulating fluidized beds (CFB) and transported beds 

 Rotating cone 

 Ablative 

 Auger 

 Vacuum  

 Entrained flow 

 Fixed or moving bed 

 Microwave assisted pyrolysis 

 Hydropyrolysis 

1.5.2.1. Bubbling fluidized bed  

Bubbling fluidized beds use mostly solid–solid heat transfer (Basu, 2010, Basu, 

2013). This type of pyrolyzer has simple construction and operation that make it 
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a well understood technology. It offers good temperature control, limited turn-

down capability, and very efficient heat transfer to biomass particles arising from 

the high solids density (Bahng et al., 2009, Bridgwater, 2012). A typical layout 

using an electrostatic precipitator for coalescence and collection of what are 

referred to as aerosols is presented in Fig.1.9 (Bridgwater, 2012). 

 

Fig.1.9. Bubbling fluidized bed with electrostatic precipitator (Fermoso et al., 

2019). 

In this reactor, biomass particles are introduced into a bed of hot sand fluidized 

by an inert gas such as a recirculated product gas (Bridgwater, 2012, Basu, 

2013). The high heat transfer rates from fluidized sand cause rapid heating of 

biomass particles and some ablation by attrition with the sand particles occurs. 

Fluid-bed pyrolyzers give good and consistent performance with high liquid 

yields, i.e. pyrolysis of wood typically yields about 70–75% liquids on dry basis. 

Small biomass particle sizes of less than 2–3 mm are needed to achieve high 

biomass heating rates, and the rate of particle heating is usually the rate-limiting 

step (Bridgwater, 2012). Entrained char particles are separated from the vapors 

using single- or multistage cyclones (Basu, 2013). 

Fluidized bed pyrolysis is one of the most practical reactor options and it has been 

widely used in lab-scale, bench-scale and pilot-scale plants owing to the excellent 

heat transfer and mixing capabilities, simplicity, relatively low capital, operating 
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and energy costs, and relatively low temperature and gas/solid ratio (Balat and 

Balat, 2009, Lira et al., 2013). However, bubbling fluidized bed reactor have 

limited turn-down capability, and tar cracking catalysts can be added to the bed 

(Bahng et al., 2009). 

1.5.2.2. Circulating fluidized bed 

A CFB reactor system works on the same principle as the bubbling fluidized bed 

with the exception that the bed is highly expanded and solids continuously recycle 

around an external loop comprising a cyclone and loop seal. Fig.1.10 presents a 

typical configuration of CFBs.  

 

Fig.1.10. Circulating fluidized bed reactor (Fermoso et al., 2019). 

They also have many of the features of bubbling beds, except that the residence 

time of the char is almost the same as for the vapors and gas (Bridgwater, 2012). 

These reactors are characterized by good temperature control in the reactor and 

constitute a well understood technology (Bahng et al., 2009) with high heat 

transfer rates, high char abrasion and char erosion leading to high amounts char 

in the liquid product (Adam, 2005, Alauddin et al., 2010). Furthermore, solids 

recycle is required as well (Adam, 2005).  

CFB technology is widely used in the petroleum and petrochemical industry and 
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is potentially suitable for larger throughputs even though the hydrodynamics are 

more complex. Heat supply is usually from recirculation of heated sand from a 

secondary char combustor, which can be either a bubbling or circulating fluid bed, 

the heat transfer is a mixture of conduction and convection in the riser 

(Bridgwater, 2012). 

1.5.2.3. Rotating cone 

The rotating cone reactor (Fig. 1.11) was invented at the University of Twente 

and developed by Biomass Technology Group B.V. (BTG). It operates as a 

transported bed reactor, in which the transport is affected by centrifugal forces in 

a rotating cone rather than by a gas (Bridgwater, 2012). Some of the key features 

of these type of reactors are: very short solids residence times (0.5 s) and a small 

gas-phase residence time (0.3 s) (Basu, 2013).  

 

Fig.1.11. Rotating cone reactor, early prototype on the left and its role in an 

integrated fast pyrolysis process on the right (Fermoso et al., 2019). 

Centrifugation drives hot sand and biomass up a rotating heated cone, vapors 

are collected and processed conventionally; char is burned in a secondary 

bubbling fluid bed combustor. Liquid yields of 60–70% on dry feed are typically 

obtained, the hot sand is recirculated to the pyrolyzer. As with CFB and 

transported beds, all the char is burned, which means it is not considered a 

byproduct, although the char could in principle be separated and recovered if an 

alternative heating source is provided (Bridgwater, 2012).The absence of a 

carrier gas is an advantage of this process (with respect to the required size of 

the condenser).  



Chapter 1: General introduction                                                                                     

 

 

19 

1.5.2.4. Ablative reactor 

Ablative pyrolysis involves creation of high pressure between a biomass particle 

and a hot (moving) reactor wall. The mode of reaction in ablative pyrolysis is like 

melting butter in a frying pan where heat is transferred from the hot reactor wall 

to “melt” wood that is in contact with it under pressure (Bridgwater, 2001, 

Bridgwater, 2012, Basu, 2013). The system is more intensive and the process is 

mechanically driven so the reactor is more complex (Bahng et al., 2009). It is 

substantially different in concept compared with other methods of fast pyrolysis. 

In other pyrolysis methods, the rate of reaction is limited by the rate of heat 

transfer through the biomass particles, which is why small particles are required. 

The residual oil film formed after the biomass is mechanically moved away and 

provides lubrication for successive biomass particles and also rapidly evaporates 

to give pyrolysis vapors which are collected the same way as in other pyrolysis 

processes. The rate of reaction is strongly influenced by pressure of the biomass 

onto the heated surface, the relative velocity of the biomass with respect to the 

heat exchanging surface and the reactor surface temperature. Aston University 

has developed an ablative plate reactor (see Fig. 1.12) in which liquid yields of 

70-75 wt.% on dry-feed basis are obtained (Bridgwater, 2012).  

Some of the key features of ablative pyrolysis are therefore as follows 

(Bridgwater, 2001, Bridgwater, 2012, Basu, 2013): 

 Reactor wall temperature should be less than 600 °C, 

 Large feed sizes can be used,  

 Reaction rates are limited by heat transfer to the reactor, not to the biomass, 

 Inert gas is not required,  

 The reaction system is more intensive, 

 The process is surface area-controlled so scaling is less effective and more 

costly, 

 The reactor is mechanically driven and is thus more complex. 
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Fig.1.12. Ablative fast pyrolysis reactor (Fermoso et al., 2019). 

1.5.2.5. Auger reactor 

Screw or auger reactors mechanically push or shake biomass through a hot 

reactor rather than using fluids to increase heat transfer (Babu, 2008, Bridgwater, 

2012). The principle of an auger reactor system is given in Fig. 1.13. Heat can be 

provided internally by heat carriers such as hot sand, steel or ceramic balls, or by 

external heating.  

 

Fig.1.13. Auger/screw reactor (Fermoso et al., 2019). 

The nature of mechanically driven reactors is that very short residence times 

comparable to fluid and circulating fluid beds are difficult to achieve, and hot 

vapors residence times can range from 5 to 30 s depending on the design and 

size of reactor. This type of reactors is particularly suitable for feed materials that 

are difficult to handle or feed, or are heterogeneous (Bridgwater, 2012). This 

reactor does not dilute the pyrolysis vapors with a carrier or fluidizing gas (Bahng 
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et al., 2009). The liquid product yield tends to be somewhat lower than fluid beds 

(Bridgwater, 2012).  

The auger reactor has some advantages over the other reactor configurations. 

Its design reduces energy costs, the reactor is robust and compact in size, 

requires little (or no) consumption of carrier gas, and lower processing 

temperatures (400 °C) are possible (Bahng et al., 2009, Vanwonterghem, 2012). 

Other advantages can be taken into account such as high heating rates when 

heated by an externally supplied heat carrier (e.g. sand, catalyst, or a sand-

catalyst blend), feedstock flexibility and anticipated processing capacities from 50 

to 100 tday−1.  

In auger reactors, the biomass residence time is a function of the length and the 

turning frequency of the auger screw (Puy et al., 2011, Liaw et al., 2012). 

Practically, the biomass feedstock and the heat carrier stay in contact on the 

auger (screw) for a time necessary to complete the biomass devolatilization. 

Solids (heat carrier and char) and pyrolysis vapors are then physically separated 

at the end of the screw. The bio-oils produced in auger reactors also have the 

same range of calorific values as those reported in fluidized or fixed bed reactors 

(Bardalai, 2015).  

One example of this technology is the fast pyrolysis reactor developed by 

researchers of Karlsruhe Institute of Technology to convert straw to pyrolysis oil 

and char. The oil and char, when recombined, serve as a high-energy slurry 

feedstock for entrained flow gasification. The reactor design is adopted from the 

Lurgi-Ruhrgas twin-screw mixer reactor that was developed decades ago for oil 

shale, tar sand, and refinery vacuum residues (LR coking). Chopped biomass is 

mixed with hot steel shot in the double-screw reactor and decomposed to vapors 

and char. The hot steel shot loop is maintained pneumatically or mechanically 

(Venderbosch and Prins, 2010).  

Other reaction systems have been developed; they are entrained flow, vacuum 

pyrolysis, fixed bed fast pyrolysis, microwave assisted pyrolysis and 

hydropyrolysis. A brief description of them is presented in the next paragraphs. 
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1.5.2.6. Entrained flow  

Entrained flow is a simple technology, however developments have not been so 

successful because of the poor heat transfer between a hot gas and a solid 

particle. The experimental system consists of five parts: the main body of the 

entrained flow reactor, the fuel feeding system, the gas supplying system, the 

heating and temperature measuring system and the sampling system (Fig. 1.14). 

 

Fig.1.14. Entrained flow technology (Sun et al., 2010). 

High gas flow rates are required to effect sufficient heat transfer, which requires 

large plant sizes and entails difficult liquid collection from the low vapors partial 

pressure. Liquid yields have usually been lower than fluid bed and CFB systems 

at 50–55 wt.% (Bridgwater, 2012). 

1.5.2.7. Vacuum pyrolysis 

As the name implies, the main characteristic of vacuum pyrolysis reactors is that 

they maintain a low pressure for the pyrolysis reactions to be performed in. In 

vacuum pyrolysis the heat transfer rate to the solid biomass is much lower than 

in the previously described reactors although the vapors residence time is 

comparable (if not shorter), therefore it is not true fast pyrolysis. The process is 

carried out at 450 °C and 2–20 kPa, the liquid yields are between 35–50% on dry 
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feed with higher char yields than other fast pyrolysis systems (Yang et al., 2001). 

To reach high vacuum, the process necessitates the use of very large vessels 

and piping with higher costs. The principle of vacuum pyrolysis is given in Fig. 

1.15.  

 

Fig.1.15. Vacuum pyrolysis reactor (Venderbosch and Prins, 2010). 

The advantages are: vacuum pyrolysis can process larger particles than most 

fast pyrolysis reactors (Bridgwater, 2012, Chhiti and Kemiha, 2013), there is less 

char in the liquid product because of the lower gas velocities, and no carrier gas 

is needed (Bridgwater, 2012). 

1.5.2.8. Fixed or moving bed 

There have been claims of fast pyrolysis in fixed beds but it is difficult to envisage 

a fixed bed pyrolysis process that satisfies the basic requirements of fast pyrolysis 

which can be constructed at anything above laboratory or bench scale 

(Bridgwater, 2012). The oldest pyrolyzer type operating in batch mode was a 

fixed-bed reactor (Fig. 1.16).  

Heat for the thermal decomposition of biomass is supplied either from an external 

source or by allowing limited combustion as in a beehive charcoal kiln. The 

product may flow out of the pyrolyzer because of volume expansion while the 

char remains in the reactor. 

In some designs, a sweep gas, inert and free of oxygen is used for efficient 

removal of the product gas from the reactor. The relatively slow heating rate and 

long residence time of the product in the pyrolysis zone make the char the main 

product of this type of reactor (Basu, 2013). 
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Fig.1.16. Fixed-bed reactor (Fermoso et al., 2019). 

1.5.2.9. Microwave assisted pyrolysis 

In microwave assisted pyrolysis (MAP), biomass particles are heated from within 

and not by external heat transfer from a high temperature heat source which is 

different from all other pyrolysis techniques (Bridgwater, 2012). A MAP process 

can be sketched as shown in Fig. 1.17, in which the catalytic reformer before the 

condenser is optional (Yin, 2012).  

Fig.1.17. Scheme of microwave assisted biomass pyrolysis process (Yin, 

2012). 

The electromagnetic field used for the microwaves may create non-thermal 

effects that also accelerate the destruction of crystal structures (Karp et al., 2013). 
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Microwave heating requires a material with a high dielectric constant or loss 

factor, of which water is a good example. It is not clear that MAP can be 

considered fast pyrolysis. The control of a microwave system is quite challenging. 

The design of a microwave reactor presents interesting scale up challenges since 

penetration of microwaves in biomass is limited to typically 1–2 cm (Bridgwater, 

2012). 

One of the main advantages of microwave pyrolysis is that due to the absence of 

thermal gradients, an environment is created for studying some of the 

fundamentals of fast pyrolysis (Bridgwater, 2012). The MAP does not require a 

high degree of feedstock grinding (e.g., large chunk of wood logs can be used) 

as is required in other fast pyrolysis reactors, and it also can handle mixed 

feedstocks (e.g., municipal solid wastes) (Karunanithy and Muthukumarappan, 

2011).  

1.5.2.10. Hydropyrolysis 

In an effort to reduce the oxygen content of the bio-oil within a single step process, 

some attention has returned to the concept of integrating pyrolysis and 

hydrocracking in which hydrogen is added to the pyrolysis reactor. High 

pressures (ca. 15 MPa, (Rocha et al., 1997)) are required to provide effective 

hydrogenation however this condition, in pyrolysis, increases char yields and 

reduces liquid yields (Bridgwater, 2012, Basu, 2010). It can only be performed in 

systems that allow short vapor residence times (a few seconds), such as fluidized 

bed reactors, cyclone reactors, and micropyrolysis systems such as Py–GC/MS. 

Fig. 1.18 shows the configuration for the fast hydropyrolysis reactor (Resende, 

2016). 

Fast hydropyrolysis generates two liquid phases: an organic phase containing a 

mixture of hydrocarbons which is the target product, and an aqueous phase, 

along with char and permanent gases. Hydropyrolysis is also considered to have 

a potential application in the conversion of biomass to liquids enriched in 

hydrocarbons (Babu, 2008). 
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Fig.1.18. Configuration for continuous non-catalytic fast hydropyrolysis system 

(Resende, 2016) 

The IH² technology has been under development since 2009, the acronym stands 

for integrated hydropyrolysis and hydroconversion. It is a continuous thermal 

catalytic process that converts forestry residues and other renewable biomass 

feedstocks to produce liquid hydrocarbon transportation fuels (Renewable 

Energy News, 2016). A scheme of the IH2 technology developed by the Gas 

Technology Insitute (Chicago) and CRI Catalyst Company is presented in Fig. 

1.19. 

 

Fig.1.19. Configuration of IH2 technology. Adapted from (Del Paggio, 2018). 

The main advantages of this technology are bio-energy recovery up to 72%, 
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greenhouse gas reduction up to 92%, and meeting various international fuel 

standards. A large group of biomasses can be processed with this technology 

(e.g. wood chips, agricultural residues, algae and municipal solid waste, MSW) 

(Del Paggio, 2018).  

1.6. State of the art of fast pyrolysis technology 

The current status in fast pyrolysis technology development and deployment 

arranged by reactor type and maximum known throughput are listed in Table 1.1. 

There is an increase and expansion of fast pyrolysis activities over the last few 

years, mainly explored by academic institutions as well as several commercial-

scale ventures being initiated. 
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Table 1.1. Current development in fast pyrolysis technologies for bio-oil production, host organization and status of pilot and/or commercial 

scale units. 

Reactor technology Status Host organization Max. bio-oil 
yield d.b., 
wt % 

Technology Capacity 

 kg feedh−1 

Fluid beds Operational 
Construction 

Fortum – VALMET, Finland 
AE Cote-Nord Bioenergy, Canada 

75 VTT Fluid bed/riser 
Ensyn Fluid bed / riser 

10,000 
9,000 

CFB and transported 
beds 

Operational Ensyn, Canada 
Joensuu, Finland 

75 VTT  16,700 
12,500 

Rotating cone Construction 
Operational 
Dormant 

Green Fuel Nordic, Finland 
Twence/EMPYRO, Netherlands 
Genting 

70 BTG-BTL - Rotating cone  
BTG - Rotating cone 
BTG - Rotating cone 

5,000 
5,000 
2,000 

Auger or screw Pilot Abritech, Canada 
KIT (FZK), Germany 

65 - 2,083 
500 

Entrained flow Laboratory Shandong University of Technology 
CNRS e Nancy U., France 

60 - 0.5 
none known 

Hydropyrolysis 
(Del Paggio, 2018) 

Operational Shell Technology Center Bangalore 50 - 200 

Adapted from: (Bridgwater, 2012) and BTG-TERAA. 2009. Commercial plants [Online]. PyroWiki. Available: 

http://pyrowiki.pyroknown.eu/index.php/Commercial_plants [Accessed 20 June 2019]. 
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1.7. Current and potential biofuel production in Cuban sugar industry  

The main potential pathways for biofuels production in the sugar industry from 

sugar cane lignocellulosic residues are: biochemical (enzymatic) and 

thermochemical or a combination of both (Alonso Pippo et al., 2011). The 

reforming of ethanol (1.8 million hectoliters) (National Office of Statistics (Cuba), 

2018) from molasses, pyrolysis and gasification of bagasse and trash, as well as 

biogas from wastewater can give more opportunities for diversification of the 

sugar cane industry, not only producing renewable sources of energy (bagasse, 

ethanol, biogas, etc…) but also bio-based chemicals (Casas Ledón, 2012).  

The main weakness to the introduction of ethanol fuel production and sugar cane 

biomass power generation in Cuba continues to be the lack of hard currency 

required to modernize Cuban sugar mills. However, what has been argued is that, 

despite the prolonged decline in the Cuban sugar industry outlined above, the 

Cuban sugar industry is still well-positioned to participate in the growing global 

movement towards the development of sugar cane as a viable alternative source 

of energy (Alonso-Pippo et al., 2008). Using the current steam operational 

parameters, assuming 38% steam consumption by cane weight in the sugar mill, 

the corresponding amount of surplus bagasse is 26% (21 t of SCBh−1) (Alonso 

Pippo et al., 2007). The smaller the steam consumption in the process is, the 

larger the amount of surplus bagasse would be, which can become available as 

feedstock for other conversion processes. 

The development of the energy potential of the sugar industry would be feasible 

considering the maturity of boiler technologies (up to 6.3 MPa, 793 K) (Group 4: 

Sugarcane biomass, 2015). Moreover, a sugar mill with an improved co-

generation system facilitates the conditions (i.e. surplus bagasse and SCT) for 

the introduction of pyrolysis and gasification technologies. Additionally, the 

introduction of SCT as fuel, could mean an important increase in profit per tonne 

of cane. The SCT could be a substitute of bagasse, and can then be used for co-

generation during the off-season or be converted into another type of energy 

carrier with storage capacity (Alonso-Pippo et al., 2008). 
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Harvesting sugar cane and the technological improvements in power co-

generation in sugar and ethanol factories that took place during the last two 

decades of the 20th century changed the viewpoint on the use of residuals in the 

sugar cane agro-industry. The possibility to use SCT as a clean energy source 

and its sustainability situate this material as the largest and most important 

reserve of sugar cane biomass residues (Alonso Pippo et al., 2007). 

The use of pyrolysis bio-oil from bagasse as a substitute fuel in turbines is not 

recommended because bio-oil from bagasse has ash contents at least twice 

(between 0.02 and 0.5 wt% (IEA Bioenergy Task 32, 2014)) as high as is 

permitted for turbine operation (Alonso Pippo et al., 2007). The mineral and alkali 

content in cane residue derived pyrolysis oil is transformed by heating to form 

ash deposits. The ash content and its chemical composition are very important 

because the ash contributes to the formation of slag and fouling upon 

combustion. The alkali and alkaline earth metals (AAEMs) content of sugar cane 

lignocellulosic residues and their influence during pyrolysis have been studied by 

(Das et al., 2004, Carrier et al., 2012) and other authors.They concluded that their 

presence increase the gas yield, decrease both the yield and molecular weight of 

the oil, and decrease the surface area of the char (Nik-Azar et al., 1997, 

Raveendran et al., 1995, Mourant et al., 2011, Kuzhiyil et al., 2012, Scott et al., 

1985). Their presence continues to degrade the pyrolysis oil during storage 

ultimately influencing its quality. 

1.8. Fast pyrolysis of sugar cane residues 

Bagasse and sugar cane trash have attracted interest as potential feedstock for 

lignocellulosic ethanol production (da Silva et al., 2010) or for the thermochemical 

conversion into bio-oil (Gomes et al., 2010, Yunyun and Shubin, 2011, Tsai et al., 

2006, Lv et al., 2010, Das et al., 2004). The influence of some parameters like 

temperature and heating rate on SCB pyrolysis products yields has been 

investigated by (Drummond and Drummond, 1996).  

A study on the vacuum pyrolysis of demineralized sugar cane bagasse was 

reported by (Das et al., 2004). They obtained an enhanced total energy 

distribution in oil fraction of the pyrolysis products, which demonstrates the 
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remarkable influence of pretreatment on demineralization of bagasse. But, they 

found that the pretreatments do not improve the stability of pyrolysis oil (Das et 

al., 2004). Other studies  conducted fast pyrolysis experiments of SCB in a fixed-

bed induction-heating system (Tsai et al., 2006). Bagasse pyrolysis oil yield 

reached a maximum of ca. 50% by employing 500 °C pyrolysis temperature, 

heating rate of > 200 °Cmin−1, and holding time of > 2 min. Other authors 

obtained an optimal yield of bio-oil (62.5 wt. %) from sugar cane bagasse in 

vacuum pyrolysis operated at 420–490 °C and a heating rate of 15–23 °Cmin−1, 

and at 8 kPa (Carrier et al., 2011). 

1.9. Aims and outline of the thesis 

The aim of this thesis is the study of fast pyrolysis of untreated and acid-leached 

sugar cane residues. Some adverse properties of crude bio-oil, such as its high 

water and oxygen content, its corrosiveness, the low heating value and others, 

make it unsuitable for the direct use as a transportation fuel or as a chemical 

platform. In this sense, the main focus of the research carried out was on: 

1. Suitability of bagasse and other residues (trash) originating from Cuban 

sugar cane processing as feedstock material for fast pyrolysis.  

2. The effectiveness of demineralizing the feedstock in terms of reducing 

the ash content in the feedstock and the consecutive beneficial effects 

regarding yield and quality of the resulting bio-oil. 

3. Develop of a full-scale plant model to predict the energetic performance 

of an integrated sugar cane-fast pyrolysis plant as well as the economic 

costs and profitability thereof.  

4. Assess the environmental impact of the integrated sugar cane 

processing/fast pyrolysis plant using life cycle assessment (LCA). 

The present thesis is organized in seven chapters, which are explained briefly in 

the present general introduction, Chapter 1. 

Chapter 2 provides the study of the effect of citric acid (CA) pretreatment for 

removing AAEMs from SCB and SCT and to compare its effectiveness to that of 

other (i.e. more conventional) leachants such as demineralized water, HCl and 

H2SO4. Raw and pretreated materials structure, thermal behavior and chemical 
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composition are analyzed based on compositional analyses (elemental, 

proximate and inductively coupled plasma optical emission spectrometry (ICP-

OES)), Fourier transform infrared spectroscopy (FTIR-ATR) and 

thermogravimetric analysis (TGA). A nonparametric bifactorial analysis of 

variance according to the method proposed by Sokal and Rohlf is performed to 

analyze the influence of leaching temperature and contact time on the removed 

ash fraction. 

The effect of leaching both sugar cane trash and sugar cane bagasse with citric 

acid compared to well-known leaching agents including H2SO4, HCl and water on 

the chemical composition of pyrolysis vapors was studied by using analytical 

pyrolysis (Py-GC/MS) in Chapter 3. The effect of operational variables of the 

leaching process on the ash and thus AAEM removal is assessed and correlated 

to the variations in the compositional profile of the pyrolysis vapors in Py-GC/MS. 

All analyses of pretreatment in this chapter were performed on a microgram scale. 

In Chapter 4 the change in pyrolysis products distribution by SCB and SCT 

pretreatment is demonstrated. The effect of CA leaching on the yield and quality 

of the bio-oil and non-condensable gases produced from fast pyrolysis of SCT 

and SCB in a lab-scale stirred bed reactor is investigated. Bio-oil samples 

obtained from sugar cane residue feedstocks (in both raw and demineralised form) 

were tested to evaluate their potential as fuel. They are examined by ultimate 

analysis, total acid number (TAN), water content, higher heating value (HHV) and 

GC/MS. 

As pretreatment by acid-leaching demonstrates favorable results, it is important 

(from an economical point of view) to know which acid concentrations are optimal 

in pretreatment. In Chapter 5 a study of the effect of leaching solution 

concentration upon pretreatment (i.e. in a scale of 0.25 dm3) on the 

demineralization of SCT and SCB is presented. Citric acid was compared with a 

well-known leaching agent (i.e. H2SO4). In addition, the studies aimed to identify 

the influence of acid concentration on the chemical characteristics of leached 

biomass and on the chemical composition of pyrolysis vapors, viz. by applying 

Py-GC/MS. A nonparametric analysis was carried out (i.e. by using the Kruskal-

Wallis H test) to evaluate the differences between the three concentrations tested 
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for each leaching solution on the change in mass fraction of ash removed, as well 

as on the total mass loss during the leaching process and on the production of 

pyrolytic levoglucosan. The nonparametric Mann-Whitney test was used to 

evaluate differences between the two biomass samples for each leaching 

solution concentration on dependent variables. 

The effect of pretreatment (i.e. in a scale of 10 dm3) with citric acid on pyrolytic 

bio-oil yield and its characteristics is provided in Chapter 6. In order to process a 

larger amount of biomass to be pyrolyzed in the mini-plant setup the pretreatment 

process was conducted in a vessel of 10 liter capacity. The pyrolysis experiments 

were performed in a continuous mini-plant based on the auger reactor technology. 

The bio-oil’s higher heating value, viscosity, elemental composition, chemical 

composition (by GC/MS), solids content, water content and pH were assessed. 

Ageing of said bio-oils were included in the assessment as well.  

Chapter 7 presents, based on a comprehensive mathematical model, the 

economic and environmental impacts associated with the installation and 

operation of a pyrolysis plant, designed for processing sugar cane residues. The 

models were implemented in Aspen One v10.0 and describe the heat, momentum 

and mass balances involved in both the pretreatment and pyrolysis stages. 

Accordingly, they allow gathering basic engineering data; and to identify major 

issues and bottlenecks during the pyrolysis of raw and leached SCT and SCB. 

Furthermore, a preliminary cost analysis on the process to foresee its potential 

application at industrial scale is also presented. Finally, an environmental impact 

study was performed using life cycle assessment (LCA) methodology and 

extending the system boundaries to agriculture and sugar cane industry stages. 

Finally, the main conclusions, and remarks are presented. Supplementary 

materials related to this work can be found in Appendix. 
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CHAPTER 2: EFFECT OF CITRIC ACID LEACHING ON THE 

DEMINERALIZATION AND THERMAL DEGRADATION 

BEHAVIOR OF SUGAR CANE RESIDUES 

 

The effect of leaching with citric acid on the ash fraction removed and the 

resulting changes in thermal degradation behavior of sugar cane trash (SCT) and 

sugar cane bagasse (SCB), was studied. A comparison between citric acid and 

well-known leaching agents including H2SO4, HCl and water, was made 

considering their effects on chemical, structural and thermal properties of the 

leached SCT and SCB. Demineralization and potential biomass hydrolysis was 

evaluated based on proximate and elemental analyses, Fourier transform 

infrared spectroscopy (FTIR-ATR) and thermogravimetric analysis (TGA). For 

citric acid and the reference leaching solutions, the mass fraction of ash removed 

was in a narrow range (between 38.9 and 54.1%) regardless of biomass type and 

leaching conditions (temperature and time) tested. Nonparametric bifactorial 

analysis of the results revealed that the nature of leaching solution and its 

interaction with contact time are of major significance when demineralizing both 

SCT and SCB. Interestingly, no significance of temperature and its interaction 

with contact time was found. In acid-treated samples, the 1730 cm‒1 IR-band was 

sharpened while the signal at 1600 cm‒1 was largely attenuated, which could be 

attributed to the modification of the xylan fraction and to the modification of CO 

by C-OH groups. These mild structural changes, caused by hydrolysis, 

demonstrated to be very important for subsequent thermal degradation. The latter 

was confirmed by the disappearance of the hemicellulose decomposition peak in 

the derivative thermogravimetric (DTG) curve. 

 

 

Chapter redrafted after: 

RODRÍGUEZ-MACHÍN, L., ARTEAGA-PÉREZ, L. E., PÉREZ-BERMÚDEZ, R. 

A., CASAS-LEDÓN, Y., PRINS, W. & RONSSE, F. 2018. Effect of citric acid 

leaching on the demineralization and thermal degradation behavior of sugarcane 

trash and bagasse. Biomass and Bioenergy, 108, 371-380. 
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1. INTRODUCTION 

Sugar cane bagasse and trash are lignocellulosic materials that have attracted 

interest as potential feedstock for the production of biofuels (eg. ethanol, bio-oil 

and syngas) or specialty chemicals via thermochemical-catalytic routes (da Silva 

et al., 2010). Sugar cane bagasse is the solid residue obtained after extraction of 

the juice from sugar cane (Saccharum officinarum) (IEA Bioenergy Task 32, 

2014), while sugar cane trash is the plant residue obtained during harvesting and 

it is usually left on the field and/or at the cleaning stations. 

An attractive alternative technology to process these residues is fast pyrolysis 

(Rodriguez et al., 1987), whereby solid biomass is converted mainly to bio-oil. 

Specifically, bio-oil has the potential for use as fuel or as feedstock for the 

extraction and/or synthesis of more valuable chemical compounds. Despite its 

proven application in heating (boilers and turbines) and blending with petroleum 

fractions, the high heterogeneity and poor fuel quality of crude bio-oil (i.e. high 

oxygen (> 30%) and water fraction (15–30%), high acidity (2 < pH < 3), high 

viscosity (40–100 mPa.s)) impose the need for upgrading processes. The 

upgrading could be addressed prior to the pyrolysis process (by feedstock 

pretreatment) or during/after the thermochemical conversion (by catalytic and 

fractionation methods). 

Current research efforts in pretreatment have been conducted to address 

problems associated with the presence of naturally occurring alkali and alkaline 

earth metals (AAEMs) in biomass (Scott et al., 2001, Huyghe, 2014, Kuzhiyil et 

al., 2012). In terms of specific elements, Si, Na, K, Mg and Ca are generally the 

major inorganic components in sugar cane (Das et al., 2004, Piskorz et al., 1998). 

During fast pyrolysis, these elements act as catalysts and possess large potential 

to reduce the yield in bio-oil and to alter the resulting bio-oil composition in a 

negative way. Most notably, AAEMs appear to suppress the pyrolytic production 

of levoglucosan (an anhydrosugar) out of cellulose and favor the production of 

lighter oxygenates (including glycolaldehyde and hydroxy-acetone) instead 

(Patwardhan, 2010). Additionaly, these inorganics present in sugar cane residues 

could lead to reduced bio-oil stability (i.e. its tendency to degrade in terms of fuel 

quality over prolonged periods of storage) as well. As these inorganic compounds 
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are present within the char particles, some of the finer char particles tend to be 

carried over or be entrained into the bio-oil during fluidized bed pyrolysis 

(Patwardhan, 2010, Das et al., 2004, Perez et al., 1998b). Once in the condensed 

bio-oil, the inorganic compounds could act as catalysts for further degradation 

reactions during oil storage. In order to overcome these difficulties in pyrolysis of 

sugar cane bagasse and particularly in pyrolysis of sugar cane trash with its 

higher ash mass fraction, the feedstock materials can be pretreated prior to 

pyrolysis to reduce their ash mass fraction (Das et al., 2004, Piskorz et al., 1998).  

Thus, the removal or passivation of the AAEMs is required for controlling the 

reaction and improving bio-oil quality and stability (Oudenhoven, 2016, Brown, 

2011). During passivation, the AAEMs are mainly converted into thermally stable 

salts that are catalytically inactive but also buffer the system at pH levels that 

favor glycosidic bond breakage (Kuzhiyil et al., 2012), that would otherwise result 

in the formation of C2 and C3 compounds containing a carbonyl group 

(Patwardhan et al., 2009, Bai et al., 2014). On the other hand, pretreatment by 

leaching with water, acidic solutions and organic solvents (Mesa et al., 2011, 

Oudenhoven et al., 2013, Oudenhoven et al., 2015, Mourant et al., 2011, Piskorz 

et al., 1998) leads to the extraction of the AAEMs. The SCB leaching with sulfuric 

acid (H2SO4) (Aguilar et al., 2002, Canilha et al., 2011, Das et al., 2004, Gómez 

et al., 2010, Tan and Wang, 2009, Yat et al., 2008) is one of the most widely 

investigated treatments with acids, but other compounds such as hydrochloric 

acid (HCl) (Das et al., 2004, Tan and Wang, 2009), hydrogen fluoride (HF) (Das 

et al., 2004, Carrier et al., 2012, Eom et al., 2013), nitric (HNO3) (Carrier et al., 

2012, David et al., 2017) and phosphoric (H3PO4) (Gomes et al., 2010) acids 

have also been studied (see overview in Table 2.1). 

Despite the potential in removing inorganics, these well-known leaching agents 

have some disadvantages such as high mass reduction during treatment (i.e. HCl) 

(Das et al., 2004) and environmental concerns (i.e. leachates of HF, HCl and 

H2SO4) (Das et al., 2004, Larba et al., 2013). In pretreatments with HCl, HF, 

H2SO4, or H3PO4 hydrolysis also occurs in which hemicellulose and cellulose in 

SCB are converted into smaller, extractable molecules (de Vasconcelos et al., 

2013, Das et al., 2004), while HNO3 changes the chemical interactions between 

the lignocellulosic structure and the native inorganics (Carrier et al., 2012). On 
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the other hand, very few studies report on the pretreatment of SCT, whereby the 

pretreatment served different goals than the use of the material in fast pyrolysis. 

Existing SCT pretreatment studies include physical (size reduction) pretreatment 

for the production of energy or animal feed (Keown et al., 2005), or microbial 

pretreatment for the production of alcohol (Singh et al., 2008). However, taking 

into account that the chemical composition of SCB and SCT does not differ to a 

large extent, the same pretreatment strategy can be suggested for both sugar 

cane residues. 

An alternative to the sugar cane biomass pretreatment could be the leaching 

(washing) with citric acid (CA, C6H8O7). Citric acid is a commodity chemical and 

is mainly used mainly as an acidifier, as a flavoring agent, and as a chelating 

agent, binding metals. This organic acid has the possibility of acting as both a 

chelating agent and as a weak triprotic acid. Citric acid is a naturally occurring 

fruit acid and can be produced through three fermentative methods: floating 

culturing, superficial culturing (Yadegary et al., 2013), and solid state 

fermentation (Yadegary et al., 2013), (e.g. by using sugar cane bagasse (Kumar 

et al., 2003)). CA has the advantage of being a more environmentally friendly 

leachant as compared to inorganic acids such as HCl and H2SO4 (Larba et al., 

2013). Citric acid has been widely used in the washing of contaminated soil, 

sewage sludge or contaminated mine soils to reduce levels of Cd, Cu, Zn, Cr and 

Pb (Bassi et al., 2000, Gaber et al., 2011, Pérez-Esteban et al., 2013) suggesting 

the potential of CA as a biomass demineralization agent. 

Therefore, the main goal of this chapter is to investigate the effectiveness of citric 

acid for removing AAEMs from SCT and SCB and to compare its effectiveness 

to that of other (i.e. more conventional) leachants such as demineralized water, 

HCl and H2SO4. Accordingly, leaching effects on remaining solid (eg. treated SCT 

and SCB) structure, thermal behavior and chemical composition are analyzed 

based on compositional analyses (elemental, proximate and inductively coupled 

plasma optical emission spectrometry (ICP-OES)), Fourier transform infrared 

spectroscopy (FTIR-ATR) and thermogravimetric analysis (TGA). The influence 

of leaching temperature and contact time on the removed ash fraction was 

assessed by using the nonparametric bifactorial analysis of variance proposed 

by Sokal and Rohlf (Sokal and Rohlf, 1995).
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Table 2.1. Literature reported acidic pretreatments tested on different biomass feedstocks. 

Reference Acid Concentration Feedstock Pretreatment conditions 

(Aguilar et al., 2002) H2SO4 20–60 gdm−3 SCB 100–128 °C, 0–5 h 

(Yat et al., 2008) H2SO4 2.5–10 gdm−3 Switchgrass 160–190 °C, 0–4 h 

(Das et al., 2004) 
HCl 
HF 

5 moldm−3 

50, 30 gdm−3 
SCB 1 h at 25±2 °C 

(Canilha et al., 2011) H2SO4 0–30 gdm−3 SCB 112.5–157.5 °C, 0.08–0.58 h 

(Carrier et al., 2012) 
HNO3 

HF 
0.5 moldm−3 (HNO3, 0.55 kgkg −1) 

30 gdm−3 (HF, 0.38–0.40 kgkg −1) 
SCB 1 h, room temperature 

(Eom et al., 2013) HF 30 gdm−3 (HF, 48 kgkg −1) Rice straw 1 h, room temperature 

(Gómez et al., 2010) 
H3PO4 
H2SO4 

5, 20, 35 gdm−3 SCB 0.25, 1.63, 3 h; 130 °C 

(Manzoor et al., 2012) H2SO4 5–50 gdm−3 SCB 24 h 

(Tan and Wang, 2009) 
HCl 
H2SO4 
H3PO4 

30, 70 gdm−3 

70 gdm−3 

70 gdm−3 

 
Rice husk 
 

 
2 h, room temperature 
 

(David et al., 2017) 
HNO3 

followed by H2SO4 
1 gdm−3 

1, 2, 3 gdm−3 

SCB 
 

2 h, constant agitation 
Stirring every 0.33 h for 4 h 

 

 



Chapter 2: Effect of CA leaching on the demineralization and thermal degradation 
behavior of sugar cane residues 

 

 

39 

2. MATERIALS AND METHODS 

2.1. Sugar cane bagasse and trash  

Two types of biomass were chosen: 1) sugar cane trash, which holds potential 

as a fast pyrolysis feedstock and 2) sugar cane bagasse, which is an already 

well-studied residue of sugar cane production. The original materials (variety of 

sugar cane: Cuba 1051-73) used in this work were provided by the sugar mill 

“Ifraín Alfonso” in Villa Clara, Cuba. SCT was manually harvested, and the SCB 

was sampled two hours after milling.  

The original SCT and SCB had an initial water mass fraction of 141 and 324 gkg 

−1, respectively. Both materials were naturally dried in ambient atmosphere during 

three days until the equilibrium water mass fraction was achieved, after which 

they were ground using a Retsch mill and sieved to obtain particles with a size 

ranging from 1 to 2 mm (see Fig. 2.1). These materials (further labeled in this 

study as “raw”) were stored afterwards in plastic bags at room temperature. The 

properties of raw SCT and SCB are reported in Table 2.2. 

 

Fig. 2.1. Milled biomass samples. A) Sugar cane trash, B) Sugar cane bagasse. 

The water mass fraction was 72 gkg−1 in SCT and 67 gkg−1 in SCB, both on as 

received basis. 
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Table 2.2. Proximate and ultimate analysis (in kgkg-1 dry basis) of the raw SCT 

and SCB, the standard deviations are provided; BDL: below detection limit. 

Proximate analysis Ultimate analysis 

 SCT SCB  SCT SCB 

Volatile matter 
 

0.739 
  ±0.002 

0.798 
  ±0.003 

Carbon (C) 
 

0.401 
  ±0.001 

0.441 
  ±0.002 

Fixed carbona 

 
0.208 

  ±0.003 
0.183 

  ±0.001 
Hydrogen (H) 
 

0.053 
  ±0.002 

0.060 
  ±0.011 

Ash 
 

0.053 
  ±0.001 

0.019 
  ±0.001 

Nitrogen (N) 
 

0.005 
  ±0.001 

0.002 
  ±0.001 

   
Oxygen (O)b 0.488 

  ±0.002 
0.478 

  ±0.002 

HHVc, MJkg−1 15.1±0.1 17.5±0.1 Sulfur BDL BDL 

a  Fixed carbon (kgkg−1 dry basis) = 1 – Ash (kgkg−1 dry basis) – Volatile 

matter (kgkg−1 dry basis) 

b Calculated by difference. 

c Determined using the equation reported by Channiwala & Parikh (Eq. 2.3), 

see section 2.3. 

2.2. Pretreatment conditions 

Prior to leaching, biomass particle sizes were reduced to a fraction between 1–2 

mm, considering the optimal fast pyrolysis criteria regarding feedstock as 

reported by (Bridgwater, 2012) and confirmed by (Yildiz et al., 2015). Furthermore, 

these smaller particle sizes will reduce mass transfer limitations during the 

leaching process (Bridgwater, 2012, Yildiz et al., 2015). In this study, four 

leaching solutions were used (demineralized water, and three acidic solutions) to 

reduce the ash mass fraction of the original biomass. Two sets of experimental 

conditions were studied: contact times of 1 and 12 h, and temperatures of 25 and 

50 °C for a two-category variable (SCB and SCT) corresponding to a multilevel 

factorial design each in two blocks (i.e. in duplicate). 

Leaching with acids was carried out by using one weak organic acid (CA) and 

two strong and well-studied inorganic acids (HCl or H2SO4), all purchased from 

Sigma-Aldrich. Due to solubility limits, the mass concentration of the CA solution 

was 0.192 kgdm−3. On the other hand, HCl (mass concentration of 0.182     
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kgdm-3) was selected based on previous results of (Das et al., 2004), while the 

H2SO4 was kept at the mass concentration of 0.501 kg dm-3. All biomass samples 

(0.01 kg each) were leached with 0.12 dm3 solution (12 dm3 leaching solution 

kg−1 of biomass) in covered borosilicate beaker glasses. Biomass dispersions 

were then stirred on a hot plate for a predefined time at a predetermined 

temperature (see Fig. 2.2).  

 

Fig. 2.2. Equipment used in leaching step experiments of 0.01 kg biomass. 

After stirring, the samples were vacuum filtered through a Whatman No.1 filter 

paper and further rinsed with demineralized water to remove residual acid. In 

case of acidic leaching, the washing process was continued until the pH of the 

effluent solution was higher than 6.0. Finally, the samples were dried at 103±1 °C 

in an oven for about 19 h to reach a water mass fraction below 0.05 kgkg−1. Given 

a certain equivalence between raw SCT and SCB in the proximate and ultimate 

analysis, the same leaching procedure shown in Fig. 2.3 was used for both 

biomasses. Each pretreatment procedure, for a given biomass type, leaching 

time and leaching temperature, was carried out in duplicate and the reported 

values represent averages. 

 

Fig. 2.3. Biomass pretreatment procedure. The lines in red mean key 

operations. 

2.3. Analytical procedures 

An identical analytical strategy in terms of the inorganic composition, proximate 
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and ultimate analyses was adopted to analyze the raw and leached biomass 

samples. Proximate analysis was performed in duplicate (the average is reported) 

to determine the mass fraction of water, ash, volatile matter (VM) and fixed 

carbon (FC). Water mass fraction determination was performed according to 

ASTM E871-82(2013). Samples were dried at 103 ± 1 °C during 16 h and the 

weight loss recorded after cooling the sample to ambient temperature (20 °C) 

relative to the original sample weight corresponds to the water mass fraction of 

the sample. For volatile matter, dried samples were heated to 950 ± 20 °C for 7 

min as described in ASTM E872-82(2013). The ash mass fraction was 

determined following ASTM E1755-01(2015) in which samples were ignited and 

combusted at 575 ± 25 °C for at least 3 hours. Finally, the fixed carbon mass 

fraction was calculated by difference.  

The removed ash fraction (given in %) after pretreatment was calculated with the 

equation below, 


𝑎𝑠ℎ
=
𝑚𝑢∙ 𝐶𝑎𝑠ℎ,𝑢− 𝑚𝑡∙ 𝐶𝑎𝑠ℎ,𝑡

𝑚𝑢∙ 𝐶𝑎𝑠ℎ,𝑢
∙ 100%             (2.1) 

Where mu and mt are the masses of the raw and treated samples (dry basis, in 

kg) respectively, while Cash,u and Cash,t are the ash mass fraction in the raw and 

treated samples (on dry basis, in kgkg−1) respectively.  

Equation (2.1) can also be used to calculate the removal of individual elements 

(el)by replacing the ash mass fraction (Cash) with the mass fraction of the 

individual element (on dry basis). It should be kept in mind that it is basically 

possible to arrive at ash mass fractions in the treated samples higher than the 

untreated parent feedstock in case not only inorganic constituents, but also 

organic compounds are removed from the biomass matrix during leaching. The 

latter includes both extractives as well as hydrolyzed cell wall compounds. From 

an energy valorization point of view, these losses in organics are considered 

undesirable. Accordingly, the relative mass loss in pretreatment is quantified as,  


𝑡𝑜𝑡𝑎𝑙

=
𝑚𝑢− 𝑚𝑡

𝑚𝑢
∙ 100%              (2.2) 

The ultimate analysis, defined as the composition of C, H, N, S and O (by 

difference) was determined in triplicate using a FLASH 2000 CHNS/O Analyzer 
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(Thermo Scientific, US), which was calibrated with methionine, BBOT and 

cysteine standards. The inorganic composition of both raw and leached biomass 

samples was quantified by ICP-OES analysis using an Optima 7000 DV ICP-OES 

instrument (Perkin-Elmer, US). ICP-OES assays were performed as follows: prior 

to analysis, the biomass samples were milled, homogenized and dried. Solutions 

of HNO3 and water were used as blanks. The weighed samples of 0.5 g (±0.001 

g) were then digested in a mixture of 3 cm3 of 30% H2O2, 8 cm3 of HNO3 (65%) 

and 1 cm3 of HF (40%) during 5 min before closing the Teflon recipient.  

The temperature of the sample was increased to 190 °C in 15 min and then kept 

steady for a further 2 minutes. After digestion, samples were cooled to room 

temperature and the HF was then neutralized with the addition of 10 cm3 of H3BO3 

(4%). Finally, the digested samples were quickly heated to 150 °C and then kept 

for a further 15 minutes. The samples were then cooled and analyzed by an ICP-

OES emission spectrometer. The mass fractions of the major inorganic elements 

in the biomass including K, Mg, Fe, Na, Si and Al were expressed in mgkg−1. All 

these tests were carried out in triplicate for the error determination. Higher heating 

values (HHV, MJkg−1) were estimated from the known elemental composition of 

both treated and raw biomasses. The empirical correlation reported by 

Channiwala and Parikh as referenced in (Wigley et al., 2016) was used for the 

HHV calculation: 

HHV = 0.3491C + 0.1783H + 0.1005S − 0.1034O − 0.0151N − 0.0211Ash      (2.3) 

Where C, H, S, O, N, and Ash represent the mass fraction (in 10−2 kgkg−1, on a 

dry basis) of carbon, hydrogen, sulfur, oxygen, nitrogen, and ash, respectively. 

The relative energy loss in the pretreatment is defined as the difference between 

the energy (HHV) in the biomass feedstock prior to pretreatment and the energy 

(HHV) in the solid biomass after pretreatment, relative to the HHV of the raw 

biomass feedstock. 

2.4. Statistical analysis 

A nonparametric bifactorial analysis of variance was performed according to the 

theory proposed by (Sokal and Rohlf, 1995). Essentially, it consists in ranking the 

dependent variable (i.e. ash) in all treatments as is done in the classic 
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nonparametric tests of Mann-Whitney or Kruskal-Wallis (Grau, 1994). Next, the 

sums of squares of the dependent variable ranked for each factor (i.e. time, 

temperature and nature of the leaching solution) and the interactions between 

them are obtained. Then, instead of the F-statistic from the classical parametric 

analysis, the H-statistic that standardizes the sum of squares by the variance 

estimate of the discrete uniform distribution of the assigned ranges is calculated. 

The H-statistic 2 has the same degrees of freedom of the sums of squares 

corresponding to each factor and to the interaction. Finally, if any of the factors 

have more than two possible levels (as in the case of the leaching solution), the 

Dunnett's C-test and the Mann-Whitney test can be used as post-hoc test for 

pairs of groups which differ from each other and form homogeneous groups. This 

C-test is based on a pairwise comparison of the standardized ranges when there 

is no certainty of the homogeneity of variances, as is the case here. The 

automatic ranking of the dependent variable was obtained using the SPSS 15.0 

(IBM Analytics, US) software and a parametric analysis of variance was 

performed with the ranked variable. Thus, the sums of squares of each factor and 

the interaction, and their degrees of freedom were obtained. Next, a subroutine 

based on factor levels was implemented to estimate the variance of the ranges. 

From these results the H-statistic and 2 for each factor and their interaction is 

determined. The significance level of the difference between means is compared 

against   = 0.05. Additional details of the statistical method can be found in the 

Appendix I. 

2.5. Fourier transform infrared spectroscopy with attenuated total 

reflectance 

Fourier transform infrared spectroscopy with attenuated total reflectance 

analyses have been applied to raw and leached samples, in order to reveal if the 

leaching process produces any significant changes in the biomass functional 

groups. Therefore, FTIR spectra were recorded at room temperature and ambient 

pressure in a Bruker Alpha FTIR spectrometer (Germany) and equipped with a 

platinum attenuated total reflectance single-reflection module. The spectra of the 

pre-dried samples (24 h and 110 °C) were averaged from 32 scans using a 

resolution of 2 cm‒1 over the mid-IR range (4000 – 400 cm‒1). Data was recorded 
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in ATR mode and results were normalized for 2500–2480 cm‒1, all the data 

treatment was performed using OPUS 7.0.129 software. 

2.6. Thermogravimetric and differential thermogravimetric analyses (TGA 

and DTG) 

Thermogravimetric analysis has been used to study the decomposition behavior 

in a pyrolytic (i.e. oxygen-free) environment for both raw and leached biomass 

samples using a TGA-DSC instrument, Sensys Evo TG-DSC (Setaram 

Instrumentation, France), operating in TGA mode. TGA analysis of the samples 

(ca. 5 mg) was accomplished with particles grinded down to a size smaller than 

0.1 mm, which has been proven to be sufficient for preventing intra-particle heat 

and mass transfer limitations during the TGA experiments (Burhenne et al., 2013, 

Damartzis et al., 2011). The analyses were conducted with high-purity helium 

(Alphagaz 2-grade Helium, Air Liquide, Belgium) as carrier gas at a flow rate of 

20 cm3min‒1 to maintain an inert atmosphere. A fixed heating rate of 5 °Cmin‒1 

up to a temperature of 750 °C was applied in the analysis. 

 

3. RESULTS AND DISCUSSION 

The evaluation of demineralization with water and acidic solutions was carried 

out using the proximate and elemental analyses, Fourier transform infrared 

spectroscopy and thermogravimetric analysis. In Table 2.2, it can be seen that 

the ash mass fraction of raw SCT is higher than that of SCB. 

3.1. Effect of leaching on mass loss  

In Fig. 2.4, the overall mass loss (total) after leaching of SCT and SCB is shown. 

The loss of the original biomass mass associated with each leaching process was 

found to be different depending on the type of leaching agent.  

A clear distinction can be made between water and CA (0.192 kg dm-3) on one 

hand and the inorganic strong acids on the other hand. The use of water and CA 

result in smaller mass losses. These were found to be always close to each other 

ranging from 7–19% for water and between 9–18% for CA. Obviously, the mass 

loss should be kept as low as possible, in order to maximize bio-oil yields if the 

pretreatment process is coupled to a fast pyrolysis process.  
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Fig. 2.4. Mass loss (total in %) in the pretreatment (25 and 50 °C) of SCB during 

A) 1 h and B) 12 h; and of SCT during C) 1 h and D) 12 h. 

With respect to the other two leaching agents, the total varies from 12 to 47% for 

HCl and from 12 to 49% for H2SO4, respectively. The closer the mass loss can 

be kept to that of water washing (considered to be the minimum mass loss 

achievable in leaching) while maintaining a high removal of inorganic constituents, 

the more the pretreatment method is preferred. In this respect, CA is preferred 

over HCl and H2SO4 at tested concentrations.  

The higher mass loss of biomass samples leached with the inorganic acids (at 

tested concentrations) could be ascribed to a larger removal of organic material 

(i.e. extractives and hydrolyzed cell wall compounds), as these strong acids 

induce biomass hydrolysis during leaching. These results were consistent with 

(Das et al., 2004), who reported that water–leaching of sugar cane bagasse 

caused a reduction in mass between 18–27%, and even 50% in case of HCl. 

Mass loss beyond the mere removal of inorganic constituents in the feedstock is 

particularly important because the mass lost is mostly resulting from the 

lignocellulosic matrix and extractives, which results in energy losses. For instance, 

at the explored leaching conditions (i.e. contact times of 1 and 12 h, and 

temperatures of 25 and 50 °C) these energy losses ranged from 15.6 to 45.0% 

for SCT (see Table 2.3.a-d).
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Table 2.3.a. Proximate and elemental analysis (in kgkg−1 dry basis) and the energy yield in 1 h pretreatment of SCT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Proximate analysis 

 
Water HCl H2SO4 CA  Water HCl H2SO4 CA 

 25 °C  50 °C 

Volatile matter 
0.774 
±0.001 

0.765 
±0.001 

0.767 
±0.001 

0.769 
±0.001  

0.768 
±0.005 

0.743 
±0.004 

0.709 
±0.002 

0.765 
±0.003 

Fixed carbon 
0.184 
±0.001 

0.199 
±0.001 

0.197 
±0.002 

0.194 
±0.001  

0.189 
±0.004 

0.207 
±0.003 

0.240 
±0.004 

0.197 
±0.004 

Ash 
0.042 
±0.001 

0.036 
±0.001 

0.036 
±0.002 

0.037 
±0.001  

0.044 
±0.002 

0.051 
±0.001 

0.052 
±0.002 

0.038 
±0.001 

 Elemental analysis 

C 
0.426 
±0.001 

0.434 
±0.001 

0.418 
±0.001 

0.428 
±0.002  

0.425 
±0.001 

0.444 
±0.003 

0.447 
±0.008 

0.428 
±0.001 

H 
0.058 
±0.006 

0.056 
±0.001 

0.055 
±0.001 

0.057 
±0.005  

0.057 
±0.005 

0.054 
±0.001 

0.056 
±0.001 

0.053 
±0.003 

N* 0.004 0.003 0.003 0.003  0.004 0.003 0.003 0.003 

O 
0.470 
±0.001 

0.471 
±0.003 

0.487 
±0.002 

0.475 
±0.003  

0.470 
±0.001 

0.448 
±0.006 

0.443 
±0.007 

0.478 
±0.002 

HHV, MJkg−1 
16.7 
±0.1 

16.8 
±0.1 

16.0 
±0.3 

16.7 
±0.1  

16.6 
±0.1 

17.2 
±0.4 

17.5 
±0.5 

16.2 
±0.1 

Energy yield a, % 
84.4 
±0.4 

74.1 
±0.2 

73.0 
±1.2 

82.2 
±0.3 

 
 83.9 
±0.5 

57.7 
±1.9 

54.9 
±1.5 

78.0 
±0.6 

*stdev.  0.00001 
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Table 2.3.b. Proximate and elemental analysis (in kgkg−1 dry basis) and the energy yield in 1 h pretreatment of SCB.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Proximate analysis 

 
Water HCl H2SO4 CA  Water HCl H2SO4 CA 

 25 °C  50 °C 

Volatile matter 
0.830 
±0.005 

0.807 
±0.002 

0.798 
±0.002 

0.807 
±0.001  

0.816 
±0.004 

0.800 
±0.004 

0.740 
±0.011 

0.805 
±0.001 

Fixed carbon 
0.157 
±0.005 

0.182 
±0.002 

0.191 
±0.002 

0.183 
±0.001  

0.170 
±0.005 

0.186 
±0.003 

0.247 
±0.011 

0.184 
±0.001 

Ash 
0.013 
±0.001 

0.011 
±0.001 

0.011 
±0.001 

0.011 
±0.001  

0.014 
±0.001 

0.014 
±0.001 

0.013 
±0.001 

0.010 
±0.001 

 Elemental analysis 

C 
0.466 
±0.002 

0.458 
±0.003 

0.451 
±0.003 

0.457 
±0.001  

0.476 
±0.005 

0.458 
±0.002 

0.478 
±0.003 

0.447 
±0.003 

H 
0.059 
±0.002 

0.058 
±0.001 

0.055 
±0.001 

0.058 
±0.003  

0.059 
±0.002 

0.058 
±0.003 

0.059 
±0.001 

0.059 
±0.001 

N 0.002 0.001 0.001 0.001  0.002 0.002 0.001 0.002 

O 
0.460 
±0.003 

0.473 
±0.004 

0.482 
±0.002 

0.473 
±0.001  

0.449 
±0.001 

0.469 
±0.002 

0.448 
±0.004 

0.453 
±0.001 

HHV, MJkg−1 
18.4 
±0.1 

17.8 
±0.2 

17.2 
±0.1 

17.9 
±0.4  

18.9 
±0.3 

17.9 
±0.1 

19.0 
±0.3 

17.5 
±0.3 

Energy yield a, % 
97.3 
±0.5 

90.1 
±1.0 

86.6 
±0.5 

93.0 
±2.2 

 
97.2 
±1.5 

63.7 
±0.3 

68.8 
±1.0 

97.2 
±1.7 

*stdev.  0.00001 
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Table 2.3.c. Proximate and elemental analysis (in kgkg−1 dry basis) and the energy yield in 12 h pretreatment of SCT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Proximate analysis 

 
Water HCl H2SO4 CA  Water HCl H2SO4 CA 

 25 °C  50 °C 

Volatile matter 
0.792 
±0.009 

0.761 
±0.001 

0.761 
±0.001 

0.774 
±0.005  

0.786 
±0.001 

0.732 
±0.007 

0.661 
±0.003 

0.769 
±0.005 

Fixed carbon 
0.167 
±0.008 

0.201 
±0.001 

0.198 
±0.001 

0.190 
±0.005  

0.178 
±0.001 

0.210 
±0.008 

0.277 
±0.004 

0.195 
±0.005 

Ash 
0.041 
±0.001 

0.038 
±0.001 

0.041 
±0.001 

0.035 
±0.001  

0.036 
±0.001 

0.059 
±0.001 

0.062 
±0.001 

0.036 
±0.002 

 Elemental analysis 

C 
0.423 
±0.004 

0.437 
±0.002 

0.439 
±0.001 

0.430 
±0.003  

0.427 
±0.002 

0.451 
±0.005 

0.459 
±0.001 

0.427 
±0.001 

H 
0.056 
±0.002 

0.056 
±0.002 

0.057 
±0.001 

0.054 
±0.001  

0.056 
±0.001 

0.055 
±0.001 

0.054 
±0.003 

0.055 
±0.002 

N* 0.004 0.003 0.003 0.003  0.003 0.002 0.002 0.002 

O 
0.477 
±0.002 

0.465 
±0.001 

0.460 
±0.003 

0.478 
±0.001  

0.479 
±0.002 

0.433 
±0.004 

0.423 
±0.002 

0.479 
±0.001 

HHV, MJkg−1 
16.3 
±0.1 

17.0 
±0.2 

17.2 
±0.2 

16.4 
±0.001  

16.4 
±0.2 

17.6 
±0.1 

17.9 
±0.1 

16.4 
±0.3 

Energy yield a, % 
80.7 
±0.8 

58.5 
±0.8 

68.4 
±0.8 

78.5 
±0.6 

 
77.8 
±1.1 

56.1 
±0.6 

51.9 
±0.8 

77.0 
±0.5 

*stdev.  0.00001 
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Table 2.3.d. Proximate and elemental analysis (in kgkg−1 dry basis) and the energy yield in 12 h pretreatment of SCB.  

 

 
Proximate analysis 

 
Water HCl H2SO4 CA  Water HCl H2SO4 CA 

 25 °C  50 °C 

Volatile matter 
0.828 
±0.015 

0.805 
±0.001 

0.787 
±0.001 

0.802 
±0.003  

0.828 
±0.030 

0.784 
±0.001 

0.703 
±0.011 

0.814 
±0.002 

Fixed carbon 
0.161 
±0.014 

0.184 
±0.001 

0.201 
±0.001 

0.188 
±0.004  

0.160 
±0.029 

0.199 
±0.001 

0.282 
±0.011 

0.177 
±0.002 

Ash 
0.012 
±0.001 

0.011 
±0.001 

0.012 
±0.001 

0.010 
±0.001  

0.012 
±0.001 

0.017 
±0.001 

0.015 
±0.001 

0.010 
±0.001 

 Elemental analysis 

C 
0.464 
±0.002 

0.464 
±0.004 

0.459 
±0.002 

0.447 
±0.001  

0.432 
±0.002 

0.474 
±0.002 

0.480 
±0.001 

0.450 
±0.001 

H 
0.058 
±0.002 

0.058 
±0.001 

0.058 
±0.002 

0.058 
±0.003  

0.057 
±0.002 

0.058 
±0.002 

0.058 
±0.001 

0.057 
±0.001 

N* 0.001 0.001 0.001 0.001  0.002 0.001 0.001 0.001 

O 
0.466 
±0.001 

0.466 
±0.003 

0.470 
±0.002 

0.484 
±0.001  

0.497 
±0.001 

0.450 
±0.004 

0.445 
±0.001 

0.483 
±0.002 

HHV, MJkg−1 
18.1 
±0.1 

18.2 
±0.2 

17.9 
±0.2 

17.4 
±0.1  

16.7 
±0.3 

18.7 
±0.2 

19.0 
±0.2 

17.4 
±0.1 

Energy yield a, % 
91.3 
±0.4 

76.3 
±1.3 

80.0 
±0.8 

89.4 
±0.6 

 
83.5 
±1.1 

61.4 
±0.6 

62.8 
±0.5 

88.4 
±0.8 

a The fraction (in %) of original feedstock energy recovered in the pretreated product. *stdev.  0.00001 
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3.2. Effect of leaching on elemental composition 

Table 2.4 shows the inorganic element concentrations as quantified by ICP-OES 

(i.e. K, Mg, Fe, Na, Si and Al) in raw and leached SCT and SCB biomass samples 

at the leaching conditions of 25 °C and a duration of 1 h. Both raw biomasses 

had Si and K as the major inorganic constituents. Fig. 2.5 shows the removal (el) 

of the quantified inorganic elements in leached SCT and SCB biomass samples 

with each of the four leaching solutions applied at 25 °C during 1 h. 

 

Fig. 2.5. Inorganic element removal (el in %) in the pretreatment of (A) SCT 

and (B) SCB using CA, demineralized water, and solutions of HCl, H2SO4 at 

25 °C for 1 h. 

Regarding the alkali metals, K and Na, high removed fractions of K were obtained 

after leaching both biomass samples with each leaching solution, especially with 

acidic solutions. (Bakker, 2012) stated that nearly all K within the sugar cane plant 

occurs in soluble, and hence extractable form, which is consistent with the results 

shown in Table 2.4. According to (Deng et al., 2013), the mode of occurrence of 

potassium in biomass (K+ ion) could lead to the formation of weak complexes with 

organic acid anions, hence the good removal results obtained with CA leaching. 

Concerning the alkaline earth metals, only Mg was quantified. Magnesium is a 

chemical constituent in the plant’s chlorophyll which is essential in photosynthesis 

(Bakker, 2012), and therefore a higher amount of this chemical element in the 
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Table 2.4. Inorganic composition, in mgkg−1 dry basis, of SCT and SCB samples being raw and leached with water or acidic solutions, at 

25 °C during 1 h. 

 
SCT SCB 

Raw Water HCl H2SO4 CA Raw Water HCl H2SO4 CA 

K 
2300 
±25.2 

142 
±2.2 

16.2 
±0.4 

13.2 
±0.2 

17.6 
±1.5 

1800 
±45.6 

293 
±1.1 

17.5 
±1.5 

15.7 
±0.84 

17 
±0.45 

Al 
216 
±15.2 

101 
±2.6 

54 
±2.1 

59.8 
±1.6 

78 
±4.5 

279 
±7.7 

180 
±18.7 

110 
±2.7 

122 
±5.7 

131 
±3.5 

Fe 
245 
±13.8 

122 
±2.1 

61.5 
±5.3 

73.3 
±0.9 

104.6 
±1.7 

327 
±3.2 

209 
±8.9 

110 
±7.5 

101 
±2.7 

123 
±10.4 

Si 
13 400 
±199 

15 600 
±345 

14 600 
±256 

11 000 
±450 

6300 
±89.2 

8600 
±123 

4500 
±25.7 

3600 
±95.4 

4400 
±167 

4400 
±58.4 

Mg 
492 
±19.3 

330 
±1.3 

14.1 
±0.3 

19.9 
±2.6 

29.6 
±2.2 

287 
±4.9 

198 
±6.3 

25.1 
±5.7 

26.4 
±0.2 

68.1 
±2.9 

Na 
56.8 
±0.2 

6.14 
±1.1 

49.2 
±2.3 

24.3 
±0.2 

< 5 
32.1 
±0.5 

15.8 
±1.2 

18.6 
±0.8 

8.02 
±2.2 

< 5 
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SCT (which includes leafy material) in comparison to the SCB (which originates 

from the stem) can be found. The removal of Mg after leaching with the acidic 

solutions used in this study is over 90%, except for CA leached SCB (78%). Using 

demineralized water, Mg was poorly extractable from both biomass matrices at 

25 C, with removed fractions being 36 and 40%, for SCT and SCB respectively. 

It is well known that in chlorophyll, the Mg2+ ion within the porphyrin ring can be 

substituted by two protons (Koca et al., 2007). Hence, this demonstrates that 

strong acids are effective agents in removing Mg from the biomass matrix, while 

the weaker acid (CA) also has good extraction efficiency, which can be explained 

by the chelating effect of this organic acid forming a chelate with Mg (see Fig. 

2.6). 

 

Fig. 2.6. Structure of a chelated of Mg cation with citric acid. 

The other inorganic components which were quantified, i.e. Si, Al and Fe have 

less importance in fast pyrolysis (i.e. with respect to catalytic or other detrimental 

effects in pyrolysis) but their presence is not negligible. As for Si, the higher mass 

fraction in raw SCT compared to bagasse, can be associated with a higher 

deposition of this chemical element as silica (SiO2) in leaves, leaf sheaths and 

inflorescences of plants (Savant et al., 1999, Lanning and Eleuterius, 1987). High 

Si concentrations (i.e. 13 400 mgkg−1 in SCT, and 8600 mgkg−1 in SCB) could 

also indicate that the biomass, especially SCT, was contaminated with soil (silt 

and clay) particles. Mainly those smaller soil particles seemed to remain attached 

to the epidermis of the biomass upon collection – thus milling and sieving down 

to 1 to 2 mm in the feedstock preparation may not have been sufficient to get rid 
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of these finer clay and silt particles. Hence, the removal efficiency of Si may result 

from the form in which it is present in the biomass and from the bonding strength 

between silica and biomass matrix (Deng et al., 2013).  

For leached SCB, the relatively high removed percentage of Si could indicate that 

it was present, mainly in the biomass itself – i.e. deposited as silicates in the plant 

cell wall. Apparently, such silicates can be partly degraded and eluted by leaching 

with water or acidic solutions, also indicating a weak bonding strength between 

the element and the biomass matrix. In trash (SCT), the removed fractions of Si 

are lower than those in SCB, which could be due to the presence of part of the Si 

in soil particles that do not readily degrade nor dissolve in the leaching agent. In 

Table 2.4, it is shown that leaching SCT with water or HCl led to an apparent 

increase of the Si mass fraction. This could be attributed to the leaching of Si out 

of the lab glassware used during the trials. In fact, this has been identified as a 

factor contributing to uncertainty in the Si measurements, especially when strong 

acidic solutions are used (Das et al., 2004, Devreux et al., 2004).  

The higher mass fraction of Al present in the raw SCB compared to the SCT could 

be related to the larger accumulation of this element in the plant stalk with respect 

to the leaves (Watt, 2003). Regarding the inorganic iron, it exists in the ferric form 

(Fe3+) or as ferrous iron (Fe2+). According to Bakker, if iron is present in the plant 

in the form Fe3+ it is not in soluble form (Bakker, 2012). The removal of Fe lies 

between 40 and 80% after leaching both SCB and SCT, with variations 

depending on the type of leaching solution. It could indicate that iron is present 

mainly in the form of Fe2+. The removal of Al and Fe is higher for the pretreatment 

with inorganic acids (HCl or H2SO4) if compared to the use of CA. The latter 

observation may be attributed to the weaker nature of the organic acid and/or its 

slow reaction with Al and Fe. 

3.3. Effect of leaching solution, temperature and time on ash removal  

After both biomass types were leached, the ash mass fraction decreased 

compared to the original biomass for all investigated experimental conditions, 

irrespective of the temperature and the leaching time. Table 2.5 details the overall 

removed ash fraction (ash) for both biomasses, and for all temperature-time 
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combinations tested. Results suggest that for both SCT and SCB, leaching with 

HCl for a contact time of 12 h at 25 °C will lead to highest ash. 

 

Table 2.5. Ash fraction removal (ash in %) in pretreatment of SCT and SCB as 

a function of leaching temperature and time. 

Leaching 
solution 

SCT SCB 

1 h 12 h 1 h 12 h 

25 °C 50 °C 25 °C 50 °C 25 °C 50 °C 25 °C 50 °C 

Water 
29.4 

±1.4 

26.9 

±0.6 

33.8 

±1.2 

46.3 

±0.2 

33.6 

±1.6 

31.1 

±0.6 

41.9 

±4.3 

42.3 

±4.3 

HCl  
47.4 

±2.6 

45.2 

±0.16 

56.8 

±3.2 

41.0 

±0.2 

48.4 

±0.3 

48.2 

±0.3 

55.9 

±0.3 

48.9 

±3.7 

H2SO4 
45.6 

±1.7 

46.6 

±1.3 

44.4 

±3.5 

40.6 

±1.3 

48.4 

±1.1 

54.7 

±0.3 

49.5 

±0.3 

52.0 

±1.1 

CA 
38.9 

±1.8 

39.0 

±0.9 

43.9 

±0.1 

44.7 

±1.9 

48.4 

±4.1 

50.1 

±1.4 

53.7 

±2.3 

54.1 

±1.7 

Note: The standard deviations on the ash fraction removal values presented 
here are all within the range 0.00-0.05. 

The data was subject to a nonparametric bifactorial statistical analysis in order to 

elucidate the individual effects and interactions of the studied factors. Results 

(Table 2.6 and Appendix II) from this analysis are extensively discussed in the 

section below.  

 

Table 2.6. Values of the H-statistic and its significance determined according to 

Sokal and Rohlf’s theory. 

 

  H statistic Significance H statistic Significance 

ash in biomass by contact time, temperature 

SCT SCB 

Contact time 12.000 0.001 * 52.083 5.319 10−13 * 

Temperature 1.688 0.194 0.750 0.386 

Time-temperature 0.021 0.885 1.760 0.185 
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Table 2.6. continued 

 

3.3.1. Nonparametric bifactorial analysis, pairwise comparison  

3.3.1.1. Contact time and temperature 

The statistical analysis (Table 2.6) demonstrates that the individual effect of 

contact time on ash was significant for both biomass samples, SCT (p = 0.001) 

and SCB (p  10−13). No significant effect of temperature on the ash removal, ash 

was found. While p-values for the interaction between temperature and contact 

time (p > 0.05) suggested that there is no statistically significant combined effect 

of these two factors. 

3.3.1.2. Nature of the leaching solution and contact time 

The nonparametric bifactorial analysis of the influence of the nature of the 

leaching solution and the contact time on the ash suggests that highest ash 

values were obtained at the same contact time (12 h) for SCT leached with HCl 

and SCB leached with CA (Appendix II). However, variations in the ash at lower 

contact times (1 h) were found, which – based on the statistics – can be defined 

  H statistic Significance H statistic Significance 

ash in biomass by contact time, temperature 

SCT SCB 

 ash in biomass by leaching solution, contact time 

 SCT SCB 

Leach. solution 42.651 2.919 10−9 * 68.846 7.550 10−15 * 

Contact time 3.176 0.075 ** 13.787 0.000 * 

Leach. solution-time 27.849 3.906 10−6 * 5.515 0.138 

 ash in biomass by leaching solution, temperature 

 SCT SCB 

Leaching solution 42.651 2.919 10−9 * 68.846 7.550 10−15 * 

Temperature 0.447 0.504 0.199 0.656 

Leach. solution-temp. 20.631 0.000 * 15.662 0.001 * 

(*) significant (p < 0.05) 

(**) moderately significant (0.05 ≤ p < 0.1) 
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as moderately significant (p = 0.075) for SCT and significant for SCB (p = 0.000). 

Additionally, it can be seen that the nature of the leaching solution has a large 

influence (p  10−9) for SCT, as well as for SCB (p  10−15). The interaction 

between the nature of the leaching solution and the contact time shows p-values 

for SCT of 10−6, which indicates that this interaction will define the removal 

efficiency at constant temperatures. On the other hand, this interaction was not 

significance for SCB (p = 0.138). 

3.3.1.3. Nature of the leaching solution and the temperature 

From the statistical analysis, the individual effect of leaching solution appears to 

be significant for both samples (SCT, p 10−9 and SCB, p 10−15), while the p-

values for the interaction of solution type and temperature where null (p = 0.000).  

Furthermore, for SCT at 25 °C, three homogeneous subgroups were identified, 

which were: (a) water, (b) CA-H2SO4 and (c) H2SO4-HCl, while for 50 °C there 

were no leaching solution subgroups that are significantly different from the rest. 

In the case of SCB, the homogeneous subgroups, for 25 °C, were: (a) water and 

(b) H2SO4-CA-HCl, while for 50 °C there were three homogeneous subgroups: (a) 

water, (b) HCl-CA and (c) CA-H2SO4. 

In general, the results from the nonparametric bifactorial analysis revealed that 

the nature of the leaching solution is highly significant for both studied materials. 

Its interaction with contact time is of higher significance comparing to that with 

the temperature when treating both SCT and SCB. On the other hand, no 

significant effect of temperature and its interaction with the contact time was 

found. 

3.4. Effect of leaching on bagasse and trash FTIR-ATR functional groups 

3.4.1. Effect on SCB 

The FTIR-ATR spectra of raw and leached SCB, showed slight differences in the 

intensity and position of their main absorption bands (see Figure 2.7 and the 

Appendix III, Table III.1 and the Appendix IV). These differences evidenced the 

partial hydrolysis of hemicellulose, while functional groups of cellulose and lignin 

remained almost unchanged. 
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Fig. 2.7. FTIR-ATR of raw and leached SCB. 

The β-glycosidic bonds between glucose units in cellulose were not affected by 

water or acid leaching, as was evidenced by the presence of a band around 900 

cm‒1 in all the studied samples (Candido and Gonçalves, 2016, Morais de 

Carvalho et al., 2017). Furthermore, the unchanged sharp signals between 1235 

cm‒1 and 1030 cm‒1, indicate that nor the C–O, C–C stretching or C–OH bending 

in the cellulose, and neither the C–O–C and C–O stretching in lignin, were 

affected by leaching. The presence of hydroxyl and methyl units attached to 

phenolic groups was confirmed by the signals at 1366 cm‒1 (C–O–CH3) and 1320 

cm‒1 (O–H) (Guilherme et al., 2015). While, the weak band at 1510 cm‒1 indicates 

the presence of aromatic (CC) skeletal vibrations in lignin units. This band is 

sharpened after leaching with acids (especially for H2SO4 and HCl), which could 

be related to the removal of some O–H groups from xylans in hemicellulose. 

Moreover, the absorption bands at 1600 cm‒1 and 1730 cm‒1 correspond to the 

aromatic ring vibrations (in the lignin fraction) and aliphatic hydrocarbons, 

respectively (Magaton et al., 2008). These signals were sharpened after leaching 

the SCB with acids (H2SO4, HCl and CA), which could be attributed to the stronger 

hydrolytic action of those acids as compared to water. Finally, there were no 
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variations in the C–H (2890 cm‒1) nor in the O–H (3333 cm‒1) bond stretching, 

which suggests that cellulose units remain stable after treatment (Xu et al., 2014). 

Additional effects of hydrolysis were evidenced at lower wavelengths, where a 

new intensity band appeared at 580 cm‒1. This could be attributed to a loss in 

aromatics due to the reduction of aromatic rings by –OH or –CH3 groups from 

benzene derivatization. These minor differences in the FTIR-ATR spectra allow 

stating that leaching with acids (especially H2SO4 and HCl) contributes to the 

elimination of inorganics, while producing mild hydrolysis of hemicelluloses. 

3.4.2. Effect on SCT 

FTIR-ATR patterns of SCT (see Fig. 2.8 and Appendix III, Table III.2 and 

Appendix IV) and SCB are very similar, as both are derived from the same 

lignocellulosic material. Main differences between SCB and SCT are in the 1730 

cm‒1 band, which could be attributed to the CO linked to xylan acetyl groups or 

ketone carbonyl groups (Morais de Carvalho et al., 2017). Furthermore, SCT 

exhibited a well-defined double peak at 2890 cm‒1 and 2920 cm‒1, while SCB 

presented a single signal at 2890 cm‒1. 

 

Fig. 2.8. FTIR-ATR of raw and leached SCT. 

The band at 2920 cm‒1 in the SCT is related to C–H stretching and its presence 
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might be associated to the differences in the polymeric structures of cell walls of 

trash and bagasse. The most important effect of the leaching in the SCT was in 

the relative intensity of the bands between 1726 cm‒1 and 1600 cm‒1. In the case 

of the acid-treated samples the 1726 cm‒1 band is sharpened while the signal at 

1600 cm‒1 was much weakened. The former could be attributed to the 

modification of some xylan fractions and to the modification of CO by C-OH 

groups during hydrolysis reactions, as was previously reported by (Valiño et al., 

2015). 

3.5. Effect of demineralization on the thermal degradation behavior of SCT 

and SCB 

The raw and leached SCT and SCB samples were thermogravimetrically 

analyzed under a heating rate of 5°C·min‒1 to compare their thermal degradation 

behavior in an oxygen-free environment. Fig. 2.9 shows the DTG curves of raw 

and leached (25 °C and 50 °C and 1 h contact time) SCT samples (Fig. 2.9a, b) 

and SCB samples (Fig. 2.9c, d), respectively. DTG curves for the same 

temperatures and 12 h of leaching time, are provided in the Fig. 2.10. As can be 

noticed from these figures and regardless of the leaching solution and conditions, 

the thermal decomposition of both SCT and SCB was completed at about 420 °C 

(the temperature from which the rate of weight loss almost keeps the same value). 

In the DTG curves of raw biomass (Fig. 2.9), two unresolved peaks are observed 

near 300 °C and 350 °C for SCB and close to 280 °C and 340 °C for SCT. In 

contrast with the biomass water–leached at 25 and 50 °C during 1 h (Fig. 2.9), 

these two peaks are very well separated, which is consistent with results 

previously reported by (Müller-Hagedorn et al., 2003) and (Eom et al., 2011) for 

water–leached samples obtained from different wood species.  

It is well known that the first peak of the DTG curve of lignocellulosic biomass 

(excluding any peak due to water evaporation), the so-called “shoulder peak”, is 

attributed to the decomposition of hemicellulose (Eom et al., 2011, Shen et al., 

2009, Müller-Hagedorn et al., 2003). The second peak is well recognized by 

several authors to correspond to cellulose degradation (Eom et al., 2011, Shen 

et al., 2009, Müller-Hagedorn et al., 2003). However, when SCT and SCB were 

leached with HCl and H2SO4 at 25 °C for 12 h, the hemicellulose peak in the DTG  
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Fig. 2.9. DTG curves and the corresponding temperatures of peak mass loss rate (Tpeak) of raw and 1 h leached SCT (A–B) and SCB (C–D) 

with water or acidic solutions. 
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Fig. 2.10. DTG curves and the corresponding temperatures of peak mass loss rate (Tpeak) of raw and 12 h leached SCT (A-B) and SCB     

(C-D) with water or acidic solutions. 
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curve – usually near 300 °C – was negligible (Fig. 2.10a and c). Similar results 

were found for samples which were treated with these acids at higher 

temperatures (i.e. 50 °C) (Fig. 2.9b and 2.9d and Fig. 2.10b and d). According to 

the findings of (Das et al., 2004) and (Eom et al., 2011) this behavior could be 

due to a partial hydrolysis of the hemicellulose during demineralization with acids.  

While considering the DTG curves, the temperature at which maximum rate of 

weight loss occurred (Tpeak) is determined by the position of the peak in these 

curves. When analyzing the Tpeak, the acid–leached biomass (SCT and SCB) 

shifted to lower temperatures compared to the raw and water–leached biomass 

regardless of the leaching conditions applied. The catalytic effect of AAEMs in 

the pyrolytic process mentioned in the literature (Patwardhan, 2010) does not 

explain the results obtained in this work. Based on the decrease of the activation 

energy of cellulose in the presence of alkali (Shaik et al., 2013), the absence or 

reduced concentration of AAEMs in pretreated biomass is expected to lead to 

higher Tpeak temperatures, contrary to the current observation. The altered 

thermal behavior, especially the lower temperature at which maximum rate of 

decomposition is observed, is likely associated with hydrolysis (Das et al., 2004) 

and dehydration promoted by the acids during the leaching process, viz. to such 

an extent that it may result in structural changes of the lignocellulose (i.e. 

hydrolysis). 

The effect of this hydrolysis on the thermal degradation behavior (i.e. lowering 

Tpeak) appears to be dominant over the suppression of the catalytic effect of the 

inorganic constituents (AAEMs) by leaching. This explanation is further supported 

by the similarly shaped DTG curves of both biomass samples despite notable 

differences in ash mass fraction. Additionally, the shift of the DTG curve peak to 

lower temperatures in case of both H2SO4–leached biomasses at 50 °C for 1 and 

12 h, indicates, according to (Singh et al., 2013), depolymerization of the 

polysaccharide molecules (hemicellulose and cellulose) and/or a change from 

crystalline to amorphous form (cellulose). In agreement with the findings of Singh 

et al. (2013) who analyzed DTG curves of pretreated technical celluloses and 

their derivatives, it could be stated that the peak near 290 °C (in H2SO4–leached 

SCB and SCT at 50 °C for 1 h) is closer to amorphous cellulose, and that the 
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peak at 251 °C (H2SO4–leached biomass at 50 °C for 12 h) could be attributed to 

cellobiose. 

 

4. CONCLUSIONS 

Citric acid, compared to a selection of more widely studied leaching agents 

(demineralized water, and HCl, H2SO4) was used with the aim of reducing the ash 

mass fraction, especially the AAEMs in sugar cane bagasse (SCB) and sugar 

cane trash (SCT). The latter was considered particularly because it has limited 

applications (valorization) so far, and is less well characterized. The ash mass 

fraction in both types of biomass appeared to decrease upon leaching, regardless 

of the applied temperature and leaching time. Citric acid showed ash removal 

(ash) varying from 38.9 to 54.1%, depending on leaching time and temperature. 

In this respect, it performed similarly to the stronger, mineral acids HCl and H2SO4 

which had ash in a range from 40.6 to 56.7%. Most likely, the chelating effect of 

CA warrants removal of Al, Fe, Si and Mg in the biomass to a level comparable 

to the stronger mineral acids, while CA’s weak acidic nature does not induce 

extensive hydrolysis, thereby keeping the biomass mass loss limited to a 

minimum and comparable to that of water washing. 

The nonparametric bifactorial statistic analysis performed to analyze the 

significance of factors and their interaction on ash, revealed that the influence of 

contact time was significant for both SCT and SCB. Furthermore, the individual 

influence of the nature of the leaching solution and its interaction with contact 

time were highly significant for both biomasses, while temperature and its 

interaction with the contact time had a negligible significance. 

Leaching with acids produced a mild hydrolysis of the materials, which was 

confirmed by comparing the FTIR-ATR spectra of raw and treated samples as 

well as by the weakening or disappearance of the peak typically associated to 

hemicellulose in the TGA curves. In contrast, the CA leaching did not induce 

mass losses significantly larger than those observed for demineralized water as 

a leaching agent. Therefore, it can be concluded that CA is a technically viable 

option as an effective leaching agent to demineralize biomasses, like SCT, prior 
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to thermochemical conversion processes like fast pyrolysis. When the feasibility 

of CA leaching as a pretreatment method is considered, a number of associated 

and broader technical questions remain to be solved, such as those pertaining to 

the effect of the pretreated biomass feedstock on pyrolysis oil quality, the added 

cost of pretreatment, the reuse or disposal of the spent leaching agent, recovery 

of minerals for fertilizer purposes and the additional costs incurred by the extra 

biomass drying step. 

 

 



Chapter 3: Py-GC/MS based analysis of the influence of CA leaching of sugar 
cane residues as a pretreatment to fast pyrolysis 

 

 

66 

CHAPTER 3: PY-GC/MS BASED ANALYSIS OF THE 

INFLUENCE OF CITRIC ACID LEACHING OF SUGAR CANE 

RESIDUES AS A PRETREATMENT TO FAST PYROLYSIS 

 

Sugar cane trash (SCT) and sugar cane bagasse (SCB) are prospective 

feedstock materials for fast pyrolysis. In Chapter 2, the effect of citric acid (CA) 

pretreatment for removing AAEMs from SCB and SCT and its effectiveness 

compared to that of other (i.e. more conventional) leachants such as 

demineralized water, HCl and H2SO4 was studied. In addition, the structure, 

thermal behavior and chemical composition of raw and pretreated materials were 

analyzed. Therefore, this chapter evaluates the effect of SCT and SCB leaching 

by CA on the chemical composition of pyrolysis vapors, viz. by applying micro-

pyrolysis at 500 °C (Py-GC/MS). Comparison was made between CA and well-

known leaching agents including H2SO4, HCl and water. Accordingly, biomass 

samples derived from the study in Chapter 2 were used in the experiments 

conducted in this chapter. The results indicate that leaching with either CA or 

well-known inorganic acids causes the yields of levoglucosan in the pyrolysis 

vapors to increase by 5–8 fold. The mild structural changes in the lignocellulosic 

matrix, caused by hydrolysis during leaching, demonstrated to be as important 

for subsequent thermal degradation behavior (and thus increased anhydrosugars 

production) as the suppression of the intrinsic catalytic effect of the inorganic 

constituents by their removal during leaching. CA treatment generally favored the 

reduction in the total production of ketones and furans independently of leaching 

conditions (temperature, time). Differences in the range of leaching conditions 

tested (T = 25 – 50 °C; t = 1 – 12 h) had only minor influence on the composition 

of the pyrolysis vapors derived from CA pretreated sugar cane residues. 

 

Chapter redrafted after: 

RODRÍGUEZ-MACHÍN, L., ARTEAGA-PÉREZ, L. E., VERCRUYSSE, J., 

PÉREZ-BERMÚDEZ, R. A., PRINS, W. & RONSSE, F. 2018. Py-GC/MS based 

analysis of the influence of citric acid leaching of sugar cane residues as a 

pretreatment to fast pyrolysis. J. Anal. Appl. Pyrolysis, 134, 465-475. 
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1. INTRODUCTION 

The versatility of sugar cane residues (mainly bagasse and trash) for the 

production of paper, energy and biofuels has been widely illustrated in literature 

(Loh et al., 2013). Indeed, sugar cane bagasse and to a lesser extent, sugar cane 

trash continue to receive attention as potential feedstock for producing bio-oil 

through fast pyrolysis (Hou et al., 2013, Loh et al., 2013). Sugar cane bagasse 

(SCB) is the fibrous residue of sugar cane after crushing and extraction of its juice 

and yields about 140 kg (dry basis) of material per 1000 kg of processed (wet) 

cane (Alonso Pippo et al., 2011). Sugar cane trash (SCT) is a substantial portion 

of crop residues, composed of plant tops and leaves (Franco et al., 2013), and 

represents one third of the sugar cane plant mass (140 kg dry SCT per 1000 kg 

of  sugar cane d.b.) (Alonso Pippo et al., 2011). The energy content in SCT 

ranges between 17.4 and 17.7 MJ·kg‒1 (Linero, 2005, Peláez Samaniego, 2007). 

Despite this potentially usable calorific value, most common practices for sugar 

production do not consider the SCT as an energy source; instead, it is burned on 

the field and/or left at the cleaning stations, posing both environmental and 

technical challenges.  

The ash in SCB and SCT are different in mass and composition, but generally 

they contain several inorganic elements, mainly alkali and alkaline earth metals 

(AAEMs). In terms of specific metal ions, Si, Na, K, Mg and Ca are the major 

inorganic components in sugar cane (Piskorz et al., 1998, Das et al., 2004). A 

fraction of the AAEMs exist as salts deposited in cells or pores after drying, while 

another fraction is ionically bound to lignin or hemicellulose via the free electron 

pair of the oxygen atoms in carboxyl and/or hydroxyl functionalities (Bakker, 

2012).  

The content and nature of the inorganic species in lignocellulosic biomass 

strongly affect the pyrolysis process and influence the composition and stability 

of the liquid product (bio-oil). According to previous studies, the AAEMs can act 

as catalysts during thermal decomposition affecting both the devolatilization and 

charring reactions, potentially reducing the overall bio-oil yield (Patwardhan, 2010, 

Eom et al., 2011, Eom et al., 2012, Agblevor et al., 1995). Additionally, the 

presence of AAEMs in the biomass alters the physicochemical properties of the 
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resulting bio-oil, including viscosity, heating value, and water content (Eom et al., 

2013, Das et al., 2004). Most notably, AAEMs appear to suppress the pyrolytic 

production of  levoglucosan (an anhydrosugar) out of cellulose and instead, favor 

the production of lighter oxygenates (including glycolaldehyde and 

hydroxyacetone) (Patwardhan, 2010). Levoglucosan (1,6-anhydro-β-D-

glucopyranose) is a major constituent present in bio-oil (Zhang et al., 2013a, Li 

et al., 2013), which has a demonstrated potential for application in chemical 

synthesis of oligosaccharides, alkyl glycosides and chiral complex molecules, an 

example of the latter being the chemical synthesis of macrolide antibiotics using 

levoglucosan as precursor (Mohan et al., 2006). Also, levoglucosan can be used 

as feedstock in fermentation to ethanol (Jarboe et al., 2011) or be upgraded to 

transportation fuels or to additives in conventional fuels, if it can be produced 

cheaply enough (Bennett et al., 2009). Therefore, the advantage of using 

biomass as a promising source of renewable fuels or platform chemicals would 

be greatly enhanced by the effective production of levoglucosan (Bai et al., 2013).  

From earlier studies it is known that during the pyrolysis process, K and Ca can 

catalyze biomass conversion and char forming reactions (Pan and Richards, 

1989). Although, other authors stated that the catalytic activity of K under 

pyrolysis conditions is considerably greater than that of Ca (Lang and Neavel, 

1982). Moreover, other studies found that K was associated with additional water 

and gas formation, leading to a decrease in organic liquid yields (Oasmaa et al., 

2010b). The effect of these metals on beech wood pyrolysis was studied by Nik-

Azar et al. (1997), who concluded that Na and K are stronger cracking catalysts 

than Ca. Morever, other authors demonstrated that K and Na ions have a strong 

influence on the decomposition temperature in pyrolysis and on the product 

distribution (Müller-Hagedorn et al., 2003). The differential thermogravimetric 

(DTG) curve is shifted to lower temperatures and the yield of levoglucosan is 

reduced to less than half (Müller-Hagedorn et al., 2003, Nik-Azar et al., 1997). An 

additional problem posed by the minerals in the feedstock with respect to fast 

pyrolysis of SCB and SCT, is that a portion of the minerals induce lower stability 

of the bio-oil due to some minerals being carried over in fine char particles in the 

bio-oil (Das et al., 2004, Patwardhan, 2010, Pan and Richards, 1989). 

In order to reduce the negative effect of AAEM on the yield and quality of the bio-
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oil, solutions have been proposed. For instance, the fine char particles carryover 

could be substantially reduced by using alternative reactor configurations which 

do not rely upon high gas flow rates (i.e., in fluidization), such as vacuum pyrolysis 

reactors and rotating screw or rotating cone reactors (Perez et al., 1998a, 

Patwardhan, 2010, Das et al., 2004, Garcia-Perez et al., 2002). However, these 

designs do not remediate the negative catalytic effect of ash during pyrolysis itself. 

The latter problem could be mitigated by demineralizing the feedstock prior to 

pyrolysis, in order to decrease its ash content, thus reducing the catalytic effect 

of AAEMs (Piskorz et al., 1998, Das et al., 2004). The demineralization process 

can be carried out by leaching the biomass with several solutions (e.g., water, 

acids or solvents), which necessarily leads to changes in the textural properties 

of the biomass by altering the surface area and porosity. Moreover, leaching 

could also modify the composition and structure of the fibers by partially 

hydrolyzing the polysaccharides and lignin, and by reducing the crystallinity of 

cellulose (Percival Zhang et al., 2009). The typical quality improvements in bio-

oil from acid-washed biomass are: high levoglucosan concentration (e.g. 50% 

yield rise by pyrolysis of 1% H2SO4-heated cottonwood (Shafizadeh et al., 1979)), 

reduced water content (from 12.0% to 8.3% in case of raw and HCl-treated SCB, 

respectively (Das et al., 2004)) and reduced concentration of lighter oxygenates 

(Fahmi et al., 2007).  

Generally, the removal efficiency of AAEMs during leaching depends on several 

factors including the type and concentration of the leaching solution, temperature 

and contact time (Oudenhoven et al., 2013). Furthermore, as minerals in biomass 

can be bound physically or chemically, the leaching process can vary greatly from 

one lignocellulosic material to another (Scott et al., 2001). Among the most used 

methods for the pretreatment of sugar cane bagasse prior to pyrolysis are 

leaching with water, dilute acid and organic solvents (Mesa et al., 2011, 

Oudenhoven et al., 2013, Oudenhoven et al., 2015, Mourant et al., 2011, Piskorz 

et al., 1998). The sulfuric acid solutions are the most common used for sugar 

cane bagasse leaching (Mesa et al., 2011, Eom et al., 2013). Nevertheless, this 

acid is corrosive and leads to the formation of biomass degradation products such 

as furfural, 5-hydroxyl methylfurfural (5-HMF), formic acid and acetic acid (Soares 

et al., 2011, Travaini et al., 2013). The water washing has been indicated to be a 



Chapter 3: Py-GC/MS based analysis of the influence of CA leaching of sugar 
cane residues as a pretreatment to fast pyrolysis 

 

 

70 

prospective treatment to remove a large part of troublesome elements from 

biomass fuels (Deng et al., 2013). Other compounds such as hydrochloric acid 

(HCl) (Das et al., 2004, Tan and Wang, 2009), hydrogen fluoride (HF) (Das et al., 

2004, Carrier et al., 2012, Eom et al., 2013), nitric (HNO3) (Carrier et al., 2012, 

David et al., 2017) and phosphoric (H3PO4) (Gómez et al., 2010, Tan and Wang, 

2009) acids have also been studied. 

A full characterization of raw and pretreated sugar cane residues (i.e., leached 

with CA, as well as with demineralized water, and solutions of HCl and H2SO4) 

was reported in Chapter 2. Therefore, only the relevant trends are reported here, 

for a more in-depth discussion regarding removal mechanisms for each inorganic 

constituent, the reader is referred to Chapter 2. 

In chapter 2 of this thesis, the effectiveness of citric acid (CA, C6H8O7) as a 

leaching agent for pretreating SCB and SCT was investigated. Also in chapter 2, 

the results for CA were compared with those from the pretreatment of sugar cane 

residues with water, HCl and H2SO4. It was demonstrated that pretreatment of 

SCB and SCT with citric acid is as effective in removing the AAEMs as the mineral 

acids. Furthermore, the CA pretreatment did not induce extensive hydrolysis, as 

it was confirmed by a minimal shift of the TG (thermogravimetric) curves for CA–

leached SCT and SCB compared to the raw biomasses. Despite the extensive 

literature on biomass leaching, there is scarce information on the effect of SCT 

and SCB leaching at different conditions (temperature, time) by well-known 

leaching agents including H2SO4, HCl and water on the physicochemical 

composition of the bio-oil upon pyrolyzing the pretreated feedstock. Especially, 

with respect to CA as leaching agent no information was found in the literature 

reviewed.  

Analytical pyrolysis (sometimes also referred to as micro-pyrolysis) is a well-

known technique to analyze high-molecular weight compounds. The micro-

pyrolysis coupled to gas chromatography mass spectrometry (Py-GC/MS) 

technique has been considered a rapid method for obtaining information on the 

thermochemical decomposition of lignocellulosic materials and plastics (Alves et 

al., 2006, Faix et al., 1987, David et al., 2017). This technique has been used 

along with some pretreatments such as leaching (David et al., 2017) and 
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torrefaction (Arteaga-Pérez et al., 2017)) for analyzing their effect on the 

composition of pyrolysis vapors and the subsequent quality of bio-oil. 

Therefore, the aim of this chapter was to evaluate the effect of leaching both 

sugar cane trash and sugar cane bagasse with citric acid – being an organic, less 

characterized pretreatment agent – compared to well-known leaching agents 

including H2SO4, HCl and water on the chemical composition of pyrolysis vapors. 

The experiments were carried out at analytical level by means of Py-GC/MS as 

a reliable and rapid method for gathering information. The effect of operational 

variables (i.e. temperature and time) of the leaching process on the ash and thus 

AAEM removal has been assessed in the previous chapter of this thesis and 

these results are here correlated to the variations in the composition profile of 

pyrolysis vapors. 

 

2. MATERIALS AND METHODS 

2.1. Biomass preparation and characterization  

The original materials, SCT and SCB (sugar cane variety Cuba 1051-73) were 

provided by the sugar mill “Ifraín Alfonso” in Villa Clara, Cuba. Trash was 

collected directly from the sugar cane plantation, whereas sugar cane bagasse 

was sampled two hours after milling. Thereafter, raw SCT and SCB were naturally 

dried in ambient atmosphere during three days and then crushed with a Retsch 

mill and sieved to a particle size of 1–2 mm. These materials (further labeled in 

this study as “raw”) were stored afterwards in hermetically sealed plastic bags at 

room temperature. 

The leached samples used in the Py-GC/MS experiments were previously 

pretreated by following the procedure reported in Chapter 2 of this thesis. Briefly, 

the samples were leached with four solutions (demineralized water, citric acid 

(CA) and two strong inorganic acids (HCl or H2SO4). The leaching experiments 

were performed according to a factorial design which included two categorical 

variables (SCB and SCT), three acidic solutions at different concentrations 0.192 

kg·dm−3 of CA, 0.501 kg·dm−3 of H2SO4 and 0.182 kg·dm−3 of HCl, two residence 

times (1 and 12 h) and two temperatures (25 and 50 °C). Finally, both raw and 

pretreated samples were characterized by compositional analysis (i.e. elemental 
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and proximate analyses, inductively coupled plasma with optical emission 

spectroscopy (ICP-OES), and HHV. Further details on the equipment and 

conditions for those analyses can be found in Chapter 2. 

2.2. Analytical pyrolysis (Py-GC/MS) 

Micro-scale fast pyrolysis experiments were performed using a micro-pyrolysis 

unit (Multi-shot pyrolyzer EGA/PY-3030D, Frontier Laboratories Ltd., Fukushima, 

Japan) coupled to a Thermo Fisher Scientific Trace Gas Chromatograph. Raw 

and pretreated SCT and SCB samples (grinded down to a particle size < 100 μm) 

were used in pyrolysis experiments. For fast pyrolysis experiments, samples of 

300 μg±1 μg of each biomass were placed in a deactivated stainless steel cup 

(Frontier Laboratories Eco-cup, 80 μl) covered with inert quartz wool and 

mounted into the double-shot solid sampler. The loaded cup falls freely into a 

vertical quartz tube (pyrolysis reactor tube) which is mounted into a furnace which 

was held constant at 500 °C. As such, the sample is rapidly heated to the desired 

temperature (500 °C at 2000 °C·s−1 guaranteeing fast pyrolysis conditions) while 

a downward flow of helium gas (Alphagaz 2-grade helium, Air Liquide, Herenthout, 

Belgium) was applied. The pyrolysis vapors were then evacuated from the 

pyrolysis reactor tube with the helium gas stream (ca. 100 mL·min−1) and 

transferred to the GC/MS through a heated interface line (kept at 250 °C).  

The vapors coming from the pyrolysis unit were transferred into the GC via a 

split/splitless injection port (split ratio 1:100). The injector had a temperature of 

250 °C. The chromatographic separation of the pyrolysis vapors was achieved 

using a Restek capillary column (RTX-1701, 60 m, 0.25 mm, 0.25 μm) with a 

constant column gas flow of 1 mL·min−1. The GC oven temperature program 

started with 3 min held constant at 40 °C, followed by heating to a final 

temperature of 280 °C at 5 °C·min−1 and then held constant for 1 minute. The GC 

temperature program started at the moment the sample cup was released into 

the pyrolysis furnace. After separation on the GC column, the pyrolysis 

compounds were identified using an MS, which was a single quadrupole mass 

spectrometric detector (Thermo ISQ MS). The MS transfer line temperature was 

280 °C and the ion source temperature was kept at 230 °C. The peak areas were 

obtained from the integration of the total ion current (TIC) signals gathered from 
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MS chromatograms using an ionization energy of 70 eV and scanning within a 

mass-to-charge ratio (m/z) values of 29–300 every 0.2 s. 

The identification of compounds was achieved based on retention times and by 

comparison of the mass spectra recorded with those in the National Institute of 

Standards and Technology (NIST) database and was supported by analyst 

expertise and relevant literature (Pattiya et al., 2012, David et al., 2017, Eom et 

al., 2013). The software Xcalibur 2.1 was used for chromatogram peak area 

integration and the MS library (version NIST08) was used for identifying non-

calibrated compounds based on their spectra comparison. Component 

concentrations in the pyrolysis vapors were expressed in relative abundance (this 

is the component peak area divided by the total peak area). Compounds with a 

retention time higher than 45 min (representing less than 2% of the total) were 

excluded from the total peak area integration, as these compounds typically 

appeared due to septum or column bleed. 

A limited set of compounds were also calibrated using standard solutions of 

acetaldehyde, methanol, 2,3-butanedione, furfural, phenol, 2-methoxyphenol, 2-

methoxy-4-methylphenol, eugenol and levoglucosan to derive absolute yields. 

Standard solutions of each compound were prepared by dissolving them in an 

appropriate solvent (Table 3.1). At least four different concentrations (each 

performed in triplicate) of standard solutions were injected for each of these 

compounds.  

 

Table 3.1. Calibration compounds used in the GC/MS analysis. 

Compound name Solvent Retention time  
(min) 

Acetaldehyde 
Methanol 
2,3-butanedione 
Furfural/2-furaldehyde 
Phenol 
2-methoxyphenol (guaiacol) 
2-methoxy-4-methylphenol (creosol) 
Eugenol 
1,6-anhydro-β-D-glucopyranose 

Acetone 
Acetone 
Acetone 

THF 
THF/acetone 

THF 
THF/acetone 
THF/acetone 

THF 

4.85 
5.09 
7.55 
16.6 
24.5 
24.8 
27.7 
32.2 
41.1 
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The solutions (1 µL) were injected in the micro-pyrolysis reactor tube using the 

septum-based liquid injection sampler. Compared to the processing of solid 

biomass samples, the micro-pyrolysis oven temperature was lowered to 300 °C 

for the liquid injected solutions, while all other GC and MS operational parameters 

remained identical. 

The relative peak areas were used to quantify the amount of each compound. 

Calibration curves were obtained by linear regression of TIC peak area versus 

the absolute quantity (in µg) of the analyte injected. For all the calibration 

compounds, a 4 or 5-points calibration curve could be established by linear 

regression and with an R² > 0.92. The peak areas in the chromatograms can be 

recalculated in absolute quantities (µg) of those selected compounds. By 

expressing those quantities relative to the weight of the sample being pyrolyzed, 

the yield (as a mass fraction) is obtained. 

 

3. RESULTS AND DISCUSSION 

3.1. Composition of raw and pretreated sugar cane residues 

Major differences in samples were found for the bulk ash content and its specific 

composition. Leaching the SCT (25, 50 °C and 1 h of contact time) with CA was 

clearly the most effective in removing AAEMs, up to ca. 98.2% of the initial 

content, whereas H2SO4, HCl and water achieved 98.0, 94.4 and 83.2% 

respectively. Most likely, the chelating effect of CA warrants AAEM removal from 

biomass to a level comparable to the stronger mineral acids. The CA’s weak 

acidic nature does not induce extensive hydrolysis which is associated with mass 

loss during pretreatment. Specifically, over the range of pretreatment conditions 

tested (time 1 to 12 h, temperature of 25 to 50 °C), a mass loss of 8.6 to 17.8 wt.% 

on dry feedstock basis was obtained, similar to that of water (7.8 to 19.1 wt.%). 

Meanwhile, leaching with inorganic acids (H2SO4 and HCl) promoted the 

hydrolysis of the biomass leading to mass losses ranging from 12.0 wt.% up to 

49.2 wt.%. These latter and large mass losses are considered a critical issue to 

the ensuing pyrolysis process (see Chapter 2). Particularly, when biomass is 

pretreated with H2SO4 and HCl at 50 °C and regardless of the pretreatment 

duration, the structure of the biomass (by visual inspection) was observed to be 
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damaged or altered to a significant extent (Figs. 3.1 and 3.2). 

 

Fig. 3.1. Sugar cane bagasse after pretreatment at 50 °C for 12 h. (A) HCl–

leached, (B) H2SO4–leached and (C) CA–leached. 

 

 

Fig. 3.2. Sugar cane trash after pretreatment at 50 °C for 12 h. (A) HCl–

leached, (B) H2SO4–leached and (C) CA–leached. 

Changes in organic composition due to leaching are mapped onto a Van Krevelen 

diagram for both SCT (Fig. 3.3A) and SCB (Fig. 3.3B) in order to correlate the 

effect of the pretreatment to the energy content of the material (Van Krevelen, 

1950). Biomass samples with higher H/C and lower O/C atomic ratios are 

preferable if pyrolysis liquids with a higher energy content are to be the produced 

(Yildiz et al., 2016). It was observed that, in general, CA pretreatment induces 

small changes to the H/C and O/C atomic ratios of the biomass with variations in 

leaching conditions (temperature, time) owing to the low extent of hydrolysis 

produced by this acid. The elemental composition, molar ratios and HHV of SCT 

and SCB under varying pretreatment conditions can be consulted in Appendix V. 



Chapter 3: Py-GC/MS based analysis of the influence of CA leaching of sugar 
cane residues as a pretreatment to fast pyrolysis 

 

 

76 

 

Fig. 3.3. Van Krevelen diagram of raw and pretreated biomasses at different 

leaching conditions; raw and leached SCT (A) and raw and leached SCB (B). 

3.2. Effect of pretreatment on pyrolysis vapor composition 

To gain further insights into the effect of leaching on the pyrolytic behavior of raw 

and pretreated sugar cane residues, analytical Py-GC/MS experiments were 

carried out at a fixed pyrolysis temperature (500 °C). Typical chromatograms for 
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volatiles resulting from raw, water–leached and CA–leached SCT are presented 

in Fig. 3.4 and those from SCB in Fig. 3.5. The chromatograms from SCT and 

SCB leached with HCl and H2SO4 are shown in Figs. 3.6 and 3.7, respectively. 

The retention time, the source, the names and the chemical formula of identified 

compounds are listed in Table 3.2, while the total chromatogram peak area 

normalized by the mass of the dry biomass sample is embedded in each 

chromatogram. Analysis of the latter demonstrates that the global yield in GC-MS 

detectable pyrolysis vapors typically increases upon acid pretreatment by 20 to 

45% (pretreatment conditions of 1 h, 25°C). With the exception of CA in the 

pretreament of SCT, no statistically significant differences were found in the total 

chromatogram peak area (normalized by the mass of the dry biomass sample) 

between different types of acids tested. 

The biomass-derived pyrolysis compounds were classified into two main groups 

characterized by origin: carbohydrate (C) or lignin (L) derivatives (Pattiya et al., 

2008, Vanwonterghem, 2012, David et al., 2017). Additionally, those pyrolysis 

compounds, which can be formed from unidentified sources, were indicated as 

from unspecified origin (UN). Most of identified compounds have been reported 

in literature as pyrolysis products from lignocellulosic materials (Pattiya et al., 

2012, David et al., 2017, Eom et al., 2013). In this study, it was found that nearly 

55% of the identified compounds are carbohydrate derivatives, 34% are lignin 

derivatives and the remaining compounds could be products from polymerization 

reactions and/or from more complex decomposition mechanisms. Next, identified 

compounds were classified into groups according to chemical functionality, with 

the purpose of clearly showing changes in composition, and the results are shown 

in Table 3.3 (1 h at 25 °C), while those of other leaching conditions are provided 

in Tables 3.4 – 3.6. 
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Fig. 3.4. Typical chromatograms resulting from the Py-GC/MS at 500 °C of raw 

SCT (A), water–leached SCT (B) and CA–leached SCT (C). Leaching at 25 °C 

for 1 h. Total pyrolysis area, in TIC peak area units (AU) per sample mass, is 

given. Peak identification in Table 3.2. 

A)
Raw SCT

Total Py-area/sample mass= 14.0x106·µg‒1

B)
Water–leached SCT

Total Py-area/sample mass= 15.0x106 AU·µg‒1

C)
CA–leached SCT

Total Py-area/sample mass= 20.4x106 AU·µg‒1
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Fig. 3.5. Typical chromatograms resulting from the Py-GC/MS at 500 °C of raw 

SCB (A), water–leached SCB (B) and CA–leached SCB (C). Leaching at 25 °C 

for 1 h. Total pyrolysis area, in TIC peak area units (AU) per sample mass, is 

given. Peak identification in Table 3.2.

A) Raw SCB

Total Py-area/sample mass= 24.4x106AU·µg‒1

B)
Water–leached SCB

Total Py-area/sample mass= 24.6x106AU·µg‒1

CA–leached SCB

Total Py-area/sample mass= 29.8x10
6
AU·µg‒1C)
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Table 3.2. Identified compounds from Py-GC/MS analysis of sugar cane bagasse and sugar cane trash. 

Id# Rt (min) Sourcea Groupb Compound name Formula 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

4.4 
4.9 
5.0 
5.7 
6.0 
6.8 
7.6 
8.0 
8.8 
10.0 
11.2 
12.0 
14.5 
15.0 
16.6 
18.3 
20.3 
22.3 
22.7 
23.4 
24.3 
24.9 
26.7 
27.7 

- 
C 
C 
C 
C 
C 
C 

UN 
C 
C 
C 

UN 
UN 
C 
C 

UN 
C 
C 

UN 
C 
L 
L 
L 
L 

- 
AH 
ALC 
AH 
KE 
FU 
KE 
CAc 
AH 
CAc 
KE 

ALC 
ALC 
FU 
AH 
ALC 
KE 
FU 
OT 
KE 
PH 
PH 
PH 
PH 

carbon dioxide 
acetaldehyde 
methanol 
2-propenal (acrylic aldehyde) 
2-propanone (acetone) 
2-methylfuran 
2,3-butanedione 
propanoic acid 
2-hydroxylacetaldehyde (glycolaldehyde) 
acetic acid 
1-hydroxy-2-propanone (hydroxyacetone) 
1,3-propanediol 
2-hydroxyethyl acetate  
2(5H)-furanone 
2-furaldehyde (furfural) 
ethylene glycol diacetate 
3-methyl-1,2-cyclopentanedione 
2(5H)-furanone 
2-methyliminoperhydro-1,3-oxazine 
2-hydroxy-3-methyl-2-cyclopenten-1-one 
phenol 
2-methoxyphenol (guaiacol) 
4-methylphenol (p-cresol) 
2-methoxy-4-methylphenol (creosol) 

CO2 
C2H4O 
CH4O 
C3H4O 

C3H6O 

C5H6O 
C4H6O2 
C3H6O2 
C2H4O2 

C2H4O2 
C3H6O2 
C3H8O2 
C4H8O3 
C4H4O2 
C5H4O2 
C6H10O4 
C6H8O2 
C4H4O2 

C5H10N2O 

C6H8O2 
C6H6O 
C7H8O2 
C7H8O 

C8H10O2 
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Table 3.2. continued 

Id# Rt (min) Sourcea Groupb Compound name Formula 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

29.1 
31.0 
31.4 
31.6 
32.2 
33.0 
33.2 
35.0 
35.2 
35.7 
38.7 
41.1 
41.2 
44.2 

L 
C 
L 
L 
L 
L 
C 
C 
L 
L 
L 
C 
L 
C 

PH 
SU 
FU 
PH 
PH 
PH 
SU 
SU 
PH 
PH 
PH 
SU 
PH 
SU 

4-ethylphenol/p-ethylphenol 
1,4:3,6-dianhydro-α-D-glucopyranose 
2,3-dihydrobenzofuran (coumaran) 
2-methoxy-4-vinylphenol/4-vinylguaiacol 
eugenol 
2,6-dimethoxyphenol (syringol) 
unidentified sugar 
unidentified sugar 
2,6-dimethoxy-4-methylphenol 
2-methoxy-4-formylphenol/vanillin 
2,6-dimethoxy-4-(2-propenyl)-phenol 
1,6-anhydro-β-D-glucopyranose (levoglucosan) 
2,6-dimethoxy-4-(2-propenyl)-phenol 
unidentified sugar 

C8H10O 
C6H8O4 
C8H8O 

C9H10O2 
C10H12O2 
C8H10O3 

- 
- 

C9H12O3 
C8H8O3 

C11H14O3 
C6H10O5 
C11H14O3 

- 

(a) C: carbohydrate derivatives; L: lignin derivatives; UN: unspecified origin  

(b) AH: aldehydes; ALC: alcohols; KE: ketones; FU: furans/pyrans; CAc: carboxylic acids; PH: phenols; 
SU: sugars; OT: others. 



Chapter 3: Py-GC/MS based analysis of the influence of CA leaching of sugar 
cane residues as a pretreatment to fast pyrolysis 

 

 

82 

 

 

Fig. 3.6. Chromatograms resulting from Py-GC/MS at 500 °C of sugar cane 

trash; (A) HCl–leached SCT and (B) H2SO4–leached SCT. Leaching at 25 °C for 

1 h. Total pyrolysis area, in TIC peak area units (AU) per sample mass, is given. 

Peak identification in Table 3.2. 

 

  

 

 

 

 

A) HCl–leached SCT

Total Py-area/sample mass= 17.4x106 AU·µg‒1 

B) H2SO4–leached SCT

Total Py-area/sample mass= 18.3x106AU·µg‒1 
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Fig. 3.7. Typical chromatograms resulting from the Py-GC/MS at 500 °C of 

sugar cane bagasse; (A) HCl–leached SCB and (B) H2SO4–leached SCB. 

Leaching at 25 °C for 1 h. Total pyrolysis area, in TIC peak area units (AU) per 

sample mass, is given. Peak identification in Table 3.2.

A) HCl–leached SCB

Total Py-area/sample mass=  29.3x106 AU·µg‒1

B)
H2SO4–leached SCB

Total Py-area/sample mass= 30.1x106AU·µg‒1
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Table 3.3. Py-GC/MS analysis at 500 °C of raw and pretreated SCT and SCB obtained after 1 h at 25 °C. 

Classification 

SCT SCB 

Raw 
Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 

leached 
Raw 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 
leached 

Alcohols (4 compounds) 

 

Aldehydes (4 compounds) 

 

Carboxylic acids (2 compounds) 

 

Furans/pyrans (3 compounds) 

 

Ketones (5 compounds) 

 

Phenols (12 compounds) 

 

Sugars (5 compounds) 

 

Others (1 compound) 

3.73 

±0.11 

7.69 

±0.42 

5.50 

±0.21 

7.05 

±0.34 

7.20 

±0.51 

12.6 

±0.42 

9.94 

±0.63 

2.35 

±0.40 

3.89 

±0.01 

7.89 

±0.10 

5.87 

±0.02 

7.47 

±0.20 

6.64 

±0.51 

11.9 

±0.23 

11.4 

±0.21 

3.21 

±0.20 

1.39 

±0.30 

4.92 

±0.31 

2.47 

±0.27 

4.86 

±0.23 

2.20 

±0.52 

12.6 

±0.21 

39.3 

±1.10 

5.57 

±0.15 

1.26 

±0.02 

4.24 

±0.01 

1.94 

±0.04 

4.39 

±0.24 

1.90 

±0.01 

12.5 

±0.10 

45.0 

±1.72 

4.62 

±0.21 

1.74 

±0.10 

4.81 

±0.03 

3.13 

±0.12 

4.66 

±0.13 

2.12 

±0.17 

12.0 

±0.10 

38.8 

±0.02 

5.02 

±0.21 

4.28 

±0.12 

7.27 

±0.33 

7.95 

±0.12 

11.1 

±1.01 

7.90 

±1.10 

14.7 

±0.22 

6.51 

±0.71 

2.10 

±0.30 

4.02 

±0.04 

7.10 

±0.01 

6.93 

±0.20 

9.10 

±0.12 

6.05 

±0.02 

13.6 

±0.10 

12.5 

±0.11 

3.21 

±0.02 

1.83 

±0.10 

3.85 

±0.02 

3.29 

±0.42 

6.55 

±0.23 

2.03 

±0.45 

13.5 

±0.17 

41.3 

±2.20 

3.56 

±0.33 

1.02 

±0.11 

2.93 

±0.12 

2.37 

±0.30 

6.52 

±0.14 

3.28 

±0.30 

14.3 

±0.32 

47.1 

±1.81 

2.56 

±0.22 

1.64 

±0.04 

3.25 

±0.02 

3.68 

±0.32 

6.24 

±0.21 

1.73 

±0.20 

14.3 

±0.27 

43.3 

±1.60 

2.98 

±0.22 
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Table 3.4. Py-GC/MS analysis at 500 °C of pretreated SCT and SCB obtained after 12 h at 25 °C. 

Classification 

SCT SCB 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 

leached 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 
leached 

Alcohols (4 compounds) 

Aldehydes (4 compounds) 

Carboxylic acids (2 compounds) 

Furans/pyrans (3 compounds) 

Ketones (5 compounds) 

Phenols (12 compounds) 

Sugars (5 compounds) 

Others (1 compound) 

3.58±0.10 

7.57±0.21 

4.96±0.19 

6.77±0.12 

5.13±0.02 

12.4±0.18 

16.1±0.51 

4.23±0.42 

1.48±0.22 

5.69±0.31 

0.91±0.11 

5.33±0.02 

3.13±0.11 

12.2±0.12 

39.1±2.17 

4.33±0.21 

0.86±0.01 

3.37±0.11 

0.66±0.06 

4.15±0.05 

1.91±0.14 

11.6±0.42 

52.6±0.02 

3.00±0.13 

1.87±0.12 

4.81±0.11 

3.18±0.12 

4.64±0.03 

2.12±0.16 

12.6±0.12 

39.2±0.42 

4.99±0.12 

4.13±0.02 

6.88±0.30 

7.52±0.09 

9.88±0.33 

6.79±0.24 

13.6±0.22 

9.74±0.53 

2.53±0.34 

0.92±0.23 

4.05±0.42 

0.54±0.16 

6.79±0.31 

2.02±0.01 

12.2±0.35 

46.4±2.01 

3.14±0.12 

0.85±0.11 

2.72±0.12 

0.61±0.02 

6.06±0.14 

1.50±0.24 

12.6±0.07 

51.8±3.70 

1.61±0.24 

1.83±0.12 

2.86±0.23 

3.90±0.15 

6.31±0.12 

1.78±0.24 

14.5±0.15 

42.1±0.91 

2.99±0.12 
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Table 3.5. Py-GC/MS analysis at 500 °C of pretreated SCT and SCB obtained after 1 h at 50 °C. 

Classification 

SCT SCB 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 

leached 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 
leached 

Alcohols (4 compounds) 

Aldehydes (4 compounds) 

Carboxylic acids (2 compounds) 

Furans/pyrans (3 compounds) 

Ketones (5 compounds) 

Phenols (12 compounds) 

Sugars (5 compounds) 

Others (1 compound) 

3.88±0.02 

8.12±0.03 

5.83±0.10 

7.50±0.12 

6.40±0.05 

12.0±0.31 

8.84±0.04 

3.40±0.22 

0.94±0.23 

3.86±0.41 

0.16±0.12 

4.73±0.13 

1.72±0.21 

12.3±0.02 

50.7±3.00 

0.99±0.11 

0.92±0.10 

1.82±0.11 

0.11±0.02 

4.12±0.04 

1.29±0.11 

10.5±0.43 

61.8±3.23 

0.46±0.12 

1.49±0.24 

4.18±0.15 

2.90±0.13 

4.27±0.21 

1.96±0.24 

12.7±0.25 

42.2±1.62 

4.61±0.21 

3.79±0.22 

6.83±0.03 

7.00±0.32 

8.92±0.36 

5.88±0.12 

13.6±0.20 

10.5±0.63 

2.97±0.27 

1.03±0.30 

4.05±0.14 

0.50±0.12 

8.08±0.05 

2.28±0.21 

14.3±0.44 

41.2±2.82 

1.76±0.20 

0.81±0.13 

2.76±0.34 

0.07±0.05 

5.96±0.24 

1.08±0.45 

10.7±0.53 

43.9±2.04 

0.39±0.08 

1.60±0.12 

3.09±0.25 

3.48±0.34 

5.89±0.26 

1.78±0.15 

13.7±0.73 

41.6±0.44 

2.66±0.35 
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Table 3.6. Py-GC/MS analysis at 500 °C of pretreated SCT and SCB obtained after 12 h at 50 °C.  

Classification 

SCT SCB 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 

leached 

Water- 
leached 

HCl- 
leached 

H2SO4- 
leached 

CA- 
leached 

Alcohols (4 compounds) 

Aldehydes (4 compounds) 

Carboxylic acids (2 compounds) 

Furans/pyrans (3 compounds) 

Ketones (5 compounds) 

Phenols (12 compounds) 

Sugars (5 compounds) 

Others (1 compound) 

3.73±0.11 

7.14±0.40 

4.85±0.22 

6.78±0.21 

5.12±0.01 

10.9±0.32 

15.8±0.55 

4.29±0.31 

1.07±0.12 

3.26±0.33 

0.25±0.01 

4.52±0.25 

2.24±0.14 

13.4±0.31 

47.2±2.40 

0.50±0.03 

0.78±0.02 

2.68±0.32 

0.06±0.04 

4.80±0.32 

1.13±0.01 

14.5±1.00 

41.2±2.51 

0.11±0.02 

1.75±0.24 

4.44±0.23 

3.10±0.14 

4.49±0.31 

2.46±0.23 

12.2±0.44 

38.7±0.62 

5.04±0.31 

4.20±0.02 

7.38±0.01 

7.20±0.20 

9.99±0.33 

6.27±0.31 

13.0±0.04 

10.7±0.40 

2.94±0.32 

1.11±0.17 

4.08±0.15 

0.26±0.01 

7.15±0.02 

2.48±0.20 

14.3±0.10 

44.3±1.22 

1.16±0.06 

0.19±0.03 

1.31±0.14 

0.10±0.02 

2.81±0.33 

1.12±0.05 

4.50±0.24 

25.2±2.17 

- 

1.93±0.14 

3.77±0.11 

3.94±0.20 

6.79±0.03 

2.34±0.34 

13.9±0.23 

39.1±1.24 

3.10±0.22 

Note: Values in Tables 3.3 to 3.6 are expressed in relative abundance (in %), standard deviations are provided.
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3.2.1. Yields of pyrolytic levoglucosan 

Levoglucosan (1,6-anhydro-β-D-glucopyranose) is a sugar compound 

considered as the main cellulose depolymerization and dehydration product. In 

the literature (Choi et al., 2011, Mamleev et al., 2006, Liu et al., 2005, Zhang et 

al., 2013a), many studies present the formation of levoglucosan via levoglucosan 

chain-end mechanism (Fig. 3.8). The mechanism supports that levoglucosan 

formation happens through two steps, the formation of the levoglucosan chain-

end structure intermediate followed by the formation of levoglucosan from the 

levoglucosan chain-end structure intermediate. 

Fig. 3.8. Mechanism for the formation of levoglucosan from cellulose pyrolysis 

via levoglucosan chain-end. Adapted from (Zhang et al., 2013a). 

Py-GC/MS experiments at 500 °C of raw and leached samples at tested 

conditions were conducted to analyze the influence of pretreatment on the yield 

of levoglucosan in pyrolysis volatiles (wt.%, d.b.). The acid leaching of sugar cane 

residues at 25 °C and 1 h of contact time increases the production of pyrolytic 

levoglucosan between 5–6 times for SCT (see Fig. 3.9A) and between 7–8 times 

for SCB (see Fig. 3.9B) over the yield obtained when raw biomass was pyrolysed. 

This is consistent with quantitative results found in the literature which show that 

the pyrolytic levoglucosan yields increase between 5–7 times from HNO3–

washed sugar cane bagasse followed by washing with H2SO4 (0.2 wt.%) at 

350 °C (David et al., 2017). 

The increase in the pyrolytic levoglucosan production after leaching SCB with the 

mineral acids (HCl or H2SO4) has been shown in literature (Patwardhan, 2010, 

Zhou et al., 2013b, Pecha et al., 2015) to be caused by the suppression of the 

catalytic effect of AAEMs within the feedstock. 
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Fig. 3.9. Yields (wt.% on feedstock basis) of pyrolytic levoglucosan obtained in 

Py-GC/MS at 500 °C of raw and pretreated SCT (A) and SCB (B). The sum of 

the quantified AAEM (in g·kg 1, average) in the feedstock is displayed on the 

secondary axis.  

Mainly, the AAEMs are either removed by leaching or converted into thermally 

stable salts that are catalytically inactive, but the acids used in leaching also 
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exchange hydrogen ions with the biomass where they catalyze the 

depolymerization of cellulose (Kuzhiyil et al., 2012). However, the results 

obtained in this study demonstrated that SCT samples leached with the strong 

acids having the lowest AAEM content do not necessarily lead to the highest 

pyrolytic levoglucosan yields. SCT pretreated with HCl or H2SO4 at 50 °C during 

1 h had higher AAEM content (see Fig. 3.9 and Table 3.7) than corresponding 

samples pretreated at 25 °C in Chapter 2 of this dissertation (apparent AAEM 

increase because of the more extensive loss in organic compounds at elevated 

leaching temperature) while also achieving the highest levoglucosan yield in 

pyrolysis. 

 

Table 3.7. Inorganic composition (mg·kg 1) of SCT and SCB samples after 

pretreatment at 50 °C for 1 h, with water or an organic or inorganic acidic solution. 

 Water-
leached 

HCl- 

leached 

H2SO4-
leached 

CA- 

leached 

Sugar cane trash (SCT) 

K 

Na 

Mg 

Fe 

Al 

Si 

218.7±13.4 

17.7±0.6 

255.9±29.9 

112.6±10.9 

206.6±74.6 

15,612±494 

38.2±5.5 

18.5±6.7 

35.4±6.6 

96.7±3.4 

143±3.3 

19,095±0.7 

35.7±1.6 

<5.0 

26.8±0.1 

87.1±0.4 

95.4±0.2 

19,036±0.5 

12.3±1.5 

<5.0 

23.0±5.4 

80.0±3.2 

55.1±5.3 

11,064±1.7 

Sugar cane bagasse (SCB) 

K 

Na 

Mg 

Fe 

Al 

Si 

124.8±0.3 

15.8±2.6 

142.7±0.02 

138.0±3.9 

118.8±0.3 

3,275±202 

26.9±4.2 

33.7±2.2 

22.0±3.6 

70.2±3.5 

185.0±8.4 

3,040±11 

11.8±1.1 

5.3±2.4 

15.3±3.2 

52.5±7.1 

103.3±32.3 

3,956±191 

11.2±0.8 

4.8±0.3 

25.2±12.7 

68.7±8.4 

65.0±2.9 

2,916±246 

 

The change in leached SCT biomass elemental composition at 50 °C during 1 h 

was evident with atomic O/C ratios dropping from 0.91 to 0.74 (Fig. 3.3A). 

Additionally, from previous chapter, it was reported that acid-treated samples 

exhibited modifications in their IR-patterns associated to the –OH and CO bonds 
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vibrations in the xylan fraction of the material. These mild structural changes 

could be caused by hydrolysis and they could be as important for subsequent 

thermal degradation as the suppression of the intrinsic catalytic effect of the 

inorganic constituents.  

Previously, (Halpern et al., 1973) and (Bai et al., 2013) reported this effect. In 

addition, it should be mentioned that the leaching pretreatment not only removes 

the inorganics but also a significant part of the organic compounds (i.e., 

extractives and not only removes hydrolyzed cell wall compounds) (see Chapter 

2 of this thesis), thus affecting the levoglucosan yields either from the chemical 

as well as from the catalytic point of view. 

As can be observed in Figs. 3.9 and 3.10 (only levoglucosan yield, AAEM content 

not determined for the 12 h pretreated samples), CA–leaching shows a slight 

variation in the yield of pyrolytic levoglucosan under all tested treatment 

conditions (25, 50 °C and 1, 12 h) for each biomass studied. These results can 

be explained by the chelating effect of CA and the weak acidic nature which does 

not induce extensive hydrolysis as was stated in the Chapter 2 of this thesis. At 

the most severe tested pretreatment condition (50 °C, 12 h), the levoglucosan 

yield of the resulting pyrolysis from the H2SO4–treated samples was severely 

reduced, due to the complete hydrolysis and further chemical breakdown of the 

holocellulose fraction in the feedstock. This result can be supported by the drop 

in the atomic O/C ratio from 0.91 to 0.69 for SCT, while for SCB the reduction 

was from 0.81 to 0.69 (Fig. 3.3). 

When water was used as leaching agent, the pyrolytic levoglucosan yield 

increased about twofold for both biomasses although the effect is more 

pronounced for SCB than for SCT, as seen in Figs. 3.9 and 3.10. Also, for water 

leaching to increase levoglucosan yield in SCT, longer extraction times (12 h) 

appear to be necessary which was not the case for SCB. From Fig. 3.9, it can be 

seen that water leaching reduces the AAEM content by about one order of 

magnitude, whereas the acid leached samples overall had an AAEM reduction of 

about two orders of magnitude. The inverse relationship between AAEM content 

and pyrolytic levoglucosan yield  is consistent with studies of (Hwang et al., 2013) 

who investigated the catalytic effect of K and its behavior during pyrolysis. They 
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impregnated demineralized yellow poplar wood with KCl and demonstrated that 

K promoted thermochemical reactions related with the decrease of levoglucosan 

yield and the increase of small molecules and lignin-derived phenols in the bio-

oil. 

 

Fig. 3.10. Yields (wt.% on feedstock basis) of pyrolytic levoglucosan obtained in 

Py-GC/MS at 500 °C of raw and pretreated SCT (A) and SCB (B). 
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3.2.2. Other pyrolytic species 

The yields of acetaldehyde, methanol, 2,3-butanedione, phenol, 2-

methoxyphenol, 2-methoxy-4-methylphenol and eugenol in the pyrolysate of raw 

and leached SCT (Fig. 3.11) and SCB (Fig.3.12) were found in quantities under 

2 wt.%. 

A complete composition of non-calibrated compounds (1 h of leaching time at 

temperature of 25 °C) is presented in Table 3.3 where compounds are grouped 

according to their chemical functionality; e.g., alcohols, aldehydes, carboxylic 

acids, furans/pyrans, ketones, phenols and sugars (Pattiya et al., 2008, 

Vanwonterghem, 2012). The results of the pyrolysis of feedstock resulting from 

the other leaching conditions tested are presented in Tables 3.4 – 3.6 and the 

corresponding chromatograms are presented in Figs. 3.4 – 3.7. 

The light oxygenates containing between one and four carbon atoms and an 

oxygenated functional group (alcohol, ketone, aldehyde, or carboxylic acid) are 

obtained from the fragmentation (ring scission) (Fahmi et al., 2007, Collard et al., 

2016) of sugars which is promoted by high levels of alkali metals. The cracking 

reactions of the depolymerization products of pyrolysis are occurring to a lesser 

extent due to the lower alkali metal contents in acid pretreated samples (Collard 

et al., 2016). Among the most common products formed are acetic acid, 1-

hydroxy-2-propanone (hydroxyacetone), acetaldehyde, 2-hydroxyacetaldehyde 

and methanol, etc. The following discussion will be addressed by grouping the 

compounds according to their chemical functionality. 

Alcohols, aldehydes and carboxylic acids  

The yields of acetaldehyde, methanol and furfural are discussed in this section 

together with the results of other identified compounds (but not being calibrated 

for) classified in the groups: alcohols, aldehydes and carboxylic acids (for further 

details see Tables 3.4 – 3.6). Regarding acetaldehyde, its yields in pretreated 

feedstock are at levels below those produced from raw samples, being smaller 

than 0.23 wt.% for SCT and under 0.37 wt.% for SCB for all leaching solutions 

and treatment conditions, with the exception of SCT being leached with HCl 

(50 °C, 1 h). The acetaldehyde could be derived from several pathways, i.e., the 
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deacetylation of hemicellulose, fragmentation of holocellulose (hemicelluloses 

and cellulose) and the cracking of the lignin side-chain (Dong et al., 2012).  

 

Fig. 3.11. Yields (wt.% on feedstock basis) of selected compounds in Py-

GC/MS at 500 °C of raw and pretreated SCT. All pretreated biomasses 

obtained after 1 h at 25 °C (A) and 50 °C (B). 
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Fig. 3.12. Yields (wt.% on feedstock basis) of selected compounds in Py-

GC/MS at 500 °C of raw and pretreated SCB. All pretreated biomasses 

obtained after 1 h at 25 °C (A) and 50°C (B). 

Methanol showed similar behavior for both studied biomass samples when the 

leaching temperature was 25 °C, independent of the studied contact time. Its 
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pretreated with CA at either 25 °C or 50 °C for 12 hours (Fig. 3.13), while it is 

under 0.49 wt.% for SCB in every case (Fig. 3.14). Methanol can be formed as a 

consequence of the reactivity of some alcohol, ether, or carboxylic acid 

functionalities contained in the hemicelluloses and lignin (Collard and Blin, 2014). 

Leaching with water or CA showed negligible variation on the production of 

furfural when treatment conditions (temperature, time) varied. Regardless of 

leaching solution type, temperature and contact time in pretreatment, yields of 

furfural were below 0.6 wt.% (Figs. 3.11 – 3.14). As can be seen in Figs. 3.13 (B) 

and 3.14 (B), the furfural yield is slightly reduced when the studied biomasses are 

pretreated with HCl or H2SO4 under more severe conditions. Furfural is thought 

to be produced via fragmentation of the pyranose sugar ring and dehydration 

reactions (Paine Iii et al., 2008). More recently, it was demonstrated that furfural 

can be formed directly from the cellulose chain without passing through 

levoglucosan or another intermediate (Mettler et al., 2012). 

Acetic acid is a compound derived from hemicellulose (Pecha et al., 2015, Mohan 

et al., 2013, Shen et al., 2010), particularly from the o-acetylxylan and 4-o-

methylglucuronic acid units in the biopolymer (Shen et al., 2010). Leaching with 

strong acids (HCl or H2SO4) favored the reduction of acetic acid (peak Id: 10) and 

propanoic acid (peak Id: 8), see Figs. 3.6 and 3.7. 

The results obtained in this study are partially in agreement with previous 

research of (Zhou et al., 2013b) who stated that acetic acid is significantly 

reduced through the removal of minerals. When these solutions are used and the 

leaching time is 12 h or when temperature is 50 °C the relative peak area for 

these carboxylic acids decreased noticeably; i.e., to values under 1% (Fig. 3.15). 

Meanwhile, for water–leached samples, the relative peak area of carboxylic acids 

is close to that of raw samples. On the other hand, when the studied biomasses 

are CA–leached, the levels of AAEMs removal are found close to that obtained 

with strong acids (see Chapter 2); nevertheless, this does not lead to higher 

reduction in the production of carboxylic acids compared to those leached with 

the strong acids. Therefore, it can be suggested that the low carboxylic acids 

production when treating biomass with strong acidic solutions could be 

associated to the extensive hydrolysis of hemicellulose during pretreatment. 
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Fig. 3.13. Yield (wt.% on feedstock basis) of selected compounds in Py-GC/MS 

at 500 °C of raw and pretreated SCT. All pretreated biomasses obtained after 

12 h at 25 °C (A) or 50 °C (B). 
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Fig. 3.14. Yield (wt.% on feedstock basis) of selected compounds in Py-GC/MS 

at 500 °C of raw and pretreated SCB. All pretreated biomasses obtained after 

12 h at 25 °C (A) and 50 °C (B). 
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Fig. 3.15. Typical chromatograms resulting from the Py-GC/MS at 500 °C from 

H2SO4–leached biomass at 50 °C for 12 h; (A), SCT (B) SCB. Total pyrolysis 

area, in TIC peak area units (AU) per sample mass, is given. Peak identification 

in Table 3.2. 

Furans/pyrans 

Only three furans/pyrans were identified in the pyrolysis vapors: 2,3-

dihydrobenzofuran (coumaran), 2-methylfuran and 2(5H)-furanone. The 2,3-

dihydrobenzofuran was the most abundant furan in raw biomasses accounting 

for 6.09 % (SCT) and 8.07% (SCB). According to the results obtained, the origin 

of ketones (from the pyrolysis) could not be associated to hemicellulose 

H2SO4–leached SCB

Total Py-area (TIC)/sample mass= 8.1x106 AU·µg‒1 

B)

H2SO4–leached SCT

Total Py-area (TIC)/sample mass= 7.6 x 107 AU·µg−1

A)
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decomposition. This statement is supported by the fact that the strong inorganic 

acids (HCl or H2SO4) tested do induce hemicellulose hydrolysis upon 

pretreatment (see Chapter 2) while CA being a weak acid does not induce this 

type of hydrolysis. However, the ketones yield (relative peak area, %) in CA 

pretreated feedstock tested was reduced to similar levels as those resulting from 

inorganic acid pretreatment. Typical chromatograms resulting from the Py-

GC/MS at 500 °C from H2SO4–leached biomass at 50 °C for 12 h for both sugar 

cane biomasses tested are shown in Fig.3.15. 

Phenols 

In this study, twelve phenolic compounds were studied which are known as 

compounds derived from lignin(Kim et al., 2012). They constitute the most 

abundant group of pyrolyzed raw biomass. Only phenol, 2-methoxyphenol 

(guaiacol) and 2-methoxy-4-methylphenol (creosol) were calibrated for. These 

phenolic compounds were below 0.4 wt.% and 0.61 wt.% for SCT (Fig. 3.11) and 

SCB (Fig. 3.12), respectively. The yield in these phenolic compounds showed 

small variations when leaching temperature increased to 50°C and the applied 

contact time was kept at 1 h. Hence, indicating the stability of the lignin during 

the studied treatment conditions. As can be seen in Tables 3.3 – 3.6, the relative 

peak area of the phenolic compounds (12.62 wt.% for raw SCT and 14.76 wt.% 

for raw SCB) slightly decreased when both sugar cane lignocellulosic residues 

were pretreated at 25 °C during 1 or 12 h, the values were reduced by 1–2 wt.%. 

However, it does not follow a trend when leaching conditions were more severe 

(50 °C). Apart from the stability of lignin with respect to potential hydrolysis during 

acid pretreatment, the results also indicate that mineral species (including AAEMs) 

in the feedstock have very little catalytic effect towards depolymerisation of lignin 

during pyrolysis. 

Sugars 

Regarding the sugars, two compounds were identified: levoglucosan – which was 

already discussed in section 3.2.1 – and 1,4:3,6-dianhydro-α-D-glucopyranose, 

and three peaks were specified as unidentified sugars (Table 3.2). The sugars 

are by far the major compounds found in the pyrolysis vapors from pretreated 

SCT or SCB with water or an acidic solution (Tables 3.3 – 3.6). The increase of 
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pyrolytic sugar production upon pretreatment by water leaching was not 

consistent in all pretreatment conditions, as is the case when leaching in water at 

50 °C for 1 h (Table 3.5) was applied, wherein a decrease in the total sugar yield 

was observed (with respect to the raw biomass). The 1,4:3,6-dianhydro--D-

glucopyranose is a cellulose derived compound well-known as a product of 

dehydration reactions that are thought to be formed during secondary liquid 

phase reactions from anhydrosugars, like levoglucosan which is acknowledged 

to be greatly increased by H2SO4 (Kawamoto et al., 2007, Broido et al., 1975). 

 

4. CONCLUSIONS 

The results obtained in this work suggest that the chemical treatment of SCT and 

SCB, either with inorganic or organic acids, increases the yields of levoglucosan 

by 5–8 times compared to the raw biomass. These results are very attractive to 

improve the production of pyrolytic sugars by fast pyrolysis technology as a 

strategy to convert lignocellulosic sugar cane residues into liquid biofuel or as 

chemical feedstock. It was found that CA treatment generally favored the 

reduction in the total production of ketones and furans independently of the 

leaching’s temperature and time. The yield of phenolic compounds was not 

significantly affected. When pretreated at 50 °C and 12 h, the relative peak areas 

of 1,4:3,6-dianhydro--D-glucopyranose increased from 0.45% to 8.24% for 

H2SO4–leached SCT as compared to raw biomass. However, the other leaching 

solutions tested did not exhibit a significant impact on this compound. 

Elemental composition of CA–treated biomass did not exhibited major changes 

regardless of leaching conditions (temperature, time). Thereby, the distribution of 

the volatile compounds of CA pretreated biomass only showed small variations 

upon changing the conditions of demineralization while achieving similar 

levoglucosan yields as those obtained by pretreatment using strong inorganic 

acids. Hence, CA can be considered as a technically viable option and as an 

effective leaching agent to demineralize biomasses, like SCT, prior to 

thermochemical conversion processes like fast pyrolysis. From results obtained 

in this study, SCT can be considered as a valuable feedstock for fast pyrolysis as 

its spectrum of pyrolysis vapor compounds is similar to that of SCB.
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CHAPTER 4: INFLUENCE OF CITRIC ACID LEACHING ON THE 

YIELD AND QUALITY OF PYROLYTIC BIO-OILS FROM SUGAR 

CANE RESIDUES 

 

The effects of leaching (25 °C and 1 h) sugar cane trash (SCT) and sugar cane 

bagasse (SCB) with citric acid (CA) on the yields and quality of fast pyrolysis bio-

oils were studied in a bench-scale pyrolysis reactor to see whether the results 

obtained in Chapter 3 (in Py-GC/MS) can be scaled to an actual fast pyrolysis 

reactor. A comparison between citric acid and commonly used leaching agents 

such as water or solutions of HCl and H2SO4 was made. The quality of the 

obtained bio-oils was assessed using a set of analytical techniques including 

elemental analysis, total acid number (TAN) and water content determinations, 

combustion calorimetry and gas chromatography-mass spectrometry (GC/MS) 

analysis. Results from the fast pyrolysis of SCT or SCB pretreated with acids 

reveal higher yields on raw-feedstock basis (38–45 wt.%) of the organic bio-oil 

fraction than those from raw and water–leached feedstock, but lower yields of 

water (7.6–10.2 wt.%) and char (13.1–14.9 wt.%). More than 90% of non-

condensable gases were CO and CO2. The most important observations related 

to the effect of leaching with CA on the chemical composition of the bio-oil are a 

significant increase of the relative abundance of sugars from 15.1% in raw SCT 

to 44.7% in CA-pretreated SCT, as well as a decrease in carboxylic acids, 

ketones, furans and phenols with respect to the raw biomasses. These results 

were close to those obtained from well-known leaching agents such as HCl and 

H2SO4. The bio-oil from the pyrolysis of CA–leached SCT and SCB has slightly 

higher HHVs than those obtained from reference leaching solutions (HCl and 

H2SO4). In addition, the TAN showed the lowest acidity among all pretreated SCB 

samples. 

Chapter redrafted after: 

RODRÍGUEZ-MACHÍN, L., ARTEAGA-PÉREZ, L. E., PALA, M., HERREGODS-

VAN DE PONTSEELE, K., PÉREZ-BERMÚDEZ, R. A., FEYS, J., PRINS, W. & 

RONSSE, F. 2019. Influence of citric acid leaching on the yield and quality of 

pyrolytic bio-oils from sugarcane residues. Journal of Analytical and Applied 

Pyrolysis, 137, 43-53.
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1. INTRODUCTION 

Sugar cane is among the major agricultural crops cultivated in tropical and 

subtropical countries (Chandel et al., 2012). Sugar cane bagasse (SCB) is the 

unavoidable solid residue obtained after extraction of the sugar cane juice (IEA 

Bioenergy Task 32, 2014). Meanwhile, sugar cane trash (SCT) is the plant 

residue constituted mainly by leafs (green and dried) and tops, which is usually 

left on the field and at the cleaning stations. Considering the typical production 

conditions in Cuba, it can be estimated that between 600-700 kg of SCT are 

available for every 1000 kg of sugar produced (Rubio González and Pérez 

Egusquiza, 2000). 

Fast pyrolysis (FP) of lignocellulosic biomass is a non-selective thermal 

liquefaction that occurs in an oxygen depleted atmosphere, aiming to produce a 

liquid product known as bio-oil (Bridgwater and Peacocke, 2000, Mohan et al., 

2006, Oudenhoven, 2016). The bio-oil has potential as fuel or as a source of 

chemical building blocks for the synthesis of more valuable compounds (Garcia-

Perez et al., 2007). However, bio-oil´s heterogeneous composition negatively 

influences its properties, such as high acidity and high reactivity during storage, 

affecting its long-term quality and stability (Oasmaa et al., 2010a). In addition, an 

important fraction of the oxygen contained in biomass is transferred to bio-oil in 

water and in oxygenated organics (e.g. phenols, aldehydes, alcohols, etc.) (Lu et 

al., 2009). These oxygenated compounds are detrimental as they reduce the 

heating value of the bio-oil and are also responsible for its corrosive nature and 

instability (Bardalai, 2015). When bio-oil is obtained from SCB and SCT, it is 

particularly of inferior quality and unstable due to the rather high content of 

alkaline and alkaline earth metals (AAEMs), i.e. K, Ca, Mg, and Na present in the 

parent biomass (Garcia-Perez et al., 2002, Carrier et al., 2011). Ashes make up 

4–8 wt. % in SCT (Franco et al., 2013, IEA Bioenergy Task 32, 2014) and 

between 1.7–5.8 wt.% in SCB (IEA Bioenergy Task 32, 2014), on dry basis. The 

constituents in ash can catalyze the production of reactive oxygenates during fast 

pyrolysis. Consequently, the direct use of bio-oil from raw SCT and SCB (e.g. 

combustion in conventional oil/gas boilers and turbine operations) is challenging 

(Oasmaa and Czernik, 1999, Hoekstra et al., 2009, Kuzhiyil et al., 2012). 
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According to (Kuzhiyil et al., 2012) and (Piskorz et al., 1989) the AAEMs lower 

the temperature at which the pyrolysis start and catalyze the dehydration and 

anhydrosugar ring fragmentation. The major products of these ash-catalyzed 

pyrolysis reactions are non-condensable gases and light oxygenated compounds 

such as carboxylic acids and glycolaldehyde which further increase bio-oil’s 

acidity (Piskorz et al., 1989, Patwardhan et al., 2010). There are three major ways 

for reducing the content of AAEM species in bio-oil, namely (i) to remove the 

AAEMs from the vapors before condensation (Hoekstra et al., 2009) (ii) remove 

the AAEMs from the biomass prior to pyrolysis through physical and/or chemical 

treatments (Mourant et al., 2011) or (iii) by acid infusion of the biomass to 

passivate (but not remove) the AAEMs (Kuzhiyil et al., 2012, Zhou et al., 2013a). 

Either removal or passivation will reduce the catalytic effect of inorganics during 

pyrolysis and, consequently, will increase the quality and the stability of bio-oil 

(Yildiz et al., 2015). However, complete removal of AAEMs is not realistic in 

practice (Oudenhoven, 2016), instead, partial removal (Radlein et al., 1987, 

Brown et al., 2001, Mourant et al., 2011, Fahmi et al., 2007, David et al., 2017) 

or passivation (Kuzhiyil et al., 2012) of AAEM species could be carried out.  

The study of leaching of raw rice husk with an organic-acid (acetic acid) 

demonstrated that the leaching process enhanced the bio-oil yield, as well as its 

relative content of sugars (especially levoglucosan) greatly increased (Zhang et 

al., 2018). The AAEMs removal from sugar cane lignocellulosic residues via 

leaching with citric acid (CA, C6H8O7) and compared to other, previously tested 

leaching agents (e.g. H2SO4, HCl and water) have been reported in Chapter 2. 

For all tested leaching solutions, the fraction of the ash removed was in a narrow 

range (between 38.9 and 54.1%) regardless of biomass type and leaching 

conditions (temperature and time). Leaching with acids produced structural 

changes in SCB and SCT, which affects the thermal behavior of these materials. 

These mild structural changes, caused by hydrolysis, demonstrated to be very 

important for subsequent thermal degradation in pyrolysis. In Chapter 3 of this 

dissertation, a Py-GC/MS-based analysis on the effect of leaching SCT or SCB 

with either CA or well-known inorganic acids on the composition of the pyrolysis 

vapors is presented. It was demonstrated that leaching causes the yields of 

levoglucosan (an anhydrosugar) in the pyrolysis vapors to increase by 5–8 fold. 
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Levoglucosan is one of the main components in bio-oil (Kuzhiyil et al., 2012), it 

can be upgraded into transportation fuels and chemicals via fermentation to 

alcohols, and aqueous-phase re-forming to produce alkanes as building blocks 

of gasoline among another applications (Helle et al., 2007). Despite the previous 

analysis on the effects – thermal and chemical – of leaching SCT and SCB with 

CA presented in Chapters 2 and 3, a study to understand how this process affects 

the composition and yields of the liquid bio-oil, remains elusive. 

Therefore, the goal of this study is to investigate the effect of citric acid leaching 

on the yield and quality of the bio-oil and non-condensable gases (herein further 

abbreviated as NCGs) produced from fast pyrolysis of SCT and SCB in a lab-

scale stirred bed reactor. Results from CA leaching are compared to those 

obtained with well-studied leaching agents (being water or solutions of HCl, 

H2SO4). The resulting bio-oils are examined by ultimate analysis, total acid 

number (TAN), water content, higher heating value and GC/MS.  

 

2. MATERIALS AND METHODS 

2.1. The biomass  

The residues (sugar cane trash and sugar cane bagasse) from sugar cane variety 

Cuba 1051-73 were used as feedstocks for fast pyrolysis experiments. They were 

obtained from the sugar mill “Ifraín Alfonso” in Villa Clara, Cuba. SCT was 

obtained by manual collection, and the SCB was sampled two hours after milling. 

Both materials were naturally dried in ambient atmosphere during three days until 

the equilibrium water mass fraction was achieved, later they were ground using 

a Retsch mill and sieved. Feedstocks (SCT and SCB) were used in a particle 

sizes range between 1 and 2 mm to prevent intra-particle heat and mass transfer 

limitations during the leaching and pyrolysis processes (Burhenne et al., 2013, 

Damartzis et al., 2011, Aboyade et al., 2013). These materials (further denoted 

in this study as “raw”) were stored afterwards in hermetically sealed plastic bags 

at room temperature. The main characteristics of raw biomass can be found in 

Chapter 2. 
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2.2. Pretreatment process 

The raw samples were leached with four solutions (demineralized water, citric 

acid (CA, 0.192 kg·dm−3) and two strong inorganic acids (HCl, 0.182 kg·dm−3 and 

H2SO4, 0.501 kg·dm−3). In this study, the samples (100 g per assay) were leached 

with 1.2 dm3 solution in a covered borosilicate glass beaker – it is also important 

to stress that the pretreatments in this chapter were carried out at a scale 10 

times larger than the pretreatment assays in Chapter 2. In Chapter 3, it was 

reported that differences in the range of leaching conditions tested (T = 25 – 50 °C; 

t = 1 – 12 h) had only minor influence on the composition of the pyrolysis vapors 

derived from citric acid pretreated sugar cane residues. Thus, biomass 

suspensions were stirred on a hot plate for 1 h at 25 °C. After leaching, the 

samples were vacuum filtered through a Whatman No.1 filter paper and further 

rinsed with demineralized water. In case of acidic leaching, the washing process 

was continued until the pH of the effluent solution was higher than 6.0. Finally, 

the samples were oven-dried at 105 °C for about 19 h to remove residual moisture. 

This pretreatment procedure, for each biomass type, was carried out in triplicate 

and the reported values represent averages.  

2.3. Fast pyrolysis setup 

Fast pyrolysis experiments have been conducted in an electrically heated fully 

controlled lab-scale facility (Fig. 4.1). The pyrolysis reactor is built from stainless 

steel (304SL) and has a similar geometry as the usual bubbling fluidized bed 

reactors and has a typical feed capacity of 100 g·h1. The bed height and inner 

bed diameter are 45 and 7 cm, respectively. The freeboard height and freeboard 

diameters are 35 and 10 cm, respectively. A mechanical helical mixer is placed 

inside the reactor to ensure uniform mixing of the bed material. The rotation 

frequency of the mixer is adjustable (Yildiz et al., 2014). A mass of 1.5 kg of pure 

silica sand (PTB-Compaktuna, Gent, Belgium) with 250 m mean diameter and 

2650 kg·m3 particle density (compacted bulk density = 1660 kg·m3) was placed 

into the reactor as the inert bed material.
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Fig. 4.1. Scheme of the stirred bed reactor system. Adapted from (Yildiz, 2015).
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The system is operated at ca. 1.7 g·min1 biomass feeding rate and 500 °C 

pyrolysis temperature. Inert gas (N2 = 160 dm3·h1) was used for the sweeping 

the pyrolysis vapors out of the reactor as well as to flush any trapped air in the 

biomass feeding vessel. In order to remove and collect fine (entrained) particles 

a knock-out vessel is placed downstream of the pyrolysis reactor. Afterwards, 

pyrolysis vapors flow into a condensation unit consisting of a water-cooled (5 °C) 

electrostatic precipitator (ESP, operated at 15 kV) and then through a tap-water 

(15 °C) cooled glass condenser. The experimental run time was set as 60 minutes 

to produce sufficient amount of liquid (ca. 50 g per run) for characterization and 

to allow for high accuracy of the mass balance closure (Yildiz et al., 2015). At 

least two experimental pyrolysis runs were carried out for each biomass sample, 

followed by the cleaning of the entire reactor before subsequent runs. 

2.4. Characterization of pyrolytic products 

The products obtained from fast pyrolysis are in three fractions: the condensed 

liquid called bio-oil (i.e. organics and water), the carbonaceous solids (i.e. the 

sum of char and system deposits) further labeled in this study as “char” and the 

non-condensable gases. Furthermore in this study, “water”, refers to the water 

present in the total liquid product. The amount of “organics” can mathematically 

be expressed as: organics = bio-oil – water. The total non-condensable gas yield 

is calculated accordingly to (Yildiz, 2015) by summing the yields of the individual 

gas compounds and dividing this value by the amount of biomass (a.r.) fed during 

the pyrolysis experiment. 

2.4.1. Bio-oil 

2.4.1.1. Water in bio-oil 

The water content of the bio-oil fraction was determined by Karl-Fischer (KF) 

titration according to ASTM E203 standard method. A Mettler Toledo V20 

Volumetric KF titrator was used with CombiSolvent Keto as a working medium 

and CombiTitrant 5 Keto as titrant, both purchased from Merck. The KF 

instrument was calibrated with a known quantity of distilled water prior to the 

analysis in order to determine a correction factor for the measurement. The water 

content of the sample is automatically calculated by the KF titrator, based on the 
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weight of the sample used in the measurement and the value reported by the 

instrument. The analysis was performed at least in triplicate. Next, the water 

content of each bio-oil sample was determined following the same procedure and 

the value was corrected using the aforementioned correction factor. The water 

yield in pyrolysis was calculated using the Equation 4.1: 

Yield water = Water bio-oil  Mass bio-oil /Mass feed         (4.1) 

2.4.1.2. Acidity, elemental composition and higher heating value  

The acidity of the bio-oil was evaluated in terms of the total acid number (TAN) 

by the standard method described in ASTM D664. The method measures acidic 

constituents present in the pyrolytic bio-oil by an acid-base titration using KOH 

purchased from VWR and prepared to 0.1 M. The solvent used was prepared 

with a mixture of toluene, isopropanol (both from VWR) and demineralized water. 

TAN is expressed in mg of KOH·g1 of bio-oil. The elemental composition of the 

biomass samples and the bio-oils were determined using a FLASH 2000 CHNS-

O analyzer (Thermo Scientific, US). Oxygen content was calculated by difference. 

The analysis was performed in quintuple (the average is reported). The higher 

heating value (HHV) has been measured in an E2K bomb calorimeter system 

(Digital Data Systems, South Africa). In case of solid samples (raw or pretreated), 

pellets of ca. 0.5 g were prepared to determine the HHV of each biomass sample. 

On the other hand, for bio-oil samples, empty gelatine capsules were used as 

containers. All measurements were made in triplicate; the values presented in 

this work are averages. Because the gelatin capsules have their own HHV, the 

HHV of each bio-oil sample was calculated as:  

HHVbio-oil = HHVbio-oil + capsules - HHVempty capsules              (4.2) 

2.4.1.3. Chemical composition. Gas chromatography-Mass Spectrometry. 

The chemical composition of the bio-oils was determined by a Thermo Fisher 

Scientific Trace GC Ultra Gas Chromatograph coupled to a single quadrupole 

mass spectrometric detector (Thermo ISQ MS). The produced bio-oils were 

diluted in methanol (10 wt.% bio-oil solution), then they were filtered through a 

0.25 μm pore size micro-filter to remove particles after which 2 µL was injected 

into the GC. The injector had a temperature of 250 °C. The chromatographic 
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separation of the vapors was achieved using a Restek capillary column (RTX-

1701, 60 m, 0.25 mm, 0.25 μm film thickness) with a constant column gas (helium) 

flow of 1 mL·min−1. The GC oven temperature program started with 3 min hold 

constant at 40 °C, followed by heating to a final temperature of 280 °C at 

5 °C·min−1 and then hold constant for 1 min. The GC temperature program started 

at the moment the sample was injected into the GC oven. After separation on the 

GC column, the bio-oil compounds were identified using an MS, which was a 

single quadrupole mass spectrometric detector (Thermo ISQ MS). The MS 

transfer line temperature was 280 °C and the ion source temperature was kept at 

230 °C. The MS operating conditions were set as following: electron impact 

ionization at 70 eV and scanning within a mass-to-charge ratio (m/z) values of 

29–300 every 0.2 s.  

The identification of compounds was achieved based on retention times and by 

comparison of the mass spectra recorded with those in the National Institute of 

Standards and Technology (NIST) database and was supported by analyst 

expertise and relevant literature (Eom et al., 2013, David et al., 2017, Pattiya et 

al., 2012). The software Xcalibur 2.1 was used for chromatogram peak area 

integration and the MS library (version NIST08) was used for identifying 

compounds based on their spectra comparison. Component concentrations in the 

pyrolysis vapors were expressed in relative abundance (integrated total ion 

current (TIC) peak area of the component divided by the total TIC peak area). 

Compounds with a retention time higher than 45 min (representing less than 2% 

of the total) were excluded from the total peak area integration, as these 

compounds were typical for septum or column bleed (see Chapter 3 of this thesis).  

2.4.2. Non-condensable gases 

The gas samples were analyzed off-line using a micro-GC (Varian 490-GC) 

equipped with two TCD detectors and two analytical columns (i.e. 10 m Molesieve 

5A (with backflush) and 10 m PPQ). Helium and argon (provided by Alphagaz, 

Belgium) were used as carrier gases. The micro-GC was calibrated before the 

start of each pyrolysis run, thus minimizing errors in the measurements. The 

calibration is performed by using two different gas mixtures with known 

component quantities of H2, CO, CO2, CH4, C2H4, C2H6, C3H6 and C3H8. 
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Calibration gas mixtures and N2 were provided by Praxair, Belgium (Yildiz, 2015). 

In every pyrolysis run between five to six gas samples were taken by using a gas-

tight syringe and injected into the micro-GC. To determine the mass fraction (in 

wt.%) of each individual gas component in the non-condensable gas mixture, the 

molar amount of each gas was calculated by the ideal gas law. The gas 

composition (CO, CO2, CH4, C2H4, C2H6, C3H6-C3H8 and H2) was then quantified, 

averaged and expressed in wt.% on an as-received (a.r.) biomass feed basis. 

2.4.3. Char 

The char/heat carrier (silica sand) mixture collected was processed to determine 

the produced amount of char. In order to characterize the char sample, the 

mixture was sieved by hand using an Edelstahl test sieve with 0.25 mm aperture. 

However, the separated char still contained particles of silica sand adhered to its 

surface, which makes the sieving method unsuitable to obtain an appropriate 

sample for char characterization. Therefore, the char and the heat carrier mixture 

was subjected to loss on ignition analysis by burning the mixture at 600 °C for 6 

h under static air atmosphere in a Carbolite muffle furnace AAF 1100. Based on 

the mass loss occurred upon ignition, the masses of char and sand in this mixture 

were calculated. The char yield (a.r.) was calculated by dividing the sum of the 

mass of char that was lost during the loss on ignition analysis, the mass of ashes 

(assuming that all the ash remaining in the biomass end up in the char fraction) 

and the system deposits (defined in (Yildiz et al., 2015) by the amount of biomass 

fed during the run. 

 

3. RESULTS AND DISCUSSION 

3.1. Properties of raw and pretreated samples 

Details concerning the raw biomass feedstocks characterization in terms of 

proximate and ultimate analysis as well as the HHV can be consulted in Chapter 

2 of this dissertation. On the other hand, in Table 4.1 the characterization of 

pretreated biomasses (SCT and SCB in ca. 100 g per assay) can be found. From 

the results presented in this table it can be seen that changes in the elemental 

composition and the HHV of pretreated biomass samples are minimal for both 

materials. Sulfur was below detection limit. 
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Table 4.1. Properties of SCT and SCB pretreated (by leaching 100 g per assay) at 25 °C and 1 h. *stdev.  0.00001 

 SCT SCB 

 Water 
leached 

HCl 
leached 

H2SO4 
leached 

CA 
leached 

Water 
leached 

HCl 
leached 

H2SO4 
leached 

CA 
leached 

Compositional analysis (kg·kg 1, d.b.) 
Volatile matter 0.767 

±0.004 
0.756 
±0.009 

0.756 
±0.002 

0.754 
±0.004 

        0.813 
   ±0.002 

0.803 
±0.008 

0.804 
±0.004 

0.803 
±0.005 

Fixed carbon a 0.185 
±0.001 

0.199 
±0.001 

0.196 
±0.003 

0.200 
±0.009 

0.171 
     ±0.006 

0.182 
±0.006 

0.181 
±0.004 

0.185 
±0.007 

Ash 0.048 
±0.002 

0.045 
±0.002 

0.050 
±0.004 

0.046 
±0.001 

0.016 
±0.002 

0.015 
±0.004 

0.015 
±0.001 

0.012 
±0.005 

Ultimate analysis (kg·kg 1, d.b.) 
C 0.439 

±0.002 
0.497 
±0.003 

0.432 
±0.002 

0.455 
±0.004 

0.467 
±0.001 

0.465 
±0.004 

0.517 
±0.001 

0.457 
±0.002 

H 0.054 
±0.001 

0.061 
 ±0.003 

0.059 
 ±0.002 

0.057 
±0.002 

0.058 
  ±0.002 

0.057 
±0.001 

0.061 
 ±0.003 

0.058 
  ±0.004 

O b 0.456 
±0.003 

0.395 
±0.002 

0.456 
±0.002 

0.439 
±0.001 

0.457 
±0.004 

0.462 
±0.001 

0.406 
±0.003 

0.471 
±0.001 

N* 0.003 0.003 0.003 0.003 0.002 0.001 0.001 0.001 
O/C   0.78    0.60    0.79 0.72    0.73    0.74    0.59    0.77 
H/C   1. 48    1.46 1.64 1.51    1.50    1.47   1.42    1.52 

HHV (MJ·kg 1) 17.22 
±0.04 

17.13 
±0.06 

17.01 
±0.07 

17.20 
±0.01 

   17.94 
±0.05 

17.72 
±0.06 

17.42 
±0.15 

17.91 
±0.08 

(a): Fixed carbon (kg·kg 1, d.b.) = 1 – ash – volatile matter 
(b): calculated by difference (O = 1 – C – H – N – S – ash) 

Water mass fraction are within the range 30–60 g·kg 1, on as received basis 
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3.2. Effect of pretreatment on pyrolysis products distribution 

The raw and pretreated biomass samples were pyrolysed in a fluidized bed 

reactor at 500 C, 101.3 kPa and at a continuous feeding rate of 1.7 g·min1. 

Products from the pyrolysis experiments are labeled as: organics, water, char 

and NCGs and the totaled masses represents the balance closure for each 

treatment condition (Fig. 4.2). 

 

Fig. 4.2. Products distribution obtained from pyrolysis (500 ºC) of raw and 

leached sugar cane trash and sugar cane bagasse. A) Yields expressed on a 

pretreated feedstock basis and B) Yields expressed on a raw-feedstock basis. 
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In Fig. 4.2A, the pyrolysis products are expressed on pretreated-feedstock basis, 

while in Fig. 4.2B they are expressed on raw-feedstock basis. The error bars 

represent the standard deviations in yield in wt.%. The differences in yield values 

between Figs. 4.2A and 4.2B result from biomass losses that are incurred during 

the pretreatment, including loss in ashes, in extractives and hydrolyzed cell wall 

materials. For reference, these losses have been quantified and added to Fig 

4.2B. The overall mass balance closure for all experiments varied from 90 to 99 

wt.%, which is deemed high enough, considering deposits and other material 

losses that can take place during experimentation (Yildiz et al., 2015). 

The results obtained from the pyrolysis of raw SCT and SCB, as well as those 

from water–leached samples, show a lower yield in organics as compared to 

those from acid–leached samples. The yields in pyrolysis products (Fig. 4.2B) 

were found to be independent of the organic material lost (i.e. extractives and 

hydrolyzed cell wall compounds) in the leaching step, which was between 8 and 

20 wt.%, depending on the type of biomass and acid. These results are similar to 

those reported by (Das et al., 2004), who attributed the higher bio-oil yields after 

acid leaching to the increase in devolatilization rates in combination with the 

modification in the organic chemical composition. Accordingly, higher yields in 

char and water were obtained from the pyrolysis of raw and water-treated SCT 

and SCB, which seems to be promoted by its high inorganic content, as 

presented by several authors (Eom et al., 2013, Mahadevan et al., 2016, 

Oudenhoven, 2016) as well as in Chapters 2 and 3 of this thesis. Comparing the 

results obtained in this work to those from Das et al. (2004) who leached SCB 

with HCl at same mass concentration, 0.182 kgdm-3 and at 1 h of contact time, 

were obtained bio-oil yields of 13 wt % higher than that of the reported literature 

were found. Differences could be associated to the higher ash content of SCB 

treated biomass of Das et al. (2004) samples which were also pyrolyzed in a 

different type of reactor (i.e. packed-bed reactor). 

Despite the weaker acidic nature of CA, yields of organics produced by the 

pyrolysis of CA–leached SCT and SCB are close to those of strong acids (HCl 

and H2SO4) – when the yield is considered on a pretreated feedstock weight basis. 

This could be explained by the chelating effect of CA (Helle et al., 2007) which 
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yields similar efficiency in ash removal as those obtained with stronger mineral 

acids. Furthermore, the weak acidic nature which does not induce extensive 

leaching, which are close to that obtained with demineralized water (8-13 wt.%) 

(see Chapter 2). Smaller losses in organic compounds from the biomass matrix 

during leaching mean more mass available for the subsequent pyrolysis process 

hence higher bio-oil yields on a raw-feedstock basis. Meanwhile, leaching with 

acidic solutions (especially HCl and H2SO4) produces a mild hydrolysis of 

hemicelluloses. The later was confirmed in Chapter 2 by comparing the FTIR-

ATR spectra of raw and pretreated samples, as well as by the weakening or 

disappearance of the peak typically associated to hemicellulose in the TGA 

curves. 

3.2.1. Effect of leaching on char and organics yields in SCT 

The results revealed a higher char formation from pyrolyzed raw SCT with respect 

to the treated samples whether they are expressed on pretreated-feedstock basis 

(Fig. 4.2A) or raw-feedstock basis (Fig. 4.2B)). These higher char yields could 

have been promoted by the higher AAEM content in raw biomass compared to 

that of the treated biomass. Especially K (2,300 mg·kg 1 (as given in Chapter 2)) 

has been found to act as a catalyst for the charring process (Jensen et al., 1998, 

Nik-Azar et al., 1997). The AAEM content of pretreated feedstock (100 g per 

assay) obtained in this work was not determined. However, results obtained in 

pretreatment studies performed under identical conditions (1 h at 25 °C) and 

using identical feedstocks, but on a smaller (10 g assays) scale in Chapter 2, 

demonstrated significant reductions in the concentration of AAEMs. 

The yields in organics on a pretreated-feedstock basis (Fig. 4.2A) distinguish the 

results of the pyrolysis of raw biomass with respect to those obtained from acid–

leached biomass. The organics yields from the pyrolysis of acid–leached SCT, 

especially those leached with CA (47.7 wt.%) and H2SO4 (48.6 wt.%), showed 

higher values than those obtained from raw (33.7 wt.%) and water–leached (34.1 

wt.%) SCT. This could be attributed to the higher AAEM content of the raw and 

water–leached biomass. However, the yields in organics determined on a raw-

feedstock basis (Fig. 4.2B) reduced the aforementioned differences due to the 

higher mass loss after leaching with acids.  
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3.2.2.  Effect of leaching on char and organics yields in SCB 

The pyrolysis products distribution from acid–leached SCB presented in Fig. 4.2 

shows close results in yields, regardless of the nature of the acid. Nonetheless, 

a slight difference in the char yields has been observed. Char yield on a 

pretreatment-feedstock basis (Fig. 4.2A) was about 5 wt.% lower in pyrolyzed 

CA–leached SCB than that of HCl–leached (13.8 wt.%) or H2SO4–leached (14.5 

wt.%) SCB. Additionally, it can be seen that the organics yields from raw and 

water–leached SCB are about 10 wt.% lower than those resulting from acid–

leached SCB. On the other hand, when the yields are expressed on a raw-

feedstock basis (Fig. 4.2B), the differences between the yield in organics 

obtained from raw and pretreated biomasses are smaller compared to those 

obtained from SCT. 

3.2.3.  Effect on water yield 

In pyrolysis liquids, water is dissolved or exists in an emulsion (Oasmaa and 

Peacocke, 2010). It is known from literature that the water in bio-oils results from 

the moisture present in the feedstock and from dehydration reactions taking place 

during fast pyrolysis and storage (Lu et al., 2009). In this study, the water content 

of all bio-oils produced from raw and pretreated sugar cane residues varied from 

17 to 30 wt.%, no phase separation was detected by visual inspection. Water at 

concentrations from 15 to 30 wt.% is usually miscible with the oligomeric lignin-

derived components because of the solubilizing effect of other polar hydrophilic 

compounds (low-molecular-weight acids, alcohols, hydroxyaldehydes, and 

ketones) mostly originating from the decomposition of carbohydrates (Czernik 

and Bridgwater, 2004). 

Water yields (Fig. 4.2) obtained from acid–leached SCT or SCB are lower than 

those from raw and water–leached biomasses. The raw SCT sample, having 

higher AEEMs concentration than SCB, produced lower water yield than that from 

SCB. However, considering previously published studies, there is no agreement 

regarding the effect of AAEMs on the water concentration in the bio-oil (Piskorz 

et al., 1989, Brown et al., 2001). On one hand, an appreciable decrease in the 

water yield in bio-oils produced from the pyrolysis of a poplar wood treated by 

mild acid hydrolysis can be obtained (Piskorz et al., 1989). Other researchers 
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also found that leaching rice husk with organic-acid improved the fast pyrolysis 

bio-oil quality, such as decreasing water content and increasing HHV and pH 

values of the bio-oil (Zhang et al., 2018). On the other hand, other authors 

registered a small decrease in the water yield from pyrolyzed switchgrass, while 

obtaining an increase from corn stover, both pretreated by acid hydrolysis with 

diluted sulfuric acid. In the case of the acid–leached materials, yields of water are 

ranging from 7.6 to 10.2 wt.% on a raw-feedstock basis, while those from raw and 

water–leached biomasses are between 10.6 to 16.1 wt.% (Brown et al., 2001). 

Nonetheless, differences between acid–leached SCB were negligible, regardless 

the nature of the acidic leaching agent. 

3.3. Effect of pretreatment on physicochemical properties of pyrolytic bio-

oil  

The bio-oil fraction produced in each pyrolysis run was physically and chemically 

characterized in order to measure its fuel properties. The water mass fraction was 

determined and expressed in previous section as the water yield. The total acid 

number (TAN), the elemental content, and the HHV have been determined and 

summarized in Table 4.2. 
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Table 4.2. Characterization of bio-oil from the pyrolysis (500 °C) of the raw and leached (25 °C and 1 h) biomass. 

 

 

Parameter  

Raw 
SCT 

Water– 
leached 

HCl– 
leached 

H2SO4– 
leached 

CA– 
leached 

Raw 
SCB 

Water– 
leached 

HCl– 
leached 

H2SO4– 
leached 

CA– 
leached 

Sugar cane trash bio-oil Sugar cane bagasse bio-oil 

TAN, mg KOH·g 1 bio-oil, a.r. 
118.7 
±1.8 

115.7 
±4.0 

105.9 
±10.8 

133.2 
±3.7 

122.0 
±12.8 

116.4 
±7.9 

124.9 
±13.7 

120.2 
±0.8 

129.3 
±8.6 

109.2 
±5.2 

Ultimate analysis, kg·kg 1, d.b.           

C 
0.53 
±0.02 

0.56 
±0.01 

0.55 
±0.02 

0.51 
±0.01 

0.49 
±0.01 

0.53 
±0.02 

0.52 
±0.01 

0.49 
±0.02 

0.52 
±0.01 

0.50 
±0.01 

H* 0.06 0.05 0.06 0.06 0.06 0.06 0.05 0.06 0.06 0.05 

O a 
0.40 
±0.02 

0.38 
±0.03 

0.39 
±0.02 

0.42 
±0.01 

0.45 
±0.03 

0.40 
±0.01 

0.43 
±0.02 

0.45 
±0.02 

0.42 
±0.01 

0.44 
±0.01 

N* 0.01 0.01 BDL 0.01 0.01 0.01 BDL BDL BDL BDL 

O/C 0.57 0.51 0.53 0.62 0.69 0.57 0.62 0.69 0.61 0.88 

H/C 1.36 1.07 1.31 1.41 1.47 1.36 1.15 1.47 1.38 1.20 

HHV b, MJ·kg 1 
13.4 
±0.1 

13.5 
±0.1 

13.4 
±0.2 

13.7 
±0.1 

13.7 
±0.1 

13.0 
±0.1 

13.3 
±0.1 

13.7 
±0.1 

13.6 
±0.1 

13.8 
±0.1 

(a): calculated by difference and corrected with the water mass fraction 
(b): determined by using bomb calorimetry 
Sulfur: below detection limit (BDL) 

*stdev.  0.001 
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3.3.1. Effect on total acid number 

The Total Acid Number (TAN) of the bio-oil fractions obtained from raw, water–

leached and CA–leached SCT does not show significant differences (Table 4.2). 

The values ranged from 115 to 122 mg KOH·g1 bio-oil (a.r.). However, the higher 

oxygen content of bio-oil from CA–leached SCT could indicate worse bio-oil 

quality (i.e. poor chemical stability) compared to SCT samples with similar TAN 

values, which is in agreement with the statement of (Vanwonterghem, 2012). The 

type of the oxygen functionalities should be the main concern in upgrading of 

pyrolysis bio-oils, whether or not in combination with a (partial) reduction of the 

oxygen content (preferably by CO2 rejection). Improving the quality of the bio-oils 

would include a selective transformation of certain oxygen functionalities such as 

acids and aldehydes into ‘desired’ or acceptable ones like alcohols, phenols, and 

ethers (Rezaei et al., 2014). Contrary to SCT, the bio-oil obtained from CA–

leached SCB had the lowest TAN (109.2 mg KOH·g1 bio-oil (a.r.)) compared to 

the other oils derived from SCB (i.e. raw or pretreated biomasses). The related 

differences about the TAN behavior presented above suggest that the alteration 

in AAEM composition of the biomass has little or no effect on the initial acidity of 

the bio-oil (Eom et al., 2013). However, the acidity of FP bio-oils is mainly derived 

(60-70%) from volatile acids (Oasmaa et al., 2010a). Other groups of compounds 

in FP bio-oils that influence acidity include phenolics, fatty and resin acids, and 

hydroxy acids. 

3.3.2. Effect on higher heating value 

Regarding the HHV, a very small difference between FP bio-oils from pretreated 

SCT samples is observed (Table 4.2), the values ranged between 13.4 and 13.7 

MJ·kg 1. With respect to SCB, the HHVs of the bio-oil fractions from pyrolysed 

pretreated feedstock (especially those acid–leached) resulted in a slightly higher 

HHV than the bio-oils from original biomass (13.0 MJ·kg 1) and water–leached 

SCB (13.31 MJ·kg1). The bio-oils from CA–leached SCT and SCB had the higher 

HHV with a coincident value of 13.8 MJ·kg1. It has to be taken into account that 

the heating value of the bio-oils is adversely affected by the composition of the 

bio-oil (Sipilä et al., 1998) as well as by its water mass fraction and the oxygen 

content (Xu et al., 2011). 
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3.4. Chemical composition of pyrolytic bio-oil fraction by means of GC/MS 

A semi-quantitative assessment of the changes in the chemical composition of 

the bio-oils from raw and pretreated feedstock (CA compared to H2SO4, HCl and 

water) can be made via gas chromatography-mass spectrometry (GC/MS) 

analysis. The typical GC/MS chromatograms corresponding to the bio-oil of raw 

and CA–leached SCT obtained from fast pyrolysis (500 °C) are displayed in Fig. 

4.3, while those from raw and CA–leached SCB are compared in Fig. 4.4. A total 

of 31 peaks were identified in the chromatograms from the bio-oil fraction (Table 

4.3). 

 
Fig. 4.3. Typical GC/MS chromatograms of the liquid fractions from the 

pyrolysis at 500 °C of SCT. A): raw; B): CA–leached (25 °C and 1 h). Peak 

identification numbers are given in Table 4.3. 
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Fig. 4.4. Typical GC/MS chromatograms of the liquid fractions from the 

pyrolysis at 500 °C of sugar cane bagasse. A): raw; B): CA–leached (25 °C and 

1 h). Peak identification numbers are given in Table 4.3. 

Fig. 4.5 presents the GC/MS-based components concentration of pyrolytic bio-oil 

fractions obtained from raw and pretreated biomass at (25 °C and 1 h) rearranged 

according to their chemical functionality. Concentrations are expressed in relative 

abundance (the total ion current (TIC) area% is the component peak area divided 

by the total peak area). In addition, the results of the GC/MS analysis of major 

pyrolytic compounds in the bio-oil fraction can be accessed in Appendix VI. As 

can be observed, the chemical composition of identified compounds is 

significantly influenced by the type of leaching solution used in the pretreatment 

process.  
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Table 4.3. Peak identification of major pyrolytic compounds in the bio-oil produced from raw and leached sugar cane trash and sugar cane 

bagasse samples detected by GC/MS. 

 

 

 

 

 

 

 

 

 

 

 

 

Id# Rt (min) Source Group Compounds Formula 

1 8.2 C AT 1,1-dimethoxypropane C5H12O2 

2 8.4 C AH 2-hydroxyacetaldehyde/glycolaldehyde C2H4O2 

3 9.5 C CAc acetic acid C2H4O2 

4 10.5 C FU 2-methoxytetrahydrofuran C5H10O2 

5 10.8 C KE 1-hydroxy-2-propanone/hydroxyacetone C3H6O2 

6 12.7 UN CAc propanoic acid C3H6O2 

7 13.9 UN ALC ethylene glycol C2H6O2 

8 14.4 UN ALC 2-hydroxyethyl acetate C4H8O3 

9 14.9 C FU 2,5-dimethoxytetrahydrofuran C6H12O3 

10 16.2 C FU 2,5-dimethoxytetrahydrofuran C6H12O3 

11 16.4 C AH 2-furaldehyde/furfural C5H4O2 

12 18.6 C ALC 2-(2-furyl)-2-methoxyethanol C7H10O3 

13 21.5 C KE 3-methyl-2-cyclopenten-1-one C6H8O 

14 21.7 C FU butyrolactone/4,5-dihydro-2-[3H]-furanone C4H6O2 

15 22.0 C FU 2(5H)-furanone C4H4O2 

16 23.1 C KE 3-methyl-1,2-cyclopentanedione C6H8O2 

https://es.wikipedia.org/wiki/Carbono
https://es.wikipedia.org/wiki/Hidr%C3%B3geno
https://es.wikipedia.org/wiki/Ox%C3%ADgeno
https://es.wikipedia.org/wiki/Carbono
https://es.wikipedia.org/wiki/Hidr%C3%B3geno
https://es.wikipedia.org/wiki/Ox%C3%ADgeno
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Table 4.3. continued 

 

 

 

 

 

 

 

 

 

 

 

Id# Rt (min) Source Group Compounds Formula 

17 24.1 L PH phenol C6H6O 

18 24.6 C AT hexanal dimethyl acetal C8H18O2 

19 26.5 L PH 4-methylphenol/p-cresol C7H8O 

20 26.8 C KE 4-methyl-5H-furan-2-one C5H6O2 

21 29.0 L PH 4-ethylphenol/p-ethylphenol C8H10O 

22 30.9 C SU 1,4:3,6-dianhydro-α-D-glucopyranose C6H8O4 

23 31.35 L FU 2,3-dihydrobenzofuran/coumaran C8H8O 

24 31.47 C SU unidentified sugar - 

25 31.66 C ALC 5-(hydroxymethyl)-2-(dimethoxyme) C8H12O4 

26 32.51 C AH 5-(hydroxymethyl)-2-furaldehyde C6H6O3 

27 32.6 L PH 1,2-benzenediol/catechol C6H6O2 

28 33.18 C SU unidentified sugar - 

29 34.79 C SU unidentified sugar - 

30 40.79 C SU 1,6-anhydro-β-D-glucopyranose C6H10O5 

31 44.01 C SU unidentified sugar - 

C: carbohydrate derivatives; L: lignin derivatives; UN: unspecified 
AT: acetals; AH: aldehydes; CAc: carboxylic acids; FU: furans; KE: ketones; ALC: alcohols; SU: 
sugars; PH: phenols 
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Fig. 4.5. Effect of leaching (25 °C and 1 h) solutions on products distribution by 

fast pyrolysis at 500 ºC of sugar cane trash (SCT) and sugar cane bagasse 

(SCB). 

The more important observations related to the effect of leaching with CA on the 

bio-oil’s chemical composition are a significant increase of the sugars, as well as 

a decrease of the carboxylic acids, ketones, furans and phenols with respect to 

the raw biomass. These results are close to those obtained with well-described 

leaching agents such as H2SO4 and HCl despite their strong acidic nature. 

Nonetheless, it should be taken into account that CA did not induce mass losses 

significantly larger than those observed for demineralized water as a leaching 

agent, whereas the mineral acids induced a significant amount of hydrolysis, 

leading to mass loss (consequently carbon loss) during pretreatment as 

demonstrated in Chapter 2 of this thesis.  

Levoglucosan (1,6-anhydro--D-glucopyranose) is the major constituent in the 

condensable fraction (bio-oil fraction) of the pyrolysis products from pretreated 

SCT and SCB, especially when they have been pretreated with acids, including 

CA despite its weak acidic nature. Levoglucosan TIC area increased from 11.7% 
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in raw SCT to a range of 33.6-39.6% in acid–leached SCT depending of the acid 

type. In this regard, the SCT behaved similar to the SCB.  

The low yield of levoglucosan in FP of raw sugar cane biomasses is attributable 

to the inorganic impurities present in the biomass, especially the AAEMs. These 

results are in line with the literature (Zhou et al., 2013a, Radlein et al., 1987) as 

well as with the results obtained in Py-GC/MS measurements in Chapter 3 of this 

dissertation. However, the magnitude of the increase in levoglucosan production 

upon pyrolysis is not as high in the lab-scale pyrolysis reactor compared to the 

Py-GC/MS instrument – most likely due to differences in heating rate and vapor 

residence times, as well as differences in particle size and amount in the two set-

ups.  

There is no consensus in the literature with respect to the influence of potassium 

on the levoglucosan yield. On one hand, the report of (Nowakowski et al., 2007) 

showed a decrease in the formation of levoglucosan from K-impregnated 

synthetic biomass and in willow. On the other hand, (Patwardhan et al., 2010) 

and (Müller-Hagedorn et al., 2003) concluded that relatively low concentrations 

of Na and K largely reduced the levoglucosan yield.  

Other compounds such as acetic acid and 2-hydroxyacetaldehyde were found as 

significant constituents in pyrolysis oils from raw and pretreated biomasses. The 

lower amount of furans, ketones and aldehydes in the bio-oil fraction obtained 

from acid–leached SCT or SCB could result from the passivation of the AAEM-

catalyzed reactions that yield these oxygenates. However, a reduction in the 

aforementioned compounds can also be indicative of a lower hemicellulose 

content in the biomass matrix of pretreated samples (Liu et al., 2011, Wang et al., 

2011). This was confirmed in Chapter 2 of this dissertation demonstrating that 

leaching with acids contributes to the removal of inorganics, while producing mild 

hydrolysis of hemicelluloses (especially when leaching with H2SO4 and HCl). 

Phenolic compounds, derived from the partial breakdown of lignin (Amidon et al., 

2011, Kootstra et al., 2009, Davies et al., 2011), are in lower concentrations in 

the bio-oil resulting from the acidic pretreatments. 

3.5. Non-condensable gases composition 

The NCGs yield represents about 25 wt.% of the total products in pyrolysis of 
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both sugar cane biomasses, either raw or leached. The NCGs yields on 

pretreated-feedstock basis (Fig. 4.2A) are about 5 wt.% higher in FP of raw and 

water–leached SCB than those from acid–leached, which ranged from 22.1 to 

22.5 wt.%. This could be explained by the higher AAEMs concentration in the raw 

and water–leached SCB that promotes cracking reactions during pyrolysis 

leading to gases or light vapors (Oudenhoven, 2016). However, NCGs yields from 

pyrolysis of water–leached SCT had yields in the same level as those of acid–

leached feedstock. To further discuss the effect of the tested leaching solutions 

in pretreatment of SCT and SCB prior to fast pyrolysis (500 C), the composition 

of the NCGs, expressed in wt.%, are summarized in Fig. 4.6 and Appendix VII. 

From Fig. 4.6 it is clearly distinguishable that CO and CO2 are the major 

constituents (more than 90 wt.% of the total) in the NCGs produced in all the 

experiments, regardless of sugar cane residue type and leaching agents tested. 

Their occurrence could be related to the decarboxylation and decarbonylation 

reactions taking place during FP. Furthermore, from literature it was found that 

the composition of SCT in terms of cellulose, hemicellulose and lignin is 48, 27 

and 13 wt.%, while SCB has 46, 27 and 23 wt.%, respectively (COPERSUCAR, 

1989). Moreover, (Yang et al., 2007) observed that the pyrolysis of hemicellulose 

with higher carboxyl (C (O) OH) content released a higher CO2 yield, while 

cellulose generated a higher CO yield which can be attributed to the thermal 

cracking of carbonyl (CO) and carboxyl. The gas concentration of CO derived 

from the FP of SCB samples increases slightly when the biomass is leached, 

especially with the tested acidic solutions, while SCT did not produce significant 

differences therein. 

The H2 and C2 – C3 hydrocarbons concentrations are very low and remained 

practically unaffected by changing the leaching solution type used in the 

pretreatment. The H2 from pyrolysis of organics mainly came from the cracking 

and deformation of CC and C–H functional groups (Yang et al., 2007) or it can 

also be formed (at higher temperatures) when the aromatic rings are being joined 

together (fused) during char production (Norinaga et al., 2009).  

The H2 concentrations in NCGs are below 0.1 wt.% for all pyrolysed samples. On 

the other hand, the CH4 concentrations are under 6 wt.%, which results from the 
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cracking of acetyl groups in hemicellulose as well as the cracking of methoxyl 

groups in lignin from biomass pyrolysis (Yang et al., 2007). 

Fig. 4.6. Effect of leaching (25 °C and 1 h) solutions in pretreatment on NCGs 

produced by fast pyrolysis at 500 ºC of SCT and SCB. Gas concentrations 

expressed on a mass basis. 
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fraction of pyrolysed SCT and SCB were obtained compared to those from raw 

and water–leached samples (32-38 wt.%), but close to that of the CA–leached 

(40-45 wt.%), despite the weak acidic nature of the latter. However, lower water 

and char yields are obtained compared to the raw and water–leached biomasses. 

Small variations in the yields of the NCGs were observed (from 18 to 27 wt.%) 

during pyrolysis of pretreated SCB and SCT. Levoglucosan was the major 

constituent in the bio-oil fraction obtained from both acid pretreated biomasses, 

as confirmed by GC/MS. However, the lowest relative abundance (TIC areas %) 

of levoglucosan in bio-oils obtained from fast pyrolysis were those of raw samples, 

which was attributed to their high content of AAEMs. Physicochemical properties 

such as the HHV and the total acid number (TAN) were favorable when using CA 

as leaching agent. Overall, the results point out that CA pretreatment yields 

similar if not better results as those from pretreatment with stronger mineral acids 

in terms of bio-oil composition and quality. Additionally, considering the overall 

yield in (organic) bio-oil fraction over the whole process (pretreatment followed 

by pyrolysis), CA demonstrated to perform slightly better compared to mineral 

acids. 
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CHAPTER 5: EFFECT OF CONCENTRATION OF CITRIC ACID 

ON DEMINERALIZATION AND PYROLYSIS OF SUGAR CANE 

RESIDUES AS ANALYZED BY PY-GC/MS 

 

In Chapters 2 to 4, citric acid (CA) has been proven to be an appropriate leaching 

agent for sugar cane residues. However, fixed concentrations of CA had been 

tested so far. As the economic viability of pretreatment will depend on the 

minimization of CA consumption, the effect of CA concentration used in 

pretreatment on the demineralization of sugar cane trash (SCT) and sugar cane 

bagasse (SCB) was studied in this chapter. A comparison was made with a well-

known leaching agent (i.e. H2SO4). Additionally, in the chapter it was aimed to 

identify the optimal acid pretreatment concentration and its influence on the 

chemical characteristics of leached biomass and on the chemical composition of 

pyrolysis vapors, viz. by applying micro-pyrolysis. The ash removal was found to 

decrease in both sugar cane residues upon a decrease in the concentration of 

the leaching solution. Small differences in total mass loss were associated with 

the type of biomass and the leaching agent used. The HHV of all pretreated 

samples had negligible differences, although at higher acid concentrations, a 

small reduction was observed. The proximate and ultimate analysis of leached 

SCT and SCB showed similar results for all H2SO4 or CA concentrations tested. 

Studies of pretreated SCT and SCB showed an increase in the production of 

levoglucosan with respect to the raw feedstock, demonstrating a clear indication 

of the undesirable effect the AAEMs have on native feedstock during Py-GC/MS 

at 500 °C. On the other hand, ketones production decreased by half or more 

compared to the raw materials irrespective of the acid concentration in 

pretreatment. The phenols didn’t follow any trend. The nonparametric analysis of 

results revealed that the pretreatment with lowest concentrations for CA (0.096 

kgdm−3) and 0.251 kgdm−3 for H2SO4 have similar influence on the production of 

levoglucosan than higher concentrations tested. When comparing both 

biomasses, the nonparametric analysis demonstrated better results in SCB than 

in SCT with respect to the leaching solution concentration as dependent variable. 
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1. INTRODUCTION 

The studies of the pretreatment of both SCB and SCT with an aqueous citric acid 

(CA) solution with a mass concentration of 0.192 kgdm−3 presented in Chapter 2 

focused on the reduction of the ash mass fraction. Especially the alkali and 

alkaline earth metals (AAEM) in both SCB and SCT were considered and citric 

acid was compared to a selection of more widely studied leaching agents 

(demineralized water, and concentrated solutions of HCl, H2SO4). Sugar cane 

trash was considered particularly because it has limited applications (valorization) 

so far, and is less well characterized. The ash mass fraction in both types of 

biomass appeared to decrease upon leaching. Citric acid showed a reduction in 

ash fraction (ash) varying from 38.9 to 54.1 %, depending on leaching time and 

temperature. In this respect, CA performed similarly to the stronger, mineral acids 

HCl and H2SO4. 

Analytical pyrolysis studies presented in Chapter 3 suggested that the chemical 

pretreatment of SCT and SCB, either with inorganic (i.e. HCl and H2SO4) or 

organic acids (i.e. CA), increases the yields of levoglucosan by 5–8 times 

compared to the raw biomass. These results are promising to improve the 

production of pyrolytic sugars by fast pyrolysis technology as a strategy to convert 

lignocellulosic sugar cane residues into liquid biofuels or as chemical feedstock. 

Additionally, it was found that CA pretreatment generally favored the reduction in 

the total production of ketones and furans independently of the leaching 

temperature (T = 25 – 50 °C) and time (t = 1 – 12 h). The yield of phenolic 

compounds was not significantly affected. Hence, CA can be considered as a 

technically viable option and as an effective leaching agent to demineralize 

biomasses, like SCT, prior to thermochemical conversion processes like fast 

pyrolysis. 

The promising results shown in Chapter 3 by using analytical pyrolysis were 

confirmed in further studies of fast pyrolysis (FP) in which the effects of leaching 

(25 C and 1 h) sugar cane trash and sugar cane bagasse with CA on the yields 

and quality of FP bio-oils obtained were studied in a lab-scale fluidized bed 

reactor (see Chapter 4). These results were compared with reference leaching 
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agents, such as water or solutions of HCl and H2SO4 showing that CA performed 

similar or even better. Citric acid should also have some operational advantages 

when large scale operation is envisaged. One of the problems with this type of 

leaching pretreatment, is the generation of large acidic volumes of wastewater. 

On one hand, the CA leachate can be dried and the remaining CA/mineral mixture 

can be used to fertilize the soil since soil organisms can decompose the CA 

quickly and the minerals return to the soil. On the other hand, the highly acidic 

effluents from HCl and H2SO4 pretreatment may need a neutralization step, using 

a base such as NaOH, which will form salts which, given the high concentration, 

may not be beneficial for the soil. For example, NaOH will yield NaCl – thus 

increasing the soil’s salinity. Despite the technical and environmental benefits of 

using CA as a leaching agent, the major drawback when compared to mineral 

acids, is its cost. The global citric acid market exceeded the volume of 2 Million 

tonne in 2018. The market is further projected to reach a volume of nearly 3 

Million tonne by 2024 (IMARC, 2019). The price was 670 USD per tonne in 

February 2019 according to (Echemi, 2019). Hence, in order to make CA 

pretreatment of lignocellulosic feedstocks (like SCB and SCT) techno-

economically feasible, consumption of CA in pretreatment should be minimized. 

As such, the goal of this Chapter is to study the effect of pretreatment by varying 

the concentration of the leaching solutions tested (i.e. citric acid compared with a 

well-known leaching agent, H2SO4) on the demineralization of sugar cane 

lignocellulosic residues and its influence on pyrolysis behavior, viz. by the use of 

analytical pyrolysis (Py-GC/MS); and to identify optimal leaching concentrations. 

 

2. MATERIALS AND METHODS 

2.1. Sugar cane residues 

The sugar cane trash (SCT) and sugar cane bagasse (SCB) (Cuba 1051-73 crop 

variety), used in this work, were provided by the sugar mill “Ifraín Alfonso” in Villa 

Clara, Cuba. The physical processing prior to the experiments carried out in this 

work was specified in detail in Chapter 2. Before Py-GC/MS experiments, both 

samples were finely ground in a Retsch mill, and sieved to obtain samples with 

particle size of approx. 100 µm.  
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2.2. Pretreatment 

In this section, two leaching solutions were selected from the four tested in 

previous chapters (see Chapters 2 to 4), citric acid – being an organic, less 

characterized pretreatment agent – and H2SO4 as a well-known leaching agent. 

The selection of the leaching solutions was based on the following statements: (i) 

CA resulted in similar efficiencies compared to strong mineral acids (HCl and 

H2SO4) (see Chapter 2) regarding the ash removal from SCT and SCB; (ii) the 

increase of sugars in the vapor phase obtained in py-GC/MS of CA–leached SCT 

and SCB is comparable to those leached with mineral acids (see Chapter 3); and 

(iii) the higher yields and quality of fast pyrolysis bio-oils from CA and mineral 

acid–pretreated sugar cane residues compared to those obtained from 

demineralized water (see Chapter 4).  

The removed ash fraction (ash) and the relative mass loss (total) after 

pretreatment, both given in %, are determined as defined in Chapter 2. Three 

leaching agent concentrations were tested for both leaching solutions (i.e. 0.096, 

0.144 and 0.192 kgdm−3 for CA and 0.251, 0.376 and 0.501 kgdm−3 for H2SO4). 

The results of the highest concentration were already reported in Chapters 2 to 

4. Each raw biomass sample (0.01 kg each) was leached with 0.12 dm3 solution 

(12 dm3 leaching solutionkg−1 of biomass), in covered borosilicate glass beakers 

(0.25 dm3 capacity). The experimental procedure was exposed in Chapter 2. The 

experiments were conducted at least in triplicate. 

2.3. Analytical pyrolysis (Py-GC/MS) 

The micro-scale fast pyrolysis experiments were performed using a micro-

pyrolysis unit (Multi-shot pyrolyzer EGA/PY-3030D, Frontier Laboratories Ltd., 

Fukushima, Japan) coupled to a Thermo Fisher Scientific Trace Gas 

Chromatograph. The details of the method and procedure were described in 

Chapter 3. Compounds with a retention time higher than 45 min (representing 

less than 2% of the total) were excluded from the total peak area integration, as 

these compounds were typical for septum or column bleed. The analyses were 

done in triplicate. 
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2.4. Analytical procedures 

Both raw and pretreated samples were characterized for compositional analysis 

(i.e., CHNOS-elemental, proximate analyses and inductively coupled plasma with 

optical emission spectroscopy (ICP-OES)). Further details on the equipment and 

conditions for those analyses can be found in Chapter 2. The higher heating 

values (HHV, MJ/kg) of the solid samples (raw or pretreated) were measured in 

an E2k bomb calorimeter system (Digital Data Systems, South Africa). Pellets of 

ca. 0.5 g were prepared to determine the HHV. All measurements were made in 

triplicate; the values presented in this work are averages. 

2.5. Statistical analysis 

A nonparametric analysis was conducted to evaluate the differences between the 

three concentrations used of each leaching solution for each biomass (SCT or 

SCB) on the mass fraction of ash removed (ash) during the leaching process. In 

addition, the test was performed for two other dependent variables: the total mass 

loss (total) during the leaching process (which not only includes the loss in 

inorganics, but also loss in organics that may leach during the pretreatment), and 

the production of pyrolytic levoglucosan (as the latter is one of the compounds of 

interest). The Kruskal-Wallis H-test is a rank-based nonparametric test that can 

be used to determine if there are statistically significant differences between 

groups of an independent variable on a continuous or ordinal dependent variable. 

The test offers a distribution-free alternative to the one-way analysis of variance 

F-test (Laerd Statistics, 2018). The Kruskal-Wallis H-test can tell us that at least 

two groups were statistically different (Spurrier, 2003). Since this work studies 

three concentrations (called a subgroup) for each leaching solution, determining 

which of these differs from each other is important to be able to optimize the 

amount of leaching agent and, therefore, the costs involved. On the other hand, 

the nonparametric Mann-Whitney test was used to evaluate differences between 

the two biomasses for each leaching solution concentration with respect to ash, 

total, and the production of levoglucosan. The Mann-Whitney test can be used as 

post-hoc test for pairs of subgroups which differ from each other and form 

homogeneous subgroups. 
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The statistical analysis was performed by using SPSS 15.0 (IBM Analytics, US). 

The results are distinguished by the Hayes notation: the results of two 

concentrations of the leaching solution differ significantly, and therefore belong 

to different homogeneous subgroups, if they do not have a common letter. The 

significance level of the difference between medians is compared against p < 

0.05. 

 

3. RESULTS AND DISCUSSION 

3.1. Feedstock characterization 

The characterization of raw feedstocks was presented in Chapter 4. The higher 

ash mass fraction of raw SCT (0.053 kgkg−1, dry basis) in comparison to SCB 

(0.019 kgkg−1, dry basis) could be attributed to its higher AAEM composition (only 

Na, K and Mg were quantified). Although, other inorganics elements were 

quantified such as Al, Fe and Si, the latter was found to be the major constituent 

in the ash in both SCT and SCB. The elemental composition showed that SCB 

has higher carbon content than SCT; this also applies to the content of hydrogen 

and nitrogen, while the oxygen content of SCT is higher than that of SCB. 

Therefore, the heating value of the raw SCT (HHV=16.7±0.07 MJkg−1) is slightly 

lower compared to that of the raw SCB (HHV=17.4 ± 0.08 MJkg−1) –  thus it 

follows the trend expressed by Ahmat and Subawi (Ahmat and Subawi, 2013) 

that relates the HHV with the carbon content: the higher the carbon content, the 

higher the heating value. 

3.2. Effect of leaching solution concentration on characteristics of 

pretreated biomass  

The effect of leaching solution concentration on characteristics of pretreated 

biomass is studied by two aspects: i) on overall mass loss, and ii) on the 

compositional characteristics of sugar cane residues. 

3.2.1. Effect of the concentration of the leaching solution on overall mass 

loss 

The total (see Fig. 5.1a) associated with the type of leaching agent tested (i.e. 
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H2SO4 and CA) was found to be different. The lower overall mass losses induced 

by CA could be explained because of the lower extent of hydrolysis. The total 

started to drop off at the lowest concentration for SCT but not for SCB, which is 

to be expected, especially with the strong acid (i.e. H2SO4) as it has the ability to 

hydrolyze biomass cell wall constituents. 

Fig. 5.1. Results from the pretreatment (25 C, 1 h and 0.25 dm3 scale) of SCT 

and SCB by varying concentrations of citric acid and H2SO4, (A) overall mass 

loss, total in %, and (B) the removal of ash, ash in %. 

When comparing the H2SO4 –leaching of SCT with that of SCB, small differences 
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can also be found in total. However, there is a higher total in SCT than in SCB 

when CA is the leaching agent although the total is less sensitive to the type of 

biomass used in case of H2SO4. These differences in total between both 

biomasses seems to be due to the removal of extractives and hydrolysis of cell 

walls which are responsible for the remainder of the mass losses. The ash 

removal (ash in Fig. 5.1b) in SCB is less sensitive to changes in the leaching 

agent concentration (both type) than in trash. Ash removal in SCT is noticeably 

less than in SCB, most likely related to the manner in which minerals are 

incorporated in the biomass (i.e. soil particle contamination in SCT). 

3.2.2. Effect of leaching solution concentration on compositional 

characteristics of sugar cane residues 

Table 5.1 details the averaged values of compositional data, HHV and the ash 

mass fraction of SCT and SCB pretreated with varying concentrations of the 

acidic solutions. As can be seen, the results of the proximate and ultimate 

analysis are quiet similar for each biomass type with within the tested 

concentration range of both leaching solutions (CA and H2SO4). 

The HHVs (see Table 5.1) of SCT and SCB pretreated with different 

concentrations of both leaching solutions showed slight differences with respect 

to the lowest concentration tested (i.e. slightly higher HHV). These negligible 

differences could be associated to the fact that within the range of concentration 

tested, only small changes in the elemental composition are induced by leaching. 

However, at higher leaching solutions concentrations, the HHV goes down. 

The ICP-OES analytical results presented in Table 5.2 show that K, Na and Mg 

were significantly removed after pretreatment regardless of the concentrations of 

the leaching solutions tested. The potassium content in both types of biomass 

remained at similar levels after extraction within the range of concentrations 

tested for both leaching solutions. The SCB leached with 0.376 kgdm−3 of H2SO4 

had concentrations of K, Al, Fe, Mg and Na below detection limits (i.e. < 5 mgkg−1 

dry basis), which could be a measurement error. The extraction of Al is smaller 

at lower acid concentrations (i.e. 0.144 and 0.096 kgdm−3) of citric acid with 

respect to the highest concentration tested (i.e. 0.192 kgdm−3). This effect could  
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Table 5.1. Proximate and ultimate analysis (in kgkg−1, dry basis), the ash mass fraction (in kgkg−1, dry basis) and the HHV (MJkg−1) of 

pretreated SCT and SCB. 

Sample, kgdm−3 VM FCa Ash C H Ob HHV 

SCT CA-0.096 0.763 0.182 0.055 0.409 0.055 0.477 17.18 

SCT CA-0.144 0.767 0.179 0.054 0.416 0.055 0.470 16.87 

SCT CA-0.192 0.762 0.182 0.056 0.415 0.056 0.469 16.93 

SCT H2SO4-0.251 0.764 0.182 0.054 0.418 0.056 0.468 17.14 

SCT H2SO4-0.376 0.772 0.178 0.050 0.420 0.055 0.471 16.85 

SCT H2SO4-0.501 0.765 0.182 0.053 0.419 0.056 0.467 16.90 

SCB CA-0.096 0.809 0.181 0.010 0.462 0.060 0.467 17.86 

SCB CA-0.144 0.804 0.186 0.010 0.451 0.059 0.478 17.54 

SCB CA-0.192 0.804 0.187 0.009 0.451 0.059 0.479 17.84 

SCB H2SO4-0.251 0.807 0.184 0.009 0.451 0.060 0.479 18.09 

SCB H2SO4-0.376 0.805 0.186 0.009 0.450 0.059 0.479 17.67 

SCB H2SO4-0.501 0.801 0.190 0.009 0.455 0.060 0.474 17.33 

a Fixed carbon (FC), kgkg−1 d.b = 1 – Ash, kgkg−1d.b. – Volatile matter (VM), kgkg−1 d.b. 

b Calculated by difference 
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be linked to the weaker nature of the organic acid and/or its slow reaction with Al. 

On the other hand, when H2SO4 was used as a leaching agent for both biomasses, 

an opposite effect was found, at lower concentrations (i.e. 0.251 and 0.376 

kgdm−3) higher extraction of Al was achieved. 

 

Table 5.2. Inorganic composition, in mgkg−1 dry basis, of raw and pretreated 

sugar cane trash (SCT) and bagasse (SCB) as a function of acidic solution 

concentration, leaching carried out at 25 °C during 1 h. 

Sample K Mg Na Al Fe Si 

Raw SCT 
7188 
±23.5 

678 
±3.5 

215 
±0.1 

2030 
±3.4 

73.1 
±2.3 

21 357 
±25 

SCT CA-0.192 
33.3 
±0.2 

38.9 
±5.0 

75.6 
±3.3 

1764 
±2.7 

64.1 
±2.6 

19 712 
±1.6 

SCT CA-0.144 
33.7 
±0.6 

35.8 
±1.2 

24.0 
±1.1 

1887 
±1.3 

69.8 
±1.2 

19 362 
±3.0 

SCT CA-0.096 
34.9 
±0.7 

46.9 
±6.2 

42.7 
±8.0 

1855 
±3.2 

67.1 
±3.1 

17 778 
±1.0 

SCT H2SO4-0.501 
31.6 
±1.3 

31.5 
±2.5 

24.2 
±1.1 

1937 
±3.6 

69.9 
±3.4 

32 563 
±3.5 

SCT H2SO4-0.376 
29.0 
±1.6 

35.9 
±8.7 

20.6 
±0.5 

1470 
±2.2 

54 
±2.0 

28 719 
±9.7 

SCT H2SO4-0.251 
32.4 
±0.4 

31.9 
±1.0 

30.0 
±0.8 

1494 
±0.3 

54.8 
±0.3 

20 606 
±1.0 

Raw SCB 
1249 
±1.5 

359 
±0.7 

191 
±3.1 

9020 
±3.6 

312 
±3.5 

5202 
±8.5 

SCB CA-0.192 
15.7 
±2.7 

30.8 
±1.2 

22.1 
±1.5 

2812 
±1.2 

99.7 
±1.1 

3668 
±2.3 

SCB CA-0.144 
18.2 
±1.4 

32.7 
±3.3 

29.5 
±2.0 

3363 
±4.7 

119 
±4.6 

3341 
±2.0 

SCB CA-0.096 
19.4 
±1.8 

37.0 
±3.0 

28.0 
±1.3 

3227 
±1.2 

113.9 
±1.1 

3731 
±3.9 

SCB H2SO4-0.501 
17.1 
±2.0 

30.5 
±3.1 

22.7 
±2.3 

2924 
±1.9 

104 
±1.8 

4124 
±0.6 

SCB H2SO4-0.376 < 5 < 5 < 5 < 5 < 5 
2800 
±6.0 

SCB H2SO4-0.251 
17.1 
±3.2 

32.9 
±6.9 

28.6 
±1.3 

2259 
±3.2 

80.9 
±3.1 

2843 
±1.0 

The water content of pretreated biomass samples was between 22 – 45 gkg−1  

for SCT, and between 26 – 50 gkg−1 for SCB. Sulfur in all samples was below 

detection limits.The standard deviations on the proximate and ultimate analysis 

presented here are all within the range 0.000 – 0.010, while those on HHV are all 
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within the range 0.00 – 0.16. 

3.3. Effect of the concentration of the leaching solution on Py-GC/MS vapor 

composition 

Analytical Py-GC/MS studies were conducted at a fixed pyrolysis temperature 

(500 °C) for both sugar cane lignocellulosic residues in either raw form or after 

leaching (25 °C and 1 h) with CA or H2SO4 to gain further insight into the pyrolytic 

behavior of the tested biomasses leached with varying concentrations of CA or 

H2SO4. The retention time, the source, the names and the chemical formula of 36 

peaks of 35 biomass-derived pyrolysis compounds identified (the 2(5H)-furanone 

appeared at two retentions time) in Py-GC/MS are listed in Table 5.3. These 

compounds were classified into two main groups characterized by origin: 

carbohydrate (C) or lignin (L) derivatives (David et al., 2017, Pattiya et al., 2008, 

Vanwonterghem, 2012). Additionally, those pyrolysis compounds, which can be 

formed from either or from unidentified sources, were indicated as from 

unspecified origin (UN). Component concentrations in the pyrolysis vapors were 

expressed in relative abundance (TIC area% is the component peak area divided 

by the total peak area). Most of the identified compounds have been reported in 

the literature as pyrolysis products from lignocellulosic materials (Pattiya et al., 

2012, David et al., 2017, Eom et al., 2013).  

In this study, it was found that nearly 47% of the identified compounds are 

carbohydrate derivatives, 39% are lignin derivatives and the remaining 

compounds could be products from polymerization reactions and/or from more 

complex decomposition mechanisms. Later, the identified compounds were 

classified into groups according to the chemical functionality in order to clearly 

show changes in composition as a result of the acidic pretreatment, the results 

are shown in Table 5.4. Whereas, Tables VIII.1 (for SCT) and VIII.2 (for SCB) in 

Appendix VIII presented the effect of leaching solutions concentrations on 

products distribution by Py-GC/MS at 500 °C. Typical chromatograms for volatiles 

resulting from raw and CA–leached (25 °C and 1 h) SCT with tested 

concentrations are presented in Fig. 5.2, while those from SCB are shown in Fig. 

5.3. On the other hand, those chromatograms from H2SO4–leached (25 °C and 1 

h) SCT and SCB are provided in Figures IX.1 and IX.2 in Appendix IX. 
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Table 5.3. Compounds identified in Py-GC/MS of raw or pretreated sugar cane trash and bagasse. 

Id# Rt (min) Sourcea Groupb Compound name Formula 

1 4.3 - - carbon dioxide CO2 

2 4.7 C AH acetaldehyde C2H4O 

3 4.8 C ALC methanol CH4O 

4 5.6 C AH 2-propenal/acrylic aldehyde C3H4O 

5 5.9 C KE 2-propanone/acetone C3H6O 

6 6.8 C FU 2-methylfuran C5H6O 

7 7.6 C KE 2,3-butanedione C4H6O2 

8 8.0 UN CAc propanoic acid C3H6O2 

9 8.8 C AH 2-hydroxylacetaldehyde C2H4O2 

10 9.9 C CAc acetic acid C2H4O2 

11 11.2 C KE 1-hydroxy-2-propanone C3H6O2 

12 12.1 UN ALC 1,3-propanediol C3H8O2 

13 14.7 UN ALC 2-hydroxyethyl acetate C4H8O3 

14 15.1 C FU 2(5H)-furanone C4H4O2 

15 16.7 C AH 2-furaldehyde/furfural C5H4O2 

16 18.4 UN ALC ethylene glycol diacetate C6H10O4 
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Table 5.3. continued 
 

Id# Rt (min) Sourcea Groupb Compound name Formula 

17 18.6 C KE 2-methyl-2-cyclopenten-1-one C6H8O 

18 22.3 C FU 2(5H)-furanone C4H4O2 

19 23.4 C KE 3-methyl-1,2-cyclopentanedione C6H8O2 

20 24.3 L PH phenol C6H6O 

21 24.9 L PH 2-methoxyphenol/guaiacol C7H8O2 

22 26.7 L PH 4-methylphenol/p-cresol C7H8O 

23 27.9 L PH 2-methoxy-4-methylphenol C8H10O2 

24 29.2 L PH 4-ethylphenol C8H10O 

25 31.1 C SU 1,4:3,6-dianhydro-α-D-glucopyranose C6H8O4 

26 31.5 L FU 2,3-dihydrobenzofuran C8H8O 

27 31.7 L PH 4-vinylguaiacol C9H10O2 

28 32.3 L PH eugenol C10H12O2 

29 33.0 L PH 2,6-dimethoxyphenol/syringol C8H10O3 

30 35.0 C SU unidentified sugar - 

31 35.1 L PH isoeugenol C10H12O2 

32 35.3 L PH 4-methylsyringol C9H12O3 
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Table 5.3. continued 
 

Id# Rt (min) Sourcea Groupb Compound name Formula 

33 35.7 L PH 2-methoxy-4-formylphenol/vanillin C8H8O3 

34 38.8 L PH 2,6-dimethoxy-4-(2-propenyl)-phenol C11H14O3 

35 41.1 C SU 1,6-anhydro-β-D-glucopyranose C6H10O5 

36 41.2 L PH 2,6-dimethoxy-4-(2-propenyl)-phenol C11H14O3 

(a) C: carbohydrate derivatives; L: lignin derivatives; UN: unspecified origin 

(b) AH: aldehydes; ALC: alcohols; KE: ketones; FU: furans/pyrans; SU: sugars; PH: phenols; CAc: 
carboxylic acids 
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Table 5.4. Relative abundance (TIC area%) in Py-GC/MS at 500 °C of raw or pretreated (25 C and 1 h) sugar cane trash (SCT) and 

bagasse (SCB) with varying concentration of the leaching agent used. 

 
Acid concentration in pretreatment, kgdm−3 

CA H2SO4 

  0.096 0.144 0.192 0.251 0.376 0.501 

Chemical functionality Raw SCT SCT leached 

Alcohols (4) 
Aldehydes (4) 
Carboxylic acids (2) 
Furans/pyrans (4) 
Ketones (5) 
Phenols (12) 
Sugars (3) 

4.33 
7.84 
5.02 
5.88 
8.51 
9.07 
3.25 

2.87 
3.28 
3.53 
5.66 
3.76 
9.12 

26.17 

2.84 
3.35 
3.74 
5.22 
3.41 
9.14 

26.72 

3.22 
3.76 
4.46 
5.51 
4.70 
8.75 

21.79 

1.42 
2.12 
1.96 
5.38 
1.73 
9.47 

37.58 

2.46 
3.56 
3.51 
4.87 
3.27 
8.41 

30.40 

1.79 
2.70 
2.42 
4.43 
2.61 
7.59 

39.23 

Chemical functionality Raw SCB SCB leached 

Alcohols (4) 
Aldehydes (4) 
Carboxylic acids (2) 
Furans/pyrans (4) 
Ketones (5) 
Phenols (12) 
Sugars (3) 

4.71 
8.28 
5.26 
8.16 
7.08 
9.86 
6.48 

2.45 
2.69 
3.61 
5.13 
2.79 

12.87 
33.64 

2.23 
2.42 
4.26 
5.27 
2.48 
7.61 

35.01 

2.56 
2.62 
3.64 
5.75 
3.19 
6.66 

34.47 

1.94 
2.20 
3.72 
4.82 
1.87 

10.94 
38.90 

1.85 
2.26 
3.55 
4.44 
2.01 

11.28 
38.21 

1.70 
2.62 
2.85 
5.06 
2.59 

11.64 
38.36 

The standard deviations on relative abundance (TIC area%) in Py-GC/MS at 500 °C of raw or 
pretreated SCT or SCT of each identified component are provided in Tables VIII.1 and VIII.2 in 
Appendix VII. 



Chapter 5: Effect of concentration of CA on demineralization and pyrolysis of sugar cane residues as analyzed by Py-GC/MS      

 

 

144 

 

Fig. 5.2. Typical chromatograms resulting from the Py-GC/MS at 500 °C of SCT. Total pyrolysis area, in TIC peak area units (AU) per 

sample mass, is given. Peak identification in Table 5.3. 
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Fig. 5.3. Typical chromatograms resulting from the Py-GC/MS at 500 °C of SCB. Total pyrolysis area, in TIC peak area units (AU) per 

sample mass, is given. Peak identification in Table 5.3. 
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3.3.1. Pyrolytic anhydrosugars 

In this study, two of the three sugars peaks were identified: the 1,6-anhydro-β-D-

glucopyranose (levoglucosan, see Fig. 5.4) and the 1,4:3,6-dianhydro-α-D-

glucopyranose. They are by far the major group in the pyrolysis vapors from 

pretreated SCT or SCB, independently of the type of acid and the concentration 

tested. The production of pyrolytic sugars was lower in both raw materials 

indicating the undesirable effects of AAEMs, especially in raw SCT. The 1,4:3,6-

dianhydro-α-D-glucopyranose is a cellulose derived compound well-known as a 

product of dehydration reactions from anhydrosugars, like levoglucosan (David 

et al., 2017). In the case of 1,4:3,6-dianhydro-α-D-glucopyranose, the relative 

abundance of this anhydrosugar remained almost constant (0.34 – 0.45 TIC 

area%) to a variation of CA concentration from 0.192 – 0.096 kgdm−3 or to 

changes in H2SO4 concentration from 0.501 – 0.251 kgdm−3 (see Tables VIII.1 

(for SCT) and VIII.2 (for SCB) in Appendix VIII). 

Fig. 5.4 shows the production of pyrolytic levoglucosan for both biomass samples 

raw or leached with CA or H2SO4. This anhydrosugar was lower in the raw 

materials regardless of the type of biomass. This result is a clear indication of the 

undesirable effects that the AAEMs have on the production of levoglucosan 

(Mourant et al., 2011, Patwardhan et al., 2010). In addition, it is demonstrated 

that the pretreatment with acid (25 C and 1 h) favors the formation of 

levoglucosan for both SCT (Fig. 5.4A and Tables VIII.1 (for SCT) and (for SCB) 

and SCB (Fig. 5.4B and VIII.2) regardless of the concentration of leaching 

solutions studied. These results are in agreement with those reported in Chapter 

3 with concentrations of CA and H2SO4 similar to the highest used in this chapter. 

The best results in the formation of levoglucosan from SCT samples (Fig. 5.4A) 

by py-GC/MS at 500 C corresponds to the sample pretreated with the highest 

concentration of H2SO4 (0.501 kgdm−3), 30.19 TIC area%. However, the results 

with the lowest concentration of sulfuric acid (0.251 kgdm−3) did not differ largely 

(29.32 TIC area%) with that obtained with the highest concentration of H2SO4, 

which indicates that sufficient acid was supplied to compensate the negative 

effect of the AAEMs (Zhou et al., 2013b). As can be seen in Fig. 5.4B, there are 

small differences between the results of Py-GC/MS of the leached SCB samples, 
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regardless of the leaching solution and its concentration. 

 

 

Fig. 5.4. Relative abundance (TIC area%) of levoglucosan obtained by Py-

GC/MS at 500 °C of raw and treated biomass. A: for SCT and B: for SCB. 
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3.3.2. Other pyrolytic chemicals 

Table 5.4 of Section 3.3 presented the relative abundance (expressed in TIC 

area%) of the compounds identified from Py-GC/MS at 500 °C of raw or 

pretreated biomass (25 C and 1 h) grouped by their chemical functionality. 

Additionally, in Tables VIII.1 (for SCT) and VIII.2 (for SCB) in Appendix VIII are 

presented the relative abundance of each identified compound from raw or 

pretreated biomass. 

Alcohols, aldehydes and carboxylic acids 

Methanol was identified only in the Py-GC/MS chromatograms of raw pyrolyzed 

biomass. This could be related to the cracking of the aromatic methoxyl groups 

(Allan and Mattila, 1971) and cinnamyl alcohol-type propanoid side chains in 

lignin (Jegers and Klein, 1985, Petrocelli and Klein, 1985) that could have been 

catalyzed by the high presence of AAEMs in these raw feedstocks, especially in 

SCT. In general, the aldehydes (four compounds) were produced in lower 

quantities when pyrolyzed biomasses were previously acid treated, regardless of 

the concentration of the acid. Regarding the carboxylic acids, the propanoic acid 

was found in very small quantities in all py-GC/MS chromatograms. However, the 

acetic acid was released in quantities of 4.86 and 4.49 TIC area% from raw SCB 

and SCT biomasses, respectively. This acid is a product from the thermal 

degradation of acetate groups in hemicellulose (Zhou et al., 2013b), and it is also 

produced from lignin depolymerization (Mahadevan et al., 2016). In general, 

lower production of acetic acid when biomass is pretreated, prior of pyrolysis, with 

strong acidic solution like H2SO4 could be associated to the hydrolysis of 

hemicellulose during pretreatment. This could be associated to the fact that 

during pretreatment mild structural changes in the xylan fraction of the material 

resulting in suppression of the intrinsic catalytic effect of the inorganic 

constituents (Kuzhiyil et al., 2012, Patwardhan, 2010, David et al., 2017). 

Furans/pyrans 

Lowers concentrations of the leaching solutions did not have a major effect on 

the production of 2-methylfuran during py-GC/MS. The 2,3-dihydrobenzofuran 

was the most abundant furan from pyrolyzed raw and acid leached SCT or SCB. 
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In this sense, both biomasses respond differently with respect to varying 

concentration of each acid. On the one hand, when SCT is leached with the 0.096 

kgdm−3 of CA, the formation of 2,3-dihydrobenzofuran during pyrolysis is slightly 

higher with respect to the other leached samples including the raw. However, for 

H2SO4, the lowest production of 2,3-dihydrobenzofuran was obtained from 

biomasses pretreated with 0.376 and 0.501 kgdm−3 concentrations. On the other 

hand, when SCB is leached with the lowest concentration of CA or H2SO4, the 

production of 2,3-dihydrobenzofuran by analytical pyrolysis is lower compared to 

that obtained from the leached biomass with the highest concentration. 

Ketones and phenols 

From Tables VIII.1 (for SCT) and VIII.2 (for SCB) in Appendix VIII it can be seen 

that all compounds in this groups responded similarly, during analytical pyrolysis, 

to the variation in acid concentrations tested in the leaching. That is, they 

decreased when the acid concentration are lower. This suggests that the 

formation of these compounds was catalyzed by the presence of AAEMs.  

Phenols are known as compounds derived from lignin (Kim et al., 2012). They 

are the most abundant group from both pyrolyzed raw biomasses, which is 

composed by twelve compounds. This could be related to the alkaline 

compounds, especially in SCT, which could enhance the depolymerisation 

reactions of lignin (Dobele et al., 2003). Lower concentrations of acids seem to 

produce more phenols than the raw biomass - but elevating the acid 

concentration drops the phenol production at levels below that of raw biomass. 

However SCB leached with H2SO4 does not follow the above trend. 

3.4. Nonparametric analysis  

Results of the analysis by the Kruskal-Wallis H-test are discussed in section 3.4.1, 

while the results concerning the analysis by the Mann-Whitney test (Table 5.6) 

are analyzed in section 3.4.2. The statistical analysis allows to identify the 

homogeneous subgroups of concentrations (those with similar letters, 

accordingly to Hayes notation) for each leaching solution and biomass with 

respect to each response (i.e. mass fraction of ash removed (ash), the mass loss 

(total) and the production of levoglucosan). 
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3.4.1. Nonparametric analysis, comparison between the concentrations  

The statistical analysis by Kruskal-Wallis H-test suggests the homogeneous 

subgroups for each individual dependent variable. Each biomass studied is 

analyzed separately, those results from CA are presented in Table 5.5, while 

those from H2SO4 are shown in Table 5.6. 

 

Table 5.5. Nonparametric analysis by Kruskal-Wallis H-test to evaluate the 

differences among the three concentrations of the citric acid leaching solution 

on median change in mass fraction of ash removed (ash), the mass loss (total) 

and the production of pyrolytic levoglucosan (expressed in relative 

abundance,TIC area%). 

C
o

m
p

a
ri

s
o

n
 

Concentration 

CA, kgdm−3 

ash total Levoglucosan 

SCT SCB SCT SCB SCT SCB 

0.096 35.70ab 50.80b 12.90a 8.13* 21.30b 28.03b 

0.144 36.90a 50.90b 13.83b 8.36* 22.06a 29.03a 

0.192 35.30b 52.83a 14.06b 8.43* 17.56b  28.40ab 

Std. error ± 0.33 ± 0.63 ± 0.21 ± 0.16 ± 0.71 ± 0.39 

 

Table 5.6. Nonparametric analysis by Kruskal-Wallis H-test to evaluate the 

differences among the three concentrations of the H2SO4 leaching solution on 

median change in mass fraction of ash removed (ash), the mass loss (total) and 

the production of pyrolytic levoglucosan (expressed in relative abundance, TIC 

area%). 

 

C
o

m
p

a
ri

s
o

n
 

Concentration 

H2SO4, kgdm−3 

ash total Levoglucosan 

SCT SCB SCT SCB SCT SCB 

0.251  39.33c 60.80* 16.06a 18.46a 29.30a 32.26a 

0.376  45.33a 60.03* 19.43b 18.56a 24.16c 30.36b 

0.501 42.43b 60.80* 19.76b 19.86b 30.20a 30.13b 

Std. error ± 0.92 ± 0.47 ± 0.66 ± 0.31 ± 0.94 ± 0.44 
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(a,b, c) Hayes notation for the identified homogenous subgroups  

The median difference is significant at p < 0.05 

(*) no significant differences 

3.4.1.1. Citric acid as leaching agent 

In the case of SCT, the homogeneous subgroups, for ash, were: (i) 0.096-0.144 

kgdm−3 and (ii) 0.096-0.192 kgdm−3, while fortotal the homogeneous subgroups 

were: (i) 0.096 kgdm−3 and (ii) 0.144-0.192 kgdm−3, which means that using CA 

concentration of 0.096 kgdm−3 to leach the SCT will result in a ash no statistically 

different to those obtained with the others concentrations tested. For the 

production of levoglucosan there were two homogeneous subgroups: (i) 0.096-

0.192 kgdm−3 and (ii) 0.144 kgdm−3, which allowed to state that using either 

0.096 or 0.192 kgdm−3 concentrations, the production of levoglucosan will be 

statiscally similar. 

In the case of SCB, there were two homogeneous subgroups for ash: (i) 0.192 

kgdm−3 and (ii) 0.096-0.144 kgdm−3, while for total there were no concentrations 

subgroups that are statistically different from the rest. Considering the production 

of levoglucosan there were two homogeneous subgroups: (i) 0.144-0.192 

kgdm−3 and (ii) 0.096-0.192 kgdm−3. Thus, the production of levoglucosan will 

be statiscally similar when using a CA concentration of 0.096 or 0.192 kgdm−3 to 

leached the SCB. 

3.4.1.2.  Sulfuric acid as leaching agent 

In the case of SCT, there were three homogeneous subgroups for ash: (i) 0.501, 

(ii) 0.376 and (iii) 0.251 kgdm−3. With respect to the total there were two 

homogeneous subgroups: (i) 0.376-0.501 kgdm−3 and (ii) 0.251 kgdm−3, while 

considering the production of levoglucosan there were two homogeneous 

subgroups: (i) 0.251-0.501 kgdm−3 and (ii) 0.376 kgdm−3. Furthermore, for SCB, 

respect to ash there were no concentrations subgroups that are statistically 

different from the rest, while for the total there were two homogeneous subgroups: 

(i) 0.251 kgdm−3 and (ii) 0.376-0.501 kgdm−3. 
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3.4.2. Nonparametric analysis, comparison between biomasses  

The statistical analysis by Mann-Whitney test suggests the differences between 

biomasses for each individual dependent variable. Each biomass studied is 

analyzed separately, in Table 5.7 are shown those results from CA, while those 

from H2SO4 are accessible in Table 5.8. 

3.4.2.1.  Citric acid as leaching agent 

Considering the comparison between biomasses for each CA concentration (i) 

SCB and (ii) SCT were homogeneous subgroups for all dependent variables (i.e. 

ash, total and the production of levoglucosan). 

3.4.2.2.  Sulfuric acid as leaching agent 

Analyzing the results of H2SO4 as leaching agent, there were two homogeneous 

subgroups: (i) SCB and (ii) SCT for all concentrations when ash is the dependent 

variable, which means all concentrations influence ash more in SCB than in SCT. 

On one hand, for total there were no homogeneous subgroups when the highest 

concentration of H2SO4 (i.e. 0.501 kgdm−3) is used, suggesting that there was no 

statistically significant differences in otal between both biomasses. On the other 

hand, when the production of levoglucosan is analyzed, there were no 

homogeneous subgroups when the highest concentration (i.e. 0.501 kgdm−3) is 

used. However, when the concentrations are 0.376 and 0.251 kgdm−3 there were 

two homogeneous subgroups: (i) SCB and (ii) SCT. 
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Table 5.7. Nonparametric analysis by Mann-Whitney test to evaluate differences between biomasses for each citric acid leaching solution 

concentration respect the median change in mass fraction of ash removed (ash), the mass loss (total) and the production of pyrolytic 

levoglucosan (expressed in relative abundance in TIC area%). 
 

Concentration 
CA 

ash total Levoglucosan 

SCT SCB 
Std.  
error 

SCT SCB 
Std.  
error 

SCT SCB 
Std. 
error 

0.096 kgdm−3 35.70b 50.80a  ± 0.98 12.90b 8.13a  ± 0.27 21.30b 28.03a  ± 0.77 

0.144 kgdm−3 36.90b 50.90a  ± 2.62 13.83b 8.36a  ± 0.18 22.06b 29.03a  ± 0.45 

0.192 kgdm−3 35.30b 52.83a  ± 0.68 14.06b 8.43a  ± 0.76 17.56b 28.40a  ± 1.74 

Comparison       

(a,b, c) Hayes notation for the identified homogenous subgroups 
The medians difference is significant at p < 0.05 
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Table 5.8. Nonparametric analysis by Mann-Whitney test to evaluate differences between biomasses for each H2SO4 leaching solution 

concentration respect the median change in mass fraction of ash removed (ash), the mass loss (total) and the production of pyrolytic 

levoglucosan (expressed in relative abundance, TIC area%). 
 

Concentration 
H2SO4 

ash total Levoglucosan 

SCT SCB 
Std.  
error SCT SCB 

Std.  
error SCT SCB 

Std.  
error 

0.251 kgdm−3 39.33b 60.70a  ± 0.54 16.06a 18.46b  ± 0.45 29.30b 32.26a  ± 1.35 

0.376 kgdm−3 45.33b 60.03a  ± 2.16 19.43b 18.56a  ± 0.26 24.16b 30.36a  ± 0.27 

0.501 kgdm−3 42.43b 60.80a  ± 1.07 19.76* 19.86*  ± 1.06 30.20* 30.13*  ± 0.67 

Comparison       

(a,b, c) Hayes notation for the identified homogenous subgroups 

The medians difference is significant at p < 0.05 

(*) no significant differences 
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4. CONCLUSIONS 

Samples of raw or pretreated sugar cane trash and sugar cane bagasse were 

used as substrates for pyrolysis via Py–GC/MS-based analysis. The pretreatment 

was conducted by testing three concentrations of each leaching solution (i.e. CA 

compared to well-known leaching agent, H2SO4). The evaluation of the results 

revealed that leaching of SCT and SCB with lowest concentrations of CA (0.096 

kgdm−3) or H2SO4 (0.251 kgdm−3) resulted in similar levels of levoglucosan (by 

Py-GC/MS) than that from biomasses leached with the highest concentration. 

Similarly, they resulted in decreased mass loss. However, for CA similar effects 

on the mass fraction of ash removed were reached by varying the concentration 

but not for H2SO4, which reached the highest levels of ash removal at the highest 

concentration of it. The comparison of both biomasses showed better results for 

SCB than from SCT with respect to the mass fraction of ash removed, the mass 

loss and the production of pyrolytic levoglucosan when the concentrations of both 

leaching solutions studied were decreased. Therefore, the statistical analysis 

allows to conclude that for both sugar cane residues the optimum concentration 

of citric acid is 0.096 kgdm−3 when high levoglucosan in vapour phase, a low loss 

of mass, and a high mass fraction of ash removed are desired at the same time. 

But, when SCT is leached with H2SO4 the optimum concentration required is 

0.501 kgdm−3 if a high mass fraction of ash removed is desired. However, if a 

high concentration of levoglucosan and a low mass loss are desired the optimal 

concentration of H2SO4 is 0.251 kgdm−3. In the case of SCB, the 0.251 kgdm−3 

concentration is the preferred if a high concentration of levoglucosan, a low loss 

of mass, and a high mass fraction of ash removed are desired. 
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CHAPTER 6: FUEL SUITABILITY OF FAST PYROLYSIS BIO-

OILS FROM CITRIC ACID–LEACHED SUGAR CANE RESIDUES 

 

Raw sugar cane bagasse and trash were pretreated with citric acid (CA) having 

a concentration of 0.096 kgdm−3. The pretreatments were performed on a 10 dm3 

scale and compared to the results at 0.25 dm3. The suitability of the pretreatment 

parameters established for scale up at 10 dm3 were verified by comparing the 

compositional characteristics of the treated biomasses and its products 

distribution in the vapor phase (by Py-GC/MS analysis) with previous results at 

0.25 dm3 scale. Bio-oil samples were then obtained on a continuous auger 

pyrolysis reactor. Physicochemical characterization of the bio-oil included GC/MS, 

elemental composition, higher heating value, water and solids content and pH. 

Additionally, dynamic viscosity and stability (ageing) of the bio-oils were assessed. 

The average bio-oil yield on raw-feedstock basis revealed differences below 5% 

between SCT and SCB for both raw and leached with CA. The CO and CO2 

represent between 88 and 91% by weigth of the total non-condensable gases. 

The most important observations related to the effect of leaching with CA on the 

bio-oil’s chemical composition are a significant increase of the sugars, as well as 

a decrease of the carboxylic acids and phenols. From the analysis of the 

properties of bio-oils from pyrolysis of sugar cane residues, it is concluded that 

bio-oil samples from both raw or CA–leached SCT and SCB may not be suitable 

for direct use as a fuel. The poor quality of bio-oils obtained from the pyrolysis of 

raw SCT or SCB makes them difficult to be considered as a chemical platform. 
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1. INTRODUCTION 

Biomass fast pyrolysis (or bio-oils) liquids are completely different from petroleum 

fuels in their physical properties and chemical composition. These liquids are 

typically high in water, can have substantial levels of suspended solids, have a 

density higher than conventional fossil fuels, are acidic, have a heating value of 

about half of that of mineral oils, and are chemically unstable when heated or 

stored for prolonged periods of time. Pyrolysis liquids are highly polar, containing 

about 35–40 wt% oxygen (dry basis), while mineral oils contain oxygen at ppm 

levels. Pyrolysis liquids are not miscible with mineral oils. The unusual properties 

of the biomass pyrolysis liquids must therefore be taken into careful consideration 

in a range of applications (Oasmaa and Peacocke, 2010). 

Biomass pyrolysis oils have the potential to be used as a fuel oil substitute. 

Several challenges in bio-oil applications result from their properties. As 

mentioned above, bio-oils have heating values of only 40–50% of that of liquid 

fossil fuels. They have a high water content that is detrimental in their ignition 

behavior. Organic acids in the bio-oils are corrosive to common construction 

materials. Solids (char) can block injectors or erode turbine blades. Over time, 

the reactivity of some components in the bio-oils leads to formation of larger 

molecules that results in high viscosity and in slower combustion (Oasmaa and 

Czernik, 1999). 

Solids removal may not be necessary in all applications, i.e., chemical and other 

non-fuel applications (Oasmaa and Peacocke, 2010). There are a range of 

cyclone designs and preference should be made to high efficiency cyclones 

designed for high temperature use to remove low density solids (char/ash 

particles) at low solids concentrations in the gas phase (i.e. before bio-oil 

condensation). In entrained bed processes, and some fluid bed processes, some 

attrited sand may also end up in the product liquid. The amount of solids (residual 

char and sand) in the product liquid is due to the feedstock (type and particle size 

distribution), process type (fluidised bed, entrained bed, etc.), and the efficiency 

of cyclones or other type of char/solids removal techniques. Depending on the 

densities and storage time, solids can be found on the surface or at the bottom 

of the liquid (Oasmaa and Peacocke, 2010). 
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Nonetheless, the thermochemical valorization of sugar cane lignocellulosic 

biomass has arisen as one of the strategic research areas concerning the 

biorefinery concept because of its potential to produce fuels, and also high value-

added chemicals. However, further investigation is warranted to achieve cost-

effective procedures, in order to fully exploit the potential of bio-oils as a source 

of chemicals and biofuels. In more recent times, a number of chemicals have 

been derived from the pyrolysis liquids as well (e.g., methanol, acetic acids, etc., 

and liquid smoke) (Venderbosch and Prins, 2010). 

For chemicals or fuel application, an additional target would be to control the 

chemical composition of the condensables; for instance, by applying catalysts. If 

the objective is to derive chemicals from the pyrolysis liquid, it is essential to 

operate the process at the proper conditions (temperature, residence time, 

feedstock type, and feedstock pre-treatment) in order to maximize the yield of the 

specific component, or group of components, being aimed at (Venderbosch and 

Prins, 2010).  

In this chapter, the suitability of bio-oil from CA-pretreated sugar cane residues 

as a fuel, is assessed. This purpose also includes assessing the stability of the 

bio-oil upon (accelerated) ageing. For this assessment, larger quantities of bio-

oil are required (compared to those obtained in Chapter 3) and hence the 

biomass pretreatment was performed on a scale of 10 dm3 in order to obtain 

enough biomass to be pyrolyzed at 500 °C in a mini-plant (i.e. continuous auger 

reactor) setup. Optimal pretreatment conditions (as established in Chapters 2 and 

5) have been adopted. 

 

2. MATERIALS AND METHODS 

2.1. Sugar cane residues 

Sugar cane trash (SCT) and sugar cane bagasse (SCB) both of the Cuba 1051-

73 variety were used in this work and provided by the sugar mill “Ifraín Alfonso” 

in Villa Clara, Cuba. SCT was manually harvested, and the SCB was sampled 

two hours after milling. Both biomasses were sampled in the same sampling 

places but in a later year with respect to the materials used in previous chapters. 
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Both materials were naturally dried in ambient atmosphere during three days. 

Afterwards, they were ground using a Retsch mill and screened to obtain particles 

with a size ranging from 1 to 2 mm. For Py-GC/MS experiments, both sugar cane 

residues samples were finely ground in a centrifugal mill and sieved to obtain 

samples with a particle size of ca. 100 μm. The proximate analysis, elemental 

composition and HHV of raw biomasses are listed in Table 6.1. 

 

Table 6.1. Properties of the raw SCT and SCB, the standard deviations are 

provided; BDL: below detection limit. Proximate and elemental analysis in 

kgkg−1 dry basis. 

 Raw SCT Raw SCB 

Volatile matter 

Fixed carbona 

Ash 

Carbon 

Hydrogen 

Nitrogen 

Oxygenb 

Sulfur 

O/C 

H/C 

HHV, MJkg−1 

0.718 ± 0.001 

0.208 ± 0.001 

0.074 ± 0.002 

0.415 ± 0.008 

0.051 ± 0.001 

0.006 ± 0.006 

0.454 ± 0.003 

BDL 

0.82 

1.47 

16.3 ± 0.0 

0.795 ± 0.001 

0.186 ±0 .001 

0.019 ± 0.001 

0.462 ± 0.003 

0.055 ± 0.004 

0.003 ± 0.001 

0.461 ± 0.031 

BDL 

0.75 

1.43 

17.1 ± 0.0 

The water mass fraction was 32 gkg−1 in SCT and 51 gkg−1 in SCB, both on 
an as received basis.  
a Fixed carbon (kgkg−1 dry basis) = 1 – Ash (kgkg−1 dry basis) – Volatile 

matter (kgkg−1 dry basis) 
b Calculated by difference. 

 

2.2. Preteatment 

2.2.1. Preteatment scale up 

The pretreatment experiments of both biomasses were conducted with citric acid 

as leaching solution in an aqueous concentration of 0.096 kgdm−3, which was 

the optimal concentration as established in Chapter 5. In order to process the 

amount of biomass to be pyrolyzed in the mini-plant setup, the following equation 
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was used to scale the mixing speed in the leaching pretreatment. 

𝑁𝑙 = 𝑁𝑠𝑚 ∙ (
𝑉𝑠𝑚

𝑉𝑙
)
2

9             (6.1) 

Here N is the number of rotations per minute of the stirrer and V is the volume of 

the biomass/leaching agent dispersion, the subscript sm denotes the small scale 

(0.25 dm3), while l indicates the larger scale (10 dm3). The stirrer is made of a 

high-grade steel encased in polytetrafluoroethylene (PTFE) with two propellers 

(Fig. 6.1a) which are completely made of PTFE. The second propeller was 

included in order to reach a homogenous mixing between biomass and leaching 

solution and to avoid stagnant regions. The maximum height Z of the mixed 

volume was equal to the diameter D2 of the vessel (with a volume of 10 dm3). The 

first propeller can be set at a height D2 /6 to D2 /3 above the vessel bottom (Treybal 

and Rodríguez, 1980). In this work h1 was set at the height D2 /3. A scheme of 

the design parameters is presented in Fig. 6.1a, while a picture of the setup used 

in the leaching experiments is shown in Fig. 6.1b. 

 

Fig. 6.1. Leaching setup on a 10 dm3 scale. a) Dimensions, b) Setup used. 

Small-diameter propellers (Eq. 6.2) are useful for promoting mass transfer 

between solid and liquid phases (Perry and Green, 2008). 
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𝑑1 = 
𝐷2
3⁄              (6.2) 

Where: d1 is the propeller diameter.  

Leaching time and temperature (i.e. 1 h at 25 C) were similar to those used in 

the 0.25 dm3 pretreatment. The leached samples used in the pyrolysis 

experiments were pretreated following the procedure described in section 2.2 of 

Chapter 2 in this thesis. 

The borosilicate glass vessel used for the pretreatment had a volume of 10 dm3 

and a diameter of 229 mm (D2). The calculated diameter of the propeller (d1) was 

76.3 mm. However, in the suppliers' offers a propeller with a 75 mm diameter was 

selected for further use. The total height of the mixed leaching solution and 

biomass in the vessel (Z) was 229 mm. On one hand, the bottom propeller was 

positioned at 75.6 mm (i.e. h1) above the vessel bottom. On the other hand, the 

second propeller was placed at a distance (h3=16.5 mm) where no turbulence or 

surface splashing will occur. For SCT each leaching batch contained 608 g of 

biomass, while for SCB it was 633 g of biomass, both keeping the same ratio of 

previous experiments (12 dm3 leaching solution per kg of biomass). The rotational 

speed of the stirrer in the 10 dm3 vessel (Nl) was calculated with Eq. 6.1, the 

values were 298 and 301 min−1 for SCB and SCT, respectively. However, to reach 

an adequate dispersion of biomass-leaching solution these values were set at 

350 and 470 min−1 for SCB and SCT, respectively. 

2.2.2. Analytical pyrolysis (py-GC/MS) 

Micro-scale fast pyrolysis experiments were performed using a micro-pyrolysis 

unit (Multi- shot pyrolyzer EGA/PY-3030D, Frontier Laboratories Ltd., Fukushima, 

Japan) coupled to a Thermo Fisher Scientific Trace Gas Chromatograph. Raw 

and pretreated SCT and SCB samples (grinded down to a particle size < 100 μm) 

were used in pyrolysis experiments at 500 °C. For in depth information regarding 

the analytical procedure, the reader is referred to section 2.2 of Chapter 3 in this 

thesis. 

2.3. Mini-plant fast pyrolysis setup 

Fast pyrolysis experiments of raw and treated sugar cane residues were carried 
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out in a fully controlled, continuously operated bench scale setup (see Fig. 6.2). 

The mini-plant was designed and constructed by Biomass Technology Group 

B.V., BTG (Enschede, The Netherlands) and is based on the auger reactor 

technology. The reactor is designed for continuous production of ca. 0.3 kgh−1 

bio-oil. Below a brief description of setup operation is given. 

 

 

Fig. 6.2. Schematic drawing of the mini-plant. Adapted from (Yildiz et al., 2015). 

(1) biomass storage hopper; (2) heat carrier storage hopper; (3) heating zone 

(4) heat carrier conveyor; (5) biomass conveyor; (6) auger/screw; (7) downer; 

(8) sluice system; (9) solids collection vessel; (10) knock-out vessel; (11) ESP; 

(12) glass condenser; (13) cotton filter; (14) gas flow meter; green lines: N2 ; 

red: heated zones; blue: cooled zones. 

The previously weighed biomass is stored in a hopper (1). The hopper includes 

a stirrer to avoid the formation of aggregates and lumps of biomass and a feeding 

screw (5) transports the biomass to the reactor auger/screw (6). A water-cooled 

stainless steel jacket was placed around the front section of the auger to prevent 

biomass decomposition before contacting with the heat carrier. In this work, the 

flow rate of feed biomass changed slightly depending on the biomass type (SCT 

or SCB) because they have different density. The heat carrier (silica sand from 

PTB-Compaktuna, Gent, Belgium) storage hopper (2) has a storage capacity of 
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25 kg. The heat carrier is transported to the reactor through a 110 cm long heated 

(3) screw (4). The last section of the reactor auger/screw serves as the biomass 

fast pyrolysis reactor, the section being from the point where the biomass and 

heat carrier are intensively mixed to where the mixture drops into a conical 

downer. In this section, the solid material’s residence time is ca. 1s. 

After this screw section, the mixture flows into a conical downer (7) containing a 

bed of sand (+ reacting biomass) of a specific height where the biomass is able 

to completely pyrolyze. The height of the bed depends on the opening and closing 

of a sluice system (8) which is placed at the bottom of the downer (Fig. 6.3). The 

time of opening and closing both sluices was optimized by trial and error and 

found to be in the range of 15-25 seconds. The timing depends on the biomass 

type and screw reactor throughput. The downer has five thermocouples used to 

indirectly monitor the height of the bed, as shown in Fig. 6.3.  

 

Fig. 6.3. Scheme of the position of the thermocouples in the downer (Feys, 

2017). 

The vapors produced in the reactor screw and in the downer are entrained to the 

knock-out vessel (10) by a continuous inert gas flow (N2). The nitrogen flow can 

be adjusted using the KDG-type flow controllers (Kobold Instrumentation N.V., 
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Strombeek-Bever, Belgium). Although most of the solid particles (char and sand) 

fall down into the solids collection vessel (9) placed below the downer, some of 

the finer particles might be carried over or be entrained into the vapors. The latter 

are then trapped in the knock-out vessel which is filled with steel wool, thus acting 

as a particulate filter. After the knock-out vessel, the vapors are then condensed 

using a water-cooled (5 °C) electrostatic precipitator (ESP, operated at 15 kV) 

(11) where the bio-oil is collected in a Pyrex glass bottle. A second condenser 

(glass Graham condenser) (12) was placed to ensure additional condensation. 

Furthermore, a cotton filter (13) is placed at the outlet of the second condenser 

avoiding condensation of residual vapors in the gas flow meter (14) in which the 

volumetric flow rate of the outgoing non-condensable gases (NCGs) is measured. 

Finally, the NCGs are released through the vent system. At least three 

experimental pyrolysis runs were carried out for each biomass, followed by the 

cleaning of the entire reactor before a subsequent run. 

2.4. Pyrolysis products analysis 

2.4.1. Bio-oil 

The bio-oil collected was kept in a freezer till the sample was analysed. Then, the 

collected bio-oils were analysed via GC/MS, pH, elemental composition, solids 

and water content, higher heating value (HHV), viscosity and stability. 

2.4.1.1. Water content 

The water content of each bio-oil fraction was determined by Karl-Fischer (KF) 

titration (see Section 2.4.1.1 in Chapter 4) according to ASTM E203-16 standard 

method.  

2.4.1.2. Solids content 

The pyrolysis solids content in the pyrolysis bio-oil samples was determined by 

ASTM D7579−09 (reapproved 2013) and summarized as follows. A solution of 

methanol (MeOH) and dichloromethane (DCM) (1:1) is used to dissolve 

practically the whole pyrolysis liquid excluding solids (char) and some extractives, 

which is then filtered through a vacuum filter system. Filter paper (Whatman GMF) 

of 1 μm pore size, binder free glass microfiber was used. After filtering, the filtrand 

is washed with MeOH - DCM solution (1:1) until the filtrate is clear. The filter is 

 Continuously operated bench scale setup based on the auger reactor technology. 
 Non-catalytic fast pyrolysis reactor temperature: 500 °C. 

Schematic drawing of the mini-plant. Adapted from [7]. 

  Bio-oils were examined by pH, solids and water content (i.e. Karl Fisher Titration), the higher 
heating value (HHV, using a bomb calorimeter) and GC/MS analysis. 

 Continuously operated bench scale setup based on the auger reactor technology. 
 Non-catalytic fast pyrolysis reactor temperature: 500 °C. 

Schematic drawing of the mini-plant. Adapted from [7]. 

  Bio-oils were examined by pH, solids and water content (i.e. Karl Fisher Titration), the higher 
heating value (HHV, using a bomb calorimeter) and GC/MS analysis. 
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removed, dried and weighed. The pyrolysis solids content is calculated using 

equation 6.3. Each procedure, for a given pyrolysis bio-oil sample, was carried 

out at least in duplicate and the reported values represent averages. 

𝑃𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑤𝑡.%) =
𝑃𝑆1

𝑃𝐵
 ∙ 100%           (6.3) 

Where PS1: pyrolysis solids retained on 1 μm filter paper (g), and PB: pyrolysis 

bio-oil sample taken for analysis (g). 

2.4.1.3. Elemental composition, pH, and higher heating value 

The elemental composition of the biomass and the bio-oils was determined using 

a FLASH 2000 CHNS-O analyzer (Thermo Scientific, US). Oxygen content was 

calculated by difference. The analysis was performed in quintuple (the average 

is reported). The pH measurement of the bio-oil is based using the standard 

method described in ASTM E70. In order to calibrate the automatic titrator, two 

standard buffer solutions (pH 7 and 4) were used.  

The higher heating value (HHV) has been measured in an E2K bomb calorimeter 

system (Digital Data Systems, South Africa). The procedure can be consulted in 

section 2.4.1.2 of Chapter 4 in this thesis. 

From the elemental analysis data, the carbon yield on pretreated and raw-

feedstock basis are calculated as; 

𝐶𝑦𝑖𝑒𝑙𝑑
∗ = 

𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑜𝑖𝑙
∗ ∙ 𝐶𝑏𝑖𝑜−𝑜𝑖𝑙 

𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠
∗             (6.4) 

𝐶𝑦𝑖𝑒𝑙𝑑 = 
𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑜𝑖𝑙∙ 𝐶𝑏𝑖𝑜−𝑜𝑖𝑙 

𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠
            (6.5) 

Where 𝐶𝑦𝑖𝑒𝑙𝑑
∗  and 𝐶𝑦𝑖𝑒𝑙𝑑 (%) are the carbon yield based on pretreated and raw- 

feedstock basis, respectively; 𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑜𝑖𝑙
∗  and 𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑜𝑖𝑙 are the bio-oil yields on 

pretreated and raw-feedstock basis, respectively; 𝐶𝑏𝑖𝑜−𝑜𝑖𝑙 (wt. %) is the carbon 

composition of the bio-oil sample; while 𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠
∗  and 𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠 are the carbon 

composition of the pretreated and raw biomass sample, respectively. Distinction 

between raw and pretreated feedstock basis is made, as the pretreatment 

process induces loss of organics (hence, carbon) as demonstrated in Chapter 2. 
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2.4.1.4. Chemical composition. Gas chromatography-mass spectrometry 

The chemical composition of the bio-oils was determined by a Thermo Fisher 

Scientific Trace GC Ultra Gas Chromatograph coupled to a single quadrupole 

mass spectrometric detector (Thermo ISQ MS). The produced bio-oils were 

diluted in methanol (10 wt % bio-oil solution), then they were filtered through a 

0.25 μm pore size filter to remove solids after which 2 µL was injected into the 

GC. A detailed explanation on the GC/MS methodology and data processing is 

described in section 2.4.1.3 of Chapter 4 in this thesis. 

2.4.1.5. Viscosity measurement 

The dynamic viscosity of bio-oils is measured using a rotational viscometer 

Brookfield LVDV II+ Pro Digital Viscometer (Scinteck Instruments) as shown in 

Fig. 6.4. The apparatus measures the torque required to rotate an immersed 

element (the spindle) in a fluid (bio-oil sample). The device is equiped with a 

sample container and a spindle set. The spindle (in this work: SC4-18) is driven 

by a motor through a calibrated spring; deflection of the spring is indicated by a 

digital display. A multiple speed transmission was used (i.e. 10; 48; 86; 124; 162 

and 200 min−1). 

 

Fig. 6.4. LVDV II+pro portable viscometer and peripherals. 
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The software Rheocalc V3.3 was used to process the measurement data. With 

an external temperature control unit this device will give the dynamic viscosity at 

defined temperatures. The measurements were performed at 40 °C following the 

ASTM D445, with the aim to classify (i.e. newtonian or non-newtonian fluid 

behavior) the bio-oil sample rheologicaly in accordance to the flow behavior index 

by applying the power law (Ostwald–de Waele).  

Rheological characterization 

The Ostwald–de Waele power law is an useful mathematical relationship 

because of its simplicity, but only approximately describes the behaviour of a real 

non-newtonian fluid for which the shear stress, (N/m2), is given by the following 

equation, 

𝜏 = K (
𝜕𝑣

𝜕𝑦
)
𝑛

              (6.6) 

Where K is the flow consistency index (mPa.s), which is a product’s viscosity at 

one reciprocal second; ∂v/∂y is the shear rate or the velocity gradient 

perpendicular to the plane of shear (s−1), and n is the flow behavior index 

(dimensionless) which indicates the degree with which a material exhibits non-

newtonian flow behavior (Shames, 1995). Applying a natural logarithm to both 

members of the Ostwald–de Waele power law, a linear equation is obtained, 

𝑙𝑛𝜏 = 𝑙𝑛𝐾 + 𝑛 𝑙𝑛 (
𝜕𝑣

𝜕𝑦
)            (6.7) 

The regression equation can be obtained by the corresponding model: 

𝑚 = 𝑏 + 𝑛 𝑥              (6.8) 

The value of K and n can be obtained from the graph of ln vs ln (∂v/∂y). The 

slope gives the value of n. The intercept at ln (∂v/∂y) = 0 gives the value of K. 

𝑏 = 𝑙𝑛𝐾  → 𝐾 =  𝑒𝑏            (6.9) 

𝑥 = 𝑙𝑛 (
𝜕𝑣

𝜕𝑦
)    → (

𝜕𝑣

𝜕𝑦
) = 𝑒𝑥          (6.10) 

2.4.1.6. Stability of bio-oil 

The stability of the bio-oils was determined by measuring the change in viscosity; 



Chapter 6: Fuel suitability of fast pyrolysis bio-oils from citric acid–leached sugar 
cane residues 

 

 

168 

it was determined by thermally treating (accelerated aging) the bio-oil and 

comparing the viscosity and water content of it before and after the aging. Two 

glass bottles per oil sample was used. Each bottle was filled 90% by volume. The 

bottles are treated at 80 °C for a few hours before use to remove moisture. The 

bottles are closed and pre-weighed. The pyrolysis liquid sample is mixed properly 

and placed into the bottles and left to stand until the air bubbles are removed. 

Then, the bottles are firmly closed and pre-weighed before being placed in oven 

at 80 °C (± 1 °C) for exactly 24 h. The bottles are re-tightened after 15 minutes of 

being placed in the oven. After the 24 h, the closed sample bottles are cooled at 

room temperature for 1.5 h, weighed and analysed (Oasmaa and Peacocke, 

2001). 

2.4.2. Non-condensable gases 

The gas samples were taken at a point after the NCGs volumetric flow rate is 

measured and before they are released through the vent system. The gas 

samples were analyzed off-line using a micro-GC (Varian 490-GC), for more 

details the reader is referred to the section 2.4.2 of Chapter 4 in this thesis. 

2.4.3. Char 

The char/heat carrier (silica sand) mixture collected in the solids collection vessel 

was subjected to loss on ignition analysis (burning under air atmosphere in a 

Carbolite muffle oven AAF 1100, at 600 °C during 6 h) to determine the produced 

amount of char in the experiment. In order to characterize a char sample (i.e. 

before loss on ignition analysis), the mixture was sieved using an Edelstahl test 

sieve with 0.25 mm aperture. As in previous experiments carried out in the lab-

scale stirred bed reactor (see Chapter 4 in this dissertation), the separated char 

still contained particles of silica sand adhered to its surface which make the 

sieving method unsuitable to obtain an appropriate sample for char 

characterization. Therefore, the same procedure as used for the lab-scale stirred 

bed reactor was performed to quantify the char yield (see section 2.4.3 of Chapter 

4 in this thesis). 

2.4.4. Mass balance 

The mass balance within the system was calculated by using the equation below: 
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𝑌𝑡𝑜𝑡𝑎𝑙 =
(𝑀𝑏𝑖𝑜−𝑜𝑖𝑙+𝑀𝑁𝐶𝐺𝑠+𝑀𝑐ℎ𝑎𝑟)

𝑀𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑒𝑒𝑑
∙ 100        (6.11) 

 

3. RESULTS AND DISCUSSION  

3.1. Properties of pretreated samples 

Fig. 6.5 shows the sugar cane lignocellulosic residues after the pretreatment (at 

10 dm3 scale) with a concentration of CA of 0.096 kgdm−3. As can be seen in the 

figure the appearance of both samples is very similar. The feedstock 

characterization in terms of proximate and ultimate analysis (in kg·kg−1 d. b.) and 

HHV (in MJkg−1) is presented in Table 6.2.  

 

Fig. 6.5. Citric acid leached biomass samples. A) SCT, B) SCB. 

From the results presented in Table 6.2 it can be seen that changes in the 

elemental composition and the HHV of biomass samples after pretreatment are 

minimal for both materials compared to the raw materials (see Table 6.1). The 

overall mass loss after leaching was 16.5% and 15.2% for SCT and SCB, 

respectively. For SCT, 28% of the overall mass loss during leaching was due to 

the ash removal, while for SCB it was only 6%. 

The values are not that far from those obtained on a small scale for SCT (12.9%). 

However, for SCB it was almost 2 fold of that on a 0.25 dm3 scale (8.1%) (see 

Fig. 5.1a in Chapter 5 in this thesis), which can be attributed to the differences in 

scale, especially the number of rotations per minute of the stirrer which could 

promote an increase in the removal of extractives and hydrolysis of cell walls 
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which are responsible for the remainder of the mass losses. 

 

Table 6.2. Proximate and ultimate analysis (in kgkg−1 dry basis) of the citric acid 

leached (i.e. 10 dm3 scale) SCT and SCB, the standard deviations are provided. 

 CA–leached SCT CA–leached SCB 

Volatile matter  

Fixed carbona 

Ash 

Carbon 

Hydrogen 

Nitrogen 

Oxygenb 

Sulfur 

O/C 

H/C 

HHV, MJkg−1 

0.765 ± 0.003 

0.177 ± 0.001 

0.058 ± 0.001 

0.426 ± 0.003 

0.057 ± 0.000 

0.004 ± 0.003 

0.455 ± 0.006 

Below detection limit 

0.80 

1.61 

17.2 ± 0.1 

0.804 ± 0.001 

0.185 ± 0.002 

0.011 ± 0.003 

0.458 ± 0.002 

0.059 ± 0.001 

0.002 ± 0.001 

0.469 ± 0.003 

Below detection limit 

0.77 

1.55 

17.8 ± 0.1 

The water mass fraction is 27 gkg−1 in SCT and 28 gkg−1 in SCB, both on an 
as received basis.  

a Fixed carbon (kgkg−1 dry basis) = 1 – Ash (kgkg−1 dry basis) – Volatile matter 

(kgkg−1 dry basis) 
b Calculated by difference 

Comparing the compositional characteristics (i.e. proximate and ultimate analysis) 

of both biomasses leached with CA obtained on a 10 dm3 scale with those 

processed on a 0.25 dm3 (see Chapter 5 in this thesis), only small differences 

can be found, therefore, Py-GC/MS analysis was conducted to compare the 

results of the pyrolysis vapor composition at both scales of pretreatment and to 

ensure identical thermal decomposition behavior. 

3.2. Py-GC/MS analysis of sugar cane residues leached at 10 dm3 scale 

Analytical Py-GC/MS studies were carried out to compare the results obtained by 

leaching at a the scale of 0.25 dm3 (presented in Chapter 5 in this thesis) to that 

achieved at 10 dm3 scale. Typical chromatograms for volatiles resulting from the 

pyrolysis in Py-GC/MS (500 °C) of raw and CA–leached biomass are presented 

in Fig. 6.6 for SCT and those from SCB in Fig. 6.7. 
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Fig. 6.6. Typical chromatograms resulting from the Py-GC/MS at 500 °C of raw 

SCT (A), CA–leached SCT (B). Leaching at 25 °C for 1 h at 10 dm³ scale. Peak 

identification in Table 6.3. 

Most of the identified compounds have been reported in literature as pyrolysis 

products from lignocellulosic materials (Eom et al., 2013, David et al., 2017, 

Pattiya et al., 2012). It was found, for leached biomasses at the scale of 10 dm3,  

that nearly 49% of the identified compounds are carbohydrate derivatives, 38% 

are lignin derivatives and the remaining compounds could be products from 

polymerization reactions and/or from more complex decomposition mechanisms 



Chapter 6: Fuel suitability of fast pyrolysis bio-oils from citric acid–leached sugar 
cane residues 

 

 

172 

as stated in Chapter 3 in this dissertation.  

 

Fig. 6.7. Typical chromatograms resulting from the Py-GC/MS at 500 °C of raw 

SCB (A), CA–leached SCB (B). Leaching at 25 °C for 1 h at 10 dm³ scale. Peak 

identification in Table 6.3. 
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Table 6.3. Compounds identified in Py-GC/MS at 500 °C of raw and CA–leached (25 °C and 1 h) SCT and SCB. 

Id# Rt (min) Sourcea Groupb Compound name Formula 

1 5.3 - - carbon dioxide CO2 

2 5.9 C AH acetaldehyde C2H4O 

3 6.5 C ALC methanol CH4O 

4 6.9 C AH 2-propenal (acrylic aldehyde) C3H4O 

5 7.1 C KE 2-propanone/acetone C3H6O 

6 8.1 C FU 2-methylfuran C3H6O 

7 8.9 C KE 2,3-butanedione C4H6O2 

8 9.4 UN CAc propanoic acid C3H6O2 

9 10.2 C AH 2-hydroxyacetaldehyde C2H4O2 

10 11.2 C CAc acetic acid C2H4O2 

11 12.6 C KE 1-hydroxy-2-propanone C3H6O2 

12 13.4 UN ALC 1,3-propanediol C3H8O2 

13 15.9 UN ALC 2-hydroxyethyl acetate C4H8O3 

14 16.8 C FU 2(5H)-furanone C4H4O2 

15 17.9 C AH 2-furaldehyde/furfural C5H4O2 

16 18.2 UN ALC ethylene glycol diacetate C6H10O4 

17 18.5 C KE 2-methyl-2-cyclopenten-1-one C6H8O 

18 22.2 C FU 2(5H)-furanone C4H4O2 

19 23.3 C KE 3-methyl-1,2-cyclopentanedione C6H8O2 

20 24.2 L PH phenol C6H6O 
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Table 6.3. continued 
 

Id# Rt (min) Sourcea Groupb Compound name Formula 

      

21 24.8 L PH 2-methoxyphenol/guaiacol C7H8O2 

22 26.7 L PH 4-methylphenol/p-cresol C7H8O 

23 27.8 L PH 2-methoxy-4-methylphenol C8H10O2 

24 29.1 L PH 4-ethylphenol C8H10O 

25 31.0 C SU 1,4:3,6-dianhydro-α-D-glucopyranose C6H8O4 

26 31.5 L FU 2,3 dihydrobenzofuran (coumaran) C8H8O 

27 31.6 L PH 4-vinylguaiacol C9H10O2 

28 32.3 L PH eugenol C10H12O2 

29 33.0 L PH 2,6-dimethoxyphenol/syringol C8H10O3 

30 34.9 C SU unidentified sugar - 

31 35.0 L PH isoeugenol C10H12O2 

32 35.3 L AR 1,2,4-trimethoxybenzene C9H12O3 

33 35.6 L PH 2-methoxy-4-formylphenol/vanillin C8H8O3 

34 38.8 L PH 2,6-dimethoxy-4-(2-propenyl)-phenol C11H14O3 

35 40.8 C SU 1,6-anhydro-β-D-glucopyranose C6H10O5 

36 41.3 L PH 2,6-dimethoxy-4-(2-propenyl)-phenol C11H14O3 

37 44.8 C SU unidentified sugar - 

(a) C: carbohydrate derivatives; L: lignin derivatives; UN: unspecified origin 
(b) AH: aldehydes; ALC: alcohols; KE: ketones; FU: furans/pyrans; CAc: carboxylic acids; PH: phenols; 
SU: sugars; AR: aromatics 
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The identified compounds were classified into groups according to their chemical 

functionality (see Table 6.3) in order to clearly show if there are changes in the 

products distribution (i.e. by py-GC/MS) due to changes in the leaching scale. 

The results are shown in Fig. 6.8. The products distribution obtained from raw 

and pretreated biomass at 25 °C and 1 h with CA (0.096 kgdm−3) at 10 dm3 scale 

is compared to that obtained at a 0.25 dm3 scale (see Chapter 5 in this thesis). 

Vapor concentrations are expressed in relative abundance (the total ion current 

(TIC) area%). In addition, the results of the Py-GC/MS analysis of raw and 

leached biomasses can be accessed in the Table X.1 in Annex X. 

 

Fig. 6.8. Comparison of Py-GC/MS at 500 °C from raw and pretreated (25 °C 

and 1 h) SCT and SCB with CA at two scales of leaching. CA–leached-S 

corresponds to 0.25 dm3 and CA–leached-L to 10 dm3 scale. 

As shown in Fig. 6.8, the chemical composition of identified compounds is 

significantly influenced by the pretreatment process scale, especially for the 

sugars, alcohols, aldehydes and phenols. However, it can be observed, from the 

results at the scale of 10 dm3, that a slightly higher content of sugars, as well as 

a lower content in alcohols, aldehydes and phenols was observed with respect to 

those obtained at 0.25 dm3 scale. Despite the differences mentioned, the results 

discussed in this section support the use of CA at a concentration of 0.096 

kgdm−3 and the operating parameters established for a 10 dm3 scale to pretreat 
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the sugar cane lignocelulosic residues prior to fast pyrolysis in the mini-plant. 

3.3. Effect of pretreatment on pyrolysis products distribution in the mini-

plant 

Fast pyrolysis experiments in a mini-plant (i.e. auger/screw reactor) were 

conducted at a temperature of 500 °C. No operational problems were faced 

during the tests. In Table 6.4 are listed the operating conditions for the pyrolysis 

experiments. 

 

Table 6.4. Operating conditions in mini-plant pyrolysis experiments. 

Operating conditions Average 

Temperature, °C 500 

Experimental run time, min 80 

Biomass feed rate, g·h−1 245 

Inert gas flow rate, dm3·h−1 75 

Heat carrier flow rate, kg·h−1 8.3 

Heat carrier/biomass ratio, wt·wt −1 33.9 

The average yields on raw-feedstock basis are reported in Fig. 6.9. The mass 

balance closure of the pyrolysis experiments ranged between 89.1–93.4 wt% for 

raw biomasses SCB and SCT. On the other hand, the mass balance closure was 

between 96.3–96.6 wt% for the pretreated biomasses. The lower percentage of 

mass balance closure in both raw biomasses can be attributed to the higher 

system deposits (coke) that were observed in case of raw biomass pyrolysis (7.1–

11.0 wt %) compared to the pyrolysis of sugar cane residues leached with CA 

(0.9–3.7 wt %). 

From the pyrolysis tests, the average yields on raw-feedstock basis were 54.3 

and 56.4 wt% for bio-oil (organics + produced water), 17.5 and 12.3 wt% for 

NCGs and 21.1 and 14.0 wt% for char, in raw and CA–pretreated SCT 

respectively. In the case of respectively raw and pretreated SCB, the average 

yields were 59.3 and 55.2 wt% for bio-oil, 16.8 and 13.0 wt% for NCGs and 13.1 

and 13.0 wt% for char. 
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Fig. 6.9. Average yields of pyrolysis products from raw and pretreated (25 °C 

and 1 h) sugar cane trash (SCT) and sugar cane bagasse (SCB) at 500 °C. 

The error bars shown in the Fig. 6.9 represent the minimum and maximum values 

of triplicate experiments. The scatter on the bio-oil, char, and NCGs yield is less 

than 3%, denoting that the reproducibility of the pyrolysis experiments is 

acceptable and low enough to analyze the trends. From these results, it can be 

observed that despite the loss in organics upon leaching, the overall yield in bio-

oil is quite similar after pretreatment when compared to the pyrolysis of raw 

feedstock. This means that the pyrolysis process in itself is yielding more bio-oil, 

but this is effectively compensated by the higher mass losses during the CA 

pretreatment process. Fast pyrolysis experiments of pine wood in same auger 

reactor at 500 °C resulted in average yields of 58.9 wt % for bio-oil (organics + 

produced water), 22.2 wt % for NCGs and 15.9 wt % for char (Yildiz, 2015). 

The correlation between the ash content of the feedstock to the yield in pyrolysis 

of biomass has been studien by several authors (Oasmaa et al., 2010b, Tröger 

et al., 2013). In Fig. 6.10 is presented the correlation between feedstock ash and 

the organics yield in pyrolysis of biomass such as wood feedstocks (pine saw 

dust: Pinus sylvestris), various forest fuels (fresh and stored forest residue mixes 

and stump wood from clear cuts and wood chips from forest thinnings), and 
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eucalyptus and agricultural residues (Oasmaa et al., 2010b). It can be seen that 

the ash content correlated well with the liquid yields. However, in the figure were 

included the results from raw SCB and CA–leached SCB obtained in this work 

and they do not correlate well with the results and by Oasmaa et.al. (2010). The 

latter could be explained by the difference in the type of reactor used (i.e. Oasmaa 

et.al. (2010) ran the experiments in a bubbling fluidized-bed reactor, while the 

results included in this part of this thesis were conducted in an auger reactor). 

 

Fig. 6.10. Correlation of feedstock ash to the organics yield in pyrolysis of 

biomass (Oasmaa et al., 2010b). 

3.3.1. Characterization of pyrolytic products 

3.3.1.1. Bio-oils 

To evaluate the differences between the bio-oil samples, they were analysed by 

GC/MS, pH, elemental composition, solids and water content, higher heating 

value (HHV), viscosity and stability. Table 6.5 lists the main physical properties 

of the bio-oils derived from fast pyrolysis in an auger reactor at 500 °C of raw and 

biomass leached with CA. The discussion of each property is presented. The bio-

oil sample from raw SCT separated into two phases, the water-rich upper layer 

(48.5 wt %) is named in this thesis aqueous phase (AP) and the main product, a 

thick oil layer (51.5 wt %) on the bottom is labeled in this thesis as oil phase (OP). 

 

 Continuously operated bench scale setup based on the auger reactor technology. 
 Non-catalytic fast pyrolysis reactor temperature: 500 °C. 

Schematic drawing of the mini-plant. Adapted from [7]. 

  Bio-oils were examined by pH, solids and water content (i.e. Karl Fisher Titration), the higher 
heating value (HHV, using a bomb calorimeter) and GC/MS analysis. 

 Continuously operated bench scale setup based on the auger reactor technology. 
 Non-catalytic fast pyrolysis reactor temperature: 500 °C. 

Schematic drawing of the mini-plant. Adapted from [7]. 

  Bio-oils were examined by pH, solids and water content (i.e. Karl Fisher Titration), the higher 
heating value (HHV, using a bomb calorimeter) and GC/MS analysis. 
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Table 6.5. Physical and chemical properties of bio-oils from pyrolysis (500 °C) 

obtained in the mini-plant. 

Characteristics 

SCT SCB 

Raw CA–
leached 

Raw 
CA–

leached AP OP 

Water content (wt %) 
59.1 
±1.4 

17.8 
±0.5 

26.8 
±2.0 

34.9 
±1.0 

33.5 
±2.3 

Solids content (wt %) 
0.02 

±0.005 
2.0 
±0.3 

1.9 
±0.1 

0.9 
±0.1 

0.9 
±0.2 

pH 
3.3 
±0.3 

2.9 
±0.2 

2.5 
±0.1 

2.4 
±0.1 

Elemental composition (wt %, d.b) 

Carbon 
32.0 
±2.3 

57.8 
±1.4 

53.4 
±1.9 

56.4  
±1.2 

53.9 
±2.5 

Hydrogen 
8.9 
±0.2 

7.6 
±0.2 

6.8 
±0.2 

6.7 
±0.1 

6.3 
±0.3 

Nitrogen 
0.6 
±0.1 

1.0 
±0.1 

3.3 
±0.1 

2.1 
±0.3 

2.4 
±0.1 

Oxygen  
58.5 
±4.1 

33.6 
±1.3 

36.6 
±2.3 

34.8 
±1.4 

37.4 
±3.3 

𝐶𝑦𝑖𝑒𝑙𝑑 , % (d.b) 75.9 70.1 71.8 66.3 

𝐶𝑦𝑖𝑒𝑙𝑑
∗ , % (d.b) 75.9 80.6 71.8 78.2 

Closs, % - 10.5 - 11.9 

Heating value (MJ·kg−1, as-produced basis) 

HHV 
8.6 
±0.3 

18.2 
±0.1 

12.8 
±0.1 

12.0 
±1.1 

13.2 
±0.3 

d.b.: dry basis 
Sulfur: below detection limit 
Closs: carbon loss by pretreatment 
Note: The water content of the raw SCT sample is 38 wt %. 

Water content 

The bio-oil samples (see Table 6.5) had a water content within the range of 26–

38 wt %. However, that bio-oil separated in an aquous and organic phase with 

59.1 and 17.8 wt % of water, respectively. It had been reported by (Oasmaa and 

Czernik, 1999) a range of water content within 15–30 wt % for typical bio-oils. 

They stated that within this water concentration range, bio-oils are generally 

single-phase liquids due to the presence of polar carboxyl and hydroxyl 

compounds. Additionally, they argued that the separation of phases can take 

place at a higher water level than that of the mentioned range, as was the case 
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of the bio-oil obtained from the fast pyrolysis of raw SCT with a water 

concentration over the mentioned range. Also, it was observed that the water 

content of the bio-oil decreases when the biomass was leached with CA. This 

can be attributed to the removal of ash from both sugar cane lignocellulosic 

residues upon pretreatment, especially in SCT. Thus, reducing the possibility of 

dehydration reactions that can occur during biomass pyrolysis promoted by 

AAEMs (Pollard et al., 2012). 

Solids content 

The solids content in bio-oils leads to an increase the viscosity. It also creates a 

phase separation in the bio-oil and delays the combustion process (Lee et al., 

2005, Pattiya and Suttibak, 2012). The solids content (i.e. heat carrier and char), 

measured as MeOH – DCM insoluble, indicated that there were no differences in 

the mass of particles carried over from the same biomass (i.e. 0.9 wt % for SCB 

and in a range within 1.9 and 2.1 wt % for SCT) irrespective whether the 

pretreatment process was carried out or not. The differences between the 

biomasses can be attributed to the higher ash content of SCT with respect to SCB 

and to a higher percentage of char produced in pyrolysis. Independently of the 

operational conditions, some fine char is inevitably carried over into cyclones 

(Oasmaa and Peacocke, 2010) or other solids separators. These char particles 

also contributes to secondary cracking by catalysing the cracking reactions in the 

vapour phase. Thus, rapid and complete char separation is therefore desirable 

(Oasmaa and Peacocke, 2010). 

Acidity/pH value 

The pH represents the corrosiveness of the oil, but it does not indicate a 

concentration of acidic constituents such as carboxylic acids (Oasmaa and 

Peacocke, 2010). Carboxylic acids are suspected of catalyzing reactions that 

negatively affect bio-oil stability (Pollard et al., 2012). The pH value in the bio-oil 

depends, amongst others, on the type of biomass used for the bio-oil production 

(Bardalai, 2015).  

The pH values of bio-oil samples tabulated in Table 6.5 showed negligible 

differences between the bio-oils from raw and CA–leached SCB, while the bio-oil 
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from CA–leached SCT is slightly more acidic (pH=2.9) than that from its parent 

raw biomass (pH=3.3). This is in agreement with publications of (Garcia-Perez et 

al., 2002, Oasmaa and Peacocke, 2010, Bardalai, 2015) in which reported values 

of pH for typical bio-oils range from 2 to 4. These bio-oils are acidic because of 

the presence of some acids such as acetic and propanoic acid, especially acetic 

acid which was found in higher concentrations compared to propanoic acid (see 

Table X.2 of Appendix X). The degradation of hemicelluloses has been reported 

by (Oasmaa et al., 2010a) as the origin of these acids in biomass fast pyrolysis 

oils. The hydrolysis of this biomass constituent by leaching (see Chapter 2 in this 

thesis) could be the reason of smaller concentrations of acids in the bio-oil from 

CA–leached biomasses. 

Elemental composition 

Table 6.5 provides the elemental composition, CHNS-O, of fast pyrolysis bio-oils. 

Although, the bio-oil also contains trace elements such as Na, K, Ca, Mg, P and 

Si, grouped in the form of ash, which can range according to (Oasmaa and 

Peacocke, 2010) between 0.01–0.2 wt %. The pyrolysis oils from sugar cane 

residues contained higher concentrations of nitrogen (1.0–3.3 wt %) than straw 

and some other forestry residues reported by (Oasmaa and Peacocke, 2010), 

which were within the range of 0.2 to 0.4 wt %.  

The oxygen concentration contained in the bio-oils from fast pyrolysis of sugar 

cane residues was between 34–38 wt % demonstraiting they were highly polar. 

However, the oxygen content of the bottom and top phases of raw SCT bio-oil 

differed significantly. The top phase (AP) contained about 60 wt% of oxygen due 

the higher concentration of oxygenated compounds in this phase. Whereas, the 

bottom phase (OP) contained much less oxygen (33.6 wt %), and less water after 

the separation. 

The pretreatment results in a higher carbon yield from both tested materials, and 

therefore, more valuable chemical products can potentially be obtained. 

Additionally, the carbon yields from raw and pretreated SCT were slightly higher 

than those of the SCB. 
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Heating value  

The heating value indicates the energy content present in oil (Bardalai, 2015). 

The higher heating value (HHV), according to literature (Biswal et al., 2013, 

Mullen et al., 2010), in most of the bio-oils are found within 15–36 MJ·kg−1, which 

is lower than that of conventional fossil oil, 41–46 MJ·kg−1 (Bridgwater et al., 

1999). The pyrolytic bio-oils produced from SCB treated with CA (0.096 kgdm−3) 

showed values of HHV ranging from 12.1 to 13.2 MJ·kg−1, which are somewhat 

lower than those of other typical bio-oils like from pine (21.9 MJ·kg−1) and oak 

(18.7 MJ·kg−1) as reported by (Oasmaa and Peacocke, 2010). These low values 

of HHV with respect to conventional petroleum fuels result from both the high 

water content (26–38 wt %) and thus, the high oxygen content (33–38 wt %) of 

the bio-oils from sugar cane residues at the pyrolysis conditions tested. However, 

the HHV of the oil phase in bio-oil from raw SCT had the highest value (i.e. 18.2 

MJ·kg−1), which is higher than that of the original biomass (17.2 MJ·kg−1). This 

could be a result of the low water content of the separated oil phase (9.2 wt %). 

Viscosity and stability 

Viscosity of a bio-oil is the measure of its internal friction which resists the flow of 

it. It is an important fuel property that should be considered when attempting to 

design and select handling, processing and transportation equipment (Ertaş and 

Hakkı Alma, 2010). The viscosity of bio-oil affects the operation of fuel injection 

equipment, particularly when the increase in viscosity affects the fluidity of fuel at 

low temperatures (Karunanithy and Muthukumarappan, 2011).  

From the rotational viscometer, the values of dynamic viscosity (40 °C) and the 

shear stress for each speed applied were obtained. The relationship between 

shear stress and shear rate, plotted in a ln-ln diagram, is approximated by a 

straight line over an interval of the shear rate between 13 to 264 s−1. Rheological 

data of shear rate and shear stress of the bio-oils were fitted according to the 

Ostwald–de Waele power law (Eq. 6.6) allowing the classification of the bio-oil 

samples from a rheological point of view. The Ostwald–de Waele constants, as 

well as the viscosity range of fresh and aged bio-oils are presented in Table 6.6. 

The values from raw SCT were not reported due to phase separation in this bio-

oil sample. 



Chapter 6: Fuel suitability of fast pyrolysis bio-oils from citric acid–leached sugar 
cane residues 

 

 

183 

According to the flow behavior index n, the measured samples exhibited shear-

thinning or pseudoplastic fluid behavior in the shear rate range of 13 to 264 s−1, 

since all CA–leached and raw SCB bio-oils have values of n below 1. This means 

that the viscosity decreases as shear rate increases (Barman et al., 2016, 

Chhabra, 2010). Hence, the closer n is to 0, the more shear-thinning the material 

is. For these types of fluids the viscosity may change with time as has been seen 

in the aged samples. 

 

Table 6.6. Ostwald–de Waele constants of the bio-oils at 40 °C from fast 

pyrolysis (500 °C) of sugar cane residues. 

Bio-oil 

Ostwald–de Waele  
constants 

Viscosity 

range (mPa·s) 
K n 

Sugar cane trash derived bio-oils 

Raw SCT (OP)* - - NM 

Raw SCT (OP)* aged - - NM 

SCT CA–leached 0.16 0.97 13.14 - 15.25 

SCT CA–leached aged 0.56 0.83 20.18 - 26.65 

Sugar cane bagasse derived bio-oils 

Raw SCB 0.07 0.94 5.15 - 5.93 

Raw SCB aged 0.07 0.94 4.84 - 5.48 

SCB CA–leached 0.13 0.95 9.63 - 10.75 

SCB CA–leached aged 0.16 0.91 12.95 - 13.94 

K is the flow consistency index (mPa.s) 
n is the flow behavior index (dimensionless) 
* sample with phase separation 
NM: not measured 

From Table 6.6 it can be seen that the viscosity of raw SCB is the lowest among 

the measured samples, which is reduced slightly with aging. On the other hand, 

the viscosity of bio-oils of those CA–leached biomasses increased during aging, 

which can be attributed, accordingly to (Polk, 1982), to compounds in bio-oil that, 

during aging, can react with themselves to form larger molecules. Most likely, it 

could be attributed to the high sugar content of leached samples and other 

compounds that polymerize upon aging to derive in more viscous oils. 

Chemical reactions of polymerization of double-bonded compounds, as well as 

etherification and esterification occurring between hydroxyl, carbonyl, and 
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carboxyl group containing components could be responsible for the increase in 

viscosity but also in the formation of water as a byproduct (Oasmaa and Kuoppala, 

2003, Sharma and Bakhshi, 1991). According to (Oasmaa and Peacocke, 2001), 

water improves the stability of the pyrolysis liquid until it starts to separate out. 

Differences in the water content of fresh and aged bio-oils are presented in the 

Fig. 6.11, from which it can be observed that bio-oils from the pyrolysis of CA–

leached biomass had an increase in the water content during aging, which is to 

be expected according to the reports of (Czernik et al., 1994, Oasmaa and 

Czernik, 1999, Oasmaa and Peacocke, 2010). 

 
Fig. 6.11. Comparison of the water content of fresh and aged bio-oils from the 

fast pyrolysis (500 °C) of sugar cane residues. 

However, this trend was not found in raw SCB, which can be attributed to some 

losses in volatile compounds during the aging.  

Chemical composition. Gas chromatography–mass spectrometry. 

Four bio-oil samples, in triplicate, obtained from fast pyrolysis of the two types of 

sugar cane lignocellulosic residues produced at a reactor temperature of 500 °C 

were examinated by means of GC/MS in order to identify their chemical 

composition. Typical chromatograms from bio-oils resulting from raw and leached 

SCT are shown in Fig. 6.12 and those from SCB are presented in Fig. 6.13. A 
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total of 34 peaks were identified in the chromatograms from the bio-oil fraction of 

both fresh and aged biomasses. Peak identification is listed in Table 6.7 from 

which the 67.6% are carbohydrate derivatives, 23.8% are from lignin 

decomposition and 8.6% compounds are from unspecified origin. Most of the 

identified peaks are oxygenated compounds including acetals, aldehydes, 

alcohols, ketones, furans/pyrans, acids, phenols and sugars. 

 

Fig.6.12. Typical chromatograms resulting from GC/MS of bio-oils in pyrolysis 

at 500 °C from SCT. A): raw (AP); B): raw (OP); C): CA–leached (25 °C and 1 

h). Peak identification in Table 6.7. 
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Fig.6.12. continued 

 

 

 

 

Fig. 6.13. Typical chromatograms resulting from GC/MS of bio-oils in pyrolysis 

at 500 °C from SCB. A): raw; B): CA–leached (25 °C and 1 h). Peak 

identification in Table 6.7. 
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Fig. 6.13. continued 

A semi-quantitative assessment of the changes in the chemical composition of 

the bio-oils from raw and CA–leached feedstocks can be made via GC/MS 

analysis. In Fig. 6.14 is shown the products distribution in bio-oil samples. The 

compounds are grouped according to their chemical functionality; e.g., alcohols 

(ALC), aldehydes (AH), carboxylic acids (CAc), furans/pyrans (FU), ketones (KE), 

phenols (PH) and sugars (SU). 

Concentrations are expressed in relative abundance. In addition, the composition 

by GC/MS analysis of identified pyrolytic compounds in the bio-oil fraction can be 

accessed in Table X.2, while those of aged bio-oils are shown in Table X.3 both 

of Appendix X. As can be seen in Fig. 6.14, the chemical composition of all groups 

is significantly influenced by leaching with the CA solution (0.096 kgdm−3) used 

in the pretreatment process.  

The most important observations related to the effect of leaching with CA at the 

tested concentration on the bio-oil’s chemical composition are a significant 

increase in the sugars, as well as a decrease in the carboxylic acids and phenols 

with respect to the raw biomass derived bio-oils. This observation could be 

associated with the suppression of the influence of AAEMs (i.e. by their removal, 

see Tables 6.1 and 6.2). Typically AAEMs reduce the production of levoglucosan 

out of cellulose, while favoring the production of lighter oxygenates (Patwardhan, 

2010). In addition, when comparing SCT with SCB biomasses, differences in the  
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Table 6.7. Compounds identified by GC/MS at 500 °C of bio-oils (fresh and aged) derived from fast pyrolysis of raw or CA–leached (25 °C 

and 1 h) SCT and SCB. 
 

Id# Rt (min) Sourcea Formula Compound name Groupb 

1 8.2 C C5H12O2 1,1-dimetoxypropane AT 

2 8.4 C C2H4O2 2-hydroxyacetaldehyde (glycolaldehyde) AH 

3 9.5 C C2H4O2 acetic acid CAc 

4 10.5 C C5H10O2 2-methoxytetrahydrofuran FU 

5 10.8 C C3H6O2 1-hydroxy-2-propanone (hydroxyacetone) KE 

6 12.7 UN C3H6O2 propanoic acid CAc 

7 13.9 UN C2H6O2 ethylene glycol ALC 

8 14.3 UN C4H8O3 2-hydroxyethyl acetate ALC 

9 14.9 C C6H12O3 2,5-dimethoxytetrahydrofuran FU 

10 16.2 C C6H12O3 2,5-dimethoxytetrahydrofuran FU 

11 16.3 C C5H4O2 2-furaldehyde/furfural AH 

12 18.2 C C6H8O 2-methyl-2-cyclopenten-1-one KE 

13 18.6 C C7H10O3 2-(2-furyl)-2-methoxyethanol ALC 

14 21.5 C C6H8O 3-methyl-2-cyclopenten-1-one KE 

15 21.7 C C4H6O2 butyrolactone (4,5-dihydro-2-[3H]-furanone) FU 

16 22.0 C C4H4O2 2(5H)-furanone FU 

17 23.1 C C6H8O2 3-methyl-1,2-cyclopententadione KE 
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Table 6.7. continued 

Id# Rt (min) Sourcea Formula Compound name Groupb 

18 24.1 L C6H6O phenol PH 

19 24.6 C C6H18O2 hexanal dimethyl acetal (1,1-dimetoxyhexane) AT 

20 26.5 L C7H8O 4-methylphenol (p-cresol) PH 

21 26.6 L C7H8O 3-methylphenol (m-cresol) PH 

22 26.8 L C5H6O2 4-methyl-5H-furan-2-one KE 

23 27.6 L C8H10O 2-ethylphenol PH 

24 28.9 L C8H10O 4-ethylphenol (p-ethylphenol) PH 

25 30.9 C C6H8O4 1,4:3,6-dianhydro-α-D-glucopyranose SU 

26 31.3 L C8H8O 2,3 dihydrobenzofuran (coumaran) FU 

27 31.4 C - unidentified sugar SU 

28 31.6 C C8H12O4 5-(hydroxymethyl)-2-(dimethoxyme) ALC 

29 32.5 C C6H6O3 5-(hydroxymethyl)-2-furaldehyde AH 

30 32.6 L C6H6O2 1,2-benzenediol (catechol) PH 

31 33.2 C - unidentified sugar SU 

32 34.8 C C12H22O11 sucrose SU 

33 40.8 C C6H10O5 1,6-anhydro-β-D-glucopyranose (levoglucosan) SU 

34 44.0 C - unidentified sugar SU 

(a) C: carbohydrate derivatives; L: lignin derivatives; UN: unspecified origin 

(b) AT: acetals; AH: aldehydes; ALC: alcohols; KE: ketones; FU: furans/pyrans; CAs: carboxylic acids; PH: phenols; SU: sugars 
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polymeric structures of the cell walls of trash and bagasse should be considered 

(see Chapter 2). 

 

Fig. 6.14. Effect of leaching (25 °C and 1 h) with CA on bio-oils chemical 

composition obtained by fast pyrolysis in a mini-plant at 500 °C of sugar cane 

trash (SCT) and sugar cane bagasse (SCB). The composition of aged samples 

is also included. 

The results of the stability test showed that aging increases the relative content 

of sugars, aldehydes, carboxylics acids, ketones and phenols in bio-oils, 

especially in SCB aged either from raw or leached with CA. Thus, increasing its 

viscosity. Aldehydes and ketones have been identified (Venderbosch et al., 2010, 

Oasmaa et al., 2011) as the main reason for the instability of pyrolysis oils. During 

aging, aldehydes can react with each other to form polyacetal oligomers and 

polymers. For example, the poly(oxymethylene) polymer has limited solubility in 

water (Diebold, 2002). So, the increases observed (like sugars) upon ageing may 

be purely relative: as ageing reactions consume (GC-detectable) aldehydes and 

ketones to produce heavier (hence GC-undetectable) compounds. The increase 

in sugars may cause some negative properties, for example, stickiness of 

pyrolysis liquids, which can be problematic. 

3.3.1.2. Non-condensable gases 

The composition of non-condensable gases from the pyrolysis of raw and CA–
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leached sugar cane residues was measured by a micro-GC (Varian 490-GC). 

The yields reported in this chapter varied in a range of 12–18 wt %. (Bridgwater, 

2012) stated that fast pyrolysis itself requires only about 15% of the total energy 

contained in the feedstock. The energy for the process can be provided by 

burning (in combustors) the non-condensable gases and the char (Bridgwater, 

2012), which is taken into account in the modeling of the pyrolysis process (see 

Chapter 7 in this thesis). The average of non-condensable gases produced during 

pyrolysis of raw or CA–leached sugar cane residues is shown in Fig.6.15. 

From Fig. 6.15 it can be concluded that, by far, CO and CO2 are the main 

components in the NCGs, representing between 88 and 91% by weigth of the 

total non-condensable gases produced during pyrolysis, which can be considered 

in Chapter 7 to be used for the energy production by their combustion. It can be 

noticed that the results for CA–leached sugar cane residues in terms of NCGs 

production were very similar. 

 

Fig. 6.15. Average (wt %) of non-condensable gases from the pyrolysis of raw 

and CA pretreated sugar cane residues. 
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4. CONCLUSIONS 

Raw sugar cane bagasse (SCB) and trash (SCT) were pretreated with citric acid 

(CA) at a concentration of 0.096 kgdm−3 at 10 dm3 scale. The compositional 

characteristics of both treated biomasses and their products distribution in vapor 

phase (by py-GC/MS analysis) allowed the comparison with those results from 

the same biomasses pretreated in a previously (i.e. Chapter 4) studied scale of 

0.25 dm3. The results showed only slight differences between the two scales. 

Thereby demonstrating the feasibility in scale-up of the pretreatment parameters 

established at the initial scale tested. Raw and pretreated biomasses were 

pyrolyzed in a mini-plant at 500 °C. The average yield on raw-feedstock basis of 

bio-oils revealed differences below 5% between SCT and SCB both raw and 

leached with CA. The pretreatment induces mass losses, but the overall bio-oil 

yield (after pretreating the biomass) was not impacted. Main components in the 

non-condensable gases from the pyrolysis of sugar cane lignocellulosic residues 

were the CO and CO2. 

The characterization of the bio-oils suggests some important issues to be 

highlighted. The bio-oils obtained from biomasses leached with CA showed a 

relatively similar elemental composition and higher heating value (HHV), but they 

differ in the water and solids content. Those bio-oils from the pyrolysis of SCB 

(raw or leached with CA) are slightly less acidic and have a lower solids content 

than those from SCT. This could be attributed to the Iower ash content of SCB 

with respect to SCT. In phase separated bio-oil (i.e. from raw SCT), the bottom 

(organic) phase contains less water and, therefore, less oxygen and thus had a 

high calorific value. The rheological characterization of bio-oils revealed that all 

samples behaved as shear-thinning fluids. The stability test showed that fresh 

and aged SCB bio-oils (raw or leached with CA) have lower viscosities than those 

from SCT.  

From the detailed discussion on the properties of bio-oils from pyrolysis of sugar 

cane residues, it can be concluded that bio-oil samples from both raw or CA–

leached SCT and SCB may not be suitable for direct use as a fuel (low HHV, high 

solids content, low pH) and that the CA-leaching process in itself does not provide 

benefits to the quality of the resulting bio-oil for fuel purposes. However, the 
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significant increases in anhydrosugars in the bio-oils derived from pretreated 

sugar cane residues could open up new opportunities for the production of 

valuable chemicals like levoglucosan, 5-HMF, furfural and acetic acid  (de Wild 

et al., 2011, Hu et al., 2012). Interest in the production of levoglucosan production 

results from its potential as a building block in the production of monomeric 

sugars, primarily glucose, which can be used to produce biochemically derived 

fuels (ethanol, butanol, etc.) (Guda et al., 2015, Corma et al., 2007). Also, 

levoglucosan can be used as fermentation substrate for the production of 

alcohols. However, the inhibitory properties of phenols and acids must also be 

addressed (Lian et al., 2010). One approach to mitigating this inhibition is to add 

a detoxification step prior to fermentation. Major detoxification processes 

reported for bio-oil include solvent extraction and the adsorption on activated 

carbon (Jarboe et al., 2011). In addition, when raw SCT or SCB are pyrolyzed, 

the bio-oil not only has a low quality to be considered as a direct fuel, its 

composition is also less favorable for the extraction of valuable intermediate 

chemicals. In addition, the mass balances obtained in the mini-plant contain the 

necessary data for subsequent analysis of environmental and economic issues 

associated with the pyrolysis of sugar cane residues – which are to be discussed 

in Chapter 7. 
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CHAPTER 7: ON THE ENVIRONMENTAL AND ECONOMIC 

ISSUES ASSOCIATED TO SUGAR CANE RESIDUE PYROLYSIS 

 

This chapter reports on the preliminary economic and environmental analysis 

associated with the installation and operation of a pyrolysis plant, designed for 

processing sugar cane residues raw or pretreated. The analyses are based on 

comprehensive mathematical models and experimental data derived from a 

bench scale pyrolysis reactor using auger technology presented in Chapter 6. 

The models were implemented in Aspen One v10.0 and describe the heat, 

momentum and mass balances involved in both the pretreatment and pyrolysis 

stages in four different scenarios. These models allow gathering basic 

engineering data; and provide the possibility to identify major issues and 

bottlenecks during the pyrolysis of raw and pretreated SCT and SCB. Additionally, 

a preliminary cost analysis on the process to foresee its potential application at 

industrial scale is presented. Finally, an environmental impact study was 

performed using Life Cycle Assessment (LCA) methodology and extending the 

system boundaries to agriculture and sugar cane industry stages. 
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1. INTRODUCTION  

According to Cuba´s Statistical Yearbook, the industrial consumption of sugar 

cane bagasse, mainly for cogeneration purposes, was 4.8106 t in 2017. Over the 

past five years, the consumption of this primary energy source has stabilized 

(National Office of Statistics (Cuba), 2018). Indeed, Cuba exhibits great 

comparative advantages to shift from petroleum resources to renewable ones, as 

it is a country with a well-established cane sugar industry and with a large 

potential to use other non-edible biomass sources as Dichrostachys cinerea 

(marabú or sicklebush) (Moreno Figueredo, 2013).  

The share of renewable energy technologies in the global matrix annually grows 

by 20%. The necessity to promote the use of these energy sources to replace 

fossil fuels is related to the volatility of the petroleum derivatives market, and to 

the proven environmental consequences of an oil-based economy. Consequently, 

the Cuban ministry of energy and mines plans to increase the share of energy 

production from renewable sources by 2030 from 4% to 24% (Energía 

Estratégica, 2016). In this framework, alternatives to take into account are the 

thermal power plants (i.e. bioenergy plant to produce clean energy) that will 

generate electricity from sugar cane biomass, for which 25 facilities of this type 

will be built contributing to around 4,262 GWh·year−1 (Rubio-González et al., 

2018). However, there are other alternatives to the traditional combustion-

cogeneration systems, like fast pyrolysis, which can contribute to the valorization 

of lignocellulosic residues as fuels, chemicals or biomaterials. Considering the 

actual scenario, there is a surplus of bagasse (in its entirety) and 85% of sugar 

cane trash which is still unused and represents a potential source to develop a 

sugar cane biorefinery. Therefore, there exists an opportunity to produce 

renewable fuels or platform chemicals (Hayes, 2009). Some chemicals produced 

by fast pyrolysis of biomass, like levoglucosan (de Wild et al., 2011, Hu et al., 

2012), 5-HMF (Yuan et al., 2011, de Wild et al., 2011) and furfural (de Wild et al., 

2011, Cai et al., 2014), are of high and specific significance (Ghysels et al., 2019). 

For example, 5-HMF can be used within the polymer industry, or can be further 

converted to higher value chemicals such as levulinic and formic acid (Ghysels 

et al., 2019).  
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As was widely discussed in the previous chapters, the main product of fast 

pyrolysis is a liquid (bio-oil), whose composition can be tailored by controlling the 

operational parameters (temperature, vapors residence time) or through 

selection and/or pretreatment of the feedstock. In fact, bio-oils obtained from SCB 

and SCT, are particularly unstable and susceptible to aging, due to the inherently 

present chemical functionalities, being electron-donating ones (alcohols) and 

accepting ones (ketones and aldehydes) present in the bio-oil (Garcia-Perez et 

al., 2002, Carrier et al., 2011) and therefore render the bio-oil unstable. Moreover, 

the presence of AAEMs is detrimental for the production of valuable chemicals 

such as levoglucosan (Mourant et al., 2011, Patwardhan et al., 2010) as they 

interfere in the decomposition mechanism promoting repolymerization and 

cracking reactions during fast pyrolysis (Karuppiah and Ganesh, 1998, Zolin et 

al., 2001). Therefore, removing the AAEMs present in the parent biomass is a 

required step to produce more stable bio-oils and to raise the formation of specific 

products including platform sugars such as levoglucosan. 

In previous chapters of this thesis, it has been experimentally demonstrated that 

leaching of SCT and SCB with citric acid will lead to an extensive removal of 

AAEMs, and thus to a drastic increment of levoglucosan concentration in the bio-

oils. Despite fast pyrolysis being a very attractive option from a technology 

viewpoint, the impacts associated with its economic and environmental issues 

remain unsolved. The literature contains a large number of papers discussing the 

economics of fast and slow pyrolysis with different aims. For example, the 

economic assessment of high-value products from pyrolysis has been addressed 

(Brown et al., 2013). Even when those papers are a very valuable source of 

information, they cannot be generalized to other regions or scenarios. In fact, 

there are several regional-sensitive factors affecting the costs; as for example 

biomass type, feedstock prices, income tax rates, fuels market, infrastructure, 

etc.(Brown et al., 2013). A recent study, reported on this issue, specifically for the 

production of monosaccharides via fast pyrolysis, and they found that product 

credits and feedstock costs have a remarkable effect on the process economics 

(internal return ratio) (Zhang et al., 2013b). More recently, other authors 

confirmed that economics associated with the production of biofuels from poplar 

wood via fast pyrolysis heavily relies on the feedstock costs (Sansaniwal et al., 
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2017). Along with economic impacts, the effect on the environment is another 

issue associated with biomass-based technologies. Specifically, for pyrolysis 

there are several studies validating its attractive advantages from the LCA and 

carbon footprint viewpoints as compared to petroleum derivatives (Dong et al., 

2018, Gebreslassie et al., 2013). In this regard, other research performed a LCA 

for biofuel production from corn stover via pyrolysis and hydroprocessing was 

performed and a reduction reduction of 119% in the global warming potential 

(GWP) of the bio-oil as compared to diesel was found (Dang et al., 2014). In a 

similar study, the life cycle and economics of a hydrocarbon biorefinery via fast 

pyrolysis, hydrotreating, and hydrocracking was optimized. The authors found a 

trade-off between economic and environmental dimensions of the biorefinery, 

which impose the necessity of analyzing the technology from these two view 

points (Gebreslassie et al., 2013). More recently, a published research evidenced 

that upgrading of bio-oil (liquefaction) incremented the GWP of pyrolysis by 50% 

(Chan et al., 2016). These results suggest that the pre- or after-treatment for 

obtaining higher value bio-oils have major impacts on both economic and 

environmental dimensions. 

Therefore, the main objectives of this chapter are: i) to model the fast pyrolysis of 

sugar cane trash (SCT) and sugar cane bagasse (SCB) for getting basic 

engineering data; ii) to assess the pyrolysis of citric acid-leached SCT and SCB, 

by considering its potential environmental impacts, and iii) to perform a 

preliminary cost analysis off the process to foresee its potential application at 

industrial scale. The case study deals with a hypothetical installation located in 

Cuba, thus most of the details related to harvest practices, market values and 

technology are based on local data. 

 

2. MATERIALS AND METHODS 

2.1. Description of the bio-oil production process 

The pyrolysis of SCT and SCB is an attractive option to be implemented in Cuban 

sugar industries as a way to valorize materials which are actually wasted or 

currently burnt in low-efficiency boilers. Additionally, if the SCT and SCB are acid-

leached prior to pyrolysis an upgraded bio-oil enriched in high-value anhydrous 
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sugars such as levoglucosan can be produced, see Chapters 3 to 6 in this thesis. 

On the other hand, if the pyrolysis is carried out under regular conditions (i.e. from 

raw biomass), the bio-oil tends to be unstable and susceptible to rapid aging. 

Therefore, the calculations presented here consider the two major sugar cane 

residues, with and without acid leaching as pretreatment, as a feedstock for a 

hypothetical pyrolysis plant. 

The data concerning properties and the availability of the sugarcane residues 

(variety of sugar cane: Cuba 1051-73) were obtained from the sugar mill “Ifraín 

Alfonso” located in Villa Clara, Cuba. This sugar mill operates regularly, and there 

is readably available operational data to conduct the analysis. Moreover, in the 

harvest year 2017 (reference year), this was one of the industries exhibiting 

higher productivity and efficiencies among other national facilities. This industry 

processed a total volume of 414,000 t of sugar cane during 120 days of 

harvesting season (December-April, 2017), generating nearly 133,700 t (dry 

basis) SCB. It was assumed (based on mean values of all sugar mills in Cuba) 

that 80% of this amount of bagasse was used for local energy generation (heat 

and power) and the remaining (26,800 t·year−1) was sold at 3 USD·t−1. On the 

other hand, 62,500 t (dry basis) of SCT were collected at the cleaning stations, 

another (unspecified) amount of trash remains in the fields and was burned. As 

there is no regular market for SCT, it was assumed that the selling price is the 

same as bagasse, considering that both will have the same end-use (combustion 

or pyrolysis feedstock). Therefore, all the calculations and approximations 

described in the following sections were made assuming an annual feedstock 

flow of 26,800 t·year−1. The pyrolysis plant was assumed to be installed next to 

the sugar mill, to take advantage from the existing facilities for steam generation, 

water supply and other general services.  

In general terms, we consider that after harvesting, the sugar cane is processed 

in the storing and cleaning centers (SCC) from where it is transported to the sugar 

mill by trucks or trains. The feedstock to the pyrolysis plant requires two different 

distribution networks: the first for SCT considering that trash is sent directly from 

the cleaning stations to the pyrolysis plant, while the second implies that bagasse 

should be first produced after the sugar juice extraction (at the sugar mill) and 
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then it is sent from the sugar mill to the pyrolysis plant. Once in the (hypothetical) 

pyrolysis plant, the biomass would undergoes several steps according to the 

process flow diagram in Fig. 7.1. For assessing the plant operations, two 

scenarios were defined: one in which the feedstock undergoe citric acid leaching, 

and another were the SCT and SCB are pyrolyzed without chemical pretreatment. 

Accordingly, the pyrolysis plant has been divided into three major sections: (1) 

pretreatment, (2) pyrolysis and (3) condensation and heat recovery. Each section 

is explained below. 

Section 1: Pretreatment 

The biomass (SCT or SCB) is fed to a dryer (E-1) where the moisture content is 

reduced to less than 100 gkg−1, thereafter it is sent to a chopper (E-2). The milled 

material passes through a sieve (E-3) to obtain particles with a size ranging from 

1 to 2 mm to meet the minimum feed requirements. This feed is further labeled in 

this study as “raw” and can be directly sent to the pyrolysis reactor or acid-leached 

prior to pyrolysis. The leaching is carried out according to a procedure reported 

in Chapter 2 and 6. The biomass which remains above the sieve is recirculated 

to the crushers or sent to the boiler along with the bagasse. 

The pretreatment of biomass is carried out by leaching with citric acid at a 

concentration of 0.096 kgdm−3; the preparation of the acidic solution is performed 

in a mixer tank (E-4), which is equipped with a dosing device. During acid 

treatment, biomass suspensions are stirred in a vessel (E-5) for 1 h at 25 °C. 

After leaching, the samples are vacuum filtered (E-6) and rinsed (E-7) with 

demineralized water until the pH of the effluent solution is 6.0 0.5, and then 

vacuum filtered (E-8) again. The leachates from the process are neutralized with 

Ca(OH)2 and sent to a treatment lagoon (aerobic treatment). Usually, the treated 

waste water is used for irrigation of fields, nearby the sugarcane mills. Finally, the 

rinsed biomass is dried (E-9) at 105 °C to a water mass fraction of less than 100 

gkg−1. When the SCB or SCT are pyrolyzed without pretreatment, all the leaching 

and washing steps are not included.  

Section 2: Pyrolysis  

The dried raw biomass is pyrolyzed in a circulating fluidized bed reactor (E-12) at 
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500 °C and 101.3 kPa, with a rapid quenching of the vapors to avoid further 

secondary reactions in the vapor phase. These reactors have good temperature 

control, it is a well-understood technology and the char entrained from the reactor 

is easily separated and burnt. Sand is used as heat transfer material in pyrolysis. 

The downer section of the pyrolysis reactor is equipped with a combustor (E-13) 

operating at atmospheric pressure and 700 °C, with the aim of burning the non-

condensable gases and char, and to preheat the sand. The combustor is 

equipped with a tubular heat exchanger as part of a steam boiler, as there will be 

more heat produced through combustion of char and non-condensable gases 

than is required to preheat the sand. Thus the excess heat can be recovered 

through the production of steam which can be used for feedstock drying or in 

other plant (i.e. sugar mill) operations. Next to the combustion of char and non-

condensable gases, other minor fractions are processed by the combustor as 

well and include reject particulate matter from the cutting mill, fine char from the 

cyclones and ESP. If needed, natural gas can be supplied to the combustor as 

well, which is needed to provide external heat during start-up of the installation. 

At the beginning of the process N2 gas is supplied to ensure an inert atmosphere, 

but after reaching steady state operation, the bed is operated with (combusted) 

pyrolysis gases. The produced vapors and gases are separated from the sand, 

char and other particulate material (above 10 m) in a cyclone (E-14), the latter 

fractions are then sent to the combustor. 

Section 3: Condensation and heat recovery section 

The pyrolysis vapors and gases enter into an electrostatic precipitator (ESP) (E-

15) for separating aerosols and fines particulates. Later, the vapors are 

condensed and separated in a 3-phase drum (E-16, E-17) (i.e. separating non-

condensable gases from bio-oil aqueous and organic phase, the latter in case 

bio-oil phase separation occurs). If the bio-oil has no phase separation upon 

collection, it is stored in a collection tank, but if there is phase separation (i.e., 

liquid and organic, like in raw SCT) the aqueous phase is separated from the 

organic one and the latter is stored in a collection tank. The aqueous phase is 

neutralized and is assumed to be sent to the treatment lagoon and from there to 

the  arable   fields  where  it  is  used  as  a  means  of  irrigation.  More  detailed 
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information on all process streams and major equipment operational conditions 

is provided in the Appendix XI.In order to obtain basic engineering data and to 

estimate the plant costs and the environmental impacts of the pyrolysis process, 

a comprehensive mathematical process model was implemented in Aspen One 

10.0. 

Fig. 7.1. Flowsheet of the hypothetic pyrolysis plant. A detailed description of 

streams and operations is provided in Tables XI.1 and XI.2 of Appendix XI. 

Dashed red lines: heat streams; blue lines: cooling water. 
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The Life Cycle Assessment (LCA) was applied to the system extending the 

boundaries to the harvesting and planting activities. Considering that there are 

no pyrolysis plants installed in Cuban sugar mills, the inventory data for the LCA 

was obtained from the experimental fast pyrolysis data and from the process 

model obtained, and using information reported by (Pérez Gil et al., 2013). 

2.2. Process modeling 

In order to get a proper understanding of the process model, the flow diagram of 

Fig. 7.1 was converted into an information flowsheet and divided into the same 

three sections, namely: i) pretreatment, ii) pyrolysis unit and iii) the condensation 

and heat recovery. The main model approximations are as follows: 

(i) Plant capacity 2.5 t∙h−1, this capacity is referred to the pyrolysis reactor 

feed. 

(ii) Steady-state calculations; 

(iii) Biomass is defined as a non-conventional solid with known particle size 

distribution (NCPSD) using proximate and ultimate compositions from 

Tables 6.1 and 6.2 in Chapter 6; 

(iv) Char is represented as a conventional solid (graphite) with specific 

thermodynamic properties (i.e., heat of combustion); 

(v) Thermodynamic properties for all fluids are estimated using the Redlich-

Kwong-Soave (RKS) equation of state and in further stages through the 

non-random two-liquid model (NRTL) equation of state (EOS). Those 

properties which aren’t present in the simulator (e.g., °Gs) were estimated 

through ab initio calculations of optimized molecular structures. 

(vi) Air is composed of 79% N2 and 21% O2 on a molar basis; 

(vii) The transformation from non-conventional biomass to conventional 

elements was carried out by a yield reactor, as specified elsewhere 

(Arteaga-Pérez et al., 2014, Arteaga-Pérez et al., 2016); 

(viii) Solids separation efficiency and specifications were defined based on mini-

plant experimental results, see Appendix XI; 

(ix) Bio-oil, gas and char yields were set as equal to those experimentally 

measured, see Appendix XI. Furthermore, the composition of bio-oil was 

set as that obtained in the experiments in Chapter 6. 
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Below, there is a brief description of the model: 

Section 1: Preparation of the feedstocks (pretreatment section) 

To simulate the feedstock pretreatment section, several unit operation submodels 

are included (see Fig. 7.2): 

Biomass drying is modeled by two Aspen blocks (within hierarchy block E-1 in 

Fig. 7.2); a stoichiometric reactor (E-1-1) and a flash separator (E-1-2). Although 

drying is not usually considered a chemical reaction, this approximation allows 

converting a fraction of non-conventional component (moisture) into conventional 

water in Aspen One, and to calculate the heat needed to vaporize this water. A 

calculator block (MC) including a FORTRAN subroutine was used to solve the 

mass balance in the process considering that the wet feedstock (SCT or SCB) 

enters with 140-400 gkg−1 moisture content, respectively, and at atmospheric 

conditions (25 °C and 101.3 kPa). Then, it is dried to a water mass fraction of less 

than 100 gkg−1. Further details on the calculation sub-routine can be found in 

Appendix XII and XIII.  

Leaching is modeled by two mixer blocks (E-5 and E-7) and two cross flow filters 

(E-6 and E-8). Mixing is assumed adiabatic and solid-solid filter efficiency is 98%. 

Two separators (E-6-1 and E-8-1) were added to separate the solid and the liquid 

residues from the filter. The model approximations for the drier (E-9) are the same 

as those used for hierarchy E-1. 

Section 2: Pyrolysis 

Pyrolysis is modeled as a section (E-12) containing several unit operation blocks 

for transforming non-conventional biomass into conventional species, in order to 

calculate the composition of the pyrolysis products (solid, gas and liquids) and to 

include the separation units (cyclone and ESP). To that aim, two yield reactors 

are implemented along with two component separators (see Fig. 7.3). The first 

reactor (E-12-1) is modeled along with a calculator block in FORTRAN (id-E-12-

0 in Appendix XII). 
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Fig. 7.2. Aspen model diagram of the drying-leaching section.
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The E-12-0 block transforms the non-conventional solid into analogues individual 

atomic species (C, H, N, O). In this way, reaction calculations are carried out in a 

second reactor (E-12-2) which calculates the yields and compositions of solid and 

vapor phases during pyrolysis. Compositions and yields are defined according to 

the data gathered from mini-plant experiments (see Appendix XII) and both 

reactors are modeled at 101.3 kPa and 500 °C. The fraction of the char (A-25 in 

Fig. 7.4) needed to provide the heat required for pyrolysis and drying stages is 

estimated (see Appendix XII) with a calculator block in FORTRAN (CHAR-

BALANCE), the extra char is considered as fuel for producing a heat surplus. 

 

Fig. 7.3. Sub-model diagram of the pyrolysis unit (considering leaching). 

Section 3: Condensation and heat recovery 

Vapor condensation and phase separation are modeled separately by two unit 

operation blocks (see Fig. 7.4). The first (E-16) is a heat exchanger model (HeatX) 

and the second (E-17) is an isobaric and adiabatic 3-phase flash separation, 

occurring at the outlet temperature of E-17 (i.e., 20 °C). CHAR-COMB (A-25), see 

Appendix XII, and non-condensable gases (A-31) are fed into a RStoic reactor 

(E-13) including five combustion reactions (R1 to R5), operating at 700 °C. 
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Fig. 7.4. Sub-model diagram of condensation and heat recovery section. 

Air flux (A-28) is adjusted to match the temperature and to guarantee that the 

oxygen concentration at the exit gas (A-34) was below 2% v/v: 

H2 + ½O2 → H2O              (R1) 

CH4 + 2O2 → 2H2O + CO2            (R2) 

C + O2 → CO2                (R3) 

C2H4 + 3O2 → 2H2O + 2CO2              (R4) 

2C2H6 + 7O2 → 6H2O + 4CO2             (R5) 

The results are confirmed by an equilibrium model (RGibbs-not shown here). 

Heat balance is checked by a heat mixer block (Balance, see Appendix XII) with 

a penalty of 10% for heat losses. The QNET (sum of required pyrolysis heat and 

drying heat, as well as produced heat in the combustor) is set to zero by varying 

the CHAR-COMB flux fed to the combustor block. 
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2.3. Economic assessment 

The economic feasibility of the system is assessed through the capital and 

operational expenditure (CAPEX/OPEX) associated to the pyrolysis process 

considering with or without leaching. In case of the pyrolysis of leached SCT (L-

SCT) or SCB (L-SCB), the final product is a bio-oil enriched in sugars; thus the 

oil is assumed as a platform for synthesis of valuable chemicals. In the case of 

the bio-oil produced from raw biomass, it is considered as a substitute for fuel-oil 

in boilers. Accordingly, the economic assessment is performed for four scenarios 

including four feedstocks (SCT, SCB, L-SCT, L-SCB). The analysis can be 

classified as Class-4 according to Sinnot and Towler (2013). 

1. Equipment costs: The CIF (Cost Insurance and Freight) for Cuba is assumed 

30% above the Free On Board (FOB), including transport from factory to 

shipment port cost, according to national taxes applied for all the 

importations.  

2. The total cost of installation: The Lang multipliers methodology suggested 

by Sinnott and Towler (2013) was applied here. 

3. Operation and maintenance costs (O&M): The maintenance cost was 

assumed 5% of the fixed capital investment and, the operation expenditures 

were estimated as recommended by Peters, et al. (2003). 

A detailed description of the main assumptions is provided below. 

2.3.1. Feedstock costs 

The cost of feedstock is one of the main factors affecting the economic feasibility 

of thermochemical valorization of biomass. In this sense, (Basu, 2013) 

recommends reporting the price of feedstocks in monetary value per energy unit 

(e.g., USD·MJ1) to bring it to a common base of comparison with conventional 

fuels. Additionally, in the case of sugar cane bagasse, there is no regulatory 

framework for the commercialization of residues, but there are specific 

commercial agreements between enterprises (i.e. in Cuba) with a relative stable 

bagasse price 1.8·104 USD·MJ1 (considering avg. 32.5 wt % water content, a 

value which was provided by the AZCUBA Group office in (2019)). In the case of 

SCT, as it is burned on the field and/or left at the cleaning stations, there is no 
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valid reference for its commercial price, thus trash price is assumed the same as 

for bagasse. 

2.3.2. Equipment investment and installation costs 

The investment cost for the equipment within the pyrolysis-pretreatment 

processes is estimated by considering the main elements in the flow diagram (Fig. 

7.1), e.g., drying-leaching of raw materials (mills, dryers, etc.), the pyrolysis and 

the condensation-heat recovery sections. In the case of the pyrolyzer, the cost is 

calculated by a correlation between the reactor cost (Cp, EUR) and its processing 

capacity, Q (kg·h1) (Basu, 2013) (Eq. 7.1): 

𝐶𝑝 = 40.8 ∙ (1000𝑄)
0.6194             (7.1) 

Due to the avaibility of data for the particular size of operational capacity of some 

equipments, the logarithmic relationship known as six-tenths-factor rule (Peters 

et al., 2003) (Eq. 7.2) was used to estimate the cost, 

𝐶𝑎 = 𝐶𝑏 ∙  (
𝑄𝑎

𝑄𝑏
)
0.6 

                (7.2) 

Where Ca is the new estimated cost with Qa capacity, Cb is the initial equipment 

cost with Qb capacity. 

All costs were actualized by using the Chemical Engineering Plant cost index 

(CEPCI) of 2018. The cost associated with the equipment installation (Eq. 7.3) is 

estimated according to the individual contribution of each equipment and other 

factors as suggested by Sinnott and Towler (2013). 

𝐶 = ∑ 𝐶𝑒,𝑖,𝐶𝑆[(1 + 𝑓𝑝
𝑖=𝑀
𝑖=1 )𝑓𝑚 + (𝑓𝑒𝑟 + 𝑓𝑒𝑙 + 𝑓𝑖 + 𝑓𝑐 + 𝑓𝑠 + 𝑓𝑙)]        (7.3) 

Where  

Ce,i,CS  is purchased equipment cost of i-equipment, assuming carbon steel 

(CS) as construction material; 

M is the total number of pieces of equipment; 

fp is the installation factor for piping; 

fer is the installation factor for equipment erection; 

fel is the installation factor for electrical work; 

fi is the installation factor for instrumentation and process control; 
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fc is the installation factor for civil engineering work; 

fs is the installation factor for structures and buildings; 

fl is the installation factor for lagging, insulation, or paint 

fm is the installation factor for material diferent to CS. 

The costs of investment of main equipments is estimated according to the cost 

correlations presented in Table 7.1. Several approximattions were used to 

estimate equipment investment costs: 

 Financing mechanism: 100% via debts 

 Interest rate: 6% 

 Discount rate: 10% 

 Maintenance cost: 5% 

 Chemical Engineering Plant cost index (CEPCI, 2018): 603.1 

The fixed capital investment (FCI) and working capital (WC) costs were estimated 

as suggested by (Peters et al., 2003), the total capital investment (TCI) is 

calculated as, 

𝑇𝐶𝐼 = 𝐹𝐶𝐼 +𝑊𝐶             (7.4) 

Where FCI is calculated as the sum of direct and indirect costs.  
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Table 7.1. Estimated equipment investment costs. 

Equipment Capacity Cost correlation Ref. Year 

Pyrolysis/liquid 
recovery/feeding system 

2.5 th−1 d.b Cp = 40.8 (1000·Q)0.6194 (Basu, 2013) 2000 

Dryers 
0.12 < D < 0.66 

(D in kg·s1)ev 
5400/D (Clausen et al., 2010) 2010 

Crushers & sieves 
5 < C < 6  

(C in th−1)  

Ce = a + b (C)n  
a = 5,000, b = 5,100,  

n = 0.7 
200 < C < 3,000 

(Sinnott and Towler, 2013) 2010 

Mixers 
0.3 < M < 74  

(M in kW) 

Ce = a + b (M)n  
a = 4300, b = 1920,  

n = 0.8 
5< M < 75 

(Sinnott and Towler, 2013) 2010 

Filters 
4.7 < F < 4.9  

(F in m2) 

Ce = a + b (F)n  
a = -45,000,  

b = 56,000, n = 0.3 
10 < F < 180 

(Sinnott and Towler, 2013) 2010 

Combustion system 6.4-11.9 MWth Fired heater (Matches, 2014) 2014 
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2.4. Life Cycle Assessment 

Life Cycle Assessment (LCA) methodology is applied for determining the 

environmental impacts of bio-oil produced from sugar cane bagasse and trash. 

The analysis is performed according to four scenarios: (1) pyrolysis of raw SCB, 

(2) pyrolysis of CA–leached SCB (denoted as L-SCB), (3) pyrolysis of raw SCT, 

and (4) pyrolysis leached SCT (denoted as L-SCT). The comparison of the 

alternatives was carried out by using SimaPro v8.1 software and applying the 

hierarchic version of Eco-indicator 99 methodology with average weighting (H/A). 

This method is oriented to damage and provides eleven impact categories, which 

are grouped into three damage categories: human health, ecosystem quality and 

resources. Finally, the environmental impacts associated to the damage 

categories are weighted and expressed in a single value called eco-indicator 

points (Pt). A higher eco-indicator score (in points) represents a higher 

environmental impact. 

In this study, the environmental analysis was developed following the guidelines 

of the International Standard Organization (ISO) (ISO, 2006a), involving the 

following phases: 

2.4.1. Goal and scope definition 

The goal of this study is to evaluate and compare the environmental performance 

of bio-oil produced via pyrolysis of raw and CA–leached SCB and SCT. 

2.4.1.1. Functional unit 

For the comparison of the environmental impacts associated to the four studied 

scenarios (SCB, L-SCB and SCT, L-SCT), one kilogram (kg) of bio-oil at the 

pyrolysis plant gate is chosen as the functional unit. 

2.4.1.2. System boundaries 

The system boundaries for the supply chain of bio-oil production for scenario 1 

(SCB) and scenario 2 (L-SCB) were considered from cradle-to-gate, which 

included agriculture (sugar cane harvest), bagasse production, biomass 

pretreatment (for L-SCB and L-SCT case) and fast pyrolysis stages. The bagasse 

production stage is not included in scenarios 3 and 4 (SCT and L-SCT) for which 
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the trash is directly used in the pretreatment-pyrolysis process; thus sugar cane 

processing is not considered as being part of the sugar cane trash production 

and valorization scenario. Moreover, the leaching pretreatment stage is not 

required in the bio-oil production chain for scenarios 1 and 3, because the 

bagasse and trash are pyrolyzed without leaching pretreatment. Accordingly, the 

system boundaries established for the LCA are presented in Figs. 7.5 and 7.6. 

Below there is a brief description on system inputs and outputs: 

Agriculture and harvesting stage includes, land preparation, planting, plant 

cultivation, harvesting and transportation to the sugar mill. The main inputs to 

these stages are fertilizers, pesticides, solar energy, diesel and fresh water. The 

main outputs are the sugar cane (fed into the sugar mill), SCT, emissions to water, 

soil and air. 

Bagasse production stage includes the bagasse production from juice 

extraction at the mill, and the main input here is water; while the outputs are the 

SCB and the diluted sugar cane juice (mixed juice).  

Biomass transportation stages consider the sugar cane and trash transports 

from plantations to the sugar factory. For both cases, the biomass is transported 

by trucks of 7-16 t of capacity, considering an average transport distance of 15 

km. The distances traveled by trucks were established based on the actual 

location of sugar cane plantations and sugar mills in Cuba (Contreras et al., 

2009).  

Cogeneration includes the bagasse combustion in typical Cuban steam 

generators (Evelma G-4, whose main characteristics are a steam pressure of 

1,765 kPa and steam temperature of 310 °C) and the electricity is produced in a 

turbogenerator (German G- and English ALLEN both of 3,000 kW) coupled to a 

backpressure steam turbine. Main inputs are bagasse and water and the outputs 

from these stages are process steam (steam pressure of 196.13 kPa and steam 

temperature of 127 °C), exhaust gases, ash and electricity. As a common practice, 

ash from bagasse boilers is spread in the fields as a fertilizer; thus, it is considered 

an avoided product.  
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Fig. 7.5. System boundaries and in/outputs of the bio-oil production from pretreated sugar cane bagasse.
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Fig. 7.6. System boundaries and in/outputs of the bio-oil production from pretreated sugar cane trash.
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Pyrolysis section: Unit Operation Models 

 Pretreatment considers the leaching of the biomass with a citric acid 

solution (0.096 kgdm−3), rinsing, filtration (after leaching and rinsing), 

and drying. Therefore, inputs are citric acid, demineralized water, SCB 

and SCT and electricity for stirring and milling; the outputs being the 

leached-SCT or leached-SCB and, the liquid waste solution containing 

inorganics leached from biomass, citric acid and demineralized water.  

 Fast pyrolysis: in the pyrolysis plant the biomass is converted into bio-

oil, gas and char, according to the process described in detail in section 

2.2 of this Chapter. Here the main inputs are the raw and leached 

biomass, air (for the combustor) and cooling water (for condensation). 

The outputs are bio-oil, ashes, char and exhaust gases from combustion. 

In case of SCT, the amount of SCT used in pyrolysis (38.8% of the total 

produced) was fixed according to the bagasse availability. 

As the process is multifunctional (several products), the allocation principles 

described below are used to manage the impacts for the different products. 

2.4.1.3. Allocation principles and assumptions 

The allocation principle is used for processes characterized by multifunctional 

products. According to ISO 14044 (2006) (ISO, 2006b), wherever possible, 

allocation should be avoided by system expansion, where the by-products are 

considered to substitute other products in the market, considering it as avoided 

products. When allocation cannot be avoided, the partitioning must be carried out 

by physical properties (mass, energy, exergy, economic, etc.) of the products 

(Kim and Dale, 2002, Dewulf and Van Langenhove, 2005, Dewulf et al., 2005, 

Jungbluth and Frischknecht, 2006, Curran, Aug 2007, Renó et al., 2011). The 

main assumptions taken into account for this analysis are listed below:  

 The agricultural stage is a multi-products process, where sugar cane 

constitutes the main product and the trash is the by-product. The allocation 

is carried out according to physical properties based on mass flow between 

sugar cane and sugar cane trash, representing a contribution of 82% and 

18%, respectively. 
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 The bagasse production stage also required the environmental burden 

allocation. In this case, mass-allocation method was applied for bagasse fed 

to pyrolysis (5%), bagasse sent to cogeneration (20%) and mixed sugar juice 

(75%). This allocation method was applied for scenarios 1 and 2. 

 The non-condensable gases and a fraction of char coming from pyrolysis 

are combusted to supply the heat required for drying and pyrolysis, for that 

reason the allocation burden is not applicable in that process. However, the 

ashes produced here have a potential use as fertilizer, in consequence, it is 

used to substitute chemical fertilizer in the agricultural stage (avoided 

products) (Pérez Gil et al., 2013). 

 The environmental impacts associated with the construction and dismantling 

of the plant are not taken into account because of a lack of data. Similar 

assumptions have been made by (Zaimes et al., 2015).  

 The biomass pretreatment and pyrolysis plant are integrated into the sugar 

mill, in order to use the energy facilities (electricity) and also to avoid the 

impacts associated to biomass transportation. 

 The production and consumption of fuels (in sugar cane harvesting, biomass 

transport) and agrochemicals (fertilizer, pesticides), as well as, citric acid 

used in the whole bio-oil production chain, were also considered in the 

environmental assessment. 

2.4.1.4. Life cycle inventory 

The inventory data were gathered on-site coming from agriculture and sugar cane 

mills existing in Cuba and reported by (Pérez Gil et al., 2013, Contreras et al., 

2009). The primary data corresponds to consumption of fossil fuels consumption, 

herbicides and fertilizer as well as, sugar cane yield, bagasse production, 

electricity and heat generation from bagasse cogeneration. Primary data 

(biomass required, char, pyrolysis oil yield, energy demand) for the biomass (SCB 

and SCT) pretreatment and pyrolysis are obtained from the experimental data 

presented in Chapter 6 in this thesis and completed with a mathematical process 

model developed in Aspen One, which is described in section 2.2. of this Chapter. 

Besides, the main data sources used for secondary data were retrieved from the 

Ecoinvent v2.1 database, specifically for agrochemicals (pesticides and fertilizer), 
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fossil fuel production (diesel), citric acid for biomass pretreatment, as well as, for 

air emissions derived from diesel combustion in agricultural machinery. Impacts 

of biomass transport were estimated using specific emission factors also provided 

by this database. The life cycle inventory data is provided in the Appendix XIV. 

 

3. RESULTS AND DISCUSSION 

3.1. Process model validation 

The results predicted by the mathematical process model developed are 

compared with the experimental data obtained in an auger pyrolysis reactor 

(reported in Chapter 6). The phenomena associated to leaching are very complex 

and require specific experiments which are out of the scope of this study; thus, 

they are not represented in detail by the model. Nevertheless, the composition of 

the streams which enter and leave the system boundaries are described with a 

considerable degree of accuracy (Fig. 7.7). According to these results, the 

composition of the bio-oil was reproduced with a high level of accuracy (ca. R2 > 

94%). Furthermore, the yields in char, bio-oil, non-condensable gas and ash were 

quantified and are in accordance to those experimentally obtained (see Table 

7.2). Moreover, the data obtained from the model (for raw SCB) showed results 

relatively similar to those reported by (Garcia-Perez et al., 2002), who obtained 

bio-oil yields of 31.0 wt.% on feedstock dry basis for raw SCB for a batch vacuum 

pyrolysis pilot plant operated at 12 kPa at 530 °C. In the literature, no other results 

were found for treated SCB or raw and treated SCT, at least at a scale which 

allows a reliable comparison to the results being presented here. 
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Fig. 7.7. Parity curves between process model predicted results and 

experimental measurements. A): Parity related to the yield of pyrolysis products 

from raw and pretreated biomass, bio-oil yield is expressed as organic phase 

(d.b.).; B): Parity related to the selectivity (TIC area%) of different compound 

groups in bio-oil. Colors refers to the scenarios and markers to the different 

compounds groups. AH: aldehydes; AT: acetals; CAc: carboxylic acids; FU: 

furans; KE: ketones; PH: phenols, and SU: sugars; NCGs, non-condensable 

gases. 

The burnt/produced char ratio (see Table 7.2) allows to identify how much char 

is needed to make the process neutral from the point of view of heat consumption. 

For all scenarios, this relationship is <1, which means that the process is self-

sustaining in all variants. 

Regarding the pretreatments, one of the most important stages from the energy 

view point is the drying, particularly for leached biomass, which needs two stages 

for conditioning the reactor feedstock. In this sense, results calculated with the 

model predicted (for all scenarios studied) a heat consumption for drying ranging 

from 1,800–4,900 kJkg−1, which is in line with that previously reported by 

(Ciolkosz and Wallace, 2011) for green wood (3,000–9,000 kJkg−1). An 

interesting fact is that the system energy demand for these scenarios is self-

sustained by burning the char produced in the pyrolyzer, as was demonstrated 

by the ratio between char required for balancing the heat load and that produced 

during pyrolysis (ranging from 0.88 to 0.92, see Table 7.2). 
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Table 7.2. Model results for the four scenarios 

Parameter 
SCT 

exp. 

SCT  

model 

L-SCT 
exp. 

L-SCT  

model 

SCB 

exp. 

SCB 

model 

L-SCB 
exp. 

L-SCB 

model 

Pyrolysis temperature, °C 500 500 500 500 500 500 500 500 

Pressure, kPa 1 1 1 1 1 1 1 1 

Flow, kgh−1 0.815 6,360 0.879 8,173 0.786 5,650 0.709 9,330 

Moisture content, wt % 14.1 15.1 14.1 15.1 32.5 32.5 32.5 32.5 

Ash, wt % 7.4 4.2 5.8 5.9 1.9 2.1 1.1 1.9 

Char yield, wt % 21.1 13.5 14 15.45 13.1 12.5 13 17.7 

Bio-oil yield (organic phase), wt % 33.9 28.3 39.4 41.6 38.9 29.4 37.6 40.0 

Non-condensable gas yield, wt % 17.5 16.8 12.3 12.1 16.8 16.2 13 10.5 

Burnt/produced char ratio, kgkg−1 - 0.72 - 0.92 - 0.82 - 0.88 

Heat for drying, kW - 1,268 - 2,754 - 1,335 - 2,730 

Heat for drying, kJkg−1  - 2,545 - 4,837 - 1,844 - 3,882 

Electricity consumption*, kWh - 20.68 - 20.68 - 18.7 - 18.75 

Heat for pyrolysis, kW - 7,013 - 6,443 - 6,994 - 6,185 

*Electricity consumption considers the requirements for crusher and mixers, minor equipment are not included in the calculation. 
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This ratio was calculated by a design specification defined in Appendix XI. As the 

pyrolysis unit is intended to be integrated into a sugarcane mill, the excess heat 

from burning all char could be used in other plant operations, (e.g., steam 

machines, juice concentration or cogeneration). 

3.2. Economic evaluation 

Considering that in Cuba there is not a regular market associated with biorefinery 

products (such as bio-oil from leached biomass), to perform a detailed economic 

assessment of the bio-oil production process is not feasible. Instead, an 

estimation of the CAPEX/OPEX is developed here. Results of operational 

parameters are summarized in Table 7.3, while those of the annualized capital 

costs are presented in Table 7.4. 

The models described in previous sections are used to study the effect of 

pretreatment on the composition and yields of main streams within the sugar cane 

residue pyrolysis, and to perform the heat, mass and momentum balances. 

Reported mass and energy balances are for a pyrolysis processing capacity of 

2,475 kg·h1 (dry basis) of raw or pretreated SCT and SCB fe to the reactor. The 

cost per bio-oil liter for both L-SCT and L-SCB scenarios is 0.47 $l−1, which is 

higher than that obtained for raw biomass. Also, the TCI behave similarly (see 

Table 7.4). This is explained by the higher cost related with the leaching process. 

However, the composition of L-SCT and L-SCB bio-oils is enriched in 

levoglucosan, which will provide a higher commercial value for this product if bio-

oils are considered as platform for chemicals. 

The proportion of the Total Capital Investment (TCI) for an estimated cost of 

equipment (i.e. dryers, crusher/sieves, mixers, filter, and pyrolyzer and heat 

recovery) is presented in Fig. 7.8. The pyrolysis reactor, feeding system, and 

liquids recovery accounted for the highest share in the TCI among estimated 

equipment (17–55% for all scenarios). This is in line with previous studies, which 

reported a pyrolysis system cost with a 14.9% proportion of TCI for the 72,000 

tday −1 pine wood fast pyrolysis reactor (Shemfe et al., 2015). In another study, 

more than 58% of the investment cost is attributed to the pyrolysis section for a 

hydrocarbon biorefinery based on hybrid poplar feedstock (Gebreslassie et al., 

2013).  
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Table 7.3. Operational parameters for the four scenarios studied. 

Parameter SCT L-SCT SCB L-SCB 

Electricity consumption, kWhy−1 35,078 102,730 36,662 79,114 

Water consumption*, m3y−1 - 1,169,161 - 693,440 

Cooling water, m3y−1 139,700 101,296 165,177 110,871 

Citric acid use, ty−1 - 6,816 - 8,211 

Bio-oil (organic phase), ty−1 3,061 3,401 2,532 2.873 

SCT, ty−1 15,368 15,368   

SCB, ty−1 - - 17,752 17,752 

* in pretreatment 
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Table 7.4. Costs elements and assumptions for the four scenarios studied. 

Parameter SCT L-SCT SCB L-SCB 

Cinv/Production, $kg bio-oil (OP)  1.59 1.58 1.23 1.32 

Unitary cost, $l−1 bio-oil 0.24 0.47 0.32 0.47 

Utility costs, M$y−1 16.1 645.8 18.1 389.9 

Feedstock cost, M$y−1 46.1 46.1 53.2 53.2 

Fixed Capital Investment (FCI), M$ 3,210 3,926 3,406 3,984 

Working Capital (WC), M$ 0.962 1,177 1,021 1,194 

Total Capital Investment (TCI), M$ 4,172 5,103 4,426 5,178 

Assumptions 

Dollar exchange rate 1.137 USDEUR−1 

Interest rate 6%   

Maintenance cost 5%y−1   

Nº operators 5 per shift**  

Plant availability 90%   

Chemical plant cost index (CEPCI) 2018, www.che.com 603.1  

** Full-time operation requires 3 shift per day. 

http://www.che.com/
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Fig. 7.8. Contribution to total capital investment of estimated equipment cost in 

each scenario. (*) Includes feeding system. 

3.3. Environmental analysis 

Figure 7.9 shows a comparison of the environmental profile impact, according to 

the different impact categories, for each of the four scenarios. As can be seen, 

the most significant environmental impact is respiration by inorganic compounds. 

Main emissions causing this performance are particulate material, nitrogen 

oxides, sulfur dioxide and carbon dioxide generated by bagasse combustion in 

the cogeneration stage (included in SCB production), as well as, the contribution 

of the production of citric acid used in the pretreatment. Gebreslassie et al. (2013) 

reported that the most significant environmental impact for a hydrocarbon 

biorefinery that produces gasoline and diesel from hybrid poplar biomass via fast 

pyrolysis, is the depletion of fossil fuels, followed by the respiratory effect 

(Gebreslassie et al., 2013). Nevertheless, the differences in the respiratory 

impact within this work can be explained by the considerations made for the ash, 

which in the case of Gebreslassie et al. (2013) was assumed to leave the system 

with the char. Moreover, differences in the depletion of fossil fuels impact could 
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be related to the high demand for non-renewable energy during all stages 

considered within the system boundaries. In particular, the hydrotreatment and 

hydrocracking processes included in the biorefinery proposed by Gebreslassie et 

al. (2013) are highly energy-intensive, thus fossil fuel (natural gas, steam, and 

heat) consumption for these stages was very high. This represents an important 

difference with SCB and SCT pyrolysis studied here, for which the upgrading is 

carried out via pretreatment (leaching) and the stages consuming heat (pyrolysis 

and drying) were supplied by the combustion of char. This drastically reduced the 

need for extra fuels causing a reduction in the respective impact category. The 

main contributors to fossil fuel impacts in the present study are associated with 

biomass transport, harvesting machinery, as well as, agrochemicals and fuels 

(diesel) productions. On the other hand, differences in technical parameters (bio-

oil yield, energy efficiency, etc) and methodological aspects (system boundary 

and allocation rules) also could contribute to the environmental profile differences. 

Fig. 7.9. Environmental profile by impact category (single score). 

As was corroborated by the scenarios including leaching (L-SCB and L-SCT), an 

increment of the respiratory effect of inorganic compounds of 4.5 and 4.7 fold 
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obtained, respectively. This performance is associated with a high consumption 

of electricity (crushing and sieving, mixing) and citric acid. Particularly, electricity 

consumption was increased twice for L-SCT and L-SCB as compared to 

scenarios SCB and SCT. For L-SCB and L-SCT, the bagasse cogeneration 

represents the highest contribution, representing 54 and 60% of the total impact 

on inorganic respiration, respectively. This is followed by citric acid production 

with 46% for scenario L-SCB and 40% for L-SCT. The significant contributions of 

citric acid production are related to the characteristics of the production process; 

in this case, the inventory data was taken from the Ecoinvent v2.1 dataset, which 

considered the submerged fermentation process using corn or sugar beet as 

carbohydrate substrate for citric acid production. 

In addition, the scenarios of L-SCB and L-SCT also depicted contributions on 

categories of fossil fuel, carcinogens, land use, and climate changes. Meanwhile, 

the pyrolysis of raw biomass (SCB and SCT) only contributed to the inorganics 

respiration and in a small impact on acidification/eutrophication categories. The 

acidification/eutrophication are caused by gas emissions produced by the 

bagasse combustion process, in particular by sulfur and nitrogen oxides. 

Nevertheless, the main contributors to fossil fuel consumption for L-SCB and L-

SCT are associated with non-renewable resource consumption during the 

fertilizers and diesel production processes which were demanded in the 

agricultural and the transport stages.  

Comparing the scenarios with biomass pretreatment (L-SCB and L-SCT), the use 

of sugar cane bagasse as feedstock for bio-oil production implied higher impacts 

than sugar cane trash for all environmental profiles. This performance is due to 

higher biomass requirement needed for L-SCB to produce the same functional 

unit (1 kg bio-oil), being 76 % higher than L-SCT. According to this, higher 

resources (i.e., material and energetic) are consumed into sugar cane harvest 

and higher amounts biomass should be transported, implying higher emissions 

to the environment.  

The total environmental impacts segregated by damage categories for each 

studied scenario are depicted in Fig. 7.10. As can be observed, L-SCB 

demonstrated the highest environmental impact with respect to the other 
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scenarios, scoring 6.1 Pt per each kg of bio-oil produced, followed by L-SCT (4.8 

Ptkg−1 bio-oil). The lower impact corresponds to raw SCB (0.9 Ptkg−1 bio-oil) and 

SCT (0.7 Ptkg−1 bio-oil), representing a reduction in 86% for both scenarios with 

respect to treated biomass.  

This behavior is mainly due to the inclusion of the pretreatment stage into the bio-

oil production chain, which involves an increment of resource consumption (citric 

acid, electricity, heat) and emissions. Therefore, the results suggest the raw 

biomass pyrolysis being the better scenario from an environmental point of view, 

but low quality bio-oils are obtained. The comparison of bagasse versus trash as 

feedstock shows that SCT constitute the best alternative for bio-oil production, 

independently if SCT is treated or not. However, the bio-oil from raw SCT has a 

composition that could affect its quality to be used as a direct fuel or chemical 

platform as compared to that from raw SCB. 

 

Fig. 7.10. The damage categories by each scenario per kg bio-oil. The 

percentages represent the impact of each category on each scenario. 

The Human health damage that includes carcinogenic, climate change, ionizing 
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dominated the total impact for all scenarios (SCB= 91%, SCT=90%, L-SCB=73% 

and L-SCT=75%), which are mostly associated to high contributions of 

respiratory damage by inorganics compounds (see Fig. 7.9). 

For scenarios L-SCB and L-SCT, significant impacts were also obtained for 

ecosystem quality (14-15%) and resource damages (11-12%). The impact 

categories associated to fossil fuel use and mineral extraction are the precursors 

in resources damages, in particular the fossil fuels consumption were the main 

contributors (97%) in this category. Regarding the ecosystem quality damages, 

the ecotoxicity (L-SCB=10 

% and L-SCT=9.5%), acidification/eutrophication (L-SCB=28% and L-SCT=32%) 

and land use change (L-SCB=62% and L-SCT=59%) were the major contributors 

in this category. Contrary to the results obtained in this study, (Gebreslassie et 

al., 2013) reported for a hydrocarbon biorefinery that produces gasoline and 

diesel from hybrid poplar biomass via fast pyrolysis, hydrotreating and 

hydrocracking that 72.4% of the total environmental impact in terms of Eco-points 

is from the resource depletion damage followed by 23.8% damage to human 

health. 

 

4. CONCLUSIONS 

Pyrolysis of sugarcane residues was studied from a technical, economical and 

environmental point of view, taking as reference the Cuban context. According to 

the fixed capital investment results, scenarios using raw biomass (e.g. 3,210 

M$ for a 2.5 t h-1 sugarcane trash pyrolysis plant) are preferred with respect to 

that using citric acid pretreatment (e.g. 3,926 M$ for a 2.5 t h-1). Nevertheless, 

the composition and the yield of the organic bio-oil fraction obtained for L-SCT 

and L-SCB allows inferring a higher potential for commercialization of these bio-

oils as a chemical platform (i.e. for valorizing the anhydrosugars contained in the 

bio-oil) instead of as a fuel. From the environmental impact perspective, the 

analysis shows that major impacts, expressed as eco-indicator points, were 

associated with the human health for all scenarios, with L-SCB and L-SCT having 

a higher contribution to this damage category. Despite this, the scenario SCT 

show the lowest environmental impact for all categories, however, the poor 
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quality of the resulting bio-oil for direct use as a fuel or as a chemical platform do 

not justify the investment. 
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CONCLUSIONS AND REMARKS 

Biomass resources can be used to generate renewable energy and materials. 

Sugarcane bagasse and trash are lignocellulosic materials from the processing 

of sugar cane that have attracted interest as a potential feedstock for the 

production of biofuels (eg. ethanol, bio-oil and syngas) or specialty chemicals. 

Sugar cane trash was considered particularly because it has limited applications 

(valorization) so far, and is less well characterized. The biomass requires a 

significant degree of processing because of its complex composition. In fast 

pyrolysis systems, the organic molecular structure of biomass is thermally broken 

(in absence of oxygen) into numerous smaller components, which are traditionally 

classified among the following three categories: bio-oil (the condensed vapors), 

char (solid fraction) and non-condensable gases. In fast pyrolysis, process 

conditions are selected with the aim of maximizing the bio-oil yield. These 

process conditions characteristic of fast pyrolysis include moderate temperatures 

(400 – 600 °C), rapid heating rates (>100 °C·min−1) combined with short 

residence times of the biomass particles (0.5 – 2 s), small particle size to support 

high heating rates (typically less than a few millimeters) and rapid cooling or 

quenching of the pyrolysis vapors into bio-oil. 

Some adverse properties of crude bio-oil, such as its high water and oxygen 

content, its corrosiveness, the low heating value and others, make it unsuitable 

for direct use as a transportation fuel or as a chemical platform. The upgrading 

could be addressed prior to the pyrolysis process (by feedstock pretreatment) or 

during/after the thermochemical conversion (by catalytic and fractionation 

methods). In this sense, the work presented in this thesis points to the techno-

economic assessment of the conversion of Cuban sugar cane lignocellulosic 

residues into liquid biofuels by fast pyrolysis.  

Demineralization and thermal degradation behavior by citric acid leaching 

From the literature it was understood that removing or passivating the alkali and 

alkaline earth metals (AAEMs) before pyrolysis is required to obtain a high yield 

of bio-oil and to improve its quality and stability. Accordingly, most of the studies 

on the pretreatment of biomass prior to fast pyrolysis mainly focused on water or 
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inorganic acid leaching as a way to reduce the ash content of the original biomass. 

In Chapter 2, leaching (washing) with citric acid (CA, C6H8O7, 0.192 kgdm−3) was 

tested as an alternative to the sugar cane biomass pretreatment with mineral 

acids. This organic acid has the possibility of acting as both a chelating agent and 

as a weak triprotic acid. The goal in this chapter was to investigate the 

effectiveness of CA for removing AAEMs from SCT and SCB and to compare its 

usefulness to that of other (i.e. more conventional) leachants such as 

demineralized water, HCl (0.182 kgdm−3) and H2SO4 (0.501 kg dm-3). All biomass 

samples were leached with 0.12 dm3 solution.  

Citric acid showed ash removal varying from 38.9 to 54.1%, depending on 

leaching time (1 and 12 h) and temperature (25–50 °C), with a performance 

similar (40.6 to 56.7%) to the strong mineral acids, HCl and H2SO4. However, CA 

does not induce extensive hydrolysis, thereby keeping the biomass mass loss 

limited to a minimum and comparable to that of water washing. The 

nonparametric bifactorial statistical analysis revealed that the influence of contact 

time was significant for both SCT and SCB. The individual influence of the nature 

of the leaching solution and its interaction with contact time were highly significant 

for both biomasses. In addition, the temperature and its interaction with the 

contact time had a negligible significance. The mild hydrolysis of tested materials 

was confirmed by comparing the FTIR-ATR spectra of raw and treated samples 

as well as by the weakening or disappearance of the peak typically associated to 

hemicellulose in the TGA curves. From the results obtained it can be concluded 

that CA is a technically viable option as an effective leaching agent to 

demineralize biomasses, like SCT, prior to thermochemical conversion 

processes like fast pyrolysis.  

Py-GC/MS based analysis of the influence of citric acid as a leaching agent  

Based on the results obtained in Chapter 2, the effect of leaching (1–12 h and 

25–50 °C) sugar cane residues with citric acid (0.192 kgdm−3) on the chemical 

composition of pyrolysis vapors by using analytical pyrolysis (Py-GC/MS) was 

studied (Chapter 3). All analyses of pretreatment in this chapter were performed 

on a microgram scale. A comparison was made with well-known leaching agents 
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including H2SO4, HCl and water. The results revealed that the distribution of the 

volatile compounds of CA pretreated biomass only showed small variations upon 

changing the conditions of demineralization while achieving similar levoglucosan 

yields as those obtained by pretreatment using strong inorganic acids. These 

results are very attractive if the strategy is to convert lignocellulosic sugar cane 

residues by fast pyrolysis technology into liquid biofuels or as chemical feedstock. 

Hence, CA can be considered as a technically viable option and as an effective 

leaching agent to demineralize biomasses, like SCT, prior to thermochemical 

conversion processes like fast pyrolysis.  

Influence of leaching with citric acid on the yield and quality of bio-oils 

In Chapter 4, the pretreatment was carried out in a scale 10 times larger than the 

pretreatment assays in Chapter 2 to investigate the effect of CA leaching on the 

yield and quality of the bio-oil and non-condensable gases (NCGs) produced from 

fast pyrolysis of SCT and SCB in a lab-scale stirred bed reactor. Based on the 

results gathered in Chapters 2 and 3, biomass suspensions were stirred on a hot 

plate for 1 h at 25 °C. Close yields on raw-feedstock basis of the organic oil 

fraction of pyrolysed CA–leached SCT and SCB were obtained (40-45 wt.%) 

compared to those from HCl and H2SO4 –leached feedstocks (38-45 wt.%), 

despite the weak acidic nature of the first. Small variations in the yields of the 

NCGs were observed (from 18 to 27 wt.%) during pyrolysis of pretreated SCB 

and SCT. The GC/MS confirmed that levoglucosan was the major constituent in 

the bio-oil fraction obtained from both acid pretreated biomasses, as obtained in 

Py-GC/MS (Chapter 3). This was attributed to their low content of AAEMs in 

respect to the raw material. Those bio-oils derived from CA pretreatment 

presented favorable properties such as the HHV and the total acid number. When 

analyzing the results obtained in this chapter, it can be pointed out that CA 

pretreatment yields similar if not better results as those from pretreatment with 

stronger mineral acids in terms of bio-oil composition and quality. Additionally, 

considering the overall yield in (organic) bio-oil fraction over the whole process 

(pretreatment followed by pyrolysis), CA demonstrated to perform slightly better 

compared to mineral acids. 
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Effect of concentration of citric acid on demineralization and pyrolysis 

The aim of Chapter 5 is to study the effect of pretreatment by varying the 

concentration of the leaching solutions tested (i.e. citric acid compared with a 

well-known leaching agent, H2SO4) on the demineralization of sugar cane 

lignocellulosic residues and its influence on pyrolysis behavior, viz. by the use of 

analytical pyrolysis (Py-GC/MS); and to identify optimal leaching concentrations 

– as high CA usage in pretreatment is a prime concern in terms of techno-

economic feasibility of the process. Raw or pretreated sugar cane trash and sugar 

cane bagasse were used as substrates for pyrolysis via Py–GC/MS-based 

analysis. Lowest concentrations of CA (0.096 kgdm−3) or H2SO4 (0.251 kgdm−3) 

resulted in similar levels of levoglucosan (by Py-GC/MS) than that from 

biomasses leached with the highest concentration. Also, they lower acid 

concentrations resulted in decreased mass loss upon pretreatment. The 

comparison of both biomasses showed better results for SCB than from SCT with 

respect to the mass fraction of ash removed, the mass loss and the production of 

pyrolytic levoglucosan when the concentrations of both leaching solutions studied 

were decreased. The statistical analysis allows to conclude that for both sugar 

cane residues the optimum concentration of citric acid is 0.096 kgdm−3 when high 

levoglucosan in vapour phase, a low loss of mass, and a high mass fraction of 

ash removed are desired. 

Fuel suitability of fast pyrolysis bio-oils from citric acid–leached sugar cane 

residues 

In Chapter 6, the suitability of bio-oil from CA-pretreated sugar cane residues as 

a fuel, is assessed. The purpose also includes assessing the stability of the bio-

oil upon (accelerated) ageing. For this assessment, larger quantities of bio-oil are 

required (compared to those obtained in Chapter 3) and hence the biomass 

pretreatment was performed on a scale of 10 dm3 in order to obtain enough 

biomass to be pyrolyzed at 500 °C in a mini-plant (i.e. continuous auger reactor) 

setup. Optimal pretreatment conditions (as established in Chapters 2 and 5) have 

been adopted. The average yield on raw-feedstock basis of bio-oils revealed 

differences below 5% between SCT and SCB both raw and leached with CA. The 



Conclusions and remarks               

 

 

233 

pretreatment induces mass losses, but the overall bio-oil yield (after pretreating 

the biomass) was not impacted. Main components in the non-condensable gases 

from the pyrolysis of sugar cane lignocellulosic residues were the CO and CO2. 

The rheological characterization of bio-oils revealed that all samples behaved as 

shear-thinning fluids. The stability test showed that fresh and aged SCB bio-oils 

(raw or leached with CA) have lower viscosities than those from SCT. From the 

analysis of the properties of bio-oils from pyrolysis of sugar cane residues, it can 

be concluded that bio-oil samples from both raw or CA–leached SCT and SCB 

may not be suitable for direct use as a fuel (low HHV, high solids content, low pH) 

and that the CA-leaching process in itself does not provide benefits to the quality 

of the resulting bio-oil for fuel purposes. However, the significant increases in 

anhydrosugars in the bio-oils derived from pretreated sugar cane residues could 

open up new opportunities for the production of valuable chemicals. In addition, 

when raw SCT or SCB are pyrolyzed, the bio-oil not only has a low quality to be 

considered as a direct fuel, its composition is also less favorable for the extraction 

of valuable intermediate chemicals.  

Environmental and economic issues 

The mass balances obtained in the mini-plant are used for a preliminary analysis 

of environmental and economic issues associated with the pyrolysis of sugar 

cane residues, which was the objective in Chapter 7. The economic and 

environmental study aimed to build a process model of the pyrolysis of sugar 

cane trash (SCT) and sugar cane bagasse (SCB) for getting basic engineering 

data; to assess the pyrolysis of citric acid-leached SCT and SCB by considering 

its potential environmental impacts, and to perform a preliminary cost analysis off 

the process to foresee its potential application at industrial scale. All the analyses 

rely on local Cuban conditions. 

The preliminary economic analysis allowed to state that scenarios using raw 

biomasses are preferred (i.e. being cheaper) with respect to those using 

pretreatment. Although, the lower quality (especially the high water content) of 

bio-oils from raw SCT and SCB with respect to those obtained from citric acid 

leached biomass, allows only using them as a low quality fuel, which should have 



Conclusions and remarks               

 

 

234 

to be analyzed by decisions makers. On the other hand, the investment costs for 

installing the L-SCT plant are in the same order, with a remarkable difference in 

the quality of the bio-oil. This last option could attract the attention as a way to 

valorize the non-edible and usually wasted SCT. When analyzing the 

environmental impact perspective, it can be seen that major impacts, expressed 

as eco-indicator points, were associated with human health for all scenarios. 

Those scenarios with biomass pretreatment (L-SCB and L-SCT) were estimated 

to have a larger environmental impact, as the production of CA itself also adds to 

significant environmental impact. For all scenarios tested, the use of sugar cane 

bagasse as feedstock for bio-oil production implied higher impacts than sugar 

cane trash. The scenario SCT had the lowest environmental impact for all 

categories. However, again the quality of its bio-oil for direct use as a fuel or 

chemical platform (reported in Chapter 6) is the lowest among tested bio-oils. 

This thesis allowed to assess the potential of pyrolysis of both sugar cane trash 

and bagasse in a Cuban setting. However, there are still unresolved issues which 

could be topic of future research regarding the process combining pretreatment 

and pyrolysis: 

 Of prime concern is the reuse or disposal of the spent leaching agent and 

whether the minerals in the spent leaching solution could be recovered 

for use as fertilizer. The pretreatment process also incurs additional 

drying costs (in terms of capital as well as energy), further reductions 

thereof should be considered as objective in future research. 

 Trash has proven to be an interesting feedstock, but not all trash is 

currently collected as some of it is still left on the field. Potentially, this 

sugar cane trash could also be collected which could necessitate 

alternative harvester designs, in order to avoid collecting trash that is 

deposited on the field in current harvesting practices and hence may be 

contaminated with soil particles. Such harvester designs have already 

been tested for corn, where the corn stover is directly baled rather than 

being deposited on the soil and collected afterwards. However, this also 

begs other questions, such whether extracting as much biomass as 
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possible from the field will not negatively impact soil quality (i.e. reduction 

of soil organic carbon) 

 The LCA and techno-economic analysis in this dissertation are 

preliminary. For instance, it doesn’t consider the application of the bio-oil. 

Although pretreatment appeared less favorable from an economic and 

ecological point of view, the bio-oil had a largely altered composition and 

quality. This in itself may lead to altered downstream (i.e. beyond the 

gate of the pyrolysis plant) economics and environmental impact (for 

instance, the avoided emissions in the production of chemicals for which 

those extracted from bio-oil derived from leached sugar cane residues, 

may be substituted) which is not yet considered in the study at hand.   

 Although the oils, obtained from CA-leached sugar cane residues, look 

promising for the production of specialty chemicals (i.e. anhydrosugars), 

the actual extraction and separation of specific compounds is not yet 

proven – nor the scale-up thereof. 

 Citric acid is a promising leaching agent, but its production requires lower 

costs, as well as lower impacts to the environment. 
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CHAPTER 2 

 

APPENDIX I - BRIEF DESCRIPTION OF THE NONPARAMETRIC 

BIFACTORIAL ANALYSIS OF SOKAL AND ROHLF 

 

The nonparametric bifactorial analysis of mass fraction of ash removed (ash) is 

performed for both SCT and SCB. The mean for each combination of the two 

values of each factor is calculated. Then, the ash are ranked from 1 to 32 and the 

parametric analysis of variance is performed. The goal is to observe the 

significance of the sum of squares of each factor and the interaction between 

them. According to the methodology of Sokal and Rohlf (Sokal and Rohlf, 1995) 

they are used to make the definitive nonparametric analysis, in which the H-

statistic, the significance for each individual factor as well as for the interactions 

are calculated. The multiple comparison of the Dunnett's C test as post-hoc test 

is performed for the ranked values of the dependent variable (ash). This test is 

based on a pairwise comparison of the standardized ranges when there is no 

certainty of the homogeneity of variances, as is the case of the data presented 

here. These results obtained from Dunnett's C test are then confirmed by the 

Mann-Whitney test, leading to the formation of homogeneous subgroups. They 

are distinguished by the Hayes notation: two solvents differ significantly, and 

therefore belong to different homogeneous subgroups, if they do not have a 

common letter. According to this theory, these subgroups are not necessarily 

disjoint (Grau, 1994). In Appendix II is presented a summary of the results 

obtained from this statistical tests. 
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APPENDIX II - NONPARAMETRIC BIFACTORIAL ANALYSIS OF SOKAL AND 

ROHLF 

 

Table II.1a. Nonparametric bifactorial analysis of ash in SCT. Effect of contact 

time and temperature. 

 

Contact time 

Mean 

 Temperature 

 25 °C 50 °C Total 

ash (SCT) 1 h 40.3 39.4 39.9 
12 h 44.7 43.2 43.9 
Total 42.5 41.3 41.9 

 

 

Table II.1b. Values of the H-statistic and it significance using Sokal and Rohlf’s 

method. 

 H Significance 

Time 12.000 0.001 
Temperature 1.688 0.194 
Time × Temperature 0.021 0.885 

 

 

Table II.2a. Nonparametric bifactorial analysis of ash in SCT. Effect of the 

nature of the leaching solution and contact time. 

 

Leach. solution 

Mean 

 Contact time 

 1 h 12 h Total 

ash (SCT) Water 28.2 40.1 34.1 
HCl 46.3 48.9 47.6 
H2SO4 46.1 42.5 44.3 
CA 39.0 44.3 41.6 
Total 39.9 43.9 41.9 

 

Table II.2b. Values of the H-statistic and it significance using Sokal and Rohlf’s 

method. 

 

 

 H Significance 

Leach. solution 42.651 2.919 10‒9 
Time 3.176 0.075 
Leach. solution × Time 27.849 3.906 10‒6 
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Table II.3. Post hoc test for ash in SCT. Effect of the leaching solution. Multiple 

comparisons. 

 Mean (%) Watera CAab H2SO4
bc HClc 

Watera 34.1 -    
CAab 41.6 - -   
H2SO4

bc 44.3 * - -  
HClc 47.6 * * - - 

Note: (*) The mean difference is significant at the  = 0.05 level, (-) no 

significance, (abc) Hayes notation for the identified homogenous subgroups 

 

Table II.4. Post hoc test for ash in SCT. Effect of leaching solution for each 

contact time level. 

Contact time = 1 h 

 Mean (%) Watera CAb H2SO4
c HClc 

Watera 28.2 -    
CAb 39.0 * -   
H2SO4

c 46.1 * * -  
HClc 46.3 * * - - 

Contact time = 12 h 

 Mean (%) Watera H2SO4
a CAa HCla 

Watera 40.1 -    
CAa 44.3 - -   
H2SO4

a 42.5 - - -  
HCla 48.9 - - - - 

Note: same notations apply as in Table II.3. 

 

Table II.5a. Nonparametric bifactorial analysis of ash in SCT. Effect of leaching 

solution and temperature. 

 

Leach. 
solution 

Mean 

 Temperature 

 25 °C 50 °C Total 

ash (SCT) Water 31.6 36.6 34.1 

HCl 52.1 43.1 47.6 
H2SO4 45.0 43.6 44.3 
CA 41.4 41.8 41.6 
Total 42.5 41.3 41.9 
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Table II.5b. Values of the H-statistic and it significance using Sokal and Rohlf’s 

method. 

 H Significance 

Leach. solution 42.651 2.919 10‒9 
Temperature 0.447 0.504 
Leach. solution × Temperature 20.631 0.000 

 

Table II.6. Post hoc test for ash in SCT. Effect of leaching solution for each 

level of temperature. 

Temperature= 25 °C 

 Mean (%) Watera CAb H2SO4
bc HClc 

Watera 31.6 -    
CAb 41.4 * -   
H2SO4

bc 45.0 * - -  
HClc 52.1 * * - - 

Temperature = 50 °C 

 Mean (%) Watera CAa HCla H2SO4
a 

Watera 36.6 -    
CAa 41.8 - -   
HCla 43.1 - - -  
H2SO4

a 43.6 - - - - 

Note: same notations apply as in Table II.3. 

 

Table II.7a. Nonparametric bifactorial analysis of ash in SCB. Effect of contact 

time and temperature. 

 

Contact time 

Mean 

 Temperature 

 25 °C 50 °C Total 

ash (SCB) 1 h 44.7 46.0 45.3 

 12 h 50.3 49.3 49.8 

Total 47.5 47.7 47.6 

 

Table II.7b. Values of the H-statistic and it significance using Sokal and Rohlf’s 

method. 

 H Significance 

Time 52.083 5.319 10‒13 
Temperature 0.750 0.386 
Time × Temperature 1.760 0.185 
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Table II.8a. Nonparametric bifactorial analysis of ash in SCB. Effect of the 

leaching solution and contact time. 

 

Leach. solution 

Mean 

 Contact time 

 1 h 12 h Total 

ash (SCB) Water 32.3 42.1 37.2 
HCl 48.3 52.4 50.4 
H2SO4 51.5 50.7 51.1 
CA 49.2 53.9 51.6 
Total 45.3 49.8 47.6 

 
Table II.8b. Values of the H-statistic and it significance using Sokal and Rohlf’s 

method. 

 H Significance 

Leach. solution 68.846 7.550 10‒15 
Time 13.787 0.000 
Leach. solution × Time 5.515 0.138 

 

Table II.9. Post hoc test for ash in SCB. Effect of the leaching solution. Multiple 

comparisons. 

 Mean (%) Watera HClb H2SO4
b CAb 

Watera 37.2 -    
HClb 50.4 * -   
H2SO4

b 51.1 * - -  
CAb 51.6 * - - - 

Note: same notations apply as in Table I.3. 
 

Table II.10. Post hoc test for de of ash in SCB. Effect of the leaching solution 

for each contact time level. 

Contact time = 1 h 

 Mean (%) Watera HClb CAb H2SO4
b 

Watera 32.3 -    
HClb 48.3 * -   
CAb 49.2 * - -  
H2SO4

b 51.5 * - - - 

Contact time = 12 h 

 Mean (%) Watera H2SO4
b HClb CAb 

Watera 42.1 -    
H2SO4

b 50.7 * -   
HClb 52.4 * - -  
CAb 53.9 * - - - 

Note: same notations apply as in Table II.3. 
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Table II.11a. Nonparametric bifactorial analysis of ash in SCB. Effect of the 

leaching solution and temperature. 

 

Leach. 
solution 

Mean 

 Temperature 

 25 °C 50 °C Total 

ash (SCB) Water 37.7 36.7 37.2 
HCl 52.2 48.5 50.4 
H2SO4 48.9 53.3 51.1 
CA 51.1 52.1 51.6 
Total 47.5 47.7 47.6 

 

Table II.11b. Values of the H-statistic and it significance using Sokal and 

Rohlf’s method. 

 H Significance 

Leach. solution 68.846 7.550 10-15 
Temperature 0.199 0.656 

Leach. solution × Temperature 15.662 0.001 

 

 

Table II.12. Post hoc test for de of ash in SCB. Effect of the leaching solution 

for each level of temperature. 

Temperature = 25 °C 

 Mean (%) Watera H2SO4
b CAb HClb 

Watera 37.7 -    
H2SO4

b 48.9 * -   
CAb 51.1 * - -  
HClb 52.2 * - - - 

Temperature = 50 C 

 Mean (%) Watera HClb CAbc H2SO4
c 

Watera 36.7 -    
HClb 48.5 * -   
CAbc 52.1 * - -  

H2SO4
c 53.3 * * - - 

Note: same notations apply as in Table II.3.
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APPENDIX III - ABSORPTION BANDS AND FUNCTIONAL GROUPS OF THE FTIR SPECTRA 

 
Table III.1. Absorption bands and functional groups of the FTIR spectra of raw and leached SCB. 

 

Nº Wavenumber
, cm‒1 

Functional groups 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

430 
520 
832 
897 
1030 
1160 
1235 
1320 
1366 
1424 
1510 
1600 
1726 
2890 
3330 

- 
C-C 
β-glycosidic 
β-glycosidic in sugars 
C-O, C-C stretching or C-OH bending in the sugar units 
C-O-C stretching at  β-glycosidic of cellulose 
C-O (stretching in lignin) 
O-H phenolic 
C–O–CH3 (phenolics) 
C-H (bond deformations lignin structure and aromatic ring vibration) 
C-H (aromatic skeletal vibrations/lignin) 

CO (aromatic ring vibrations/lignin) 

CO (xylans acetyl groups or ketone carbonyl groups) 
C-H (symmetrical stretching) 
Stretching vibrations of OH as well as H2O 
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Table III.2. Absorption bands and functional groups of the FTIR spectra of raw and leached SCT. 

 

Nº 
Wavenumber, 
cm‒1 

Functional groups 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

430 
520 
832 
897 
1030 
1160 
1234 
1320 
1367 
1422 
1510 
1600 
1726 
2890 
2920 
3333 

- 
C-C 
β-glycosidic 
β-glycosidic in sugars 
C-O, C-C stretching or C-OH bending in the sugar units 
C-O-C stretching at  β-glycosidic of cellulose 
C-O (stretching in lignin) 
O-H phenolic 
C–O–CH3 (phenolics) 
C-H (bond deformations lignin structure and aromatic ring vibration) 
C-H (aromatic skeletal vibrations/lignin) 

CO (aromatic ring vibrations/lignin) 

CO (xylans acetyl groups or ketone carbonyl groups) 
C-H (symmetrical stretching) 
C-H (stretching methyl and methylene groups) 
OH 
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APPENDIX IV - NORMALIZED FTIR-ATR 

 

 

 

Figure IV.1. Normalized FT-IR-ATR of SCB and SCT samples, incl. peak 

identification. 
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CHAPTER 3 
 

ANNEX V – CHARACTERIZATION OF BIOMASS UNDER DIFFERENT PRETREATMENT CONDITIONS 
 

Table V.1. Elemental composition (kg·kg1, dry basis), molar ratios (mol·mol1) and HHV (MJ·kg1) of SCT and SCB under varying 

pretreatment conditions (leaching agent, temperature, contact time). 

Biomass type, 
pretreatment 
conditions 

Leaching 
solution 

C H N Oa O/C H/C HHVb 

SCT 
25 °C, 1 h 

Water 0.426 0.058 0.004 0.470 0.83 1.62 17.5 

HCl 0.434 0.056 0.003 0.471 0.81 1.54 17.7 

H2SO4 0.418 0.055 0.003 0.487 0.87 1.58 17.2 

CA 0.428 0.057 0.003 0.475 0.83 1.59 17.6 

SCT 
50 °C, 1 h 

Water 0.425 0.057 0.004 0.470 0.83 1.61 17.5 

HCl 0.444 0.054 0.003 0.448 0.76 1.46 17.8 

H2SO4 0.447 0.056 0.003 0.443 0.74 1.49 18.0 

CA 0.428 0.053 0.003 0.478 0.84 1.50 17.3 

 

 

 



Appendix V                                 
 

 

247 

Table V.1. continued 

Biomass type, 
pretreatment 
conditions 

Leaching 
solution 

C H N Oa O/C H/C HHVb 

SCT 
25 °C, 12 h 

Water 0.423 0.056 0.004 0.477 0.85 1.58 17.3 

HCl 0.437 0.056 0.003 0.465 0.80 1.54 17.8 

H2SO4 0.439 0.057 0.003 0.460 0.79 1.55 17.9 

CA 0.430 0.054 0.003 0.478 0.83 1.52 17.4 

SCT 
50 °C, 12 h 

Water 0.427 0.056 0.003 0.479 0.84 1.57 17.4 

HCl 0.451 0.055 0.002 0.433 0.72 1.46 18.0 

H2SO4 0.459 0.054 0.002 0.423 0.69 1.41 18.2 

CA 0.427 0.055 0.002 0.479 0.84 1.55 17.4 

SCB 
25 °C, 1 h 

Water 0.466 0.059 0.002 0.460 0.74 1.51 18.8 

HCl 0.458 0.058 0.001 0.473 0.77 1.51 18.5 

H2SO4 0.451 0.055 0.001 0.482 0.80 1.47 18.2 

CA 0.457 0.058 0.001 0.473 0.78 1.53 18.5 

SCB 
50 °C, 1 h 

Water 0.476 0.059 0.002 0.449 0.71 1.48 19.1 

HCl 0.458 0.058 0.002 0.469 0.77 1.51 18.5 

H2SO4 0.478 0.059 0.001 0.448 0.70 1.48 19.2 

CA 0.476 0.059 0.002 0.453 0.71 1.48 19.1 
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Table V.1. continued 

Biomass type, 
pretreatment 
conditions 

Leaching 
solution 

C H N Oa O/C H/C HHVb 

SCB 
25 °C, 12 h 

Water 0.464 0.058 0.001 0.466 0.75 1.49 18.7 

HCl 0.464 0.058 0.001 0.466 0.75 1.50 18.7 

H2SO4 0.459 0.058 0.001 0.470 0.77 1.51 18.6 

CA 0.447 0.058 0.001 0.484 0.81 1.55 18.3 

SCB 
50 °C, 12 h 

Water 0.432 0.057 0.002 0.497 0.86 1.59 17.8 

HCl 0.474 0.058 0.001 0.450 0.71 1.47 19.0 

H2SO4 0.480 0.058 0.001 0.445 0.69 1.46 19.2 

CA 0.450 0.057 0.001 0.483 0.81 1.52 18.3 

(a): oxygen content calculated by difference; sulfur: always below detection limit 

(b): calculated using the empirical correlation reported by (Sheng and Azevedo, 2005) 
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CHAPTER 4 

 
APPENDIX VI – MAJOR CONSTITUENTS FOUND IN BIO-OIL FRACTION FROM FAST PYROLYSIS IN A LAB-SCALE STIRRED BED 

REACTOR  

 
Table VI.1. Effect of leaching (25 °C and 1 h) of sugar cane feedstock on major constituents found in fast pyrolysis (500 °C) bio-oil fraction 

compared to the raw biomass. 

Major constituents in bio-oil  

TIC area (%) 

Raw 
Water– 
leached 

HCl– 
leached 

H2SO4– 
leached 

CA–
leached 

Sugar cane trash (SCT) 
Sugars (6 compounds) 
levoglucosan 
Aldehydes (3 compounds) 
2-hydroxyacetaldehyde 
furfural 
Carboxylic acids (2 compounds) 
acetic acid 
propanoic acid 
Furans (5 compounds) 
2,5-dimethoxytetrahydrofuran 
2-(5H)-furanone 
2,3-dihydrobenzofuran 

 
15.1±1.5 
11.7±1.5 

5.1±0.2 
3.2±0.1 
1.7±0.2 

12.6±0.3 
12.0±0.7 

0.7±0.1 
4.6±0.1 
0.4±0.1 
0.6±0.1 
2.4±0.4 

 
19.2±0.5 
15.9±0.2 
5.8±0.2 
3.7±0.2 
1.7±0.1 

12.1±0.5 
11.4±0.5 
0.7±0.1 
3.3±0.1 
0.4±0.1 
0.7±0.1 
2.1±0.3 

 
50.0±1.4 
36.9±1.2 
4.7±0.4 
3.3±0.5 
1.0±0.1 
5.8±0.5 
5.4±0.5 
0.4±0.1 
2.4±0.1 
0.4±0.1 
0.5±0.1 
1.5±0.1 

 
53.2±2.1 
39.6±2.3 
3.7±0.3 
2.5±0.2 
0.9±0.2 
6.1±0.2 
5.7±0.2 
0.4±0.1 
2.0±01 
0.4±0.1 
0.3±0.1 
1.4±0.1 

 
44.7±1.1 
33.6±1.1 
5.6±0.3 
4.3±0.5 
0.9±0.1 
7.7±0.2 
7.3±0.1 
0.4±0.1 
2.7±0.1 
0.4±0.1 
0.4±0.1 
1.7±0.1 

Ketones (4 compounds) 
1-hydroxy-2-propanone 

11.8±0.3 
7.9±0.3 

10.7±0.5 
7.3±0.5 

3.7±0.1 
1.9±0.1 

3.8±0.3 
2.1±0.2 

4.3±0.3 
2.5±0.3 
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Table VI.1. continued 

Major constituents in bio-oil  

TIC area (%) 

Raw 
Water– 
leached 

HCl– 
leached 

H2SO4– 
leached 

CA–
leached 

3-methyl-2-cyclopenten-1-one 
3-methyl-1,2-cyclopentanedione 
Alcohols (4 compounds) 
2-(2-furyl)-2-methoxyethanol 
2-hydroxyethyl acetate 
Phenols (4 compounds) 
phenol 
4-methylphenol 
4-ethylphenol 
1,2-benzenediol 
Acetals (2 compounds) 
hexanal dimethyl acetal 
 
Sugar cane bagasse (SCB) 
Sugars (6 compounds) 
levoglucosan 
Aldehydes (3 compounds) 
2-hydroxyacetaldehyde 
furfural 
Carboxylic acids (2 compounds) 
acetic acid 
propanoic acid 

0.7±0.1 
2.5±0.1 
4.5±0.4 
1.4±0.3 
1.3±0.1 

7.6±0.5 
1.8±0.1 
2.0±0.2 
3.0±0.4 
1.7±0.1 
0.3±0.1 
0.3±0.1 

 
 

10.5±0.3 
8.5±0.2 
3.5±0.2 
3.3±0.2 

- 
15.3±0.6 
14.7±0.6 

0.5±0.1 

0.6±0.1 
2.0±0.1 
5.0±0.3 
1.8±0.2 
1.4±0.1 
7.5±0.4 
1.4±0.1 
1.3±0.1 
3.5±0.3 
1.3±0.1 
0.2±0.1 
0.2±0.1 

 
 

17.2±0.8 
14.6±0.8 
6.2±1.3 
4.8±1.3 
1.1±0.1 

12.6±0.4 
12.1±0.4 

0.5±0.1 

0.2±0.1 
1.1±0.1 
4.8±0.1 
3.4±0.1 
0.6±0.1 
4.7±0.1 
0.9±0.1 
1.3±0.1 
2.2±0.1 
0.3±0.1 
0.2±0.1 
0.2±0.1 

 
 

49.1±2.2 
36.8±2.1 
4.5±0.6 
3.2±0.5 
0.9±0.2 
6.9±0.2 
6.5±0.2 
0.4±0.1 

0.2±0.1 
1.0±0.1 
4.1±0.1 
2.9±0.1 
0.5±0.1 
4.9±0.2 
0.9±0.1 
1.3±0.1 
2.3±0.1 
0.4±0.1 
0.1±0.1 

- 
 
 

58.9±0.7 
41.6±0.2 
3.5±0.2 
2.5±0.1 
0.7±0.1 
5.8±0.3 
5.5±0.3 
0.3±0.1 

0.2±0.1 
1.1±0.1 
5.4±0.1 
3.3±0.1 
1.0±0.1 
4.0±0.3 
0.8±0.1 
1.2±0.1 
2.0±0.3 
0.1±0.1 
0.3±0.1 
 0.2±0.1 

 
 

47.7±2.2 
33.2±2.1 
3.6±0.5 
2.4±0.4 
0.9±0.2 
8.6±0.5 
8.3±0.5 
0.3±0.1 
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Table VI.1. continued 

Major constituents in bio-oil  

TIC area (%) 

Raw 
Water– 
leached 

HCl– 
leached 

H2SO4– 
leached 

CA–
leached 

Furans (5 compounds) 
2,5-dimethoxytetrahydrofuran 
2-(5H)-furanone 
2,3-dihydrobenzofuran 
Ketones (4 compounds) 
1-hydroxy-2-propanone 
3-methyl-2-cyclopenten-1-one 
3-methyl-1,2-cyclopentanedione 
Alcohols (4 compounds) 
2-(2-furyl)-2-methoxyethanol 
2-hydroxyethyl acetate 
Phenols (4 compounds) 
phenol 
4-methylphenol 
4-ethylphenol 
1,2-benzenediol 
Acetals (2 compounds) 
hexanal dimethyl acetal 

12.5±0.2 
2.4±0.1 
0.3±0.2 
3.4±0.1 

  9.1±0.5 
 6.2±0.5 
0.6±0.1 
1.9±0.2 
4.4±0.4 
2.7±0.2 
0.9±0.2 

  8.1±0.5 
1.6±0.1 
1.2±0.1 
4.6±0.1 
0.7±0.4 
0.9±0.2 
0.8±0.2 

5.4±0.2 
1.7±0.3 
0.6±0.1 
2.8±0.1 

  6.7±0.2 
4.5±0.2 
0.4±0.1 
1.2±0.1 
5.7±0.2 
3.1±0.1 
1.4±0.2 

  7.1±0.7 
1.1±0.2 
1.4±0.1 
4.1±0.6 
0.4±0.1 
1.0±0.3 

  1.0±0.2 

  3.1±0.1 
  0.7±0.1 
  0.1±0.1 
  2.1±0.1 
  3.0±0.3 
  1.8±0.3 
  0.2±0.1 
  0.8±0.1 
  4.8±0.2 
  3.5±0.2 
  0.6±0.1 
  5.7±0.5 
  0.8±0.1 
  1.6±0.2 
  3.1±0.4 
  0.1±0.1 
0.9±0.1 
0.9±0.2 

2.8±0.1 
  0.5±0.1 
  0.2±0.1 
  2.0±0.1 
  1.8±0.1 
  0.9±0.1 
  0.1±0.1 
  0.6±0.1 
  4.3±0.3 
  3.2±0.3 
  0.5±0.1 
  4.7±0.2 
  0.7±0.1 
  1.3±0.1 
  2.7±0.2 
  0.1±0.1 
0.4±0.1 
0.4±0.1 

  3.0±0.1 
  0.6±0.1 
  0.2±0.1 
  2.1±0.3 
  2.9±0.4 
  1.5±0.3 
  0.2±0.1 
  0.8±0.1 
  5.1±0.2 
  3.4±0.1 
  1.0±0.1 
  5.7±0.6 
  0.9±0.2 
  1.7±0.3 
  3.1±0.4 
  0.1±0.1 
0.5±0.1 
0.5±0.1 
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APPENDIX VII – NCGS PRODUCED BY FAST PYROLYSIS RING THE PRETREATMENT IN A LAB-SCALE STIRRED BED REACTOR 

 

Table VII.1. Effect of leaching (25 °C and 1 h) solutions used during the pretreatment of sugar cane residues on NCGs produced (g·kg-1) by 

fast pyrolysis (500 °C). 

NCGs constituent Raw Water–leached HCl–leached H2SO4–leached CA–leached 

Sugar cane trash (SCT) 
H2 
CO 
CO2 
CH4 
C2H4 
C2H6 
C3H6/C3H8 

 
Sugar cane bagasse (SCB) 

H2 
CO 
CO2 
CH4 
C2H4 
C2H6 
C3H6/C3H8 

 
 0.8±0.1 

354.7±1.4 
572.4±1.9 
59.9±0.1 
  6.9±0.2 
  2.6±0.1 
  2.7±0.3 

 
 
    1.3±0.1 
413.8±0.3 
515.0±0.3 
43.7±0.1 
12.9±0.1 
  5.6±0.1 
10.0±0.2 

 
    0.1±0.1 
399.6±1.8 
533.5±2.3 
 49.7±0.3 
 10.4±0.2 
   1.6±0.1 
   5.0±0.5 
 
 
    1.0±0.1 
448.1±1.3 
466.1±1.1 
  55.2±0.2 
  15.0±0.1 
    3.8±0.1 
  10.9±0.1 

 
    1.0±0.1 
478.3±0.7 
430.0±0.2 
  47.7±0.2 
  18.2±0.1 
    2.4±0.1 
  22.4±1.1 
 
 
    1.3±0.1 
500.2±2.5 
399.0±4.9 
  76.3±1.7 
  16.3±0.2 
    0.9±0.1 
    6.0±0.4 

 
- 

459.0±2.3 
500.2±5.6 
  56.3±0.3 
  10.6±0.3 
    0.3±0.1 

- 
 
 

- 
467.8±0.9 
475.5±2.3 
  45.7±1.2 
  10.4±0.2 
    0.6±0.1 

- 

 
    0.7±0.1 
481.8±0.3 
434.8±0.9 
  49.4±0.1 
  17.1±0.1 
    2.1±0.1 
    7.5±0.1 
 
 

- 
458.3±0.2 
498.3±0.8 
  34.5±0.8 
    8.9±0.1 

- 
- 
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CHAPTER 5 

 
APPENDIX VIII- RELATIVE PEAK AREA (IN %)-IN PY-GC/MS AT 500 °C OF RAW OR PRETREATED BIOMASS (25 °C AND 1 H) 

Table VIII.1. Relative peak area (in %)-in py-GC/MS at 500 °C of raw or pretreated (25 °C and 1 h) sugar cane trash (SCT). 

  

Raw 
SCT 

Acid concentration in pretreatment (kgdm−3) 

  Citric acid H2SO4 

Id# Compound name 0.096 0.144 0.192  0.251 0.376 0.501 

1 carbon dioxide 12.40±0.80 10.33±1.08 8.61±0.24 9.94±0.17 8.92±1.04 8.40±0.52 7.92±0.55 

2 acetaldehyde 1.66±0.09 0.76±0.17 0.79±0.12 1.02±0.11 0.39±0.04 0.94±0.14 0.61±0.10 

3 methanol 1.49±0.09 - - - - - - 

4 2-propenal 0.40±0.08 0.23±0.08 0.22±0.05 0.25±0.01 0.05±0.06 0.26±0.02 0.18±0.04 

5 2-propanone/acetone 0.58±0.06 0.25±0.06 0.24±0.06 0.26±0.02 0.15±0.01 0.26±0.03 0.23±0.04 

6 2-methylfuran 0.16±0.01 0.14±0.03 0.13±0.02 0.14±0.02 0.09±0.01 0.16±0.01 0.14±0.02 

7 2,3-butanedione 1.34±0.10 0.87±0.19 0.82±0.11 1.01±0.03 0.44±0.04 0.81±0.06 0.63±0.02 

8 propanoic acid 0.53±0.06 0.12±0.06 0.12±0.05 0.16±0.01 0.03±0.01 0.11±0.01 0.06±0.01 

9 2-hydroxyacetaldehyde 3.69±0.79 0.57±0.06 0.59±0.07 0.64±0.09 0.30±0.07 0.54±0.03 0.34±0.02 

10 acetic acid 4.49±0.24 3.41±0.94 3.62±0.36 4.30±0.33 1.93±0.16 3.40±0.11 2.36±0.32 

11 1-hydroxy-2-propanone 5.11±0.34 2.02±0.24 1.75±0.43 2.65±0.11 0.77±0.08 1.68±0.23 1.27±0.19 

12 1,3-propanediol 0.08±0.01 0.11±0.03 0.14±0.01 0.15±0.01 0.07±0.01 0.11± 0.02 0.09±0.02 

13 2-hydroxyethyl acetate 1.89±0.03 1.89±0.25 1.88±0.02 2.11±0.03 0.90±0.04 1.54±0.03 0.96±0.07 

14 2(5H)-furanone 0.16±0.01 0.07±0.02 0.07±0.00 0.11±0.01 0.03±0.01 0.07±0.00 0.04±0.01 
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Table VIII.1. continued 

  
Raw 
SCT 

Acid concentration in pretreatment (kgdm−3) 

  Citric acid H2SO4 

Id# Compound name 0.096 0.144 0.192  0.251 0.376 0.501 

15 2-furaldehyde/furfural 2.10±0.11 1.71±0.00 1.75±0.01 1.84±0.15 1.37±0.06 1.81±0.05 1.56±0.09 

16 ethylene glycol diacetate 0.88±0.06 0.87±0.07 0.82±0.12 0.97±0.01 0.45±0.01 0.78±0.06 0.73±0.02 

17 2-methyl-2-cyclopenten-1-one 0.25±0.04 0.04±0.01 0.04±0.01 0.06±0.01 0.02±0.01 0.04±0.01 0.03±0.01 

18 2(5H)-furanone 1.03±0.03 0.57±0.05 0.56±0.01 0.74±0.03 0.27±0.01 0.49±0.03 0.36±0.03 

19 3-methyl-1,2-cyclopentanedione 1.23±0.04 0.58±0.01 0.56±0.04 0.73±0.01 0.36±0.01 0.49±0.02 0.45±0.07 

20 phenol 1.24±0.05 0.45±0.01 0.47±0.00 0.52±0.01 0.38±0.01 0.46±0.02 0.45±0.04 

21 2-methoxyphenol/guaiacol 1.11±0.01 1.13±0.06 1.38±0.09 1.08±0.02 1.25±0.20 1.31±0.08 1.17±0.15 

22 4-methylphenol/p-cresol 0.52±0.02 0.52±0.06 0.54±0.02 0.56±0.03 0.49±0.01 0.52±0.03 0.49±0.07 

23 2-methoxy-4-methylphenol 0.35±0.01 0.56±0.03 0.58±0.02 0.56±0.06 0.63±0.01 0.60±0.01 0.55±0.05 

24 4-ethylphenol 0.47±0.04 0.20±0.03 0.20±0.01 0.22±0.02 0.22±0.02 0.21±0.02 0.21±0.02 

25 1,4:3,6-dianhydro-α-D-glucopyranose 0.39±0.02 0.34±0.03 0.35±0.01 0.35±0.02 0.36±0.02 0.35±0.01 0.40±0.06 

26 2,3-dihydrobenzofuran 4.53±0.28 4.88±0.42 4.47±0.30 4.51±0.25 4.99±0.31 4.15±0.04 3.89±0.01 

27 4-vinylguaiacol 2.82±0.14 3.36±0.53 3.13±0.23 3.05±0.16 3.54±0.13 2.91±0.01 2.63±0.07 

28 eugenol 0.11±0.01 0.16±0.01 0.14±0.01 0.15±0.02 0.13±0.03 0.13±0.01 0.11±0.01 

29 2,6-dimethoxyphenol/syringol 0.71±0.04 0.42±0.05 0.39±0.01 0.41±0.02 0.47±0.03 0.39±0.01 0.39±0.01 

30 unidentified sugar 0.79±0.02 4.52±0.55 4.28±0.18 3.86±0.10 7.90±0.58 5.88±0.06 8.63±0.40 

31 isoeugenol 0.42±0.01 0.89±0.08 0.87±0.01 0.84±0.04 0.68±0.39 0.38±0.02 0.27±0.01 

32 4-methylsyringol 0.21±0.01 0.38±0.05 0.42±0.03 0.37±0.05 0.57±0.04 0.51±0.01 0.48±0.02 
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Table VIII.1. continued 

  
Raw 
SCT 

Acid concentration in pretreatment (kgdm−3) 

  Citric acid H2SO4 

Id# Compound name 0.096 0.144 0.192  0.251 0.376 0.501 

33 2-methoxy-4-formylphenol/vanillin 0.46±0.08 0.29±0.05 0.24±0.01 0.27±0.01 0.25±0.03 0.22±0.01 0.15±0.02 

34 2,6-dimethoxy-4-(2-propenyl)-phenol 0.22±0.01 0.19±0.02 0.18±0.01 0.18±0.01 0.18±0.01 0.18±0.01 0.15±0.01 

35 1,6-anhydro-β-D-glucopyranose  2.07±0.26 21.30±0.55 22.10±0.52 17.58±0.53 29.32±0.29 24.16±0.47 30.19±0.34 

36 2,6-dimethoxy-4-(2-propenyl)-phenol 0.45±0.02 0.58±0.05 0.60±0.02 0.53±0.01 0.68±0.02 0.59±0.05 0.54±0.06 
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Table VIII.2. Relative peak area (in %)-in py-GC/MS at 500 °C of raw or pretreated (25 °C and 1 h) sugar cane bagasse (SCB). 

  
Raw 
SCB 

Acid concentration in pretreatment (kgdm−3) 

  Citric acid H2SO4 

Id# Compound name 0.096 0.144 0.192 0.251 0.376 0.501 

1 carbon dioxide 9.16 ± 0.54 7.32 ± 0.8 6.65 ± 0.1 6.99 ± 0.7 6.61 ± 0.9 6.75 ± 0.12 6.33 ± 0.9 

2 acetaldehyde 0.96 ± 0.09 0.73 ± 0.06 0.59 ± 0.02 0.69 ± 0.23 0.59 ± 0.08 0.60 ± 0.01 0.72 ± 0.20 

3 methanol 0.98 ± 0.07 - - - - - - 

4 2-propenal 0.24 ± 0.05 0.26 ± 0.03 0.23 ± 0.01 0.25 ± 0.06 0.21 ± 0.04 0.22 ± 0.02 0.24 ± 0.04 

5 2-propanone/acetone 0.25 ± 0.01 0.23 ± 0.01 0.22 ± 0.01 0.24 ± 0.03 0.19 ± 0.03 0.21 ± 0.01 0.23 ± 0.01 

6 2-methylfuran 0.09 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.12 ± 0.03 0.13 ± 0.03 0.13 ± 0.01 0.15 ± 0.01 

7 2,3-butanedione 0.83 ± 0.07 0.36 ± 0.10 0.60 ± 0.03 0.69 ± 0.11 0.27 ± 0.38 0.51 ± 0.01 0.55 ± 0.13 

8 propanoic acid 0.40 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.05 ± 0.02 

9 2-hydroxyacetaldehyde 5.27 ± 0.63 0.29 ± 0.05 0.24 ± 0.01 0.33 ± 0.05 0.23 ± 0.04 0.19 ± 0.01 0.19 ± 0.05 

10 acetic acid 4.86 ± 0.35 3.56 ± 0.35 3.99 ± 0.41 3.58 ± 0.34 2.99 ± 0.10 3.51 ± 0.11 2.80 ± 0.08 

11 1-hydroxy-2-propanone 4.59 ± 0.50 1.52 ± 0.46 1.17 ± 0.06 1.56 ± 0.05 1.00 ± 0.06 0.90 ± 0.01 1.24 ± 0.05 

12 1,3-propanediol 0.21 ± 0.02 0.11 ± 0.02 0.09 ± 0.01 0.10 ± 0.01 0.09 ± 0.04 0.09 ± 0.01 0.10 ± 0.02 

13 2-hydroxyethyl acetate  2.80 ± 0.05 1.86 ± 0.02 1.65 ± 0.06 1.96 ± 0.44 1.41 ± 0.10 1.26 ± 0.02 1.05 ± 0.09 

14 2(5H)-furanone 0.16 ± 0.01 0.54 ± 0.01 0.56 ± 0.03 0.05 ± 0.01 0.07 ± 0.03 0.04 ± 0.01 0.04 ± 0.01 

15 2-furaldehyde/furfural 1.80 ± 0.10 1.41 ± 0.11 1.37 ± 0.11 1.36 ± 0.17 1.18 ± 0.02 1.24 ± 0.01 1.47 ± 0.16 

16 ethylene glycol diacetate 0.72 ± 0.05 0.48 ± 0.03 0.50 ± 0.06 0.50 ± 0.06 0.44 ± 0.03 0.50 ± 0.01 0.55 ± 0.01 

17 2-methyl-2-cyclopenten-1-one 0.09 ± 0.01 0.04 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.08 ± 0.07 
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Table VIII.2. continued 

  
Raw 
SCB 

Acid concentration in pretreatment (kgdm−3) 

  Citric acid H2SO4 

Id# Compound name 0.096 0.144 0.192 0.251 0.376 0.501 

18 2(5H)-furanone 1.25 ± 0.13 0.38 ± 0.03 0.33 ± 0.04 0.34 ± 0.01 0.29 ± 0.02 0.33 ± 0.01 0.32 ± 0.01 

19 3-methyl-1,2-cyclopentanedione 1.33 ± 0.31 0.64 ± 0.26 0.46 ± 0.08 0.66 ± 0.10 0.38 ± 0.05 0.36 ± 0.01 0.48 ± 0.09 

20 phenol 0.71 ± 0.09 0.17 ± 0.23 0.36 ± 0.03 0.33 ± 0.09 0.35 ± 0.01 0.38 ± 0.01 0.44 ± 0.10 

21 2-methoxyphenol/guaiacol 1.05 ± 0.07 0.95 ± 0.03 0.95 ± 0.05 0.76 ± 0.11 0.90 ± 0.12 1.04 ± 0.01 0.92 ± 0.16 

22 4-methylphenol/p-cresol 0.49 ± 0.06 0.49 ± 0.07 0.45 ± 0.03 0.39 ± 0.05 0.44 ± 0.01 0.26 ± 0.16 0.52 ± 0.12 

23 2-methoxy-4-methylphenol 0.42 ± 0.04 0.69 ± 0.10 0.55 ± 0.07 0.46 ± 0.08 0.50 ± 0.01 0.67 ± 0.01 0.63 ± 0.08 

24 4-ethylphenol 0.23 ± 0.03 0.21 ± 0.03 0.19 ± 0.01 0.19 ± 0.03 0.19 ± 0.01 0.21 ± 0.01 0.25 ± 0.06 

25 1,4:3,6-dianhydro-α-D-glucopyranose 0.40 ± 0.05 0.39 ± 0.08 0.40 ± 0.03 0.36 ± 0.03 0.36 ± 0.06 0.39 ± 0.01 0.45 ± 0.09 

26 2,3-dihydrobenzofuran 6.67 ± 0.63 4.08 ± 0.19 4.26 ± 0.04 5.23 ± 0.16 4.32 ± 0.20 3.94 ± 0.04 4.54 ± 0.30 

27 4-vinylguaiacol 2.61 ± 0.17 4.14 ± 0.50 1.97 ± 0.05 1.49 ± 0.02 5.73 ± 0.44 5.91 ± 0.04 6.15 ± 0.04 

28 eugenol 0.18 ± 0.01 0.18 ± 0.01 0.15 ± 0.01 0.14 ± 0.02 0.11 ± 0.01 0.13 ± 0.00 0.11 ± 0.01 

29 2,6-dimethoxyphenol/syringol 1.27 ± 0.07 0.70 ± 0.08 0.59 ± 0.01 0.59 ± 0.13 0.59 ± 0.03 0.60 ± 0.02 0.65 ± 0.05 

30 unidentified sugar 0.67 ± 0.58 5.23 ± 0.04 5.58 ± 0.03 5.71 ± 0.90 6.28 ± 0.60 7.45 ± 0.09 7.77 ± 0.40 

31 isoeugenol 0.54 ± 0.04 2.99 ± 0.70 0.34 ± 0.03 0.31 ± 0.07 0.23 ± 0.01 0.14 ± 0.10 - 

32 4-methylsyringol 0.59 ± 0.03 0.87 ± 0.07 0.75 ± 0.01 0.71 ± 0.09 0.77 ± 0.07 0.74 ± 0.03 0.82 ± 0.08 

33 2-methoxy-4-formylphenol/vanillin 0.36 ± 0.03 0.23 ± 0.01 0.20 ± 0.01 0.19 ± 0.01 0.17 ± 0.01 0.21 ± 0.01 0.17 ± 0.01 

34 2,6-dimethoxy-4-(2-propenyl)-phenol 0.41 ± 0.03 0.32 ± 0.02 0.26 ± 0.01 0.27 ± 0.01 0.24 ± 0.02 0.23 ± 0.01 0.24 ± 0.01 

35 1,6-anhydro- β-D-glucopyranose 5.42 ± 0.17 28.02 ± 0.89 29.04 ± 0.50 28.40 ± 1.96 32.25 ± 1.54 30.38 ± 0.30 30.14 ± 0.72 

36 2,6-dimethoxy-4-(2-propenyl)-phenol 0.99 ± 0.05 0.91 ± 0.00 0.84 ± 0.08 0.83 ± 0.12 0.74 ± 0.07 0.76 ± 0.02 0.74 ± 0.04 
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APPENDIX IX- TYPICAL CHROMATOGRAMS RESULTING FROM THE PY-
GC/MS AT 500 °C OF SUGAR CANE RESIDUES 

 

Fig. IX.1. Typical chromatograms resulting from the Py-GC/MS at 500 °C of 

SCT. Total pyrolysis area, in TIC peak area units (AU) per sample mass, is 

given. Peak identification in Table 5.3. 
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Fig. IX.2. Typical chromatograms resulting from the Py-GC/MS at 500 °C of 

SCB. Total pyrolysis area, in TIC peak area units (AU) per sample mass, is 

given. Peak identification in Table 5.3. 
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CHAPTER 6 

 

APPENDIX X- RELATIVE PEAK AREA (IN %)-IN PY-GC/MS AT 500 °C OF RAW OR PRETREATED BIOMASS (25 C AND 1 H) 

 

Table X.1. Compounds identified and relative abundance (in %) by Py-GC/MS from raw and CA–leached SCT and SCB. Pretreated 

biomasses obtained in a scale of 10 dm3 after 1 h at 25 °C. 

Id# Compound name 
Raw  
SCT 

CA–leached 
SCT 

Raw SCB 
CA–leached 

SCB 

1 carbon dioxide 12.35±0.79 10.38±1.85 9.43±0.81 6.69±1.00 

2 acetaldehyde 1.65±0.09 0.44±0.09 1.01±0.01 0.42±0.07 

3 methanol 1.48±0.09 - 1.02±0.03 - 

4 2-propenal 0.39±0.08 0.15±0.04 0.27±0.03 0.16±0.01 

5 2-propanone/acetone 0.58±0.06 0.17±0.03 0.26±0.01 0.16±0.01 

6 2-methylfuran 0.16±0.01 0.12±0.02 0.09±0.01 0.12±0.01 

7 2,3-butanedione 1.33±0.10 0.59±0.07 0.82±0.09 0.36±0.06 

8 propanoic acid 0.53±0.07 - 0.42±0.01 0.01±0.01 

9 2-hydroxyacetaldehyde 3.67±0.79 0.54±0.04 5.58±0.48 0.20±0.04 

10 acetic acid 4.47±0.24 2.81±0.94 4.94±0.46 3.80±0.11 

11 1-hydroxy-2-propanone 5.09±0.33 0.84±0.13 4.31±0.17 1.09±0.23 

12 1,3-propanediol 0.08±0.01 0.14±0.02 0.22±0.01 0.07±0.03 
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Table X.1. continued 

Id# Compound name 
Raw  
SCT 

CA–leached 
SCT 

Raw SCB 
CA–leached 

SCB 

13 2-hydroxyethyl acetate 1.88±0.04 1.32±0.55 2.77±0.03 1.29±0.43 

14 2(5H)-furanone 0.16±0.01 0.13±0.02 0.16±0.01 0.41±0.10 

15 2-furaldehyde/furfural 2.09±0.11 1.44±0.24 1.77±0.11 1.26±0.10 

16 ethylene glycol diacetate 0.87±0.06 0.32±0.09 0.70±0.01 0.15±0.04 

17 2-methyl-2-cyclopenten-1-one 0.25±0.04 0.85±0.23 0.08±0.01 0.45±0.09 

18 2(5H)-furanone 1.03±0.03 0.23±0.09 1.19±0.12 0.14±0.01 

19 3-methyl-1,2-cyclopentanedione 1.22±0.04 - 1.17±0.23 2.53±0.09 

20 phenol 1.23±0.04 0.33±0.07 0.66±0.07 0.25±0.03 

21 2-methoxyphenol/guaiacol 1.11±0.01 1.15±0.23 1.01±0.01 0.86±0.03 

22 4-methylphenol/p-cresol 0.51±0.02 0.44±0.05 0.46±0.05 0.43±0.09 

23 2-methoxy-4-methylphenol 0.34±0.01 0.49±0.04 0.40±0.01 0.60±0.08 

24 4-ethylphenol 0.47±0.04 0.14±0.04 0.21±0.01 0.15±0.03 

25 1,4:3,6-dianhydro-α-D-glucopyranose 0.39±0.02 - 0.37±0.04 - 

26 2,3 dihydrobenzofuran (coumaran) 4.51±0.28 5.04±0.60 6.78±0.84 5.79±0.37 

27 4-vinylguaiacol 2.80±0.14 4.11±0.55 2.60±0.24 - 

28 eugenol 0.11±0.01 - 0.17±0.01 - 

29 2,6-dimethoxyphenol/syringol 0.71±0.04 0.31±0.05 1.26±0.08 0.59±0.04 

30 unidentified sugar 0.79±0.02 4.91±0.55 1.00±0.06 5.59±0.06 
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Table X.1. continued 

Id# Compound name 
Raw  
SCT 

CA–leached 
SCT 

Raw SCB 
CA–leached 

SCB 

31 isoeugenol 0.42±0.01 - 0.54±0.06 - 

32 1,2,4-trimethoxybenzene 0.20±0.01 0.35±0.08 0.58±0.03 0.84±0.11 

33 2-methoxy-4-formylphenol/vanillin 0.46±0.08 0.17±0.03 0.37±0.05 0.17±0.01 

34 2,6-dimethoxy-4-(2-propenyl)-phenol 0.22±0.01 0.10±0.02 0.40±0.01 0.17±0.04 

35 1,6-anhydro-β-D-glucopyranose  1.94±0.23 29.94±0.55 5.46±0.17 32.80±1.77 

36 2,6-dimethoxy-4-(2-propenyl)-phenol 0.44±0.02 0.66±0.25 0.98±0.06 0.99±0.07 

37 unidentified sugar - 0.64±0.16 - 2.16±0.20 
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Table X.2. Relative abundance (in %) of identified compounds by GC/MS of bio-oils from pyrolysis at 500 °C of raw and CA–leached SCT 

and SCB. 

Id# Compound name 
Raw 

SCT (OP) 
Raw 

SCT (AP) 

CA–
leached 

SCT 

Raw 
SCB 

CA–leached 
SCB 

1 1,1-dimetoxypropane - - 0.3±0.1 0.2±0.1 0.2±0.1 

2 2-hydroxyacetaldehyde  0.6±0.0 2.3±1.2 5.7±1.3 3.1±1.8 1.7±0.1 

3 acetic acid 4.5±0.1 12.0±0.6 9.8±2.2 6.7±0.1 4.9±0.1 

4 2-methoxytetrahydrofuran 0.1±0.1 - 0.2±0.1 2.7±0.1 0.6±0.1 

5 1-hydroxy-2-propanone  3.0±0.1 10.5±0.5 3.8±0.9 0.2±0.1 0.1±0.1 

6 propanoic acid - 0.5±0.1 1.3±0.3 0.8±0.1 0.5±0.1 

7 ethylene glycol - 0.7±0.0 0.3±0.1 0.4±0.1 0.1±0.1 

8 2-hydroxyethyl acetate - 0.7±0.1 1.2±0.3 0.9±0.1 0.6±0.1 

9 2,5-dimethoxytetrahydrofuran - - 0.3±0.1 3.8±0.1 1.2±0.1 

10 2,5-dimethoxytetrahydrofuran - - 0.3±0.1 - - 

11 2-furaldehyde/furfural 2.0±0.1 1.3±0.1 1.5±0.4 0.5±0.1 0.5±0.1 

12 2-methyl-2-cyclopenten-1-one 0.6±0.1 0.3±0.1 - - - 

13 2-(2-furyl)-2-methoxyethanol 0.1±0.1 - 4.7±1.2 1.3±0.1 1.8±0.1 

14 3-methyl-2-cyclopenten-1-one - 0.2±0.1 0.3±0.1 - - 

15 butyrolactone 0.4±0.1 0.5±0.1 - - - 

16 2(5H)-furanone 0.1±0.1 0.1±0.1 0.4±0.1 0.3±0.1 0.1±0.1 

17 3-methyl-1,2-cyclopententadione 1.3±0.1 0.8±0.1 1.0±0.1 0.5±0.1 0.3±0.1 



Appendix X          

 

 

264 

Table X.2. continued 

Id# Compound name 
Raw 

SCT (OP) 
Raw 

SCT (AP) 

CA–
leached 

SCT 

Raw 
SCB 

CA–leached 
SCB 

18 phenol 2.1±0.1 0.7±0.1 1.0±0.3 0.5±0.1 0.4±0.1 

19 hexanal dimethyl acetal  - - 0.1±0.1 - - 

20 4-methylphenol  1.2±0.1 0.2±0.1 1.6±0.4 0.5±0.1 0.7±0.1 

21 3-methylphenol  0.5±0.1 - - - - 

22 4-methyl-5H-furan-2-one - 0.1±0.1 0.4±0.1 - - 

23 2-ethylphenol 0.3±0.1 - - - 0.3±0.1 

24 4-ethylphenol 3.0±0.1 0.4±0.1 2.3±0.6 1.0±0.1 1.1±0.1 

25 1,4:3,6-dianhydro-α-D-glucopyranose - 0.3±0.1 0.6±0.2 0.2±0.1 0.3±0.1 

26 2,3 dihydrobenzofuran 3.8±0.2 0.6±0.1 4.0±1.0 2.3±0.1 1.7±0.1 

27 unidentified sugar - - 1.2±0.3 0.1±0.1 1.5±0.1 

28 5-(hydroxymethyl)-2-(dimethoxyme) - 0.1±0.1 1.5±0.4 0.1±0.1 1.6±0.1 

29 5-(hydroxymethyl)-2-furaldehyde - - 0.7±0.2 - - 

30 1,2-benzenediol  - - 0.1±0.1 - - 

31 unidentified sugar - 0.0±0.1 1.4±0.4 0.4±0.1 1.5±0.1 

32 sucrose - 0.5±0.3 4.0±1.1 - - 

33 1,6-anhydro-β-D-glucopyranose  0.6±0.1 3.1±0.2 31.2±2.2 3.5±0.4 17.0±0.2 

34 unidentified sugar - - 1.4±0.3 0.1±0.1 1.3±0.1 
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Table X.3. Relative abundance (in %) of identified compounds by GC/MS of aged bio-oils from raw SCB and CA–leached SCT and SCB. 

Id# Compound name 
CA–leached 

SCT 
Raw 
SCB 

CA–leached 
SCB 

1 1,1-dimetoxypropane 0.1±0.1 - - 

2 2-hydroxyacetaldehyde  4.3±0.7 7.2±0.9 2.4±0.3 

3 acetic acid 11.1±0.6 22.4±1.7 14.1±0.5 

4 2-methoxytetrahydrofuran 0.1±0.1 0.2±0.1 - 

5 1-hydroxy-2-propanone  4.3±0.4 10.3±1.8 2.3±0.1 

6 propanoic acid 1.1±0.1 0.8±0.1 0.9±0.1 

7 ethylene glycol 0.2±0.1 0.3±0.1 0.0±0.1 

8 2-hydroxyethyl acetate 0.7±0.1 1.3±0.2 0.6±0.1 

9 2,5-dimethoxytetrahydrofuran 0.1±0.1 0.1±0.1 - 

10 2,5-dimethoxytetrahydrofuran 0.1±0.1 0.1±0.1 - 

11 2-furaldehyde/furfural 2.4±0.5 2.6±1.0 2.9±0.1 

12 2-methyl-2-cyclopenten-1-one 0.2±0.1 - 0.2±0.1 

13 2-(2-furyl)-2-methoxyethanol - - 0.3±0.1 

14 3-methyl-2-cyclopenten-1-one - - - 

15 butyrolactone - 0.8±0.1 - 

16 2(5H)-furanone 0.2±0.1 1.3±0.1 - 

17 3-methyl-1,2-cyclopententadione 0.7±0.1 1.6±0.7 0.5±0.1 

18 phenol 0.8±0.1 - 0.8±0.1 
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Table X.3. continued 

Id# Compound name 
CA–leached 

SCT 
Raw 
SCB 

CA–leached 
SCB 

19 hexanal dimethyl acetal  - 1.6±0.3 - 

20 4-methylphenol  1.3±0.1 - - 

21 3-methylphenol  - 0.3±0.1 0.1±0.1 

22 4-methyl-5H-furan-2-one 0.4±0.1 - - 

23 2-ethylphenol - - 2.1±0.1 

24 4-ethylphenol  1.3±0.4 5.1±0.4 - 

25 1,4:3,6-dianhydro-α-D-glucopyranose 0.6±0.1 0.7±0.1 0.7±0.1 

26 2,3 dihydrobenzofuran 1.3±0.1 1.6±0.2 1.3±0.1 

27 unidentified sugar 0.9±0.1 - 2.4±0.1 

28 5-(hydroxymethyl)-2-(dimethoxyme) 0.5±0.4 0.7±0.2 - 

29 5-(hydroxymethyl)-2-furaldehyde 0.8±0.3 0.7±0.3 0.8±0.1 

30 1,2-benzenediol  0.1±0.1 - - 

31 unidentified sugar 0.7±0.1 - 1.2±0.1 

32 sucrose 0.2±0.1 - 0.5±0.1 

33 1,6-anhydro-β-D-glucopyranose  39.8±2.0 10.4±0.4 47.9±0.7 

34 unidentified sugar 1.7±0.1 0.1±0.1 3.5±0.1 
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CHAPTER 7 

APPENDIX XI- INTERPRETATION OF SYMBOLS. 

Table XI.1. Description of Aspen One v10.0 flowsheet unit. Interpretation of symbols. 

Aspen One 10.0  ID Equipment description Key assumptions 

Drying-leaching 

E-1 dryer- dries biomass to less than 10 kg·kg−1 water mass 
fraction 

SCT (14.1 kg·kg−1), SCB (32.4 kg·kg−1)  

E-2 chopping and cutting mill- particle size reduction to 1-2 mm - 

E-3 screening of biomass - 

E-4 mixer - citric acid is diluted in demineralized water concentration of the solution: 0.096 kg·dm−3 

E-5 mixer - biomass is leached with citric acid to reduce ash 
content 

12 dm3 citric acid solution kg− 1 of biomass 

E-6 drum belt filter - separates the leached biomass from the 
leachate 

11 μm (particle retention), less than 10% w/w of 
water mass fraction 

E-7 mixer rinsing - washes the leached biomass with 
demineralized water to remove acid 

pH of the effluent solution is higher than 6.0 

E-8 drum belt filter - separates the rinsed biomass from the 
leachate 

11μm (particle retention) 

E-9 dryer- dries biomass before pyrolysis water mass fraction bellow 50 g·kg−1 

Pyrolysis 
E-10 biomass conveyor - transport biomass from the hopper to the 

auger reactor 
biomass residence time of ca. 1 s 
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Table XI.1. continued 

Aspen One 10.0  ID Equipment description Key assumptions 

E-11 sand conveyor/heater - transport the heat carrier to the 
auger reactor 

mean diameter: 250 μm; particle density: 2650 
kg·m−3 

E-12 pyrolysis reactor  raw or pretreated biomass are pyrolyzed at 
500 °C and 101.3 kPa pressure  

Condensation and heat recovery 
E-13 combustor- combustion of biomass residue from screening, 

solids residues from filtration, char and non-condensable 
gases from pyrolysis 

operates at 700 °C 

E-14 cyclone- removes char and other particulate matter from 
pyrolysis vapors 

80% cut efficiency at 10 µm  

E-15 electrostatic precipitator- liquid recovery system operating voltage: 15 kV 

E-16 condenser 1- condense the pyrolysis vapors into bio-oils operating temperature (20 °C) and 101.325 kPa 

E-17 3-phase separator- separates the NCGs from the liquid and 
separates the aqueous phase from bio-oil (if phase separation 
occurs) 

operating temperature (20 °C) and 101.325 kPa  
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Table XI.2. Description of Aspen One v10.0 flowsheet unit. Interpretation of streams for raw biomasses. Results from mini-plant experiments. 

N.M: not measured. 

Aspen One 10.0 ID Streams Raw SCT Raw SCB 

A-1 wet biomass  wet biomass: 815.4 gh −1 
water mass fraction: 14.1 wt.% d.b. 

wet-bulb temperature: 27 C 

dry-bulb temperature: 22 C 
pressure: 101.3 kPa 

wet biomass: 786.4 gh −1  
water mass fraction: 32.3 wt.% d.b. 

wet-bulb temperature: 27 C 

dry-bulb temperature: 22 C 
pressure: 101.3 kPa 

A-2 released water mass 
fraction 

released water mass fraction: 6.9 wt.% d.b. released water mass fraction: 25.6 wt.% 
d.b. 

A-3 dryed biomass  water mass fraction: 7.2 wt.% d.b. water mass fraction: 6.7 wt.% d.b. 

A-4 grinded biomass 762.8 gh −1 626.1 gh−1 

A-5 biomass (1-2 mm particle 
size)  
 

yield: 0.39 kgkg−1 (297.5 gh−1) 

temperature: 25 C 
pressure: 101.3 kPa 
volatile matter: 71.8 wt.% d.b. 
fixed carbon: 20.8 wt.% d.b. 
ash: 7.4 wt.% d.b. 
water mass fraction: 3.2 wt.% d.b. 
C: 41.5 wt.% d.b. 
H: 5.1 wt.% d.b. 
N: 0.6 wt.% d.b. 
O: 45.4 wt.% d.b. 

HHV: 16.3 MJkg−1 

K: 7 188 mgkg−1 

Al: 2 030 mgkg−1 

yield: 0.44 kgkg−1 (275.5 gh−1) 

temperature: 25 C 
pressure: 101.3 kPa 
volatile matter: 79.5 wt.% d.b.  
fixed carbon: 18.6 wt.% d.b. 
ash: 1.9 wt.% d.b. 
water mass fraction: 5.1 wt.% d.b. 
C: 46.2 wt.% d.b. 
H: 5.5 wt.% d.b. 
N: 0.3 wt.% d.b. 
O: 46.1 wt.% d.b. 

HHV: 17.1 MJkg−1  

K: 1 249 mgkg−1  

Al: 9 020 mgkg−1 
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Table XI.2. continued 

Aspen One 10.0 ID Streams Raw SCT Raw SCB 

 

 

Fe: 73.1 mgkg−1 

Si: 21 354 mgkg−1 

Mg: 678 mgkg−1 

Na: 215 mgkg−1 

Fe: 312 mgkg−1 

Si: 5 202 mgkg−1 

Mg: 359 mgkg−1 

Na: 191 mgkg−1 
A-6 biomass residue; > 2;  

< 1mm particle size 
yield: 0.61 kgkg−1 yield: 0.56 kgkg−1 

A-7 demineralized water 

(=0.96 kgdm−3) 
- - 

A-8 citric acid, 99% purity - - 
A-9 citric acid leaching 

solution 0.096 kg·dm−3 
- - 

A-10 leached biomass-
leaching solution mixture 

- - 

A-11 leachate from leaching - - 

A-12 wet leached biomass - - 

A-13 solid residue - - 

A-14 demineralized water - - 

A-15 rinsed biomass- demin. 
water mixture 

- - 

A-16 leachate from rinsing - - 

A-17 solid residues - 
 

- 

A-18 wet rinsed biomass - - 
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Table XI.2. continued 

Aspen One 10.0 ID Streams Raw SCT Raw SCB 

A-19 released water mass 
fraction 

- - 

A-20 biomass to pyrolysis flow: 297.5 ± 8.8 gh−1 

temperature: 25 C 
pressure: 101.3 kPa 
bulk density: 0.167 kg·m−3 

volatile matter: 71.8 wt.% d.b. 
fixed carbon: 20.8 wt.% d.b. 
ash: 7.4 wt.% d.b. 
water mass fraction: 3.2 wt.% d.b. 

flow: 275.5 ± 4.9 gh−1 

temperature: 25 C 
pressure: 101.3 kPa 
bulk density: 0.218 kg·m−3  
volatile matter: 79.5 wt.% d.b. 
fixed carbon: 18.6 wt.% d.b. 
ash: 1.9 wt.% d.b. 
water mass fraction: 5.1 wt.% d.b. 

A-21 inert gas (N2), 99.99 % 
purity 

flow: 82.8 ± 8.5 dm3·h−1  

temperature: 500 C 
pressure: 101.3 kPa 

flow:70.7 ± 1.1 dm3·h−1  

temperature: 500 C 
pressure: 101.3 kPa 

A-22 sand flow: 7.8 ± 1.1 kgh−1 
mean diameter: 250 μm  
particle density: 2 650 kg·m−3 
compacted bulk density: 1 660 kg·m−3 

temperature: 500 C 
pressure: 101.3 kPa 

flow: 8.7 ± 2.8 kgh−1 
mean diameter: 250 μm  
particle density: 2 650 kg·m−3 
compacted bulk density: 1 660 kg·m−3 

temperature: 500 C 
pressure: 101.3 kPa 

A-23 pyrolysis gases and 
vapors, char + sand and 
solids carried over 

N.M N.M 

A-24 pyrolysis gases and 
vapors-pyrolysis solids 
carried over 

temperature cooling water: 5 C 
pressure: 101.3 kPa 

temperature cooling water: 5 C 
pressure: 101.3 kPa 
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Table XI.2. continued 

Aspen One 10.0 ID Streams Raw SCT Raw SCB 

A-25 char + sand mixture flow: 7.8 ± 1.1 kgh−1 flow: 8.7 ± 2.8 kgh−1 
A-25-1 char output of the system depends on the energy balance depends on the energy balance 
A-26 solids from ESP N.M N.M 

A-27 pyrolysis gases and 
vapors 

N.M N.M 

A-28 combustion air temperature: 700 C 
pressure: 101.3 kPa  

temperature: 700 C 
pressure: 101.3 kPa  

A-29 ash output of combustor N.M N.M 
A-30 condensed bio-oil - 

NCGs 
N.M N.M 

A-31 non-condensable gases flow: 37.8 ± 4.2 dm3h−1 (51.6 ± 2.5 gh−1)  

H2: 0.3 wt.% 
CH4: 4.0 wt.% 
CO: 36.2 wt.% 
CO2: 55.1 wt.% 
C2H4: 1.6 wt.% 
C2H6: 1.1 wt.% 
C3H6/C3H8: 1.7 wt.% 

flow: 36.6 ± 4.3 dm3h−1 (46.1 ± 1.9gh−1) 

H2: 0.5 wt.% 
CH4: 5.0 wt.% 
CO: 46.9 wt.% 
CO2: 42.8 wt.%  
C2H4: 2.2 wt.% 
C2H6: 0.9 wt.% 
C3H6/C3H8: 1.7 wt.% 

A-32 bio-oil yield: 54.3 ± 0.8 wt.% 

flow: 161.0 ± 7.1 gh−1  

temperature cooling water: 25 C 
pressure: 101.3 kPa 

HHV: 18.2 ± 0.1 MJkg−1 

yield (OP): 33.9 wt.% 
water content: 17.8±0.3 wt.% 

yield: 59.3 ± 0.4 wt.% 

flow: 162.8 ± 3.1 gh−1  

temperature cooling water: 25 C 
pressure: 101.3 kPa 

HHV: 12.0 ± 1.1 MJkg−1 

yield (OP): 38.9 wt.% 
water content: 34.9±1.0 wt.% 
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Table XI.2. continued 

Aspen One 10.0 ID Streams Raw SCT Raw SCB 

  solids: 2.0 ± 0.3 wt.% solids:0.9 ± 0.1 wt.% 
A-33 bio-oil aqueous phase 

(AP) 
flow: 68.1 gh−1 

HHV: 8.6 ± 0.3 MJkg−1 

water content: 59.1 ± 0.7 wt.% 
solids:0.02 ± 0.0 wt.% 

- 
 

A-34 exhaust gases from 
combustor 

N.M N.M 

A-35  sand recycle to pyrolyzer N.M N.M 
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Table XI.3. Description of Aspen One v10.0 flowsheet unit. Interpretation of streams for leached biomasses. Results from mini-plant 

experiments. N.M: not measured. 

Aspen One 10.0 ID Streams Leached SCT Leached SCB 

A-1 wet biomass wet biomass: 879.6 gh −1 
water mass fraction: 14.1 wt.% d.b. 

wet-bulb temperature: 27 C 

dry-bulb temperature: 22 C 
pressure: 101.3  kPa 

wet biomass: 709.6 gh −1 
water mass fraction: 32.5 wt.% d.b. 

wet-bulb temperature: 27 C 

dry-bulb temperature: 22 C 
pressure: 101.3 kPa 

A-2 released water mass 
fraction 

released water mass fraction: 6.9 wt.% d.b. released water mass fraction: 25.6 wt.% 
d.b. 

A-3 dryed biomass water mass fraction: 7.2 wt.% d.b. water mass fraction: 6.7 wt.% d.b. 

A-4 grinded biomass 822.8 gh −1 565 gh−1 

A-5 biomass (1-2 mm particle 
size) 

yield: 0.39 kgkg−1 

flow: 320.8 gh−1 

temperature: 25 C 
pressure: 101.3 kPa 
volatile matter: 71.8 wt.% d.b. 
fixed carbon: 20.8 wt.% d.b. 
ash: 7.4 wt.% d.b. 
water mass fraction: 3.2 wt.% d.b. 
C: 41.5 wt.% d.b. 
H: 5.1 wt.% d.b. 
N: 0.6 wt.% d.b. 
O: 45.4 wt.% d.b. 

yield: 0.44 kgkg−1 

flow: 248.6 gh−1 

temperature: 25 C 
pressure: 101.3 kPa 
volatile matter: 79.5 wt.% d.b. 
fixed carbon: 18.6 wt.% d.b. 
ash: 1.9 wt.% d.b. 
water mass fraction: 5.1 wt.% d.b. 
C: 46.2 wt.% d.b. 
H: 5.5 wt.% d.b. 
N: 0.3 wt.% d.b. 
O: 46.1 wt.% d.b. 
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Table XI.3. continued 

Aspen One 10.0 ID Streams Leached SCT Leached SCB 

 
 

HHV: 16.3 MJkg−1 

K: 7 188 mgkg−1 

HHV: 17.1 MJkg−1 

K: 1 249 mgkg−1 
  

Al: 2 030 mgkg−1 

Fe: 73.1 mgkg−1 

Si: 21 354 mgkg−1 

Mg: 678 mgkg−1 

Na: 215 mgkg−1 

Al: 9 020 mgkg−1 

Fe: 312 mgkg−1 

Si: 5 202 mgkg−1 

Mg: 359 mgkg−1 

Na: 191 mgkg−1 

A-6 biomass residue; > 2; < 
1mm particle size 

yield: 0.61 kgkg−1 yield: 0.56 kgkg−1 

A-7 demineralized water 

(=0.96 gdm−3) 

1 dm3 1 dm3 

A-8 citric acid, 99% purity flow: 0.096 kg·dm−3 flow: 0.096 kg·dm−3 

A-9 citric acid leaching 
solution 0.096 kg·dm−3 

flow: 12 dm3 CA-solutionkg−1 de SCT   

pH: 1.6 
flow: 12 dm3 CA-solutionkg−1 de SCB 
pH: 1.6 

A-10 leached biomass-
leaching solution mixture 

N.M N.M 

A-11 leachate from leaching 9.5 dm3kg−1 leached biomass d.b 7.9 dm3kg−1 

A-12 wet leached biomass 341 gh−1 269 gh−1 

A-13 solid residue 0.002 kgkg−1 leached biomass d.b 0.001kgkg−1 
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Table XI.3. continued 

Aspen One 10.0 ID Streams Leached SCT Leached SCB 

A-14 demineralized water 135 dm3kg−1 72 dm3kg−1 

A-15 rinsed biomass-demin. 
water mixture 

325 gh−1 257 gh−1 

A-16 leachate from rinsing N.M N.M 

A-17 solid residues  0.001 kgkg−1 leached biomass d.b 0.0005 kgkg−1 leached biomass d.b 

A-18 wet rinsed biomass 4 kgkg−1 4.1 kgkg−1 

A-19 released water mass 
fraction  

3.0 kgkg−1 leached biomass d.b 3.1 kgkg−1 leached biomass d.b 

A-28 combustion air temperature: 700 C 

pressure: 101.3 kPa  

temperature: 700 C 

pressure: 101.3 kPa  

A-29 ash output of combustor N.M N.M 

A-30 condensed bio-oil - 
NCGs 

N.M N.M 

A-20 biomass to pyrolysis flow: 266.6 gh−1 
volatile matter: 76.5 ± 0.003 wt.% d.b. 
fixed carbon: 17.7 ± 0.001 wt.% d.b. 
ash: 5.8 ± 0.001 wt.% d.b. 
water mass fraction: 2.7 wt.% d.b. 
pret. yield: 83.1 %  

flow: 210.8 gh−1 
volatile matter: 80.4 ± 0.001 wt.% d.b. 
fixed carbon: 18.5 ± 0.002 wt.% d.b. 
ash: 1.1 ± 0.0003 wt.% d.b. 
water mass fraction: 2.8 wt.% d.b. 
pret. yield: 84.8%  
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Table XI.3. continued 

Aspen One 10.0 ID Streams Leached SCT Leached SCB 

  C: 42.6 wt.% d.b. 
H: 5.7 wt.% d.b. 
N: 0.4 wt.% d.b. 
O: 45.5 wt.% d.b. 

temperature: 25 C 
P: 101.3 kPa 

HHV: 17.2 ± 0.1 MJkg−1 
bulk density: 0.090 kg·m−3 

C: 45.8 wt.% d.b. 
H: 5.9 wt.% d.b. 
N: 0.2 wt.% d.b. 
O: 47.0 wt.% d.b. 

temperature: 25 C 
P: 101.3 kPa 

HHV: 17.8 ± 0.1 MJkg−1 
bulk density: 0.099 kg·m−3 

A-21 inert gas (N2), 99.99 % 
purity 

flow: 72.6 ± 0.8 dm3·h−1  

temperature: 500 C 
pressure: 101.3 kPa 

flow:73.0 ± 1.4 dm3·h−1  

temperature: 500 C 
pressure: 101.3 kPa 

A-22 sand flow: 10.0 ± 0.4 ± kgh−1 
mean diameter: 250 μm  
particle density: 2 650 kg·m−3 
compacted bulk density: 1 660 kg·m−3 

temperature: 500 C 
pressure: 101.3 kPa 

flow: 10.0 ± 0.3 kgh−1 

mean diameter: 250 μm  
particle density: 2 650 kg·m−3 
compacted bulk density: 1 660 kg·m−3 

temperature: 500 C 
pressure: 101.3 kPa 

A-23 pyrolysis gases and 
vapors, char + sand and 
solids carried over 

N.M N.M 

A-24 pyrolysis gases and 
vapours-solids carried 
over 

temperature cooling water: 5 C 
pressure: 101.3 kPa 

temperature cooling water: 5 C 
pressure: 101.3 kPa 

A-25 char + sand mixture flow: 10.1 ± 0.4 kgh−1 flow: 10.1 ± 0.4 kgh−1 
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Table XI.3. continued 

Aspen One 10.0 ID Streams Leached SCT Leached SCB 

A-25-1 char output of the system depends on the energy balance depends on the energy balance 
A-26 solids from ESP N.M N.M 

A-27 pyrolysis gases and 
vapors 

N.M N.M 

A-31 non-condensable gases flow: 25.6 ± 0.8 dm3h−1 (29.8 ± 0.8 gh−1) 
H2: 0.5 wt.% 
CH4: 5.0 wt.% 
CO: 53.9 wt.% 
CO2: 34.7 wt.% 
C2H4: 2.8 wt.% 
C2H6: 0.9 wt.% 
C3H6/C3H8: 2.2 wt.% 

flow: 23.9 ± 0.8 dm3h−1 (27.3 ±  0.9 gh−1) 
H2: 0.7 wt.% 
CH4: 6.0 wt.% 
CO: 53.9 wt.% 
CO2: 34.2 wt.% 
C2H4: 2.2 wt.% 
C2H6: 0.9 wt.% 
C3H6/C3H8: 2.1 wt.% 

A-32 bio-oil  yield: 53.8 ± 2.5 wt.% 

flow: 143.7 ± 16.5 gh−1 

water content: 26.8 ± 2.0 wt.% 

HHV: 12.8 ± 0.1 MJkg−1 

yield (OP): 39.4 wt.% 

yield: 55.2 ± 1.4 wt.% 

flow: 116.6 ± 13.9 gh−1 

water content: 33.5 ± 2.3 wt.% 

HHV: 13.2 ± 0.3 MJkg−1  
yield (OP): 37.6 wt.% 

A-33 bio-oil aqueous phase 
(AP) 

- - 

A-34 exhaust gases from 
combustor 

N.M N.M 

A-35  sand recycle to pyrolyzer N.M N.M 
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APPENDIX XII - ASPEN ONE MODELS DESCRIPTION 

A detailed description on the unit operation models for each process is provided below, along with the FORTRAN subroutines used in each 

case: 

Table XII. Description of models. Pyrolysis plant. 

Drying-Leaching section: Unit Operation Models 

Stages Aspen Blocks/IDs Description 

Drying 
RStoic/E-1-1 
Flash2/E-1-2 

Calculator/MC 

- FORTRAN calculator (see Appendix XIII) is used to relate conversion 
to the moisture removal 

- Flash2 estimates equilibrium separation of phases at adiabatic and 
isobaric conditions. 

Grinding/screening 
Crusher/E-2 
Screen/E-3 

- Gyratory crusher with 2.5 mm max. particles size and 1.5 ratio of cut-
off size to solids outlet diameter. 

- Screen with an ideal function and 0.9 mm cut size. 

Leaching Mixer/E-4, E-5 

- E-4 is a tank for preparing the acid solution at 0.096 kgdm−3. First 
the solution volume is fixed in order to keep solution/solids ratio at 
12. After that, acid flux is adjusted to obtain the specified 
concentration. 

- E-5 this is an adiabatic mixer for simulating the mixing during 
leaching. No chemical reactions or other specific operations were 
added.  

Filtering of leached 
biomass 

Filter/E-6 
- CfFilter model, solid separator with a fraction of liquid to liquid outlet 

of 0.98. Pressure drop was neglected. 
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Table XII. continued 

Pyrolysis and condensation-heat recovery section: Unit Operation Models 

Stages 
Aspen 

Blocks/IDs 
Description 

Rinsing Mixer/E-7 
- E-7 is a mixer to model the rinsing of the leached biomass. Here the 

water flux is fixed by a design specification for pH of the outlet solution 
(pH > 6.0). 

Filtering of biomass Filter/E-8 
- CfFilter model, solid separator with a fraction of liquid to liquid outlet of 

0.98. Pressure drop was neglected. 

Pyrolysis 

RYield/E-12-1 
RYield/E-12-2 

Calculator/E-12-0 
Separator/E-12-3 

 

- RYield (E-12-1) is a reactor based on yield values. This was used to 
convert non-conventional biomass into its conventional constituents 
(ultimate analysis). A FORTRAN code (E-12-0) was used here (see 
Appendix XIII). 

- RYield (E-12-2) is a reactor based on yield values for all the 
components in the bio-oil, permanent gases and solids (ash and char). 
The char is modeled as carbon, for which the heat of combustion was 

modified as 25 MJkg−1 (Chen et al., 2017). Composition in the exit 
streams (A-32 for bio-oil, A-31 for gas, A-25 for char and ash) were 
compared to that obtained experimentally. 

- Separator was specified to separate ash and unreacted carbon (ca. 5–
10% char) from the A-25 stream. 

NCGs, char & biomass 
residues combustion 

 
RStoic/E-13 
 

- This is a stoichiometric reactor model. Total conversion of fuel species 
is considered and temperature is adjusted (700 °C) by the air flow to 
the reactor. 

*Note: A detailed description on each block function and modeling equations can be found in the Aspen One User´s 
Guide. Version Number: v10.0 © 1981-2011 by Aspen Technology, Inc. All rights reserved. 
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APPENDIX XIII- FORTRAN CODES 

Code 1: Calculator Block id-MC 

C Calculation of conversion based on outlet moisture 

MCOUT = 10.0 

CONV = (MCIN - MCOUT) / (100 - MCOUT) 

C MCIN: Moisture content in the feedstock (biomass as received) 

C MCOUT: Moisture content after drying 

C CONV: Conversion 

Code 2: Calculator Block id-E-12-0: Conversion from non-conventional to 

conventional components in biomass. (Associated to block E-12-1): 

C     F  IS THE FACTOR TO CONVERT THE ULTIMATE TO WET BASIS 

F = (100-MC-ULT(1))/100  

H2O = MC/100 

ASH = ULT(1)/100 

C = ULT(2)/100*F 

H2 = ULT(3)/100*F 

N2 = ULT(4)/100*F 

O2 = ULT(7)/100*F 

C ULT(i) IS THE CORRESPONDING ELEMENT WITHIN ULTIMATE 

ANALYSIS IN C ASPEN ONE 

Code 3: Design Spec Block id-CONC: Design specification to adjust the acid 

concentration in the leaching solution: 

SET THE MASS FRACTION OF CITRIC ACID (CA) TO: 

CA = 0.096 KG/DM3 

By changing acetic acid flow (A-8): 

A-8 varying from 0 to 1E10 kgh −1 

Code 4: Design Spec Blok id-O-CONC: Design specification to adjust the 

oxygen concentration at the exit of the combustor: 

SET THE MASS FRACTION OF OXYGEN TO: 

XO2 = 0.03 
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By changing AIR flow (A-28) to reactor: 

A-28 varying from 0 to 1E10 kgh −1 

Code 5: Design Spec Blok id-CHAR-BALANCE: Design specification to adjust 

the quantity of char burnt in the combustor: 

SET THE NET HEAT TO: 

QNET= QCOMB – (QPYRO + QDRY-1 + QDRY-2), kW 

QCOMB = HEAT DUTY post combustor, kW   

By changing CHAR-COMB flow (A-25) to reactor: 

A-25 varying from 0 to 1 split fraction in E-12-3 
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APPENDIX XIV- PRIMARY DATA INVENTORY  

Table XIV.1. Primary data inventory for the agricultural stage. Functional unit: kg sugar cane 

Item Unit Amount References 

Inputs from nature    

Land uses 
Water 

m2kg −1 sugar cane 

m3kg −1 sugar cane 

0.140 
0.006 

(Pérez Gil et al., 2013) 
(Pérez Gil et al., 2013) 

Inputs from technosphere    

Diesel 
Cane seed 

kgkg −1 sugar cane 

kgkg −1 sugar cane 
0.010 
0.003 

(Pérez Gil et al., 2013) 
(Pérez Gil et al., 2013) 

Transport biomass    

Sugar cane (scenarios with SCB) t kmkg −1 sugar cane 0.040 Calculated 

Sugar cane trash (scenarios with SCT) t kmkg −1 sugar cane 0.003 Calculated 

Agrochemicals 

Pesticides 
   

Diuron kgkg −1 sugar cane 8.258E-06 (Pérez Gil et al., 2013) 

Glyphosate kgkg −1 sugar cane 2.030E-05 (Pérez Gil et al., 2013) 

Gesapox 80 (atrazine) kgkg −1 sugar cane 9.981E-06 (Pérez Gil et al., 2013) 

MSMA 72 kgkg −1 sugar cane 1.497E-05 (Pérez Gil et al., 2013) 

Amine salt 72 (2,4 D) kgkg −1 sugar cane 5.223E-06 (Pérez Gil et al., 2013) 

Isoctilic ester 48 (pyrethoid ester) kgkg −1 sugar cane 2.434E-05 (Pérez Gil et al., 2013) 

Asulox 40 kgkg −1 sugar cane 5.223E-05 (Pérez Gil et al., 2013) 

Gramoxone (Paraquat) kgkg −1 sugar cane 6.973E-07 (Pérez Gil et al., 2013) 

Amigan 65 kgkg −1 sugar cane 3.480E-06 (Pérez Gil et al., 2013) 
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Table XIV.1. continued 

Item Unit Amount References 

Merlin 75 kgkg −1 sugar cane 2.461E-07 (Pérez Gil et al., 2013) 

Sulfatante 90 kgkg −1 sugar cane 4.608E-06 (Pérez Gil et al., 2013) 

Fertilizer    
Urea kgkg −1 sugar cane 0.003 (Pérez Gil et al., 2013) 

Triple superphosphate (P2O5) kgkg −1 sugar cane 0.001 (Pérez Gil et al., 2013) 

Potassium chloride (K2O) kgkg −1 sugar cane 0.003 (Pérez Gil et al., 2013) 

Filter cake kgkg −1 sugar cane 0.490 (Pérez Gil et al., 2013) 

Ashes kgkg −1 sugar cane 0.280 (Pérez Gil et al., 2013) 

Vinasse kgkg −1 sugar cane 1.681 (Pérez Gil et al., 2013) 

Outputs to technosphere    

Sugar cane (functional unit)  kgkg −1 sugar cane 1.000 (Pérez Gil et al., 2013) 

Sugar cane trash (total) kgkg −1 sugar cane 0.215 (Pérez Gil et al., 2013) 

Sugar cane straw (pyrolysis 38%) kgkg −1 sugar cane 0.082 (Pérez Gil et al., 2013) 

Sugar cane straw (other uses) kgkg −1 sugar cane 0.133 (Pérez Gil et al., 2013) 

Outputs to environment    

Emissions to air 
Nitrogen oxides 

 

kgkg −1 sugar cane 

 
0.000 

 
(Pérez Gil et al., 2013) 

Emissions to water 
Pesticides 

Total nitrogen 

 

kgkg −1 sugar cane 

kgkg −1 sugar cane 

 
0.000 
0.000 

 

(Pérez Gil et al., 2013) 

(Pérez Gil et al., 2013) 

Emissions to soil 
Pesticides 

 

kgkg −1 sugar cane 

 
1.367E-07 

 
(Pérez Gil et al., 2013) 
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Table XIV.2. Primary data inventory for the sugar cane bagasse production stage. Functional unit: kg bagasse 

Item Unit Amount References 

Inputs from nature    

Water m3kg −1 bagasse 0.005 (Pérez Gil et al., 2013) 

Inputs from technosphere    

Sugar cane kgkg −1 bagasse 15.152 (Pérez Gil et al., 2013) 

Transport    

Biomass transport (15 km one way) t kmkg −1 bagasse 0.455 Calculated 

Outputs to technosphere    

Total bagasse kgkg −1 bagasse 5.000 (Pérez Gil et al., 2013) 

Bagasse to fast pyrolysis (20%) kgkg −1 bagasse 1.000 (Pérez Gil et al., 2013) 

Bagasse to cogeneration process (80%) kgkg −1 bagasse 4.000 (Pérez Gil et al., 2013) 

Bagasse to cogeneration process (5%) kgkg −1 bagasse 4.000 (Pérez Gil et al., 2013) 

Mixed juice kgkg −1 bagasse 14.697 (Pérez Gil et al., 2013) 
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Table XIV.3. Primary data inventory for cogeneration stage. Functional unit: kWh electric. 

Item Unit Amount References 

Inputs from nature    

Air  kgkWh−1 13.887 (Pérez Gil et al., 2013) 

Water m3kWh−1 0.012 (Pérez Gil et al., 2013) 
Inputs from technosphere    

Bagasse to cogeneration kgkWh−1 4.827 (Pérez Gil et al., 2013) 

Outputs to technosphere    

Steam kWh steamkWh−1 7.801 (Pérez Gil et al., 2013) 

Electricity (functional unit) kWh 1.000 (Pérez Gil et al., 2013) 

Ashes (avoided product)” kgkWh−1 0.003 (Pérez Gil et al., 2013) 

P2O5  kgkWh−1 0.000111 (Contreras et al., 2009) 

K2O2 kgkWh−1 0.000231 (Contreras et al., 2009) 

Outputs to environment    

Emissions to air    

Particulate material kgkWh−1 0.057 (Pérez Gil et al., 2013) 

Nitrogen oxides (NOx) kgkWh−1 16.200 (Pérez Gil et al., 2013) 

Sulfur oxides (SOx) kgkWh−1 0.005 (Pérez Gil et al., 2013) 

Carbon dioxide (CO2) kgkWh−1 6.460 (Pérez Gil et al., 2013) 

"It could replace partially the chemical fertilizer in agricultural stage
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Table XIV.4. Primary data inventory for pretreatment and pyrolysis stages for the four scenarios. 

Item Unit 
Amount in each scenario References 

SCB L-SCB SCT L-SCT  

Pretreatment       
Inputs from technosphere       

Sugar cane raw biomass kgkg−1 treated biomass 2.7 3.10 2.1 1.82 Chapter 6 

Citric acid kgkg−1 treated biomass - 3.58 - 2.67 Chapter 6 

Demineralized water kgkg−1 treated biomass - 25.46 - 25.12 Chapter 6 

Electricity coming from bagasse 
cogeneration (mixing) 

kWhekg−1 treated biomass - 0.011 - 0.01 Aspen Model 

Heat for pre-drying MJkg−1 treated biomass 2 1.99 1.9 1.89 Aspen Model 

Electricity coming from bagasse 
cogeneration (crushing and sieving) 

kWhekg−1 treated biomass 0.008 0.010 0.007 0.01 
Aspen Model 

Heat needs for drying (after leaching) MJkg−1 treated biomass - 2.95 - 2.87 Aspen Model 

Electricity total kWhekg−1 treated biomass  0.008   0.02   0.007   0.02  Aspen Model 

n times increased -  2.532  -  2.877  -  

  Biomass transport maximum distance 15 km t kmkg −1 treated biomass  -   -   0.063   0.054  Calculated 

       
Outputs to technosphere       

Treated sugar cane biomass kg treated biomass 2,297 1989 2,546 2,938.62 Chapter 6 
       
Outputs to environment       

Emissions to water       

Leachate kgkg−1 treated biomass - 71.06 - 113.73 Chapter 6 

Citric acid kgkg−1 treated biomass - 0.02 - 0.13 Chapter 6 

K kgkg−1 treated biomass - 0.09 - 0.09 Chapter 6 
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Table XIV.4. continued 

Item Unit 
Amount in each scenario References 

SCB L-SCB SCT L-SCT  

Na kgkg−1 treated biomass - 0.01 - 0.02 Chapter 6 

Mg kgkg−1 treated biomass  -  0.02  -   0.08  Chapter 6 

Fe kgkg−1 treated biomass  -  0.01  -   0.00  Chapter 6 

Al kgkg−1 treated biomass  -  0.04  -   0.02  Chapter 6 

Si kgkg−1 treated biomass  -  0.10  -   0.05  Chapter 6 

Pyrolysis       
Inputs from technosphere       

Treated sugar cane biomass kgkg−1 bio-oil  1.67   1.55   1.28   1.50  Chapter 6 

Heat for pyrolysis MJkg−1 bio-oil  18.4   17.3   12.7   11.38  Aspen Model 

Air (post combustor) kgkg−1 bio-oil  4.8   4.0   3.4   3.26  Aspen Model 

Cooling water (condensation) mkg−1 bio-oil  0.024   0.023   0.028   0.03  Aspen Model 

       
Outputs to technosphere       

Bio-oil kg bio-oil 1.0 1.0 1.0 1.0 Chapter 6 

Biochar (avoided product) kgkg−1 bio-oil 0.070 0.050 0.04 0.02 Aspen Model 

Ashes (avoided product) kgkg−1 bio-oil 0.035 0.030 0.07 0.03 Aspen Model 

       
Outputs to environment       

Emissions to air       

CO2 kgkg−1 bio-oil 1.31 1.06 0.66 1.31 Aspen Model 

H2O kgkg−1 bio-oil 0.064 0.049 0.05 0.060 Aspen Model 
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