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Abstract 

Conventional, advanced and fractionation pretreatment technologies were employed 

to recover and/or enhance the efficacy of the main constituents present in lignocellulosic 

biomass. Bamboo and triticale bran are novel feedstocks and hence their response towards 

treatment is unknown. Thus, to assist with the characterisation of these feedstock, in terms of 

the amount of sugar released during acid and enzymatic hydrolysis, use were made of 

conventional pretreatment technologies. Pretreatment involved the use of either the 

conventional single-stage dilute-acid or the conventional acid-catalysed steam-explosion 

process at times, temperatures and acid concentration ranging between 5 to 40 min, 120 to 

214 
o
C, and 0.002 to 0.055 (H3O

+
) gmol/L, respectively. For additional comparison, results 

were also obtained from an established feedstock namely sugarcane bagasse, by subjecting it 

to the single-stage dilute-acid process, at similar pretreatment conditions employed during the 

treatment of the other feedstocks. Sugarcane bagasse and bamboo, upon pretreatment and 

enzymatic hydrolysis, both yielded a similar combined sugar recovery yield of 78.0% and 

81.2%, respectively. Alternatively, only 55.3% (w/w) of the total sugar content in triticale 

bran could be recovered. Triticale bran consists predominantly of hemicellulose which, 

compared to cellulose, the main constituent in sugarcane bagasse and bamboo, is more 

susceptible to degradation. Thus, to enhance the combined sugar recovery yield, it is 

recommended that triticale bran be treated at less severe pretreatment conditions, in order to 

preserve the hemicellulose. 

To further enhance the amount of sugar (i.e. cellulose and hemicellulose) that can be 

recovered from sugarcane bagasse, the use of a two- rather than one-stage dilute acid process 

was proposed. The single-stage dilute acid process, despite being the subject of many 

research efforts, failed to recover more than 83% (w/w) of the total sugar content in 

sugarcane bagasse. Following an extensive literature study, it was concluded that sugarcane 

bagasse comprises a hemicellulose and cellulose fraction which dictates the use of different 

pretreatment conditions in order to ensure their effective recovery. The use of a more advance 

two-step dilute acid process was therefore proposed as it allows for multiple-sets of 

pretreatment conditions which accommodate the requirements set forth by each of the 

polysaccharides present in sugarcane bagasse. With the assistance of response surface 

methodology, a 4.8% (w/w) improvement over the single-stage method was calculated for the 

two-stage process, by assuming both pretreatment technologies operated at optimum 
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pretreatment conditions. This improvement, which is similar to the 7.7% (w/w) obtained with 

substrates other than sugarcane bagasse, was accredited to the use of multiple-sets of 

pretreatment conditions. Both low and high severity pretreatment conditions were applied to 

maximise the recovery of hemicellulose and cellulose, respectively. In the case of bamboo 

however, little can be gained by using the two- in lieu of the one-stage method, as similar 

pretreatment conditions are required to maximise both hemicellulose and cellulose recovery. 

Alternatively, a three- rather than a two-stage process needs to be applied, when treating 

triticale bran, to accommodate for an additional set of pretreatment conditions required to 

recover arabinan, a third polysaccharide. 

In order to realise the full potential of sugarcane bagasse, use was made of a 

fractionation method, which in addition to the recovery of polysaccharide (i.e. cellulose and 

hemicellulose), also allowed for the recovery of the polyphenolic content (i.e. lignin) thereof. 

Limited by the complexity of the fractionation process, sugarcane bagasse was selected as the 

preferred substrate to be subjected to fractionation, mainly because of its availability in the 

South African (established sugar milling industry), and ease of treatment using both 

conventional (e.g. single-stage) and advanced (e.g. two-stage) pretreatment technologies. A 

novel fractionation technology, involving the use of the ionic liquid 1-butyl-3-

mehylimidazolium methyl sulphate ([BMiM]MeSO4), was devised to separate the main 

constituents of sugarcane bagasse. Although other ionic liquid fractionation examples also 

exist in literature, processes used caused production of multi-component product streams with 

34% (w/w) of the original lignin and hemicellulose being recovered in the same product 

stream. Tests conducted during the present study confirmed these results and further 

indicated that the production of multi-constituent product streams could not be avoided by 

using acetone, an acetone-water mixture or a sodium hydroxide solution as the solvent in a 

subsequent solvent extraction step. Hence, to avoid the production of multi-component 

product streams, a hemicellulose pre-extraction step, comprising the single-stage dilute acid 

process, was introduced to extract and recover 75% (w/w) of the hemicellulose content. The 

remaining solid was subjected to ionic liquid treatment whereafter it was effectively 

separated into cellulose and lignin enriched product streams through solvent extraction. Up to 

73% (w/w) of the original lignin and cellulose content was recovered using optimum 

operating conditions (120 min; 125 
o
C). Comparison of the novel ionic liquid 

([BMiM]MeSO4) with 1-ethyl-3-methylimidazolium acetate, an established ionic liquid, 
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identified the former to be the superior delignification solvent whereas the latter contributed 

more towards the digestibility of the residual solids.  

In conclusion, methods for the effective recovery of polysaccharides and polyphenol 

units from established (i.e. sugarcane bagasse) and novel (i.e. bamboo, triticale bran) 

lignocellulosic feedstocks have been demonstrated through the application of conventional 

(single-stage), advanced (two-stage) and fractionation pretreatment technologies. Economic 

improvement is promised through the application of these constituents as they may serve as 

precursor chemicals for the production of value-added products that may replace the fuel and 

chemicals currently derived from fossil carbon resources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University  http://scholar.sun.ac.za



IV 
 

Sinopsis 

Konvensionele, gevorderde en fraksionering voorafbehandeling tegnologieë is 

gebruik om die herwinning en gebruiksaamheid van die hoofbestanddele wat in 

lignosellulose biomassa aanwesig is, te verbeter. Bamboes en tritikale semels is nuwe rou 

materiale en dus is hul reaksie op behandeling onbekend. Ten einde die karaktereienskappe 

van hierdie rou materiale, in terme van die hoeveelheid suiker wat gedurende die suur- en 

suiker ensimatiese-hidrolise vrygestel word, te bepaal, is gebruik gemaak van konvensionele 

voorbehandeling tegnologieë. Voorbehandeling behels die gebruik van óf die konvensionele 

enkelstadium vedunde-suur óf die konvensionele suur-gekataliseerde stoom-

ontploffingsproses; by tye, temperature en suurladings wat wissel tusen 5 en 40 minute, 120 

tot 214 
o
C, en 0.002 tot 0.055 (H3O

+
)gmol/L, onderskeidelik. Vir verdere vergelykings is 

resultate vanaf ’n gevestigde rou materiaal, naamlik suikerriet reste, verkry, deur dit te 

onderwerp aan ’n enkelstadium verdunde suur proses met dieselfde voorbehandeling 

toestande wat gegeld het gedurende die behandeling van die ander roumateriale. Tydens 

voorbehandeling en ensimaties-hidrolise het suikerriet reste en bamboes ’n gelyke 

gekombineerde terugwinnings opbrengs van 78.0% en 81.2% suiker, onderskeidelik, gelewer. 

Daar kon egter net 55.3% (w/w) van die totale suikerinhoud van tritikale semels herwin word. 

Tritikale semels bestaan hoofsaaklik uit hemisellulose, wat meer vatbaar is vir degradasie ten 

opsigte van sellulose, die hoof bestanddeel van suikerriet reste en bamboes. Om dus die 

gekombineerde suikerherwinnings-opbrengs te verbeter, word daar voorgestel dat tritikale 

semels aan minder strawwe toestande onderwerp word, om sodoende die hemisellulose te 

bewaar.  

Om verder die hoeveelheid suiker (d.w.s glukose en xilose) wat vanuit suikerriet reste 

herwin kan word, te verbeter, is die gebruik van ’n twee- in plaas van ’n eenstadium verdunde 

suur proses, voorgestel. Die enkelstadium verdunde suur proses het, ten spyte daarvan dat dit 

al die onderwerp van verskillende navorsing projekte was, nie daarin geslaag om meer as 

83% (w/w) van die totale suikerinhoud vanuit die suikerriet reste te herwin nie. Na ’n 

uitgebreide literatuurstudie is daar tot die slotsom gekom dat suikerriet reste bestaan uit ’n 

hemisellulose deel en ’n sellulose deel wat die gebruik van verskillende voorbehandeling 

toestande noodsaak, om sodoende effektiewe herwinning daarvan te verseker. Die 

aanwending van ’n meer gevorderde twee-stap verdunde suur proses is dus voorgestel, 

aangesien dit van veelvoudige-stelle voorbehandelings toestande, soos vereis deur die 
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polisakkariedes in suikerriet reste, gebruik maak. Deur die toepassing van reaksie oppervlakte 

metodologie, is ’n 4.2% verbetering op die enkel-stadium metode vir die twee-stadium proses 

behaal deur aan te neem dat beide van hierdie prosesse, by optimum kondisies vir maksimale 

suiker herwinning, uitgevoer is. Hierdie verbetering is soortgelyk aan die 7.7% (w/w) 

verbetering wat voorheen met andersoortige substrate (uitgesonder suikerriet reste) verkry is. 

Sodanige verhoging word toegeskryf aan die gebruik van veelvoudige stelle van 

voorbehandeling toestande, wat beide meer en minder strawwe toestande insluit, om 

sodoende die herwinning van xilose en glukose onderskeidelik te maksimeer. In die geval van 

bamboes, is die twee-stadium metode nie superieur tot die een-stadium metode nie, aangesien 

soortgelyke voorbehandeling-toestande benodig word om beide die herwinning van xilose en 

glukose te maksimeer. Alternatiewelik moet ’n drie-stadium in plaas van ’n twee-stadium 

proses gebruik word wanneer tritikale semels behandel word aangesien ’n bykomende stel 

voorbehandeling toestande benodig word om arabinan, ’n derde polisakkaried, te herwin.  

Om sodoende die volle potensiaal van suikerriet reste te ontgin, is gebruik gemaak 

van ŉ fraksioneringstegnologie. Waar konvensionele voorbehandeling metodes slegs fokus 

op die herwinning van polisakkariedes (naamlik sellulose en hemisellulose), kan die 

fraksioneringsproses ook die poli-fenoliese inhoud (naamlik lignien) in lignosellulose, 

herwin. Weens die ingewikkeldheid van die fraksioneringsproses, is suikerriet reste gekies as 

die mees geskikte substraat vir fraksionering, hoofsaaklik omdat dit veral in die Suid-

Afrikaanse konteks, maklik beskikbaar is en omdat dit ook maklik is om met beide die 

konvensionele (bv. die enkel-stadium) en die gevorderde (bv. die twee-stadium) 

voorbehandeling proses behandel te word. ŉ Nuut ontwikkelde fraksionering tegnologie wat 

gebruik maak van die ioniese vloeistof 1-butiel-3-metielimidazolium metielsulfaat 

([BMiM]MeSO4) is ontwikkel, om die hoofbestanddele in suikerriet reste van mekaar te skei. 

Literatuur bevat verskeie voorbeelde waar ioniese vloeistowe gebruik word vir fraksionering. 

Die doeltreffendheid van hierdie prosesse is egter deur die produksie van multi-komponent 

produkstrome, waartydens tot en met ekwivalente hoeveelhede hemisellulose en lignien in 

dieselfde produkstrome herwin is, beperk. Hierdie resultate is tydens die studie deur middel 

van toetse bevestig. Sodanige toetse het ook aangedui dat die produksie van multi-komponent 

produkstrome nie deur die gebruikmaking van asetoon, ŉ asetoon-water mengsel of ŉ 

natrium hidroksied oplosmiddel, wat deel maak van ŉ opvolgende oplossing-ekstraksie-stap, 

vermy kon word nie. Om gevolglik die vervaardiging van multi-komponent produkstrome te 

vermy, is ŉ hemisellulose vooraf-ekstraksie stap, bestaande uit die enkel-stap verdunde suur 
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proses, gebruik, om sodoende 75% (w/w) van die hemisellulose inhoud in suikerriet reste, te 

herwin. Die oorblywende vastestof was onderwerp aan ioniese vloeistof behandeling waarna 

dit effektiewelik geskei is in onderskeidelik, sellulose en lignien verrykte produkstrome, 

verkry deur gebruikmaking van ŉ oplossing-ekstraksie-stap. Tot en met 73% (w/w) van die 

oorspronklike lignien en sellulose inhoud was herwin deur gebruik te maak van optimale 

behandelingskondisies (120 min, 125 
o
C). ŉ Vergelyking tussen die nuut-geïdentifiseerde 

ioniese vloeistof ([BMiM]MeSO4) en 1-etiel-3-metielimidazolium asetaat, ŉ gevestigde 

ioniese vloeistof, het aangetoon dat eersgenoemde ŉ superieure delignifikasie oplosmiddel is 

terwyl laasgenoemde ŉ groter bydra tot die verteerbarheid van die oorblywende reste lewer.   

Ten slotte het hierdie studie, metodes vir die effektiewe herwinning van 

polisakkariedes en poli-fenoliese eenhede, vanaf gevestigde (bv. Suikerriet reste) en nuwe 

(bv. bamboes en tritikale semels) lignosellulose rou materiale, gedemonstreer, deur telkens 

van konvensionele (enkel-stadium), gevorderde (twee-stadium) en fraksionerings 

voorbehandeling tegnologieë gebruik te maak. Ekonomiese verbetering kan dus verwag word 

indien hierdie bestanddele as voorloper chemikalieë vir die produksie van waarde 

toegevoegde produkte aangewend word, aangesien sodanige produkte die plek kan inneem 

van brandstof en chemikalieë wat tans vanuit fossielbronne vervaardig word.   
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Chapter 1           

Introduction 

Lignocellulose has been identified as a potential feedstock that can either partly or 

completely replace fossil resources for the production of fuels and chemical.
1
 Fossil fuels, 

notwithstanding its unprecedented rise in price and tarnished reputation as the cause of global 

warming, have remained the largest contributor to global energy by satisfying up to 87.1% of 

the demand.
2
 Fossil fuel can, therefore, only be replaced by a renewable feedstock that 

possesses a high-yielding potential, with its application environmentally friendly or at least 

environmentally benign. Lignocellulose has been identified as such as feedstock, mainly 

because it utilises photosynthesise to convert solar energy into chemical energy.
3
 Furthermore, 

the estimated 38×10
24

 joules of solar energy, which is accumulated by lignocellulose 

worldwide and on an annual basis, are sufficient to satisfy the global energy demand ten 

times over.
3,4

 Most importantly, however, lignocellulose comprises cellulose, hemicellulose 

and lignin, which may serve as feedstock for the production of value-added products that may 

replace the fuels and chemicals currently derived from fossil carbon resources.
1
 However, 

these lignocellulosic constituents are cross-linked through various covalent bonds and hence 

their value as precursor chemicals can only be realised by means of their liberation from 

lignocellulose using conventional or fractionation pretreatment technologies.
5
 Whereas the 

use of conventional pretreatment technologies primary focuses on polysaccharide recovery, 

both the polysaccharide and polyphenol (lignin) part of lignocellulose can be retrieved and 

separated by means of fractionation.
6
  

Sugarcane bagasse, bamboo and triticale bran have been identified as potential energy 

(renewable carbon) crops that can be converted into value-added products in the form of fuels 

and chemicals.
7-22

 Sugarcane bagasse is produced as a by-product in the sugar-milling 

industry and is currently being used as a fuel for both steam and electricity generation.
7,8

 Due 

to spontaneous ignition, a real fire hazard is presented by the stockpiling of excess sugarcane 

bagasse.
9
 To contain this problem, South African sugar-mills are making use of ineffective 

combustion boilers, which effectively prevents the accumulation thereof.
7,8

 However, as new 

opportunities arise that may enhance the application of this by-product, South African mills 

will through re-engineering of their boilers be able to commit in excess of four million tons of 

bagasse to the market.
7,8

 Bio-ethanol has been identified as one of the value-added products 
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that can be produced from the excess sugarcane bagasse.
10-16

 In addition, due to its impending 

large-scale availability, sugarcane bagasse has also been considered, a feedstock suitable for 

the application of more complex fractionation technologies, which in turn will allow for the 

production of an even wider range of bio-based products.
1
 In relation to sugarcane bagasse, 

bamboo and triticale bran have also been identified as feedstocks for bio-based product 

production.
17-22

 Bamboo for its high annual production rate of 47 T/ha,
17

 and triticale bran for 

its potential to be produced as a by-product in both wet- and dry-milling processes.
20-22

 

Sugarcane bagasse, bamboo and triticale bran are, however, recalcitrant to biological 

conversion, hence the use of either conventional or fractionation pretreatment technologies 

are required to ensure their feedstock application.
5
 However, a different pretreatment 

response is to be expected for each lignocellulosic substrate, comparison analysis can, 

therefore, only be formulated under optimum pretreatment conditions using a standardised 

pretreatment process such as the acid-based method. 

The polysaccharide component in sugarcane bagasse, bamboo and triticale bran can 

be extracted by hydrolysis, through treatment using conventional acid-based pretreatment 

technologies in combination with subsequent enzymatic hydrolysis.
6
 High yields of 

hemicellulose, cellulose and the combination of these have been retrieved from sugarcane 

bagasse using the single-stage dilute acid process followed by enzymatic hydrolysis.
10-14

 The 

hemicellulosic part of sugarcane bagasse is predominantly liberated through acid hydrolysis, 

and provided low severity treatment conditions are used, resides either partly or completely 

within the hydolysate.
10-14

 More than 90% (w/w) of hemicellulose in sugarcane bagasse can 

be recovered provided the single-stage dilute acid processes is conducted at times, 

temperatures and acid concentration in the range of 18 to 180 min, 100 to 130 
o
C and 0.02 to 

0.06 (H2SO4) mol/L, respectively.
10-14

 In contrast, an enzymatic hydrolysis step is required to 

release glucose present in cellulose, which is only partly liberated through acid hydrolysis.
6
 

Furthermore, the production of a fully (enzymatically) digestible solid from sugarcane 

bagasse requires more severe treatment conditions, with pretreatment temperatures in excess 

of 190 
o
C.

14-16
 This large variation in the pretreatment conditions, required to maximise either 

hemicellulose or cellulose recovery, has prevented the combined sugar yield from both 

hemicellulose and cellulose, which can be recovered from sugarcane bagasse using the 

single-stage dilute acid process in combination with enzymatic hydrolysis, from reaching 

values higher than 83% (w/w).
23
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Conventional acid-based pretreatment technologies, in combination with enzymatic 

hydrolysis, have also been applied to liberate polysaccharide from bamboo, in a similar 

manner to sugarcane bagasse.
18,19

 However, due to its more recalcitrant structure, owned by 

possessing chemical characteristics of both hard- and soft-woods, the use of the steam 

explosion process, instead of the single-stage dilute acid method, has been recommended.
24,25

 

With bamboo only recently being identified as a potential energy crop, literature with regards 

to application of the steam explosion process has been limited to either cellulose or 

hemicellulose recovery,
17-19

 rather than simultaneous optimisation of the recovery of both 

sugars. According to Yamashita et al.,
18

 untreated bamboo is recalcitrant to enzymatic attack 

and enzymatic hydrolysis will liberate only 13% (w/w) of its total cellulose content. However, 

when subjected to steam explosion, at temperatures 214 and 243 
o
C, solids with an enzymatic 

digestibility of 37% and 84% (w/w), respectively, were produced. However, with only these 

two pretreatment temperatures tested, optimum conditions for maximising cellulose 

digestibility could not be confirmed. Similarly, in an unrelated study, optimum operating 

condition for maximising hemicellulose recovery from bamboo, using the steam explosion, 

could also not be established, as a single pretreatment duration was evaluated, resulting in 

excessive hemicellulose degradation.
19

 An acid catalyst, especially sulphurous acid, of which 

SO2 is the precursor, has shown to improve hemicellulose recovery by reducing the severity 

of treatment.
26

 However, this relationship is to be established for bamboo.  

Triticale bran, despite its presumably high polysaccharide content, has not been 

evaluated as a potential feedstock for biological conversion to biofuels. However, with 

triticale and wheat being genetically similar,
27

 literature on the applications of wheat bran, as 

a source of retrievable polysaccharides, was consulted.
20-22

 With hemicellulose being the 

predominate polysaccharide in wheat bran, the use of the single-stage dilute acid process was 

recommended and based on its ability to extract and preserve hemicellulose.
6,20-22

 

Hemicellulose is more susceptible to treatment compared to cellulose. A maximum 

hemicellulose yield of 73.5% (w/w) was achieved by applying low severity pretreatment 

conditions to wheat bran, with temperatures, times and acid concentration in the range of 120 

to 130 
o
C, 10 to 40 min and 0.01 to 0.02 (H2SO4) mol/L, respectively. However, the use of 

more severe pretreatment treatment conditions, especially with regards to the use of a higher 

pretreatment temperature of 170 
o
C, was required to maximise the enzymatic digestibility of 

cellulose. This requirement contributed to excess hemicellulose degradation, which inevitably 

lowered the combined yield of sugar recovery. It should however be emphasised that, 
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although genetically similar, optimum operating conditions as founded for wheat bran, would 

not necessarily result in maximum sugar recovery from triticale bran. Nevertheless, this 

information may accelerate the process of finding those pretreatment conditions that will 

contribute to maximising sugar recovery from triticale bran using the single-stage dilute acid 

process in combination with enzymatic hydrolysis.  

In comparison to the more common single-step dilute acid process, the two-stage 

dilute acid method, in combination with enzymatic hydrolysis, can also be used for the 

recovery of the xylose (the main hydrolysis product of hemicellulose) and glucose (the 

hydrolysis product of cellulose) part in lignocellulose.
28-32

 The single-stage dilute acid 

process is limited in the sense that treatment occurs at a single temperature, time and acid 

concentration combination. This arrangement has proven inefficient for feedstocks for which 

the respective optimum pretreatment conditions (severity) to maximise the recovery of either 

hemicellulose or cellulose are too far removed from each other.
28-32

 Taking sugarcane 

bagasse as an example: Whereas low severity pretreatment conditions, corresponding to a 

low pretreatment temperature and long pretreatment time, are required to maximise 

hemicellulose recovery,
10-14

 fully enzymatically digestible solids can only be obtained from 

more severe treatment conditions, with a high pretreatment temperature and short 

pretreatment time.
14-16

 Thus, the single-stage dilute acid process, in combination with 

enzymatic hydrolysis, can therefore not be used to recover the complete sugar content of 

sugarcane bagasse, even when optimum operations are applied.
23

 The less than maximum 

combined sugar recovery yield as obtained with this method is either related to excess 

hemicellulose degradation, the production of a less than fully digestible solid or the 

combination of these.
23

 These limitations can, however, be overcome by the use of a two-step 

dilute acid process, which essentially utilises two subsequent single-stage dilute acid 

processes, each optimised for maximum hemicellulose or cellulose recovery.
28-32

 Although 

the efficiency of this method is yet to be confirmed for sugarcane bagasse, the two-stage 

dilute acid method, in lieu of the single-stage method, has yielded a 7.0% (w/w) increase with 

regards to the combined sugar yield that can be recovered from softwood, a feedstock.
30

  

Ionic liquids have gained interest as an alternative pretreatment method, with the 

added benefit of also serving as a fractionation technology compared to conventional 

pretreatments like dilute acid or steam explosion.
33-36

 Ionic liquids are “designer” solvents, as 

they comprise an interchangeable anion and cation component, which upon their alteration 
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changes the chemical characteristics of the resulting ionic liquid.
37

 Distinguished ion pairs 

have shown to interact with lignocellulose by contributing to its dissolution and subsequent 

enhancement in enzymatic digestibility. With dissolution occurring at temperatures as low as 

90 
o
C, ionic liquids have been identified as ideal fractionation technologies as its application 

preserves lignin and other chemical components of lignocellulose, which can then be used as 

feedstock for value-added products.
38

 Furthermore, despite the numerous anion and cation 

combinations available, 1-ethyl-3-methylimidazole acetate ([EMiM]OAc) has been identified 

as the most effective ionic liquid for enhancing the enzymatic digestibility of lignocellulose, 

which included sugarcane bagasse, maple wood and triticale straw.
33-36

 The [EMiM]OAc, in 

addition to contributing to dissolution, has also been identified as a delignification solvent for 

lignocellulose.
34-36

 With lignin as the main contributor to lignocellulosic recalcitrance, 

especially towards enzymatic attack, the use of an ionic liquid as a delignification solvent 

cannot be ignored.
5
 1-Butyl-3-methylimidazolium methylsulphate ([BMiM]MeSO4), in 

comparison to [EMiM]OAc, has also been identified as a potential delignification solvent, by 

dissolving up to 20% by weight of Kraft lignin.
39

 However, with delignification being a two-

step process involving the depolymerisation and dissolution of lignin,
40

 [BMiM]MeSO4 is yet 

to be investigated as a delignification solvent for sugarcane bagasse. 

Fractionation of lignocellulose, in addition to preserving the lignin structure and 

contributing to the production of an enzymatically digestible solid, is also required to extract 

and separate lignocellulosic constituents into different product streams.
41

 Partial fractionation 

of severely balled-milled (72 h) sugarcane bagasse has been demonstrated through a 

combinational process comprising an ionic-liquid treatment and two subsequent solvent 

extraction steps.
36

 A pure lignin stream, containing 34.1% (w/w) of the lignin content in 

sugarcane bagasse, was recovered from the resultant ionic liquid product mixture, using an 

acetone-water mixture which served as the first solvent in the subsequent solvent extraction 

steps. The residual solid, following the first solvent extraction step, was subjected to a 

second-solvent extraction step comprising a sodium hydroxide solution. Although up to 

78.7% (w/w) of the hemicellulose (in sugarcane bagasse) was recovered during this step, 

large amounts of lignin (20.6% (w/w)) were also recovered during extraction. It is however, 

essential to avoid the production of multi-component product streams as additional 

downstream processing would be required to separate the isolated constituents of 

lignocellulose. The use of a second solvent, without lignin dissolution properties, is therefore, 

suggested to prevent the production of multi-component product streams from combined 
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ionic liquid-dissolution and solvent treatment of lignocellulose. However, the production of a 

multi-component product stream may also be avoided by introducing a hemicellulose pre-

extraction step prior to ionic-liquid treatment. These aspects of sugarcane bagasse 

fractionation where investigated in the present study. 

The aim of this study is, therefore, to exploit sugarcane bagasse, bamboo and triticale 

bran, as low-value feedstocks. Conventional and fractionation pretreatment technologies will 

be applied to separate these feedstocks into their polysaccharide and/or polyphenol subunits, 

which may serve as precursor chemicals for the production of fuels and chemicals. Limited or 

inconclusive reports are available on the application of conventional pretreatment 

technologies such as the steam explosion and single-stage dilute acid to maximise 

polysaccharide recovery from bamboo and triticale bran. The optimisation of these processes, 

using a central composite design to evaluating the effect of temperature, time and acid 

concentration at five different levels, is addressed in Chapters 4 and 5. In contrast, sugarcane 

bagasse is an established energy crop, with multiple studies identifying the pretreatment 

conditions required to maximise either hemicellulose or cellulose recovery. However, with 

the single-stage dilute acid process unable to simultaneously maximising hemicellulose and 

cellulose recovery, the use of a two-step dilute acid process was proposed and its application 

demonstrated through response surface methodology (Chapter 6). Furthermore, the use of a 

novel ionic liquid i.e. 1-Butyl-3-methylimidazolium methyl sulphate for the delignification 

and subsequent fractionation of sugarcane bagasse was also evaluated, as an alternative to 

conventional pretreatment technologies (Chapter 7). The eventual aim of ionic liquid 

treatment of sugarcane bagasse was to fractionate the major chemical constituents into 

individual production streams. This was achieved by carefully selecting alternative solvents 

to facilitate separation of hemicellulose and lignin based on their solubility in different anti-

solvents for cellulose (Chapter 8). The latter process was further improved by incorporating a 

hemicellulose extraction step, prior to ionic liquid treatment, to ensure production of a 

hemicellulose, lignin and cellulose product stream which may then serve as feedstock for the 

production of value-added products (Chapter 8).  
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Chapter 2              

Literature 

2.1 Introduction  

This chapter focuses on the steps required to convert lignocellulose into versatile 

precursor chemicals that are suitable as feedstocks for the production of value-added 

products, such as fuels and chemicals. It also introduces fibrous plant material (i.e. 

lignocellulose) such as grasses, as viable feedstocks for the production of value-added 

products, and takes a closer look at their chemical composition, which guides their 

corresponding application. Furthermore, issues regarding the recalcitrant nature of 

lignocellulose towards enzymatic attack are addressed and methods to overcome these 

chemical and structural limitations are discussed, to enable biological conversion of 

lignocellulosic polysaccharides into value-added products. Both conventional pretreatment 

processes and novel fractionation methods are evaluated for their ability to prepare selected 

lignocellulose feedstocks, and the chemical constituents thereof, for subsequent biological 

and/or chemical conversion.  

2.2 Lignocellulosic substrate 

Poaceae (i.e. true grass) is one of the largest families in the Plantae kingdom. It covers 

approximately 40.5% of the terrestrial area and is extensively harvested for its carbohydrate 

content, which serves as a food product for both human and livestock.
1
 Furthermore, Poaceae 

is also being considered as one of the most efficient photo synthesisers in the Plantae 

kingdom and has, therefore, been identified as a potential energy crop for the production of 

second-generation biofuel.
2
 Approximately, half of the grass species fixate carbon according 

to the C4 pathway.
2
 This pathway enables them to convert 6.0% of the solar energy they are 

exposed to, to biomass which is significantly more than the 4.6% achieved by most other 

terrestrial species.
3
 Hence, with an annual production rate of 25 to 32 dry t/h, grass is being 

considered a potential energy crop to replace fossil fuel.
4
 

Sugarcane, triticale and bamboo have been singled out as potential grass species for 

which South Africa (even though limited to particular areas) lends a suitable climate. 

However, only the parts that bear no nutritious for humans have been considered as a 
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feedstock in this study. This includes the bagasse obtained by extracting sucrose from 

sugarcane, and the bran obtained by enrichment of the starch content in the triticale grain. In 

contrast, bamboo is regarded as a low nutritious crop, and except for China, is not considered 

as a food product anywhere else in the world. However, the use of dedicated farmland for 

bamboo cultivation, will lead to an escalation in the food vs. fuel controversy. Provided, 

therefore, that bamboo is cultivated on land otherwise unsuited for food production such as 

wastelands and areas subject to flooding, its use as an energy crop would not affect the 

supply or the price of food.
5
 

The chemical composition of sugarcane bagasse, wheat bran (a crop genetically 

similar to triticale) and bamboo is shown in Table 1. Triticale bran is a novel substrate, the 

chemical composition of which has not been analysed prior to this study. Hence, motivated 

by their genetic similarity,
6
 the chemical composition of wheat bran was presented as an 

alternative to triticale bran. 

Table 1: Average composition of dry sugarcane bagasse, bamboo and wheat bran based 

on weight 

Composition (%) 
 Sugarcane 

bagasse
1
 

 Bamboo
2
  Wheat bran

3
 

Cellulose  35-45  40-47  10.5-22.4 

Hemicellulose       

Xylan  18-25  20-26  18.3-24.9 

Arabinan  1.7-2.0  1.2-1.6  10.1-13.5 

Galactan  0.6-0.7  0.4-1.6  1.1-5.5 

Acetyl  2.0-3.5  2.8-3.8  - 

Lignin  18.1-25  23-30  5.0-8.1 

Starch  -  -  20.9-34.0 
1
Chemical composition of sugarcane bagasse. References: 7-13 

2
Chemical composition of bamboo. References: 13-17

 

3
Chemical composition of wheat bran: Reference: 18-20

 

Sugarcane bagasse, bamboo and wheat bran comprise predominantly cellulose 

hemicellulose and lignin. The latter consists of phenyl propane subunits, whereas cellulose 

and hemicellulose are polysaccharides. Sugarcane bagasse and bamboo comprise mainly 

cellulose, which is a homo-polysaccharide with glucose serving as the repetitive subunit. In 

contrast, wheat bran consists predominantly of hemicellulose. Hemicellulose, in contrast to 

cellulose, is a hetero-polysaccharide as it contains both five (i.e. xylose) and six (i.e. 

galactan) carbon sugars. Although xylose is the main constituent in the hemicellulose, 

derived from sugarcane bagasse and bamboo, the hemicellulose in wheat bran contains, in 
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addition to xylose, also large amounts of arabinose. Another factor that distinguishes wheat 

bran from the other feedstocks is its low lignin content. Finally, wheat bran also contains 

large amounts of starch, which together with hemicellulose and cellulose, may serve as 

feedstock for bio-ethanol production.
21

 

2.2.1 The physical and chemical structure of grass 

Grasses are multicellular organism as they comprise billions of plant cells. Each cell 

is surrounded by a wall that encloses a nucleus, mitochondria and other organelles which are 

vital for the overall function and health of the cell.
22

 The cell wall, which is responsible for 

maintaining the shape and structure of the plant cell, consists of a primary and secondary 

layer (Fig. 1). The primary layer forms the outer part of the cell wall and comprises (on a 

comparative mass basis) 20 to 30% cellulose and 30 to 75% hemicellulose.
23

 On the other 

hand, the secondary layer, which is situated on the inside of the primary layer, contains more 

cellulose (35-45% (w/w)), but less hemicellulose (20-30% (w/w)), compared to the primary 

layer.
23

 Lignin is also included in the secondary layer, and contributes up to 20 % (w/w) of 

the mass of the layer. Finally, lignin is also present in the middle lamella, a layer that acts as a 

glue by joining adjacent plant cells together.
23

 

 

Figure 1: Plant cell wall configuration  

Cellulose 

Cellulose is a homopolysaccharide as it comprised exclusively of glucose subunits. 

These subunits are linked through β-(1-4) glycosidic bonds, which allow the formation of a 
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bio-polymer that consists of between 500 and 15 000 units.
24

 A number of cellulose chains, 

due to inter- and intra-molecular hydrogen bonding, agglomerates to create a 3.5 mm 

elementary fibril (Fig, 2).
25

 Cellulose crystallites are produced when some of these 

elementary fibrils are combined into a structure, the dimensions of which are related to the 

origin of the sample and also the method of isolation.
25

 Furthermore, four cellulose 

crystallites create a microfibril, a thread-like structure which is imbedded in a matrix of 

hemicellulose and lignin.
25

 Finally, a number of microfibrils agglomerate to produce a 

macrofibril which are then arranged to produce cellulosic fibre.
25

 This highly organised 

structure, which contributes to crystallinity, prevents cellulose from being solubilised in 

common organic solvents and makes it recalcitrant to microbial degradation.
24,25

 

 

Figure 2:Cellulose polymer with inter- and intra-molecular hydrogen bonding. 

Hemicellulose 

Hemicellulose is a branched heteropolysaccharide that consists of both five (xylose, 

arabinose) and six (glucose, galactose, mannan) carbon sugars with small amounts of sugar 

acids. Xylan which constitutes the largest portion of hemicelluloses, is comprised of β-

xylopyranose molecules that are chemically linked through β-(1,4) bonds, thus creating a 

homopolymeric backbone of approximately 200 subunits long.
26

 Both the 2- and 3-carbon 

positions on β-xylopyranose are available for O-linkage, a feature which is responsible for the 
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branched structure of hemicellulose.
27

 Whereas the 2- and 3-carbon position can be 

substituted with an acetyl group, the 4-O-methylglucuronic acid and L- arabinofuranose 

subunit can only be linked to the C-2 and C-3 carbon position, respectively (Fig. 3).
27

 

Furthermore, L-arabinofuranose may also be esterified to ferulic acid in lignin, which is 

prone to produce a diferulic bridge (Fig. 4) with an adjacent lignin polymer thereby creating a 

cross-linked matrix, which acts as an embedment for the cellulosic microfibrils thereby 

making it less vulnerable to enzymatic attack.
28

 

 

Figure 3: Representation of grass hemicellulose (adapted from Saulnier and Thibault
28

). 

Abbreviations: Xyl, β-xylopyranose unit, Abf, L- arabinofuranose, Fer, Ferulic acid, Act, 

acetic acid group, mGu, 4-O-methylglucuronic acid. 

 

 

 

Figure 4: Crosslinking of adjacent heteroxylans through di-ferulic bridge formation 

(adapted from Saulnier and Thibault
28

). 
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Lignin 

Lignin is the largest non-polysaccharide component in the cell-wall. It lacks a defined 

primary structure mainly because its monolignol monomers (p-coumaryl alcohol, coniferyl 

alcohol, and sinapyl alcohol; Fig. 5) are linked into a heterogenous structure during the 

lignification of lignocellulose. Once incorporated into the lignin structure, these lignols are 

referred to as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively.
29

 The 

phenylpropane units are linked through various carbon-carbon and carbon-ether bonds of 

which the β-O-4 linkages have receiving the most attention.
30

 In addition to its abundance 

(~50%) in the lignin structure,
31,32

 the β-O-4 linkage can also be readily cleaved during acid
33

 

and base
30,34

 catalysis. Cleaving of the β-O-4 linkage is, therefore, viewed as the primary 

delignification pathway of various types of pretreatment and a means to expose the 

polysaccharide component present in the cell-wall structure.  

 

Figure 5: Monolignol monomers. (1) p-coumaryl alcohol, (2) coniferyl alcohol, and (3) 

sinapyl alcohol (This figure in the article Lignin in straw of herbaceous crops by Anvar U. 

Buranov and G Mazza as it appeared in Industrial crops and products 28 (2008) 237-259 

published by Elsevier Ltd. (Amsterdam, Netherland) is reproduced with permission from the 

publisher) 

Lignin, present in the cell wall, exists as a lignin-carbohydrate complex.
35

 Adjacent 

hemicellulose polymers, are cross-linked with ferulic acids in lignin through diferulic 

bridges. However, a portion of the ferulic acids esterified to arabinoxylan, may also be linked 

to lignin through an ether linkage. Ferulic acid, due to its bi-functional nature, can therefore, 

cross-link polysaccharide and lignin components to create a lignin-carbohydrate complex 

(Fig. 6).
36,37

 This complex acts as a physical barrier and, therefore, protects the cellulosic 

microfibrils from enzymatic attack.
38

 The digestibility of a residual solid, can therefore, be 

enhanced by reducing the degree of cross-linking by cleaving either the ether or ester bonds 

within the lignin-carbohydrate complex.
35
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Figure 6: Ferulic bridge connecting lignin and hemicellulose (This figure in the article 

Lignin in straw of herbaceous crops by Anvar U. Buranov and G Mazza as it appeared in 

Industrial crops and products 28 (2008) 237-259 published by Elsevier Ltd. (Amsterdam, 

Netherland) is reproduced with permission from the publisher) 

2.3 Biomass: A substrate for fuel and chemical production 

Lignocellulosic material has the potential to replace fossil carbon as feedstock for the 

production of fuels and chemicals. Annually the earth absorbs approximately 38×10
24

 joule 

of solar energy.
39

 Although only a fraction (30×10
22

 J) of this energy is captured and stored in 

the form of biomass, it is sufficient to satisfy the global energy demand ten times over.
40

 

Furthermore, the chemical energy is mostly stored in biomass in the form of cellulose, 

hemicellulose and lignin, considering that lignocellulose is by far the most abundant type of 

plant biomass produced during photosynthesis.
40

 The simplest way to retrieve the solar 

energy stored in lignocellulose or any of its constituents is through oxidation by way of a 

combustion process, to release thermal heat for direct heating, steam generation and/or 

electricity production. However, lignocellulosic constituents may also serve as substrates for 

the production of value-added products, which have the potential to replace the liquid fuels 

and chemicals currently derived from fossil carbon resources.
21

 Some of the more common 

products that can be derived from lignocellulose is presented in this section.  

2.3.1 Bio-ethanol 

Although bio-ethanol is only one of the many products that can be produced from 

lignocellulosic material, its potential application in the transport sector (internal combustion 

engines) makes it the most sought after product that can be derived from biomass.
41

 Second-

generation bio-ethanol is generally produced from the cellulosic component in lignocellulose. 

However, cellulose is recalcitrant to enzymatic attack and needs to be pre-treated before it 
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can be enzymatically hydrolysed and then fermented into ethanol.
42,43

 Glucose, the hydrolysis 

product of cellulose, is readily fermentable and, due to knowledge gained by established first-

generation ethanol industries, can effectively be converted into ethanol.
41

 

Alternatively, ethanol can also be derived from xylose, the main hydrolysis product of 

hemicellulose. However, the slow metabolic rate of xylose-fermenting organisms
44

 and the 

inability of these organisms to achieve high ethanol yields
45

 have redirected research into the 

use of genetically modified organisms.
46,47,48

 The xylose-fermenting pathways have been 

introduced into strains such as, Saccharomyces cerevisiae, which is considered a glucose 

fermenting microorganism.
46,47,48

 However, due to its industrial application and high ethanol 

production potential, s. cerevisiae has also been considered an ideal host for xylose 

fermentation.
46,47,48

 A 35% increase in the overall ethanol yield has been obtained with 

genetically modified strains of s. cerevisiae (e.g. TMB3400) utilising feedstocks derived from 

lignocellulose.
46

 This increase has been attributed to the co-fermentation of both xylose and 

glucose thereby contributing to the more effective utilisation of lignocellulose.
46 

However, despite numerous advances in the production of second-generation bio-

ethanol, fossil fuel has remained the preferred, cheaper option. Factors such as the low 

activity of cellulase (i.e. hydrolysing enzyme) and the high price thereof, have delayed 

transition between the resources.
49

 Other factors including the inability to adapt or to engineer 

strains to completely tolerate inhibitors released during pretreatment have also latent the 

transition process.
50,51

  

2.3.2 Other bio-based products 

A large number of bio-based products, which among others include bio-ethanol, can 

also be derived from lignocellulose. Many of these bio-based products originate from 

building-block chemicals, which in turn, are derived from the biological- and chemical 

transformation of platform-chemicals, glucose, xylose, and arabinose (Fig. 7).
52,53

 These 

monomeric sugars are the hydrolysis-products of cellulose and hemicellulose. The efficacy of 

these building-block chemicals, of which lactic acid, furfural and levulinic acid are examples, 

stems from their reactive multi-functional groups. A large number of chemical reactions 

including esterification, oxidisation, dehydration and hydrogenation may transform these 

functional groups and hence the corresponding building-block chemical into intermediate 

and/or final-end bio-products.
52,53

 For example, the building-block chemical, lactic acid, 
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which is derived through the biological transformation of glucose, can be dehydrated into 

acrylic acid, which in turn can serve as a precursor chemical for acrylate polymers, a surface 

coating reagent.
53

  

Hemicellulose (Pr) Cellulose (Pr)

Lignin (Pr)

Biomass

Lactic Acid (BB)

Succinic Acid (BB)

Butanol (BB)

HMF (BB)

Levulinic Acid (BB)

Xylitol (BB)

Furfural (BB)

Derivatives 

Glucose (PL)

1 2

4

Energy Products

5

Steam

Electricity

Carbon Fiber

Thermoplastics

Polymers

Ethanol (BB)

Xylose (PL)

Derivatives

Precursors Chemicals (PR)

Platform Chemical (PL)

Building Block Chemicals (BB)

6

7

8

Acrylic Acid 

1,2-Propanediol

Lactates

Phenolic/Epoxy

1

3 3

Figure 7: Bio-based products derived from lignocellulose. Processing steps: The chemical 

(1) and biological (2) transformation of platform chemicals into building block chemicals. 

Derivatisation (3) of cellulose or hemicellulose into value-added derivatives. Application of 

lignin as either an energy source (4) or as a precursor chemical (5) for value-added product 

production. Transformation of building block chemical into intermediate and/or final-end 

bio-products, through dehydration (6), hydrogenation (7) and esterification (8) reactions. 

In addition to the applications of the hydrolysis products (i.e. glucose, xylose, 

arabinose), value may also be added to cellulose and hemicellulose through their derivation 

with organic acids.
54,55

 Depending on the type of reactive derivative (i.e. organic acid) used, 

the free hydroxyl group, associated with the polysaccharide chain, is replaced by a specific 

functional group which alters the physical and chemical characteristics of the educt.
55

 Some 

of these derivatives possess high-tensile strengths (e.g. cellulose acetate)
54

 and low oxygen 

permeability (hemicellulose acetate),
55

 which are sought-after characteristics in the textile 

and food-packing industries, respectively.
54,55
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The poly-phenyl propane sub-unit of lignocellulose (i.e. lignin) has also been 

identified as a potential feedstock for the production of value-added products such as carbon 

fibres, thermoplastics, polymers and phenolics/epoxies.
56,57

 However, the heterogeneous 

structure and unique reactivity of the lignins have limited their primary use to heat and 

electricity generation applications.
58

 Progress in the genetic modification of plants in terms of 

lignin biosynthesis may in future add to its viability as a precursor chemical.
58

 In conclusion, 

co-production of bio-based products with bio-ethanol will enhance the economic viability of 

a bio-refinery thereby ensuring the progressive systematic replacement of fossil carbon 

resources.
59

 

2.4 Factors that limit lignocellulose from being readily bio-converted into value-added 

products 

Lignocellulosic materials are recalcitrant towards enzymatic attack and can therefore 

not be readily converted into value-added products by biological or chemical processing. A 

number of physical and chemical features, including the lignin and hemicellulose content, 

cellulose crystallinity and the lack of exposed surface area, are responsible for the low 

enzymatic digestibility exhibited by untreated lignocellulose.
42,43,60

 The following section 

evaluates these physical and chemical features and addresses the manner in which they limit 

the enzymatic digestibility of lignocellulose. 

2.4.1 Lignin  

Lignin is an intrinsic part of lignocellulose and the presence, thereof, limits the 

accessibility of cellulose by acting as a physical barrier.
61

 Processes which therefore removes 

lignin, produces residual solids that are more accessible to enzymes, compared to the 

untreated substrate.
62

 The amount of lignin that needs to be removed in order to achieve a 

fully digestible solid depends on the type of substrate used. However, as a rule of thumb, only 

half of the lignin content needs to be removed in order produce a digestible solid.
63

 

Furthermore, in addition to the restrictive nature of lignin, lignin may also interfere with 

enzyme activity through an irreversible interaction. However, this limitation can be overcome 

by the use of more severe treatment conditions.
64 
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2.4.2 Hemicellulose 

Analogous to lignin, hemicellulose also sterically hinders cellulase (i.e. enzyme) from 

accessing cellulose. Research groups such as Knappert et al.
65

 and Grohmann et al.
66-68

 have 

demonstrated a linear correlation between the enzymatic digestibility of cellulose and the 

extent of hemicellulose removal. This correlation was derived by utilising the dilute acid 

process, which is considered a selective method towards hemicellulose removal. Hence, since 

more enzymatically digestible solids, compared to the untreated substrate, were obtained 

without lignin removal, it was concluded that, although of importance, lignin removal is not 

essential to enhance the enzymatic digestibility of cellulose. However, on a comparative scale 

with lignin, at least 50% (w/w) of the hemicellulose content in lignocellulose has to be 

removed in order to ensure the production of a digestible solid.
65-68 

2.4.3 Cellulose crystallinity 

Enzymatic hydrolysis is also influenced by the crystallinity of cellulose. One of the 

three cellulases, which hydrolysis cellulose into glucose, is known as an endoglucanase. This 

enzyme randomly cleaves the cellulose chain into smaller cellulose polymers which in turn is 

hydrolysed into glucose by the cellobiohydrolase and β-glucosidase enzymes.
69,70

 Since 

endoglucanase preferably attacks and absorbs onto amorphous cellulose, a more 

enzymatically accessible substrate is generally produced when the crystallinity of cellulose is 

reduced.
70,71

 Nevertheless, pretreatment processes that decrystallises the cellulose structure in 

lignocellulose, also contribute to the removal of either hemicellulose or lignin.
72,73

 With a 

linear correlation existing between the removal of either of these constituents and the 

determine of the residual solid (Sections 2.4.1 and 2.4.2), it has proven difficult to distinguish 

whether a reduction in cellulose crystallinity also advances the digestibility thereof.
72,73

 

Conversely, the steam explosion pretreatment processes, despite enhancing the crystallinity 

of cellulose, produces residual solids that are enzymatically more accessible compared to the 

untreated substrate.
74

 Cellulose crystallinity is therefore a controversial subject with research 

groups either support or reject the importance thereof in terms of the enzymatic digestibility 

of lignocellulose. Nevertheless, a new train of thought have linked cellulose crystallinity to 

the rate but not the yield at which cellulose is converted into glucose monomers.
43
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2.4.4 Other factors affecting cellulose digestibility 

The lignin and hemicellulose content together with the crystallinity of cellulose have 

been identified as the primary factors affecting both the saccharification rate and extent of 

cellulose digestibility. However, the heterogeneous nature of lignocellulose makes it difficult 

to change one structural/chemical feature by pretreatment without affecting another.
43,63

 For 

example, some pretreatment processes predominantly enhance the digestibility of cellulose 

by removing hemicellulose. However, such processes also simultaneously agglomerate 

lignin, thereby increasing the porosity of the residual solid and consequently the digestibility 

thereof, due to enhanced accessibility for enzymes.
75,76

 Furthermore, although a direct 

correlation has been observed between the digestibility of the residual solid and the degree of 

lignin removal, the latter also contributes to the enhancement of the surface area which in 

turn effects the digestibility of cellulose.
43,63

 Hence, due to the close association between the 

different structural features, it is difficult to attribute the enhancement of cellulose 

digestibility to a single structural feature, since the effect thereof on other structural features 

may also have had a significant influence.  

2.5 Pretreatment 

Pretreatment processes are predominantly applied to enhance the enzymatic 

digestibility of lignocellulose.
63

 Lignocellulose by nature resists enzymatic attack and yields 

only a small fraction of its total sugar content upon enzymatic hydrolysis.
63

 The effective 

release of fermentable sugar from lignocellulose can, therefore, only be achieved through the 

application of a pretreatment technology followed by the enzymatic hydrolysis of the residual 

solid.
43,63

 The steam explosion and dilute acid processes (single- or two-stage) are regarded as 

the two most advanced pretreatment technologies available.
63,65-68,74

 Both of these acidic 

processes enhance the enzymatic digestibility of cellulose, by removing from lignocellulose, 

its hemicellulosic fraction, which is also considered a feedstock for the production of value-

added products.
77-79

 In addition to these technologies, ionic liquids have recently received 

much attention as pretreatment solvents, as their application requires less severe pretreatment 

conditions to enhance the digestibility of lignocellulose.
73

 Furthermore, in addition to 

removing lignin, ionic liquids also dissolve lignocellulose making it suitable for 

fractionation.
73

 The following section takes a closer look at these alternative pretreatment 

technologies and discusses how they affect the enzymatic digestibility of lignocellulose. 
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2.5.1 Single-stage dilute acid process 

The single-stage dilute acid process, in combination with enzymatic hydrolysis, is 

limited to a single set of experimental conditions aimed at maximising either xylose (the main 

hydrolysis product of hemicellulose) or glucose (the hydrolysis product of cellulose) recovery 

(Fig. 8), or to achieve an acceptable compromise between the xylose and glucose yield. The 

hemicellulosic part of lignocellulose is predominantly liberated through acid hydrolysis and, 

provided less severe pretreatment conditions are used, accumulates within the 

hydrolysate.
77,80-82

 Accumulated xylose is also subjected to degradation; consequently 

maximum xylose is recovered at a time (THR) that precedes complete hemicellulose removal 

(Fig.8).
78-80

 The maximum xylose yield is, therefore, achieved by ensuring sufficient removal 

(hydrolysis), while avoiding a significant extent of degradation. In contrast to xylose, only a 

small portion of glucose can be liberated through dilute acid pretreatment and cellulose 

hydrolysis is, therefore, predominantly obtained by subsequent enzymatic hydrolysis.
66

 An 

indirect correlation exists between the enzymatic digestibility of glucose and the extent of 

xylose removal. Thus, maximum glucose recovery from enzymatic hydrolysis is generally 

achieved at a pretreatment time (TCR) that is larger than THR, therefore, exceeding the time 

required for maximum xylose recovery (Fig. 8).
80

 The single-stage dilute acid process can, 

therefore, not be used to simultaneously maximise the recovery of both glucose and xylose, 

as significantly different pretreatment durations are required for their individual recovery.
83-86
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S ugarcane bagas s e : Matcimising hemicellulos e recovery

The maximum yield of hemicellulose from single-stage dilute acid pretreatment of
sugarcane bagasse depends on the pretreatment temperature. To gain a better understanding

on how temperature affects xylose (the main hydrolysis product of hemicellulose) recovery, it

is important to provide a step by step account starting with hemicellulose liberation and

ending with the degradation thereof into waste-products.77-7e Furthennore, to simplify the

matter, focus will be placed on xylan, the main hemicellulose component, in feedstocks such

as sugarcane bagasse and bamboo. Through acid hydrolysis, xylan is hydrolysed and

liberated as xylo-oligosaccharides. Two different rates of xylo-oligosaccharide production

have been observed. This phenomenon has been attributed to an'oeasy-to-hydrolyse" and a
*hard-to-hydrolyse" xylan fraction, an observation yet to be related to the physical and/or

chemical characteristics thereof.Ts'7e Fr"nthennore, the xylose monomers, obtained through the

hydrolysis of xylo-oligosaccharides, is subjected to decomposition/degradation reactions,

10

24
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resulting in conversion of xylose into by-products such as furfural. Xylan hydrolysis with 

subsequent decomposition of xylose can be represented by the following chemical reaction:  

productsiondecompositK(aq)XyloseK(S)Xylan 21 →→        Equation 1 

Equation 1 illustrates an irreversible process that converts solid xylan into soluble xylose, 

which is then dehydrated into decomposition products. Although simplified, this chemical 

reaction has proved to be effective in explaining the more complex processes.78,79  

 

Figure 9: Ratio between rate constants K1 and K2 over time. Rate constants were 
calculated by Trickett79 for sugarcane bagasse using the one-stage dilute acid process. Rate 
constants K1 and K2 depict (Scheme 1) the tempo at which xylan and xylose are hydrolysed 
and dehydrolysed, respectively.  

Rate constants K1 and K2, as depicted in Equation 1, represent the rate at which xylan 

is hydrolysed into xylose and the rate at which xylose are dehydrated into by-products, 

respectively. Both these rate constants are affected by temperature as they follow the 

Arrhenius relationship.78,79 However, the dehydration rate (K2), is more sensitive to changes 

in temperature than the hydrolysis rate (K1), hence K2 approaches K1 at high temperatures 

(Fig. 9).78,79 For this reason, lower temperature processes are required to enhance the 

maximum xylose recovery, to avoid degradation of xylose. This correlation is illustrated in 

Figure 10, which depicts the results of a number of research reports each determining 
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maximum xylose recovery from sugarcane bagasse at different pretreatment temperatures 

using the single-stage dilute acid process.84,87-90 The degree of maximum xylose recovery 

reduced linearly (r2=0.95) from 90% to 63% (w/w) as the pretreatment temperature increased 

from 120 oC to 220 oC. It is, therefore, evident that xylose recovery from sugarcane bagasse 

by the single-stage dilute acid pretreatment was negatively affected by xylose degradation at 

temperatures higher than 120 oC.  

 

Figure 10: Extent of maximum xylose recovered from sugarcane bagasse at different 
pretreatment temperatures. Maximum xylose recovered as determined by (A) Aguilar et 
al.,87 (B) de Paiva et al.,88 (C) Boussarsar et al.,89 (D) Jacobsen and Wyman90 and (E) Kling 
et al.,84 from sugarcane bagasse using a single-stage dilute acid process.  

Acid concentration is also considered to be an optimisation tool to reduce the duration 

pretreatment required for maximum xylose recovery. Lavarack et al.78 and Trickett79 

proposed kinetic models that can be used to predict xylose recovery. These models were 

developed for the pretreatment of sugarcane bagasse using the single-stage dilute acid 

process. Figure 11 illustrates the maximum amount of xylose that can be recovered from 

sugarcane bagasse as predicted by the Lavarack78 model at different temperatures and acid 

concentrations, plotted as a function of time. A higher degree of xylose recovery is predicted 

at lower pretreatment temperatures. However, this came at the expense of longer pretreatment 

durations required to achieve maximum xylose recovery, a limitation that can be moderated 
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significantly by using a higher acid concentration. Hence, to ensure the efficient recovery of 

xylose from sugarcane bagasse the single-stage dilute acid process should be conducted at 

low temperatures and high acid concentrations. 
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Figure 11: Predicted maximum xylose recovery at different temperatures and acid 
concentration. Lavarack et al.78 developed a kinetic model for predicting xylose recovery 
from sugarcane bagasse using a single-stage dilute acid process.  

Sugarcane bagasse: Maximising cellulose recovery 

To enhance the enzymatic digestibility of cellulose, some lignocellulosic feedstocks 

need to be pretreated at higher temperatures than those required for maximum xylose 

recovery. A direct correlation exists between the enzymatic digestibility of cellulose and the 

degree of hemicellulose removal.65-67 However, complete removal of hemicellulose does not 

necessarily guarantee the production of a fully digestible solid.75,76 Shown in Figure 12 is the 

digestibility of four, xylan-free samples, each prepared by pre-treating either Sericea 

lespedeza or Switchgrass, using the one-stage dilute acid process.75 The samples were 

prepared at temperatures 140, 160 and 180 oC whilst the pretreatment duration was extended 

to ensure complete removal of xylan. Samples prepared from Sericea lespedeza, displayed a 

large variation in their degree of digestibility, with only the cellulose component obtained at 
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180 oC, showing a moderate glucose yield from enzymatic hydrolysis (Fig. 12). It is, 

therefore, evident that other substrate-specific factors, not related to the removal of xylan, 

limit the digestibility of cellulose when low pretreatment temperatures are applied. However, 

this is not the case for all substrates as switchgrass displayed a higher degree of digestibility 

even when low pretreatment temperatures were used (Fig. 12). 
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Figure 12: Effect of pretreatment temperature on the enzymatic digestibility of xylan-
free samples. Xylan-free samples were prepared from Sericea lespedeza and switchgrass 
using the dilute acid process at different pretreatment temperatures. 

Previous reports have generally confirmed that high-temperature processes are 

required to enhance the enzymatic digestibility of sugarcane bagasse. Figure 13 depicts the 

experimental results of a number of research groups whom investigated the enzymatic 

digestibility of residual solids following the treatment of sugarcane bagasse using the single-

stage dilute acid process at different pretreatment temperatures.79,84,91-96 Generally, residual 

solids with a cellulose digestibility of 65% (w/w) or less were obtained when a pretreatment 

temperature of 150 oC or less was applied, even though near to complete removal of xylan 

was achieved in some instances. Conversely, higher pretreatment temperatures (T>150 oC) 

produced solids that were enzymatically more digestible. This enhancement of digestibility 

was attributed to pretreatment temperatures that exceed the glass transition temperature of 
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lignin (110 oC),97,98 bringing about the agglomeration of lignin, consequently enhancing the 

porosity of the residual solid, thereby making the cellulose component more enzymatically 

accessible.74 It is, therefore, evident that xylan is not the only factor that impedes cellulose 

digestibility, since the lignin structure also needs to be altered in order to ensure the 

production of a fully digestible material.  

 

Figure 13: Cellulose digestibility as a function of both pretreatment temperature and 
the degree of xylan removal. Residual solids with different degrees of xylan removal were 
prepared by ( ) Trickett,79 ( ) Kling et al.,84 ( ) Dekker and Wallis,91 ( ) Laser et al.,92 ( ) 
Guo et al.,93 ( ) Martin et al.,94 ( ) Canilha et al.95 from sugarcane bagasse using the one-
stage dilute acid process at different pretreatment temperatures and times. A96 and B91 
(extension) are the results following the refinement of the enzyme cocktail. 

Triticale bran: Maximum sugar recovery 

Triticale, a hybrid between wheat and rye, produces starch enriched whole grains that 

can be readily fermented into first-generation bio-ethanol.99 Alternatively, these grains also 

contain bran,100 which presumably contains large amounts polysaccharides,101 which in turn 

can be converted into second-generation bio-ethanol.102 The economic viability of a typical 

first-generation bio-ethanol process is significantly enhanced when the non-fermentable parts 

of the feedstock is also converted into bio-ethanol.102 However, triticale bran, to the best of 

our knowledge, has not been used as a feedstock for the production of second-generation bio-

ethanol. Hence, its response towards pretreatment has also not been noted. Nevertheless, 
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wheat bran has been subjected of many one-stage dilute acid pretreatment studies that have 

focused on sugar recovery from this feedstock through both acid and enzymatic 

hydrolysis.18,19,100 Since, triticale is genetically similar to wheat, a similar response with 

regards to pretreatment is expected.6  

Wheat bran comprises arabinoxylan (hemicellulose), cellulose and some leftover 

starch all of which can be converted into bio-ethanol.18,19,100 The starch component of bran 

can be recovered easily through the application of a two-step enzymatic hydrolysis 

process.18,19 The residual solid, which comprises mainly hemicellulose, is an ideal substrate 

for dilute acid pretreatment, which is known for high degrees of hemicellulose recovery.103 

The hemicellulose component comprises both arabinan and xylan, which can be completely 

recovered from starch-free bran by pretreatment at times between 10 and 40 min, 

temperatures of 120 to 130 oC and acid concentration of 1-2% (w/w).18,19 However, more 

severe treatment conditions are required to produce a fully digestible cellulose component, 

although at the expense of excessive hemicellulose degradation.18,19 Optimum operating 

pretreatment conditions, as proposed by the studies that focused on wheat bran, would 

probably yield somewhat different results for triticale bran. However, it provides a good 

starting point for maximisation of both hemicellulose- and cellulose-derived sugar recovered 

from triticale bran using the single-stage dilute acid process in combination with enzymatic 

hydrolysis.  

2.5.2 Two-stage dilute acid process 

The two-stage dilute acid pretreatment process differs from the more conventional 

single-stage method, by utilising two sequential single-stage dilute acid processes, aimed at 

maximising the combined (hemicellulose and cellulose) sugar recovery yield from 

lignocellulose (Fig. 14).104-108 The first step in the two-stage dilute acid process, denoted in 

the text as Phase 1, employ low-severity treatment conditions to maximise xylose recovery. 

Subsequently, the second step in the two-stage dilute acid process (phase 2), operates at 

severe treatment conditions, in order to enhance the enzymatic digestibility of cellulose.104-108 

Furthermore, Phases 1 and 2 are separated by a washing step that separates the liberated 

hemicellulose from the residual solid, which serves as the feedstock to Phase 2. 

Hemicellulose degradation is, therefore, prevented by avoiding exposure to the more severe 

conditions of Phase 2.77,80-82 Feedstocks that display a large variation in the severity of 
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pretreatment conditions required to maximise the recovery of either hemicellulose or 

cellulose have benefited from the use of the two-step dilute acid process.104-108 The 

effectiveness of the two-step dilute acid process, if compared to the single-stage method, is 

attributed to the use of two processes, with each aimed at maximising hemicellulose and 

cellulose recovery, respectively.80,82,86 

 

Figure 14: Recovery of sugars mannose (the main hydrolysis product) and glucose (the 
hydrolysis product of cellulose) through treatment using the two-stage dilute acid 
process followed by enzymatic hydrolysis (adapted from Nguyen et al.106). Nomenclature: 
Cellulose, hemicellulose and total sugar recovered is represented by C, H and TS, 
respectively. 

A comparative study by Nguyen et al.106 evaluated total sugar recovery from 

softwood through treatment using the single- and two-stage dilute acid processes followed by 

enzymatic hydrolysis. To limit the amount of experimentation required to ensure sufficient 

comparison, time and temperature (of the pretreatment process) were joint into a single 

combined severity factor (CSF) ranging between 2.2 to 3.3. A combined total sugar yield, 

corresponding to 82% (w/w), was recovered from softwood through treatment using the two-

step dilute acid process. Hemicellulose and cellulose were separately recovered in Phases 1 

and 2 which were conducted at a CSF of 2.41 and 2.91, respectively (Fig. 14). In contrast, a 

significantly lower total sugar yield of 75% (w/w) was obtained with a single-dilute acid 

process operating at a CSF of 2.6 (Fig. 15). Whereas a maximum mannose yield, 

corresponding to 82.7% (w/w) of the hemicellulose content, was recovered at the lowest CSF 

tested (lowest temperature, shortest pretreatment period), a significantly larger CSF (2.6) was 

required to facilitate maximum cellulose recovery (through acid and enzymatic liberation). 

The maximum combined sugar yield was, therefore, attained at a CSF value (2.6), which 
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achieved the maximum cellulose recovery at the expense of hemicellulose degradation. It was 

therefore concluded that the two-stage dilute acid process, has proven more effective than the 

single stage dilute acid method for the recovery of a combined sugar yield.106  
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Figure 15: Recovery of sugars, mannose and glucose through treatment using the single-
stage dilute acid process followed by enzymatic hydrolysis (adapted from Nguyen et 
al.106). Mannose (the main hydrolysis product of hemicellulose) was predominantly liberated 
through acid hydrolysis. Glucose (the hydrolysis product of cellulose) was attained through 
acid and enzymatic hydrolysis. The total sugar yield is represented by the sum of mannose 
and glucose liberated through acid and enzymatic hydrolysis. 

Sugarcane bagasse, to the best of our knowledge, has not being treated with the two-

stage dilute acid process. Nevertheless, following an extensive literature search, with the 

main finding presented in Section 2.5.1, it has been concluded that a higher sugar recovery 

yield, may be obtained from sugarcane bagasse, using the two- in lieu of the one-stage dilute 

acid method. Low pretreatment temperatures need to be applied in order to maximise the total 

amount of hemicellulose that can be recovered from sugarcane bagasse.77-79 Alternative, an 

enzymatically digestible cellulose component can only be derived provided the single-stage 

dilute acid process is conducted at high pretreatment temperatures.79,84,91-96 Thus, seeing that 

the two-stage dilute acid process can be conducted at two different pretreatment conditions, a 
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higher combined sugar recovery yield, if compared to the one-stage method, may be obtained 

from sugarcane bagasse. In support of this hypothesis, only 83% (w/w) of the total 

polysaccharide content in sugarcane bagasse has been recovered using the one-stage method 

under optimum operating conditions.83-86 Thus, a significant margin of improvement in the 

recovery of the total polysaccharide content in sugarcane bagasse is expected provided 

different pretreatment conditions can be applied, in sequence, to individually recover the 

hemicellulose and then cellulose fraction of sugarcane bagasse.  

2.5.3 Steam Explosion 

The steam explosion process is an analogue of the dilute-acid method as both 

processes make use of an acid catalyst (natural or added) to enhance the digestibility of 

cellulose through hemicellulose liberation.63 Although the end of the steam explosion process 

is characterised by a sudden reduction in pressure, little is gained in terms of cellulose 

digestibility by the physical of by the fibre explosion.109 Furthermore, it has been shown that 

both processes can be used to maximise sugar recovery from lignocellulose, and in the case 

of corn stover, has recovered more than 84% (w/w) of its sugar content, under similar 

pretreatment conditions.80,110 It should, however, be emphasised that, although conventional 

steam explosion processes are conducted in the absence of an added catalyst, acid catalysts 

such as sulphurous acid (derived by mixing sulphur dioxide and water), may also be added 

similar to the dilute acid process to limit hemicellulose degradation.111 The main feature that 

does distinguish these two pretreatment technologies from one another is their mechanism of 

heating. Whereas the steam explosion process makes us of direct steam injection, heat is 

transfer to and from the dilute acid process through conduction. The steam explosion process 

has, therefore, been identified as an more economically attractive option, as less energy is 

required to increase the temperature of the biomass.112 

Bamboo: Glucose and xylose recovery 

Bamboo has been identified as a potential feedstock for the production of second 

generation bio-ethanol. This can be attributed to its high biomass production rate and high 

polysaccharides content.14 However, a lack of English literature that evaluate these 

characteristics, limits the widespread application of bamboo as a potential energy crop. 

Cellulosic ethanol can be produced from bamboo through the application of the steam 

explosion process. Yamashita et al.113 utilised this process to enhance the enzymatic 
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digestibility of bamboo, with the aim of producing glucose that can be readily fermented into

bio-ethanol. However, untreated bamboo is recalcitrant to enzqatic attack, with only a

possible 13% (wlw) of the cellulose content being predisposed towards liberation during

enzymatic hydrolysis. Nevertheless, by treating the bamboo with steam at274 oC and 243 oC,

Yamashita et al.rr3 was able to produce a residual solid with a cellulose digestibility of 37Yo

andS4Yo (dw), respectively (Fig. 16). Yamashitaet al.rr3 concluded that the steam explosion

process proved an effective means to reduce the recalcitrant nature of untreated bamboo.

Furthermore, taking into consideration the large enhancement in the digestibility of bamboo

caused by a small change in the pretreatment temperature, it is apparent that temperature may

be an effective tool through which glucose recovery can be maximised. However, since

Yamashita et al.rr3 only evaluated the steam explosion process at two pretreatment

temperatures, the results of their experiment were inconclusive and optimum conditions for

maximising cellulose digestibility could not be confirmed.

450

400

350

300

25A

200

150

100

50

0

20 30 4A

Enzymatic Saccharification Period (h)

Figure L6: Enzymatic saccharification..of untreated (r) and steam exploded (r, +)
bamboo (adapted from Yamashita et al."'). Saturated steam was applied to enhance and to
maintain the temperature of the biomass at 214 "C (r) or 243 "C (o).A constant pretreament
duration of 5 min was applied.

a0
a0--H\/
tr
{)
A
v(}
()
&
q)
tu)
\̂J
I-)
-(rlc
\J

.-i

60

34

Stellenbosch University  http://scholar.sun.ac.za



35 

 

In addition to the use of the steam explosion process to enhance substrate digestibility, 

this process also causes the removal of hemicellulose which, depending on the severity of the 

pretreatment conditions, can be partly or fully recovered in the hydrolysate.92 To enhance 

hemicellulose recovery from lignocellulose, steam explosion processes are generally 

conducted in the presence of an acid catalyst.111 In an attempt to identify the most effective 

catalyst able to assist in the liberation and recovery of xylose (main hydrolysis product of 

hemicellulose) from bamboo, Aoyama and Seki114 impregnated untreated bamboo with a 

wide variety of different acid catalysts, before subjecting it to steam treatment. From their 

results Aoyama and Seki114 concluded that in comparison with the uncatalysed process, the 

presence of a catalyst contributes to a higher degree of hemicellulose removal. However, 

notwithstanding the use of an acid catalyst, only a portion of the liberated xylose could be 

recovered in the hydrolysate as the majority thereof was converted into by-products. 

However, since Aoyama and Seki114 conducted their tests using only a single pretreatment 

duration, a higher degree of hemicellulose recovery could possibly have been obtained for 

shorter pretreatment durations.78,79  

Research done by Yamashita et al.113 and Aoyama and Seki114 provides a general 

understanding of bamboo and its response towards treatment using the steam explosion 

process. However, the results from previous research exposed certain limitations which need 

to be addressed before bamboo can be considered a viable energy crop for bio-ethanol 

production. In the first place, a wider array of steam explosion conditions, focusing on the 

maximisation of cellulose and hemicellulose recovery, need to be explored. Secondly, 

although SO2 has been identified as an ideal catalyst for other substrates, its potential 

effectiveness for the steam treatment of bamboo is yet to be confirmed. Finally, in order to 

maximise the economic viability of a typical bio-refinery, the pretreatment conditions that 

would optimised the steam explosion process in terms of total sugar recovery (i.e. 

hemicellulose and cellulose), should be identified. 

2.5.4 Ionic liquids 

Ionic liquids have recently been identified as novel solvents for pre-treating cellulose 

and lignocellulose. The application thereof disrupts and solubilises cellulose to yield a more 

enzymatically accessible substrate that can be readily converted into fermentable 

sugars.71,115,116 Ionic liquids comprise anions and cations that interact with the cellulose chain. 
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Cellulose is best dissolved by ionic liquids that comprise a 3-methylimidazolium base cation 

in combination with a chlorite or acetate anion.117,118 Furthermore, in order to ensure the 

effective dissolution of cellulose, the alkyl substitute, which is associated with the cation ion, 

should preferably also consists of an even number of carbon units, the length of which should 

not exceed four carbon atoms.119 Cellulose dissolution is largely attributed to the anion, 

which disrupts the intermolecular hydrogen bonding between adjacent cellulose polymers by 

acting as a hydrogen-bond acceptor. However, the cation also contributes by interacting with 

hydrogen in a non-bonding manner, thereby preventing the re-crosslinking of the disrupted 

cellulose chains (Fig. 17).115,120 An anti-solvent may be used to precipitate the dissolved 

cellulose, which is more susceptible to enzymatic attack due to the absence of a sufficient 

crystalline structure.71,115,116 

 

Figure 17: Ionic liquid dissolution of cellulose (adapted from Olivier-Bourbigou et 
al.120). 

However, for ionic liquids to act as appropriate pre-treatment solvents for 

lignocellulose, the much more complex structure of lignin must also be dissolved. Whereas 

the anion of the ionic liquid plays a much more decisive role in dissolving cellulose, the Π-

electron in the side chain of the cation promote dissolution of lignin by creating a Π-Π 

interaction with the aromatic part of lignin.117,120 Although the contribution of the anion in the 

dissolution of lignin remains unclear, anions such as MeSO4
- and CH3COO- have exhibited 

exceptional lignin dissolution properties, a phenomenon probably related to the strong 

interaction between these anions and their corresponding cations.73,121 Although not 
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scientifically proven, ionic liquids that are able to dissolve both cellulose and lignin, 

apparently also displays the ability to also dissolve lignocellulosic material.122 Dissolution of 

lignocellulose is therefore attributed to the combined effect of two interactions involving the 

Π -electron in the side chain of the cation, which – together with a strong hydrogen bond 

acceptor (i.e. anion) – disrupt the three-dimensional structure of lignocellulose, resulting in 

dissolution.117 Such dissolved lignocellulose is more accessible to enzymatic attack and is 

therefore more readily convertible into fermentable sugars.  

Ionic liquid treatment: Factors effecting lignocellulose digestibility 

The type of ionic liquid used is an important factor that needs to be considered when 

using the ionic liquid treatment process to enhance the enzymatic digestibility 

lignocellulose.123 Table 3 lists a number of ionic liquids, the application of which has shown 

to enhanced the enzymatic digestibility of lignocellulose. However, some of these ionic 

liquids are more effective than others in terms of their ability to produce a more 

enzymatically digestible solid. For example, five different residual solids, obtained by 

treating sugarcane bagasse using [EMiM]OAc, [MiM]DMP, [AMiM]Cl, [BMiM]Cl, 1-ethyl-

3-(hydroxymethyl) pyridine ethyl sulphate and [BMiM]NTf2, under similar pretreatment 

conditions, yielded different results when subjected to enzymatic hydrolysis.124 Whereas a 

fully digestible solid could be obtained with [EMiM]OAc, treatment of sugarcane bagasse 

using [MiM]DMP, yielded a less than fully digestible solid with only 60 % (w/w) of the 

cellulose being recovered as glucose. However, in comparison to the other ionic liquids 

tested, both [EMiM]OAc and [MiM]DMP proved more effective in enhancing the enzymatic 

digestibility of sugarcane bagasse (Fig. 18). [EMiM]OAc was, therefore, identified as the 

preferred ionic liquid, a conclusion also shared by other research groups that compared 

different ionic liquids on other lignocellulosic feedstocks.73,123,125-127 

The duration of pretreatment and the process temperature, in addition to the choice of ionic 

liquid used, also necessitates consideration when using the ionic-liquid-treatment process to 

enhance the enzymatic digestibility of lignocellulose. In comparison to the more conventional 

pretreatment technologies (e.g. dilute acid or steam explosion) that require severe treatment 

condition in order to enhance the enzymatic digestibility of lignocellulose, fully digestible 

solids can be produced at moderate to low pretreatment temperatures using the ionic liquid 

treatment process. For example, Lee et al.,73 produced a digestible solid at 90 oC by treating 
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maple wood with [EMiM]OAc. However, although a pretreatment duration of 14 h was 

required to produce this fully digestible solid, the same result was achieved within 1.5 h by 

increasing the pretreatment temperature to 130 oC. A similar indirect correlation between 

temperature and time has been observed for the enzymatic digestibility of other 

lignocellulosic substrates including triticale straw and sugarcane bagasse following treatment 

using the ionic liquid treatment process.124,127 Since fully digestible solids can be obtained at 

multiple conditions, the ionic-liquid-treatment process is viewed as being a more lenient 

pretreatment technology compared to the more conventional pretreatment processes, which 

dictate very specific pretreatment conditions in order to obtain acceptable results.128 

 

Figure 18: Evaluation of different ionic liquids for enhancing the enzymatic digestibility 
of sugarcane bagasse (adapted from Sant’Ana da Silva et al.124). Results depict the 
enzymatic digestibility of ( ) untreated sugarcane bagasse and sugarcane bagasse treated 
with ( ) [EMiM]OAc, ( ) [MiM]DMP, ( ) [AMiM]Cl, ( ) [BMiM]Cl, ( ) 1-ethyl-3-
(hydroxymethyl) pyridine ethyl sulphate and () [BMiM]NTf2 at 120 oC for 2 h.  
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Ionic liquid treatment: Substrate delignification 

The ionic liquid pretreatment process, in addition to enhancing enzymatic 

accessibility by dissolving lignocellulose, also results in lignin removal, which contributes to 

the production of an enzymatic digestible solid. Lignocellulose and more specifically its 

cellulosic component (i.e. microfibrils) are protected from enzymatic attack by layers of 

lignin, which serves as a physical barrier.61 Processes that remove these lignin barriers 

contribute to the production of residual solids that are enzymatically more accessible.61,62 A 

number of existing ionic liquids have been identified as delignification solvents, which 

contribute to the production of enzymatically accessible susbtrates.73,127 Complete removal of 

lignin is not required, since a cellulose digestibility in excess of 90% (w/w) can be achieved 

provided only a fraction (i.e. 22-42%) of the lignin content in lignocellulose is removed (Fig. 

19). These results are in agreement with the findings of other research groups that achieved a 

similar degree of digestibility by removing less than 50% (w/w) of the lignin content in 

lignocellulose using methods other than the ionic liquid treatment process.130-132  

Delignification can be described as a two-step process that involves the 

depolymerisation of the lignin macromolecule into smaller lignin fragments, followed by the 

dissolution and consequent removal thereof from lignocellulose.133 An appropriate 

delignification solvent, must therefore, possess both catalytic (for depolymerisation) and 

solvent (for lignin dissolution) properties in order to remove lignin from lignocellulose. Pu et 

al.121 evaluated the lignin dissolution properties of eight different ionic liquids by comparing 

their ability to dissolve kraft lignin. Amongst those tested, ionic liquids 1,3-

dimethylimidazolium methylsulfate ([MMiM]MeSO4) and 1-butyl-3-methylimidazolium 

methylsulfate ([BMiM]MeSO4) proved to be the most effective lignin dissolving agents, 

since they could dissolve 20 wt % kraft lignin, which was superior in comparison to the 

results obtained with other ionic liquids. It is therefore reasonable to hypothesise that, 

provided that these ionic liquids also possess catalytical properties for lignin 

depolymerisation, their application will result in substrate delignification.133  
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Lignin depolymerisation predominantly occurs through the cleaving of the B-O-4

ether bond, which is in abundance3t'3z in hgnocellulose, and can be cleaved readily during

acid33 and base30'3a catalysis. Hence, to evaluate whether ionic liquids possess the catalytic

activity to depolymerise lignin, the studies of Jia et at.r34, Kubo et al.13s and Binder et a1.136

focused on whether the B-O-4 bond in model compounds of lignin could be cleaved using the

ionic liquid treatment process. These studies concluded that, without an acid catalyst or a

metal chloride, neutral ionic liquids such as [BMiM]OAc or [BMiM]C1, did not demonstrate

suffrcient catalytic activity required to cleave the B-O-4 bond present in these compounds.l3a-
136 Hence, contrary to the results of numerous studies, neutral ionic liquids, in principle,

should not be able to sorve as a delignification solvents.T3'tz7 These contradictory findings

may be as a result of the presence of an unreacted precursor component (acid or base), which

may participate during the depolymerisation of lignin by acting as catalysts.T3'|z1 Suitable

purification methods, able to remove these impurities that are known to affect both the

physical and chemical properties of the ionic liquid, are yet to be developed.l2o'I37

4!
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An opportunity was, therefore, perceived to advance current knowledge on substrate 

delignification by assessing novel ionic liquids and the potential application for catalysis. 

Two novel ionic liquids (i.e. ([MMiM]MeSO4, [BMiM]MeSO4) have been identified that 

meet at least one of the two requirements for lignin removal. Both [MMiM]MeSO4 and 

[BMiM]MeSO4 can dissolve truncated lignin (i.e. kraft lignin), but it is currently unknown 

whether either of these ionic liquids possesses the catalytic activity that is required to 

depolymerise lignin before it can be dissolved. Hence, it needs to be confirmed whether a 

catalyst (acid or base) is required to assist with the ionic-liquid delignification of 

lignocellulose. Finally, provided that both ionic liquids can depolymerise and dissolve lignin 

with or without the assistance of an added catalyst, residual solids are to be produced that are 

enzymatically accessible in order to be suitable as a feedstock for the production of 

fermentable sugars.  

2.6 Fractionation  

Fractionation focuses on separating lignocellulose into its major chemical 

constituents, i.e. cellulose, hemicellulose and lignin. Existing fractionation technologies are 

thermal, mechanical or thermo-chemical by nature.138 The thermo-chemical technologies, 

which are the subject of this chapter, comprise two main categories, namely the two-step 

pretreatment and solvent-extraction processes. The first category of technology achieves 

fractionation by sequentially treating lignocellulose using pretreatment processes that 

selectively hydrolyses hemicellulose and lignin.139-143 The second category of technology 

separates the main constituents of lignocellulose through solvent extraction.144-146 However, 

lignocellulose is to be dissolved first, by a solvent for cellulose that also disrupts the 

association that exists between the constituents of lignocellulose.144-146 The effectiveness of 

either fractionation technology is based on whether an enzymatically digestible, cellulose 

enriched residual solid can be produced, with the remaining constituents completely 

liberated, recovered and separated into different product streams. An effective fractionation 

technology, therefore, yields constituent enriched product streams, which may serve as 

precursors for the production of value-added fuels and chemicals.59,102 

2.6.1 Two-step fractionation process 

The two-step fractionation process utilises two sequentially applied pretreatment 

technologies in order to facilitate fractionation of lignocellulose.63 Pretreatment processes are 
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conventionally applied to enhance the enzymatic digestibility of lignocellulose.61,62,65-68 

Nevertheless, through the choice of pretreatment method used, either the hemicellulose65-68 or 

lignin5,62 part of lignocellulose can be selectively extracted. Furthermore, depending on the 

severity of pretreatment, the liberated constituent may either partly or fully be recovered in 

the hydrolysate, as a corresponding hydrolysis product.78,79,147 Furthermore, depending on the 

pretreatment process used, either a cellulose/hemicellulose61-63 or cellulose/lignin63,65-68 

enriched residual solid is produced. Complete fractionation of lignocellulose is, therefore, 

achieved when the resulting solid is subjected to further treatment; however, this time aimed 

at removing the hemicellulose- or lignin-enriched part of the residual solid.63 Consecutive 

treatment of lignocellulose using different pretreatment technologies, therefore, facilitates 

fractionation of lignocellulose by producing a cellulose enriched residual solid with liberated 

hemicellulose and lignin being recovered in the hydrolysate, as corresponding hydrolysis 

products.63 Additionally, effective fractionation also requires production of a cellulose 

digestible solid. 

Fractionation of lignocellulose, using the two-step fractionation process, is best 

demonstrated by way of example. Utilising in consecutive order the hot-water flow-through 

(HWTH) and ammonia recycle percolation (ARP) pretreatment methods, Kim and Lee139 in 

part, succeeded in separate the main constituents of corn stover into different product streams 

(Fig. 20). The hemicellulosic part of corn stover was partly (61% (w/w)) extracted by using 

the HWTH process. The corresponding hydrolysis product, which accounted for 98% (w/w) 

of liberated hemicellulose, was recovered in the hydrolysate. On the other hand, the resulting 

residual solid exhibited an enriched cellulose and lignin content, with a corresponding 

enzymatic digestibility of 59.1% (w/w). Resubmission of this residual solid to further 

treatment, using the ARP process, contributed 57.0% (w/w) of the original lignin content 

being extracted. The remaining residual solid, in addition to exhibiting a high enzymatic 

digestibility, contained predominantly cellulose with some remaining hemicellulose and 

lignin. The fractionation method, as proposed by Kim and Lee139, has therefore failed to 

adhere to all the criteria of fractionation as a pure cellulose stream could not be produced. 

Similarly, the hydrolysate produced by the HWTH process, presumably contains the 

hydrolysis products of lignin, since hemicellulose could not be selectively extracted. 

Additional downstream processing would, therefore, be required to ensure complete 

separation of constituents. 
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In an attempt to limit the production of multi-constituent product streams, two-step 

fractionation processes are typically designed to extract hemicellulose prior to the substrate 

delignification.63 The hemicellulosic part of lignocellulose is more susceptible to treatment, 

compared to lignin, and is, therefore, partially removed together with lignin during 

delignification.63 However, an effective fractionation technology separates the main 

constituents of lignocellulose into individual products streams, consequently limiting the 

requirement for additional downstream processing. Hence, the first step in two-step 

pretreatment process generally involves hemicellulose extraction. Processes such as the 

dilute-acid141, flow-through139,140 and steam explosion148 are employed since their application 

is regarded more selective towards hemicellulose removal compared to conventional 

delignification methods that simultaneously remove both lignin and hemicellulose.63 Re-

subjecting of the cellulose and lignin-enriched residual solid to alkaline extraction,148 

organoslv141 or ammonia percolation,139,140 therefore, results in the production of two 

individual product streams containing cellulose and the hydrolysis products of lignin, 

respectively. The sequence of pretreatment methods used is, therefore, of great significance 

and demands consideration prior to fractionation, as it will affect the fractionation 

effectiveness of the two-step pretreatment process.63 

However, despite numerous efforts to enhance the effectiveness of the two-step 

pretreatment process, a highly effective fractionation technology is yet to be developed. 

Previous fractionation methods, in addition to producing non-pure, multi-component product 

streams, have also failed to completely recover the hydrolysis products of hemicellulose and 

lignin, following their removal. The hemicellulose pre-extraction step, although not 

contributing to the removal of large amounts of lignin,139,140 promotes condensation reactions 

which renders lignin less susceptible to delignification.141 However, this limitation can be 

avoided by removing only 75% (w/w) of the hemicellulosic content in lignocellulose through 

treatment using low-severity treatment conditions that do not promote lignin re-precipitation 

reactions.141 Nevertheless, the aforementioned limitations, as well as limitations imposed 

with by-product formation under severe treatment conditions, hamper the two-step 

pretreatment process from being employed industrially. Thus, alternative fractionation 

technologies are also being evaluated.139-141,148 
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Figure 20: Fractionation of corn stover into main constituents using the two-step 
pretreatment process comprising the hot-water flow-through and ammonia recycle 
percolation methods (adapted from Kim and lee139). Nomenclature: C, H, L and ED refer 
to cellulose, hemicellulose, lignin and enzymatic hydrolysis, respectively. 
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2.6.2 Dissolution and solvent extraction 

Fractionation of lignocellulosic constituents can be achieved through their dissolution 

and subsequent separation through solvent extraction.145-147,149 Lignocellulose cannot be 

dissolved in common solvents such as acetone and water.150 The large molecular structure of 

lignocellulose, owing to the cross-linked nature of its constituents, resists dissolution, even 

when a perfectly matched (with regards to solubility parameters) solute and solvent 

combination is applied.150 Lignocellulose dissolution is, therefore, achieve by the use of a 

substance that possesses not only solvent, but also catalytic properties that facilitates the 

cleaving of bonds situating between cellulose, hemicellulose and lignin.151 Furthermore, 

dissolution has also been attributed to the disruption of the hydrogen bonds that contributes to 

the crystal structure of cellulose.151 Non-hydrolytic cellulose solvents such as phosphoric acid 

has proven effective in disrupting and dissolving lignocellulose even at ambient 

conditions.145-147 However, their application does not result in effective separation of these 

constituents. Additional downstream processing, involving solvent extraction is, therefore, 

required to separate these constituents into individual product streams.145-147 

 

Figure 21: Fractionation of corn stover through dissolution followed by solvent 
extraction (adapted from Zhang et al.147) Nomenclature: Cellulose, hemicellulose, lignin 
and hydrolysate were denoted as C, H, L and HS, respectively.  
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Constituent separation following dissolution is prompted by their solubility in 

different anti-solvents for cellulose.145-147 As demonstrated in Figure 21, half the lignin 

content was extracted and its hydrolysis products recovered with acetone, following the 

dissolution of corn stover in phosphoric acid.147 Acetone was specifically chosen because it 

served as a solvent for lignin, but anti-solvent for hemicellulose and cellulose. The residual 

solid, which contained predominantly hemicellulose and cellulose, was re-subjected to a 

second solvent extraction step where 70.8% (w/w) of the hemicellulose content was 

recovered. Whereas water (i.e. second solvent) served as a solvent for hemicellulose, 

cellulose precipitated thereby contributing to only small amounts of cellulose being recovered 

together with hemicellulose. The resulting solid contained predominantly cellulose and 

exhibited an enzymatic digestibility of 97.4% (w/w). Fractionation of dissolved constituents 

was, therefore, achieved through the sequential application of two solvent extraction steps 

that simultaneously served as an anti-solvents for cellulose.  

Fractionation through ionic liquid treatment followed by solvent extraction 

Ionic liquids have recently been identified as potential fractionation solvents since 

their application may result in the disruption and dissolution of lignocellulose components.153 

However, the majority of fractionation processes that involve ionic-liquid treatment are more 

correctly defined as partial fractionation technologies. A single, rather than two subsequent 

solvent extraction steps is used to separate the dissolved lignocellulose into constituents 

cellulose (recovered as a residual solid) and lignin (recovered in the hydrolysate) (Table 

4).73,127,152,153 Although, being devoid of a hemicellulose recovery step, the combined 

treatment with ionic liquid, solvent extraction or the combination of these also results in 

hemicellulose removal from the residual solid (Table 4). Liberated hemicellulose has been 

shown to reside, together with lignin, within the supernatant produced by solvent 

extraction.154 Methods such as reverse osmosis and chromatography have been suggested for 

the recovery of hemicellulose from this reaction mixture,155 although the economic viability 

of the process has been questioned seeing that hemicellulose is considered a low value, high 

volume product.44,45,138,156 
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A single example, however, does exits where fractionation of lignocellulose was facilitated 

through ionic liquid treatment followed by subsequent extraction using two solvent extraction 

steps (Fig. 22).149 However, a word of caution with regards to the feedstock (i.e. ball milled 

sugarcane bagasse), which may react differently from the native substrate (i.e. sugarcane 

bagasse) due to the physical and chemical changes introduced by ball milling.72,73 Ball milled 

sugarcane bagasse was treated with [BMiM]Cl at 110 oC (the only temperature tested) and for 

an unspecified time period, which was extended until a clear solution, confirmed visually, 

was obtained. A pure lignin stream was derived by extracting the resultant product mixture 

with an acetone/water (9:1, v/v) mixture, which yielded 34.1% (w/w) of the total lignin 

content (Fig. 22). Subsequently, a multi-component product stream comprising 78.7% (w/w) 

and 20.6% (w/w) of the hemicellulose and lignin content, respectively, was obtained by re-

subjecting the remaining residual solid to a second solvent extraction step with a 3% sodium 

hydroxide solution (Fig. 22). Additional downstream processing is, therefore, required to 

ensure constituent separation; a limitation which could have been avoided provided a solvent 

with a low affinity for lignin (e.g. water) was applied.145-147 

 

Figure 22: Fractionation of ball milled sugarcane bagasse through ionic liquid 
treatment followed by extraction comprising two solvent extraction steps (adapted from 
Lan et al.150). Nomenclature: Cellulose, hemicellulose, lignin and hydrolysate were denoted 
as C, H, L and HS, respectively. 
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Thus, before the ionic liquid treatment process can be viewed as an effective 

fractionation technology, the following key issues need to be addressed. The ball-milling 

process, alters the physical and chemical features of lignocellulose,72,73 hence, results obtain 

by Lan et al.149, cannot simply be extrapolated and need to be repeated by using untreated 

lignocellulose. It is also evident from the results presented by Lan et al.149 that the choice of 

anti-solvent need to be reconsidered to avoid further downstream processing. However, in the 

event that multi-constituent product streams cannot be avoided, it may prove advantageous to 

pre-extract at least one of the constituents in lignocellulose through convection processing 

(e.g. dilute acid process) prior to further fractionation with combined ionic-liquid treatment 

and solvent extraction. Finally, it is essential to expand the range of pretreatment conditions 

(i.e. temperature, time) with ionic liquids, to enhance the extent of hemicellulose and lignin 

recovery, which ultimately affect the economic viability of any fractionation process.  

2.7 Conclusion 

Sugarcane bagasse, bamboo and triticale bran have been identified as potential energy 

crops from which value-added fuels and chemical can be produced. Motivated by the high 

polysaccharide (i.e. cellulose and hemicellulose) content of these crops, which may serve as 

feedstocks for the production of bio-ethanol (transport fuel), methods have been evaluated for 

the effective recovery thereof. Single-stage pretreatment processes (e.g. dilute acid and steam 

explosion), in combination with enzymatic hydrolysis, are effective pretreatment 

technologies for the recovery of xylose (the main hydrolysis product of hemicellulose) and 

glucose (the hydrolysis product of cellulose). However, these processes have proven 

ineffective in obtaining a high combined sugar (i.e. xylose and glucose) yield from substrates, 

such as sugarcane bagasse, from which maximum xylose and glucose cannot be recovered 

effectively by the application of a single-set of pretreatment conditions. Hence, the use of a 

two-stage pretreatment process is proposed to gain the advantages of multiple sets of 

operating conditions, presented as two single stage dilute acid processes, individually 

optimised for the recovery of xylose and glucose, respectively. Alternatively, sugarcane 

bagasse can also be utilised more effectively by subjecting it to fractionation through benign 

ionic liquid treatment processes which separates the main constituents thereof. However, the 

production of multi-constituent product streams has limited the efficacy of these processes. 

Hence, to avoid additional downstream processing, the use of a hemicellulose pre-extraction 
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step is proposed to ensure production of constituent enriched product streams that may serve 

as feedstocks for value-added products. 
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Chapter 3         

Objectives 

Lignocellulosic substrates triticale bran, bamboo and sugarcane bagasse are evaluated 

during this study as potential energy crops intended for replacement of fossil fuel with 

renewable resources. In addition to being capable of renewal through photosynthesis, 

lignocellulose also comprises versatile precursor chemicals, namely cellulose, hemicellulose 

and lignin, which may serve as feedstocks for the production of fuels and chemicals currently 

derived from fossil carbon resources. However, these lignocellulosic constituents are locked 

inside a recalcitrant matrix which, without effective liberation using either a conventional or 

fractionation pretreatment process, possesses little value as precursor chemicals. Whereas a 

maximum combined sugar yield can be derived through treatment using conventional and 

advanced pretreatment technologies, fractionation methods separate lignocellulose into its 

main constituents. As such, the replacement potential of feedstocks triticale bran, bamboo 

and sugarcane bagasse, as alternatives to fossil fuel, is evaluated during this study, through 

process optimisation to ensure effective constituent liberation by applying both conventional 

and fractionation pretreatment technologies. 

Conventional pretreatment technologies (i.e. single-stage processes) provide a means 

to characterise substrates based on their pretreatment response. Liberation of constituents’ 

hemicellulose and cellulose is achieved through acid- and enzymatic hydrolysis with 

corresponding hydrolysis products being recovered in the hydrolysates. To maximise the 

combined-sugar-recovery-yield (recovered hydrolysis products), conventional pretreatment 

processes need to be conducted at optimum operating conditions. Variation in maximum 

combined-sugar-recovery-yields (a pretreatment response), between different substrates is to 

be expected as a result of their diverse chemical composition. Additionally, variations within 

optimum pretreatment conditions (another pretreatment response) are also to be expected. 

Substrates, for which a unique relationship exists between these pretreatment responses may, 

in terms of combined-sugar-recovery, benefit from the use of an advanced pretreatment 

technology (i.e. two-stage process). In addition, the efficacy of such substrates can be further 

enhanced through fractionation. An effective fractionation process separates lignocellulose 

into enriched hemicellulose, lignin and digestible cellulose streams. Thus, by comparing 

pretreatment responses, generated through conventional pretreatment, eligible substrates are 
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identified that may benefit from the use of advanced and fractionation pretreatment 

technologies. 

Triticale bran has been identified as a potential energy crop for the production of 

ethanol in arid-landscapes such as the Western Cape of South Africa. Taking advantage of 

the existing grain-to-ethanol pathway, the aim was to enhance the effectiveness of a typical 

triticale dry-mill ethanol plant by also using the bran, which can be isolated as a by-product 

from the milling process as a substrate for cellulosic bio-ethanol production. In comparison to 

other agricultural wastes, triticale bran contains high levels of arabinoxylan, effectively 

making it an ideal candidate for the application thereof in the single-stage dilute-acid process 

which allows for the effective recovery of xylose and arabinose. However, the response of 

triticale bran to conventional dilute-acid pretreatment was not known and as such, an 

optimisation strategy, using a central composite design, to test the influence of different 

pretreatment conditions (time, temperature and acid loading) on hydrolysis efficiency, was 

required. Such a process facilitates the optimisation of sugar recovery, suggesting that both 

the sugar hydrolysis from pretreatment itself and the subsequent enzymatic hydrolysis of the 

residual solid should be considered. A potential ethanol yield could, therefore, be established, 

assuming the availability of a pentose-fermenting microorganism. 

Bamboo has also been identified as a novel energy crop for the production of 

cellulosic ethanol, primarily due to its high cellulose content. Previous experimental research 

on the application of conventional steam explosion of bamboo was limited, and did not 

provide sufficient evidence to suggest the optimal conditions required for maximum cellulose 

digestibility. The absence of supporting data on the total sugar recovery, from both 

pretreatment and subsequent enzymatic hydrolysis, posed a challenge. Hence, the aim of this 

part of the study was to optimise total sugar recovery from bamboo by subjecting it to single-

step steam explosion, with the objective of simultaneously maximising both the digestibility 

of cellulose as well as the recovery of xylose, the main hydrolysis product of hemicellulose. 

Conditions for maximum sugar recovery were determined using a central composite design in 

which the effect of a change in temperature, time and the combination of both were 

incorporated. Steam explosion pretreatment of bamboo with SO2 as the catalyst was 

preferred, based on it's demonstrated ability to reduce both the reaction time and temperature 

of the steam explosion process required to obtain optimised digestibility of a range of 

lignocelluloses.  
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Sugarcane bagasse is considered to be a feedstock for value-added products, which 

among others, includes bio-ethanol. With South Africa being one of the largest sugarcane 

producing countries in the world, with production yields comparable to that of the United 

States of America, it is essential to take full advantage of this feedstock by subjecting it to 

fractionation. Fractionation is considered a more expensive technology than conventional 

pretreatment, although it yields the added benefit of separating lignocellulose into its main 

constituents. Fractionation of sugarcane bagasse can be conceptualised as a two-step process 

involving both dilute-acid and ionic liquid pretreatment technologies. However, since this 

method of fractionation has not been proven for sugarcane bagasse or any other 

lignocellulosic material, it was best thought to first individually optimise the dilute-acid and 

ionic-liquid pretreatment processes, prior to their application in a combined manner. 

Dilute-acid treatment of sugarcane bagasse has been demonstrated as a single-stage 

process with conditions being optimised for either xylose (the main hydrolysis product of 

hemicellulose) or glucose (the hydrolysis product of cellulose) recovery through acid- and 

enzymatic hydrolysis, respectively. Although the process can also be applied to 

simultaneously recover both xylose and glucose, the resultant combined sugar yield, is less 

than what is potentially available (as polysaccharides) in sugarcane bagasse. The production 

of a low digestible solid or excessive xylose degradation or the combination these have been 

identified, in this study, as the factors which limit the total amount of sugar that can be 

recovered from sugarcane bagasse using the single-stage dilute acid process. The use of an 

advanced two-stage dilute acid process is therefore recommended since some of the 

limitations associated with the single-stage process can be avoided. The two-stage dilute acid 

process comprises two single-stage methods each of which can be conducted at a specific set 

of pretreatment conditions aimed at maximising the recovery of xylose and glucose, 

respectively. To demonstrate the principle of the two-stage process, use can be made of 

response surface methodology (RSM), a statistical design specifically developed to predict 

the result of a single-stage process at a specific set of pretreatment conditions. Hence, 

provided the RSM includes those conditions that predict the maximum recovery of both 

xylose and glucose, the principle of the two-stage process can be demonstrated. Finally, the 

RSM can also be consulted for information regarding pretreatment conditions best suited for 

the combined fractionation process involving dilute-acid and ionic-liquid treatments. 
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Ionic-liquid treatment contributes to both the pretreatment and fractionation of 

lignocellulose. An enzymatically digestible solid can be produced by treating lignocellulose 

using an ionic liquid. Alternatively, the resultant solid, following ionic liquid treatment of 

lignocellulose, may also be fractionated by being subjected to a subsequent solvent extraction 

step that separates hemicellulose and lignin based on their solubility in different anti-solvent 

for cellulose. 1-Ethyl-3-methylimidazolium acetate ([EMiM]OAc) is considered an effective 

ionic liquid for the pretreatment and fractionation of lignocellulose. The efficacy of the ionic 

liquid, in part, has been attributed to its ability to also serve as a delignification solvent. 1-

Butyl-3-methylimidazolium methylsulphate ([BMiM]MeSO4) has been identified, in the 

present study, as a potential delignification solvent, primarily because it can dissolve large 

amounts of Kraft lignin. However, considering that delignification involves the dissolution 

and depolymerisation of lignin, the delignification properties of this specific ionic liquid need 

to be evaluated on sugarcane bagasse. Furthermore, since conventional delignification 

processes involve catalysis, it is essential that different ionic liquid/ catalyst combinations be 

analysed. Optimum operating conditions are also to be determined for substrate 

delignification and cellulose digestibility. 

The effective utilisation of sugarcane bagasse, as an energy crop that may at least 

partly replace fossil fuel, can only be realised through its separation into its constituents, 

using an appropriate fractionation technology. A novel fractionation technology was 

conceptualised for sugarcane bagasse using the single-stage dilute acid processes to extract 

and recover xylose (the main hydrolysis product of hemicellulose), followed by ionic-liquid 

treatment in combination with solvent extraction to recover lignin, whilst at the same time 

also producing a cellulose-enriched residual solid with high enzymatic digestibility. With 

case studies aimed at evaluating optimum operating conditions for the single-stage dilute-

acid- and ionic-liquid treatment processes on sugarcane bagasse, a combined fractionation 

process can be designed that would compel minimum optimisation in order to guarantee 

efficient separation of the sugarcane bagasse into its constituents cellulose, hemicellulose and 

lignin. Additional optimisation required for the combined fractionation process would require 

the solicitation of an alternative ionic liquid i.e ionic liquid 1-ethyl-3-methylimidazole acetate 

([EMIM]OAc), which have earlier been identified as an effective delignification solvent. 

Optimisation would also involve the use of another anti-solvent, i.e. acetone, acetone-water 

mixture and a sodium hydroxide solution, which may promote lignin recovery following 

ionic liquid dissolution.  
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In conclusion, the effective utilisation of feedstocks triticale bran, bamboo and 

sugarcane bagasse will be evaluated with either the dilute-acid or steam-explosion process 

with the aim of maximising total sugar recovery. Optimisation strategies, involving a central 

composite design, will assist in establishing suitable operating conditions relevant to the 

feedstock and the preferred pretreatment method required. In addition, results will allow for 

the comparison of different feedstocks and evaluation of the severity of the treatment 

required to maximise the combined sugar yield. Corollaries can then be inferred in terms of 

the combined sugar yield and whether this value can be improved by the use of the two-step 

dilute acid process that permits individual optimization of both xylose- and glucose recovery. 

Furthermore, an important aspect that needs to be ascertained is whether the dilute acid 

process, either as a single- or two-step procedure, can be replaced by the ionic-liquid 

treatment process that also contributes to the formation of a more enzymatically digestible 

solid. In conclusion, it needs to be determined whether a similar degree of fractionation can 

be achieved by either using the dilute acid or ionic liquid process or whether the merger of 

the two processes is essential to achieve effective fractionation of sugarcane bagasse into its 

constituents of cellulose, hemicellulose and lignin. 
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Chapter 4                        

Sugar recovery response of novel 

feedstocks, triticale bran and bamboo, 

on conventional pretreatment 

Introduction 

A baseline for comparison was established by treating both triticale bran and bamboo 

using a conventional single-stage acid pretreatment process with subsequent enzymatic 

hydrolysis. The main pretreatment response, which assists in characterising the different 

feedstocks, is the combined-sugar-recovery-yield (CSRY), which is defined as the hydrolysis 

products recovered through acid- and enzymatic-hydrolysis of hemicellulose and cellulose.  

To maximise the CSRY, use was made of a central composite design, through which, 

optimum operating conditions associated with each substrate, could be established. A higher 

maximum CSRY, at relatively more severe optimum pretreatment conditions, was obtained 

for bamboo when compared with triticale bran. Hydrolysis products derived from triticale 

bran were degraded excessively, even at optimum pretreatment conditions which proved to 

be less severe. Results obtained for substrates could, however, not be confirmed due to a lack 

of relevant literature. Further characterisation of feedstocks could, therefore, only be achieved 

by comparison with an established feedstock namely sugarcane bagasse (Chapter 5).  

Triticale bran, despite its high polysaccharide content, has not previously been 

identified as a feedstock for second-generation bio-ethanol production. This study (Chapter 

4.1), applied the conventional single-stage dilute acid process to triticale bran with the aim of 

maximising the combined-sugar-recovery yield. My contribution to this study was two-fold 

namely: Aiding with the execution of the experimental work as well as assistance with the 

statistical analysis of the experimental data to obtain the optimum operating conditions 

required for maximum sugar recovery. Although optimum operating conditions could be 

established, less than 60% (w/w) of the total sugar content in triticale bran could be 

recovered. This low sugar recovery yield was attributed to degradation facilitated by the 

unique chemical structure of hemicellulose, which comprised equal amounts of xylose and 

arabinose, each of which dictated the use of different pretreatment conditions to ensure their 

effective recovery.   
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In contrast to triticale bran, bamboo has been identified as a potential feedstock for 

second-order bio-ethanol production, with most research, focusing on the application of the 

one-stage catalysed-steam explosion process. However, these studies were limited to the 

maximisation of the digestibility of cellulose. My contribution to the study, therefore, 

involved the planning of the experiments, designed to find optimum operating conditions to 

maximise total sugar recovery from bamboo, using the steam explosion process in 

combination with enzymatic hydrolysis (Chapter 4.2). I also assisted with the statistical 

analysis of the experimental results which lead to the optimisation of the steam-explosion 

conditions. At optimum operating conditions, more than 80% (w/w) of the total sugar content 

in bamboo was recovered. This high sugar recovery yield was attributed to the chemical 

composition of bamboo which dictated the use of similar pretreatment conditions to 

effectively recover both the hemicellulose and cellulose fraction thereof.  

In conclusion, the overall research objective required that the pretreatment response of 

both novel feedstocks be characterised. This was done by subjecting both substrates to 

conventional pretreatment methods with the added benefit that it allowed for response 

comparison with a more established feedstock i.e. sugarcane bagasse (Chapter 5).  
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Chapter 4.1                

Evaluation of triticale bran as raw 

material for bioethanol production 

This article Evaluation of triticale bran as raw material for bioethanol production by María 

García-Aparicio, Kim Trollope, Luvuyo Tyhoda, Danie Diedericks and Johan Görgens as it 

appeared in Fuel 90 (2011) 1638-1644 published by Elsevier Ltd. (Amsterdam, Netherland) is 

reproduced with permission from the publisher.  
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ABSTRACT

The present work addresses the introduction of second generation biofuels from agricultural by-products
generated from low input cereal crops such as triticale. The main purpose was to investigate whether the
overall ethanol yield in a triticale dry-mill ethanol plant could be increased by combination of pretreat-
ment and enzymatic hydrolysis ofthe bran obtained by fractionation ofthe grain to separate from starch.
Different dilute acid pretreatment conditions were studied using starch-free triticale bran (SFTB) as sub-
strate at a fixed loading of 10% (dry weight/volume). A statistically experimental design approach, based
on previous studies, was used to evduate the sugar recovery so as to maximize the enzyme digestibility
of the pretreeted material. The highest overall sugar yield was attained by using 0.1% (w/v) of sulphuric
acid at 160 "C for 22.5 min. At these conditions, it could be possible to obtain up to 245 L of ethanol per
dry ton of SFTB considering hexose and pentose sugars fermentation, which would increase by 14% the
theoretical ethanol yield in a dry-mill ethanol plant.

@ 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid biofuels, such as ethanol, obtained from plant biomass
are regarded as an attractive alternative to fuel oil to reduce depen-
dence on foreign oil and diminish CO2 emissions, the main cause of
greenhouse effect. In addition, plant biomass represents the basis
for future supply of renewable chemicals and materials [1,2]. Con-
sequently, South Africa is making efforts to support the production
and use of biofuels in the transport sector. Concretely the short-
term goal is the replacement of a2% in the national liquid fuel sup-
plv [31.

In order to reach the goals and the envisioned growth of biofu-
els during the next decades, it is essential to extend the raw mate-
rials sources to less expensive crops I4]. Novel dedicated crops
with high productivity that are well adapted to the climatic and
soils conditions are also critical. Triticale, a hybrid of rye and
wheat, has been grown commercially in South Africa for the last
two decades. Triticale has a number of potential advantages as a
feedstock due to its ability to adapt to stresses and thrive on
marginal soils with a lower nitrogen requirement during crop
grOwrh [51.

To meet the increasing demand for ethanol it is essential not
only to select a suitable raw material but also to use it more effi-
ciently by the utilization of the whole crop, including lignocellu-
losic residues t6l. Cereal bran is produced as by-product of the
milling process and it can account for up to 19% of the grain [7],

* Corresponding author. Tel.: +27 021 8OB 4496: fax: +27 021 8Og 2050.
E-mail address : garcia@sun.ac.za ( M- Garcia-Aparicio).

0016-23611S - see front matter o 2010 Elsevier Ltd, All rights reserved.
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Cereal bran usually ends up in the distillers dried grain with solu-
bles (DDGS), that is used as feed supplement limited to cattle due
to its high fiber content [8]. Tfre removal of bran from grain during
the cortication stage would reduce the fiber content of the DDGS,
and thereby increase the protein content up to 60-65% [gl. This
will expand the application of DDGS to other livestock and sub-
stantially increase its commercial value [101. Taking advantage of
the installed capacities and existing logistics of the present grain-
to-ethanol frrst generation biofuels pathway can be a winning
strategy to gradually introduce second generation biofuels. The
bran contains a significant amount of sugars [1 1 -1 5 ], such as resid-
ual starch, cellulose and hemicellulose, which could be converted
to ethanol and enhance production efficiency of the production
plant.

Among depolymerization processes, those based on enzymatic
hydrolysis seem to be promising, due to their specificity and their
high potential for improvement by means of biotechnology. The
residual starch of the bran can be directly hydrolyzed by amylases.
Nonetheless, pretreatment is required to alter the lignocellulose
structure in order to improve enzyme accessibility and increase
the yield of fermentable sugars. There are various methods which
have been reported in literature that can be used to pretreat ligno-
cellulosic biomass. These are divided into physical and chemical
methods or combination of both [161. Dilute acid hydrolysis is
one of the most commonly applied methods among chemical pre-
treatments [17] since it allows the recovery of a high proportion of
hemicellulosic sugars without generating significant concentra-
tions of inhibitors [1S]. It has also been shown to increase the rate
of enzymatic hydrolysis considerably t191. Hemicelluloses, mainly
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as arabinoxylan, accounts far 25% [15] t"o 44% [14] of the cereal
bran's dry weight. Hence, arabinoxylan recovery can have a posi-
tive contribution on the overall process economics of ethanol pro-
duction when a pentose-fermenting microorganism is available.

Although the feedstocks usually used to study dilute acid pre-
treatment have been agricultural wastes l2A-221, there is rela-
tively little research focused on the pretreatment of cereal bran,
and it does not address triticale bran. Previous studies performed
on sorghum bran [23], wheat bran l24l and other by-products orig-
inated in a wheat milling plant [25] showed increments in the
overall sugars yields by combining pretreatments such as high
temperatures with dilute acid.

The main aim of this work was to investigate whether the over-
all ethanol yield in a triticale dry-mill ethanol plant could be in-
creased by combination of pretreatment and enzymatic
hydrolysis of the bran obtained by fractionation of the grain. The
triticale bran was firstly subjected to starch degrading enzymes
in order to solubilise the starch fraction. The solid fraction obtained
after filtration, designated as starch-free triticale bran (SFTB), was
used as substrate for further experiments. The influence of dilute
acid pretreatment parameters (temperature, acid loading and res-
idence time) on the enzymatic hydrolysis of the SFTB was studied
in order to evaluate its use in a biomass to ethanol process. To as-
sess the effects of these parameters on overall sugar yield, a frac-
tional experimental and surface response technology was
employed for experimental design.

2- Materials and methods

2.1. Raw material

Triticale bran was obtained from SASI(O Bakeries, Paarl, South
Africa. The triticale bran was sieved in order to obtain the most
representative particle size to perform the pretreatment studies.
The fraction collected between 425 and 825 pm (-3 5% of the trit-
icale bran) was used in all experiments. The biomass with 9% mois-
ture content was stored in an air-tight container and was used
within 6 months,

2.2. Starch removal

A low temperature liquefaction and saccharification enzyme
preparation, Stargen 001 (Danisco-Genecor, Denmark), with high
granular starch hydrolyzing activity was used for starch degrada-
tion. Stargen 0 0 1 was supplemented with the xylanase prepara-
tion Optimash VR (Danisco-Genecor, Denmark) since it has been
reported to enhance the starch degradation [71. The starch hydrc-
lysis of the raw material was performed at a solid-to-water ratio of
1:5. Six 40 g batches were hydrolyzed using a 0.5 L Btichi Rotava-
por. The hydrolysis was performed in a water solution adjusted
at pH 4,2 with 10 N H2So4 126,271. Bran slurry supplemented with
0.4 ml of Stargen 0 0 1 together with 0.16 ml of optimash VR was
treated at 50 "C with an agitation speed of 150 rpm for 48 h to en-
sure maximum starch hydrolysis. The slurry was filtered with
Whatman* GF-A and the solid material, denoted as starch-free trit-
icale bran {SFTB), was thoroughly washed with deionized water
and air-dried prior to chemical analysis. The liquid was collected
for sugar analysis as described below.

2.3, Dilute ucid pretreatment

Dilute acid batch pretreatment was carried out in tubular reac-
tors as described by Lloyd and Wyman [28] to minimise mass and
energy transfer problems [291. 0.6 grams of SFTB were soaked
overnight in the required acid concentration at a solids concentra-
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tion of 10% (wlv). Each pretreatment was run in triplicate to pro-
duce enough pretreated biomass for analysis of the water
insoluble solid (wlS) fraction and for enzymatic hydrolysis.

After quenching the reactors in a cool water bath, the pretreated
material was filtered into a WIS fraction and a liquid fraction or
prehydrolysate. The wls fractions were dried far 24 h at 40 "C
and analyzed for structural components. These solids were used
as substrate in the enzymatic hydrolysis experiments. The liquid
fraction after pretreatment was analyzed for sugars and by-prod-
ucts as described below.

2,4. Experimental design

The dilute acid pretreatment of SFTB was performed using a
fractional experimental design as preliminary study to evaluate
the parameters that have significant effects on the overall sugar
yield. The parameters studied were sulphuric acid concentration
(O.7%, 0.6% and 7.7% (w/w), reaction temperature (12O, 14A and
160 "C) and residence time (5,22.5 and 40 min). The experimental
error was determined at the center point (O.6% acid, 140'C for
22.5 min), which was repeated three times. The statistical analysis
was performed using the commercial software STATISTICA 7.1
(Statsoft Inc., Tulsa, USA). The significance of effects was estimated
by ANOVA.

2.5. Enzymutic hy droly sis

The washed WIS after pr etreatment of SFTB was enzymatically
hydrolyzed to determine the effect of the different pretreatment
conditions on the enzyme accessibilify of the substrate. Enzymatic
hydrolysis (EH) was performed in 24 ml glass tubes, each contain-
ing 10ml of 0.05 M sodium citrate buffer (pH 4.8) atz% {w/v) dry
pretreated substrate loading at 50 "C for 72 h. Sodium azide at
A.O2% (w/v) was used to prevent microbial contamination. Cellu-
lose-hydrolyzing enzymes, spezyme CP (Genencor-Danisco, Den-
marck) with a cellulase activity of 65 FPUlml and a xylanase
activity of 31 0 U/ml, and Novozym 1 88 (Novozymes AlS, Denmark)
with a B-glucosidase activity of 590 IU/ml, were used in all
experiments. Enzyme loading of 15 FPU (equivalent to 32.3 mg
protein)/g of dry pretreated substrate of Spezyme CP and 15 IU
B-glucosidase (equivalent to 2.6 mg protein)lg dry pretreated
substrate of B-glucosidase Novozym 188 was employed. Samples
were withdrawn from the hydrolysis media after 72 h and sugar
content was analyzed by HPLC as described below,

2.6. Analytical metho ds

Enzyme preparations were subjected to standardized tests to
determine protein content and main enzymes activities relevant
in the conversion of lignocellulose: cellulase and cellobiase activi-
ties. Cellulase and $-glucosidase activities were measured accord-
ing to methods described by Ghose [301. Besides, endo-p-1,4-
xylanase activity of Spezyme CP was also assayed by the method
described by Bailey et al. [31l.The protein content was determined
by bicinohoninic acid IBCR1t" assay (BCA-Compat-Able Protein As-
say kit, ref. 23229, Pierce, Rockford, IL) using bovine serum albu-
min as protein standard.

The composition of the triticale bran, starch-free triticale bran
and solids obtained from the pretreatment were determined using
the standard Laboratory Analytical Procedures for biomass analysis
provided by the National Renewable Energy Laboratory (NREL)
(CO, USA) [321. The starch content of the raw material and SFIB
were determined by the hydrolysis of the starch using the Mega-
zyme kit (K-TSTA Lot No. 7A3A2-2, Wicklow, Ireland). The differ-
ence between total glucan and starch was assumed to be cellulose.
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The liquid fractions after starch degradation and dilute acid pre-
treatment were analyzed for their content of monorneric sugars
and soluble oligameric sugars. The oligosaccharides concentration
was determined as the difference in monomers sugar concentra-
tion before and after acid hydrolysis of oligosaccharides to mono-
meric sugars. Sugars {glucose, xylose and arabinose) and by-
products (acetic acid, hydroxymethylfurfural and furfural) in the
case of the liquid fraction from dilute acid pretreatment were ana-
lyzed with an Aminex HPX-87H lon Exclusion Column equipped
with a Cation-H cartridge (Bio-Rad, Johannesburg, RSA). Sugars
were measured with a RI detector (Wate rs 2141, Microsep, Johan-
nesburg, RSA) whereas by-products were analyzed with a UV
detector at 22A and 280 nm {Waters 2487, Microsep, Johannes-
burg, RSA), The column was heated at 55 oC and components were
separated using 5 mM sulphuric acid as a mobile phase at a flow
rate of 0.6 ml/min. Likewise, cellobiose, glucose, xylose and arabi-
nose concentrations after completion of enzymatic hydrolysis tests
were measured from the EH media by HPLC as described above. All
analytical determinations were performed in duplicate and aver-
age results are shown.

3. Results and discussion

The experimental procedure employed in this study is shown
schematically in Fig. 1. The configuration process was divided into
two steps. Firstly, the bran was subjected to enzymatic hydrolysis
by starch degrading enzymes supplemented with xylanases. The
solid obtained (SFTB) was impregnated overnight with dilute sul-
phuric acid and then pretreated in tubular reactors. The resulting
material was separated into a solid residue and a liquid. The solid

M. Garcfa-Aparicio et aI.lFueI9A QU1) 1638-16U

rnaterial was washed with distilled water until a neutral pH was
reached and evaluated by enzymatic hydrolysis with cellulases-
The sugar yield obtained in each step was used to estimate the the-
oretical ethanol that could be produced considering an ethanol fer-
mentation yield of O.44 g1g sugar consumed [331.

3.1. Raw material compasitian

The composition of the dry raw material is presented in Table 1.
Sixty-one percent of the dry raw material consisted of starch, cel-
lulose and arabinoxylan that could be used for ethanol production.
The composition of the polymeric fractions of triticale bran was in
general agreement with those reported in literature for wheat and

rye bran 17,13,'1,5,241, with the starch content being the most var-
iable (from 8% to 32%). The high carbohydrate content, together
with its law lignin content (6.6%), makes this feedstock a good can*
didate for cellulosic ethanol production through appropriate pre-
treatment, enzymatic hydrolysis and fermentation.

3.2- Starch removal

The triticale bran was firstly subjected to enzymatic hydrolysis
by means of amylases supplemented with xylanases to remove
the initial starch content of about 2A%. Table 2 shows the carbohy-
drate composition of the liquid and solid fractions obtained from
the bran after starch removal. Compared with the composition of
the original bran (Table 1), the percentage of starch in the solid
was decreased ta 6.4%, whereas the cellulose content increased
from 16.8% to 24.6%. The main carbohydrate, arabinoxylan,
comprised 36,3% of the SFTB, representing a 72,6% more than in
the original bran. The carbohydrate content was in the range
reported for destarched wheat bran [11,121. The glucose yield
was 16 gl100g of original bran, which corresponded to 77.3% of
the theoretical yield based on the glucose from the initial starch
in the triticale bran (22.4491100g of original bran). If all this
glucose was fermented, 89 L of ethanol per dry ton of bran could
be theoretically produced. Considering the pentose released due
to the xylanase activity, the amount of ethanol per dry ton of bran
could be increased up to 1 16 L.

Hence, the starch removal step allowed the recovery of not only
the glucose from starch but also some of the hemicellulosic sugars.
Besides, it provided a solid fraction enriched in cellulose and hemi-
cellulose (67.3% of the dry weight) more suitable for dilute acid
pretreatment.

3.3. Dilute scid pretreatment

Pretreatment experiments were carried out in small tubular
reactors which facilitate material balance closure for varying reac-
tion conditions [291. A substrate loading of 10% (dry weighrlvol-
ume) of the solid fraction, SFTB, was subjected to dilute acid

Tahle 1

Composition of triticale bran (TB).

Component %dw

Extractives
Carbohydrates

Starch
Cellulose
Xylan
Arabinan
Acid insoluble lignin
Ash

17.611.6

28.4 !2.1
16.8 t 1.3

13.4 t 0.5

10.3 t 0.4
6.6 r 0.3

4.8 r 0.2

Mean values and standard deviation of five
determinations,

Triticale Bran
Particle Size 425-825 pr

$tarch Removal
Stargen 001
Optimax VR

Temp: 50 oC pH:4.2

Solid fraction

Starch free triticale bran
(sFrB) Liquid fraction

Dilute Acid
Temp: 12A-160 oC

[H2pOa]: 0.1-1 ,1 % (wlw)
Time: 5-40 min

Solid fraction

Enzymatic Hydrolysis
Spezyme CP

Novozyme 1BB

Temp: 50 oC pH: 4.8

Fig- 1- Experimental layout for assessment of the process configuration.
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Table 2
Carbohydrates comtDsition oftriticale bran after treatment with amylases supplemented with xylanases.

"t 641

Treatment

Starch degradation

Carbohydrates

Solid fraction: starch-free triticale bran (SF|B) {%, dry weight) Liquid fraction (S1100 g raw
material)

Temperature Catalyst Tirne Solid recovery {%) Residual starch Glucan Xylan Arabinan Glucose Xylose Arabinose

50 "c Amylases 48 h 54.5 t 2.3 6.4t0.7(3.5) 31.0r1.8(17.1) 14.e1A.V $.2) 21.4!1.4(11.8) 16.011.2 4.4!1.1 0.srO.1

The data in brackets are expressed as a percentage based on dry weight of raw matedal.

Table 3

SFTB.

Pretreatment conditions Solid recovery {%) Carbohydrates EH yield" (%)

Glucans Xylans Arabinans Glucose Xylose Arabinose

Run Temp ("C) HzSOa % (wlv) Time (rnin) WIS fraction % dw (91100 g SFTB) Prehydrolyzate yield (e1100 g SFTB)

7

2

3

4
5

6

7

I
I

724 0.1

0.6
1.1

0.1

0.6
1.1

0.1

0.6
1.1

5

4A

22.5
4A

22.5
5

22.5
5

4A

72.8
65_7

57.8
61.2
67.2
65.6
43.5

46.8
34.7

4.8
6.9
5.5

8.0
8.3

8.3

6.1

5.2
5,9

2.6
4.O

3.1

4.8
5.6
4.3
7.7

6.1

6.0

2.4
2.8
2.8
4.4
5.0
3.7
8.0
6.1

6.0

25.7

22.O

47.3

34.9
29.9
3'1.7

100.0
89.3
100.0

3s.e (26.1) 11.4 (8.3) 12.7 (e.2)
32.4 (21.3) 11.3 (7 .4) 1 1 .6 (7.6)
30.2 (17.s) 10.4 (5.0) s.2 (s.3)
34.6 (2't.2) e.3 (5.7) e.e (6.1)
34.s (21.3) e.1 (s.6) e.4 (s.8)
33.0 (21.6) s.7 (6.4) 12.2 (8.0)
41.7 {18.1) 4.7 tz.o} nd
43.3 (20.3) 4.s t2.1) nd
38.4 {13.3) 3.4 {1.2) nd

The data in brackets are expressed as a percentage based on dry weight of SFTB.

nd: not detected.

" Enzymatic hydrolysis yield based on potential glucose in WIS.

pretreatment under different process parameters: temperature
{12A-160"C), sulphuric acid concentration (0.1-1 Jl,%, w/w) and
residence time (5-40 min). Pretreatment temperature was limited
to 160 "C by thermal decomposition characteristics of triticale bran
as determined by thermal gravimetric analysis {data not shown).
The chosen range of catalyst concentration was based on prelimin-
ary studies where a notable reduction in solid recoveries was ob-
served at temperatures and acid concentration higher than
160 "C and 1.5% (wlw), respectively.

The effect of these parameters was evaluated in terms of sugar
recovery during pretreatment and cellulose susceptibility of the
solid fraction to enzymatic hydrolysis. These two responses were
used to assess the overall sugar yield, considering both pretreat-
ment and enzymatic steps.

3.3.1. Effect of dilute acid pretreatment in the composition of SFIB
The solid recovery, defined as the solids remaining after pre-

treatment divided by original oven-dried weight and the carbohy-
drate composition of the different fractions obtained after
pretreatment at different conditions are given in Table 3. The solids
recovery decreased at higher temperatures for example from 72.8%
at 120 "C ta 34.7% when the applied temperature was 160 "C.

Hemicellulose content is an important indicator of the effective-
ness of dilute acid pretreatment [34], being the arabinoxylan pres-
ent at high levels in cereal bran. Arabinose comprised the largest
portion of arabinoxylan in the SFTB (about 59%, Table 2) and it
has been shown to be the least stable sugar during the pretreat-
ment [35l.Arabinose was already solubilised at the lowest temper-
ature reaching solubilisations of up to 57% of initial content
( 120 "C, 1.1% acid far 22.5 min). This could be due to the arabinoxy-
lan structure, where the arabinose is present as side chain residues,
facilitating the hydrolysis of the glucosidic bonds during the pre-
treatment. The arabinose recovered in the solid residue ranged
from 0 to 9.2 911,00 g SFTB (dry weight) (Table 3). In rhe case of xy-
lose, present in the arabinoxylan backbone, the lowest value in the

solids {1,2 gl100g SFTB, dw) was obtained at the most severe con-
ditions (160 "C, 1.1% acid for 40 min), corresponding with a solu-
bilisation of 75.4%.

Glucan recovered on the pretreated solids varied between
13"3 g1100 g SFTB (160 "C, 1 .1% acid for 40 min) and 26.191100 g
SFTB (120 "C, 0.1% acid for 5 min) {Table 3). Temperatures higher
than 12O "C have been shown to solubilise starch [21l.At this tem-
perature, the glucose yield in the liquid reached values between
4.8 and 6.9 91100 g sFrB. This last value corresponded approxi-
mately with the amount of glucose from the residual starch
(7.0 g/100 g sFrB).

Furfural and HMF, degradation products from pentoses and
hexoses respectively, were also quantified together with acetic
acid since they are considered as the main inhibitors for the down-
stream processing. The maximum concentration of furfural, HMF
and acetic acid detected after SFTB pretreatment, under the
harsher conditions ( 1 60 "C, 1 .1% {w/v} acid concentration for
40 min) were 0.41, 0.13 and 0.35 g/1, respectively (data not shown).
These amounts have been found to be below the inhibitory level
for Saccharornyces cerivisiae (1.2. 0.3 and 6 gll for furfural, HMF
and acetic acid, respectively) [361.

3.3,2. Enzymatic hydrolysfs of pretreated SFTB

The effect of different pretreatment conditions on cellulose
digestibility was assessed by enzymatic hydrolysis of the solid
fraction of pretreated SFTB (WIS fraction). The enzymatic hydroly-
sis yields were expressed as percentage of glucose released in rela-
tion to potential glucose in each WIS fraction after 72h (Table 3).

Regression analysis was performed to fit the response function
with the experimental data. The statistical signif,cance of the effect
of temperature, acid concentration and residence time on enzy-
matic hydrolysis yield was determined by ANOVA, which revealed
that the regression was statistically significant at a 95% confidence
level in the case of temperature. In addition, the model presented a
high determination coefficient (R' = 0.996; R2 adjusted=0.985),
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explaining 98.5% of the variability in the enzymatic hydrolysis
yield observed. The results are represented in a standardized Pare-
to chart (Fig. 2A) where it can be observed that, for the range inves-
tigated, the temperature was the only quantity that showed a
positive significant linear effect on the enzymatic hydrolysis yield.

The model was refined according to the ANOVA results in Eq. { 1 )
which describes the correlation between the temperature and the
enzymatic hydrolysis yield of the WIS:

EH yield:52.8 + 33.6T - 75.572

The response surface graph for the enzymatic hydrolysis yield
using Eq.(1) is shown in Fig.28. The maximal enzymatic hydroly-
sis yield was predicted at temperatures higher than 74A "C. When
the pretreatment was performed at 12A and 140 "C the enzymatic
hydrolysis (EH) yields were just slightly higher compared with
untreated SFTB (about 1,5%, data not shown).The enzymatic hydro-
lysis yield rose up from 22% when pretreatment was carried out at
lower temperature (120 "C) up to 1AA7., at 160'C. This trend corre-

lated with the hemicellulose removal from the solid observed (Ta-
ble 3), which has been shown to substantially increase the
enzymatic hydrolysis yield [37].

3,3,3. Overall sug{trs yield
An effective pretreatment should disrupt the lignocellulose

structure to increase the accessibility of the enzymes and there-
fore, the enzymatic hydrolysis yield. However, in establishing opti-
mum pretreatment conditions it is also valuable to recover a high
concentration of sugars, considering also the sugars solubilised
during pretreatment. Results of the glucose yield from pretreat-
ment and enzymatic hydrolysis are shown in Fig. 3. The lowest
yields of glucose in the enzymatic hydrolysis step, 5.2-7.9 gl
100 g SFTB, were obtained for the pretreatments carried out at
12O "C. Nonetheless, these values were higher than those reached
for the untreated SFTB t4 51100 g SrrB). The enzymatic glucose
yield rose up to 19.9 91100 g SFTB after pretreatment at 160 "C
AJ,% sulphuric acid far 22.5min. At these conditions, the overall
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Fig- 3. Yield of glucose (g1100 g SFTB) in pretreatment, enzymatic hydrolysis, and
overall as function of pretreated conditions (1, pretreatment; n, enzymatic
hydrolysis) in comparison with the enzymatic hydrolysis yield (e1100g SF[B] of
the untreated SFTB.
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Temperatures higher than UA "C were required in order to en-
hance cellulose accessibility by dilute acid pretreatment. Pretreat-
ments carried out at 160 'C produced residues with higher
digestibility in comparison to the untreated SFIB. The maximum
overall sugar yield, aa 91100 g SFTB, considering the pretreatment
step {sugars solubilised in the liquid fraction) and the enzymatic
hydrolysis, was obtained when the pretreatment was performed
at 160 oC, A.1% (wlv) acid concentration for 22.5 min. The results
obtained herein provide insight into the factors controlling dilute
acid performance of triticale bran and can be considered as starting
point for scaling up to larger reactors.

In conclusion triticale bran is an interesting raw rnaterial for
increasing the ethanol yield in a dry-mill cereal plant. Cansidering
an average ethanol yield of 365.1 L per ton in a dry milling plant
from barley or rye [38], and a 2a% content of bran in the grain, a
total increase of 30 L and 50 L ethanol per ton of the initial grain
(corresponding with 8.2% and 13.7%) could be reached with and
without pentose-fermenting yeast respectively. Nevertheless, the
yields achieved with the considered pretreatment conditions are
still low for an industrial ethanol process, and further investiga-
tions are necessary to achieve an economical process.
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lulose structure of cereal bran, its recovery could contribute
positively in the final ethanol yield when an industrial pentose-
fermenting microorganism is developed. Fig. 4 showed the yield
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to make the lignocellulose structure more digestible. Furthermore,
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Giant bamboo plantations are currently being established in the Southern Africa region
and can be considered as potential lignocellulosic feedstock for the production of second
generation bioethanol. In this study, giant bamboo internodal material was subjected to sul-
phur dioxide (SO2) impregnated steam pretreatment prior to enzymatic hydrolysis. The effect
of temperature, residence tirne, and acidity on the overall sugar recovery and byproduct for-
mation was studied using response sudace response technology according to a central com-
posite experimental design (CCD) at a fixed SO2 concentration of 2.5Vo (w/w liquid) after
impregnation. The results showed that pretreatment conditions with combined severity factor
(CSF) values and enzyme dosages greater than 1.72 and 30 FPUIg water insoluble solid,
respective$, were required to abtain an fficient glucan digestibility and a good overall glu-
cose recovery. Up to 8l.2%o of the sugar in the raw material was recoyered for a CSF of
2.25. However, considering overall sugar yield and byproducts concentration, the pretreated
material obtained with a CSF of 1.62 can be considered as the most appropriate for SSF
experiments using a rylose-utilizing yeast. At these conditions, it could be possible to obtain
up to 247 L of ethanol per dry ton of giant bamboo considering hexose and pentose sugars
fermentation. This amount could be increased up to 292 L of etharcl per dry ton of giant
bamboo with the maximum sugar yield obtained (CSF : 2.25) if the microorganism possesses
robust fermentative characteristics as well as a high resistance to pretreatrnent by-products.
@ 2011 American Institute of Chemical Engineers Biotechnol. Prog.,27: Ul--&g,20ll
Keywords: bamboo, So2-catalyzed steatn pretreatment, combined severity factor, enzymatic
hydr oly si s, bioethanol

Introduction

The pressures af an increasing global population along
with dwindling energy supplies and environmental concerns
such as climate change have prompted the cultivation of bio-
energy crops to supply an alternative renewable source of
biofuels and chemicals. Perennial herbaceous grasses such as

bamboo present an interesting option since they are charac-
terized by rapid growth, reaching maturity within 5 years
and heights up to 40 m.t'' Bamboo plantations present other
beneficial attributes which include limiting soil erosion in
cropping systems, potential of bioremediation, improving
water quality, protecting stream banks, having lower chemi-
cal and nutrient requirements and increasing the organic mat-
ter content of the soil.3-7

Conespondence concerning this article should be addressed to M.
Garcia-Aparicio at garcia@ sun. ac.za.

@ 2011 American lnstitute of Chemical Engineers

Bamboc is classified as perennial grasses and forms part
of the subfamily Bambusoidiae.* A variety of bamboo ip.-
cies, especially giant bamboo (Bambusa balcooa), occur
widely in tropical, subtropical, and temperate regions and
most notably in the Oriental regions including India, China,
Korea, and Japan.e'10 Bamboo biomass has been used for
many commercial applications including the food, textile,
construction, and pulp and paper industry.z Apart from being
a commodity of extensive social and economic importance
in Asia, the use of this natural resource is rapidly gaining
ground throughout Africa and Latin America.",t' Cuoently,
giant bamboo plantations are being established in the South-
ern Africa Development Community region to provide raw
material for export as well as for the production of high-
value paper-pulp and biofuels.t'n

The beneficial properties of bamboo emphasize its poten-
tial as an emerging lignocellulosic feedstock for ethanol pro-
ductian. Ethanol process based on enzymatic hydrolysis
(EH) has the potential to convert these carbohydrates into
fermentable sugars with high yields. However, the
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recalcitrance of the lignocellulosic matrix to enzymatic and
microbial degradation requires thermo-chemical pretreatment
to increase cellulose accessibility.tt Steam pretreatment (SP),
especially with the addition of an acid catalyst such as sul-
phur dioxide (SOr), dissolved in the moisture present in the
biomass by saturation, is a proven method for the effective
pretreatment of a variety of softwoods,to hardwoods,ls and
agricultural residues.l6 Howevero limited information is
available on the application af SP to giant bamboo.s'17-1e

In this study, the effect of two SP process parameters,
namely time and temperature was investigated on sugar re-
covery, byproduct formation and cellulose digestibility of
giant bamboo at a fixed level of S02-impregnation, A central
composite design (CCD) was applied to identify pretreatment
conditions that enhanced the overall yield of potentially fer-
mentable sugars, while minimizing the degree of byproducts
formation. The severities of the different pretreatment condi-
tions were compared using the combined severity factor
(CSF), where the temperature, residence time, and acidity of
the pretreated material were combined into a single reaction
parameter.

Material and Methods

Raw material

Bambusa balcooa (giant bamboo) that was on average 10
years of age was obtained from Paarl in the Western Prov-
ince of South Africa. The internodal areas of the bamboo
shaft were cut in 1 cm2 blocks, dried at 40"C and stored at
room temperature. Before pretreatment, the material was
rehydrated to 45-557o moisture by soaking the bamboo
blocks in water. Subsequently, the wet material was milled
and sieved using a 4 mm screen to isolate chips for SP.

Steam pretreatment

Milled bamboo was impregnated with Soz by sealing the
wet material (500 g dry matter content) for 30 min in plastic
bags to which 16 g of SOz gas was added. Subsequently, the
reopened bags were placed in a well-ventilated area to allow
excess SOr gas to disperse. The average SOz content of the
material was calculated as 2.5Vo (wlw liquid) based on the
difference in mass of the material before and after SOz
exposure.

The impregnated material was introduced into a 10 L SP
reactor described elsewherezo and pretreated at temperatures
and residence times as described in the text. After collection
of the material from the discharge vessel, the slurry was fil-
tered to recover the solid and liquid fractions. The solid frac-
tion was thoroughly washed with distilled water and stored
at 4"C prior to analysis and EH tests.

Experimental design

The SP process in combination with Soz impregnation is
generally used to enhance the digestibility of softwoods
though selective removal of hemicellulose,la A ccD is a
valuable statistical tool where a dependent variable can be
optimized within the boundaries of specific independent vari-
ables. In this study, the total sugar yield (Y, #100 g oven
dry raw material), considering glucose and xylose, from
bamboo was evaluated by applying a CCD, changing the
pretreatment temperature (X1, 'C) and time (X2, min) within
a range specified in Table 1, at a constant catalyst loading of

Biotechnol. Prog., 2A11, Vol. 27, No. 3

Table 1. Yariables and Corresponding Coded Leyels used in the
Central Composite Design

Coded Levels

Variables *1.4142 -l r.4142

Time {min) l.B 3
Temperature ("C) 186 190

69rc.2
200 2n 2t4

2.5Vo SOz (wlw liquid). The range of temperature was
selected based on preliminary experiments performed on tu-
bular reactors (unpublished data). The catalyst concentration
was fixed at 7.5Vo (w/w liquid) since several studies have
proven than SOz levels above this value had no beneficial
effects in terms of increased sugar yields.76'21

An experimental design was created using STATISTICA
9 (Statsoft, Tulsa) software package. Each independent vari-
able was tested on two levels in a rotatable 23 CCD with
four centre points and four star points, where the star points
allowed the model to predict nonlinear responses. A total of
12 experiments were conducted in a random order. The
response surface as predicted by the CCD was simplified to
a quadratic polynomial model of the following form:

y- fo*I fii'xi

where i is the linear coefficient, 7 the quadratic coefficient,
B the regression coefficient, k the number of factors studied
and optimized in the experiment and e the random error. An
analysis of variance (ANOVA) was used to investigate the
main effects and the interaction of two factors. Factors with
a confidence level of less than 95Vo (P
removed and expressed in terms of error. The accuracy of
the model was further expressed by the coefficient of deter-
mination {R2), which is an indication of the variance existing
between the predicted and experimental values,

Enzyrnatic hydrolysis

The digestibility of the solid material was evaluated using
EH. The different solid fractions were washed with de-
ionized water to remove all water-soluble solids and then
vacuum filtered with Whatmarr@ GF-A. The water insoluble
solid {WIS) was enzymatically hydrolyzed to determine the
effect of the different pretreatment conditions on the digesti-
bility of the glucan. EH assays were performed in 24 mL
glass tubes, each containing 10 mL of 0.05 M sodium citrate
buffer (pH 4.8), A.AZV, (w/v) sodium azide and a subsrrare
loading of a Tvo (dwlv). Hydrolysis was allowed to continue
far 72 h in a shaking water bath adjusted to 50 "c. Two cel-
lulose-hydrolyzing enzyme preparations, namely Spezyme
CP (Genencor, Leiden, Netherlands) with an activity of 65
FPU/mL, and Novozym 188 (Novozymes A/S, Denmark)
with a f-glucosidase activity of 590 IU/mL were used in all
experiments. Enzyme loadings for Spezyme CP of 15, 30,
and 45 f'pU/g dry material (equivalent to 32.3, 74.6, and
96.9 mg protein/g, respectively) were used, whereas B-gluco-
sidase loadings from NovozymlSS were 15, 30, and +5 TUlg
dry material (equivalent to 2.6, 5.2, and 7.8 mg protein/g,
respectively). Samples were withdrawn from the hydrolysis
reactions after 72 h for analysis of cellobiose, glucose, and
xylose.

k

. 
E fi;i't 

+Lfi,' -&-xi+ - - - * e

(1)
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Analytical methads

Enzyme preparations were subjected to standardized tests
to determine the pratein content and activities of the main
enzymes relevant to the conversion of lignocellulose, namely
cellulase and cellobiase. Cellulase and f-glucosidase activ-
ities were measured according to methods described by
Ghose.z2 The protein content was determined using a bicino-
honinic acid assay ([BCA]TM; BcA-Compat-Able Protein
Assay kit, ref. 23229, Pierce, Rockford, IL) using bovine se-
rum albumin as protein standard.

The composition of the extractives-free raw material and
the solid fraction of steam exploded bamboo were deter-
mined using the standard Laboratory Analytical Procedures
for biomass analysis provided by the ir{ational Renewable
Energy Laboratory (NREL, Colorado).23 The starch confent
of the raw material was determined using a starch hydrolysis
kit from Megazyme (K-TSTA Lot no. 7A3A2-2, Wicklow,
Ireland).

The liquid fractions from the pretreated material were ana-
lyzed for their monomeric and oligomeric sugar content. The
oligosaccharide concentration was defined as the difference
in monomer sugar concentration before and after complete
acid hydrolysis of oligosaccharide sugars. Concentrations of
glucose, xylose, ffid arabinose and by-products such as ace*
tic acid, hydroxymethylfurfural (HMF), and furfural in the
liquid fraction were analyzed using an Aminex HPX-87H
Ion Exclusion Column equipped with a Catian-H cartridge
(Biorad, Johannesburg, RSA). Sugars were measured with a
RI detector (Waters 214I, Microsep, Johannesburg, RSA),
whereas by-products were analyzed with a UV detector set
at 22A and 280 nm (Waters 2487, Microsep, Johannesburg,
RSA). The column was operated at 65 oC with a mobile
phase of 5 mM sulphuric acid and a flow rate of 0.6 mLl
min. After completion of EH assays, cellobiose, glucose,
xylose, and arabinose concentrations in the supernatant were
measured using the same HPLC method described above.
Each sample was filtered through a A.2 pm nylon membrane
filter before HPLC analysis. All analytical determinations
were performed at least in triplicate and average results are
shown.

The similar retention times of xylose and galactose caused
co-elution from the HPX-87H column operated under these
conditions. Howevero complete analysis of the original raw
material was performed by high performance anionic
exchange chromatography on a Dionex Ultimate* 3,000 sys-
tem equipped with a CarboPac PA1 column (4 x 250 mm)
operated at 25"C with a mobile phase of 30 mM sodium hy-
droxide and a flow rate of 1 ml-lmin. This analysis showed
that the galactan content of the rav/ material (dry weight)
was below A.57a (wldw), compared with the xylan content
that was measured at l77o (w/dw), Therefore, the influence
of galactose was ignared.

Calculations

The combined severity function (CSF) can be used
relate the effects of temperature, the residence time,
acidity in the reaction media with the effectiveness
mass pretreatment.2a The CSF function is as follows:

to cor-
and the
of bio-

(2)CSF-LogRo-pH

where Rs is the severity factor and the pH refers to
ity generated in the reaction media (measured after

the acid-
pretreat-

543

ment) by the addition of an acid catalyst and the release of
organic acids from the raw material. fto is given by the fol-
lowing equation:

Ro:r> lff-tgl 
(3)( exp 

L l4Js I
The EH yield was calculated as the hydrolyzed glucan di-

vided by the total glucan content in the WIS and expressed
as percentage. The hydrolyzed glucan was calculated consid-
ering the glucose and cellobiose content in the media, after
applying weight adjustment for analyzed sugars. EH yield
was calculated as follows:

EH{EI) - (lglucosel + 1.053fcellobiose])

lr.r1 f lbiomassl x 100 (4)

whereo [Glucose] and [Cellobiose] are the concentrations (gl
L) of glucose and cellobiose in the supernatant, respectively;
[Biomass] is the dry biomass concentration at the beginning
of the hydrolysis (g&); "f is the glucan fraction in dry bic-
mass {glg); 1.053 and 1.111 are factors to determine equiva-
lents of gluccse from cellobiose and glucan, respectively.

Results and Discussion

Raw muterial composition

A summary of the chemical composition of the dry raw
material is presented in Table 2. Bamboo consisted predomi-
nantly of glucan, xylan, and acid insoluble lignin (AIL) that
added up to 78.57o on a dry weight basis. The inorganic con-
tent was relatively low at 2.4To. Therefore, up to 61.47o of
the dry raw material consisted of glucan and hemicellulose
that could be used for ethanol production. The hemicellulose
component consisted primarily of xylan {16.77o), small
amounts of arabinan (3.lVoa), and a significant amount of aee-
tyl groups (3 .77a).

Generally the carbohydrate composition of the giant bam-
boo corresponded well with values repofied in literature for
different bamboo species.E'e'1 

8'1e'2s However, the chemical
composition of the bamboo differed substantially from that
known for herbaceous biomass. The acetyl group content of
3.7Vo was comparable with those repofied for hardwoods,26
suggesting that a major part of these substituents could be
released as acetic acid during the pretreatment. The total lig-
nin content of 3l.7Vo was in line with the lignin ranges
reported for softwoods (25- 35Vo).27

Table 2. Chemical Composition af Giant Bamboo Bambusa balcooa

Composition Dry Matter {Vo, w/w)

Extractives

Acetyl groups
Polysaccharides

Lignin

Ash

Water
Ethanol

Glucan
Xylan

Arabinan
Acid soluble

Acid insoluble

s.l * 0"4 (0.6 * 0.2)
1.9 * 0.2
3.7 * 0,3

41.0 + 2.1
t6"7 + 2.A
3.1 + 0.2
9.9 *" A.2
20.8 + 0.9
2.4 * A.3

Total 104.6

*Values in brackets indicate the glucose content in the water
extractives.

Data represents the mean values and standard deviations of six
determinations.
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Pretreatment efficiency is highly dependent on the compo-
sition of the biomass. Based on the composition of giant
bamboo presented hereino some responses to the pretreatment
can be expected. For example, the law inorganic content of
giant bamboo will have a low buffering effect on of the acid
catalyst during the pretreatment. Regarding the hemicellulose
fraction, the similarities in the content of xylose and acetyl
groups between bamboo and hardwoods suggested that a

similar degree of hemicellulose solubilization will occur dur-
ing SP. However, the high lignin content could involve
lower values of cellulose digestibility due to increased mate
rial recalcitrance and unproductive binding of hydrolytic
enzymes.26

Stearn pretre&tment

The influence of temperature, residence time, and acidity
of the pretreatment process on the chemical composition of
the liquid and solid fractions of the bamboo was investi-
gated. The effect of these parameters was also eyaluated in
terms of sugar solubilization during pretreatment and suscep-
tibility of the wIS to EH. These two responses were used to
assess the overall sugar yield, considering sugar solubiliza-
tion during pretreatment and sugar released during EH.

Eff'ect of Steam Pretreatment oft Composition of Giant
Bamboo. The solids recovery (insoluble solids remaining
after pretreatment divided by original oven-dried weight),
CSF and the composition of the different fractions obtained
after SE pretreatment conducted under different conditions
are shown in Table 3. The CSF was calculated by combining
the temperature and retention time with the acidity of the
pretreatment mixture resulting from the acid catalyst and or
ganic acids released during the pretreatment.24 Solid recov-
ery values from the different pretreatment conditions varied
between 63.2Vo and 89Va. During pretreatment the solubiliza-
tion of components such as extractives and hemicellulose led
to enrichment of the glucose and AIL content of the solid
fraction, resulting in glucose values ranging from 57.3Vo to
65.5Vo and AIL ranging from 22.8Va to 27 .\Vo. The glucose
solubilized in the liquid fraction varied between I.4 and 2.5

9/100 g raw material, corresponding with 3Vo and 5.5Vo from
the initial glucose content in the raw material, respectively.
Only at the harshest conditions (CSF - 2.25 and 2.26) glu-
cose losses were observed, being less than 67o.

An increase in the severity of the pretreatment conditions
resulted in a decrease in xylose content of the WIS with the
subsequent increase in xylose concentration in the liquid
fraction. In fact, no xylose could be detected in the WIS
from material pretreated at the most severe conditions of
210'C for 9 min and 714 C for 6 min (Table 3). The xylose
content of the WIS at the central point of the CCD (200'C
for 6 min) was ,-,2.27o, which coffesponded to 8.57o of the
initial xylose content in the raw material. Under milder con-
ditions, the xylose content in the wIS varied from 5.7 Vo

(190"C for 9 min) to 1t.IVo (190'C for 3 min) conesponding
to 24 and SAVa of the initial xylose content in the raw mate-
rial, respectively. The xylose solubilized in the liquid frac-
tion varied from 4.8 to 12.8 91100 g raw material
coffesponding with 257o to 687o of the initial xylose content
in the raw material. The xylose recovery from both fractions
decreased from 81Vo to 5l7o when the severity of pretreat-
ment was increased.

Statistical analysis was used to determine whether differ-
ent pretreatment conditions had a significant effect on the
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Figure L. Estimated response surface for xylose solubilization

in the liquid fraction {gl100g of the raw material}
showing the influence of temperature and time at a
SO2 loading of 2.5 Vo wlw liquid).

solubilization of the hemicellulose. This was necessary since
the removal of hemicellulose is considered as an indicator of
the effectiveness of pretreatment.2s Analysis of variance
where the yields of xylose recovery was considered as the
response variables showed that differences in solubilization
between pretreatment conditions were significant (P-value
>0.05). The coefficient of determination of the model was
4.73, which further indicated that the model was relatively
suitable for representing the interaction between the selected
variables. The polynomial equation for the xylose yield can
be written as:

Xyloseyield- 11.4+1.47 -l.6TP + 1,2t-2.27t (5)

R squared - 0.85; R adjusted - 0"73; where I represents the
temperature and f the residence time.

Equation 5 indicated that both temperature and time influ-
enced the xylose solubilization during the pretreatment.
Moreovero the negative sign of the temperature parameter
and the interaction between temperature and time showed

?.0 i

s45

that the xylose yield in the prehydrolysate decreased from
certain values of these parameters. This can be observed in
the response contour for Eq. 5 where the xylose yield in the
prehydrolysate was plotted as a function of the temperature
and residence time of pretreatment (Figure 1). When experi-
ments were carried out for 6 min, an increase in temperature
from 186"C to 200'C resulted in an increase in the xylose
yield from 4.8 to 11.5 9/100 g of the raw marerial. The
xylose content in the liquid decreased to 10.1 g1100 dry ma-
terial upon a further increase in temperature ta 214oC, which
was indicative of by-product formation.

Together with acetic acid, the respective degradation prod-
ucts of pentoses and hexoses, primarily furfural and HMF,
are considered as the most abundant inhibitors from steam
explosion for the downstream processing.tt The yield of ace-
tic acid, furfural and HMF, expressed as 9/100 g raw mate-
rial are represented in Figure 2 as function of the CSF. An
increase in the severity of the pretreatment conditions
resulted in an increase in the yield of the degradation prod-
uctso reaching the maximum values at a CSF value of 2.26,
which colresponded to pretreatment conditions of 210"C for
9 min. At these conditions, furfural and HMF reached maxi-
mum yields of 0.8 and 0.2 g,/100 g dry bamboo, respectively.
Furthermore, the acetic acid yield increased up to 2.7 9/100
g of dry bamboo.

Acetic concentrations up to 6 glL at an adjusted pH of 5.5
have been repofied to increase the ethanol yield of Saccha-
romyces cerevisiae whereas further increases in the acetic
acid concentration resulted in decreased ethanol yields.3o lrt
our study, acetic acid concentrations greater than 6 glL (cor-
responding with 1.5 91100 g dry bamboo) were recorded
when the CSF value was greater than L.72 (Figure 2). Addi-
tionally, strains of S. cerevisiae have been shown to detoxify
hydrolyzates with concentrations of furfural and HMF up to
I.2 and 0"3 glL, respectively.3l trn our study, the concentra-
tions of furans were in excess of these acceptable maximum
levels when pretreatment was conducted at a CSF higher
than 1.95.

The prehydrolysate from the pretreatment, which consists
mainly out of xylose, can be fermented to ethanol by micro-
organisms utilizing pentoses.3z In this study, the maximum
xylose yields were obtained for CSF values of 1.45 (190'C
for 9 min) and 1.62 (central point of the CCD 200"C for 6
min) where I2.3 and an average of 11.5 g xylose/1O0 g of

' Acetic Acid

Furfinal
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qt
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furfural and hydroxymethyl furfural {HMF} an the liquid fraction, expressed
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Figure 2. Yield of byproducts (acetic acid,
raw materialo as a function of the

*
:#;r

1.03 
t--is

h'.

86

as 9/100 g

Stellenbosch University  http://scholar.sun.ac.za



646

dry bamboo were recovered in the liquid fraction, respec-
tively {Table 3). Furthermore, the amounts of inhibitors pro-
duced under these conditions were less than 0.8, a.2 and 3.6

B& (coffesponding ta 0.3,0.10 and 1.3 glt00 g raw material)
for furfural, HMF, and acetic acid, respectively. These
amounts have been found to be below the inhibitory level in
both EH and fermentation with Srsccharomryces

1f) 1t 1?
cerev$tae "*

Enzymatic Hydrolysis af Steam-pretreated Bamboo. The
effect of different pretreatment conditions on cellulose
digestibility was assessed through EH of the WIS fraction
of the pretreated bamboo at a solid loading of ZVa (dwlv)
and an enzyme dosage of 15 f'PUlg WIS. The EH yield
was expressed as a percentage of glucan hydrolyzed in
relation to potential glucan in each WIS fraction after 72 h
(Table 3).

SP improved the glucan conversion of giant bamboo by
EH with 15 rpUlg wIS. The glucan conversion of the mare-
rial produced under different pretreatment conditions ranged
from 6.97o to 62.7Vo of the theoretical glucan conversion
potential {Table 3) and was much greater than the .-2 7a glu-
can conversion of untreated bamboo (data not shown). The
comelation between pretreatment parameters (I, temperature

A*T-

BrX*

7!},

"r:. fti
. 

"t\'f) i-a' \:'

and r, time) and the glucan digesribility (GD) for t5 FpU/g
wIS was determined by ANovA using the following equa-
tion:

cD - 43.e + 2A.57 * fi.7t - ffif (6)

ft - 0.95; ftadj : 0.91

The effect of temperature and time of the SP on cellulose
digestibility for an enzyme dosage of 15 f'PU/g WIS was
studied by standardized Pareto chafi (Figure 3.A.1.) and
response surface methodology (Figure 3.8.1.). The tempera-
ture and time exerted mainly a linear positive effect on the
digestibity of glucan for the studied range, with temperature
being more influential at a 957o confidence level (Figure
3.A.1.).

Higher enzyme loadings generally result in higher glucose
yield up to certain level (saturation) that may differ depend-
ing on pretreatment conditions. Since the yields obtained
with 15 FPUIg wIS were below 637o, enzyme loadings of
30 and 45 FPU/g WIS were used to study whether higher
dosage will improve glucan conversion. To simplify interpre-
tation of the data, the CSF was considered as an independent
variable ta evaluate the effect of SP conditions and enzyme

A*1-

H-I.

#
a ['{'
E
'i
a.F

rtl

f"6o
ffi *++
[,.sffi * ?*
f*l *4

'ir I * t0g
,1 I "&4W *g*

f-'ll * +*
ffi r?4
I*4

Figure 3. (A) Standardized_Pareto gh1rt for E{ yield (Vo) to study the effects of (A.1.) temperature and time at a fixed enzyme load-
ing of 15 FPU/g ItrIS and (A2.) CSF (0.5!226) and enzyme loading (15-45 FPUIg TtlIS). Standardized effects are catcu-
l{eg by dividing the effect by its standard error, (B) Estimated response surface for EH yietd showing the influence of
(8.1) lempq3lure and time at a fixed enzyme loading of 15 FPU/g WIS and (8.2.) the CSf 1d.Sf-Z:O) and ttre enzyme dos-
age (1545 FPUIg WIS).
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and (B) xylose after pretreatment {as monomers and
oligomers separately) and EH at 45 FPU/g WIS as a
function of CSF.

dosage (E) on glucan digestibility. The CSF was chosen
instead of the severity factor due to differences in the acidity
of the pr$treated materials. The CSF along with the enzyme
dosage was statistically significant in the GD according to
the equation:

GD : 35.3 + 8E + 39.3CSF - g.TCSFt + 6.5 E CSF t7)

R - 0.90; ftadj : 0.88

As expected, the higher enzyme loadings provided greater
values of GD although this improvement depended on the
conditions of pretreatment, From the standardized Pareto
chart (Figure 3.A.2.) it can be inferred that the CSF exerted
the greatest influence on the cellulose digestibility. Addition-
ally, a response surface to estimate the EH yield over the in-
dependent variables of CSF and enzyme concentration at 72
h (Figure 3.8.2.) showed that a greater increase of the EH
yield was obtained by increasing both CSF and enzyme load-
ing for the studied range. A CSF of 1.95 was required to
obtain materials with GD of at least SAVa for an enzyme
loading of 45 fPUle WIS (Table 3). The maximum EH
observed (913qo) was attained for the harshest conditions
(csF-2.26).

Xylan removal from the solid fraction is closely related to
cellulose susceptibility during EH, as has been reported pre-
viously.2s The improvement of glucan conversion with
increasing the severity factor had an inverse coffelation with
the xylan removal. For example, the hydrolysis yield of the
WIS obtained from the most severe conditions with a com-
plete xylan removal {210'C for 9 min, CSF:2.26} reached
values of 9l.3Vo at 45 FPUIg WIS (Table 3). By contrast,

647

just 42To of hydrolysis yield was obtained under milder pre-
treatment conditions (190"C for 9 mino CFS: 1.45, xylan re-
moval by TAVy) at the same enzyme dosage. These values
decreased to IA.2 and L3.2vo for the wIS with the higher
xylan content {about lAVo dw).

The enhancement of the digestibility of bamboo by means
of SP has been reported in other studies. EH yields obtained
in this study at CSF greater than 1.45 are better than those
reported by Asada et al.3a at harsher conditions and higher
enzyme loading. Nonetheless, the yields attained in our work
at the standard enzyme loading were in line with the low
conversion reported for softwoods.3s These low values could
be attributed to unproductive binding of the enzymes to the
lignin which is high in giant bamboo. In fact, an EH yield of
84.3Va with an enzyme loading of 20 f'pU/g WIS has been
reported for steam treated bamboo subjected to an additional
delignification step. 

le

Overall Sugar Yield. An efficient pretreatment method
should disrupt the lignocellulose structure to increase the
accessibility of the enzymes, thereby enhancing the EH
yield" However, harsh conditions will result in sugar loss
and production of inhibitors for downstream processing.
Therefore in establishing optimum conditions it is important
to measure the recovery of all sugars, including those solubi-
lized during pretreatment.

The recovery of glucose monomers and oligomers after
pretreatment, as well as the glucose released during EH is
represented in Figure 4A. The overall glucose yield varied
from 6 g/100 g raw material under milder pretreatment con-
ditions to 42.3 g/100 g raw material when bamboo was pre-
treated at 214 oC for 6 min (CSF - 2.25). This maximum
overall glucose yield was slightly greater than that obtained
during pretreatment at 210"C for 9 min (41.6 9/100 g dry
giant bamboo), which provided the maximum EH yield on a

WIS basis {91.3Vo, Table 3). On average, a lower overall
glucose yield of 29.9 91100 g dry giant bamboo was obtained
when using the conditions at the central point of the CCD
(200 "C for 6 min), which coffesponded to 65.4Vo of the
maximum theoretical.

Since the xylose is the major component in the hemicellu-
lose structure of bamboo, its recovery would make a signifi-
cant contribution to the final ethanol yield, especially when
an industrial pentose-fermenting microorganism is used for
fermentation. The pretreatment conditions which provided
the higher overall xylose yield were 190"C for 6 min and
200"C for 6 min {13.7 and L3.2 91100 g dry giant bamboo,
respectively, Figure 48) which equated respectively to
72.97o and TAVo of the maximum theoretical, A similar
xylose recovery was obtained by Shao et a1.18 for SP of
bamboo at 210"C for 5 min.

The total sugar recovery (glucose and xylose) for the dif-
ferent CSF is represented in Figure 5. The pretreatment con-
ditions that provided the maximum sugar recovery {52.4 g
sugars/100 g dry giant bamboo, 81 .27o of the sugar in raw
material) after pretreatment and EH were 2t4"C for 6 min
(csF
treatment, the maximum overall sugar yield obtained in our
study is higher than 6A:/AVo reported for steam treatment
with similar severity factor.3u Att ethanol yield of 292 L per
dry ton of giant bamboo could theoretically be obtained
from these conditions considering an ethanol yield of 0.44 g
ethanollg *,rgars.'7 However, the concentration of inhibitors
detected in the liquid fraction would decrease the overall
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Figure 5. Overall sugar (glucose and xylose) yield {9/100 g of

raw material) as a function of the CSF, {il) glucose,
(I) xylose, {-} maximum theoretical.

ethanol yield in the absence of a detoxification process step,
a robust fermentative yeast or controlled fed-batch modes of
substrate feeding to minimize the toxic effect. Therefore,
considering overall sugar yield and byproducts fcrmation,
the central point of the CCD can be considered as a more re-
alistic option should this feedstock be applied in an SSF pro-
cess using a xylose-utilizing yeast. IJnder these conditions,
the sum of the overall yield of glucose and xylose was 44.3
g per 100 g dry bamboo, colresponding to a 68.7Vo of the
theoretical yield (Figure 5), At these conditions, it is possible
to obtain a theoretical yield of 247 L of ethanol per dry ton
of giant bamboo.

Conclusions

To reach the goals and the envisioned future growttr of
biofuels, it is e ssential to extend raw material sources to
novel dedicated crops. Perennial herbaceous grasses such as

bamboo can play an important role in this respect,

This study showed that So2-catalyzed SP is an efficient
method to obtain fermentable sugars from giant bamboo by
EH. After pretreatment, the enzymatic conversion from cel-
lulose to glucose increased between 3.5 and 45.5 times, com-
pared with that of untreated bamboo. Pretreatment conditions
with CSF values and enzyme dosages greater than I.72 and
:0 FPUIg 'WIS, respectively, were required to obtain an effi-
cient GD and a good overall glucose recovery. The maxi-
mum overall sugar yield of 8l.2Vo (52.4 #100 g dry giant
bamboo) was obtained for the pretreatment performed at
2I4C for 6 min (CSF - 2.25). However, the most effective
pretreatment conditions in terms of conversion of glucan to
glucose during EH were 210'C for 9 min (CSF - 2"26) after
impregnation of the fibers with 2.57a of S02 {w1w liquid).
On the other hand, the improvement of glucan susceptibility
to EH makes difficult to optimize the hemicellulosic sugars
recovery. The maximurn xylose recovery $3.7-13.2 g
xylose/g raw material) along with a comparative low pres-
ence of inhibitors was found at 190'C for I min (CSF
1.45) and 200oC for 6 min (CSF - 1.62). The concentration
of inhibitory compounds detected in the prehydrclysate origi-
nated under these conditions was below inhibitory level for
Sac charomyc es cerevisiae .

Thus, considerirg overall sugar yield and byproducts for-
mation, the material pretreated at the central point of the
CCD (200"C for 6 min, CSF
the most appropriate for SSF when using a xylose-utilizing
yeast. At these conditions, it is possible to obtain up to 247
L of ethanol per dry ton of giant bamboo considering hexose

Biatechnol. Prog., 2A11, Vol. 27, No. 3

and pentose sugars fermentation. This amount could be
increased up ta 292 L of ethanol per dry ton of giant bam-
boo with the maximum sugars yield obtained (214C for 6
min, CSF - 2.25) if the microorganism possesses robust fer-
mentative characteristics as well as a high resistance to pre*
treatment by-products,
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Chapter 5                

Enhancing sugar recovery from 

sugarcane bagasse by kinetic analysis 

of a two-step dilute acid pretreatment 

process 

Submitted to Biomass and Bioenergy in February 2012 using the following details:  

Title: “Enhancing sugar recovery from sugarcane bagasse by kinetic analysis of a two-step 

dilute acid pretreatment process” 

Authors: Danie Diedericks, Eugéne van Rensburg and Johann, F. Görgens 

Department of Process Engineering, Stellenbosch University, Stellenbosch South Africa 

 

Introduction 

Sugarcane bagasse is considered an established feedstock since the response thereof, 

with regards to conventional single-stage acid pretreatment, is well documented. A baseline 

for comparison could therefore be established which assisted with the further characterisation 

of novel feedstocks triticale bran (Chapter 4.1) and bamboo (Chapter 4.2). The present study 

applied a single-stage dilute acid process, in combination with enzymatic hydrolysis, to 

maximise the recovery of glucose (the hydrolysis product of cellulose), xylose (the main 

hydrolysis product of hemicellulose) and the combined-sugar-recovery-yield from sugarcane 

bagasse, using pretreatment conditions as suggested by literature. Comparison of different 

substrates, using a conventional single-stage dilute acid process, revealed a similar maximum 

combined-sugar-recovery-yield was obtained from both sugarcane bagasse and bamboo 

following enzymatic hydrolysis. Alternatively, a significantly lower maximum combined 

sugar-recovery-yield was recovered from triticale bran, due to the excessive degradation of 

hydrolysis products derived from hemicellulose. Further comparison of optimum operating 

conditions suggested additional benefit, in terms of the combined-sugar-recovery-yield, to be 

gained from sugarcane bagasse by using a more advance pretreatment technology.  
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A higher maximum combined-sugar-recovery-yield was obtained from sugarcane 

bagasse by using the advanced two- in lieu of the conventional one-stage dilute acid 

pretreatment method. Other substrates including triticale bran and bamboo were not 

considered since the added benefits obtained by using the more complex two-stage 

pretreatment technology could not be justified. The present study (Chapter 5), indicated that 

different sets of pretreatment conditions were required to efficiently recover xylose and 

glucose from sugarcane bagasse. Although this phenomenon has been observed in other 

literature studies, the use of a two-stage process has not been suggested for combined sugar 

recovery from sugarcane bagasse. The underlying principles of the two-stage process were 

demonstrated by using a novel approach involving response surface methodology. This 

method simulated the two-stage process as two single step methods, each individually 

optimised, for maximum xylose and glucose recovery. The two-stage process yielded a 4.8% 

improvement on the combined sugar recovery yield, which can be recovered from sugarcane 

bagasse, using the single-stage method under optimum operating conditions. A similar 

improvement in the combined sugar recovery yield (two- vs. one-stage) has been obtained 

with substrates other than sugarcane bagasse.  

In conclusion, an established feedstock (i.e. sugarcane bagasse) was treated with a 

conventional single-stage dilute acid process, to provide a baseline for further 

characterisation of novel feedstock triticale bran and bamboo. Comparison of different 

substrates also revealed that additional benefit, with regards to the combined-sugar-recovery-

yield, may be obtained provided the conventional single-stage process is replace by a more 

advanced two-stage dilute acid pretreatment method. All elements of the research were 

conducted by me. 
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Abstract 

Maximising sugar recovery from pretreatment and enzymatic hydrolysis of 

lignocellulosic polysaccharides is a determining factor in the economic viability of bio-

refineries.  In this work, total sugar recovery from sugarcane bagasse by a single-stage dilute 

acid pretreatment process, with residence times and temperatures ranging between 12 and 22 

min and 422 and 442 K, respectively, was investigated.  Analysis by response surface 

methodology indicated that a maximum of 78% of the total polysaccharide content in 

sugarcane bagasse could be recovered (as corresponding hydrolysis products) by single-step 

dilute acid pretreatment (0.045 to 0.055 gmol L-1 H2SO4; 14.0 min) at the maximum 

temperature (442 K), and subsequent enzymatic hydrolysis.  Complete recovery of both 

xylose (main hydrolysis product of hemicellulose) and glucose (hydrolysis product of 

cellulose) from acid and enzymatic hydrolysis could not be achieved with a single 

pretreatment step and subsequent hydrolysis, since xylose recovery was maximised at shorter 

reaction times and lower temperatures than that required for maximum cellulose digestibility 

during enzymatic hydrolysis.  It was demonstrated that application of a two-stage (two-

temperature) pretreatment process with subsequent hydrolysis, may enhance the total sugar 

yield by 4.8% whilst simultaneously contributing to less  furfural production (36.1%), by 

avoiding limitations such as xylose degradation and limited digestibility of residual solids 

associated with a single-stage dilute acid pretreatment. 

 

 

 

 

 

 

 

 

Keywords: Lignocellulose, enzymatic hydrolysis, response surface methodology, cellulosic 

ethanol
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1. Introduction 

Fossil fuel for transportation is bound to become increasingly expensive and in short 

supply, as world oil production enters a phase of terminal decline [1].  Economic prosperity is 

thus dependent on the progressive transition of fossil-based energy to alternative energy 

resources [2].  In addition to being a source of a variety of precursor chemicals (i.e. cellulose, 

xylan, lignin), lignocellulose can be considered as an alternative to fossil fuel, based on the 

photosynthetic cycle that make this a renewable/sustainable feedstock [3].  Due to its 

recalcitrance to enzymatic hydrolysis, the biological conversion of lignocellulose requires an 

appropriate pretreatment, to make cellulose polymers more susceptible for digestion to simple 

sugars, which can then be fermented into ethanol, a potential transport fuel [4].  The single-

stage dilute acid pretreatment process hydrolyses the majority of hemicelluloses in 

lignocellulose, leaving a solid residue that is amenable to enzymatic hydrolysis. Dilute acid 

pretreatment in combination with enzymatic hydrolysis has been applied to a wide range of 

feedstocks, including sugarcane bagasse [5-8]. Several of these studies have also focused on 

optimisation the pretreatment conditions in an attempt to maximise sugar recovery and 

consequently the efficiency of producing second generation ethanol [6-8]. 

The global ethanol consumption rate, due to governmental policy, has experienced 

significant growth in the past decade with sugar and starch-bearing crops contributing 

predominantly to the production thereof [9].  Sugarcane has been identified as the most 

effective feedstock for producing ethanol (first-generation) mainly because it has the lowest 

labour, transport and input costs and most importantly the highest ethanol productivity (i.e. L 

ha-1 year-1), compared to other potential feedstocks including corn and sugarbeet [9,10].  

Furthermore, sugarcane bagasse, the fibrous residue remaining following extraction of 

sucrose, has been identified as a potential feedstock for generating second-generation bio-fuel 

mainly due to its high polysaccharide content [11].  Since the general thought is that future 

expansion in ethanol usage will have to be met by lignocellulosic material, an opportunity has 

arisen to utilise sugarcane, an established energy crop, more effectively by utilising all parts 

of the raw material [8,11].  An effective pretreatment technology is, therefore, required to 

complete recover the polysaccharide component in sugarcane bagasse.  The single stage 

dilute acid process has proven very effective (93%) in recovering both the hemicellulose and 

cellulose constituents of sugarcane bagasse following enzymatic hydrolysis [8,12-15].  
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However, different pre-treatment conditions for maximising the recovery of either fraction 

have limited the total sugar yield to 83% [7]. 

The extent of sugar recovery by a single-stage dilute acid pretreatment process in 

combination with enzymatic hydrolysis is predominantly affected by the temperature applied 

during pretreatment [8,12-15].  Low temperature processes (T<423 K) generally favour 

xylose recovery from sugarcane bagasse, achieving significant xylan hydrolysis during the 

pretreatment itself, while avoiding xylose degradation (dehydration), which is more prevalent 

at higher temperatures [12,13].  Furthermore, xylan removal from sugarcane bagasse, by 

hydrolysis during pretreatment, also increases the digestibility (i.e. glucose recovery) of the 

residual solids [16], as has been observed for several lignocellulosic substrates [17].  

However, whereas complete xylan removal can be achieved at lower temperatures, such 

conditions often do not result in fully digestible residual solids [18,19].  Such lack of 

complete digestibility is primarily attributed by the steric hindrance effects of lignin 

prevailing at lower temperature processes, which can be alleviated at temperatures exceeding 

the glass transition temperature of lignin (T>423 K) [14,15,20].  Due to significant 

differences in temperature optima for the xylose or glucose recovery from the hydrolysis 

process, previous investigations with sugarcane bagasse utilising a single-step dilute acid 

pretreatment process focused on maximising the recovery of either glucose or xylose at a 

constant pretreatment temperature [12,13,16,21-23]. 

The duration of a single-step dilute acid pretreatment process is considered a 

secondary determining factor to maximise xylose and glucose recovery through hydrolysis 

[24-26].  According to various kinetic studies on pretreatment of sugarcane bagasse, xylose 

recovery is significantly reduced by xylose degradation, necessitating a shorter treatment time 

than that required to achieve complete xylan removal [12,13].  On the other hand, since a 

direct correlation exists between the digestibility of cellulose and the extent of xylan removal, 

maximum glucose is recovered at a time that exceeds the duration required for maximum 

xylose recovery [16].  Due to these kinetic effects displayed by a single-step dilute acid 

process in combination with enzymatic hydrolysis, maximum total sugar recovery 

(xylose+glucose) is obtained at intermediate reaction times between the times required for 

maximum xylose and glucose recovery [24-26].  Therefore, a maximum total sugar yield is 

reached at a time that presents a compromise between xylose degradation to by-products and 

the production of less-than-fully digestible solids.  The efficiency of a combined chemical 
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and biological conversion process of lignocellulose could thus be improved by avoiding this 

compromise.  

In the present work, a broad spectrum of experimental conditions for a single-stage 

dilute acid treatment of sugarcane bagasse was investigated spanning over all parameter 

conditions required for both maximal xylose recovery and cellulose digestibility.  For the 

planning of the experiment, use was made of a central composite design which incorporated 

changes in acid concentration, and pretreatment time and temperature.  Through the 

application of response surface methodology, the potential of a two-stage pretreatment 

process, characterised by distinct reaction temperatures and times for maximisation of xylose 

and glucose recovery, could be demonstrated. 

2. Materials and methods 

2.1. Substrates and enzymes 

Fresh sugarcane bagasse with a moisture content of 50% was supplied by a local 

sugar mill (TSB Sugar, Malelane, South Africa).  To prevent microbial spoiling/degradation, 

the wet sugarcane bagasse was air-dried to a moisture content of less than 5% [27].  The air-

dried substrate was preserved in an airtight container at room temperature until used.  In 

preparation for treatment, a 1 kg sample was ground to a particle size range of 0.425 to 0.850 

mm using a centrifugal mill (Retsch ZM 200, Haan, Germany).  The sample fraction, which 

represented 70% of the original sample, was oven-dried at 318 K until a moisture content of 

less than 1% was reached.  

The chemical composition of the substrate was determined according to the National 

Renewable Energy Laboratory (NREL) procedure [28].  The substrate consisted of 39.1% 

glucan, 21.8% xylan, 2.0% arabinan, 1.0% galactan, 18.9% Klason lignin, 4.0% ash and 6.0% 

extractables, all on a dry basis.  

Spezyme CP cellulase cocktail, with a calculated average cellulase activity of 64 filter 

paper units FPU ml-1, according to the NREL procedure [29], was obtained from Genencor 

(Palo Alto, CA).  The cellulase was supplemented with β-glucosidase (Novozyme 188), 

obtained from Novozyme (Bagsværd, Denmark). 
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2.2 Experimental setup and operation 

The sugarcane bagasse was treated in a tubular reactor manufactured in-house in 

accordance with the specifications of Jacobsen and Wyman [30].  Each reactor consisted of a 

seamless Hastelloy C276 tube with dimensions 11.8 mm x 12.7 mm x 152.0 mm (inner 

diameter, outer diameter, length).  The reactors were sealed by Swagelok stainless steel end-

caps (Solon, Ohio, USA), which were fitted with Teflon plugs to prevent corrosion.  The 

temperature within the reactors was monitored by a temperature probe fitted inside a loaded 

reactor.  Heat was provided through the immersion in two Techne SBL-2D fluidized 

sandbaths (Minneapolis, MN), each fitted with a Techne TC-8D controller (Minneapolis, 

MN) to maintain the temperature within  0.3 K of the set-point.  

2.3 Dilute acid pre-treatment 

A slurry with a solid/liquid ratio of 5% (v/w) was prepared by suspending dry (i.e. 

moisture content of less than 1% milled sugarcane bagasse) in a 0.028 to 0.062 mol L-1 

sulphuric acid solution.  The mixture was allowed to equilibrate overnight at room 

temperature.  In preparation for treatment, excess solution was drained to obtain a solid/liquid 

ratio of 30%.  Wet solids with a corresponding dry weight of 2 g were transferred to each 

reactor, where after the reactor contents were manually compressed, to avoid mass and heat 

transfer limitation during treatment.  

The loaded reactors were lowered into a sand bath set to 50 K above the target 

temperature, the range of which varied between 415.4 and 449.0 K.  Once the target 

temperature was reached, the content of the reactors was maintained at that temperature, by 

placing the loaded reactors in a second sandbath set at, or slightly above, the required 

temperature.  The duration of treatment varied between 8.6 to 25.4 min, where after the 

reaction was terminated by placing the reactors in a water-bath maintained at room 

temperature.  

The content of the reactors was removed and washed with excess buffer (i.e. a 0.05 

mol L-1 sodium citrate solution) to a pH of 4.5.  The washed slurry was separated into a 

supernatant and wet solid by sedimentation.  The supernatant was analyzed in terms of its 

sugar content (Section 2.4) whereas the remaining solid was either enzymatically hydrolyzed 

(Section 2.5) or dried at 318 K for 48 h before being subjected to sugar analysis (Section 2.4).  
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2.4 Analytical procedures: chemical composition of solid substrate and supernatant 

The chemical composition of the pretreated solids was determined according to 

NREL procedure [28].  These methods involved two consecutive acid hydrolysis steps during 

which the pretreated solids were hydrolyzed into glucose, xylose, acid soluble lignin and acid 

insoluble lignin.  Pretreated solids were hydrolyzed initially with 72% H2SO4 at 303 K for 1 

hour.  The hydrolysate mixture was subsequently diluted to 4% H2SO4 where after it re-

subjected to yet another hydrolysis step carried out at 394 K for 1 hour.  In a similar manner, 

the supernatant (Section 2.3) was subjected to pre-hydrolysis to allow quantification of 

oligomeric sugars.  

The sugar content of the hydrolysate/supernatant was analyzed using high 

performance liquid chromatography (HPLC) (Waters Breeze System, Milford, MA) on a Bio-

Rad Aminex HPX-87H ion exchange column (Hercules, CA) at 338 K, fitted with a Bio-Rad 

H cartridge guard column (Hercules, CA), using 5 mmol L-1 H2SO4 as mobile phase at a flow 

rate of 0.6 ml min-1.  A Waters 2141 refractive index detector (Milford, MA) was used for 

peak detection and the sugar content of test samples was quantified by using a standard curve 

of the combined sugar components.  

2.5 Enzymatic Hydrolysis 

Treated sugarcane bagasse was enzymatically hydrolyzed according to the NREL 

CATP No. 009 method [31].  Solids with an equivalent dry weight of 1 g, were transferred to 

250 ml Erlenmeyer flasks to which a predetermined volume of (0.05 mol L-1) a sodium citrate 

buffer of pH 4.8 was added.  Each suspension had a total volume of 100 ml and contained 

0.02% sodium azide to prevent microbial growth.  Saccharification was initiated by enzyme 

addition which consisted of 60 FPU Spezyme CP per g biomass supplemented with 15 CBU 

of β-glucosidase.  A saccharification temperature of 323 K was maintained through the 

application of a shaking water bath set at 100 rpm. Samples were taken after 0 and 72 h for 

glucose analysis.  

2.6 Design of experiments and regression analysis 

Response surface methodology (RSM) was applied for the design of experiment 

(DOE) and to establish a functional relationship between three response parameters, xylose 

recovery (Y1), glucose recovery (Y2), furfural production (Y3) and three independent 
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variables, namely residence time (X1), temperature (X2) and acid concentration (X3).  

Published data was used to establish the range in which the input variables had a significant 

effect on the response parameters [6,7,21].  However, for the design of experiment (DOE), a 

central composite rotatable design (CCRD) was used. Six star, eight factorial and a central 

point condition were proposed which tested each of the independent variables at five levels 

(i.e. -α, -1, 0, +1, +α) but also in different combinations with one another (Table 1).  To 

validate the analysis of variance (ANOVA) the central point condition was replicated.  

Furthermore, to ensure the proposed model is adequate, the entire experiment was repeated to 

enable calculations of lack-of-fit.  All experiments were conducted in a randomised order to 

ensure minimal interference from extraneous factors which may contribute to unexplained 

variation in the response parameter.  

Table 1-Range of independent variables expressed in terms of coded values 

Input Variable 
Coded Factor (x) 

-αa -1 0 1 +αa 

X1: Acid concentration (mol L-1) 0.028 0.035 0.045 0.055 0.062 

X2: Temperature (K) 415.3 422.2 432.2 442.2 449.0 

X3: Pre-treatment time (min) 8.6 12 17 22 24.4 
a
α=1.682. 

The response surface was developed using a second-order polynomial regression 

model predicting the output variables as it was fitted to experimental data (Yi) obtained at the 

various independent pretreatment conditions (xi and xj; coded factor), as proposed by the 

DOE in combination with the CCRD. This standard second-order polynomial regression 

model can be expressed as 

Y� = β� + ∑ β
�
∙ x�

	
�
� + ∑ β

��
∙ x�

�	
�
� + ∑ β

�
∙ x�

	
��� ∙ x + ξ                       (1) 

where β represents the various regression coefficients, which included an intercept (β0) and 

three different effects namely the linear (βi), interaction (βii) and quadratic (βij) effect.  The 

experimental error was represented by ζ.  Regression coefficients were calculated using 

ordinary least squares regression where the sum of the squares vertical distance between 

experimental and predicted response values were minimised. 
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The regression model (i.e. complete second-order polynomial equation) was adjusted 

using backwards elimination.  In this process, regression coefficients deemed insignificant 

(p>0.05) by analysis of variance (ANOVA) were removed.  However, non-significant 

regression coefficients were included in some instances to retain the integrity of the model 

hierarchy.  Design-Expert 8.0.6 (Stat-ease Inc., MN) software was applied for DOE and 

regression analysis. 

3. Results 

3.1 Analysis of experimental data 

The single-stage dilute acid process was conducted at different acid concentrations, 

temperatures and pretreatment durations represented by factorial, star and central point 

conditions (Table 2). Factorial point conditions, brought about changes in xylose (12.5 to 

18.2 g per 100 g biomass), glucose (20.4 to 32.9 g per 100 g biomass) and total sugar 

recovery (37.0 to 49.5 g per 100 g biomass). Furthermore, between 0.1 and 4.2 g per 100 g 

biomass, furfural was produced as a by-product of xylose degradation (Table 2). Confirmed 

by star and central point conditions, a higher pretreatment temperature lead to an increase in 

glucose recovery, total sugar recovery and furfural production. Likewise, glucose recovery 

and furfural production were also increased by an increase in acid concentration and the pre-

treatment time. In contrast, to enhance xylose recovery, a shorter pre-treatment time and 

lower pre-treatment temperature were required. It is, therefore, evident that conflicting 

operating conditions are required to maximised either xylose or glucose recovery, often 

leading to a compromise between the two, to obtain maximise total sugar recovery.  
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ĈJ()*,
lrl
q)
0o
CJ-t'-rh\J

>>L()

(J()
tv.-a)oo-h
X

()-l.r
H.-

F-{

()
tr
t)*)-bY

L
o)
t-t .

-tF4
tsxo

F(

1.{

(t)
a
H

orrl
.lrl
cB
AH.-s-)rT
U
rlra
dt
q)
t-x

{i}

Gq)
L

{r)q}
l-

A
F-l

aa()-,-*
G

rlr)
{d
-lo)

d'(J
aH()
A
l*
qJ

frtv-L
l-{

M

IJ
o
1.{

sl-o
r-.tr)-bY-'tJ 
-.l :hf

9t
'CJ

ft
-l

U

a

z

Frl
ca
L

{raAHq)

LJ
-tY
>>{.\--'L'
()
d
FI.--lr
Htr
{)-{ra()

FIv

a-bU

0-H
,-tv

el
{ra
.lr{
tFlU

d
H
A
v
I

*j
A
H()-H
H

:lr-

€d
{)tr
+J
{)
tr
x

{r)
6c

aHo.-
lr)
qJ-)

-l\J
v
tr
{4.
-t

-6t
fi-Jfi.r
tr--fi-t

d-rlr).-
F
€
{)fr
{)
oq)
{}
lr
L
s{
b0-tJ
rt)

-qg
+r
A
!/

*r)

f=t
Y
t
H
G
{}a
V
(J
i
J

-bO cs
AT

at b02'aitg
>> '(JXs
c-l 'd

-r()X
Frl 

-str--bY A,rVF9

Stellenbosch University  http://scholar.sun.ac.za



102 
 

3.2 Regression equation 

3.2.1 Description and analysis 

Second-order polynomial equations for predicting xylose recovery (y1), glucose 

recovery (y2) and furfural production (y3), as a function of acid concentration (x1), 

temperature (x2) and time (x3), were derived by fitting experimental data (Table 2).  These 

equations were adapted by eliminating their non-significant model terms. The adjusted 

models are presented in Table 3.  Each model consisted of at least a linear, quadratic or cross-

product interaction term, which depending on their degree of significance, had a small 

(p<0.05) or large (p<0.01) contribution to the predicted response (Table 3).  Models were 

also expressed in terms of coded factor to standardise the scale of the input variable.  The 

linear term of temperature (x2) proved most significant (Table 3) and contributed in a 

synergistically (positive sign) manner to the recovery of glucose (y2) and the production of 

furfural (y3).  On the other hand, temperature had an antagonistic effect on xylose recovery 

(y1), as indicated by the negative sign.  Finally, seeing that the quadratic term of time (x1
2) 

was included in the glucose model, a maximum glucose recovery (y2) yield would be 

obtained within the pretreatment duration studied.  
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3.2.2 Test of adequacy 

The effectiveness of each adjusted model (Table 3) to adequately predict the observed 

response (i.e. y1, y2 and y3) was confirmed through analysis of variance (ANOVA).  

However, the validity of ANOVA had to be assessed.  This was achieved by confirming that 

residual errors acquired from predicting response variables y1, y2 and y3 (Table 3) exhibited 

independence, a constant variance and normality.  Using this analysis, residuals were 

homoscedastic with no distinct pattern (data not showed), implying that the constant variance 

and independence assumptions were valid [32,33].  Furthermore, normal probability plots 

(data not shown) displayed straight lines for variables y1, y2 and y3, thus confirming the 

normality of residual error and, consequently, the validity of ANOVA [32,33]. 

According to ANOVA, each adjusted model (Table 3) satisfied the criteria which 

validated the adequate prediction of y1, y2 and y3.  Relatively high R2adj (Table 3) values 

confirmed a small degree of variation from the predicted average.  Therefore, more than 

82.3% of the total variation could be explained by these models.  Furthermore, a comparison 

of the calculated (Fo) and tabulated (F*) F-values revealed that Fo<F* (Table 3), which is 

equivalent to the p-value being greater than 0.05 [32,33].  The null hypothesis that the model 

would fit the experimental data was therefore not rejected.  Therefore, the adjusted models 

(Table 3) can be used without any transformation to adequately predict the response 

parameter within the range of input variable studied. 

3.3 Xylose recovery and placement of subunit conditions 

In the hydrolysate, xylan was recovered as mono- and oligo-saccharides following 

treatment of sugarcane bagasse using a single-stage dilute acid process.  The degree of xylose 

recovered as predicted at 12 min is shown in the contour plot (Fig. 1), where temperature was 

plotted as a function of acid concentration.  The ranges of temperature and acid concentration 

varied between 422 and 442 K and 0.035 and 0.055 mol L-1, respectively.  Variation within 

these ranges contributed to changes in xylose recovery (16.5 and 18.2 g per 100 g biomass), 

which exhibited a symmetrical pattern that could be separated into an upper and lower region 

by line Z-Z’ (Fig. 1).   

Conditions in the upper segment (above the Z-Z’ line) predicted a decrease in xylose 

recovery with an increase in temperature or acid concentration.  In accordance with various 
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kinetic studies [12,13], this type of a relationship confirms that maximum xylose (PXR) has 

been reached, and in relation to the present study, was obtained at or before 12 min, the 

shortest pretreatment duration tested.  Conversely, the opposite relationship resided in the 

lower segment (below the Z-Z’ line), thus suggesting PXR has not being reached.  However, 

seeing that PXR could not be reached within the pretreatment duration (i.e. 12 to 22 min) 

tested, subsequent discussions were limited to the upper portion of the contour plot where a 

known inverse relationship existed between xylose recovery and time. 

            Acid Concentration (gmol/L) 

Figure 1: Contour plot of xylose recovery as function of temperature and acid 
concentration. The graph was constructed with Equation 1 and by maintaining a constant 
pretreatment time of 12 minutes. Nine subunit conditions (i.e. A.1 to D.3) were identified and 
positioned in the upper portion (i.e. above Z-Z’) of the contour plot. The subunits conditions 
varied either in temperature (1-3) or acid concentration (A-D). 
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Subunit conditions as indicated by blocks in Figure 1 were defined to enable the 

prediction (Eq. 2) of an average xylose recovery yield in response to time at specific points in 

the acid concentration-temperature relationship.  The predictions from each of the subunits 

A.1 to A.3 and A.3 to D.3 (Fig. 1) were plotted in Figure 2.  Generally, the trends from all 

predicted subunit data showed a decrease in xylose recovery upon an increase in pretreatment 

time.  Furthermore, when acid concentration remained constant (i.e. A.3, B.3, C.3, D.3), 

increases in temperature resulted in an increase in the rate of xylose decomposition.  On the 

other hand, at a constant temperature (i.e. A.1, A.2, A.3), a greater acid concentration 

contributed to a lower xylose yield.  Hence, an increase in time, acid concentration or 

temperature generally resulted in a decrease in xylose recovery. This negative trend, as 

observed for all independent variables, confirms that PXR was reached at or before 12 min, the 

shorts pretreatment duration tested.  

 

Figure 2: Extent of xylose recovered as determined per subunit condition over time. 
Xylose recovery refers to the portion xylan that was recovered in the hydrolysate, whether as 
a mono- and oligosaccharide, following it liberation during acid treatment of sugarcane 
bagasse. Peak xylose was probably reached at TXR<12 min, as an inverse relationship existed 
between xylose recovery and time. Conditions of subunits are described in Figure 1.  
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3.4 Glucose recovery 

Glucose recovery refers to the portion of cellulose that was recovered from sugarcane 

bagasse as mono- and oligosaccharides using combined pretreatment and enzymatic 

hydrolysis.  To determine the effect of time on the temperature-acid treatment combination 

for glucose recovery, the same range of subunit conditions was used as shown in Fig. 1.  The 

average glucose recovery, as predicted per subunit by Eq. 3, was plotted as a function of time 

and is shown in Fig. 3.  Maximum glucose was obtained at 18.7 min and varied between 28.1 

and 31.5 g per 100 g biomass, depending on the severity of the conditions for each subunit.  

At a constant time, indicated by TGR (Fig. 3), glucose recovery was enhanced by an increase 

in both temperature and acid concentration.  However, the magnitude of change in glucose 

recovery brought about by a change in temperature was greater than when acid concentration 

was varied.  Therefore, temperature was considered an essential independent variable for 

maximising glucose recovery within the range of pretreatment conditions studied. 

3.5 Total sugar 

The total sugar took into account the xylose and glucose recovered, whether 

monomeric or oligomeric, following acid pretreatment and a subsequent enzymatic 

hydrolysis step. Simultaneous application of equations 2 and 3, pertaining to xylose and 

glucose recovery, respectively (Table 3), predicted the average total sugar per subunit 

condition over time (Fig. 4).  Maximum sugar was recovered within 14.0 to 16.7 min and 

ranged between 45.4 to 47.3 g per 100 g biomass.  Generally, increases in temperature 

enhanced the extent of total sugar recovered, and resulted in a decrease in the time required to 

recover maximal sugar.  High temperature in combination with a short treatment period was, 

therefore, most advantageous for maximum sugar recovery. 
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Figure 3: Extent of glucose recovered as determined per subunit condition over time. 
Glucose recovery refers to the portion cellulose (as mono- or oligosaccharides) recovered by 
acid and enzymatic hydrolysis of sugarcane bagasse. Maximum glucose was recovered at TGR 
(18.7 min). The extent of glucose recovery varied with subunit conditions defined in Figure 
1. 

 
Figure 4: Extent of total sugar recovered as determined per subunit condition over time. 
Total sugar refers to the sum of xylose and glucose recovered when using a single-step dilute 
acid process. Whereas xylose recovery was limited to the xylan (as mono- or 
oligosaccharides) released during acid hydrolysis, glucose recovery refers to cellulose (as 
mono- or oligosaccharides) liberated during acid and enzymatic hydrolysis of sugarcane 
bagasse. Total sugar recovery peaked at time TTS a value which appeared affected by the 
condition of the subunit as defined in Figure 1.  
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3.6 Peak theory 

According to previous predictions (Sections 3.3-3.5), sugar recovery during a single-

stage dilute acid process with subsequent enzymatic hydrolysis followed a specific sequence, 

namely maximal recovery of xylose at treatment times shorter than 12 min (Section 3.3), 

maximal total sugar recovery at times ranging between 14.0 and 16.7 min (Section 3.4) and 

maximal glucose recovery at 18.7 minutes (Section 3.5).  These events are illustrated in Fig. 

5 and depict a peak for maximum xylose (PXR), total sugars (PTS) and glucose recovery 

(cellulose digestibility) obtained (PGR) at times TXR, TTS and TGR, respectively. It is important 

to mention that a xylose recovery peak could not be identified in this work (Fig. 2), hence it 

was assumed that peak xylose occurred at 12 min. 

 

Figure 5: A representation of the three main recovery peaks produced by a single-stage 
dilute acid process over time. PXR, PTS and PGR represent the maximum amount of xylose, 
total sugar (i.e. sum of xylose and glucose) and glucose than can be recovered at times TXR, 
TTS and TGR, respectively. Peaks are produced in a consecutive manner with TXR<TTS<TGR. 

The sequence depicted in Fig. 5 was calculated for each of the subunits (Fig. 1) with 

recovery predicted at times TXR (xylose recovery), TTS (total sugar recovery) and TGR 

(glucose recovery) tabulated in Table 4.  These respective times represented the stage of the 

process where maximum xylose (PXR), total sugar (PTS) and glucose (PGR) recovery values 
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were predicted (Table 4).  Generally, combined peak xylose and glucose recoveries were 

significantly greater than total sugar recovery (PXR+PGR>PTS), congruent with the principle 

that a compromise between optimal treatment conditions would result in lower total sugar 

recovery.  Therefore, when combining the maximum recovery values for xylose and glucose 

(PXR+PGR), the resultant values were 1.4 to 2.4% greater than the predicted sugar recovery at 

time TTS, i.e. when a compromise has to be reached between the maximum xylose and 

glucose recovery peaks due the use of a single-step dilute acid process. 

Separation of conditions into subunits had the additional benefit of comparing 

different conditions for xylose recovery and glucose to obtain maximal sugar recovery 

values.  For example, when combining xylose recovery predicted for subunits B.1 or C.2 with 

glucose recovery for subunit A.3, the predicted combined xylose-glucose recovery value was 

4.7% to 5.0% greater than the total sugar value of 47.3 g.100 g biomass, predicted for subunit 

A.1 on its own (Table 4).  The latter value was the greatest total sugar value predicting for all 

the subunits conditions using a single-stage dilute acid process. 

The influence of pretreatment conditions on furfural production (eq. 4) was also 

investigated (Table 4).  Treatment time directly influenced furfural production in a similar 

manner to xylose recovery.  However, in contrast to xylose recovery, predicted furfural 

concentrations were greater at time TTS than at TXR at the specific pretreatment conditions 

specified by the different subunit conditions.  Therefore, a process operated at a shorter time 

(TXR<TTS) would result in furfural values that were up to 26.7% lower than furfural 

concentrations obtained at TTS (Table 4).  Furthermore, when combining treatment conditions 

defined by subunits B.1 and A.3, which resulted in the greatest predicted degree of xylose 

and glucose recovery, the concentration of furfural would be 36.1% lower than when the 

subunit condition of the latter would have been used in isolation.  Therefore, by combining 

subunit conditions, process conditions could be optimised to enhance sugar recovery in 

conjunction with minimising furfural production.  Furthermore, combinations of xylose and 

glucose recovery values at times TXR and TGR were greater than total sugar values TTS.  This 

pointed to the possibility that a two-step process would theoretically be more efficient in 

producing fermentable sugars when compared to the more traditional one-step process. 
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4. Discussion 

4.1 Single-stage dilute acid process and associated peaks of recovery 

Sugar recovery in a single-stage dilute acid process was characterised by the recovery 

of xylose (PXR), total sugar (PTS) and glucose (PGR), manifest as recovery peaks at different 

times as illustrated in Fig. 5.  The linear relationship observed between xylose recovery and 

the duration of pretreatment (Fig. 2) suggested that recovery peaked at a time shorter than the 

interval (12-22 min) investigated in this study (Fig. 1).  Following xylose, total sugar 

recovery peaked between 14.0 and 16.7 min (TTS, Fig. 3), whereas the maximum glucose 

recovery was attained at 18.7 min (TGR, Fig. 3).  Therefore, recovery peaks (where a recovery 

peak for xylose was assumed to be at 12 min) could be separated according to the sequence 

TXR<TTS<TGR.  This relationship was previously reported in other single-stage dilute acid 

studies, although using substrates other than sugarcane bagasse [24-26].  Therefore, when 

using a single-stage dilute acid process in combination with enzymatic hydrolysis, the choice 

of process condition in terms of acid concentration, time and temperature can only be 

optimised to attain a single recovery peak.  

4.2 Assessment of the potential of a two-stage process to increase combined sugar yields 

from pretreatment-hydrolysis 

4.2.1 Advantage of a two-stage process 

The two-stage process has proven more effective to recover sugar from sugarcane 

bagasse than the one-stage method.  Both the one- and the two-stage processes were 

simulated by applying the pretreatment conditions presented by each subunit as identified in 

Figure 1.  A 1.4% to 2.4% improvement in terms of the combined sugar recovery yield (i.e. 

xylose + glucose) was obtained for the two-stage process as opposed to the one-stage method 

(Table 4).  This improvement was attributed to the distinctive character of the two-stage 

process which involved the use of two single-stage methods applied consecutively [34-38].  

This design allowed for the maximum recovery of both xylose (PXR) and glucose (PGR) at 

optimal times of TXR and TGR, respectively (Fig. 5).  Hence, by combining these two sugars, a 

maximum combined sugar recovery yield equal to PXR+PGR could be calculated.  In contrast, 

since the one-stage process is limited to a single set of experimental conditions, the maximum 

combined sugar recovery yield (PTS) was obtained at a specific pretreatment duration denoted 
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as TTS. However, since TTS was positioned between TXR and TGR, the combined sugar 

recovery yield (PTS), obtained with the single-stage method, was limited by excess xylose 

degradation (TTS>TXR) and also the production of less digestible solids (TTS<TXR; Table 4).  

The two-stage process, therefore, yielded a higher combined sugar recovery yield 

(PXR+PGR>PTS), by applying multiple-times (i.e. TXR, TGR), individually optimised to recover 

xylose and glucose. 

Furthermore, less by-products (e.g. furfural) are produced by using the two-stage 

process.  A 36.5% reduction in the concentration of furfural, a by-product from xylose 

degradation, has been observed by replacing the one- with the two-stage process (Table 4).  

This reduction in by-product yield stems from the use of different pretreatment times (i.e. 

TXR, TGR) to individually recover xylose and glucose.  Hence, seeing that xylose is recovered 

at TXR, which is less than TGR, liberated xylose is precluded from subsequent degradation 

reactions.  By avoiding by-product formation, a higher degree of sugar recovery can be 

attained, which in turn contributes to a higher yield in ethanol.  Seeing that subsequent 

fermentation processes are also impeded by the presence of by-products, less downstream 

processing would be required to remove the smaller amounts of by-products produced by the 

two-stage process.  

4.2.2 Two-stage multi-temperature process 

The two-stage method allows for a multiple-temperature process which promotes the 

recovery of combined sugar (PXR+PGR).  A combined sugar (PXR+PGR) recovery yield of 49.5 

g per 100 g biomass was obtained by treating sugarcane bagasse with the two-stage process at 

low (i.e. subunits B.1 or C.2, Fig. 1) and high pretreatment temperatures (i.e. subunit A.3, 

Fig. 1).  This yield (i.e. PXR+PGR) equals a 4.7% improvement over the maximum combined 

sugar recovery yield (PTS) obtained with the one-stage process, under optimum (i.e. subunits 

A.1 or A.2) pretreatment conditions.  Xylose recovery is promoted at the low pretreatment 

temperatures [12].  High pretreatment temperatures are generally avoided since the 

degradation rate of xylose approached the formation rate thereof under these conditions 

[12,13].  Conversely, higher temperatures promotes glucose recovery (Fig. 3), by favouring 

the production of enzymatically digestible solids [8,14,15,20].  This increase, in the degree of 

digestibility, stems from the nature of lignin which tends to agglomerate at increased 

temperatures, thereby enhancing the accessibility of the substrate to digesting enzymes [20].  
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A multi-temperature process will, therefore, be beneficial since it enhances the combined 

sugar yield by individually optimising the recovery of both xylose and glucose [34-38]. 

4.3 Choosing between a one- or two-stage dilute acid process 

The viability of a single- and two-stage process in combination with enzymatic 

hydrolysis depends on the pretreatment temperature range required to achieve sufficient 

removal and recovery of hemicellulose and cellulose [34-38].  If both fractions can be 

recovered by using a single temperature, the single and two-stage process may prove equally 

effective in enhancing sugar recovery.  For example, more than 94% of the sugar in corn 

stover can be recovered by treating it at a constant temperature of 433 K [24].  Since the 

recovery peaks are separated by time, a higher degree of sugar might be obtained providing 

the single-stage process was replaced by the two-step method under isothermal conditions.  

However, for the two-stage process to be viable, additional costs including energy usage and 

capital investment should be countered by the increase in total sugar yield.  

A two-stage process has proven an effective means to enhance sugar recovery from 

substrates such as softwoods that comprises a hemicellulose and cellulose fraction that 

dictated different pretreatment temperatures for maximum recovery [34-38].  Whereas 

maximum mannose (the hydrolysis product of hemicellulose) can be obtained between 443-

463 K, higher temperatures (473-503 K) are required to promote cellulose digestibility in 

softwoods [34].  Hence, suboptimum amounts of sugar (i.e. 76%) are recovered with a single-

stage process, despite the fact that many research studies have focused on optimising this 

method for softwoods [37].  Application of the two-stage method has, therefore, resulted in a 

significant increase (8.6%) in sugar recovery as the multi-temperature process allow for the 

individual optimisation of each recovery peak [37].  

To date, sugarcane bagasse has not been treated with the two-stage process as the 

method appealed to the more recalcitrant substrates such as softwood.  However, treatment of 

sugarcane bagasse, using an optimised one-stage process, has resulted in 83% of the total 

sugar being recovered [7], which is similar to 78% obtained in the present study.  According 

to literature, a maximum of 94% of either hemicellulose or cellulose can be recovered, 

providing sugarcane bagasse is treated using a temperature range that varies either between 

393-403 K [12,13] or 473-493 K [14,15], respectively.  Consequently, providing each of the 

recovery peaks can be individually optimised, the total sugar yield can be increased by as 
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much as 16%, which is justifiably more than the 4.8% calculated within the limiting pre-

treatment domain studied (Table 4).  A significant margin of improvement can, therefore, still 

be achieved providing the one-stage process is replaced by the two-stage method.  

5. Conclusion 

Response surface methodology proved to be an effective means to provide reliable 

models for optimisation of the total sugar yield obtained by treating sugarcane bagasse, using 

either a single or two-stage dilute acid process in combination with enzymatic hydrolysis. 

The one-step process is limited to a single acid concentration, temperature and time and can, 

therefore, only be used to maximise either xylose or glucose recovery, or to reach a 

compromised total sugar recovery.  Conditions that promote total sugar recovery in a single 

stage process simultaneously contribute to excess xylose degradation but also the production 

of a less digestible solid and, therefore, diminished levels of glucose recovery.  To overcome 

these limitations, a two-stage process was suggested that comprises two single-stage 

processes combined in a sequential manner, thereby allowing for the individual optimisation 

of xylose and glucose recoveries.  As a result, a significantly greater degree of combined 

sugar recovery (PXR+PGR) can be reached than that possible for total sugar (PTS) recoverable 

from a single-step process.  Future work should, therefore, focus on determining whether the 

added benefits of applying the two-stage process outweigh the limitations associated with the 

one-stage method.  
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Chapter 6                

Enhancing the enzymatic digestibility 

of sugarcane bagasse through the 

application of an ionic liquid in 

combination with an acid catalyst 

This article Enhancing the enzymatic digestibility of sugarcane bagasse through the 

application of an ionic liquid in combination with an acid catalyst by Danie Diedericks, 

Eugéne van Rensburg, María García-Aparicio and Johann Görgens as it appeared in 

Biotechnology Progress 28 (2011) 76-84 published by John Wiley & Sons, Inc. (Hoboken, 

United States of America) is reproduced with permission from the publisher.  

 

Title: “Enhancing the enzymatic digestibility of sugarcane bagasse through the application of 

an ionic liquid in combination with an acid catalyst” 

Authors: Danie Diedericks, Eugéne van Rensburg, María García-Aparicio and Johann 

Görgens
  

Department of Process Engineering, Stellenbosch University, Stellenbosch South Africa 

 

Introduction 

Sugarcane bagasse was identified as the preferred substrate to be subjected to novel 

pretreatment/fractionation in view of its ease of treatment using both conventional (e.g. 

single-stage) and advanced (e.g. two-stage) pretreatment technologies. Ionic liquids have 

previously been identified as solvents for the pretreatment of lignocellulose. The efficacy of 

these liquids in the pretreatment of biomass is to a large extent attributed to their ability to act 

as delignification solvents. In the present study, 1-Bythyl-3-methylimidazolium methyl 

sulphate ([BMiM]MeSO4) was, due to its ability to dissolve high levels of Kraft lignin, 

identified as a novel pretreatment solvent for sugarcane bagasse. Treatment of sugarcane 
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bagasse using this ionic liquid, contributed to the production of enzymatically digestible 

solids. Moreover, a third of the lignin content in sugarcane bagasse was removed. As such, 

[BMiM]MeSO4 was identified as a delignification solvent with the added potential to serve as 

a fractionation solvent for lignocellulose. Although an acid catalyst was required to disrupt 

the linkages within the lignin structure, delignification could only be facilitated by the lignin 

dissolution properties of [BMiM]MeSO4.  

Contextually, in terms of the overall research objective, it was essential to optimise 

the ionic liquid method, prior to its application, into a combined fractionation process which 

also involved the use of the single-stage dilute acid process. All elements of the research were 

conducted by me. 
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Various ionic liquids have been identified as effective pretreatment solvents that can
enhance the cellulose digestibility of lignocellulose by removing lignin, one of the main.fac-
tors contributing to the recalcitrant nature of lignocellulose. 1-Butyl-3-methylimidazolium
methylsulfate ([BMiM]MeSOz) is a potential delignification reagent, hence its application as
a pretreatment solvent for sugarcane bagasse (SB) was investigated.. The study also eval-
uated the benefit of an acid catalyst (i.e., HzSOq) and the effect of pretreatntent conditiow,
which varied within a time and teftTperature range of AJ40 min anl 50*150"C, respectively.
The use of an acid catalyst contributed to a more digestible solid and. a higher degree of
delignification. However, the [BMiM]MeSOa-H2Soa combination failed to produce a fully
digestible solid, as a maximum cellulose digestibility of 77Vo (wlw) was obtained at the opti-
mum pretreatment condition of 125"C for 120 min. Furthermore, up to half of the lignin
content could be extracted during pretreatment, while simultaneously extensive, sometimes
complete, removal of xylan, the presence of which, also hampers cellulose digestibility.
Hence, [BMiM]MeSOa has been identified an effective pretreatment solvent for SB as the
application thereof both significantly improved digestibility, and simultaneously removed two
of the mnin factors contributing to the recalcitrant nature of lignocellulose. As xylan and
lignin have potential value as precursor chemicals, the existing process may in future be
extended toward substrate fractionation, a biorefinery concept where value is added to all
feedstock constituents. @ 20Il American Institute of Chemical Engineers Biotechnol. Prog.,
28:'16-84,2Al2
Keywords: ionic liquid, 1-butyl-3-methylimidazolium methylsulfate, delignification, cellulose
digestibility, sugarcane bagasse

Introduction

The dwindling of fossil fuel reserves and their association
with environmental pollutants have sparked interest in their
replacement with alternative energy resources that are both
sustainable and environmentally benign. Lignocellulose has
emerged as a viable alternative to fossil fuel as it comprises
cellulose, hemicellulose, and lignin, which may serve as
feedstock for the production of value-added products that
may replace the fuels and chemicals currently derived from
fossil carbon resources.l However, the industrial biotech
application of lignocellulose has been limited by its recalci-
trance to biological degradation because of the close bonding
between its chemical constituents.z For example, the cellu-
lose component, which is widely considered as the primary
feedstock for the production of transport fuels,3 is embedded
within a protective layer of hemicellulose and lignin, which
impedes enzymatic attack.2 A more reactive cellulose com-
ponent can, therefore, be obtained by treating lignocellulose
with either a physical, chemical, or physico-chemical process
that removes or disrupts lignin or hemicellulose, or a combi-
nation of these. However, the latter two constituents are also

Correspondence concerning this article should be addressed to J. F.
Grirgens at jgorgens@sun. ac.za.
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considered potential precursor chemicals that may ensure the
economic viability of a biorefinery.a Hence, the pretreatment
processes should ultimately be refined into providing access
to all feedstock constituents.

Conventional pretreatment methods generally rely on sol-
vents such as water and organic solutions in combination
with an acid or base catalyst to remove hemicellulose and
lignin.s'6 However, because the latter two constituents vary
in terms of chemical structure, the mechanism for their re-
moval also differs. For instance, the hemicellulose derived
from herbaceous crops (e.g., sugarcane bagasse) mostly com-
prises arabinoxylan, a polymeric compound, that mainly con-
sists of xylose molecules chemically linked through fi-
(1--+4)-glycosidic bonds.T This linkage is readily cleaved
during acid hydrolysis, and the coffesponding products,
depending on the pretreatment temperature, may be partly
dehydrated into by-products such as furfural and hydroxyme-
thylfurfural (HMF).8 Lignin, on the other hand, comprises
three precursor compounds namely p-coumaryl, coniferyl,
and sinapyl alcohol, which are chemically linked through
various alkaline and acid labile bonds.e Among these link-
ages, the fr-A-4 ether bond has received the most attention
as it represents -SAVa of the linkages.lo Furthermore, this
linkage is also readily cleaved during acid11 and basel2
catalysis and has, therefore, been identified as one of the

L22
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main delignification pathways.t= However, cleaving of ether
linkages promotes C-C bond formation, an unwanted side
reaction which renders a less reactive lignin component with
little industrial application.ra Henceo this application of
lignin is mainly limited to incineration for steam and electri-
cal power production.

Various ionic liquids have recently been identified as

effective pretreatment solvents that promote delignification
in the absence of a catalyst and at temperatures as low as

90"C.1s'16 Hence, it is thought to preserve the functionality
of lignin, thereby confibuting to an additional feedstock
with the potential value as a precursor chemic a1.17 Alterna-
tively, various ionic liquids including 1-allyl-3-methylimida-
zolium chloride ([AMiM]Cl) have also been identified as

effective pretreatment solvents through which the digestibil-
ity of lignocellulose can be enhanced.ls The enhancement
has been attributed to factors such as substrate dissolutionls
and delignification.ls'l6 Studies evaluating IEMiM]CH3COO
as a potential pretreatment solvent for triticale straw and
maple wood found that only half the theoretical lignin had to
be removed to ensure a fully digestible solid.ls'16 However,
as the treatment failed to dissolve the lignocellulosic struc-
ture, it was concluded, although important not essential to
enhance the digestibility of cellulose.l6 Alternatively, treat-
ment also facilitated & lower crystallinity index (CrI),16 a

factor generally associated with the saccharification rate and
not the extent of cellulose digestibility.2'le

1-Butyl-3-methylimidazolium methylsulfate (IBMiM]-
MeSOa) has recently been identified as a potential delignifi-
cation solvento as the application thereof dissolved large (i.e.,
300 glkg) quantities of lignin.2o However, delignification is a
two-step process, which involves an initial lignin depolymer-
ization step followed by .the subsequent dissolution of the
smaller lignin fragments.2r As the main delignification path-
way is through the cleaving of the B-O-4 ether bond,l3 vari-
ous research groups have evaluated whether an ionic liquid
can cleave this linkage in different mcdel compounds of lig-
nin. Zakzeski et a1.22 and Kubo et al.z3 both concluded that
neither 1-ethyl-3-methylimidazolium diethyl phosphate nor
1-ethyl-3-methylimidazolium acetate was able to depolymer-
ize these compounds. However, Jia et a1.24 and Binder
et al.zs stated that the f-O-4 ether bond was readily cleaved
when either a Brpnsted ionic liquid (i.e., 1-H-3-methylimida-
zolium chloride) or a neutral ionic liquid supplemented with
a Br6nsted acid (i.e., H2SO4) was used. Alternatively, Binder
et al.2s suggested that impurities, typically acids which origi-
nate from the incomplete synthesis of the ionic liqui do" may
participate in these type of depolymerization reactions.

The aim of study is, thereforeo to evaluate whether the
application of [BMiM]MeSOa, a known solvent for lignin,
can be extended toward the delignification of sugarcane ba-
gasse (SB) and the subsequent enhancement of cellulose
digestibility. Furthermore) to investigate the contributing
effect of either an acid or base catalyst in terms of delignifi-
cation or even xylan hydrolysis, a factor known to be
affected by catalysis. Finallyo to identify a possible mecha-
nism through which [BMiM]MeSOa and its combination
with a catalyst enhances the digestibility of cellulose.

Materials and Methods

Feedstock, solvents, and enzytnes

SB was supplied by a local sugar mill (TSB Sugar, Mal-
elane, South Africa). The substrate was air dried, ground
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with a centrifugal mill (Retsch ZM 2OA, Haan, Germany),
and sieved to attain a particle size range of A.4254.850
mm. Before treatrnent and chemical analysis, the water con-
tent of the sample fraction was reduced to less than L%o

(dw) by leaving the processed substrate in a 45"C oven for
48 h. The composition of the substrate was determined using
the lt{ational Renewable Energy Laboratory NREL) Chemi-
cal Analysis and Testing Standard Procedures (CATSP) No.
002, 003, Al7, and A1.27 The substrate consisted af 367o twl
w) glucan,22Vo (wlw) xylan, ZVo (wlw) arabinan, l7o (wfw)
galactan, I9Vo (wlw) Klason lignin, 4Vo (wlw) ash, and 67o

(dw) extractives. Chemically pure Avicel (i.e., microcrystal-
line cellulose) and 1-butyl-3-methylimidazolium methylsul-
fate at 957o purity were purchased from Sigma and Aldrich
(St. Louis, MO). Spezyme CP cellulase cocktail, with a

calculated average cellulase activity of 64 filter paper
units (FPll)/mL according to the NREL CATSP No. 006
method,t* was obtained from Genencor (Palo Alto, CA). The
supplemental f-glucosidase (i.e., Novozyme 188) was
acquired from Novozyme (Bagsvnrd, Denmark),

Experimental

Pretreatment experiments were conducted using in-house-
manufactured tubular reactors constructed according to the
specifications of Jacobsen and Wyman.2e The reactors con-
sisted of a Hastelloy C27 6 tube with a total length of 152
ffiffi' an outer diameter of 12.7 ffiffi, and a wall thickness of
0.89 mm. The ends of each reactor were sealed with a Tef-
lon plug and closed with a stainless steel end-cap (Swagelok,
Solon, Ohio). A temperature probe was fitted in one reactor
to monitor the pretreatment temperature. The reactors were
heated in a consecutive manner using two Techne SBL-2D
fluidized sand baths (Techne, Minneapolis, MN), one set at
the desired pretreatment temperature and the other 50"C
above it. A TC-8D controller (Techne, Minneapolis, MN)
was used to control the temperature of the sand baths ta
within 0.3"C variance of the set-point.

Surnple prep&r&tion, pretreatment, und prodact recovery

Sample preparation occurred under a nitrogen blanket to
prevent the uptake of atmospheric moisture. Each tubular re-
actor was loaded with 0.6 g of dried SB. A predetermined
mass of [BMiM]MeSOa, either supplemented with or with-
out a catalysto was transferred to each loaded reactor to
obtain a solid to ionic liquid ratio of lA% (dw). For experi-
ments conducted in the presence of a catalyst, concentrated
solutions (i.e., 27 M) of H2SOa and NaOH were prepared
and premixed with [BMiM]MeSOa. The catalyst concentra-
tion was fixed at etther ZVo or 7 Vo (wlw) with reference to
the weight of the treated substrate. Control experiments were
conducted with water instead of [BMiM]MeSOa and in the
presence of 77a twlw) HzSOa. Unless stated otherwise, treat-
ment occuffed within a time and temperature range of A--24A

min and 50-150"C, respectively. The content of the reactors
was heated and maintained at the set point temperature as

described in Section "Experimental."

Following treatment, the reaction was quenched by plac-
ing the reactors in a water bath maintained at room tempera-
ture. The content of each reactor was transferred to 40-mL
centrifuge tubes and 30 mL of deionized water was added.
The mixture was vigorously mixed for 1 min and centrifuged
at 1500 g for 20 min. The solid was separated from the
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supernatant and resuspended in 30 mL of deionized water.
The washing process was repeated thrice, whilst the superna-
tant was consecutively collected. The combined supernatant
of ^,90 mL was stored at -20"C before analysis using high
performance liquid chrornatography (HPLC). The residual
solids were either enzymatically hydrolyzed or dried at 45'C
for 2 days before chemical analysis.

Enzymatic hydrolysis

Avicel, virgin- and treated SB were enzymatically hydro-
lyzed according to the NREL CATP No. 009 method.'o Wet
solids with an equivalent dry weight of I g were suspended
in 254 mL Erlenmeyer flasks using a sodium citrate buffer
(0.05 M) at pH of 4.8. The suspension had a total volume of
100 mL, and it contained trace amounts of sodium azide
(i.e., A.A27o (w/w)) to prevent microbial growth. Saccharifi-
cation was instigated by adding an enzyme cocktail compris-
ing 60 FPU Spezyme CP/g biomass and 15 CBU of P-
glucosidase to each suspension. Saccharification was carried
out at 100 rpm using a shaking platform submerged in 50"C
water. A number of intermittent samples were taken to moni-
tor the extent of saccharification. However, the digestibility
of the residual solid was defined as the glucose yield liber-
ated in a 72 h saccharification period and was calculated as

follows:

cellulose Digesrbility t%) - * ... " 100 (1)/ \ ' G0X1.111

where Gtt represents the mass of glucose liberated in 72 h
and Gs the glucan content of the substrate before
sacchariflcation.

Analytical procedures

Chemical Composition af Solid Substrate. The chemi-
cal composition of the pretreated solids was determined
according to I.{REL CATP No. 002, 003, 017, and 019 meth-
ods.27 These methods involved two consecutive acid hydro-
lysis steps during which the pretreated solids were
hydrolyzed into glucose, xylose, acid soluble lignin, and acid
insoluble lignin. Pretreated solids were hydrolyzed initially
with 72Vo (dw) HzSO4 at 30'C for t h. The hydrolysare
mixture was subsequently diluted to 4Vo (wlw) H2SO4 with a

subsequent hydrolysis step for t h at tZl"C. The sugar con-
tent of the hydrolysate was analyzed using a Water Breeze
(Waters Corporation, Milford, MA) HPLC system on an
Aminex HPX-87H ion exchange column (Bio-Rad Laborato-
ries, Hercules, CA) at 65'C, fitted with a H cartridge guard
column (Bio-Rad Laboratories, Hercules, CA), using 5 mM
H2SO4 as mobile phase at a flow rate of 0.6 ml-lmin. A
Waters 2I4L refractive index detector (Waters Corporation,
Milford, MA) was used for peak detection, and the sugar
content of test samples was quantified by using a standard
curve of the combined sugar components.

The acid insoluble lignin was separated from the hydroly-
sate using vacuum filtration, dried at 105'C for 48 ho and
weighed. The ash content of each dried sample was deter-
mined by combusting samples for 3 h in a furnace (Gallen-
kamp, Loughborough, UK) adjusted to 575'C. The
difference in the mass before and after combustion was used
as an indication of the acid insoluble lignin. The acid soluble
lignin remaining in the hydrolysate was determined using a
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UV*visible spectrophotometer (Pharm acia, Cambridge, Eng-
land) at a wavelength of 24A nm.

Analysis of Pretreatment Liquor. The pretreatment liq-
uor (i.e., supernatant) was analyzed in terms of sugar and
by-product content. Analytical methods as described in Sec-
tion "Chemical composition of solid substrate" were used to
quantify monomeric sugars glucose and xylose. The by-prod-
ucts acetic acid, HMF, and furfural were quantified using the
same HPLC system, combined with a 'Waters 7487 UV de-
tector (Waters Corporation, Milford, MA), set at wavelengths
224 and 280 nm. Furthermore, to account for oligomeric
sugars, the acid content of the pretreatment liquor was
increased to 4vo {wlw) H2SOa, followed by subsequent treat-
rnent at tz1'c for 60 min to ensure complete hydrolysis to
monomeric sugars, which were then analyzed as before (Sec.
Chemical composition of solid substrate).

Analysis af Impurities Present in ftMfMlMeSOa. The
yield and identity of common inorganic anions (i.e., Cl-,
Soot-) present in tBMiMlMeSoa were determined through
the application of ion exchange chromatography (IC). These
ions were separated with an lonPac AS14 column (Dionex,
Sunnyvale, CA) and detected by a chemical suppression and
conductivity detector installed within a DX- 120 IC Dionex
(Sunnyvale, CA). The mobile phase was maintained at 1.2
mllmin and comprised 3.5 mM sodium carbonate and 1.0
mM sodium bicarbonate. Standard curves of the pure anions
were prepared for qualitative and quantitative analysis.

Cellulose Crystallinity. Treated and untreated samples
of lignocellulose were freeze-dried to preserve the crystal
structure of cellulose.3l A diffractogram of the individual
sample was measured using a D8 Advance diffractometer
(Bruker AXS, Germany), which radiated each sample with
Cu-Ka radiation (,tKryr
4" to 50" (20). A constant scanning speed of 3'/min was
maintained throughout each run. The CrI, depicting the cel-
lulose crystallinity in each sample, was acquired from the
diffractogram through the height-of-peak-method, previously
described by Segal et a1.32:

crl {%) -
/*u* * /*i'

/*u*

where ,I*ir, and /*u* represent the height of two peaks as
measured from the baseline at a diffractometer angle of 18"
and 22" (24), respectively.

Statistical analysis

Experiments were conducted either in duplicate or tripli-
cate and analyzed using Statistica 9 (Statsoft, USA) software.
Statistical significance between experimental values was
obtained through the application of a one-way analysis of
variance in combination with the Bonferroni post hoc test
for multiple comparisons. A probability value (i.e., P) of less
than 0.05 was considered as statistically significant.

Results

1-Butyl-3-methylimidazolium methylsulfate (tBMiMl-
MeSOa) is a potential delignification reagento hence its appli-
cation as an effective pretreatment solvent for SB was
investigated. The effectiveness of treatment was measured in
terms of cellulose digestibility and the extent of delignifica-
tion, and was optimized through the application of different

(7)

!24

Stellenbosch University  http://scholar.sun.ac.za



Biotechnol Prog., 2A12, Vol. 28, No. 1

pretreatment conditions. Firstly, the contributing effect of
different catalysts was investigated. Secondly, the effective-
ness of a selected ionic liquid/catalyst cornbination was
rnaximized through the consecutive optimization of pretreat-
ment time and temperature. Finally, a benchmark study was
conducted by repeating these pretreatment conditions in the
absence of the catalyst.

Evaluating the effict of different cntalysts

SB was treated with [BMiM]MeSOa, in the presence of
either an acid (i.e., H2SO4) or base (i.e., NaOH) catalyst
supplemented at ZVo and 7Vo twlw). The remaining solid, fol-
lowing treatment at 100"C for 60 min, was analyzed in terms
of cellulose digestibility and degree of delignification
(Figure 1). In comparison to the noncatalyzed process (NC),
an acid catalyst (i.e., [BMiM]MeSO4-H,SOa) facilitated both

NC 30* N:rtlH ?tcNaOH lso !{;5{-}, ?oa H;St}g

{iatalyst

uloselligcitihility +-l.igrrirrRefitrr$rd

Figure L. Effect of catalyst type and concentration on cellulose
digestibly and degree of delignification.

Sugarcane bagasse (SB) was treated with [BMiM]MeSOa, sup-
plemented with and without {NC) a catalyst. Pretreatment
occurred at constant solid to ionic liquid ratio, temperatue and
time of lOVo {wlw), 100"C and 60 min, respectively. Either an
acid (i.e., H2SOa) or base (i.e., NaOH) catalyst was used at
concentrations Za/o and 7?o (wlw).
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a higher degree of delignification and cellulose digestibility.
These two parameters also increased in a stepwise manner as
the acid loading was adjusted from 2 to 7vo {wlw), with the
latter contributing to a maximum cellulose digestibility and
degree of delignification of 37Vo (wlw) and 27Vo (dw),
respectively.AlthoughAvicelprovedsignificantly(P<
0.05) more digestible, treatment involving an acid catalyst
(i.e., 77o H2SO4) resulted in a threefold improvement with
reference to the digestibility of untreated SB. By contrast, no
increase in digestibility or lignin removal could be discerned
when [BMiM]MeSO4 was supplemented with NaOH, as evi-
dent from the similarity to the values obtained for NC.

Infiuence of an acid catalyst at various
pretre atme nt c ondition s

The application of the [BMiM]MeSO4-H2SOa combination
was extended further by evaluating a larger number of pre
treatment conditians. All experiments were supplemented
with 7Vo {wlw) H2SOa and conducted within a time and tem-
perature ranging of 0-240 min and 50-150"C, respectively.
The digestibility together with the xylan and lignin contenr
of the residual solid were initially evaluated at different pre-
treatment intervals (i.e., 0, 30, 60, 12A, and, 24A min), whilst
a constant pretreatment temperature of 100'C was main-
tained. At this temperature, an extension in pretreatment du-
ration generally contributed to an increase in cellulose
digestibility (Table 1). Nevertheless, the trend could not be
sustained as a less digestible solid was produced at 24A min
compared to 120 min, with the latter contributing to a maxi-
mum cellulose digestibility of 74Va (w/w). Alternatively, rhe
extent of substrate delignification and xylan hydrolysis also
showed a direct correlation with pretreatment duration; how-
evero being constrained to maximum pretreatment duration
of 244 min, was limited to a residual solid with an unopti-
mized minimum xylose and lignin content af 57o and IZVy
(w/w), respectively. Finally, liberated xylan was quantita-
tively recovered in the hydrolysate except at the longest pre-
treatment duration tested.

In an attempt to evaluate the effect of pretreatment tem-
perature, a constant pretreatment duration of I2A min was
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Table I' The Influence of Variation in Pretreatment Time and Temperature on the Chernical Composition and Enzymatic Digestibility of the
Sugarcane Bagasoe Residues in the Presence of tBMiMlMeSOa Using H2SOa as Acid Catalyst*

Chemical Composition (7o)$ Hydrolys ate (To)n Total {Vo)** Enzymatic Hydrolysisir

Treatment Condition Glucose Xylose Lignin Glucose Xylose Glucose Xylose Digestibllity (Vo)

Time (min)t Untreated 40 (1.06)
0 40 (1.20)

30 40 (0.06)
60 39 (0.12)
na 3e $.22)
240 38 (2.2s)
50 4l (0.3 1)

75 4l (0.91)
100 3e (1.22)
tzs 38 (1.1s)
150 36 (0.13)

125++ 38 (1.54)

Temp. ("C)*

24 (A.s1
2r {1.2s
tr (0.42
8 {0.16
7 (As2
5 (0.20

23 (0.08
15 (1.00
7 (Asz
3 (0.88
0 (0.00
3 (0.45

9 (4.02
l8 (0.33
fi (a.27
fi (a.42
13 (0.52
12 (0.06
18 (0.s7
16 (0.19
13 (0.52
A (A3e
2t (1.29
16 (0.33

0.07
0.05
0.05
0.06
0.05
0.04
0.33
0.06
0.20
0.09
4.26

432
0.28
0.09
0.02
0.13
0.04
0.36
a.a2
0.06
4.fi
0.88

zz i.za
22 {0.70
22 (4.26
2t (aJz
19 (0.48
23 (0.0s
n (a.76
2t (o.12
e (0.82
I (0. r7

19 (1.28

ls (1.80
10 (0.89
16 (0.54
37 (0.32
74 {4.76
62 (2.19
13 (0.30
2? (0.s6
74 (4.76
77 (0.80
64 (4.24
s4 (7.22

1

1l
l4
15

13

0
I

15

6
1

t7

41 (1.18)
42 {4.0e)
41 (0. 17)
42 (1.28)
4r Q3A)
42 (0.31)
43 (0.87)
42 (r.28)
40 (0.e7)
3e (0.t2)
4t (1.43)

* Sugarcane bagasse was pretreated with [BMiM]MeSO4 supplemented with 79o (flw) H2SOa.

'Experiments were conducted at a constant pretreatment temperature of 100"C over a pretreatment period which ranged between 0 and 240 min.
+Experiments were conducted at a constant pretreatment duration of 120 min at pretreatment temperatues which ranged between 50 and 150"C.
sThe chemical composition of the residual solids were determined according to the NREL CATSP No. 002, 003, 017, and 0l method and expressed
in terms of the orisinal substrate.

lOligomeric aog*r-*"r" hydrolyzed and expressed in terms of monomer.
xlThe total sugar yield is the sum ofthe sugms in both the residual solid and hydrolysate.
rr Cellulose digestibility refers to the glucose yield after a 72 h saccharification period.
++ [BMiM]MeSO" was replaced with water.
?arenthesis provides the standard deviation of experiments conducted in triplicate.
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maintained, whilst the temperature was increased from 50 to
150'C using 25"C intervals (Table 1). A direct correlation
between the extent of xylan removal and pretreatment tem-
perature led to the complete removal of xylan at 150'C.
However, although at this temperature only a small fraction
l<S%o (wlw)l of the liberated xylan in the hydrolysate was
accounted for, a larger amount of xylan was recovered at the
lower temperatures. Alternatively, an increase in pretreat-
ment temperature led to an initial increase in both digestibil-
ity and degree of delignification of the residual solid (Table
1). However, delignification was maximized at 100'C,
thereby contributing to a residual solid with a minimum lig-
nin content, ffid cellulose digestibility of 137o (wlw) and
7 4Vo (wlw), respectively. The digestibility of the residual
solid could be marginally increased to a maximum af 77Vo
(w/w) at 125'C, whereas a further increase in temperature
contributed to a lower digestible solid and a simultaneous
increase in the lignin content of the residual solid.

Replacing IBMiM]MeSO+ with water at conditions opti-
mum for cellulose digestibility (Table 1) revealed a signifi-

1500s

lonr)o fl

A

ir)0r10 s
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5Oss
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0
rl ln 20 40 50 rirl

Illffrarlomct*Aryle {3S}

Figure 2. X-ray diffractogram of untreated sugarcane bagasse
{A), dilute acid-treated sugarcane bagasse (B}, and
sugarcane bagasse treated with tBMiMlMeSOa in
the presence of 7 Vo H2SOa (w/w) at a constant tem-
perature {C) and time (D} of 100"C and I20 min,
respectively.
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cant (P < 0.05) drop in cellulose digestibility. Both solvents
hydrolyzed a similar amount (i.e., 88Vo (wlw)) of xylan,
whereas the ionic liquid extracted almost twice the amount
of lignin removed by water, Finally, both solvents have
failed in decrystallizing cellulose, as confirmed by the simi-
larity in CrI (Figure 2) calculated for either the treated or
untreated substrate.

Treatment with pure IBMLMJMaSOa: a benchmark study

To further understand the effect an acid catalyst has on
the physico-chemical properties of [BMiM]MeSOa, the acid
catalyst was excluded from the benchmark study in which
the pretreatment conditions as described in Section "fnflu-
ence of an acid catalyst at various pretreatment conditions"
were repeated (Table 2).Low-digestible solids with a maxi-
mum cellulose digestibility af 43Vo (Ww) were produced at
a 100oC, despite lengthy pretreatment duration with 24A min
being the longest tested (Table 2). However, through the
application of a higher pretreatment temperature, a fully di-
gestible solid was produced (Table 2). Treatment at 150"C
also resulted in the near complete removal of xylan (lVo
(w/w)), of which only l57o (dw) was recovered in the hy-
drolysate. Finally, the maximum pretreatment temperature
facilitated lignin reprecipitation; henceo delignification was
limited to 125"C at which a residual solid with a minirnum
lignin content af I4To (wlw) was produced.

By-product farmation in the presence of an acid catalyst

The yields of the three main pretreatment by-products,
namely acetic acid, HMF, and furfural, produced in the pres-
ence and absence of an acid catalyst and at temperatures
ranging between 50 and 150'C are shown in Table 3.
Regardless of the catalyst, treatment facilitated by-product
formation with their corresponding yields positively affected
by an increase in pretreatment temperature. However, an
acid catalyst contributed to a higher degree of by-product
formation with acetic acid, HMF, and furfural reaching a
maximurn yield of 4.1, I.2, and 6.7 9/100 g biomass at
150'C, respectively. As a control the [BMiM]MeSOa-H2SOa
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Table 2. The Influence of Variation in Pretreatment Time and Temperature on the Chemical Composition and Enzymatic Digestibility of the
Sugarcane Bagasse Residues in the Presence of Noncatalyzed [BMiM]MeSOr*

Chemical Composition (7o)$ Hydrolys ate (Voln Total {7o)** Enzymatic Hydrolysistr

Treatment Condition Glucose Xylose Lignin Glucose Xylose Glucose Xylose Digestibility (Vo)

Time (min)r

Temp. ("C)+

Untreated 40 (1.06) 24 {A.57
0 36 (t .2r) 24 t1.r3

30 36 (0.69) 18 {Asz,
60 34 (0.11) 14 (0.30
r20 32 {0.39) 10 (0.s0
240 33 (t,26) 7 (0.12
50 36 (1.13) 24 (A.28

7s 36 (0,70) 23 (0.0e
100 32 (0.39) l0 (0.50
t25 32 (0.06) 4 (0.02
150 29 $,54) I (0.03

1e (0.02)
19 (0.72) 1

16 (0.79) r
t6 (1.27) 2

ls (0.81) 2
15 (0.36) 2
re (0.1s) 1

18 (0,28) l
ls (0.81) 2
t4 (0.67) 2
18 (1.38) 3

1 (0.0e)
6 (0,08)
e (0.08)

t2 (2.27)
16 (1.s7)
I (0.10)
3 (0.02)

t2 (2.27)
14 (4.76)
2 (0.1 1)

0.02
0.04
0.03
0.28
4.26
0.12
0.14
0.28
4.92
0.19

,t rl.rnr zs i.zt
37 (0.65) 24 (0.4A
36 (0.13) 24 (Asg
34 (0.67) 22 (2.77
36 (r.s2) 23 (1.4s
37 (t.zs) 25 (0.18
37 (0.s7) 2s (A.A7

34 (0.67) 22 (2.77
34 (0.98) t7 (4.74
31 (0.34) 3 (0.14

15 (1.80)
te (1.e2)
25 (1.08)
23 (0.88)
32 (2.s6)
43 (0.3e)
r5 (0.e7)
21 (0.56)
32 (2.s6)
7e (2.04)

101 (2.81)

x Sugarcane bagasse was preheated with pure [BMiM]MeSOa.
' Experiments were conducted at a constant pretreatment temperature of 100"C ovel a prefeatment period which ranged between 0 and 240 min.
*Experiments were conducted at a constant pretreatment duration of 120 min at pretreatment t€mperatures which ranged between 50 and 150"C.
EThe chemical composition of the residual solids were determined according to the NREL CATSP No. 002, 003, 017, and 01 method and expressed

in terms of the orieinal substrate.
n Oligomeric ,ug-r'.o" hydrolyzed and expressed in terms of monomers.
**The total sugar yield is the sum of the sugars in both the residual solid and hydrolysate.
I' Cellulose digestibility refers to the glucose yield after a 72 h saccharification period.
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Table 3. The Influence of Variation in the Pretreatment
Temperature at a Constant Treatment Time cf 120 min on
By-product Formation from Sugarcane Bagasse Treated with
[BMiM]MeSoa in the Presence and Absence of the HzSoa Catalyst

Temperature
Reaction Solvents ('C)

By-Products (9/100 g Biomass)*

81

insufficient catalytic activity for cleaving of fi-O-4 erher
bonds in lignin. Effective delignification solvents generally
poslqss dual lignin dissolution and catalytic cleaving proper-
ties,2l which allow for the depolymerization or rignin and
the subsequent dissolution of the lignin fragments. tBMiMl-
MeSoa,has been shown to dissolve up to 300 g/kg of kraft
lignin,2o indicating that the ionic liquid can be considered as
a delignification solvent for lignocellulose.'o However, treat-
ment of SB with pure [BMiM]MeSOa failed to exrract more
than 27 7o (w/w) of the lignin content, despite the use of a
wide variety of different pretreatment conditions (Table 2).
It is, fherefore, apparent that [BMiM]MeSOa failed to cleave
the linkages between lignin andlor the lignin-carbohydrate
complex, factors that would have rendered lignin more sus-
ceptible to dissolution.l 8 In support of this hypothesis, a
large number of neutral ionic liquids, including [EMiM]CH3-
Coo, have failed to cleave the P-o-4 bond, the most abun-
dant linkage in lignir,to'" without the supplementation of a
suitable acid catalyst .23-:2s It is, therefore, apparent that as
many ionic liquids including [BMiM]MeSOa lack sufficient
catalytical activity for lignin bond cleavage, arr ionic liquid/
catalyst combination is required to facility delignification
through depolymerization and subsequent dissolution.

supplementing [BMIM]Meso+ with H2soa induced sig-
nificant delignification of lignocellulose, an enhancement
attributed to the catalytic cleaving of various lignocellulosic
structures. Acid catalysts such as H2SOa readily depolymer-
ize both lignin and xylan through the catalytic cleaving of
the P-O-4 etherrr and P-(I--+4)-glycosidic bonds,35 r*rp*"-
tively. These two mechanisms may be complementary, &S

lignin depolymerization directly facilitates delignification,2l
while xylan hydrolysis indirecrly benefits delignification by
creating a more accessible substrate for the lignin solvent.36
A large portion of lignin (>7 5vo) is chemically associated
with xylan,37 which, thereforeo also acts as a physical barrier
by ry4ing lignin less accessible to the delignificarion sol-
vent.36 Hence, delignification processes that incorporate a
xylan pre-extraction step generally achieve a higher degree
of delignification.36 Supplementation of [BMiM]MeSoa with
HzSO4 improved delignification and contributed to a maxi-
mum af 44vo (dw) lignin removal, through the consecutive
optimization of time and temperature (Table 1). The pre-
ferred lignification treatments also extracted xylan; hence,
the high degree of delignification was partly contributed to
the production of a more accessible lignin. A possible syn-
ergy between [BMiM]MeSOa and H2SOa is, therefore, pro-
posed, with the catalyst responsible for making the
lignocellulosic structure more accessible by removing hemi-
cellulose, while also depolymerizing lignin for dissolution
and recovery by the ionic liquid.

Proposed mechanism af {BMiMlMeSOa

Although the pretreatment mechanism of [BMiM]MeSoa
may differ from that of the more conventional pretreatment
ionic liquid such as [EMiM]CH3C0O, both solvents may
prove equally effective in enhancing the cellulose digestibit-
ity of lignocellulose. Some ionic liquids including [AMiM]Cl
have gained much interest as potential pretreatment solvents,
as their application completely dissolves lignocellulose, an
occuffence that may render cellulose more exposed to enzy-
matic attack.38 However, related research also indicates that,
if dissolution is not accompanied by the simultaneous modi-
fication of the lignin structure, treatment cnly marginally
improves the digestibility of the residual solid.18

Acetic Acid HMF Furfural

[BMiM]MeSO+
Only

IBMiMIMeSO+
and HzSO+

HzSO+ Onlyi

50
75

100
125
150

50
75

100
125
150
t25

0.4
0.3
0.8
1.5
t.9
0.0
3.0
3.1
Ana./-
4.1

5.1

0.04)
0.1 1)
0,01)
0.M)
0.33)
0.00)
0.08)
0.33)
0.32)
0.78)
0.03)

0.0
0.2
4.2
0.1
0.3
0.0
0.1
4.2
0.5
1.2

0.r

0.00)
0.02)

0.0
0.0
4.2
1,7
4.6
0.0
0"5
0,6
4.8
6.7
2.t

0.00)
0.00)
0.01)
4.26)
a.42)
0.00)
0.01)
0.00)
0.14)
0.27)
4.27)

0,01)
0.0r )
0.03)
0.00)
0.08)
0.M)
0. r3)
0.03)
0.01)

* By-products present in supernatant were quantified by HPLC and

_ expressed in terms of original substrate.
I A control experiment was conducted with water supplemented with
7Va (wlw) HzSO+.

combination was replaced, except for the sulfuric acid, with
an identical wateilacid mixture at 125"C. Whereas the ionic
liquid contributed to a significantly (P < 0.05) higher HMF
and furfural yield compared to water, acetic acid production
was favored by the aqueous mixture.

Discussion

Cellalose digestibility and other dependent variables
affected by the pretreatment condition

The [BMiM]MeSoa process was optimized in terms of
cellulose digestibility; however, treatment also facilitated the
removal of xylan and lignin, two major lignocellulose con-
stituents with potential application as precursor chemicals.
Various pretreatment conditions including catalysis and the
duration and temperature of pretreatment affected the digest-
ibility of the residual solid. Although an alkaline catalyst
(i.e., ltlaoH) had no effect, an acid catalyst proved essential
to enhance bofh the cellulose digestibility (Figure 1) and the
extent of xylan and lignin removal (Tables 1 and 2). Furttrer-
more, through the consecutive optimization of time and tem-
perature, the [BMiM]MeSO4-H2SOa combination achieved a
maximum cellulose digestibility af 777o (w/w) ar 125'C for
rza min, whilst simultaneously contributing to 887o (wlw)
and 26Va (wlw) of the xylan and lignin content being
removed, respectively. The inability of the [BMiM]MeSOa-
HzSO4 combination to produce a fully digestible solid was
attributed to pseudo lignin formation. Although present
regardless of the catalyst, pseudo lignin formation was sig-
nificantly (P
catalyst. The application of the [BMiM]MeSO4-HzSO4 corri-
bination was, therefore, restricted to moderate pretreatment
conditicns, where digestibility was maximized by limiting
pseudo lignin formation. Furthermore, as treatment simulta-
neously removed xylan and lignin, the application thereof
can be extended toward substrate fractionation, a required
step in a biorefinery process where value is added to all
lignocellulose components.33

Delignification and the contributing efficts
af an acid catalyst

The suitability of 1-butyl-3-methylimidazolium methylsul-
fate as a delignification solvent was apparently limited by
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IEMiM]CH3COO is currently regarded as one of the most
effective pretreatment solvents, as its application partly dis-
solves lignocellulose while also achieving substrate delignifi-
cation and the decrystallization of cellulose.l5'16 Conversely,
a significant increase in cellulose digestibility was achieved
in this study with the ionic liquid [BMiM]MeSOa, which has
failed to dissolve lignocellulose3a nor did its application to
SB reduce cellulose crystallinity (Figure 2). Therefore, the
digestibility of SB was apparently determined by the pres-
ence of xylan and lignin in the residual solid,3e while the
crystallinity of cellulose in treated bagasse only affected the
rate of saccharificationo nat the extent thereof.2'le 11*nce, as

[BMiM]MeSOa facilitated the simultaneous removal of xylan
and lignin (Tables 1 and 2), two of the main factors contrib-
uting to the recalcitrant nature of lignocellulose,'e its appli-
cation may prove equally effective in enhancing the
cellulose digestibility of lignocellulose compared to the more
conventional pretreatment ionic liquid.

[BMiM]fuIeSOa &s sn elternative to water as solvent

The ionic liquid IBMiM]MeSO+ may prove a more effec-
tive pretreatment solvent compiled to conventional solvents
such as water, as the application thereof also resulted in a

higher degree of lignin removal, one of the main factors con-
tributing to the recalcitrant nature of lignocellulose.'e Studies
that utilize water in combination with an acid catalyst identi-
fied two distinct features relating to the pretreatment of
SB.4H'2 First, when treatment takes place below the glass
temperature of lignin (i.e., < 160"C), low-digestible solids
(i.e., <6AVo (wlw)) are produced, irrespective of whether
treatment completely removes xylan, the main factor contrib-
uting to the success of the dilute acid process.a= Second,
even at higher temperatures (i.e., > 160"C), only small
amounts of lignin are removed, but as the remaining lignin
is redistributed, a more digestible solid is produced as the
porosity of the residual solid increases.* It is, therefore, of
great interest that at a relatively moderate pretreatment tem-
perature of 125"C, the [BMiM]MeSOa-H2SOa combination
contributed to a residual solid with a cellulose digestibility
of 777o (w/w), a value significantly {P
the 54Vo (wlw) obtained with the water/acid mixture (Table
1) at similar treatment conditions. This large variation in cel-
lulose digestibility was attributed to the ability of the ionic
liquid to extract twice the amount lignin removed by water,
as both salvents extracted a similar amount of xylan. It iso

therefore, apparent that unlike water, which requires high
pretreatment temperatures to redistribute lignin to enhance
cellulose digestibility, the ionic liquid removes a higher
degree of lignin, thereby contributing to a more digestible
solid.

By-product forwation
Treatment of SB using [BMiM]MeSOa resulted in furfural

and HMF production; the yield of which was increased by
the presence of an acid catalyst and high pretreatment tem-
peratures. These molecules are considered the main by-prod-
ucts of pretreatment and a result of the partial dehydration of
glucose and xyloseoos whereas an acid catalyst generally con-
tributed to a higher degree of by-product formation, a direct
correlation between the pretreatment temperature and the
yield of either by-product, regardless of the catalyst, was
observed (Table 3). The increased yield of by-products as a

Biatechnol. Prog., 2012, Val. 28, No. 1

result of the acid catalyst was attributed to a reduction in the
activation energy which accelerated the by-product rate of
formation. Furthermore, as the by-product formation follows
the Arrhenius equation, tleir direct correlation with tempera-
ture could be explained.3s It is, therefore, evident that the
by-product formation was positively affected by an interac-
tion existing between the acid catalyst and temperature?
hence to avoid excessive by-product formation treatment
should either be optimized at a low-acid dosage or pretreat-
ment temperature.

The higher yield of HMF and furfural obtained with the

[BMiM]MeSO4-H2SOa combination, compared to the waterl
acid mixture under similar treatment conditions (Table 3),
was caused by a rehydroxylation reaction, predominately
associated with the aqueous mixture. Water is the key ingre-
dient required to hydrolyze HMF and furfural into other
products such as levulinic or formic acid, hence contributing
to the apparent lower by-products yield in the acid/water
mixture.o6 Because the ionic liquid process was conducted in
the absence of water, a higher apparent yield of HMF and
furfural could be expected. Nevertheless, for the [BMiM]-
MeSOa process, the yield of HMF and furfural alone could
not account for the total glucose and xylan lost (Tables 1

and 2),, a discrepancy that indicates that treatment also
resulted in the production of other by-products.

In addition to HMF and furfural, acetic acid was also pro-
duced as a by-product. However, acetic acid production is
not related to sugar degradation but to the hydrolysis of ace-
tyl groups present in hemicellulose.4z'47 As with the other
by-products, a higher acetic acid yield was attained by
increasing the pretreatment temperature (Table 3). At 125"C
a maximum acetic acid yield of 4.31 9/100 g biomass was
produced, which was not increased by further increases in
temperature. The maximum acetic yield is equivalent to
3.AVa (Ww) acetyl group mass per unit mass of bagasse raw
material, which agrees with the reported average content of
2.A to 3.5Va (wlw) of acetyl groups in 39.42'a7 Treatment
under the conditions of maximum acetic acid yield, there-
fore, hydrolyzed most of the hemicellulose present in SB.

Impurities which msy sct as catalysts

Some batches of 1-butyl-3-methylimidazolium methylsul-
fate ([BMiM]MeSO+) analyzed in the study contained an
acid impurity that apparently affected the physical and chem-
ical properties of the ionic liquid. Retail ionic liquids are
generally of technical grade as they contain impurities which
originate from incomplete synthesis and purification limita-
tions because of their hydrophilic nature"26 As tBMiMl-
MeSO+ is considered a neutral ionic liquid,as results
indicated that the ionic liquid used in this study contained
impurities that contributed to xylan hydrolysis,3s lignin rep-
recipitation,4e and by-product formatiofl,So reactions gener-
ally associated with the use of an acid catalyst. Evaluating
the two known methods of producing tBMiMlMeSOa,26
identified hydrochloric acid and sulfuric acid as the potential
impurities, as the former acid is produced as a by-product
and the latter a potential impurity in the reagent required to
produce the ionic liquid. Analysis by ion chromatography of
[BMiM]MeSOa for the presence of sulfate and chloride ions
revealed an .--43 g& of SOo-' but littte or no Cl-. The cal-
culated concentration of the coffesponding hydrogen ion of
pH 1.4, assuming complete dissolution of H2SO4 in a 1:10
(ionic liquid : water) dilution, agreed well with the measured
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pH of 1.7 under these conditions, providing partial confirma-
tion of H2SOa impurities, which may have affected the per-
formance of the noncatalyzed process (Table 2). Future
development of [BMiM]MeSOa synthesis processes should
address the presence of such impurities because of its impact
on catalytic properties.

Conclusions

1-Butyl-3-methylimidazolium methylsulfate proved to be
an effective pretreatment solvent for enhancing the cellulose
digestibility of SB with simultaneous xylan and lignin re-
moval, two of the main factors contributing to the recalci-
trant nature of lignocellulose. The pretreatment performance
of the ionic liquid was enhanced by an acid catalyst,
although limited to moderate pretreatment conditions to
avoid lignin reprecipitation, which may negatively affect the
digestibility of the residual solid. A mechanistic synergy
between [BMiM]MeSOa and H2SO4 was proposed, with the
acid catalyst assisting in lignin depolymerization to render
lignin fragments readily dissolvable in the ionic liquid. Fur-
thermore, the treatment also resulted in xylan removal,
which apparently contributed to a higher degree of delignifi-
cation by increasing the accessibility of lignin in lignocellu-
lose to the solvent. The ability of IBMiM]MeSO+ to
simultaneously remove both xylan and lignin may indicate
potential as a solvent for fractionation cf lignocellulose into
its main constituents, which may then serve as substrates for
the production of value added products in a biorefinery.
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Chapter 7                

Fractionation of sugarcane bagasse 

using a combined process of dilute acid 

and ionic liquid treatment  

This article Fractionation of sugarcane bagasse using a combined process of dilute acid and 

ionic liquid treatment by Danie Diedericks, Eugéne van Rensburg, and Johann Görgens as it 

appeared in Applied Biochemistry and Biotechnology 167 (2012) 1921-1937 published by 

Springer Science+Business Media (Heidelberg, Germany) is reproduced with permission 

from the publisher.  

 

Title: “Fractionation of sugarcane bagasse using a combined process of dilute acid and ionic 

liquid treatment” 

Authors: Danie Diedericks, Eugéne van Rensburg, and Johann Görgens
  

Department of Process Engineering, Stellenbosch University, Stellenbosch South Africa 

 

Introduction 

A novel fractionation pretreatment technology, which combined single-stage dilute acid with 

ionic liquid treatment methods, was developed using knowledge gained from previous 

Chapters. An effective pretreatment technology separates the main constituents of 

lignocellulose into an enriched hemicellulose, lignin and cellulose product stream. 

Furthermore, the production of an enzymatically digestible solid (i.e. enriched cellulose) is 

also required. Multi-component product streams result when lignocellulose was treated with 

novel ionic liquid (Chapter6) followed by solvent extraction. Hence, to avoid the necessity of 

additional down-stream processing, a novel fractionation technology was developed which 

selectively extracted the hemicellulose and then the lignin parts of sugarcane bagasse leaving 

a residual solid enriched in cellulose. Whereas, hemicellulose was extracted using a 

previously optimised (Chapter 5) one-stage dilute acid process, an optimised ionic liquid 
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treatment method (Chapter 6) was applied to subsequently remove the residual lignin. The 

hemicellulose pre-extraction step, in addition to assisting in the formation of constituent 

enriched product streams, contributed to a higher degree of delignification caused by the 

production of a substrate, more accessible to the ionic liquid. Comparison of the novel ionic 

liquid (1-buthyl-3methylimidazolium methyl sulphate) with a 1-ethyl-3-methyl-imidazolium 

acetate, a more conventional ionic liquid, revealed the former to be the superior 

delignification solvent whereas the latter contributed to the production of digestible solids.  

Contextually, in terms of the overall research objective, it was essential to 

individually optimise the different pretreatment technologies (single-stage dilute acid and 

ionic liquid pretreatment methods) in order to develop an effective fractionation technology 

capable of separating sugarcane bagasse into its main constituents which may then each serve 

as a feedstock to value added products. All elements of the research were conducted by me. 
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Abstract Biorefineries processing lignocellulose will produce chemicals and fuels from
chemical constituents, cellulose, hemicelluloses, and ligrin to replace fossil-derived prod-
ucts. Fractionation of sugarcane bagasse into three pure streams of chemical constifuents was
addressed through dissolution of constituents with the ionic liquids, l-ethyl-3-methylimida-
zolium acetate ([EMiM]CH3COO) or 1-butyl-3-methylimidazolium methyl sulfate ([BMiM]
MeSO+). Constituents were isolated from the reaction mixture with the anti-solvents acetone
(A), acetone--water (AW), and sodium hydroxide (NaOII). Delignification was enhanced by
NaOH, although resulting in impure product strea:ns. Xylose pre-extraction Q5 %w/w)by
dilute acid pretreatonent, prior to ionic liquid heatment, improved lignin purity after anti-
solvent separation. Fractionation efficiency of the combined process was maximized(84 W
by ionic liquid treatment at 125 "C for 120 min, resulting in 80.2 o/o (w/w) lignin removal
and76.5 % (w/w) lignin recovery. Ionic liquids achieved similar degrees of delignification,
although fully digestible cellulose-rich solids were produced only by [EMiM]CH3COO
treatnent.

Keywords Lignocellulose fractionation . Ionic liquids.Dilute acidpretreatrnent.
1-Ethyl-3-methylimidazolium acetate . 1-Buty1-3-methylimidazolium methyl sulfate

Introduction

The global energy demand is largely (-87.8 o/o) sustained by fossil frrel [1], a non-renewable
and finite resource, which also serves as feedstock for the production of key industrial
chemical commodities [2]. The environmental impacts of fossil-based carbon resources can
be mitigated by replacement with biomass-derived altematives [3], thereby also ensuring
continuous global economic growth, in the light of predicted depletion of crude oil reserves
in the twenty-first century [4]. Conversion of lignocellulosic biomass into chemicals and
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fuels in a biorefinery is environmentally benign, although maximum value extraction
requires fractionation into its main chemical constituents, i.e., cellulose, hemicelluloses,
and lignin [5]. These chemical constituents may serve as feedstocks for the production of
value-added products to replace the fuels and chemicals currently derived from fossil-based
carbon resources [6]. Fractionation ofligrrocellulose will ideally result in the generation of
three pure product streams ofhemicellulose, lignin, and cellulose solids, with the latter being
enzymatically digestible, resulting in simple sug€Irs as feedstocks to further conversion [7].

Lignocellulose fractionation, involving removal and recovery of chemical constituents,
can be achieved by sequential application of two conventional preheatmsnt methods [8].
Lignocellulose is first pretreated with methods such as the dilute acid [9], steam explosion
[10], or hot water flow-through [ 1] to facilitate hemicellulose removal, with the residual
solid being enriched in cellulose and lignin. Subsequent delignification of the remaining
celluligdn solids, using organosolv [9] ammonia percolation [1] or soda pulping [12],
separates lignin and cellulose-rich solids into individual product streams, resulting in
individual product streams of hemicellulose, lignin, and cellulose. Delignification of the
celluligrrin solids is enhancd in comparison to lignocellulose feedstock, by the use of a
hemicellulose pre-extraction step, whereby the exposure of the residual lignin to the
delignification solvent is improved [13]. However, the combination of fwo severe pretreat-
ment steps negatively impacts on the efficiency of fiactionation due to the loss of lignocellulosic
constituents in degradation reactions [14].

An alternative fractionation method of lignocellulose relies on the use of cellulose
solvents such as phosphoric acid and ionic liquids, applied under moderate conditions, to
avoid degradation of chemical constituents [5, 16]. However, despite a higher degree of
constituent recovery the high price of the cellulose solvents has limited their industrial
application, in particular due to downstream processing requirements for their recovery and
regeneration [17]. Fortunately, the application of cellulose solvents is multidisciplinary and
hence a significant future reduction in their price is to be expected [7, 18]. Furthermore,
cellulose solvents also exhibit a low vapor pressure, which enables effective recovery [8].
However, the chemical reactivity of cellulose solvents reduces when recycled as extracted
compounds tend to accumulate [l7, 19]. Thus, in addition to the requirernent for recycling,
cellulose solvents also need to be regenerated in order to maintain their chemical reactivity
[7, l9]. Regeneration involves exfracting soluble polymers dissolved in recycled cellulose
solvents using supercritical fluids [17], anion exchange resins [20], or anti-solvents [15, 16,
21,22J. The latter has received much attention because it may contribute to the effective
fractionation of lignocellulose [5, 16, 21,22].

Using the anti-solvent regeneration process, Zhang and, coworkers demonstrated frac-
tionation of com stover following its dissolution using phosphoric acid [15, l6]. To facilitate
fractionation, a cellulose solvent (i.e., phosphoric acid) was applied to disrupt the three-
dimensional structure ofcom stover by breaking bonds in its carbohydrate- and carbohy-
drate-lignin complexes [15, 16]. The resulting product mixture comprised dissolved cellu-
lose, hemicelluloses, and lignin. Lignin was isolated from the product mixture through the
application of acetone as an organic lignin solven! which simultaneously acted as an anti-
solvent for cellulose and hemicellulose, thereby ensuring the effective isolation and separa-
tion of the lignin fiagment from the product mixture. Subsequently, hemicellulose was
isolated from the remaining product mixture by using water as an anti-solvent for cellulose,
which acted simultaneously as a solvent for hemicellulose, thereby ensuring their effective
separation, Thus, fractionation oflignocellulose was achieved through the sequential appli-
cation of a cellulose solvent followed by two anti-solvent separation stages, which selec-
tively extracied and recovered lignin and hemicelluloses based on their solubility [5, 16].

fl Springer
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As an alternative to phosphoric acid, ionic liquids represent a distinct category of
cellulose solvents able to dissolve cellulose, lignin, and lignocellulose [23-26]. How-
ever, conventional ionic liquid treatment processes have applied a single anti-solvent
step, for isolation of cellulose-rich solids with low lignin content from the product
mixture, without recovery of lignin and hemicellulose into pure, distinct product
streams I2l, 221. Both the anti-solvents acetone l27j and acetone-water mixtures

[28] have been combined with ionic liquid treahnents to isolate lignin from reaction
mixtures. Ionic liquid treatment of untreated lignocellulose, in combination with two
sequential anti-solvent steps to fractionate lignocellulose into three distinct product
streams of lignin, hemicelluloses, and cellulose, has not been demonstrated [29].
Furthermore, fractionation of lignocellulose may also be achieved by application of a
preheahnent process that predominantly hydrolyzes hemicellulose to provide a subsfate for
ionic liquid delignification.

Ionic liquids have been applied frequently for substrate delignification to produce
cellulose-rich solids that are ettzymatically digestible I21,22, 27,301. Several examples of
the combination of 1-ethyl-3-methylimidazolium acetate ([EMiM]CH3COO) cellulose sol-
vent with a 0.1 M sodium hydroxide anti-solvent have been reported, producing digestible,
cellulose-rich solids with less than 48 a/o (wlw) of the lignin content in the maple wood and
triticale shaw feedstocks [2], 22]. Furt]rermore, ionic liquids such as 1-butyl-3-methylimi-
dazolium methyl sulfate (BMiMlMeSOa), which primarily acts as a solvent for lignin, have
also been identified [3]-33].

The main objective of the present study was to fractionate sugarcane bagasse (SB)
through the application of processes utilizing the ionic liquids [EMiI\{CH3COO or
[BMiM]MeSOa. In the frst approach, the dissolution of SB by an ionic liquid was
combined with two sequential anti-solvent treatments to selectively isolate cellulose,
xylose, and lignin into separate product streams. In the second approach, both
delignification and product separation was enhanced by pre-extraction of hemicellu-
lose witJr conventional dilute acid prefreatrnent prior to ionic liquid dissolution and
two-stage anti-solvent separation. Application of acetone, acetone-water mixtures, or
dilute sodium hydroxide in the first anti-solvent separation, to recover lignin/hernicel-
lulose, combined with citrate buffer in the second anti-solvent step, to precipitate out
cellulose, was compared. The objective was to establish whether the choice of anti-
solvent in the first separation step affected cellulose delignification. The degree of
fractionation, defined as a multi-variant response incorporating the extent of constit-
uent separation, selective product recovery, and cellulose digestibility, was determined
to identi$r a preferred ionic liquid and overall process methodology for maximization
of the fractionation effrciency of SB.

Materials and Methods

Solvents and Subshatps

Fresh sugarcane bagasse with a moisture content of 50 % (dv) was supplied by a local sugar
mill (TSB Sugar, Malelane, South A&ica). To prevent microbial spoiling/degradation, the
wet sugarcane bagasse was air-dried to a moisture content of less than 5 % (w/w) [34]. The
air-dried subsffate was preserved in an airtight container at room temperature until used. In
preparation for treafinen! a l-kg sample was ground to a particle size range of 0.425 to
0.850 mm using a centrifugal mill (Retsch 2Nd200, Haan, Germany) operating at 6,000 rpm.
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The sample fraction, which represented 70 % (wlw) of the original saurple, was oven-dried at
45 oC until a moisfi.re content ofless than I % (w/w) was reached. The chemical composition of
the subshate was determined according to the National Renewable Energy Laboratory NREL)
procedure [35]. The substrate consisted of39. 1 % (w/w) glucan, 24.1 % (dw) xylara Z % (wlw)
arabinan, 1 % (dw) galactan, 18.9 o/o (ilw) Klason lignin, 4 % (w/w) ash, and 6 % (wlw)
extractives, all on a dry basis.

1-Ethyl-3-methylimidazolium acetats (96 W (EMMICH3COO) and 1-butyl-3-methyl-
imidazolium methyl sulfate (96 %; IBMMMeSOa) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Spezyme CP cellulase cocktail, with a calculated average cellulase
activrty of 64 filter paper units @PU/ml, according to the NREL procedure [36], was
obtained from Genencor @alo Alto, CA, USA). The cellulase was supplemented with $-
glucosidase (Novozyme 188), obtained from Novozyme @agsvrerd, Denmmk).

Experimental Setup and Operation

The sugarcane bagasse substrate was treated in a tubular reactor manufactured in-
house in accordance with the specifications of Jacobsen and Wyman [37]. Each
reactor consisted of a seamless Hastelloy C276 n$e with dimensions ll.8 mmx
12.7 mmx 152.0 mm (inner diameter, outer diameter, length). The reactors were sealed
by Swagelok stainless steel end-caps (Solon, Ohio, USA), which were fitted with
Teflon plugs to prevent corrosion. The temperature within the reactors was monitored
by a temperature probe fitted inside a loaded reactor. Heat was provided through the
immersion in two Techne SBL-2D fluidized sand baths (Minneapolis, MN, USA), each
fitted with a Tecbne TC-8D confoller to maintain the temperature within a 0.3 "C vmiance of
the set-point.

Treahnents

Dilute Acid Pretreatment

A slurry with a solid/liquid ratio of 5 Yo (dv) was prepared by suspending dry [i.e., moisture
content of less than I % (w/v)l milled sugarcane bagasse rn a 2-82x l0-2 M sulfuric acid
solution. The mixture was allowed to equilibrate overnight at room temperature. In prepa-
ration for heahnent, excess solution was drained to obtain a solid/liquid ratio of 30 % (wlv).
Wet solids with a corresponding dry weight of 2 g were transferred to each reactor using a
pair of lab tweezers. The biomass inside each reactor was compressed by application of a
stainless steel rod fitted through the open end ofeach reactor. Such manual compression of
the biomass was aimed at minimizing the occurrence of mass and heat hansfer limitations.
The loaded reactors were lowered into a sand bath set 50 'C above the target temperahrre of
152.6 "C. Once the target temperature was reached, the content of the reactors was maintained
at this tenperature, by placing the loaded reactors in a second sand bath set a! or slightly abovq
the required temperafure. Temperature inside the reacto$ was monitored during the 10.6-min
teabnent after which the reactors were transfened to a water bath at room tenrperature. The
content of the reactors was removed and washed with excess buffer (i.e., a 0.05 M sodium
cihate solution) to a pH of 4.5. The washed slurry was separated into a supematant (stream 0)
and wet solid by sedimentation. The supernatant was analyzed for sugar content ('Analyticat
Procedures: Chemical Composition of Solid Subsftate and Supematanf), while the remaining
solid was either hydrolyze d ervynntically ("Enrymatic hydrolysis') or dried at 45 "c for 48 h
and used as feedstock to the ionic liquid fieatment process.

@ sp*"g.'
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Ionic Liquid Treatment

Both sugarcane bagasse and dilute acid pretreated sugarcane bagasse (DASB) were used as

feedstocks to the ionic liquid heament process. A 0.6-9 (dry mass) sample was fiansferred
to a tubular reactor, whereafter a predetermined mass of either [EMiM]CH3COO or [BMiM]
MeSOa was added, to achieve a ratio of solids to ionic liquid of 10 % (dw). Ionic liquids
were added under a nitrogen blanket to prevent the uptake of atunospheric moisture. The
loaded reactors were left ovemight in an upright position which allowed the ionic liquid to
diffuse throughout the sample. For treatmen! rectors were heated in a consecutive manner
using two different sand baths as described for dilute acid pretreatment. Ionic liquid
featrnent was conducted at tlree sets of conditions with increasing severity, from 60 min
at 100 "C (TS l) to 120 min at 100 "C (TS 2), and finally at 125 "C for 120 min (TS 3).
Treatment was terminated by transferring the loaded reactors to a water bath at room
temperature.

The content of each reactor (i.e., product mixture) was transferred into a separate 40-ml
cenhifuge tube. Washing of the product mixture occurred at room temperature using two
different anti-solvents for cellulose. Whereas either neat acetone (A), - acetone--water
mixtwe [50 % (v/v) (AW) or a 0.1 M sodium hydroxide solution (NaOH) served as the
fnst anti-solvent the second anti-solvent comprised a 0.05 M sodium citrate buffer. During
the first anti-solvent wash, the product mixture was suspended in 30 ml anti-solvent and
vigorously mixed through the application of a vortex, followed by a centrifugation stage at
I,500 xg for 20 min to sqrarate the residual solid from the supematant. The hrst anti-solvent
washing was repeated three times, with collection of the supematant and storage at 2O "C.
The remaining solid after the first anti-solvent wash, was re-suspended in the second anti-
solvent and was washed in a similar nunner.

The remaining solid, following the first and second anti-solvent washing steps, was either
enzymatically hydrolyzed ('Enzymatic hydrolysis") or dried at 45 oC for 48 h before being
chemically analyzed, using the methods as described in "Analytical Procedwes: Chemical
Composition of Solid Substrate and Supernatant". Dissolved lignin, present in the superna-
tant following the first anti-solvent washing stql, was precipitated by either removing
acetone under vacuum or through increasing the acidity ofthe sodium hydroxide solution
to pH 2. The latter was achieved by adding a I M HCI solution in a drop-wise manner. The
precipitate (i.e., hgnin) was quanfified gravimetrically by filtering the suspension through a
pre-weighed Whatman filter (GF/A, O 47 mm), whereafter it was dried at 105 "C for 48 h.
The remaining supematant and the supematant following the second anti-solvent washing
step were then analyzed for sugar content ('Analytical Procedures: Chemical Composition
of Solid Substrate and Supematant').

Enzymatic Hydrolysis

The enzynatic digestibility of the different substrates and products was determined accord-
ing to the NREL procedure [38]. An equivalent of 0.1 g cellulose-rich solid (dry weight
basis) was hansferred to a 28-ml McCartney bottle. The solid was suspended in a total liquid
volume of 4.9 ml by adding reverse osmosis water. Microbial contamination was prevented
by adding 100 pl of a 2 Yo (ilv) sodium azide solution. The mixture was sealed and
equilibrated overnight in an Amersham hybridization oven (Amersham, UK) maintained
at 50 "C while rotating at 8 rpm. A concenhated buffer supplement with en4rme was
prepared and added to each suspension in order to obtain a final liquid volume of 10 ml.
The final solution had a pH of 4.8 and comprised 0.05 M sodium citrate with an enzJime
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loading of30 FPU cellulase/g glucan and l5 IU ofB-glucosidase/g glucan. Saccharification
was carried out at 50 oC and 8 rpm rotation, with samples taken at time 0 and at 72 h.

Analytical Procedures: Chemical Composition of Solid Subsfate and Supematant

The chemical composition of the pretreated solids was determined according to NREL
procedure [34]. These methods involved two consecutive acid hydrolysis steps during which
the prefeated solids were hydrolyzed into glucose, xylose, acid-soluble lignin, and acid-
insoluble lignin. Preheated solids were hydrolyzed initially with72 % (w/w) H2SOa at 30 oC

for t h. The hydrolysate mixture was subsequently diluted to 4 Yo (w/w) H2SOa with a
subsequent hydrolysis step for I h at l2l oC. Also, the supernatants (i.e., sfieams 0, 1, and 2)
were adjusted in pH and treated in a similar manner to analyze for oligomeric sugars. The
sugar content of the hydrolysates/supematants was analyzed using high performance liquid
chromatography (I{PLC) (Waters Breeze Syster4 Milford, MA, USA) on a Bio-Rad Aminex
HPX-87 H ion exchange column (Hercules, CA, USA) at 65 "C, fitted with a Bio-Rad H
cartridge guard column, using 5 mM H2SO4 as mobile phase at a flow rate of 0.6 mVmin. A
Waters 2141 refractive index detector (Milfor,{ MA, USA) was used for peak detection and
the sugar content of test samples was quantified by using a standard curve of the combined
sugar components.

The acid-insoluble lignin was separated from the hydrolysate using vacuum filhation,
dried at 105 'C for48 h, andweighed. The ash content of dried acid-insoluble lignin samples
was determined by combusting samples for 3 h in a Gallenkamp furnace (Loughborough,
UK) adjusted to 575 oC. The ash content was measured gravimetrically, as the difference in
the mass before and after combustion. The acid-soluble lignin remaining in the hydrolysate
was determined using a Pharmacia UV-visible spectrophotometer (Cambridge, UK) at
wavelength 240 nm.

Quantitative Descripfion of the Degree of Fractionation

The effrciency of fractionating lignocellulosic constituents into individual product streams
can be expressed by the "degree of fractionation," a multi-variant response parameter
incorporating the following criteria of fractionation. Firstly, treatrnent should remove xylose
and lignin from sugarcane thereby leaving a residual solid enriched in cellulose. Secondly,
liberated constifuents must be recovered and s€parated into high purity product streams and
fina1ly, the cellulose rich solid residue should be enzymatically digestible. In order to
compare different fractionation methods, the degree of fractionation was numerically
expressed through the application of a desirability function (Bq. 2) [39]. Incorporated into
this function are the individual desirabilities (d) calculated for each of the fractionation
criteria (C) as follows:

C; - g'{mln)

g.(max) _ g.(min)

where CJ'u) and Cj'-) represent the values (Table 1) at which the specific criteria of
fractionation was either completely or incompletely satisfied, respectively. Furthermore, the
influence (e.g., weight) of d; could be regulated by changing r between values 0.1 and 10.

However, in this study a value of 1 was chosen for r, which conhibuted to a linear
correlation between d; and Ci. The overall desirability (D) of each fractionation process
was calculated by incorporating the individual desirabilities into a simultaneous objective

Q sp*ng""

)'
dt:( (1)
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Table I Fractionation criteria for the determination of individual desirabilities

Product stream Fractionation criteria

Constituents Goal 6'.{miu)vl 6'.(rnax)vl

Skeam 0

Stream 1

Stream 2

Residual solid

Xylose"

Glucose

Xylase

Lignin

Glucose

Xylose"

Glucose

Xylose

Lignin

Digestibility

0,0 %

39.r %

24.1 %

0.0 %

39.1 %

0.0 %

0.0 %

24.1 %

18.9 %

B,O Y

24.1 %

0.0 %

0"0 %

18,9 %

a.a %

24.1 %

39.1 %

0.0 %

0.0 %

100.0 %

Max.

Min.

Min.

Max.

Min.

Max.

Max.

Min,

Min.

Max.

'Dependrng on whether the first or the second ('Fractionation Process') fractionation method was used, the
criteria of fractionation required that liberated xylose must be recovered in streams 2 and 0, respectively

function as follows:

D-{dtxd2x --A,}i t2)

where i represents the nurnber of criterions evaluated. Furthermore, D comprised a numer-
ical value ranging between 0 and I wherein the latter refers to conditions at which all the
criteria of fractionation were completely and simultaneously satisfied.

Statistical Analysis

Experiments were conducted either in duplicate or triplicate, and analyzed using Statistica 9
(Statsoft, USA) software. Statistical significance between experimental values was obtained
through the application of a one-way analysis of variance (ANOVA) in combination with the
Bonferroni post hoc test for multiple comparisons [39, 40]. A probability value (i.e., p) of
less than 0.05 was considered as statistically significant.

Results

Fractionation Process

Sugarcane bagasse was fractionated into product streams containing its main chemical
constituents: cellulose (as mono- and oligo-saccharides), hemicellulose (mainly xylose in
the fomr of mono- and oligo-saccharides), and lignin. Lignocellulose dissolution, as a
component of the fractionation process, was achieved either by ionic liquid only or by
dilute acid pre-extraction ofthe xylose prior to ionic liquid dissolution ofthe residual solids
(Fig. l). Dilute acid pretreabnent was applied prior to ionic liquid pretreatment under
conditions that resulted in the removal of 75 o/o (dw) of the xylose content of SB (stream
0). The remaining solid, denoted as dilute acid heated sugarcane bagasse (DASB), served as

a substrate to the ionic liquid treatrnent process. Lignin, hemicelluloses, and cellulose were
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Substrate
Sugarcane Bagasse

OR
Dilute Acid Treated Sugarcane

Bagasse (DASB)*

+
I

I

I

I

I

I

L__

Ionic Liquid
IBMiMIMeSO+

OR

lEMiMlcHrcoo

Pre-treatment Condition
TS 1: (100 "C, 60 min)
TS 2: (100 "C, 120 min)
TS 3: (125 "C, 120 nrin)

Anti-Solvent (1)

Acetone (A)
OR

Acetane-Water Mix. {AW)
OR Anti-Solvent {2}

Scdium Hydroxide (NaOH) Scdium Citrate Buffer

Residual Solid
Glucose
Xylose
Lignin

Stream {1)
Glucose
Xylcse
Lignin

Stream (2)
Glucose
Xylose

Substrate
Sugarcane Bagasse (SB)

I

I

I

I

I

I

I

I

Residual Sclid I

I

Dilute Acid Treated Sugarcane - r

Bagasse (DASB*)

*iffiffi..'t#" .ls*lwfforiginarxyrm

Fig. 1 Process flow diagrarn of&actionation methods

recovered from the dissolution reaction mixture by two sequenfial anti-solvent steps. SB and
DASB dissolution with ionic liquids IEMMCH3COO or [BMiM]MeSOa were compared.
Anti-solvents acetone (A), - acetone*-water mixture (5O %v/v) (AW), or a 0.1 M sodium
hydroxide solution (NaOH) were used to remove and recover lignin (stream 1) in the first
anti-solvent step, whereas xylose was subsequently recovered (stream 2) through the
application of a 0.05 M sodium citrate buffer (Fig. 1). The purity and enzymatic digestibility
of the residual, cellulose-enriched solids were determined. The recovery of components from
bagasse into each stream, as well as the purity of products in these streams, represented the
effectiveness of each fractionation method.

Fractionating Sugarcane Bagasse through Ionic Liquid Dissolution Only

Sugarcane bagasse dissolution with [EMiM]CH3COO or [BMiM]MeSOa, followed by two
steps of anti-solvent separation, w€rs compared at tfuee increasing treatment severities
designated as TS l, TS 2, and TS 3. [BMiM]MeSOa was sigrrificant$ (p<0.05) more
effective than [EMiM]CH3COO in removing lignin and xylose fiom SB (Table 2). Alttrough
neither of these ionic liquids could remove xylose or lignin completely from cellulose, the
xylose and lignin content of the residual solid decreased significantly (p<0.05) with an
increase in heatment severity, especially for TS I compared to TS 3.

The antisolvent used for lignin isolation form the dissolution reaction mixture, in the first
separation step, had a significant effect on the lignin content ofthe residual solid (Table 2).
The lignin content of solids washed with NaOH as anti-solvent was significantly (p<0.05)
lower than when acetone (A) was used, irrespective of the IL or treatment severity.
Consequently, the greatest degree of lignin removal occurred after treafrnent with [BMiM]
MeSOa at TS 3 and an anti-solvsnt step using NaOH, rvhich yielded a residual cellulose

Q sp";ttg""

Pre-treatment {1} Wash {1)

Wash ({})

Pre-treatment Condition
Solvent: t).028 M H:SO,r
Temperature: 152.6 €

Time: 10.6 rnin
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Table 2 Content ofresulting product streams following fractionation of sugarcane bagasse through treatment
with an ionic liquid followed by two anti-solvent separation stages

Ionic
liquid

Anti- Treatment Stream 1: recovered"
solvent" severityb

Stream 2:
rsGoveredd

Residual solid*

Glucose Xylose Lignin

{%} {%) {%)

Gluccse Xylose

t%) {%)

Glucose Xylose Lignin
(%) {%} {%}

Virgin sugarcane bagasse

IEMiM] A rS 1

cH3coo
TS2

TS3

AW TS1

TS2

TS3

NaOH TS I

TS2

TS3

lBMiMl A rs 1

MeSOa

0.1

0.1

4.2

0.5

0.4

0.3

0.5

0.5

0.5

t.2

1.5

'|A.2.,.1

1.6

1.9

2.8

1.5

1.7

2.6

0.4 1.3 A.2 0.6

39.r 24.r 18.9

3s.3 20.2 t5.7

36.6 24.6 fi.7
34.0 14.9 9.7

36 "7 2t .8 1 5.8

36.9 21.2 14.9

36,1 15.8 8.1

35.5 2A 3 12.8

35.7 19.8 11.9

35.5 r4.5 6.8

36.2 14.3 13.3

33.8 10.6 10.5

32.2 3.8 3.7

32.3 12.6 tz.t
31.2 8.7 8.9

33.1 4.1 2.9

33,3 11.6 10.6

32.9 8.2 7.6

32.0 3.6 2"s

TS2

TS3

AW TSl
TS2

TS3

NaOH TS 1

TS2

TS3

0.4 r.2

4.7 1.4

0,4 0.8

0.4 1.7

t "4 3,8

0.8 0.8

0.9 2,5

2.4 5.9

7.3 3.0

10.0 3.9

13.5 9.4

9.0 5.1

12.4 8.0

t4.4 14.1

9.1 4.3

n.a 6"8

12.7 12"6

0.2

0.1

0"1

4.2

0.1

4.2

0.2

0.1

1.0

0.9

0,8

4,4

0.5

0"3

0.1

0.1

0.4

0.8

2.2

0.1

0.2

0,8

0.6

0.7

0.8

2.4

2.6

}L

1,1

1.5

1.1

1.0

1.0

t.4

Each data point represents the mean of muhiple experiments, i.e., n>2. Maximum stand error: stream 1:
glucose (0.6 7o), xylose tl.4 yr), and lignin (13 VA; stream 2: glucose (0.2 7o) and xylose (1.1 7o); residual
solid: glucose Q3 "/A, xylose (1.3 %"), and lignin (0.9 %)

"4, AW' and NaOH represent anti-solvents acetone, acetone-water, and sodium hydroxide solution,
respectively
b Temperature and treatnent duration of the ionic liquid fieament step (TS 1 : 1 00 "C and 60 min; TS 2 : I 00 '
C and. 120 min; TS 3:125 oC and 120 min)
c Superaatant tesulting ftom the first anti-solvent washing step comprising either A. AW' or NaOH. Content of
sugar and lignin deterrnined through HPLC and gravimetric method, respectively
d 

Supernatant resulting from the second anti-solvent wash step comprising a 0.05 M sodium cinate buffer.
Content of sugar deterrnined through HPLC

" Chemical composition of the residual solid and substrate as determined by the NREL procedure (Sluiter et al.
2008)

solid with a lignin content of 2.5 o/o (dw). The xylose content in the residual solids after
treafinent was 3.8 % (w/w).

The purity of the cellulose-enriched residual solids was increased by increasing the ionic
liquid treahnent severity and by application of [BMiM]MeSOa rather than [EMiM]CH3COO
(Fig. 2). However, treatnent wittr [EMiM]CH3COO yielded solids with a significantly
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Fig. 2 Digestibility and cellulose content of residual solid together with desirability of t,he fractionation
processes comprising ionic liquid treatment of sugarcane bagasse followed by anti-solvent separation

greater enzymatic digestibilify than treafrnent using [BMiM]MeSO+ (Fig. 2). The enzymatic

digestibility of cellulose-rich residual solids resulting from [EMiM]CH3COO treatnent was

also increased by the use of NaOH in the first anti-solvent wash, compared to washing with
A or AW. The combination of freafinent with [EMiM]CH3COO and anti-solvent wash with
NaOH yielded a residual solid with a cellulose digestibility of 89. 1 % (wlw) at TS 3.

A portion of the xylose and lignin dissolved during ionic liquid treatment of SB was

extracted during the first anti-solvent wash and recovered in stream 1 (Table 2). A significantly
(p<0.05) higher portion of xylose and lignin was recovered by heating SB with [BMiM]
MeSO+ than [EMiM]CH3COO under similar treatment conditions. For [BMiM]MeSOa, a

positive correlation also existed between treatment severity and the amount of xylose and

lignin recovered. Lignin recovery was significantly enhanced (p<0.05) by use of AW in the first
anti-solvent step, compared to A and NaOH, after similar IL treafinent conditions.

Furthermore, xylose recovery after [BMiM]MeSOa treatment was maximized by appli-

cation of AW in the first anfi-solvent step, while [EMiM]CH3COO treatment was best

combined with NaOH as the first anti-solvent for xylose recovery. Consequently, a maxi-
mum of 58.5 % (wiw) of the xylose and 76.2 % (wlw) of the lignin content of SB was

recovered in stream 1, by heating SB with the [BMiM]MeSOa at TS 3 conditions with AW
as the first anti*solvent. Of the xylose dissolved during the IL treahnent, 72.A % (w/w) was

recovered after the lust anti-solvent wash in stream l, while stream 2 contained only 12.0 o/o

(w/w) of *re xylose dissolved during treatment.

Fractionation of Sugarcane Bagasse by Combination of Xylose Pre-extraction with Ionic
Liquid Dissolution of the Residual Solids

Combination of dilute acid xylose pre-extraction with ionic liquid dissolution of the residual

solids and two-stage anti-solvent separation ofdissolved products was applied to sugarcane
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bagasse (Fig. 1). The precipitate after two anti-solvent stages (i.e., residual solid) comprised
mainly cellulose with small amounts of remaining xylose and lignin (Table 3). Xylose pre-
extraction prior to ionic liquid dissolution signihcantly increased the purity ofthe cellulose-
rich residual solids, primarily by reducing the xylose content (Table 3). Introduction of a
dilute acid step prior to ionic liquid treatment resulted in the fonnation of a third product
stream (stream 0) €ig. l), which contained approximately 75 % (w/w) of the original xylose
in SB, Consequently, only small amounts of xylose were recovered in streams 1 and 2, with
yields not exceeding 1.9 % (wlw) (Table 3). On the other hand, a large portion of the lignin
was recovered in stream l, where an increase in lignin recovery qorresponded to an increase
in treafinent severity.

Table 3 Content ofresulting product streams following fractionatioa ofsugarcane bagasse through treatrnent
with a combined fractionation process comprising dilute acid pre-treatment, ionic liquid dissolution, and anti-
solvent separation

Ionic
liquid

Anti- Treatment Stream
solventa severifyb

1: recovered' Stream 2: 
.

recoveredo
Residual solid"

Glucose Xylose Lignin
(o/o) tY.) {%}

Glucose Xylose Glucose

t%) {%} t%)
Xylose Lignin
{o/o} (%)

Virgin sugarcane bagasse

Dilute acid treated sugarcane
bagasse

IEMiM] A rs 1

cH3coo
TS2

TS3

AW TS1

TS2

TS3

NaOH TS 1

TS2

TS3

IBMiM] A rS 1

MeSO+

AW

NaOH

TS2

TS3

TS1

TS2

TS3

TS1

TS2

TS3

n.d.

n.d.

n.d.

0.1

0.1

0.1

4.4

0.3

0,4

0.1

0.3

1.0

4.2

4.4

1.1

0.5

0.6

1.3

n.d. n.d.

n.d. n.d. n.d.

n.d. n.d. n.d.

0.9 6.1 0.1<

t.2 6.8 S.1<

0.4 8.0 0.1

0.7 7 .Q 0.1<

0.6 8.3 0.1<

0.5 q.l 0.1

1.2 5.5 0.1<

1.7 8.3 0.3

1 .8 10.9 0.4

1.3 9.8 0.2

1 .8 rt.z A.2

t.7 tz.7 *.2

1"7 9.1 0.1

1.9 r0.1 0.1

1.6 13.8 4.2

39.1

39.3

n.d. n.d.

n.d. n.d.

n.d. n.d.

0.3 3l .2

0.5 34.1

0.3 3t.6

0.1 30.7

0.1 33.9

0.1 32.8

0.2 3s.8

4.2 36.0

0.2 33.2

0.2 35.1

0.2 34,4

0.1 31.8

0.1 35.4

0.1 34.6

0.1 3A.2

24.1 18.9

6.0 17.8

n.d. n.d.

n.d. n.d.

n"d. n.d.

3.5 9.2

2.6 7.8

) 7 AL
H. t t. I

3.1 6.3

3.5 4.5

2.8 3" 1

3.6 8,5

3.2 6.9

1.9 3.7

3.8 7.5

3.4 5.9

2.A 2.3

3.6 6.3

3.2 4"8

1.8 1.9

n.d.

Each data point represents the mean of multiple experiments, i.e., n>2. Maximum stand enor: sream 1:
glucose (0-2 7o), xylose (0.2 W, and lignin (1.2 %); stream 2: glucose (0.0 7o) and xylose (0.1 7o); residual
solid: glucose (1.9 W, xylose (0.4 7o), and lignin {0.6 YA.Refer to the legend of Table 2 for footnotes

n.d. not detected, due to formation ofa tar-like product rmsuited for chemical analysis
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An increase in the severity of ionic liquid treatment of DASB decreased the lignin
content of the residual solid, and thus increased its purity. The xylose content of the
residual solids remained in the range of 1.8 %o to 3.8 % (w/w) and was unaffected by
the severity of the ionic liquid treatment. Application of NaOH in the first anti-solvent
step significantly reduced the lignin content of the residual solids (p<0.05), compared
to A and AW, for both ionic liquid treatrnents and associated severities. Consequently,
for both ionic liquids, a residual solid with a minimum lignin content of 1,3 % (w/w)
was obtained throughtreatmentofDASBatTS3followedby an anti-solvent washing step
applying NaOH (Table 3). The residual solids produced at TS 3 comprised on average
74.6 ya (dw) cellulose, which was significantlyhigherthan the 66.1 o/o (wlw) obtained
at TS 1.

Furthennore, when DASB was treated with [EMiM]CH3COO, a firlly digestible solid
was produced at TS 2 and 3 (Fig. 3). Treatrnent with [BMiM]MeSOa resulted in the
production of residual solids with low digestibility, significantly lower than that of the
subshate (DASB) prior to ionic liquid treaunent.

The extent of lignin recovery in sheam 1, i.e., from the first stage of anti-solvent washing,
after treatment with [EMiM]CH3COO, was unalfected by the anti-solvent selection (Table 3).
However, a significantly (p<0.05) higher combined yield for lignin dissolution and recovery
was obtained by washing with AW and NaOH compared to A in the first anti-solvent stage
after [BMiM]MeSOa heatment. A signihcantly higher lignin yield in stream I was therefore
obtained by treating DASB with [BMiM]MeSOa compared to [EMiM]CH3COO under
similm pretreabnent conditions. Consequently, a combined lignin yield of 13.8 g/100g**
6.so;4, r€pr€sottfulg78.9 % (wiw) of the lignin content of the raw material, was obtained in
stream I by treating DASB with [BMiM]MeSOa followed by an anti-solvent wash using
either AW or NaOH (Table 3).
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Fig. 3 Digestibility and cellulose content of residual solid logether with desirability of fractionation process
comprising ionic liquid treatnent of dilute acid pre-heated sugaxcane bagasse followed by anti-solvent
separation
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Degree of Fractionation Represented with Desirability Function

The degree of fractionation simultaneously refers to the effrciency of removal, recovery and
separation of the main constituents of sugarcane bagasse into separate product streams, by
the combined process treatrnents. Also included is the extent to which heatment enhanced
the enzymatic digestibility of the remaining cellulose-enriched solid. The degree of frac-
tionation was numerically expressed in terms of the desirability of the process, by incorpo-
rating each of the fractionation criteria into an objective function (Eqs. I and 2). For the
fractionation process comprising ionic liquid heafunent of sugarcane bagasse followed by
anti-solvent separation, a maximum desirability of less than 51.1 yo (Fig. 2) was calculated.
Although this fractionation method frequently contributed to high degrees of both xylose
and lignin removal, the desirability of this process was negatively affected by the low purity
of multi-component product streams (Table 2). Dilute acid xylose pre-extraction prior to
ionic liquid treafinent and anti-solvent separation effectively separated the constituents of
sugarcane bagasse into high purity product shearns (Table 3). Consequently, a significantly
(p<0.05) higher desirability range of 61.1 o/o to 83.5 o/o was calculated (Fig. 3) for the
combined dilute acid and ionic liquid process.

Discussion

Sugarcane bagasse was fractionated through the application of two fractionation methods
based on ionic liquid treabnents (Fig. 1). Since both fractionation methods were described
by multiple response parameters, optimum fractionation conditions were ascertained by
comparing each fractionation method to fractionation criteria which stipulated that heahnent
should (l) remove the main constituents of sugarcane bagasse, (2) recover and separate
liberated constituents into distinct product sheams, and (3) improve cellulose digestibility.

First Criterion of Fraction: Removal of Lignin and Hemicellulose to Produce Pure Cellulose

A high level ofdissolution ofconstituents ofsugarcane bagasse by the fractionation process
is required, represented by the removal of lignin and xylose from the lignocellulosic
structure, to produce highly pure cellulose. Ionic liquid treabnent of sugarcane bagasse,
without xylose pre-extraction, resulted in partial removal of xylose and lignin (Table 2;
Fig. l). At optimum operating condition of 125 'C and I20 min., a maximum of 64.0 o/o

(vl/w) lignin and 39.8 % (wlw) xylose were extracted from SB by treatrnent with [EMiItfl
CH3COO (Table 2). Similar levels of lignin [in excess of 62.9 % (dw)] and xylose [in
excess of 38.4 % (w/w)] removal have been reported for treaknent of triticale straw and
maple wood with [EMiM]CH3COO under similar conditions l2l, 22). Lignin and xylose
removal from sugarcane bagasse were increased significantly (p<0.05) by replacing
IEMiM]CH3COO with [BMiM]MeSOa in the fractionation process (table 2). This finding
contradicted a previous report indicating the superior delignification of maple wood by
[EMiMCH3COO compared to [BMiIr{MeSOa [32], possibly due to diflerences in chem-
ical-physical strucfure of raw materials.

Lignin content of the residual solids, following ionic liquid treatment of sugarcane
bagasse and two stages of anti-solvent washing, was decreased by the use ofNaOH washing
in the first anti-solvent stage. A residual solid with a signihcantly (p<0.05) lower lignin
content was generally produced by washing the product mixture using the anti-solvent
NaOH rather than acetone Qable 2). NaOH therefore acted as a delignification solvent

1,45
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during the antisolvent washing, in agreement with a signifrcant reduction in the lignin
content of corn stover after dilute sodium hydroxide washing at ambient conditions, as

reported previously [41]. Sodium hydroxide solution apparently acted not only as an anti-
solvent for cellulose but also promoted t}e breaking of bonds between the lignin-hemicel-
lulose or lignin-lignin structure, thereby allowing further delignification of the residual solid.
Delignification by the organic solutions, A and AW may be improved by anti-solvent washing
at temperatures higher than ambient [42].

Second Criterion of Fractionation: Product Recovery and Separation from Reaction Mixture

The second criterion of fractionation stipulates that the main constituents of lignocellulose
should be recovered from the ionic liquid reaction mixhrre into pure product streams. Zrang
et al. p6l stated that the lignin and xylose removed from lignocellulose after treatment by a
cellulose solvent can be separated from the reaction mixture based on solubility differences
in two anti-solvents for cellulose, e.g., acetone and water, applied in two sequential steps.
Thus, since a number of ionic liquids including IEMiM]CH3COO can dissolve cellulose,
their application in combination with anti-solvents may result in fractionation lignocellulose
into its main components [22]. In the present study, ionic liquid pretreaknent was combined
with the two-step anti-solvent process for ligniq xylose, and cellulose recovery into pure
product sheams, as proposed by Zhang [5, 16]. However, the first step of anti-solvent
washing of the reaction mixture &om ionic liquid treatment of SB, using A, nW, or NaOH,
resulted in a separation of most of the dissolved lignin and xylose into sheam 1, in an impure
mixtwe (Table 2). Consequently, only small amounts of xylose, of which the yield did not
exceed 1.9 % (dw), were recovered with the second antisolvent (i.e., 0.05 M sodium citrate
buffer) in stream 2. The combination of ionic liquid treatnent with two stages of anti-solvent
washing failed to produce three distinct product streams, primarily due to inability of the
anti-solvents to separate lignin and xylose based on solubility.

The fractionation efficiency, and purity of product sfreams from the overall process, was
improved by combination of dilute acid xylose pre-extraction, resulting in pure xylose in
stream 0, with subsequent ionic liquid treatment and two-stage anti-solvent washing of the
residual solids (Fig. 1). Consequently, the purity of the product streams was significantly
increased (p<0.05) as the main portion of the liberated lignin was recovered in stream 1,

with acceptable purity (Table 3). Pre-exhaction of xylose significantly increased delignifi-
cation of SB (p<0.05), resulting in solids with lower lignin content (Tables 2 and 3). The
enhanced delignification could be athibuted to matrix opening due to xylose removal,
thereby increasing exposure of lignin to the delignification solvent (ionic liquid). A similar
finding was reported by Papatheofanous et al. [9].

Third Criterion of Fraction: Cellulose Digestibility

According to the third criterion of fractionation, treafinent must produce residual, cellulose-
enriched solids that are enzymatically digestible. In the present study, high to fully digestible
solids were only producedwhen SB oTDASB were heatedwith [EMiM]CH3COO, followed
by two anti-solvent washing steps to recover lignin/hemicellulose and precipitate cellulose
(Figs. 2 and 3). The enzymatic digestibility of the residual solids produced by the [BMiM]
MeSOa catalyzed processes was not improved compared to the SB and DASB substrates
(Figs. 2 and 3). The reduced digestibility may be attributed to physical and structural
changes in the residual cellulose as a result of IL treatment, similar to cellulose structural
changes from digestible type I to indigestible type II reported by Weimer et al. [43]. The
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poor digestibility ofthe residual solids contradicted the general increase in lignocellulose
digestibility as a result of xylose and lignin removal 144, 451. Although the processes

utilizing [BMiM]MeSOa were highly e{ficient in removal and separation of lignocellulose
constituents, compared to those utilizing IEMiMCH3COO, the poor enzymatic digestibility
of the residual cellulose-rich solids was not favorable for further biological processing.

Degree of Fractionation Maximized with Desirabilify Function

The overall desirability of the combined fractionation method, comprising dilute acid pre-
exfaction of xylose, ionic liquid dissolution, and anti-solvent separation, was significantly
higher for processes using [EMiII{CH3COO compared io [BMiM]MeSOa, under similar
heatrnent conditions (p<0.05; Fig. 3). The increased desirability IEMiM]CH3COO catalyzed
processes was primmily the result of signifrcantly increased enzymatic digestibility of the
residual solids, compared to [BMiM]MeSOa catalyzed processes. The benefits of increased
digestibility with [EMiM]CH3COO outweighed the benefits of significant increases in ligqin
removal and recovery from lignocellulose obtained with [BMiM]MeSOa (p<0.05; Table 3),
based on the weighting applied in calculation ofthe desirability function. The desirability ofthe
[EMMCH3COO catalyzed processes could be improved by increasing treatment severity from
TS I to TS 2, and by using NaOH in the first anti-solvent washing, rather than AW (p<0.05;
Fig. 3). The fractionation method with the highest desirability (83.5 %), and thus efficiency, was
obtained by combination of dilute acid xylose pre-exfraction with IEMiM]CH3COO treafinent
under TS 2 conditions, with NaOH as the hrst antisolvent, resulting in production of a firlly
digestible solid with a cellulose conient of 80.9 Yo (w/w), together with removal af 85.7 o/o

(vl/w) and 76.0 % (w/w) of the original hemicellulose and lignin, respectively. More than
57.6 o/o (dw) of the liberated lignin and hemicellulose were recovered from the reaction
mixture and sepmated into high purity product sfeams (Table 3).

Conclusion

Sugarcane bagasse was partially fractionaied when freated with the ionic liquid treahnent
process combined with two anti-solvent stages, as impure, multiple-constituent product streams
were produced. Through the application of an additional dilute acid pretreatrnent step, the
efiicienry of ionic liquid delignification and overall fractionation was improved. A fiactionafion
process has therefore been devised that rernoved, recovered and separated the main constitu-
ents of sugarcane bagasse into product sheams for further conversion in a biorefinery.

,A.cknowledgments The autlors would like to thank TSB Sugar for their financial support, aad Genencor and
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Chapter 8                

Conclusions 

The potential utilisation of established (i.e. sugarcane bagasse) and novel (i.e. bamboo and 

triticale bran) lignocellulosic feedstocks, for alternative energy resources to fossil fuel, was evaluated 

through treatment using conventional, advance and fractionation pretreatment technologies. Baseline 

studies were conducted with conventional pretreatment technologies to highlight the differences 

between feedstocks. Moreover these studies prompted a subsequent investigation into the use of a 

more advanced pretreatment technology i.e. two-stage dilute acid process, to enhance sugar recovery 

from sugarcane bagasse. The functionality of the two-stage process was demonstrated through 

response surface methodology. Furthermore, sugarcane bagasse, due its ease of treatment (one- and 

two-stage processes), was also identified as the preferred substrate with which a novel ionic liquid 

was evaluated. Motivated by both the pretreatment and fractionation characteristics of the ionic liquid 

process, a novel fractionation technology was devised which, together with the single-stage dilute acid 

process, facilitated the fractionation of sugarcane bagasse into constituents xylose (hydrolysis product 

if hemicellulose), lignin and cellulose.  

Sugarcane bagasse, bamboo and triticale bran were treated with a conventional single-stage 

pretreatment technology (i.e. dilute-acid and catalysed-steam-explosion) with subsequent enzymatic 

hydrolysis. A combined-sugar-recovery-yield, which comprised the recovered acid- and enzymatic-

hydrolysis products of hemicellulose and cellulose, served as the standardised baseline response, 

which assisted with highlighting the differences between feedstocks. A maximum combined-sugar-

recovery-yield of approximately 78% (w/w) was recovered from both sugarcane bagasse and bamboo. 

However, these feedstocks prerequisite different optimum operating conditions, with the pretreatment 

processes of bamboo, dictating a 40 
o
C temperature increase, to ensure a maximum combined-sugar-

recovery-yield. Although sugarcane bagasse and bamboo are being classified as herbaceous crops, the 

latter also possesses chemical characteristics of hard- and soft-woods which are considered more 

recalcitrant towards pretreatment. Furthermore, literature on steam-explosion to maximise sugar 

recovery from bamboo, appeared incomplete with studies predominantly limited to the production of 

enzymatically digestible solids. Alternatively, many single-stage dilute-acid pretreatment studies have 

attempted to maximise sugar recovery from sugarcane bagasse. Nevertheless, a maximum combined-

sugar-recovery-yield of more than 83% (w/w) has not been achieved. 

In contrast with sugarcane bagasse and bamboo, only half of the sugar content in triticale bran 

could be recovered through dilute-acid treatment (as single-stage) followed by enzymatic hydrolysis. 

The lower combined-sugar-recovery-yield, which due to a lack of literature could not be validated, 
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was attributed to sugar degradation facilitated by the use of too severe pretreatment conditions. 

However, by comparison, the severity of the conditions used for the pretreatment of sugarcane 

bagasse and bamboo, significantly exceeded the severity of those conditions applied during the 

pretreatment of triticale bran. Triticale bran, in comparison to the other feedstocks, was more 

susceptible to degradation. This is attributed to its high hemicellulose content which, if compared to 

the cellulose, the main polysaccharide in sugarcane bagasse and bamboo, is more susceptible to 

degradation. Furthermore, in addition to containing xylan, the predominant hemicellulosic constituent 

in sugarcane bagasse and bamboo, triticale bran also contained significant amounts of arabinan. 

Arabinan exists as a side residue on xylan (a homopolymer) and together they constitute the 

hemicellulose fraction in triticale bran. Furthermore, this configuration exposes the arabinan, which 

compared to xylan, is then more readily converted into by-products. Thus, with triticale bran 

containing predominantly hemicellulose, with arabinan as the main constituent, by product formation 

was facilitated under less severe conditions.  

The response obtained by treating sugarcane bagasse and bamboo using a conventional 

single-stage pretreatment process in combination with enzymatic hydrolysis, displayed similar 

characteristics and behaviours with regard to xylose, glucose and combined-sugar recovery. The 

hemicellulosic fraction, primarily liberated through acid hydrolysis, achieved a maximum xylose (the 

main hydrolysis product of hemicellulose) recovery yield prior (i.e. shorter pretreatment period) to 

maximum glucose recovery. In addition, glucose recovery, primarily attained through the enzymatic 

hydrolysis of cellulose, required a comparatively higher pretreatment temperature than was required 

to maximise xylose recovery. It is, therefore, evident that different sets of pretreatment conditions 

were required to maximise either xylose or glucose recovery. Hence, being limited to a single-set of 

pretreatment conditions, applications of the conventional single-stage pretreatment processes lead to 

lower combined-sugar-recovery-yields being recovered as treatment contributed to excess xylose 

degradation (past maximum xylose recovery), the production of less enzymatically digestible solids 

(prior to maximum glucose recovery) or the combination of these. An uncompromised combined-

sugar-recovery-yield can, therefore, only be obtained provided the conventional single-stage process 

is replaced by a more advanced technology that allow for multiple-sets of pretreatment conditions.  

The use of an advanced two- rather than conventional one-stage dilute-acid process was 

proposed to enhance the combined-sugar-recovery-yield of sugarcane bagasse. Response surface 

methodology was applied to simulated the two-stage process as two separate single-stage methods, 

each individually optimised for maximum xylose and glucose recovery, respectively A 4.8% 

improvement, over the conventional single-stage method, was calculated for the two-stage process, by 

assuming optimum operating conditions for both pretreatment technologies. Although, the efficacy of 

the two-stage processes has not been previously demonstrated on sugarcane bagasse, a similar 
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increase (i.e. 7.7%) in the combined-sugar-recovery-yield (one- vs. two-stage) has been obtained with 

softwoods. Alternatively, the use of the more advanced two-stage process was not considered for 

bamboo, as similar pretreatment conditions could be employed for maximum xylose and glucose 

recovery. For triticale bran, the use of a three- rather than two-step dilute acid process is 

recommended, to accommodate for a third sugar namely arabinose, which together with the xylose, 

will be liberated during the acid hydrolysis step.  

Fractionation technologies were employed to enhance the effectiveness of sugarcane bagasse 

as a potential feedstock to bio-refineries. Fractionation processes if compared to conventional and 

advanced pretreatment technologies are considered more complex as it allow for the additional 

recovery of the polyphenol unit (i.e. lignin) in lignocellulose. An ionic liquid, 1-butyl-3-

methylimidazolium methyl sulphate ([BMiM]MeSO4), was evaluated as a potential fractionation 

solvent for sugarcane bagasse. Treatment facilitated the removal lignin and hemicellulose and 

simultaneously contributed to the production of a cellulose-enriched, enzymatically digestible residual 

solid. Although fractionation was induces by the presence of an acid catalyst, replacement of the ionic 

liquid with water resulted in a lower degree of delignification. Hence, although an acid catalyst was 

required for the depolymerisation of lignin, the lignin dissolution properties of the ionic liquid 

facilitated the removal of the lignin. In support of these findings, [BMiM]MeSO4 has also been 

identified as a partial delignification solvent for maple wood. Seeing that delignification was limited 

to the lignin present in the middle lamella, which can be dissolved without significant 

depolymerisation, portions of the more recalcitrant lignin may have been removed, provided 

[BMiM]MeSO4 was used in combination with a catalyst.  

A novel fractionation technology was developed by combining the single-stage dilute-acid 

and ionic-liquid treatment processes. Three separate constituent-enriched product streams were 

produced, each of which contained at least three-quarters of the original xylose, lignin and cellulose 

content in sugarcane bagasse. However, partial fractionation of sugarcane bagasse could also be 

achieved by excluding the single-stage dilute acid process from the novel fractionation technology. 

However, multi-constituent product streams were produced as the subsequent solvent extraction steps, 

following ionic liquid treatment, failed to separate liberated hemicellulose and lignin, based on their 

solubility in different anti-solvents for cellulose. This limitation of ionic liquid treatment has 

previously been identified elsewhere; where equal amounts of hemicellulose and lignin were 

recovered in the same product stream. Hence, to avoid production of multi-component product 

streams, a xylose pre-extraction step was introduced. The single-stage dilute acid process was applied 

for xylose removal. However, neither the single- nor the two-stage dilute acid process is classified as 

an effective fractionation technology, since their application lowers the value of lignin (as a precursor 

chemical) by promoting both condensation and re-precipitation reactions. Nevertheless, as was 
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suggested by literature, only 75% (w/w) of the hemicellulose content was removed in an attempt to 

limit lignin re-precipitation. Enriched constituent product streams could, therefore, be produced by re-

subjecting the hemicellulose deprived residual solid to further treatment using ionic liquid treatment 

in combination with solvent extraction.  

The present study has identified sugarcane bagasse, bamboo and triticale bran as potential 

energy crops that may in future partly replace fossil fuel. Feedstocks were treated with a single-stage 

pretreatment technology which facilitated the liberation of polysaccharides through either acid- or 

enzymatic-hydrolysis. The combined-sugar-recovery-yield, which comprised the recovered hydrolysis 

products of cellulose and hemicellulose, served as a measure to highlight differences between 

feedstocks. An improved combined-sugar-recovery-yield was recovered from sugarcane bagasse by 

replacing the single-stage method with the advanced two-step process which allowed for multiple-sets 

of operating conditions to maximise xylose and glucose recovery. Alternatively, the polyphenol unit 

(i.e. lignin) as well as the polysaccharide content (i.e. cellulose, hemicellulose) of sugarcane bagasse 

was recovered by using a more complex fractionation technology. Finally, liberated constituents, as 

was obtained with either the pretreatment or fractionation method, may serve as feedstocks for the 

production of value-added products that may replace the fuels and chemicals currently derived from 

fossil carbon resources. 
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Chapter 9                

Recommendations 

Three main research areas have been identified that may further the effective 

utilisation of triticale bran and sugarcane bagasse. The use of lower-severity treatment 

conditions are recommended, to obtain a higher combined-sugar-recovery-yield from triticale 

bran. Furthermore, experimental validation of the two-stage process is required, to confirm 

results calculated by response surface methodology. Finally, it is recommended that the 

lignin, derived by the fractionation of sugarcane bagasse, be analysed, in order to determine 

its value as a precursor chemical.  

A higher combined-sugar-recovery-yield may be obtained from triticale bran by 

avoiding by-product formation using lower-severity pretreatment conditions. To recover the 

polysaccharide content of triticale bran, use was made of an acid- and enzymatic-hydrolysis 

step, which converted the saccharides into corresponding hydrolysis products. However, 

more than 40% (w/w) of the polysaccharides were converted into by-products during acid 

hydrolysis. To limit by-product formation lower pretreatment temperatures need to be 

applied. By-product formation is a two-step process: Firstly, polymers are hydrolysed into 

oligomers which in turn are converted into monomeric sugars. Secondly, through dehydration 

processes the monomers are then converted into by-products. However, the dehydration rate 

(K2), compared to the hydrolysis tempo (K1), is more sensitive to a change in temperature 

and, therefore, approaches K1 at higher temperatures. Hence, by applying lower severity-

pretreatment conditions (i.e. a lower pretreatment temperature), by-product formation is 

minimised thereby contributing to a higher combined-sugar-recovery-yield.  

It is further recommended that the two-stage dilute acid process be validated in order 

to confirm results obtained by response surface methodology. The single-stage dilute acid 

process operates at a single-set of pretreatment conditions. However, different sets of 

optimum pretreatment conditions were required to maximise xylose and glucose recovery 

from sugarcane bagasse. Hence, a lower combined sugar recovery yield was recovered from 

sugarcane bagasse, by using the one-stage method, as treatment contributed to xylose 

degradation, the production of less digestible solids or the combination of these. To overcome 

the limitation imposed by the single-stage method, the use of a two-stage dilute acid process 

was proposed. The two-stage process was simulated (response surface methodology) as two 
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single-stage methods, individually optimised for either xylose or glucose recovery. A 

theoretical increase in the combined-sugar-recovery-yield was calculated for the two- over 

the single-stage method, by assuming both pretreatment technologies were conducted at 

optimum operating conditions. Thus, with the two step dilute acid process clearly identified 

as the more effective pretreatment technology to recover sugar from sugarcane bagasse, it is 

recommended that its application be confirmed experimentally.  

It is also recommended that the lignin obtained through fractionation of sugarcane 

bagasse be chemically analysed in order to ensure its application as a precursor chemical. A 

hemicellulose pre-extraction step was introduced, to circumvent production of multi-

constituent product streams, derived by the use of an ionic liquid with subsequent solvent 

extraction. However, dilute acid processes are infamous for reducing the quality of lignin and 

hence its value as precursor chemical. The combination of high temperatures and the 

presence of an acid catalyst promote un-wanted side reactions such as the condensation and 

re-precipitation of lignin. However, the latter, according to literature, can be minimised when 

less than 75% (w/w) of the hemicellulose, is removed. Although this approach facilitated the 

production of constituent enriched product streams, it is unknown whether treatment affected 

the functionality and/or the compatibility of the lignin. These two characteristics, which can 

be identified through chemical analysis, are responsible for the polymerisation properties of 

lignin and consequently its application as a feedstock for the production of value added 

products such as polymers. 

In conclusion of this chapter, the use of low-severity pretreatment condition was 

recommended to enhance the combined-sugar-recovery-yield by limiting by-product 

formation. Furthermore, the two-stage dilute-acid process, as a means to enhance sugar 

recovery from sugarcane bagasse, needs to be validated. It is recommended that the lignin 

derived through fractionation be analysed in order to determine its application as a potential 

precursor chemical. Finally, addressing these recommendations will further the effective and 

efficient utilisation of lignocellulose and consequently its application as a potential renewable 

and sustainable feedstock for the replacement of fossil fuel. 
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