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Resumen

El bagazo y la paja de cafia de azlUcar pueden ser convertidos en etanol
por hidrolisis catalizada por acidos o por enzimas seguida de
fermentacion de los monosacéridos formados. Antes de la hidrolisis
enzimatica se requiere un pretratamiento. La explosién con vapor asistida
por impregnacion de la biomasa con acido diluido o con alcali promete
ser una tecnologia viable en el futuro. En el presente trabajo se evallua la
eficiencia de la impregnacion de la biomasa residual de la cafia de azucar
con acido sulfarico, didxido de azufre y cal antes de la explosidén con va-
por. La impregnacion con dioxido de azufre previo a la explosién con
vapor condujo a conversiones de aproximadamente 70% de la celulosa y
57% de los xilanos residuales en la hidrdlisis enzimética y a un
rendimiento de 53 g por 100 g de bagazo. En el tratamiento asistido con
impregnacion con cal, las conversiones enzimaticas de la celulosa y los
xilanos fueron, respectivamente, 80 y 50%, y el rendimiento de azUcares
fue 40 g/100 g.

Palabras clave: bagazo de cafa de azucar, etanol, pretratamiento,
hidrolisis.
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Abstract

Sugarcane bagasse and trash, the left-over residue of leaves and tops,
can be converted to ethanol by enzymatic or acid catalyzed hydrolysis and
fermentation of the released monosaccharides. Prior to enzymatic hydroly-
sis, pretreatment is required, and steam explosion enhanced by pre-im-
pregnation with dilute acid or alkali promises to be a viable technology in
the future. In the present work, the efficiency of the impregnation of sugar-
cane residual biomass with sulphuric acid, sulphur dioxide and lime prior to
steam explosion is evaluated. Sulphur dioxide impregnation prior to steam
explosion led to enzymatic conversions of around 70% of cellulose and
57% of the xylan remaining in the fibres and a total sugar yield of 53 g per
100 g bagasse. In the lime-assisted pretreatment the enzymatic conver-
sions of cellulose and xylan were approximately 80 and 50%, respectively,

and the sugar yield was 40%.
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Introduction

Dueto increasing concern about the greenhouse ef -
fect, crudeoil pricesand other factors, ethanol is
considered aviablealternativeto gasolineasave-
hiclefud. Lignocdlulosic materid sareabundant and
promising feedstocksfor industrial production of
low-cost ethanol?. Oneof themajor lignocellulosic
materialsintropica countriesis sugarcane bagasse,
thefibrousresidue obtained after extractingthejuice
from sugar cane (Saccharum officinarum) in the
sugar and ethanol production processes. Most of
the bagasse produced in the sugar industry isused
asafuel for generating the energy required by the
sugar mills. However, it isrecognized that the ener-
geticdemandsof thefactoriescould be satisfied with
30-50% of the produced bagasse provided that the
thermal efficiency of combustion unitswould beim-
proved. Therefore, asurplus of bagassewould be-
comeavailablefor different dternativeuses’, includ-
ing ethanol production. Bagasseisaninterestingraw
materid for industria bioconverson processessince
itisrichin carbohydrates, it isreadily available at
the sugar mill site, and the cost for harvest and trans-
portation isborneby the sugar productiont. Sugar-
canetrash, theleft-over resdue of leavesand tops,
whichisusualy incorporated to the soil or burnt af-
ter harvesting, isanother potential raw materid, and
about equal in quantity to bagasse. A review onthe
statusand perspectivesof ethanol production from
sugarcane bagasse was recently publishec®.
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Inalignocd lulose-to-ethanol process, hydrolysisis
required for converting the polysaccharidesintofer-
mentable sugars. Enzymatic hydrolysisispromising
for improving thetechnology so that cellulosic etha:
nol would becomecompetitiveon anindustrial scale.
However, sincethe accessof nativecd lulosetothe
enzymesislimited by itscloseassociationwith hemi-
cellulosesand lignin, apretreatment isrequired to
improvethe enzymatic convertibility and to lower
the cost of the process®. The pretrestment isaimed
to removeligninand hemicdlulosesand reducecdl-
lulose crystalinity?, thusenhancing the enzymatic
susceptibility of cellulose. An effective pretreatment
must (i) produceeasily hydrolysablefibres; (ii) pre-
servetheutility of thehemicdluloses; and (iii) avoid
theformation of inhibitory by-products®. An eco-
nomica pretrestment should useinexpendvechemi-
casand require simpleequipment and procedures.
Several chemicd, physica and biologicd pre-tresat-
ment methods have been investigated for different
lignocellulosic material 2. Recent work related to
conversion of sugarcane biomassto ethanol hasin-
volved pretreatment testswith lime”1°, steam ex-
plosion®*, dilute-acid hydrolysis', wet oxidation®,
liquid hot water®, aswell asorganosolv using
ethanol ™.

Steam pretreatment, with or without explosion, has
been claimed asone of the most efficient and eco-
nomicoptionsfor differentlignocd lulosic materia s®.
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Steam pretrestment involvesheating lignocel lulose
at high temperatures and pressures, followed by
mechanica disruption of the pretrested material ei-
ther by violent discharge (explosion) into acollect-
ing tank or by mild blending after bleeding thesteam
pressure down to atmospheric (no explosion). The
high-pressuresteam modifiesthecd | wal structure,
yielding adurry from which hemicedlulosesareeas-
ily recovered by water-washing, leaving awater-
insol ublefraction composed of cellulose, residual
hemicdlulosesand achemicaly modifiedligninthat
can befurther recovered by different chemica treat-
ments. The efficiency of the pretreatment can be
enhancedif biomassmaterialsareimpregnated with
acidsor dkaisprior to high-pressure steaming.
Inthe present work, the efficiency of theimpregna:
tion of sugarcaneresidua biomasswith acidic (sul-
phur dioxideand sulphuric acid) and dkadine(lime)
agentsprior to steam explosionisevaluated.

Materialsand methods

Raw material

Sugarcane bagasse from M. Mufioz sugar mill
(Matanzas, Cuba) were used in the experiments of
Seam explosion assisted by impregnationwith acidic
agents. Inthetreatmentswithlimeimpregnation sug-
arcanetrash and bagasse pith originated from Loui-
siana(USA) were used.

Steam explosionwith acid impregnation

Three hundred gramsof bagasse wasimpregnated
witheither SO, (1.1 g per 100 g of dry métter (DM))
for 15 min or with H,SO, (1% DM) overnight at
room temperature. Theimpregnated material was
steam-pretreated afterwards at 205°C for 10 min
asdescribed previoudy®. Steam explosion (STEX)
without impregnation wasal so performed asrefer-
ence. Thesteam-pretreated material was submitted
to enzymatic hydrolysis without separating the
streams.

Steam explosonwith dkaineimpregnation
Batches of 0.3-3 kg of sugarcane biomass were
blended with water and hydrated lime at aload of
2-20 kg per 100g DM, and allowed to soak either
incovered containersat ambient temperatureor in
atemperature-controlled tank set to 50 or 90UC
for one day to three weeks. Thewholelime-im-
pregnated and acidified (pH 5) biomasswastrans-
ferredinto a60 L rotary reactor heated with steam
through ajacket at 9 bar and 125-160°C for 5-45

min. After apredetermined period, thereactor was
stopped inthe up-right position and biomassrel eased
tangentialy into areceiver. The steam-expl oded bio-
masswasthen kept refrigerated in plastic bagsuntil
andyss.

Andysisof thesolidfraction

Thecontentsof cdlulose, xylanandligninintheraw
and pretreated bagasse were determined by ana
Iytical acid hydrolysisfollowed by chromatographic
determination of the sugars®. Sugars, acids and
furans were analysed by HPL C using previously
described procedures®. Thetotal content of phe-
nolic compounds was analysed by the Folin-
Ciocateu method®.

Enzymatichydrolyss

For theenzymatic convertibility of thematerid pre-
treated by H,SO,- or SO,-assisted STEX, the
durry wasdilutedto a5% DM content, adjusted to
pH 4.8, mixedwith commerda cdlulases(Cdludast
2 L and Novozym 188, NovozymesA/S, Denmark)
at aloading of 25 FPU/g DM andincubated at 40°
for 96 h. Theprotocol used for the enzymatic sac-
charification of thematerid pretreated by lime-as-
sisted STEX wasbased on NREL’s procedures?.

Resultsand discussion

Steam explosionwith acidicimpregnation
Theyiedsof fibrousmaterid, glucose, xylose, furan
aldehydesand aliphatic acidsafter pretreatment are
showninTable 1. Glucose and xylosewereformed
fromthehydrolysisof celluloseand xylan, respec-
tively. The furan aldehydes furfural and 5-
hydroxymethyl-2-furfural (HMF) wereformed as
result of the degradation of pentoses and hexoses,
respectively. Acetic acid was derived from the
deacetylation of hemicelluloses, and formic and
levulinic acidsresulted from the degradation of the
furan adehydes. A decrease of theyield of fibrous
materia wasobserved for dl thepretrestments. That
was dueto the solubilisation of hemicellulosesand
someof thecdlulose ligninandextractives. Thelow-
est fibreyield was obtained inthe H,SO,-impreg-
nated pre-treatment, and that was aresult of ama
jor solubilisation of cellulose and hemicellul oses.
Under H,SO,-assisted steam explosion cellulose
was hydrolysed to ahigh extent as can be deduced
fromthehigh glucoseyield. Roughly 50% of theglu-
cose content in theraw material wasreleased
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dready inthe pre-treatment step of the H,SO,-impregnated bagasse. In contrast, only anegligible part of
the glucosewasrel eased during pretrestment after impregnation with sulphur dioxide or without any im-
pregnation.

Table 1. Yields after pretreatment of bagasse pretreated by steam explosion assisted by impregnation
with SO, or H;50,!, g/100 g dry bagasse (DB).

Impregnating  Fibre  Glucose  Xylose Furan Aliphatic ~ Phenolics
agent aldehydes? acids’

Nome 72.1 1.0 6.1 23 5.0 4.5
S0, 69.2 1.0 8.2 23 5.8 44
H,80; 58.2 22.6 36 6.2 13.8 4.0

'Mean values from two replicates. “Sum of furfural and HMF. *Sum of acetic, formic and levulinic acids.

A highdegree of hydrolysisof hemicelluloseswasachieved indl the pretreatments. Theresulting xylose

, impregnation and without impregnation, whereasinthe
H SO |mpregnated pretreatment sugarswere degreded yielding high formation of furan aldehydesand
ali phat| cacids(Table1). Lignin solubilisation was not affected for any of theimpregnation agentsas
indicated by thecomparableyield of phenolic compounds observedin al the pretrestments. Sincefuran
adehydes, diphaticacidsand phenolic compoundsareinhibitorsof ethanolicfermentation, thefermentability
of hydrolysates obtained by steam explosion of H,SO,-impregnated bagasse are poorly fermentablewith
Saccharomyces cerevisiae.

Table 2. Enzymatic convertibility of polysaccharides in the material pretreated by steam explosion
assisted by impregnation with SO, or H,SO,, g/100 g dry bagasse (DB).

Impregnating agent Cellulose Xylan
None 66.0 45.6
S0, 70.4 56.8
H,80; 71.8 207
No pretreatment 54 4.7

Mean values from three replicates.

All steam pretreatment conditionswereefficient for
enhancing theenzymatic hydrolysisof celluloseand
xylan. H,SO, impregnation wasthe most effective
method for enhancing the enzymatic convertibility
of cellulose, but it was outstandingly ineffectivefor
xylan hydrolysisdueto the high degradation of xy-
losethat occurred during pretreatment (Table 2).
Ontheother hand, the pretreatmentswith SO, im-
pregnation and without impregnation yielded mate-
rials, whose cellulose and xylan were successfully
hydrolysed with the enzyme preparation used.

Steam explosonwithakaineimpregnation

Based on previous experiencewith limeand steam
pretreatment of bagasse™"¢, thiswork wasfocused
on theprocess employ of only such unit operations
that have areasonabl e chance of acceptanceby the
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sugarcaneindustry; by avoiding chemica recovery,
specialized equipment to handle high pressuresor
very corrosive acidic media, and reduction of bio-
mass particle size beyond the one that is readily
achieved with present-day sugarcanefactory equip-
ment.

It wasfound that the enzymatic conversonwasim-
proved when prior to the steam treatment, thelime-
treated biomass was acidified to pH close to 5.
Acidification prior tothe hydrolysisisunavoidable
inakaline pretreatment in order to satisfy the pH
requirementsof thecellulases. Therefore, thisdoes
not increasethe chemical requirementsof theover-
all process. SincethispH ishigher thanin acid or
autohydrolytic processes the production of furans
wasminimd.
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Increasing thehydrated limedose or reducing solids|oading during impregnation improvestheyield while
thetemperature effect appearsto be only secondary by preventing any microbia action at 90UC that at
lower temperaturessetsin readily at limedosesbel ow 10%. Low solidsload during impregnation appears
tolead to higher sugar yield but from the standpoint of industrial design, 10% solidsisconsidered as
minimum for aviableprocess. At thisleve biomassisfully saturated with littlefreeliquor, yet sufficiently
fluidsoit can <till behandled relatively easily.

Inagreement with literaturereports’, lime consumption during treatment fitted well with theacetyl content
in sugarcane bagasse, which isknown to be 4-5% (w/w). The 4% lime doseis sufficient to neutralize
acetic acid that isquickly rel eased from the biomass under alkaine conditions (Figure 1-A) with the pH
dropping aslimeis converted to cal cium acetate and, afterwardsasinfection setsin (Figure2-A). Even
the 10% limeleve pH isnot aways high enoughto maintain pH above 10 long enough and 20% hydrated
lime appears needed for safe, infection-freeimpregnation. Formatelevelsin solution arenegligibleaslong
asthemicrobia actioniskept to minimum at pH above 11, but increaserapidly if the pH drops because of
insufficient lime(Figure1-B).
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Figure 1. Concentrations of acetate (A) and formate (B) ionsin the liquor during impregnation in two
testsof limeimpregnation.

Thelow severity treatment after impregnationisaimed to sterilizethe biomass and increasethe enzyme
saccharification rate. The severity factor>that wasemployed here (log R, ~ 2.9 - 3.0) islower thanwas
usedintheacidic pretreatment (log R 3.8 - 4.4). Thelow severity isexpected to befavourablefor the
design and choiceof construction material sfor the steam treatment reactor
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Figure 2. pH (A) and total dissolved solids (B) in two tests of lime impregnation.
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The combined 72-hour enzymeatic conversion of polysaccharidesin lime-impregnated steam-pretreated
caneleavesand bagasse pith corresponded approximately to 80% glucan, and 50% xylan (Fig. 3). The
24-hour conversion and yield are closeto 90% of thefinal 72-hour values. The 40% yield of total sugars
waslower than the 47 and 53% yields after acid impregnation followed by steam explosionat log R =
4.1, but that was apparently dueto the higher glucan content in the bagasse sampl e from a Cuban sugar
mill°thanintheLouisanasamples.

Major difference between acidic and dkaline pretreatmentsisthelevel of furansthat areknown toinhibit
ethanol fermentation. Arange of 100 —5 000 mg furan/kg total dissolved solids (TDS) is common in acid
hydrolysatesfrom evenlow severity treatments®*?, and 10 000 — 40 000 mg/kg TDS furan levels were
reported in hydrolysates from higher severity autohydrolysisor dilute sulfuric acid processes. Inthe
akalinetests, no measurable quantities of elther furfural or HMF were detected in any of the pretreatment
liquors. Theseresultsarein agreement with thelow formation of furan a dehydesreported during dkaline
wet oxidation of bagasse™. Whether the absence of furansin alkali-impreganted steam-exploded biomass
hydrolysatestrand atesto improved fermentability as expected will betested in future simultaneous sac-
charification and fermentation (SSF) trids.
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Figure 3. Glucan and xylan conversion in lime-impregnated steam-exploded cane trash and bagasse pith.

Besides deacetyl ation, the exact mechanism of alkaline action on sugarcane biomassis not known.
Thermogravimetric anaysis of thethree main components of the biomassrevea svery different TGA
patterns, with xylan decomposing very rapidly at about 320UC. Cellul ose decomposes | ater, at about
380UC, and lignin breaks down over awide range 300 to 500UC (Fig. 4-A). Untreated sugarcane pith
(Fig. 4-B) displaysboth xylan and cellulose peaks, shifted higher by 20UC. After pretreatment with hy-
drated lime, pure cellulose behavior remains. Curioudly, after treatment with magnesium hydroxidethe
TGA patternisshifted lower matching thexylan behavior. Whether thisisrel ated to the different effects of
thetwo akalisonthebiomassstructure of whether theresidual saltscatayzethermal degradationisunder
investigation.
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Figure4. First derivative TGA curvesof purebio-
mass macromolecules(A) and bagasse pith (B). A:
Xylan (narrow-peaked solid line), cellulose (dotted
line), andlignin (widedistribution solidline). B: raw
bagasse pith (thick solid line), pith after impregna:
tionwith hydrated lime (dotted line) and pith after
impregnation with magnesium hydroxide (thin solid
ling).

At current prices, itisestimated that the costs of the
chemicals of the present unoptimized processare
some $0.10 per kg sugar produced, of which $0.04
isfor hydrated lime, $0.03 for theneutralization acid
and $0.03 for theindustrial enzymes. Theacid re-
guirements can be reduced by pressingtheakali-
pretreated fiber prior to acidification. Unlike for
bagasse, no equivaent-fuel value or any collection
cost need to be assigned to canetrash, only the ex-
pense of transportationfromthefiddtothemill. At
present thisaverages $3-4 per ton of canein Loui-
Siana, adding only $0.01/kg fermentable sugar pro-
duced. Further improvementsin the economicsof
the process are expected from potential co-prod-
uctsthat areunder investigation.

Conclusions
Thetwo-step pre-treatment combining low-tem-
perature acidic or dkdineimpregnation followed by
low-severity steam explosion treatment wasfound
effectivefor pretreatment of sugarcanebiomass. In
theakalinetreatment, the sugar yield of 40g/100g
BDSwasachieved with the standard enzyme |l oad-
ing, at an estimated chemical cost of $0.10/kg sugar.
Theprocessisthereverseof thestandard diluteacid-
detoxification by overliming process- but avoidsthe
corrosive high-temperature acidic environment and
theassoci ated high-cost construction materia's, sugar
degradation and generation of fermentationtoxins.
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