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Abstract

Bioethanol production from lignocellulose biomass is becoming of in-
creasing importance because of its low-cost, widely available, non-food
competence and high sugar content. However, lignocellulose is more
difficult to convert than sugars, starches and oils because it consists of a
complex mixture of cellulose, hemicellulose and lignin. To break down its
complex structure, a pretreatment step is required. For that purpose physi-
cal, physico-chemical, chemical, biological or a combination of pretreat-
ment steps have been proposed to process the raw materials [23]. Pre-
treatment is essential for the economic success of the entire system be-
cause the pretreatment may represent up to one-third of the overall pro-
cessing cost [14].

The impact of the pretreatment step on the overall process motivates the
development of models suitable for process design and optimization. This
study presents the modelling and optimization of the pretreatment of sug-
arcane bagasse for bioethanol production. Alternative pretreatment steps
are considered, including dilute-acid hydrolysis (with different acids) and
processing with liquid hot water.

Models for each pretreatment step are derived from experimental data
from the literature, based on an understanding of the kinetics involved in
the different reactions and incorporating the kinetics into mass balances
models to quantify the consumption and generation of the different com-
ponents. The models are implemented in the Jacaranda system for pro-
cess design and optimisation [8] to identify the optimal process conditions
for each pretreatment. Results show the interaction between design vari-
ables (i.e. residence time, operating temperature or acid concentration)
and optimal conditions.
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Resumen

La produccién de bioetanol a partir de biomasa lignocelulésica esta
adquiriendo cada vez mas relevancia debido a su bajo costo, amplia
disponibilidad, alto contenido de azucar y que no compite con los
alimentos. Sin embargo, la lignocelulosa es mas dificil de convertir que
los azlcares, almidones y aceites, ya que consiste en una mezcla
compleja de celulosa, hemicelulosa y lignina. Para poder romper su
estructura, se requiere un tratamiento previo. Para esto diferentes
metodos se han propuesto, entre ellos fisico, fisico-quimicos, quimicos,
bioldgicos 0 una combinacion de estos para pretratar la materia prima
[23]. El pretratamiento es una parte esencial para el éxito econémico de
todo el sistema, debido a que puede representar hasta un tercio del costo
de todo el proceso [14].

El impacto que tien el pretratamiento en el resto del proceso motiva el
desarrollo de modelos adecuados para el disefio y optimizacion de
procesos. Este estudio presenta la modelizacidén y optimizacion del
pretratamiento del bagazo de cafia de azucar para la produccion de
bioetanol. Diferentes pretratamiento son considerados, que incluyen
pretratamiento con acido diluido (tres diferentes acidos) y el
pretratamiento con agua caliente.

Los modelos para el pretratamiento se derivan de datos experimentales
extraidos de la literatura, y basados en el estudio de la cinética que
participa en las diferentes reacciones y la incorporacion de esta a los
balances de masa para cuantificar el consumo y la generacién de los
distintos componentes. Los modelos se implementaron en Jacaranda, un
sistema para el disefio y optimizacién de procesos [8], para determinar las
condiciones 6ptimas para cada pretratamiento. Los resultados muestran
la interaccion entre las variables de disefio (tales como tiempo de
residencia, temperatura, o concentracion de acido) y las condiciones
optimas.

Palabras claves: lignocelulosa, biomasa, etanol, modelacion,
optimizacion, disefo.
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Introduction

Fuelsderived fromlignocel lulosic biomassare essen-
tial in order to overcome our excessive dependence
on petroleumfor liquid fud and aso addressthebuilt-
up of greenhouse gases that cause global climate
change. Lignocdlulosichiomass, including agricultura
and forestry residuesinstead of traditiona feedstocks
(starch crops), could proveto beanidedlly

1

inexpens veand abundantly availablesource of sugar
for fermentationinto transportation fuels. However,
lignocellu- losic biomass conversion to ethanol isnot
asimple process because of its complex structure.
Thecellulose crystallinity, protection by ligninand
shesthing by hemicdlulose contributeto theresistance
of lignocdllulosicsto hydrolyss.

Pretreatment isthe key cost element in the conver-
sionthat still requirelow-cost sugarsto be cost com-
petitive. Inaddition, pretrestment technol ogy choice
have heavily impacts on the performance and cost of
virtually al the other operations. Thus, pretreatment
must be advanceand carefully integrated with therest
of the processtoredizethefull potentia of lignocd lu-
losicto bioethanal .

Over the years, many technol ogies have been con-
sidered in the quest for low-cost pretreatment ap-
proaches that rel ease high sugarsyieldsfrom both
celluloseand hemicellulose. Thesetechnologiescan
be categorised asphysicd, physica- chemicd, chemi-
cal and biological. Theideal pretreatment process
would producereactivefibre; yield pentosesin non-
degradeform; exhibit no significant inhibition of fer-
mentation; requirelittle or no feedstock sizereduc-
tion; entall reactorsof reasonablesize (high solidsload-
ing), built of materialswithamoderate cost; not pro-
duce solid residues; and have ahigh degree of sim-

plicity[13].

The effect of the pretreatment is however very de-
pendent on the biomass composition and operating
conditions. Thisvariability dependson factorsasthe
typeof plant from which thebiomassisobtained, crop
age, method of harvesting, etc. Thismakesthat so
far no one of the pretreatment methods could be ap-
pliedinagenericway for many different feedstocks.
Sugarcanebagasseisapotentid lignocdlul osicfeed-
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stock for bioethanol productionsinceitisconsider
arichenergy reservoir, with high productionyields
(80t/ha) with an annud regeneration capacity, low-
cost, readily availableand with high carbohydrate
content [18].

Hydrolysiswith dilute sul phuric acid has been suc-
cessfully devel oped, high reaction rates can be
achieved improving significantly the subsequent
processof celulosehydrolyss, however, thecosts
of diluteacid pretreatment arestill too high. The
main advantage of dilute acid pretrestment isthe
higher recovery of sugarsfrom hemicelluloses, but
theformation of furan derivativesand other toxic
productsand the need of an additional concentra-
tion step aretheir main desadvantages. Liquid hot
water and steam expl 0sion seem asapromising
technol ogies | eading to agood sol ubilisation of
sugarsin the pretrestment steps, noninhibitorsfor-
mation anditsnon corrosvenaure. But theamount
of water involved and the high temperaturesand
pressuresarelimitantsto their industrial applica
tion.
This study present kinetic models for dilute-acid
hydrolysisand liquid hot water pretreatment based on
first-order re- actions through a statistical analysis,
based on experimental data to obtain the kinetic
parameters thorough non-linear regression analysis.
The mathematical models, suitable for optimisation
within a design framework, were implemented in the
Jacaranda system for process design and optimisation
[8] and the optimal conditionsfor the design variables
are presented for each pretreatment.

Kinetic Modd sfor the Pretreatment

Kinetic modelling studiesof the pretrestment Stage
present two different approaches [11]: studies
based on the severity factor; and studiesbased on
formal kinetic models. Severity factorsutilise gp-
proximationsthat makeit possibleto predictina
simplefashion thekineticsof smpleirreversible
reactions, but they are not applicableto morecom-
plex casesof reactionsin series, such asthosethat
take placein hydrothermal processes. Formal ki-
neticsare based on theformulation of conventiona
kinetic models, normally through the use of
pseudo-homogeneous, first-order, irreversiblere-
actions, that allow usto obtain amore complete
description of the process[4]. In this study the
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use of kinetic models are considered as appropriate for the development of the optimisation anaysis,
owingtotheir superior ability for theinterpretation of the effect of the pretreatment in hemicelluloses. The
kinetic model ssel ected are as S mple as possibleto enablethem to explainin asatisfactory way theoveral
pretreatment process. Below wewill describein abrief way the model s selected for the pretreatment of
sugarcane bagassewith liquid hot water and with different acids.

21  Simplifiedreactionmodd

The modelling of the hydrolysis of a polysaccharide like hemicellulose, is complex and involves many factorsrelated
with the lignocellulosic material and the reaction medium[9]; other factors can also interferein the determination of
the reaction, such as the amount of wet in the raw material, interference of other compounds, presence of different
kind of bonds (sugar-sugar, sugar-acetyl groups, €tc.), protector effect of the structured of the intact cell, etc. An
analysis of the factorsthat can interfereisreported by Gamez et al. [10].

The acid hydrolysis of cellulose was studied first by Saeman [21] in the middle of the past century, the main difficulty
of this lineal homo-polymer is the presence of two fractions, one is crystalline and the other is amorphous, with
different susceptibility to acid hydrolysis. The study of hemicelluloseis even more difficult than cellulose, dueto the
presence of

a heterogenic nature with several sugar monomers (xylose, arabinose, glucose, etc.) and other compounds such
as acetyl groups and uronic acids. All these compounds are linked forming aramified polymer with an unknown
structure[9].

Using thework of Saeman [21] on the hydrolysis of wood using sul phuric acid, we can describethe

hydrolysisof celluloseand hemicellul ose by pseudo-homogeneous model sbased on sequentid, irrevers-
ibleand firgt-order reactions:

k ks . B
Cellulose =~ Glucose — Decomposition products (1)

. ky k e .
Hemicellulose — Monomers — Decomposition products ()

In ageneral way, the Saeman model can be applied to other polysaccharides:

k ks L "
Polvmer (P) L, Monomer(M) = Decomposition products (Dp) (3)

wherethe polymer (P) fractions(such asglucan, xylan, araban or galactan) contained intheraw material
are converted into monomers (M ) (such asglucose, xylose, arabinose or galactose), which arefurther
converted into degradation prod- ucts (Dp) (such asHMF from glucose or galactose, and furfura from
xyloseor arabinose), ing/L. kl and k2, different for each reaction, arethekinetic coefficients of the
reactionsof monomer releaseand decomposition (h— ), respectively.

Congdering thereactionsinvolved, thefinad amount of each speciesfrom solvingthedifferentia equations
isdefined by the set of thefoll owing equations:

% =—k; P P =P, gt (4)

dM _ . p_ M M=P, K ekt (3)
de  * ) "k —h
P"l r

—Edz —1. M Dp= - ke (—e™ 9~k —e= Y )
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2.2 Two-fraction reaction moded

Theexistenceof two hemicellulosicfractions, reported intheliterature[14, 6, 15], leadsto atwo-fraction
model which considersthe susceptible or fast fraction easy to hydrolyse and aless susceptiblefraction
moredifficult to hydrolyse. Kobayashi and Sakai [ 16] proposed theinclusion of thetwo fractionsinthe
kinetic models. Therefore, thekinetic model ismodified to includethe presence of two fractionsinthe
polymer. A moreredlistic kinetic model for thehemicellulosereactionis:

Fast hemicellulose

\kf‘
I

Monomers -

Slow hemicellulose

Decomposition products

The susceptiblefractionismeasured by the parameter & (0 < &< 1) described asthe massratio between
thefractions (g of susceptiblefraction/ g of total fraction) intheraw materid. Rodriguez-Chong et d. [20]
definethemain reasonsfor using two fraction modd :

* Transport limitation of massand energy in the reactive mass, which aremoreimportant the bigger the
paticlesizeandthelower the WSR (water solid ratio).

* Presenceof different fractionsof hemicelluloseswith different intrinsic reactivity dueto differencesin
structure, accessibility, etc.

* Presence of uronic acid with lower reactivity than xyl ose that decreases the rate of hemicelluloses
Solubilisation.

* Different reactionrateof thefraction linked with lignin.

» Variationsinthesurfaceof theinter-phasewater-hemicellulosesa ong thereaction.

Therefore Eq. 5wasmodified toinclude c:
k;

o o—lqt n o
M=rP  — (et —ahat) (9
hl{:—ki =4

whereM isthe concentration (¢/l) of themonomer at timet and PO istheinitia polymer concentration (¢/
[). Thevalueof PO assumesatotal conversion of polymer to monomer without degradation and is
determined by thefollowing equation:

P =Ff ——n =0

i S the fraction of the
polymer Pnintheraw materia, onadry basis(g/g), W SR isthewater solid ratio (g water/ g raw
material indry basis) and fiisthedensity of hydrolysates(g/l).

kl = A, ei—Egi_ BT I:Q}
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whereEal istheactivation energy (kJ/mol); Ai isthe pre-exponentia factor (—i ); Ristheuniversa gas
constant

(8.3143 x 10—3 kJ/moal K ); and T isthereaction temperature (K ).

The pre-exponentia factor Ai isafunction of acid concentration, but the activation energy Eai isconsider
independent of temperatureand acid concentration [17]. The pre-exponentia factor Ai can berewritten
toexplicitly includethe effect of acid concentration:

A'l = Aj::_ {:; ':1[:]}

inwhich, Caistheacid concentration in percent (w/w) added prior to hydrolysis, and nisan arbitrary
constant that varieswith the type of biomass being pretreated. Equations 9 and 10 can be combined to
gve

kl=—’:'13‘:“§ Cnce (—E=ei/RT ) (11)

Inthe next section, we are going to generate and eva uate the parametersfor the model s discussed above
for the pretreat-
ment of sugarcane bagassewith liquid hot water (LHW) and different acids.

Kinetic Parameter estimates

Experimental dataobtained from literaturewere used to fit themain functionin each caseand obtainthe
different kinetic parameters. For the s mplified modd the main function isthe Equation 5 and for thetwo-
fraction model itisEquation 7.

Nonlinear regression analyseswere performed (dueto the nonlinearity of the equationsto fit), with an
optimisation routineusing thestatistica computing program “R” (http://www.r-project.org/). R’snonlinear
optimisation routinesareoptim(), Nim() and nls().

The parameter estimates are determined asthe parameters providing the best fit to themean function (M
) to the obser- vationsyi , ..., yn, that correspond to the concentration in g/l of the different components
after the pretreatment. The parameters are obtained by minimisation of theresidual sums of squares
(RSS) with respect to aset of unknown parame- ters(c, ki , k2)

=5 .
RSS =  [v; — M@ c. kiko)F (12)

=i

Theminimisation of RSSisoften referred to asminimising theleast-squares criterion or |east-squares
estimation, and the sol ution to the minimisation problem isthe | east-squares parameter estimates. In
contrast to linear regression, the
minimisation of RSSwill in general beanonlinear problem, and therefore numerica optimisation methods
are needed. These methods areiterative proceduresthat will ideally approach the optimal parameter
vauesin astepwisemanner. At each step, the a gorithms determinethe new parameter valuesbased on the
data, themodel and the current parameter values. By far the most common algorithm for estimationin
nonlinear regression isthe Gauss-Newton method, which relieson linear gpproximationsto the nonlinear
mean function at each step. Oncethe parameter estimatesarefound, the
estimate of theresidual variance 62 is obtained asthe minimum val ue of RSSdivided by the degrees of
o o ‘ RSS. Theresidud standard error isthen s. The next subsec-
tionswill present theresultsof this

63


http://www.r-project.org/

Centro Azucar 38(1): 58-74, Enero-Marzo, 2011

n—panayss.
3.1  Liquidhotwater

Thestudieson the pretrestment of sugarcane bagassewithliquid hot water (LHW) inliterature are scarce.
Only the study of Boussarsar, Roge and Mathlouthi [2] presentsenough dataresultsto makean anaysis
and comparison for thisstudy. Theraw composition of the sugarcane bagasse used to ca cul ate the poten-
tial concentration of thesugarsPO (equation 8) isshownintheTable 1.

Components  Percentage Potential concentration

drv weight of the sugars Py
Glucan 435.0 50.00
Xvlan 240 2727
Araban 13 1.71
Galactan 0.3 0.56
Klason lignin 20.0
Others .0

Table 1. Main components of sugarcane bagasse used for the pretreatment with liquid hot water

R’snonlinear least squaresroutine nls() was used to fit the ssmplified reaction model, for thispurpouse
equations5and

9wereused. Tofit thetwo-fraction model, equations 7 and 9 were used with the R’s optimisation routines
nim() and

optim() dueto the non-convergence on satisfactory estimates of nls().

Kinetic parametersvaluesfor the pretreatment of sugarcane bagassewith liquid hot water had not been
reported intheliterature so far. Table 2 showsthe estimate valuesfor the pre-exponential factors, activa
tion energiesand theminimum vaue of RSSthat result from thefitting.

The comparison between theexperimental and the calcul ated vauesfor the s mplified model and thetwo-
fraction modd, areshownintheFigure 1 for xylose, glucose, arabinose and gal actose, respectively.

Inthefiguresadegree of agreement can be observed between the cal culated and the experimental values
confirming thevalidity of themodel semployed. For comparison of thedatafrom Table 2, it can beseen
that thereispractically no difference between the val ues of the ssmplified model and thetwo-fractions
model for the pre-exponential factors and activaton energiesfor glucose and arabinose; however for
xyloseand gd actosethe differences are more pronounced between thevalues, ascan beseenin Figure 1.

The value obtain from the susceptible fraction for xylan ¢ = 0.82 issimilar to that obtained for eucalyptus, 0.84 [11];
corncobs, 0.86-0.89[12]; or brewery’sspent grain, 0.80[5]. The activation energy of xylan degradationis 90 kJ mol—
i which is lower than the reported range 103-143 kJ mol—' for the degradation of hardwood xylan during
autohydrolysis[12]. Whereas the activation energy of xylan hydrolysisis 122 kJ mol—i , which is comparable to the
reported value of 112 kJ mol— [11]. Thedifferencein reported values of the activation energies has been attribute
to the different composition of the raw material and the different experimental conditions. For these reasons a unique
optimisation model can not be apply to the different lignocellulosic materials, for each speciesthe kineticshaveto be
calculated with experimental datafor further usein process modeling.

The comparison of kinetic parametersfor the other hemicellulosicfractionsiscomplex owing to thelack of
informationintheliterature. Thevauefor the susceptiblefraction for glucan c=1.00, meansthat al glucan
issusceptibleto hydrolysis, but asaresult of thelow pre-exponential factor and activation energy the
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glucan fraction isexpected to remain without further degradation. Almost al araban is susceptible to
hydrolysis(c = 0.98) and part of the Ga actan (c = 0.63), and on the contrary to glucan amajor degrada-
tionisexpected for thesetwo polymersasthehiger pre-exponential factorsand activation energiesindi-

cate
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Figure 1. Experimental (symbols) and cal culated (lines) time courses of the concentration of xylose (a,b),
glucose (c,d), arabinose(e,f) and gal actose(g,h) using the s mplified model (a,c,e,g) and thetwo-fraction
model (b,d,f,h) at different temperaturesfor the pretreatment of sugarcane bagassewith liquid hot water
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Table 2: Kinetic parametersfor the pretreatment of sugarcane bagasse with liquid hot water

Estimates Xvlan Glucan Araban Galactan

Simplified Reaction Moedal

., DA 2238 1.78 10.97 837
Eoj Yy b2 4154 3343
o DAL 3152 2.63 8.40 130
Eaj L2212 j3d 3321 L0
RSS 024  700x1072  176x10"'  1.10=1073
Two-fractions Modsl
p DA 2242 3.78 11.04 10.59
! | i 553 L0MD 410 3500
o A 3357 2.65 8.7 0.08
T Eaj 14130 [ 43 4301 0.40
o 0.82 1.00 (.08 0.63
R3S 807  T00=10T 175107t 051107

Ay - Pre-exponential Factors [h 1
E.; ; Activation Energies [T 'mol]
o - Susceptible fraction [dimensionless]

3.2  Acid-dilutehydrolyss

Three studieswere sdl ected to studied the pretreatment of sugarcane bagassewith acid-dilute. Thestudies
selected werethework of Aguilar et d. [1] who studied the hydrolysisof sugarcane bagassewith sulphuric
acid (H2 SO4), thestudy of Bustoset d. [ 3] who use hydrochloricacid (HCL) and the study of Rodriguez-
Chonget a. [20] who usenitricacid (HNO3), al threeworks pre-treated sugarcane bagasse at 2%, 4%
and 6% of acid concentration, at different temperatures (100a€% C, 122a% C and 128 C).

Theraw composition of the sugarcane bagasse, used in the three studiesto cal culate the potentia concen-
tration of thesugars (PO ) isasshownin Table 3.

Components  Percentage Potential concentration

drvweight of the sugars Py
Glucan 380+10 4322
Xvlan MNarle 2340
Araban 55607 65!
Klason lignin 3o+17
Others 11.0x1.0

Table3: Main components of sugarcane bagasse used for the pretreatment with dilute-acids
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Table4 showsthe estimates va uesfor then constant, pre-exponentia factors, activation energiesand the
susceptiblefraction ¢ from thefitting for the diferent acids and components. The comparison betweenthe
experimental valuesand the cal culated valuesfor thetwo-fraction mode are shownintheFigures2and 3
for xyloseand glucose, respectively, for thethreeacids.

Thegraphs show agood correspondence between the experimental and cal cul ated val ues, that confirm
the certainty of the modelsdevel oped. For comparison of thedatafrom Table4, it can be seen that the
values of the parametersfor xylan, glucan and araban for thedifferent acids varied, indicating that each
acid hasaparticular effect over the polymersintheraw materia and for thisreason anindividud anaysis
isneeded.

Thevaluesof the parametersfor ki , for all acids, are consistent with those reported for dilute-acid hy-
drolyssintheliterature[12, 1, 3, 20]. Ingenera, va ues of kinetic coefficientsincreased with temperature
and acid concentration. For xylan, it can be observed that the valuesfor the parameters, for both, ki and
k2 aresimilar for H CL and H2 SO4, so that decomposition productsand xyloseare generated at Similar
rates. For H N O3 the parameters for ki are lower than k2 , suggesting that the amount of xylose
generated ishigher than its decomposition product. Theideal caseis generate the maximum amount of
xylose with the minimum convertion to itsdecompaosition product. Thevaue of the parameter

Acid Component Parameters
ks ka c Es
n InA n IhA
Xvlan 12 289 12 236 0090
HCI [3] Glucose 08 262 43 183 012 12299
Araban 05 270 131 162 040
Xvlan 38 394 7.6 42 078
HNO: [20] Glucose 11 278 20 43 009 12309
Araban 08 400 95 264 032
H:S04 [1] Xvlose 07 316 07 257 080 13080
Glucan 19 323 i3 191 0.13

Table4: Kinetic parametersfor acid hydrolysisof sugar canebagassefor different acidswith reference
to source of experimental datanoted

cfor xylanwasintherangeof 0.78-0.9, closeto othersreported for acid hydrolysisfor lignocellulosic
materias. For example, valuesof cintherange 0.58-0.80 for hydrolysisof oak [15], 0.84 for cornand
0.86 for sunflower seeds[19]. Thissuggeststhat the polymer ishighly susceptibleto acid-hydrolysis.

In the case of glucan and araban the decomposition reaction proceeds at alower rate than the main

product reaction, thereforeif some degradation occurs, the amount of inhibitors expected will below,
whichisabenefit for the process.
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Figure2: Experimental (symbols) and cal culated (lines) time courses of the concentration of xylose at
100 C (a,b,c),

122a% C (d,e,f) and 128a% C (g,h,i) for the pretreatment of sugarcane bagasse with sulphuric acid
(a,d,g), hydrochloricacid

(b.e,h) andnitricacid (cf,i)
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Figure 3: Experimental (symbols) and calculated (lines) time courses of the concentration of glucose at
100e% C (a,b,c),

122a% C (d,e,f) and 128a% C (g,h,i) for the pretreatment of sugarcane bagasse with sulphuric acid
(ad,g), hydrochloricacid

(b.e,h) andnitricacid (cf,i)

Thevauesof InA and nfor k2 usualy arenot shownintheliterature, but we consider thesevauesinthis
study asthey do impact on mass balances.
4 Optimisation of the pretreatment

The mass balance model s incorporate the equation described in the sections above to quantify the consumption and
generation terms for each species. After the pretreatment aliquid and solid fraction are considered independently.
Theliquid fraction of the pretreatment unit will be constituted by pentoses sugars (such as xylose, glucose, arabinose
and galactose), products of decomposition of the hemicelluloses (such as acetic acid generated from the hydrolysis
of acetyl groupslinked to sugars) and the decomposition of the monosaccharides released (such asfurfural, product
of dehydration of pentoses). The solid fraction will be constituted by the remaining cellulose and lignin, assuming
that the lignin has not been modified. For the pretreatment with dilute-acids we assume that the acid is consumed
totally in the reaction.

The mass balance models have been implemented in the Jacaranda system for process design and optimisation [8]
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and have been applied to the pretreatment of sugar cane bagasse. The pretreatment with different acids and liquid hot

water (for the two models) have been considered and, for each case, the design variables shown in the Table 5 have
been defined in Jacaranda.

The objective isto maximise the generation of xylose, z (g/1). A genetic algorithm (GA) procedure, in Jacaranda, was
used for the optimisation. As a GA is stochastic, each solution attempt may potentially identify a different solution.
For this reason, we attempted each problem 100 times and the results described include a statistical analysis. For
each acid, the same objective function val ue was obtained (to within less than 0.1%) each time. The design
variables, however, did vary. These results are summarised in Table 6 where, for each design variable, we present the
average value obtained as well as the standard deviation in parentheses

Table5: Design variablesfor the pretreatment of sugarcane bagasse with different acidsand liquid hot
water (LHW)

Design Variables Pretreatment with acids Pretreatment with LHW
] g water o g water
Water to solid ratio WSR &£ [& : WSR = [ 10] .
g solid g solid
Residencetime t = [0, 300] min t £ [0, 300] min
lemperature | = 1w, 18] °C | e [100, 200] *C
Acid Concentration C. = | 6]% -

Table6: Design variablesand objective function mean valuesand standard deviation (in parentheses) for
different acids obtained solving each case 100 timesin Jacaranda.

Acid WER C. t(m) TE) =z(zl
HCI Q2(055)55(045 B83385108¢ 6y 177

HNO; 9.0(0538)48(081) 18(7/3)118( 7y 131
H:50, 91{054)2.7(0.82) 23(11)107( 7y 1386
LHW = 9.0(0537) - 2040 3171 (0.9 7.7
LHW?® £9(0.39) - 2950 6)171( 1) 7.7

* Simplified model
? Two-fraction model

Theresultsobtained demonstrate that the choi ce of the pretreatment has adirect impact not only on how
much xylose we can produce but also on the values of the design variables. From the table, we can
concludethat H C | leadsto best per- formance for the objective used. When cost considerationsare
included, of course, thisconclusion could change because, for instance, theresidencetimeissignificantly
larger than for the other acids and, hence, the size of the pretreatment unit may belarger aswell.

The behaviour of the design variablesispresented in Figure4 for acidsand for liquid hot water cases. The
graphsuseaparallel co-ordinate system representation to show the values, normalised based on their
upper and lower bounds, of the design variables and the objective function. Each solution obtained by
Jacarandaisrepresented by apoly-line connecting each variableto an objectivefunction value. Theinitia
point for the search, thesamein every case, isshown graphically usngadashed line.

The graphs show that, in all cases, the water to solid ratio design variable appears to have no impact. For the
pretreatment with acids alower value of temperature is desirable, opposite than for the pretreatment with only water
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wherewe need high temperatures. The best concentration of the acid used variesfrom acid to acid: for H> SO4, alower
acid concentrationisbeneficial. For the residencetime, for H Cl alow to mediumvalueis needed; for HN Os most of
the domain allowed is possible; for H> SO4 only small residence times are suitable; and for liquid hot water a high
residencetime are needed. These resultsindicate that the type of acid does affect the design and the performance of
the pre-treatment stages, in contrast to the findings of previous studies [20].

Conclusions

Liquid fuels produced from biomass sources may be a potentially valuable and necessary source of energy in the
future. The use of lignocellulosic materials, to avoid using crops destined for food production, isappealing but poses
challenges. Such lignocellulosics are difficult to process directly for the production of ethanol, for instance a
pretreatment steps are required.

This study presentskineticsmodelsof dilute-acid hydrolysis pretreatment based on first-order reactionsand modified
to take into account the two fractions of the polymer (hemicellulose). Additionally we present a statistical analysis,
based on experimental data extracted from literature, to obtain the kinetic parameters through non-linear regression
analysis. Finally we implement mathematical models, suitable for optimisation within adesign framework, which alow
us to compare the effect of different pretreatments.

The optimal design of the pre-treatment stage, using mathematical models of an acid and water based pretreatments,
has demonstrated that the choice of the pretreatment has an impact on the effectiveness of this step. The results
also provide some insight into the trade-offs between the different design variables. Devel oping kinetic models
provide us with mathematical equations which describe the time-temperature courses of the different compounds,
and those equations wi

T T T T T T T T T T
1t 1 F
0 0
o o
= =
3 3
= =
= =
Ok O R

E LT E R
] ]
= =
E E
=]} =]}
= =

1 1 1 1 1

'a'.'lIE"H C_: t T z
Design variables and objective function
(a) HCl by HN 05
T T T T T T T T T
1r 1r

o w
o z
k5] k]
T 05 B 05}
1] &
= =
= E
cE =
[=] =]
= =

WER C; t T z WER t T z
Design variables and objective function Design variables and objective function
)y Hh 804 (dy LH W Zimmplifiedmodel

72




Centro Azucar 38(1): 58-74, Enero-Marzo, 2011

=]
o
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Figure4: A parallel co-ordinate presentation of the sol utions obtaned from 100 runs of Jacarandafor each
acid and themodelsfor liquid hot water considered. The dashed linerepresentsthe sameinitial guessfor
the optimisation. form the basisfor subsequent technoeconomic optimisation studies[4].

Althoughthisinitia investigation hasused as mpleobjectivefunction, thelonger term amistoincorporate
multiple objective functions, such asdetailed economi cs and various measures of the sustainability of the
process, aswell asincorporatethemodel sdeveloped into alarger framework that will consider theimpact
of pretreatment on the subsequent stepsin the production of ethanol. Thiswill beachieved by combining
thiseffort with themodel sdeveloped in apreviouswork [22].
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