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Fractionation of Hemicelluloses and Lignin from Rice
Straw by Combining Autohydrolysis and Optimised Mild
Organosolv Delignification

PatriciaMoniz,2? Jodo LinoP? Luis C. Duarte,” LuisaB. Roseiro,> Camen G. Boeliu °
Helena Perdra,®* and Florbela Carvalheiro ®

An integrated strategy was followed to valorise rice straw, one of the most relevant
biomass feedstocks available worldwide, to selectively recover solubilised
hemicelluloses and lignin. The pathway encompassed the use of autohydrolysis to
hydrolyse the hemicelluloses and an ethanol-based organosolv process to
solubilise lignin. Several autohydrolysis conditions were assayed with the best
results obtained at 210 °C (log Ro 4.15), which enabled high removal of
hemicelluloses, yielding an oligosaccharide-rich hydrolysate and a treated biomass
with low content of hemicelluloses and enriched in cellulose and lignin. The effects
of ethanol concentration (5 to 75%), and reaction time (0 to 24 h) on lignin removal
under mild temperature (30 °C) were studied. In optimal conditions (60.5% ethanol,
24h) the delignification yield reached 42%, whereas glucan solubilisation was
below 17%. Lignin solubilisation yield was not influenced by the organosolv
treatment duration while ethanol concentration favored the delignification up to
60.5% ethanol. The organosolv liquors contained economic interesting lignin-
derived compounds such as vanillin, ferulic, and coumaric acids. The chemical
composition and enzymatic digestibility of the treated biomass from autohydrolysis
and organosolv delignification were compared, with the latter presenting an almost
10% higher enzymatic digestibility than the former.
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INTRODUCTION

Rice straw is usually considered a waste material and is typicdly used ony to a
small extent for catle beds, mulching, and combustion. Notwithstanding, its potential for
valorisation within the biorefinery framework has been demonstrated as a magjor singe
feedstock for bioethand production (Matsumura et al. 2005.

Environmenta friendy processs, yielding separae streans that can be further
used for different product lines are preferential, and their seledivity towards the target
polymer is esential. One paential strategy is to carry out in afirst step the hydrolysis of
the hemicdlulosic fracion by hydothemal processing (autohydolysis) before further
processing. This is an effedive and seledive pretreadment enabling a high produwction o
soluble hemicdlulosic oligosacdarides from the liquid phase and a high recovery of
cdlulose andlignininthe solid phese (Carvalheiro et al. 2009 Moniz et al. 2013.
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For thefractionation d lignin, arganosolv processes based on aganic solvents such
as low baling-pant acohds (e.g., methand, ethanol, acd¢one, and/or organic adds),
which can be easily recmvered, have shown promising results (Binod et al. 201Q Girio et
al. 2010 Bozdl et al. 2017). The products that can be oltained include sulphur-freelignin
fragments, which areuseful for the production d lignin-based high value products due to
their high puity, low moleaular weight, and easily reaverable organic reagents (Gariote
et al. 2008 Toledano et al. 2012. If applied dredly to the lignacdl ulosic material, the
organosolv treagment will yield aliquid stream containing bdh lignin and hemicdl ulose-
derived products that will require maor puification for lignin recovery (Hamsen et al.
2010. Furthemore, it will induce calbohydate lossfor the subsequent processes (Huij gen
et al. 201Q Bozdl et al. 2011 Toledanoet al. 2013.

The use of sequential autohydrolysisand aganasolv processes has the patential to
be a strategic pathway, espedaly if organosolv delignificaion is caried ou under mild
condtions. A propasal for the seledive fractionation d hemicdluloses and lignin aiming
at the production d valuable compoundsis shown in Fig. 1.
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Fig. 1. Proposed pathway for the selective fractionation of the structural polymers from rice straw

In this work, the patential upgading d ricestraw by sequentia autohydrolysisand
organosolv delignificalionwas investigated. The organosolv delignification was optimised
in relation to readion time and ethanal concentration bya Doehlert experimental design
for maximum remvery of solubilised lignin. The lignin-derived produwcts were
charaderised, and the upgading pdential of the remaining cdlulose-rich solids (i.e., for
bioethanal production) was aso evaluated.
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EXPERIMENTAL

Materials
Raw material

Ricestrawwas kindy provided by OrivarzeaSavaterrade Magos, Portugal). The
raw material was dried, milled to particles smeller than 6 mm, hamogenised, combined in
asingelot, and stored in plastic containers at room temperaure (Moniz et al. 2014).

The following technicd lignins (Boeriu et al. 2014 wereused: Soda whed straw
lignin (Soda WS) and soda lignin from mixed Sarkanda grass and whea straw (P1000),
were ohtained from Greenvalue SA (Lausanne, Switzedand). Organosolv lignin from
mixed hardwoods (Alcdl) was ohtained from Repap Tedndogies Inc. (Valley Forge, PA,
USA).

Methods
Autohydrolysis of rice straw

Autohydrolysis treaments were cariied ou in a 2-L stainless sted reador (Parr
Instruments Co., USA). Temperaure was controll ed througha Parr PID controll er (model
4842. Therawmatera was mixed with water in the reacor to aliquid-to-solid ratio of 10
(g water/g dry raw material). The rea¢or was heaed to the final temperaures of 195, 200,
205, 210, 215and 220°C, correspondngto a severity factor (log Ro) ranging from 3.66to
4.36.Afterreatingthe desired temperaure, the reacor was rapidly coded, theliquid and
solid pheses wereseparaed, and the solid phase was washed and diied (Moniz et al. 2013.
After seledion d the optimised condtions at 210°C, severd batches were performed to
produce solids for used in organosolv studies, after thoroughmixing into a hamogenised
lot.

Organasolv delignifi cation

The solids oltained after autohydrolysis under optimised condtions (210°C) were
subjeded to organosolv delignificaion using dfferent ethanol/watermixturesand duation
periods, following the experimental design described in Table 1. A solid to liquid ratio of
1:10 (w/w) was used and all readionswerecaried ou using Schott flasksin an incubetor
set for 30 °C and 150rpm. Upon completion, the flask contents werefilt ered; the solid
phase was washed twice with ethanol/water solution and died at 45 °C to be used for
chemicd charaderisation and sacdaificaion assays. The solid yield of the organasolv
delignificaions was determined as gram solid per 100 g d the autohydolysed material
(oven dry masy.

The yidds of lignin (KLr) (Eg. 1), ducan (Gngr) (Eq. 2), and xylan (Xnr) (Eq. 3
werecdculated acording to the following equations,
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whereSY is the solid yield (gramsof solid recmvered after treaments per 100 gfeedstock),
KL, Gn, and Xn refer to the pdymer content in the solid samples after ead treament
(autohydrolysisbrganosolv delignificaion), Yk is the delignificaion yield, and Gn;, Xn;,
and KL, referto the correspondng pdymer content in the sample prior to the treament.
All dataarereported ona dry weight basis

Experimental design

The experimental statisticd design for optimisation o the organaosolv
delignificaionis based onaDoehlert distribution for two factors (Doehlert 197Q Ferrera
et al. 2009). Twelve experiments (includingfour repli cates at the center of the experimental
domain) werecariied ou (Table 1). Two additional testswerecariied ou (experiment 11
and 12 to further explore extreme condtions of very low ethanad propation. The factors
studied were délignification time (X1), which vared between 0 and 24 h,and ethand
concentration (X2), which was varied between O and 10046 (w/w).

Table 1. Number of Experiments, Coded Variables, and Real Variables
Corresponding to Experimental Conditions of Time (X1) and Ethanol
Concentration (X2) of the Organosolv Experimental Design

Experiment Coded Variables Real Variables
X1 X2 Time (h) Ethanol (%, w/w)
1 0.0 0.050 12 52.50
2 0.0 0.050 12 52.50
3 0.0 0.050 12 52.50
4 0.0 0.050 12 52.50
5 1.0 0.050 24 52.50
6 -1.0 0.050 0 52.50
7 0.5 0.440 18 71.90
8 -0.5 -0.340 6 33.05
9 0.5 -0.340 18 33.05
10 -0.5 0.440 6 71.90
11 -0.5 -0.866 6 6.70
12 0.5 -0.866 18 6.70

The effeds of varables were determined acording to the following pdynomial
model, Eq. 5,

Y =[p+ 1 X1 +02 X2 +012X1 X2 +111 X 12 +0122 X2 (5)

whereY is the resporse varnable, X is time (h), and Xz is ethand concentration. /4 is the
intercept and represents the resporse in the center of the experimental domain, /1 and /3,
the main factors, arethe parameters diredly associated with the time and the concentration
of ethandl, respedively, representing the rel ative importance of ead factor in the analysed
resporse. Theinteradion parameter, /12, indicaes the combined effed of two factors. The
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quadratic terms (/11 and /22) aremodel tuning parameters that provide information about
the geometric trend d the resporse surface

Data fitting and statisticd analyses were cariied out with Microsoft Excd® 2010
(USA), and the best delignification condtions were determined by wsing the Solver Todl
based onthe best-fit equation oldained, using a constrained model. Coded representation
of the vanables was used for al cdculation puposes.

Chemical characterisation d raw material and pocessed solids

The matenas weregroundin aknife mill (IKA, Gemmany) to a patticle sizesmaller
than 0.5 mm, and the moisture content was determined by owen-drying a 100°C to a
constant weight. The ash content was determined using the NREL/TP-510-42622 potocol
(Sluiter et al. 2005.

The samples werehydrolysed to determine the amourts of glucan, xylan, arbinan,
and acayl groups using add hydolysis The add-insoluble residue was considered as
Klason lignin after corredion for ash, and the quantificaion d macromolealar
compound was carlied ou as previously described (Moniz et al. 2013.

Chemical characterisation d the autohydrolysisliquars

The autohydrolysis liquars wereanalysed for monameric sugars, acdic add, and
furan dernivatives by hgh performance liquid chromatography (HPLC) (Agilent 1100
Series, Waldbronn, Gemany), using an Aminex HPX-87H column (Bio-Rad, USA) in
combination with a cation H™-guard column (Bio-Rad) as described before (Moniz et al.
2013.

Elution took daceat 50 °C with 5mM H,SO, at a flow rate of 0.6 mL/min. The
HPLC was equipped with a diode array detedor (DAD) and a refradive index detedor
(RI). For dligosacdarides quantification, another sample was hydrolysed with 4% (w/w)
H,SO,(Moniz et al. 2013 and analysed by HPLC as described above.

Total phendic compound

Tota phendic compounds in the organosolv liquar weredetermined bythe Folin-
Ciocdteu colorimetric methodacordingto Singleton et al. (1999. Briefly, 100uL of the
organosolv sample was mixed with 5mL of the /10 (v/v) diluted Folin-Ciocdteu reggent
and 4mL of 7.9% NaCOs. Absorbance was measured at 765 rnm after 15 min incubation
at 45 °C. Total phendic compound are expressed as mg GAE mL? (galic add
equivalents).

Capill ary zone dedrophaesis

The organosolv liquas wereanalysed by capill ary zone eledrophaesis (CZE) to
obtain their phendlic profil e using an Agilent System device (Wadbronn, Gemany), with
diode-arry detedor (DAD). ChemSttion cata softwareand a fused-silica uncoated (1.D.
50pmand 6256 cm effedive length) extended li ght path capill ary from Agil ent wereused.
A 30 RV voltage was applied and injedion was dore at 50 mbar for 6s. A 15mM borate
in 1% MeOHwas used as an eledrolyte adjusted to pH 9.1and temperaure at 25°C. The
capill ary was precondti oned between runs by flushingwith 0.1M NaOH (3 min) foll owed
by bufer (3 min). Detedion was a 200and 280 m and compound wereidentified by
eledrophaetic comparison (migration times and UV spedra) with authentic standards.
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Moleallar weight characterisation

The molar mass distribution d the lignin fragments solubilised in the organosolv
liqguars wereanaysed by alkaline size exclusion chromatography (SEC) usinga TSK gel
Toyopeat HW-55F column, 0.5 M NaOH as eluent, UV detedion a 280 mm, and
cdibration with sodium-padystyrene sulfonates (Gosslink et al. 2010. Calculations
included M, (pe&k moleaular weight), M, (number average moleaular weight), and My
(weight-average moleaular weight and pdydispersity (PD, Mw/Mn).

Enzymatic hydrolysis

The enzymatic digestibility of the urntreded (raw matena), autohydolysis
pretreaed, and agancsolv delignified solids of rice straw were evauated based on
NREL/TP-510-42629 potocol (Selig et al. 2008. The results areexpressed as percantage
of glucosereleased after 72 henzymatic hydrolysisin relationto initial glucose. All assays
werecariied ou at leastin dupicate and the results arecorreded for enzyme and homass
blank tests

RESULTS AND DISCUSSION

Selective Fractionation of Rice Straw Hemicelluloses

To sdledivey fradtionate hemicdluloses, six temperaures for the autohydrolysis
pretreadment werestudied ranging from 195to 220°C (correspondng to severity factors
of log Ro 3.66t0 4.35. Previous studies at a smaller scde demonstrated that optimal
condtions for hemicdlulose hydrolysis of rice straw ranged within this temperaure
interval (Moniz et al. 2014). Figure 2 and Table 2 show the effed of autohydrolysisonthe
maciomoleaular componrents of ricestraw. The varation o xylan, ducan, lignin, and total
pentoses (oligomeric and monameric) as a function d the seveiity factor shows that
autohydrolysiswas seledive for the hydrolysis of the hemicdlulosic fraction (Fig. 2). The
hydrolysisof xylan increased with temperaure and attained large values above 200°C, for
which more than 70% of theinitial xylan was solubilised. A similartrend was oltained in
other autohydrolysis studies using rice straw, corn straw, and whea straw (Carva heiro et
al. 2009 Moniz et al. 2013,2014.

The amount of solubilised pentoses in the liquid increaed in pardlel with xylan
hydrolysisto read a 41% maximum of the initial amourt at 210°C, which corresponds to
a concentration d 11.6 dL. The maximum production d pentoses oltained in this work
was similar to that obtained in ather studies with rice husk (Nabaratz et al. 2007, bu
lower than those oltained with corn straw (Moniz et al. 2013. Contrasting with xylan
solubilisation, ducan remains essentially in the solid phese: maxima soluhbilisation
corresponced to oy 2% of the initial glucan in the raw-material. These values arein
agreement with the known behavior of autohydolysistreaments that arecharaderised by
alow solubilisation d the cdlulose fraction.

Lignin content in the solid followed a similar trend, which is typicd of
autohydolysis pretreagment. Up to a temperdure of 210°C, the remaining lignin in the
solid was always close to 10®% of the initial amourt, showing that the treament did na
substantially affea this comporent. From 210°C orwards, lignin in the solid decreaed,
e.g. abou 30% at 215°C, and it increased again for the most severe condtion studied.
This lignin increae is aso typicd of these processes and can be assciated with
condensation readions of lignin with sugars and degradation products, such as furfural,
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leading to the formation o insoluble compounds (Ramos 2003 that are quantified as
Klasonlignin.

e Glucan e Xyian Klason lignin = Total pentoses
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Fig. 2. Effect of autohydrolysis temperature on glucan, xylan, and Klason lignin yield in the
treated solids (bars) and total soluble pentoses concentration in the liquid phase (line)

The composition d the raw material and the solid phese resulting from the
autohydrolysis of rice straw for different severity condtions is presented in Table 2. For
the milder condtions (195 and 200°C), the solubilisation d the solid phese was abou
20%, bu increased with increasing severity of the treament e.g., 3%% at 210°C.

Glucan was pradicdly na affeded by the treaments, and the processed solids
obtained in the most severecondtion contained 53.2%6 glucan; this correspondsto gucan
enrichment of the soli d as compared to the raw materia by 30%. Xylan content was highly
affeded by the pretreament and decreaed with increaing severity to read 8% in the
autohydrolysed solids at 220°C. Lignin was aimost na solubilised (Fig. 1), and therefore
lignin content generdly increased with pretreament severity. The highest value was
obtained for 210°C.

The autohydrolysistemperaure leading to smell losses of glucan andligninin the
solid and to considerable xylan solubilisation with the highest amourt of total pentosesin
solution was 210 °C. This temperaure was seleded as the optimum autohydolysis
condtionthat enables bath the production d pentose rich liquars (mostly oli gosacdharides
(Moniz et al. 2014 and solids enriched in cdlulose and lignin for further processngin the
organosolv studies.

Table 2. Raw Material Composition, Solid Yield, and Solids Composition after
Autohydrolysis at Different Temperatures

Temperature, °C (log Ro)

Raw 195 200 205 210 215 220

material (3.66) (3.80) (3.95) (4.15) (4.25) (4.36)

Solid yield® - 80.21 79.66 74.86 65.14 67.63 67.21
Xylan® 20.46 19.10 19.17 16.03 10.29 9.96 8.39
Glucan® 40.90 43.39 45.06 46.28 50.89 49.04 53.18
f;ﬁgg‘ 14.43 17.60 17.87 1019 | 2232 | 1516 | 16.54

2 (g/100 g raw material); ® (9/100 g autohydrolysed solid)
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Organosolv Process Optimisation

Table 3 presents the experimental condtions of the delignificaion experiments and
the correspondng responses regarding delignificaion yield (liquid phese) and xylan and
glucan yields (solid phese). The delignificaion yields, i.e., percent of lignin solubilised,
ranged from 30.6to 41.7%6 for experiments 1 to 10,wherea lower vaues were obtained
for experiments 11 and 12, 19.% and 10.8%6, respedively. Readion time favored
delignificaionto oy asmall extent, and substantial delignificaion was alrealy oltained
for very short readion times. The highest lignin solubilisation corresponced to a
delignificaion yield of 41.®%6 and was obtained in experiment 5 (52.3% ethand and 24 ).
The ethanad content influenced lignin removal as seen by comparing experiments 7 and 10
(71.9% ethand) and 8and 9 (33.0%% ethanal), for which the delignificaion yields were
approximately 40 and 30%, respedively,

Experiment 6 (52.9% ethand, and 0 1) had substantial delignification yield (38.3%)
which showsthat thereis avery rapid readion d lignin with ethanaol, probably of the more
readive moieties, and with immediate solubilisation d the lignin fragments. Rice straw
lignin is considerably readive to ethanadl, and over ore third of the autohydrolysed rice
strawlignin becomes solubili zed at nearambient temperaure (30°C). This does nat happen
for untreded ricestraw (data nat shown). Neither doesit happen for woodlignin, for which
high temperaures (e.g., 165°C) are nealed to attain similar delignificaion (Perara et al.
1986. An important factor for the enhancement of lignin solubilisation is the solid matrix
opening caused by the autohydrolysis that the material underwent before the organasolv
process By dissolving the hemicdluloses during the thema hydrolysis there was a
disruption d the lignin-cabohydate linkages, and the macmomoleaular cdl wall
arrangement that shoud fadlit ate accessand readivity to subsequent processs. In fad,
the lignins oltained had a low mean moleaular masswhen compared to technicd lignins
(Fig 4). The delignificationtimewas na an important factor if only partia lignin extradion
was the objedive, bu a minimum ethand concentration was important as shown by
experiments 11 and 12wherethe delignificaion yields werelower (19.7and 10.8%).

Table 3. Experimental Conditions of Organosolv Delignification and the
Corresponding Responses

Experiments Real Variables Responses
Time Ethanol | Delignification yield Glucan yield Xylan yield
(h) (%) (%) (%) (%)
1 12 52.50 32.95 83.52 99.82
2 12 52.50 37.84 87.99 102.25
3 12 52.50 39.74 83.82 100.61
4 12 52.50 38.98 84.61 101.41
5 24 52.50 41.69 85.16 104.56
6 0 52.50 38.28 85.44 107.41
7 18 71.90 39.69 84.14 105.77
8 6 33.05 30.60 86.37 101.97
9 18 33.05 33.03 89.02 101.08
10 6 71.90 38.28 82.72 99.31
11 6 6.70 19.69 96.28 95.34
12 18 6.70 10.75 101.84 107.38

The ddignificaion yield oltained for the different experiments was lower than
other pulished values for rice straw organosolv ddignificaion (Sun and Sun 2002
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Romani et al. 2011, Sindhuet al. 2012. This result can be ascribed to the very mild
temperaure used in this study (30°C) in comparison with the more severecondtions used
in ather organosolv studies, e.g. temperaures usualy higher than 70°C together with the
use of caalysts(e.g., H2SO4 or HCI).

The amourt of glucan and xylan remainingin the solid was analyzed. In contrastto
lignin, the pdysacdarides were aimost nat affeded by the mild organosolv treament,
demonstrating the seledivity of this process towards lignin. After delignification, bdh
glucan and xylan yieldswerehigh, with complete xylan recovery in amostall experiments.
Higher xylan reaovery was foundin this work when compared to previous studies (El Hage
et al. 2010. In the case of glucan, therewas nosolubilisation in experiments that used low
ethand concentrations for which ducan yield was close to 100%; in the other cases the
glucan yieldswereabou 85%. Glucan yieldsarein agreement with those oltained by dred
delignificaiion d raw whed straw (Huijgen et al. 2010. In ather studies (Caparros et al.
2007, Romani et al. 2011 with a similar hydrothermal pretreament before organasolv
delignificaion, ducan yields werelower (rangng 70to 87%).

Theinfluences of time and ethand concentrationin solubilised lignin yield and on
glucan and xylan yields weremodell ed, and [ parameters werecdculated. The respornses
that can be correlated with the studied variables by the proposed equation Eq. 1areshown
in Table 4.

Table 4. Regression Coefficients and Statistical Parameters Measuring the
Correlation and Significance of the Experimental Design

Responses
Parameters
Delignification yield (%) | Glucan yield (%) Xylan yield (%)
38.86 + 0.35 (0)* 84.31 + 0.50 (0)* | 100.68 + 1.21 (0)*
1.83 + 0.40 (0.01)* 0.42 + 0.54 (0.47) | 0.65 £ 1.45 (0.66)
[ 11.81 +0.77 (0)* -6.20 £ 1.07 (0)* | 0.37 +2.88 (0.90)
[h2 -1.15 + 1.69 (0.53) 0.70+1.39 (0.63) | -1.47 +3.72 (0.71)
Cha 1.10 £ 0.62 (0.15) 1.30 £ 0.89 (0.21) | 5.07 + 2.30 (0.06)
(b2 -25.39 + 1.55 (0)* 7.76 £1.69 (0*) | 3.73+5.43 (0.43)
R? 0.998 0.988 0.714
All values are presented in the form “coefficient +/- standard error (p-value)
* Denotes coefficients significant at the 99% confidence level.

For delignificaion yield and ducan vyield, the R? values wereabove 0.9,i.e., these
compound effedively correlated to the studied process varables by the propcsed
equation, with statisticadly significant regressons. For xylan yield, R? was approximately
0.7.

According to the regression coefficients obtained, ethanal concentration ([p) was
the factor that had the greaestimpad and pcsitive ddlignificaion yield. The parameter [,
refering to delignification time, aso affeded ddignification yield, athoughto a much
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smeller extent. The quadratic term ([2) was negative and statisticaly significant,
suggesting that dthoughtherewas a trend d increaing celignificaion with increaing
ethand concentration, this occurred orly to acettain pdnt, after which the ddlignification
yield was na favored by the ethand concentration increase (Fig. 3). The coefficients [,
", and [p2 werestatisticdly significant at a confidencelevel of p < 0.05.

Glucan yield was negatively affeded by the ethanol concentration, and low
concentrations led to an enhanced ducan reavety, as expeded. The results obtained for
oo, aso sttisticdly significant, were therefore contrary to those ohbtained for the
delignificaion yield. For xylan yield, nore of the factors werestatisticdly significant, and
it can be concluded that xylan was nat degraded by this treament (o = 100.68%).

The resporse surface of ddignificaion yield versus time (Xi), and ethand
concentration (X2) (Fig. 3 madeit possbleto seled the optimal delignification condtions:
1 htime and 60.8%6 ethand concentration, for which a delignification yield of 42.8%6 can
be predicted. In a previous study with rice straw, a delignification yield of 48% was
obtained using more severecondtions (60% ethanadl, 1% H>SO4, and 70°C) (Sunand Sun
20032. Higher ddlignificaion yields wereohtained using aganosolv at high temperaures,
for sugar cane bagase a 195°C and 30% ethand (Mesa et al. 2017), and whed straw at
180°C, 40% ethand, and 0.26 NaOH (Mesa et al. 2011 Ruiz et al. 20117).

Delignification yield (%)
- A »

Fig. 3. Response surface for delignification yield in relation to time (X1) and ethanol (X2)
concentration

Lignin Molecular Weight

The soluble lignin products oltained in the organasolv liquars of experiments 4, 5,
and 6(12, 24,and 0 h,respedively) were analysed for moleaular weight and compared
withtedhnicd lignins: Alcdl (organosolv hardwoodlignin), PL000(sodali gnin from whea
straw and Sarkand gas9, and SodaWs (soda whed straw lignin). The rice straw lignins
obtained in this work werevery similarand hed low mean moleaular weight, showing that
delignificaion time did na affed the moleaular weight of the solubilised lignins. These
lignins showed substantially lower moleaular weight and lower heterogeneity than all the
technicd ligninstested (Fig. 4).

Organosolv treagments produce more homogeneous lignin fractions with defined
moleaular massdistribution, chemica groupfunctiondliti es (Gouvela et al. 2012, andlow
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moleaular weight (Lora et al. 2009. The ohtained results werein agreement with these
studies.

6000

5000 r

4000 -
3000 r
2000
1000 I I
0 . . . .

Exp. 4 Exp. 5 Exp. 6 Alcell P1000  Soda WS

Mw (Dalton)

Fig. 4. Molecular weight of lignins after autohydrolysis and organosolv delignification (Exp. 4, 5,
and 6) and technical lignins

Lignins of low moleaularweight have been reported to be adequate as extenders or
as comporents of phendformaldehyde resins becaise of their high readivity, in
comparison with lignins with high percentages of high moleaular weight moleaules (El
Mansouri and Salvado 2007 Tejado et al. 2007).

Phenolic Compounds

Thetotal phendic compoundsin solutionwereanalysed for all experiments. Total
phenadlic concentration was relatively low ranging from 1.1to 2 dL (data na shown) and
was nat in relation with organosolv condtions.

The phendic compound were separged using capillary eedrophaesis, and
identification was dore by comparison d spedra and migration times with thase of
authentic standards (Fig. 5. Some phenadlic compounds could be identified with a good
matching: vanilli n, ferulic, and coumaric adds. However a major compound(10.014min
migration time) could na be identified, bu its spedrum (denoted by X) indicaed that it
shoud beaflavonad. The presence of flavonadsin rice straw has been reported (Karimi
et al. 2014.

Ferlic adads, coumaric adds, and vanillin have been identified in rice straw by
otherauthors (Sun et al. 2002 Garote et al. 2007 Buranov and Mazza2008, and also in
corn, whea, and flax straws in dfferent propartions being rice straw lignin the one that
presents higher ferulic aad content (Buranov and Mazza 2008. These phendlic
compounds arewell known for their bioadivities, particulady as antioxidants (Binodet al.
2010.

Enzymatic Digestibility

The effeds of the autohydrolysis pretreament and aganosolv delignification on
the cdlulose digestibility wereevauated by enzymatic hydrolysis of the remaining solid
fractions. Table 5 showsthe enzymatic digestibilit y of untreaed ricestraw, and onthe solid
fraction oldained after autohydrolysisand aganosolv delignification.
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Fig. 5. Electropherogram (200 nm) showing the phenolic profile for the sample obtained after
organosolv delignification (experiment 10) with matching % compared to authentic standards

The autohydrolysisinduced a highincreae in dgestibility and higher severity led

to increased dgestibility. This did nd occur with the organasolv condti ons tested, and the
enzymatic digestibility of the remaining solids was nat affeded significantly (68.5% vs.
62.8%, Table 5). The maximum glucose yield of 87.9%6 was ohtained after autohydolysis
at 220°C. These results arein range of those obtained after hat water treagment of rice
straw at 200°C for which 826 enzymatic digestibility was reported (Zhonget al. 2009
Imman et al. 2013, bu lowerthan those oltained for ricestraw atfter dil ute add hydolysis
(Kim et al. 2012 or AFEX (Zhonget al. 2009, and for whed straw after autohydrolysis
(Rossverg et al. 2014).

Table 5. Enzymatic Digestibility of the Untreated Raw Material, of the Solid
Obtained before Autohydrolysis at 210 °C (AH 210 °C) and 220 °C (AH 220 °C),
and after Autohydrolysis at 210 °C and Organosolv Delignification

% Enzymatic digestibility

Raw material 32.78 +3.23

AH 210 °C 62.81 + 0.05

AH 210 °C + Organosolv 68.542 + 2.06
AH 220 °C 87.85 + 3.83

aaverage of the 12 organosolv experiments

Moniz et al. (2015). “Fractionation of rice straw,” BioResources 10(2), 2626-2641.
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All the organosolv experiments were tested for enzymatic digestibility. Glucose
yields ranged between 71.9and 67.26 (data na shown), and reither time nor ethanadl
concentration hed a significant influence on the enzymatic digestibility of the remaining
solid. The maximum increase of glucose yield by enzymatic hydrolysisin the organasolv
soli ds when compared to the 210°C pretreaed solids was 14.3% (experiment 7).

CONCLUSIONS

1. Autohydolysisfollowed by mild organosolv treadment is an effedive strategy for the
valorisation d ricestraw.

2. The hydrolysate ohtained from autohydolysis was rich in pentoses (mainly the
oligomeric form). The solid fraction was enriched in lignin and ducan, and it showed
a high enzymatic cdlulose hydrolysis

3. The mild organosolv treament enabled a significant delignificaion a room
temperaure, which is significantly lower than the temperaures usualy required for
organosolv processes. The lignin extrads contained hiologicd adive compound and
the glucan-enriched solid had a high enzymatic digestibilit y.

4. Tothe best of our knowledge, this is the firstreport of asignificant delignification at
such mild condtions, andit is only possble becaiseit is used a pretreaed maternal,
further suppating the proposed integrated valorizaion strategy.
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