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" Prairie cordgrass (PCG) was extruded at predetermined opt imized conditions. 
" Clean fractionation (CF) processing was performed on extruded prairie cordgrass. 
" Pulps were enzymatically hydrolyzed and glucose yi elds were measure d. 
" Optimal conditions resulted in 92% glucose yi eld, 87% lignin and 95% xylan removal. 
" Pre-extrusion improved fractionation effectiveness and glucose yield. 
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a b s t r a c t

Prairie cordgrass (PCG) was pretreated by sequential extrusion and clean fractionation (CF) processing. 
Following CF, PCG was fractionated into cellulose, hemicellulose and lignin-rich fractions. Cellulose pulp 
was then enzymatically hydrolyze d, producing glucose. The main purpose of this study was to produce 
the highest glucose yield as possible. The effe cts of time, temperature, catalyst concentration and solvent 
mixture composition on the fractionation were tested. Differen t proportions of methyl isobutyl ketone 
(MIBK), ethanol and water with sulfuric acid as a catalyst were evaluated. Optimal condit ions for 
sequential extrusion and clean fractionation (39 min, 129 �C, 0.69% catalyst, and 28% MIBK) resulted in 
higher glucose yield (92%), and more lignin (87%) and xylan (95%) removal than for clean fractionation 
alone. Pairwise comparison of raw PCG with extruded PCG clean fractionation revealed no difference 
in glucose yields, but xylan and AIL removal were higher in the case of clean fractionation of the pre- 
extruded PCG. 

� 2012 Elsevier Ltd. All rights reserved. 
1. Introduction 

Lignocellulo se has been gaining interest of researchers due to its 
tremendous potential for replacing petroleum in production of en- 
ergy, chemicals, polymers and pharmac euticals. Lignocell ulosic 
materials which attract the most attention include softwoods , her- 
baceous energy crops, and agricultural residues (González-García
et al., 2010 ). Prairie cordgrass is a warm-seas on prairie grass, 
widely used in ethanol production research (Cybulska et al., 2009; 
Karunanithy and Muthukumara ppan, 2011b ), mainly because it 
does not compete with food or feed production (due to its coarse- 
ness), is relatively high in cellulose, is tolerant to difficult growing 
conditions, and it is easily available since its growing rate is high 
(up to 9696 kg DM (dry matter) ha �1 can be produced in eastern 
ll rights reserved. 
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South Dakota) (Boe and Lee, 2007; Lee et al., 2007 ). High bulk 
density of prairie cordgrass (195 kg/m 3) (Karunanithy and 
Muthuku marappan, 2011a ) can improve storability, reduce trans- 
portation costs, and ease the handling .

The high potential of lignocellul osic biomass for value added 
processin g is associated with its complex structure, which allows 
generation of various bio-based products. However , due to its com- 
plex nature, lignocellulosic biomass is resistant to processing and 
requires an efficient pretreatment method. 

Extrusion is a physical pretreatmen t method which utilizes ele- 
vated temperature as well as shear stresses. Providing continuo us 
heating, mixing and shearing of the biomass, extrusion is a com- 
plex pretreatment method that results in physical and chemical 
changes in the lignocellulose structure (Karunanithy and 
Muthuku marappan, 2010 ). This treatment has an advantag e over 
other physical treatments that utilize high temperatures and pres- 
sures (e.g. hydrothermal treatment, steam explosion) by using 
relatively low temperat ures, and therefore preventing by-product 
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formation. The most common and bothersome by-products (that
can lead to inhibition of the fermentation process) are furfural, 5- 
hydroxyme thyl-2-furfural dehyde (HMF) and acetic acid (Klinke
et al., 2004 ), which are all formed at temperature s over 180 �C. Cel- 
lulose digestibility has been found to increase after extrusion when 
herbaceous materials were used as feedstock. Pretreatment opti- 
mization study performed on prairie cordgrass using a single screw 
extruder revealed maximum glucose, xylose, and combined sugar 
yields of 48.3%, 77.8%, and 56.9%, respectively, at the optimized 
conditions: barrel temperature 90 �C, screw speed 65 rpm, mois- 
ture content of 20%, and particle size of 8 mm (Karunanithy and 
Muthukuma rappan, 2011b ). Sugar recovery could be improved 
when combining with other pretreatmen ts. Integration of extru- 
sion with other processes was found to produce more digestible 
cellulose (Karunanithy and Muthukuma rappan, 2011b; Lee et al., 
2010). In this study extrusion was integrated with clean fraction- 
ation organosol v pretreatment. 

Organosolv treatment is a promising biomass processing meth- 
od that creates an opportunity for implementi ng the biorefinery
concept (Wyman, 1996; Zhao et al., 2009 ) through biomass frac- 
tionation. The principle of this process is based on different affini-
ties of the lignocellul osic components towards different solvents. 
Generally, organic solvents (alcohol, organic acid, ketone or ester)
are used to dissolve the lignin fraction, while cellulose remains 
in the solid (Zhao et al., 2009 ). Hemicellulose can be extracted to 
aqueous phase if water is added to the process. There are many 
alternatives of the organosol v treatment, using different solvents 
or mixture of the solvents. These include ALCELL �, Lignol (ethanol
as lignin solvent), Acetosolv (acetic acid as lignin solvent), Organo- 
cell (methanol as lignin solvent) (Young, 1998 ), or clean fraction- 
ation (MIBK and ethanol as lignin solvents) (Black et al., 1998 ).
Clean fractionation was develope d at the National Renewable En- 
ergy Laboratory (NREL) and has been found to be an efficient frac- 
tionation method when applied to prairie cordgrass , producing 
high lignin recoveries (87%) and glucose recoveries (84%), at 
39 min, 154 �C, 0.69% catalyst, and 9% MIBK conditions (Black
et al., 1998; Brudecki et al., 2012 ).

Since the ideal pretreatmen t method (applicable to all biomass 
types, environmentall y friendly, having low cost of operation) is 
yet to be found, many researchers have attempted to integrate 
two or more pretreatment methods to lower the severity, improve 
efficiency and selectivity of the processes (Chandra et al., 2007; 
Wyman, 1996 ).

Organosolv lignin obtained from the CF process has lower 
molecular weight and no sulfur in compared with other industrial 
lignin production processes (Cybulska et al., 2012b ). Therefore, 
organosolv lignin could be an attractive source of low-molecu lar 
weight phenols or aromatics. Screening for promising candidates 
from biorefinery lignin resulted in the following potential utiliza- 
tions: power, green fuels, syngas (combustion, gasification, pyroly- 
sis, and hydro-liquefacti on), macromolec ules (carbon fibers,
polymer modifiers resins, and adhesives binders) and aromatic 
Table 1
Experimental design factors and corresponding values. 

Coded factors Factor 1 Factor 2 Factor 3

Time (min) Temperature (�C) Catalyst - H
(% w/w of so

�a 16 104 0.12 
�1 20 110 0.20 
0 30 125 0.39 
+1 40 140 0.57 
+a 44 146 0.65 
Additional runs 30 160 0.80 
chemical s (benzene-toluene-xylene (BTX) chemicals, monomer ic 
lignin molecules, low molecular weight byproducts, fermentation 
products) (Bozell et al., 2007 ). In recent study performed using lig- 
nin extracted by modified clean fractionation (using ethyl acetate, 
ethanol and water solvent mixture) from prairie cordgrass, switch- 
grass and corn stover, revealed a high potential for vanillin produc- 
tion by nitrobenzene oxidation. High yields of the vanillin were 
observed in all lignin types (approx. 40–60% w/w, calculated per 
initial lignin input weight), 48% w/w was obtained in case of PCG 
lignin (Cybulska et al., 2012b ).

In this research, a possibility of an integrated process composed 
of extrusion and clean fractionation was explored. Other study fo- 
cused on extrusion pretreatmen t optimization did not produce 
maximum sugar yields (Karunanithy and Muthukuma rappan, 
2011b). Extruded PCG was more compacted than raw material; 
therefore extrusion can reduce feedstock transportation cost. The 
integrati on of extrusion and clean fractionation processes was 
hypothes ized to result in more efficient biomass component frac- 
tionation, produce higher enzymatic hydrolysis glucose yield or re- 
duce the severity of clean fractionation process conditions, while 
still obtaining a high fractionation and enzymatic hydrolysis glu- 
cose yield. 

The objective of this study was to optimize processin g parame- 
ters of pre-extrude d PCG using clean fractionation, including time, 
temperat ure, catalyst concentration, and organic solvent mixture 
compositi on. The fractionation process effectiveness was evaluated 
based on the glucose yield, optimization of which was the main 
goal of this study, while the secondary priority was maximiz ing 
the amount of extracted lignin and hemicellulos e. 

2. Methods 

2.1. Sample preparati on and extrusion 

PCG biomass, with a composition of 37.43 ± 0.59% glucose, 
15.48 ± 0.25% xylose, 2.83 ± 0.13% arabinose, 1.40 ± 0.32% galact- 
ose, 0.50 ± 0.11% mannose, 16.40 ± 0.67% acid insoluble lignin, 
and 4.84 ± 0.08% ash, calculated per dry matter (Brudecki et al., 
2012), was obtained from a local farm near Brooking s, South Dako- 
ta. PCG was air dried and ground in a hammer mill (Speedy King, 
Winona Attrition Mill Co, MN, USA) using an 8 mm sieve. The mois- 
ture content of the ground PCG samples was determined according 
to NREL/TP-510 -42621 (Sluiter et al., 2008a ), and then was ad- 
justed to 20% wet basis (wb) with deionized water and equilibrated 
overnight. Next, the moisture–adjusted PCG was subjected to 
extrusion in a single screw extruder (Brabender Plasticorder Extru- 
der, Model PL2000, Hackensack, NJ). The extruder’s screw com- 
pression ratio was 3:1 and a barrel length-to- screw diameter (L/
D) was 20:1. Predetermined optimized condition s were used for 
extrusion as follows: 90 �C barrel temperat ure, 65 rpm screw 
speed, 20% (wb) moisture content, and 8 mm particle size 
(Karunanithy and Muthukuma rappan, 2011b ). Extruded material 
Solvent composition 
Factor 4

2SO4

lvent)
MIBK (% w/w) Water (% w/w) Ethanol (% w/w)

3 71 26 
7 63 30 

16 50 34 
25 40 35 
29 36 35 
44 24 32 



Fig. 1. Simplified flowchart of lab-scale integrated extrusion and clean fraction- 
ation (CF) process. 
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was collected from the die of the extruder, placed in a storage 
container, weighed, and kept frozen until subsequent clean 
fractionation treatment. 

2.2. Clean fractionation (CF)

Extrusion pretreatmen t was followed by clean fractionation. 
Clean fractionation separates a lignocellulos ic feedstock into indi- 
vidual components (i.e., cellulose, hemicellulos e, and lignin) using 
organic solvent-aqueou s mixtures containing methyl isobutyl 
ketone (MIBK), ethanol, and water in different proportions (Table
1). The simplified flowchart of the laboratory-scal e CF process inte- 
grated with prior extrusion is presented in Fig. 1. The clean frac- 
Table 2
Central compos ite experimental design matrix. 

Run Actual 

Factor 1 Factor 2 Factor 3 Factor 4
A:Time (min) B:Temp (�C) C:Catalyst (% w/w) D:MIBK (% w/w)

1 20 140 0.20 25 
2a 30 125 0.39 16 
3 40 140 0.57 7
4 16 125 0.39 16 
5 30 125 0.65 16 
6 40 110 0.20 25 

7a 30 125 0.39 16 
8 44 125 0.39 16 
9 40 140 0.20 7

10 20 110 0.57 7
11 30 125 0.12 16 
12 20 110 0.20 7
13 30 104 0.39 16 
14 30 146 0.39 16 
15 30 125 0.39 29 

16 a 30 125 0.39 16 
17 40 110 0.57 25 
18 30 125 0.39 3

19 a 30 125 0.39 16 
20 a 30 125 0.39 16 
21 20 140 0.57 25 

Additional runs 

22 30 160 0.80 44 
23 30 160 0.57 7
24 30 140 0.80 7
25 30 140 0.57 44 

a Replicates of center points in experimental design. 
tionation digestion equipment included stainless steel reactors 
and an aluminum heating block with six pockets. The heating block 
temperat ure was controlled by auto-tune temperature controllers 
(CN9121A, Omega). The batch reactors (capacity �250 mL) were 
sealed with a screw cap utilizing a Teflon ring as a seal. In order 
to monitor processing condition s inside the reactors, a thermocou- 
ple and a pressure gauge were attached to the cap of each reactor. 
The temperat ure profile in each reactor was monitored by Lab 
View 8.2 software utilizing a data acquisition device (OMB-DAQ-
56, Omega).

For each experime nt 7 g DM of extruded PCG and 100 g of or- 
ganic solvent mixture with catalyst were loaded and sealed in 
the reactors. Filled and sealed reactors were placed in the heating 
block and treated at different condition s, accordin g to the experi- 
mental design presented in Table 2. Heating time was consistent 
througho ut all the experiments between 30 and 35 min. Time zero 
was taken when the system reached the preset desired tempera- 
ture. After the pulping process, the reactors were cooled to ambi- 
ent temperat ure in a water bath. Digested and cooled slurry was 
removed from each rector and filtered through a polypropylene 
cloth to separate the pulp from the liquor. Water (25 mL) was used 
to wash the reactor and to perform the ‘‘first wash’’ of the pulp to 
remove residual solvent (Fig. 1). Liquor and ‘‘first wash’’ were col- 
lected and placed in a separatory funnel. ‘‘First wash’’ water, when 
added to the liquor, induced the phase separation into organic and 
aqueous. The pulp, which was rich in cellulose, was washed with 
water (around 2 L) in order to remove solvent residues. Washed 
pulp was collected, weighed, and kept frozen for subsequent anal- 
ysis and enzymati c hydrolysis. The liquor was kept in the separato -
ry funnel for at least an hour in order to allow complete phase 
separation. The two phases were drained to obtain a bottom aque- 
ous fraction rich in hemicellulos e components (output II) and the 
top organic fraction (output III), which was rich in lignin. The or- 
ganic fraction was dried to remove the solvent, and the solid air- 
dried fraction rich in lignin was weighed. 
Coded 

Factor 1 Factor 2 Factor 3 Factor 4
A:Time (min) B:Temp (�C) C:Catalyst (% w/w) D:MIBK (% w/w)

�1.000 1.000 �1.000 1.000 
0.000 0.000 0.000 0.000 
1.000 1.000 1.000 �1.000 
�1.414 0.000 0.000 0.000 

0.000 0.000 1.414 0.000 
1.000 �1.000 �1.000 1.000 
0.000 0.000 0.000 0.000 
1.414 0.000 0.000 0.000 
1.000 1.000 �1.000 �1.000 
�1.000 �1.000 1.000 �1.000 

0.000 0.000 �1.414 0.000 
�1.000 �1.000 �1.000 �1.000 

0.000 �1.414 0.000 0.000 
0.000 1.414 0.000 0.000 
0.000 0.000 0.000 1.414 
0.000 0.000 0.000 0.000 
1.000 �1.000 1.000 1.000 
0.000 0.000 0.000 �1.414 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
�1.000 1.000 1.000 1.000 

�1.000 2.333 2.243 3.111 
�1.000 2.333 1.000 �1.000 
�1.000 1.000 2.243 �1.000 
�1.000 1.000 1.000 3.111 
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2.3. Experimenta l design for clean fractionation pretreatment 
optimization

The clean fractionation processing factors and correspondi ng 
treatment factor levels are presented in Table 1. The formal exper- 
imental design with treatment conditions is presente d in Table 2.
Response surface methodology (RSM) was used to design the 
experiment. A central composite design (CCD) was chosen to ex- 
plore the effect of four factors: temperature (104–146 �C), diges- 
tion time (16–44 min), MIBK content in the organic solvent 
mixture (3–29% of MIBK) and the quantity of the catalyst (0.12–
0.65% H2SO4) on responses such as glucose yield and delignifica-
tion extent. MIBK contents and acid concentratio ns were selected 
based on a preliminary study. The experimental region included 
8 factorial design points, eight axial points (a = 1.41), and 5 repli- 
cates of the center point. Based on our previous clean fractionati on 
study on raw PCG (Brudecki et al., 2012 ), four additional points 
were included in this design to expand the operabili ty region, in 
order to find an optimum of the glucose yield response. The coded 
and actual values of the four independen t variables are presented 
in Table 2. All clean fractionation treatments were performed in 
duplicate. Ternary mixture phase diagram was used to select the 
proportions of the components (MIBK/EtOH/H2O) for this study 
in the same way as in previous work (Brudecki et al., 2012 ). Solvent 
ratios were chosen such that mixture remained as a single liquid 
phase, departed by 5% from phase transition line into single phase 
region direction. Sulfuric acid (H2SO4) was used as a catalyst. MIBK, 
ethanol and sulfuric acid (72%) used for preparati on of the solvent 
mixture were purchase d from Fisher Scientific.

2.4. Mass balance and fraction composit ion 

Cellulose-, hemicellul ose-, and lignin-rich fractions were 
weighed to perform mass balance. The total solid (TS) content 
was measured in the cellulose and hemicellul ose fractions to 
determine pulp yield and solids distribution between the fractions. 
The pulp yield was determined by taking the ratio between the dry 
weight of the obtained cellulose fraction and the dry weight of the 
extruded PCG input (as a percentage). Compositional analyses of 
the dried, ground cellulose samples (output I, Fig. 1) were per- 
formed by acid hydrolysis according to NREL procedure NREL/TP- 
510-42618 (Sluiter et al., 2008b ). The composition of the aqueous 
fraction (output II, Figure I), which was rich in hemicellulose com- 
ponents, was analyzed by injection of 10 lL of the sample into an 
HPLC system (Agilent Technologie s System 1200 with Biorad 
Aminex 87H Column) with RID detector, 0.005 M H2SO4 mobile
phase at a flow rate of 0.6 mL/min at 65 �C, as designated in 
NREL/TP-510 -42623 (Sluiter et al., 2008b ). One analysis was per- 
formed for each duplicate run, thus n = 2 for each treatment. 

2.5. Enzymatic hydrolysis of cellulose fraction 

Following clean fractionation treatment of extruded PCG, cellu- 
lose fraction samples were enzymatical ly hydrolyzed in order to 
evaluate the effectiveness of the pre-treatm ent. Enzymati c hydroly- 
sis was carried out according to NREL protocol NREL/TP-510-4 2629 
(Selig et al., 2008 ). Cellulase and b-glucosidase enzymes were pro- 
vided by Novozym es. The dosage of the cellulase (NS50013, activity 
70 FPU/g, FPU = Filter Paper Units) enzyme was chosen to be 
15 FPU/g DM, whereas b-glucosid ase (NS50010, activity 250 CBU/ 
g DM, CBU = Cellobiase units) dosage was 60 CBU/g DM. Hydrolysis 
was conducted in an incubated shaker (Incubated Tabletop Orbital 
Shaker Model 420, Fisher Thermo Scientific) for 72 h at 50 �C and 
150 rpm. All hydrolysi s runs were performed in duplicate. Samples 
of hydrolysates were filtered through a 0.2 lm nylon syringe filter
and the concentrations of sugars, organic acids, and by-products 
were measured using an HPLC system (Agilent Technologie s Sys- 
tem 1200 with BIO-RAD Aminex 87H Column) with RID detector, 
0.005 M H2SO4 mobile phase at a flow rate of 0.6 mL/min at 65 �C,
and a sample injection volume of 20 lL, according to NREL/TP- 
5104262 3 (Sluiter et al., 2008b ).

The chemical used in the analyses of the enzymatic hydroly- 
sates and aqueous fractions by high performance liquid chroma- 
tography (HPLC) was sulfuric acid (72%) (Fisher Scientific, Ricca 
Chemical ). The chromatography standards used were D-(+)- cello- 
biose (Fluka), D-(+)- glucose (Sigma), D-(+)- xylose (Acros Organ- 
ics), D-(�)- arabinos e (Acros Organics), D-(+)- galactose (Acros
Organics), D-(+)- mannose (Acros Organics) acetic acid (Sigma Al- 
drich), 2-furfura ldehyde (Fluka) and 5-hydrox ymethyl-2-furf ural- 
dehyde (HMF, Sigma Aldrich Fine Chemicals).
2.6. Statistica l analysis 

Statistica l analyses were performed using Design Expert (ver-
sion 8.0.6., Minneapol is, MN). Multiple linear regression (MLR)
method was used to determine equations for response models. Sta- 
tistical validation was performed by a one-way ANOVA test with 
95% confidence (p-value <0.05). Backward elimination of model 
terms was employed, and only the terms with statistically signifi-
cant coefficients were included in the regressio n models. In order 
to improve the statistical analysis and/or diagnost ic plots, some 
of the data were transformed. A Box-Cox plot tool was used to 
determine the most appropriate power transformat ion to apply 
to the response data. Lack of fit and coefficient of determination 
were taken into consideration to assess model fit to the data. Since 
R2 can be artificially inflated by adding terms to the model, the ad- 
justed and predicted R2 were presente d as well. In general, pre- 
dicted and adjusted R2 values were assessed to be within 0.2 of 
each other. 
3. Results and discussion 

3.1. Mass balance 

Mass balances of the CF process for the extruded PCG are pre- 
sented in Table 3. The pulp yields of the pretreate d material ranged 
between 26% and 78%. The final regression model included qua- 
dratic terms for temperature and acid concentr ation, and was the 
best fit for pulp yield (Table 4). Based on a perturbation plot, cata- 
lyst and temperat ure affected pulp yield response the most, there- 
fore the plot showing pulp yield as a function of catalyst and 
temperat ure is presente d in Fig. 2a. The paired t-test of differences 
between pulp yields produced from raw and pre-extrude d PCG 
showed significant difference at the 95% confidence level in favor 
of the raw PCG. This indicates that more components were leached 
during clean fractionati on of extruded material, which improves 
the component separation. 

The air-dried lignin fraction varied between 0.18 and 2.21 g. The 
highest results corresponded to the highest amount of MIBK used 
in the pulping solvent mixture (run 22 and 25). Run 21 (25% MIBK)
and run 5 (0.65% catalyst) also resulted in relatively high produc- 
tion of air-dried lignin fraction. The lowest dried lignin fraction 
yield (0.18 g) was observed for run 11 with the lowest concentra- 
tion of the catalyst (0.12%). The best fit regression model equation 
and R-squared values are presented in Table 4. Time was deter- 
mined to be a non-significant factor for this response. This is in 
agreement with previous work on raw PCG clean fractionation 
(Brudecki et al., 2012 ) and similar work on woody feedstock, where 
influence of time variation on the effectivenes s of lignin removal 
was low (Bozell et al., 2011 ). The response surface of air-dried 
lignin fraction as a function of MIBK and catalyst concentratio n is 



Table 3
Mass balances of CF treatments. 

Run Extruded PCG 
biomass DM b

input (g)

Output I Pulp 
yield 
(%)

Output II Output 
III 

DM b output 
in cellulose 
fraction (g)

DM c output in 
hemicellulose 
fraction (g)

Dried 
lignin 
fraction 
(g)

1 7.00 4.60 65.67 1.02 0.49 
2a 7.00 3.49 49.86 1.85 0.84 
3 7.00 2.57 36.76 2.62 0.76 
4 7.00 3.80 54.33 1.64 0.65 
5 7.00 2.79 39.90 2.42 1.21 
6 7.00 5.26 75.14 0.69 0.31 

7a 7.00 3.74 53.44 1.64 0.82 
8 7.00 3.62 51.77 1.90 0.82 
9 7.00 4.28 61.14 2.03 0.43 

10 7.00 4.24 60.61 1.65 0.39 
11 7.00 5.31 75.81 0.79 0.18 
12 7.00 5.48 78.23 0.81 0.24 
13 7.00 4.91 70.21 1.11 0.27 
14 7.00 2.79 39.91 2.94 0.80 
15 7.00 3.38 48.26 2.06 0.73 

16 a 7.00 3.63 51.81 1.80 0.72 
17 7.00 3.50 49.94 1.77 0.83 
18 7.00 3.92 55.99 2.02 0.27 

19 a 7.00 3.87 55.29 2.05 0.67 
20 a 7.00 3.63 51.81 2.17 0.56 
21 7.00 2.62 37.50 2.03 1.50 
22 7.00 1.80 25.74 1.46 2.21 
23 7.00 2.19 31.30 2.55 0.87 
24 7.00 2.45 34.97 2.58 0.79 
25 7.00 2.23 31.82 1.56 1.81 

a Replicates of center points in experimental design. 
b DM denotes dry matter basis. 
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presented in Fig. 2b. Most of the runs using extruded PCG produced 
higher dried lignin fraction yields than did the raw PCG investi- 
gated in previous work (Brudecki et al., 2012 ). The paired t-test
of differenc es between air dried lignin produced from raw and 
pre-extrude d PCG showed significant difference at the 95% confi-
dence level in favor of the pre-extru ded PCG. This indicates that 
more air dried lignin fraction was produced when pre-extruded 
PCG was clean fractionated. 
Table 4
Resulting regression models (AIL denotes acid insoluble lignin).

Regression model final equations in terms of actual factors, where A = time, B = temp

Pulp yield (%) = +259.33641 + 1.98188 � A � 2.50648 � B � 70.22104 � C � 0.91086 � D
A � D � 0.43447 � B � C + 0.012503 � B � D � 0.87515 � C � D + 8.78455E �003 � B^2

Air dried lignin fraction (g) = �5.39421 + 0.074103 � B + 1.69380 � C � 3.93990E�003
C � D � 2.48491E�004 � B^2 � 1.39769 � C^2 

Glucan remaining in the pulp (%) = +87.28620 + 0.30630 � A � 0.018160 � B + 67.2887
D � 0.85234 � A � C � 0.47351 � B � C

Xylan remaining in the pulp (%) = +493.69823 � 5.46319 � B � 53.61997 � C � 3.2765
B � C + 0.029864 � B � D � 1.67622 � C � D + 0.017993 � B^2 + 161.11959 � C^2 

Logit(AIL extracted from extruded PCG (%)) = Ln[(AIL extracted from extruded PCG (%
AIL extracted from extruded PCG (%))] = �17.77949 � 0.15124 � A + 0.19638 � B + 7
D + 1.14487E �003 � A � B + 0.044718 �
A � C + 0.027848 � B � C � 8.45922E�004 � B � D � 7.04464E�004 � B^2 � 7.66581

Xylose released to aqueous fraction (%) = +486.15780 – 5.43321 � A � 6.12926 � B � 3
D + 0.044908 � A � B + 2.34697 � B � C + 0.018003 � B^2 + 75.06131 � C^2 � 0.02691

Glucose released to aqueous fraction (%) = +23.75079 � 0.058523 � A � 0.34267 � B +
D � 4.88904E�003 � B � D + 1.85799E �003 � B^2 

1/Sqrt(Enzymatic hydrolysis glucose yield (%)) = +0.70499 + 6.04928E �004 � A � 6.97
C + 1.20483E �003 � D � 5.37606E�005 � A � D + 2.35966E �005 � B^2 + 0.19648 � C

Logit(Enzymatic hydrolysis efficiency (%)) = Ln[(Enzymatic hydr. efficiency (%) � 20.0
Enzymatic hydr. efficiency (%))] = �1.33249 � 0.37032 � A � 7.88260E�003 � B � 7
� D + 2.77219E �003 � A � B + 0.11734 � B � C � 3.92099E�003 � B � D + 2.23161E �0
3.2. Fraction composit ion 

Compositi on analysis of the pulp included glucan, xylan and AIL 
and is presented in Table 5. Glucan recovery in the pulp ranged be- 
tween 64% and 93%, which confirms that most of the cellulose is 
insoluble in the solvent mixture. These results are comparable with 
a study performed on raw PCG (Brudecki et al., 2012 ) and on hard- 
woods such as oak and poplar (Bozell et al., 2011 ). A two factorial 
interactio n regression model for glucan recovery in pulp yield is 
presente d in Table 4. Linear terms of all factors were included in 
the model; however, catalyst and temperature were found to be 
the most significant factors, increase of each having a negative 
effect on the glucan remaining in the pulp (Fig. 2c).

Xylan remaining in the pulp spanned from 0% to 74%. Generally 
the same trend of xylan recovery was observed in the case of both 
extruded and raw material. However , most of the runs in this study 
(using extruded PCG) resulted in lower xylan recovery in pulp 
(higher xylan removal) when compare d to the raw PCG examine d
in previous work (Brudecki et al., 2012 ). The paired t-test of differ- 
ences between xylan removal from raw and extruded PCG showed 
a significant differenc e at the 95% confidence level in favor of ex- 
truded PCG. This indicates that pre-extru sion enhanced xylan re- 
moval, and in turn, the fractionation of lignocellul osic biomass 
components .

The lowest xylan recovery in the pulp occurred in treatments 
with the lowest pulp yield (runs 3, 5, 14, 21–25) (Table 5). These 
runs were performed at high levels of catalyst and/or temperature. 
Interestin gly, for the same runs, enzymatic hydrolysis of the pulps 
resulted in higher xylose concentr ation than obtained by acid 
hydrolysi s. It can be presumed that for these runs enzymatic 
hydrolysi s was more effective than acid hydrolysi s. On the con- 
trary, runs carried out at low levels of catalyst and/or temperat ure 
resulted in high xylose recovery (around 70%) in the pulp (runs 6, 
11, 12, 13). These results indicate that CF treatment under more se- 
vere condition s resulted in most of the hemicellulos e being lea- 
ched from the biomass and recovered in the aqueous liquor as 
xylooligo saccharides and xylose. Romani et al. (2011) reported
similar results when working with Eucalypt us globulus wood frac- 
tionation; however, water autohydrolysis and subsequent ethanol 
solvent delignification was applied in that study (Romani et al., 
2011). The final regression model for xylan remaining in the pulp 
erature, C = catalyst, D = MIBK R2 Adjusted R2 Predicted R2

� 0.013493 � A � B � 0.022392 �
 + 93.59497 � C^2 

0.9930 0.9872 0.9691 

� D + 0.053634 � 0.9432 0.9242 0.8624 

4 � C � 0.11324 � 0.8570 0.8093 0.7578 

8 � D � 1.18154 � 0.9656 0.9484 0.8536 

) � 20.00)/(100.00 �
.03243 � C + 0.14772 �

� C^2 

0.9951 0.9916 0.9841 

06.42037 � C + 1.28672 �
7 � D^2 

0.9671 0.9459 0.7953 

2.29282 � C + 0.55643 � 0.8299 0.7732 0.6084 

857E�003 � B � 0.26954 �
^2 

0.9627 0.9473 0.8910 

0)/(100.00 �
.53315 � C + 0.46934 
03 � D^2 

0.9788 0.9682 0.7663 



Fig. 2. Response surface plots of evaluated response variables (a) pulp yield, (b) air dried lignin fraction, (c) glucan remaining in cellulose fraction, (d) xylan remaining in 
cellulose fraction and (e and f) AIL (acid insoluble lignin) extracted from biomass vs. significant factors. 
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is presented in Table 4. Quadratic terms for temperature and cata- 
lyst were included in the model, while time was found to be an 
insignificant factor for this response. The effects of temperat ure 
and catalyst on xylan recovery in the pulp are presente d in Fig. 2d.

The acid insoluble lignin (also called Klason lignin) content in 
the pulp ranged between 12% and 76% (Table 5). The lowest 
amount of Klason lignin, which also reflects the high extent of 
delignification, was observed in runs performed at high levels of 
catalyst and/or temperature (runs 3, 5, 14, 21–25). Low quantities 
of extracted AIL were correlate d with low-tem perature and low- 
catalyst (runs 6, 11, 12, 13). These runs resulted in less than 32% 
of AIL extraction. Similar results were observed for raw PCG clean 
fractionation optimization (Brudecki et al., 2012 ); however, more 
AIL lignin was extracted in the case of extruded PCG. The paired 



Table 5
Composition of the pulps and aqueous fractions and enzymatic hydroly sis yields and efficiencies obtained from clean fractionation of extruded prairie cordgra ss (PCG).

Run Glucan 
remaining in 
the pulp 
(%)b,e

Xylan 
remaining 
in the pulp 
(%)c,e

AIL 
remaining 
in the pulp 
(%)d,e

Glucose 
released to 
aqueous 
fraction (%)b

Xylose 
released to 
aqueous 
fraction (%)c

Enzymatic 
hydrolysis 
xylose yield 
(%)

Enzymatic 
hydrolysis 
glucose yield 
(%)

Enzymatic 
hydrolysis 
efficiency
(%)

Enzymatic 
hydrolysis 
glucose yield 
(%)f

Enzymatic 
hydrolysis 
efficiency
(%)f

1 85.88 61.31 61.11 8.27 21.65 26.95 41.71 48.57 44.05 52.32 
2a 83.59 33.88 43.92 8.41 24.75 27.59 52.06 62.28 58.20 69.21 
3 78.46 7.28 18.43 10.88 62.85 25.17 75.95 96.80 82.15 98.72 
4 82.09 41.03 50.09 7.65 22.09 28.29 49.32 60.08 46.98 53.87 
5 83.09 16.43 25.27 8.47 44.52 29.86 72.74 87.54 68.94 89.93 
6 92.30 70.49 72.23 7.95 20.61 14.43 34.27 37.13 32.15 34.71 

7a 82.54 33.94 48.42 7.33 21.96 28.76 52.30 63.36 48.30 55.05 
8 85.90 35.93 45.05 7.97 26.00 27.34 52.01 60.55 54.30 69.15 
9 88.80 50.92 63.94 9.01 24.70 24.25 41.21 46.41 39.17 55.04 

10 90.77 51.89 59.45 8.85 24.83 30.57 49.47 54.50 40.30 46.43 
11 92.63 74.21 73.23 9.06 22.22 11.01 27.41 29.59 27.93 32.73 
12 92.56 69.67 76.03 9.00 22.62 11.43 28.50 30.79 24.32 33.54 
13 87.92 66.37 68.36 7.45 18.56 17.54 32.89 37.41 28.61 30.92 
14 82.19 11.26 20.52 8.72 54.56 22.80 65.74 79.98 72.59 92.12 
15 82.49 34.94 40.88 6.96 25.92 30.83 52.80 64.01 54.87 66.08 

16 a 87.72 37.60 46.89 7.89 25.67 25.27 47.57 54.23 46.75 55.95 
17 83.68 33.58 42.19 7.81 24.75 33.32 57.03 68.15 45.84 53.56 
18 83.73 38.33 58.74 8.93 21.93 23.63 43.97 52.51 48.42 56.68 

19 a 88.42 35.73 49.82 8.00 27.81 25.50 49.96 56.50 46.88 57.22 
20 a 82.19 35.28 47.36 6.84 24.30 29.58 52.57 63.95 51.70 60.06 
21 85.60 9.14 19.87 9.95 53.25 27.82 81.80 95.57 83.86 98.41 
22 63.81 0.00 11.71 6.87 23.96 0.37 63.42 99.39 62.86 92.77 
23 73.56 0.00 23.58 15.21 70.63 6.22 72.52 98.59 67.51 83.79 
24 77.95 5.31 24.42 13.01 69.22 18.19 77.48 99.39 66.19 83.17 
25 75.39 0.00 13.05 7.63 38.47 9.75 74.56 98.90 68.75 84.66 

a Replicates of center points in experimental design. 
b Percent of initial glucose content in raw PCG biomass. 
c Percent of initial xylose content in raw PCG biomass. 
d Percent of initial AIL content in raw PCG biomass (AIL denotes acid insoluble lignin).
e Results obtained by acid hydrolysis. 
f Results for clean fractionation of raw PCG (without pre-extrusion)(Brudecki et al., 2012 ).

678 G. Brudecki et al. / Bioresource Technology 135 (2013) 672–682
t-test of differences between AIL removal from raw and extruded 
PCG showed a significant difference at the 95% confidence level 
in favor of extruded PCG. The highest delignification extent (run
22 with 88% AIL removal) was comparable to results obtained in 
a similar study using hardwoods as a feedstock (Bozell et al., 
2011). Another study showed that clean fractionati on performed 
on corn stover resulted in lower, but still relatively high (74%)
delignification, even though the concentr ation of catalyst was 
twice as high as the concentratio n used in this work. Interestingly, 
when comparing runs 22 and 25, which were fractionated with the 
same composition of the solvent (44% MIBK), it can be concluded 
that the increase of acid content (from 0.57% to 0.80%) and temper- 
ature (from 140 �C to 160 �C) did not significantly improve the del- 
ignification (only by 1%). Also an increase of only the MIBK content 
from 7% to 44% did not contribute much to the extruded PCG del- 
ignification (82% vs. 87% AIL extraction, respectively ), as can be ob- 
served when comparing runs 3 and 25. 

Ethanol content in the five organic solvent mixtures tested was 
relatively constant (26–35%). This leads to the deduction that eth- 
anol plays an important role in biomass delignification, as it has 
been reported in multiple publications (Zhu and Pan, 2010 ). How- 
ever, the quantity of MIBK in the organic solvent mixture deter- 
mines the ethanol distribut ion between the organic and liquid 
phases, and in turn, the separation of lignin to the organic fraction 
and thus the selectivity of the process. As presented in Table 3, run 
3 with only 7% MIBK resulted in only 0.76 g of dried lignin fraction, 
whereas run 21 (25% MIBK) and run 25 (44% MIBK), generated 
1.50 g and 1.81 g of dried lignin fraction respectively . The content 
of AIL in these fractions was 41%, 73% and 90% (as a percent of ini- 
tial content of AIL in the raw PCG). Sugar analysis on these samples 
indicated insignificant residual content of glucose (<3%), xylose 
(<3%) and ash (<1%). The high purity of lignin samples suggests that 
it would be a useful feedstock for chemical production. In related 
work, where oak and aspen were clean fractionated in a semi- 
continuo us mode, even higher purity (>95%) lignin was obtained 
with lower concentrations of MIBK (16%) in the solvent mixture. 
The regression model of AIL extracted from extruded PCG is pre- 
sented in Table 4. The quadratic terms of acid and temperature fac- 
tors were found significant for this model. Also these factors were 
found to be the most influential on the delignification of the ex- 
truded PCG, as presented in Fig. 2e–f. In related work, Klason lignin 
content remaining in the pulp was also found to be strongly corre- 
lated with acid concentr ation (Bozell et al., 2011 ). Therefore, lignin 
extractio n by CF process was considered relatively high for 
extruded and raw PCG, when compared to recent studies on a
non-cata lyzed organosolv treatment of PCG using ethyl acetate as 
the organic solvent (Cybulska et al., 2012a ).

The aqueous fraction contained monomeric and oligomeric 
hemicellul ose originated sugars, depolymerized lignin, and other 
unidentified components. Since compositi on analysis of the dried 
lignin fraction revealed only trace amounts of monomeric sugars, 
xylose and glucose leached from biomass were assumed to be 
selective ly transferred to the aqueous fraction. The xylose and 
glucose content in the aqueous fractions is presented in Table 5.
Xylose content in the aqueous fractions ranged between 19% and 
71%. The oligomeric hemicellulos ic sugars and degradat ion 
by-produ cts can be determined as the difference between xylose 
removed from the extruded PCG and monomer ic xylose in the 
aqueous fraction. 

As a result of a dominant content of xylose in the hemicellul ose 
(more than 75%), xylose measurements indicated the extent of 
hemicellul ose polymer fragmentation . The highest amount of 
xylose released to the aqueous fraction corresponded to runs 3, 
14, 21, 23, 24 (53–71%). These runs were performed with high 
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temperature and high catalyst concentr ation. Interestin gly, runs 22 
and 25, also performed at high temperatures and catalyst concen- 
trations, did not result in high xylose content in aqueous fraction, 
even though complete removal of xylan from the cellulose frac- 
tions occurred for these runs. Acid hydrolysis of aqueous fraction 
also did not generate significant increase of xylose concentratio n
for this run, indicating a small content of xylooligosacchar ides. 
Compositional analysis of the dried lignin fraction did not reveal 
significant content of sugars in these runs either. Therefore, it is 
suspected that a significant part of the xylose was decomposed 
or irreversibly bonded to lignin in this treatment’s conditions. 
Similar results were observed for clean fractionati on of raw PCG 
(Brudecki et al., 2012 ).

The formatio n of furfural and HMF is undesirable because these 
by-products represent a loss of fermentable sugars. Up to 4% of the 
initial glucose present in raw prairie cordgrass was converted to 
HMF and detected in the aqueous fraction, while no furfural was 
detected in the aqueous fraction. Similar quantities of HMF and 
furfural were detected in the aqueous fraction when raw prairie 
cordgrass was clean fractionated. Trace quantities of furfural 
(0.45% of the initial xylose present in raw prairie cordgrass) and 
HMF (0.69% of the initial glucose present in raw prairie cordgrass)
were detected in the dried lignin fractions . As reported in other 
studies (Negro et al., 2003; Novo et al., 2011 ), harsh treatment con- 
ditions (mainly high temperature ) can lead to the breakdown of 
the released sugars during the pretreatmen t step. Decompositi on 
products, such as furan derivatives, can be formed. It includes fur- 
fural formed from pentose sugars and 5-hydroxymet hylfurfural 
(HMF) generate d from hexose sugar degradat ion. Even further deg- 
radation can occur, where HMF breaks down to form equimolecu- 
lar amounts of levulinic and formic acids, while furfural can be 
degraded to formic acid. The furan derivatives and soluble phenolic 
compounds from lignin can react further to form some polymeric 
materials. Formation of polymeric condensation products may help 
to explain low total xylose recoveries in all fractions for experi- 
ments 22 and 25. Also it should be noted that measureme nt of Kla- 
son lignin content for run 22 resulted in 120% of the initial lignin 
content in the raw PCG. As reported by Chandra et al. (2007), the 
degraded sugars and low molecular weight phenolics can react 
with lignin to yield insoluble condensation products, or be en- 
trapped in the dried lignin fraction and measure d as ‘‘lignin’’. This 
can result in artificially high values for Klason lignin (also called 
‘‘pseudoligni n’’) and explain missing sugars (Chandra et al., 2007; 
Garrote et al., 1999 ).

A statistically significant model was built for xylose released to 
the aqueous fraction, and is presented in Table 4. The quadratic 
terms of temperature, catalyst and MIBK concentration factors 
were significant at the 95% confidence level. Increase of catalyst 
and temperature resulted in higher xylose concentr ation in mono- 
meric form in the aqueous fraction, while MIBK content also had a
positive effect on this response, but to a lesser extent. Too high a
concentratio n of MIBK resulted in a decrease of monomeric xylose 
in the aqueous fraction. It can be observed when comparing run 21 
to run 25 that increasing MIBK from 25% to 44%, while keeping the 
temperature and catalyst at the same levels, resulted in 53% and 
38% of xylose in the aqueous fraction, respectivel y. It indicates 
some affinity of xylose or xylose degradation products to organic 
fraction.

According to the clean fractionation concept, the extraction of 
glucose to the aqueous fraction is undesirable because it represents 
a loss of fermentable sugars and reduces glucose yield in the enzy- 
matic hydrolysi s. Glucose extracted to the aqueous fraction was 
relatively consistent throughout this study, and ranged between 
7% and 9% for most of the runs. However, runs 3, 23 and 24 resulted 
in slightly higher glucose content in the aqueous fraction (11%, 15% 
and 13%, respectively). These runs were performed at severe condi- 
tions with low MIBK content in the solvent mixture. A statistically 
significant model was built for glucose released to the aqueous 
fraction and is presente d in Table 4, and the quadratic term of 
the catalyst concentratio n factor was significant at the 95% confi-
dence level. 

In order to follow the biorefinery concept and to ultimately 
make the CF process profitable, all output streams need to be uti- 
lized. Hemicellulose and lignin fractions should be subjected to 
further investigatio n for specific chemical production. However 
this was beyond the scope of this work. 

3.3. Enzymati c hydrolysis of cellulose fraction 

The enzymatic hydrolysis glucose yield was the crucial point of 
this study. The glucose yield was determined as the percentage of 
glucose measure d in the enzymati c hydrolysate divided by the ini- 
tial content of glucose in the raw PCG material. Ratio of glucose 
measure d in the enzymatic hydrolysate to glucose submitted to 
enzymati c hydrolysi s was used to calculate the enzymatic hydroly- 
sis efficiency. Enzymatic hydrolysis glucose yield and enzymatic 
hydrolysi s efficiency values are presented in Table 5. Concentr ation 
of glucose in the enzymati c hydrolysate s ranged between 4 and 
28 mg/mL; the maximum value of this interval was higher than 
that found for clean fractionated raw PCG (26 mg/mL) only (e.g.,
no prior extrusion), (Brudecki et al., 2012 ). The lowest glucose con- 
centration, and in turn the lowest glucose yield, was observed for 
the runs performed at mild conditions with low concentr ation of 
acid and low temperature . Runs 6, 11, 12 and 13 produced glucose 
concentr ations around 4–5 mg/mL, which was equivalent to glu- 
cose yields between 27% and 34%. These runs also produced some 
of the lowest concentratio ns of xylose in the enzymatic hydroly- 
sates, and resulted in the highest amounts of xylose and AIL 
remaining in the pulps. 

As reported previously for CF of raw PCG, high amounts of lignin 
and xylose remaining in the cellulose fraction limit the enzymatic 
actions, and in turn produce low glucose yields (Brudecki et al., 
2012). Similar effects were observed in this study when working 
on the extruded PCG. Runs 3, 5, 14, 21–25 resulted in high glucose 
concentr ations in the enzymatic hydrolysate s (17–28 mg/mL, 
equivalent to 63–82% glucose yields). The highest glucose yield 
was observed for run 21 (82%). Previous investigatio n on clean 
fractionation of raw PCG (Brudecki et al., 2012 ) resulted in the 
highest glucose yield (84%) for the same treatment condition s
(run 21). Even though the clean fractionation of the raw PCG re- 
sulted in higher glucose yield than that which was extruded, the 
differenc e was not statistically significant at the 95% confidence le- 
vel. High glucose yields were also observed for runs 3, 5, 14, 22–25
(63–77%), since these runs generate d high glucose concentratio ns 
in the enzymatic hydrolysate s. The same runs, along with run 21, 
showed high enzymatic hydrolysi s efficiency (P80%). Extent of 
cellulose hydrolysis was higher when compared to related work 
on clean fractionation of corn stover (max 70%) (Ishizawa et al., 
2009). No significant differences were observed between results 
of glucose yield produced from raw PCG (Brudecki et al., 2012 )
and the extruded PCG, and the paired t-test of difference between 
them showed no significant difference at the 95% confidence level. 
The best results for glucose yield and the hydrolysi s efficiency ob- 
tained in the present study are very close to those reported in re- 
lated work using ethanol organosolv pretreatment, where 
enzymati c conversion yields of cellulose were �85% and �97%
for hybrid poplar and beetle-killed lodgepole pine, respectivel y
(Zhao et al., 2009 ).

Enzymati c hydrolysis glucose yield and enzymati c hydrolysi s
efficiency (based on glucose) regression models are presented in 
Table 4. Linear terms of four processin g factors were included in 
both models, while the quadratic terms of temperature and 



Fig. 3. Effect of catalyst (% w/w) and temperature (�C) on (a) enzymatic hydrolysis glucose yield (%) and (b) enzymatic hydrolysis efficiency (%). Correlation between 
enzymatic hydrolysis glucose yield and xylose remaining in cellulose (c). Correlations between glucose yield and AIL (acid insoluble lignin) extracted from biomass (d).
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catalyst concentratio n terms were significant for the glucose yield 
model, and the quadratic term of MIBK content was significant for 
the enzymati c hydrolysis efficiency model. Enzymatic hydrolysi s
glucose yield and enzymatic hydrolysis efficiency responses as a
function of temperature and catalyst concentration are presented 
in Fig. 3a–b. No significant difference was observed between re- 
sults of enzymatic hydrolysis efficiencies produced from raw PCG 
Fig. 4. Comparison of glucose production rate obtained from extruded clean 
fractionated prairie cordgrass and raw clean fractionated prairie cordgrass pulp. 
(Brudecki et al., 2012 ) and the extruded PCG, and the paired t-test
of difference between them showed no significant differenc e at the 
95% confidence level. Enzymatic hydrolysis profile for raw and ex- 
truded clean fractionated originated pulps is presented in Fig. 4.
Higher glucose production was obtained for extruded clean frac- 
tionated prairie cordgrass than for raw clean fractionated prairie 
cordgrass (Fig. 4).

Many researchers have reported that hemicellulos e removal 
during pretreatmen t also results in significant improvement of 
enzymati c digestibility of the lignocellulos ic substrate s (Chandra
et al., 2007; Mosier et al., 2005 ). Close associations between cellu- 
lose, hemicellulos e and lignin act as physical and chemical barriers 
for enzymes . Hemicellulose and lignin removal result in increased 
pore volumes of the pre-treated material, which improves enzyme 
penetrati on and access to the glycosidic bonds (Chandra et al., 
2007; Mooney et al., 1998 ). As presented in Fig. 3c, results obtained 
in this study confirm the negative correlation between xylose 
remaining in the cellulose fraction and glucose yield. Related re- 
search using clean fractionation as a pretreatmen t revealed that 
the enzymatic digestibility of cellulose is more significantly im- 
proved by xylan removal than by delignification. However, it was 
found that almost complete removal of lignin using acidified
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sodium chlorite can result in a decrease in cellulose susceptibility 
to enzyme due to aggregation of the cellulose microfibrils (Ishiza-
wa et al., 2009 ).

It has been demonst rated by various researchers that the pres- 
ence of lignin affects enzymati c hydrolysis as well. Lignin can be 
one of the most significant obstacles for enzyme performanc e dur- 
ing the hydrolysi s (Hsu, 1996; Zhu et al., 2008 ). Strong evidence 
supporting the negative influence of lignin on enzymatic hydroly- 
sis was found in this study as well, as presented in Fig. 3d. Highly 
delignified samples resulted in high glucose yields, and vice versa. 
These results are in agreement with those obtained in previous 
work on clean fractionation of raw PCG (Brudecki et al., 2012 ).
However, other studies showed that higher or even complete re- 
moval of lignin is not a requirement for high glucose yields in 
enzymatic hydrolysis. According to Chang and Holtzapple (2000),
once the bonds between lignin and cellulose are cleaved, the 
hydrolysis efficiency increases, even though lignin is still present 
in the material (Chang and Holtzapp le, 2000 ). Other structural 
properties potential ly limiting enzymati c hydrolysi s of cellulosic 
fibers are connected to cellulose’s structure itself, and include de- 
gree of polymerizat ion, crystallinity , cellulose lattice structure, 
structural composition, particle size, fiber dimensio ns, available 
surface area, degree of fiber swelling, pore structure and distribu- 
tion (Mansfield et al., 1999; Meng et al., 2012; Mooney et al., 
1998; Mosier et al., 2005 ).

3.4. Optimization 

The purpose of this study was to optimize the process of clean 
fractionation performed on the extruded PCG, in order to find the 
highest glucose yield produced by enzymatic hydrolysis of the cel- 
lulosic pulp. Numerical methods provided several solutions for 
specified optimization conditions, and three different optimizati on 
alternatives were considered. High coefficients of determination for 
all of the models showed that the large portions of the variance in 
the responses were explained by the independen t variables. First 
the highest glucose yield predicted by the model was 91.75%, which 
corresponded to 39 min, 129 �C, 0.69% catalyst, and 28% MIBK. At 
these processing conditions, the model predicted 87% of AIL and 
95% of xylan removal from biomass. Application of the same pro- 
cessing condition s to raw PCG would result in 72% glucose yield, 
72% AIL removal and 83% xylan removal, based on the previously 
determined models for clean fractionation of raw PCG (Brudecki
et al., 2012 ). Secondly, lower MIBK content in solvent mixture could 
be used to produce still relatively high glucose yield (82%); however ,
higher temperature and catalyst content would have to be em- 
ployed (21 min, 143 �C, 0.73% catalyst, 7% MIBK). Also, these condi- 
tions would result in lower AIL extraction (78%), but still very high 
xylan removal (95%). The raw PCG model predicted 76% glucose 
yield, 71% AIL removal, and 94% xylan removal for the same treat- 
ment conditions (Brudecki et al., 2012 ). Thirdly, if the goal was to 
find the highest glucose yield (85%), together with maximizing del- 
ignification (90%), and xylan removal (100%), the predicted treat- 
ment conditions would be 24 min, 148 �C, 0.66% catalyst, and 42% 
MIBK. These condition s would result in only 3% more AIL removal 
than initial condition s (i.e., the first optimizati on approach) sug- 
gested for maximum glucose yield as a result of increasing the MIBK 
by 14% and treatment temperature by 20 �C. At the same conditions, 
clean fractionation of raw PCG would result in 80% glucose yield, 
88% AIL removal and 97% xylan removal (Brudecki et al., 2012 ).
The second suggested condition seems to be the most preferable if 
minimal consumptio n of MIBK was desired. Employing optimal 
conditions determined for clean fractionation of raw PCG (39 min, 
154 �C, 0.69% catalyst, and 9% MIBK, producing 84% glucose yield, 
87% lignin removal) (Brudecki et al., 2012 ) to this clean fractionati on 
of extruded PCG model resulted in lower (78%) glucose yield and 
higher xylan (100%) and lignin (92%) removal. Severity factor was 
calculated for the first alternative, leading to maximum glucose 
yield, accordin g to Garrote, (1999) and was equal to log R0 = 2.44. 
This value was lower in comparison with severity factor calculated 
for optimal condition s obtained for clean fractionation of raw prai- 
rie cord grass, where log R0 = 3.18 (Brudecki et al., 2012 ). In order to 
select most advantageous processing conditions, specific applica- 
tions for hemicellulose and lignin fractions would have to be pro- 
posed. Economic analysis would also have to be included in order 
to say which conditions are more profitable. If higher xylan and lig- 
nin removal could compensate for extrusion cost, clean fraction- 
ation combined with extrusion can be more beneficial.

4. Conclusion 

Clean fractionation is an efficient biomass fractionati on tech- 
nology, resulting in an aqueous liquid phase rich in hemicellu- 
lose-derived sugars or oligomers, an organic liquid phase rich in 
lignin and solid cellulose pulp. Comparing optimal conditions for 
clean fractionation of extruded PCG to raw PCG revealed that the 
extruded PCG generates higher glucose yields as well as greater xy- 
lan and lignin removal. However, pairwise comparisons of the raw 
and extruded PCG clean fractionati on responses, at the 95% confi-
dence level, revealed no differenc e in glucose yields, but xylan 
and AIL removal was higher in case of the clean fractionation of 
the extruded PCG. 
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