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Comparing  analytical  results  for Sulfite  Pretreatment  to  Overcome  the  Recalcitrance  of Lignocelluloses
(SPORL)  of Douglas-fir  (Pseudotsuga  menziesii)  at two  different  temperatures  shows  that  the  apparent
activation  energy  of  sugar  degradation  is  higher  than that  of  hemicellulose  hydrolysis,  approximately
161  kJ/mole  versus  100  kJ/mole.  Thus,  one  can  balance  the production  of degradation  products  against
hemicellulose  hydrolysis  and  therefore  the  enzymatic  saccharification  efficiency  of  the  resultant  sub-
strate  by  changing  pretreatment  temperature  and  duration.  Specifically,  pretreatment  at  165 ◦C for
75  min  significantly  reduced  furan  formation  compared  with the  pretreatment  at  180 ◦C  for  30  min  while
ow temperature pretreatment
nzymatic hydrolysis/saccharification
ugar degradation/inhibitor formation
inetics
ombined severity/hydrolysis factor
oody biomass

maintaining  the  same  pretreatment  severity  and  therefore  the  same  substrate  enzymatic  digestibility
(SED).  Obtaining  high  SED with  Douglas-fir  is  also  limited  by lignin  content.  Fortunately,  the bisulfite
in  SPORL  provides  delignification  activity.  By  combining  kinetic  models  for hemicelluloses  hydrolysis,
sugar  degradation,  and  delignification,  the  performance  of pretreatment  can be optimized  with  respect
to temperature,  duration,  acid, and  bisulfite  loading.  The  kinetic  approach  taken  in this  study  is  effective

eratu
to  design  viable  low  temp

. Introduction

Thermochemical pretreatment of lignocellulosic biomass is a
rerequisite step for efficient fractionation and high value utiliza-
ion of lignocelluloses through biorefineries [1,2]. Pretreatment
pens the lignocellulose cell wall structure which improves cel-
ulose accessibility to cellulase enzymes [3,4]. However, several
romising and commonly practiced acidic pretreatments, such as
ilute acid [5], Sulfite Pretreatment to Overcome the Recalcitrance
f Lignocelluloses (SPORL) [6,7], Organosolv [8], SO2-catalyzed
team explosion [9], can also degrade sugars to undesirable
nhibitive compounds such as furans, which affects downstream
rocessing through fermentation. Most pretreatment optimiza-
ions focus on achieving high cellulose enzymatic saccharification
t the expense of increased sugar degradation [8,10]. One approach
o address degradation product inhibition in fermentation is
sing low solids to dilute the concentration of inhibitors [11,12].

nfortunately, low solids processing is not economical for com-
ercialization. More recent efforts in reducing the formation of fer-
entation inhibitors included using a relatively low pretreatment

� This work was  conducted while Zhang was  a visiting student at the USDA Forest
roducts Laboratory and on official government time by Houtman and Zhu.
∗ Corresponding author. Tel.: +1 608 231 9520; fax: +1 608 231 9538.

E-mail address: jzhu@fs.fed.us (J.Y. Zhu).
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ttp://dx.doi.org/10.1016/j.procbio.2013.12.017
re  pretreatment  processes  for  effective  bioconversion  of  lignocelluloses.
Published by  Elsevier  Ltd.

severity along with a deacetylation step [13]. These efforts reduced
cellulose saccharification efficiency and introduced more unit
operations, i.e., additional biomass size reduction and xylanase
treatment [13], which increase capital and operating costs.

The objective of the present study is to balance sugar pro-
duction and furan formation, in the pretreatment of Douglas-fir
using SPORL [6]. SPORL was chosen for the study because it has
been shown to be effective for softwood bioconversion [12,14].
The approach taken is based on the difference in reaction kinet-
ics between acid hydrolysis of hemicelluloses and degradation of
sugars to furans. Specifically, we hypothesize that sugar degra-
dation has higher activation energy than that of the hydrolysis
of hemicelluloses, and thus lower temperatures may  allow com-
plete hemicellulose removal without extensive sugar degradation
compared with a pretreatment of the same reaction severity at
a higher temperature. Our previous study developed a combined
hydrolysis factor (CHF), which combines temperature, chemical
concentrations, and pretreatment duration into a single measure of
pretreatment severity [15]. CHF is similar to the traditional severity
factors, such as the H-factor used in the pulp and paper industry [16]
and the combined severity factor (CSF) for hydrolysis of xylan of
lignocelluloses [17,18], but is applicable to reactions involve more

than one catalyst such as SPORL. CHF accurately predicted xylan
dissolution of aspen wood by dilute acid and SPORL pretreatments
[15]. Furthermore, CHF also correlated to pretreated substrate enzy-
matic saccharification well because hemicellulose dissolution is

dx.doi.org/10.1016/j.procbio.2013.12.017
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2013.12.017&domain=pdf
mailto:jzhu@fs.fed.us
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he dominant factor dictates cellulose saccharification of aspen
ith low lignin content [4,10,19]. Therefore, CHF can be used to
esign a low temperature pretreatment to reduce sugar degrada-
ion while achieve good enzymatic cellulose saccharification. This
HF approach is applicable to the widely studied dilute acid pre-
reatment as well as acidic pretreatments with more than one
atalyst.

Softwoods have much higher lignin and mannan contents
han hardwood such as aspen used in our previous study [15].
elignification becomes important to enzymatic saccharification
f softwoods; however hemicellulose removal remains a critical
actor [4]. Because, sulfite loading is a dominant factor to delig-
ification at acidic conditions, we can demonstrate the approach
f using CHF to design a low temperature SPORL pretreatment of
oftwoods to balance enzymatic saccharification and furan forma-
ion. We  will conduct paired pretreatments of Douglas-fir at two
emperatures with identical chemical such as sulfite loadings and
retreatment severity CHF. We  will examine furan production at
hese two temperatures at constant CHF or hemicellulose removal
o validate the hypothesis. We  will also present data showing the
mpact of sulfite on delignification and the effect of hemicellulose
emoval and delignification on enzymatic cellulose saccharification
f Douglas-fir.

. Reaction model and determination of pretreatment
emperature

.1. Combined hydrolysis factor (CHF) to predict hemicellulose
issolution

To facilitate discussions, the previous proposed reaction model
o describe xylan dissolution in acidic pretreatments [15] is pre-
ented below:

dXf

dt
= −kCXf (1a)

f(t = 0) = (1 − �)XR (1b)

dXs

dt
= −fkCXs (2a)

s(t = 0) = �XR (2b)

here Xf and Xs are fractions of fast and slow residual xylan in
olids, respectively, with XR = Xf + Xs and XR (t = 0) = 1. C is catalyst
oncentration. The rate constant k for fast xylan hydrolysis can be
efined by Eq. (3) based on previous studies [17,20]. f in Eq. (2a)

s the ratio of the rate constant between the slow and fast xylan
ydrolysis reactions. � is the initial fraction of slow reacting xylan.

 = e(˛−(E/RT)+ˇCA+�CB) (3)

We also defined a combined hydrolysis factor (CHF) to predict
ylan dissolution.

HF = e(˛−(E/RT)+ˇCA+�CB)(CA + CB)t (4)

here CA and CB are the molar concentrations of chemical A (acid)
nd chemical B (bisulfite) used in pretreatment, respectively; ˛,

 and � are adjustable parameters, E is the apparent activation
nergy, R is universal gas constant of 8.314 J/mole/K, and T is
bsolute temperature (K). Integrating Eqs. (1) and (2) produces a
redictive equation for residual xylan content, XR, in solids.

= (1 − �)e−CHF + �e−fCHF (5)
R

In the case of Douglas-fir in this study, we expanded the defini-
ion of xylan to include the glucomannan found in this species of
ood.
istry 49 (2014) 466–473 467

2.2. Prediction of carbohydrate degradation products

Sugar degradation to HMF  and furfural has been observed to
follow first order Arrhenius kinetics [21–23]. While many other
products and reactions can occur in the temperature range of
165–180 ◦C, HMF  and furfural can be used as indicator species
neglecting further degradation of furans to acids. Previous empir-
ical correlations suggested that the formation of furfural and HMF
followed the same functionality with CHF [15]. We  can lump all car-
bohydrate degradations into one pool to define a rate constant, kd,
for all sugar degradation reactions with an Arrhenius temperature
dependence.

kd = e(˛d−(Ed/RT)) (6)

In Eq. (6), ˛d is an adjustable parameter, Ed is the apparent acti-
vation energy, R is universal gas constant of 8.314 J/mole/K, and
T is absolute temperature (K). Defining D as the sum of the con-
centration of HMF  and furfural, then Eq. (7) represents the rate of
their formation. In this equation (1 − XR) represents the sum of the
concentrations of the carbohydrates released by hydrolysis.

dD

dt
= kd(1 − XR) (7)

Substitute Eq. (5) into Eq. (7), the integrated rate expression
becomes, with t defined as the time at temperature.

D = kd · t

[
1 − 1 − �

CHF
(1 − e−CHF ) − �

f · CHF
(1 − e−f ·CHF )

]
(8)

Evaluating paired pretreatments at two  different temperatures,
T1 > T2, with identical pretreatment severity CHF and chemical
loadings, the ratio of sugar degradation products (HMF and furfural)
formation can be obtained as follow:

DT1

DT2
= kT1

d

kT2
d

· tT1

tT2
= exp

[
E − Ed

R

(
1

T1
− 1

T2

)]
(9)

2.3. Pretreatment temperature determination

Excellent enzymatic saccharification efficiency and ethanol
yield can be achieved for spruce, red pine, and lodgepole pine
when SPORL pretreatment was conducted at T1 = 180 ◦C for approx-
imately tT1 = 25–30 min  [6,12,14,24]. The optimal bisulfite charges
on wood in oven dry (od) weight were found between 8% and
10% with initial pH approximately 2, or sulfuric acid concentra-
tion in the initial pretreatment liquor of approximately 0.4% (v/v)
or 0.075 mmol/L using liquor to wood ratio (L/W) of 3:1. Since
Douglas-fir has higher lignin content than lodgepole pine and may
be more recalcitrant, we  will conduct most pretreatments at 180 ◦C
for 30 min  as control in this study.

In typical wood pulp mill operations, wood chip loading time is
on the order of a couple of hours and using a pretreatment dura-
tion similar to chip loading time should not cause capacity problem.
Therefore, we chose T2 = 165 ◦C for tT2 = 75 min  as the comparison
treatment, which give a CHF similar to control under the same
chemical loadings, to compare the effect of pretreatment tempera-
ture on furan formation and enzymatic saccharification at constant
CHF (Eq. (4)) with similar hemicellulose dissolution [15]. Specifi-

cally, T2 or tT2 is determined using the following expression,

exp
( −E

RT1

)
· tT1 = exp

(
− E

RT2

)
· tT2 (10)
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Table 1
List of SPORL pretreatment conditions conducted at 165 ◦C and 180 ◦C with liquid to wood ratio L/W = 3:1, along with pretreatment severity: combined hydrolysis factors
(CHF).

Pair no. Sulfuric acid (% v/v) Sodium bisulfite (% w/w) Initial liquor pH T = 165 ◦C T = 180 ◦C

Duration t (min) CHF Duration t (min) CHF

I 0.1 8 2.53 75 6.48 30 6.44
II  0.4 12 1.97 75 9.04 30 8.98
III  0.25 8 2.07 75 12.38 30 12.30
IV  0.4 10 1.89 75 14.77 30 14.66
V  0.4 8 1.80 50 15.65 20 15.54
VIa 0.4 8 1.80 75 23.47 30 23.31
VII  0.4 8 1.80 100 31.30 40 31.08
VIII  0.4 6 1.67 75 35.90 30 35.65
IX  0.6 8 1.63 75 54.46 30 54.08

0.4 14  4.10 30 5.39
0  8 4.15 30 4.16
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All hydrolysis experiments were conducted using a commer-
cial cellulase cocktail CTec2 at 2% substrate solids (w/v) in 50 mL
flasks on a shaker (Thermo Fisher Scientific, Model 4450, Waltham,
0.4  4 1.55 

a Triplicate runs were conducted for this pair of pretreatments at 165 ◦C and 180

. Materials and methods

.1. Raw material

Douglas-fir (Pseudotsuga menziesii), an evergreen conifer species
ative to western North America, wood chips were collected by
eyerhaeuser Company from a pulp mill in Washington State.
ood chips were first air dried before shipping to the Forest Prod-

cts Laboratory, Madison, WI.  The moisture content of the raw
aterial received was 7.62%.

.2. Enzymes and chemicals

A commercial enzyme cocktail of CTec2 was generously pro-
ided by Novozymes North America (Franklinton, NC). The average
ctivity of the CTec2 was 150 filter paper unit (FPU)/mL deter-
ined by a literature method [25]. Sodium acetate, sulfuric acid,

nd sodium bisulfite were acquired from Sigma-Aldrich (St. Louis,
O), all chemicals were of ACS reagent grade.

.3. SPORL pretreatment and substrate production

All pretreatments were conducted in a 23 L laboratory rotating
ulping digester heated by a steam jacket as described previously
24,26]. Three 1 L bomb reactors were mounted inside the digester
n an autoclave configuration. Wood chips of 150 g in oven dry
od) weight were placed in each 1 L reactor along with dilute
cidic sulfite solution with solution to wood ratio L/W of 3:1 (v/w).
retreatments were conducted under a range of conditions. The sul-
uric acid and sodium bisulfite charge on od wood were varied from
.1% to 0.6% (v/v) equivalent to 0.019–0.113 mmol/L or 0.55–3.3%
w/w) and 4–14% (w/w), respectively. The pretreatment time was
aried from 50 to 100 min  at pretreatment temperature 165 ◦C,
nd from 20 to 40 min  at 180 ◦C. Detailed pretreatment designs
re listed in Table 1. Two pretreatments respectively conducted at
65 ◦C and 180 ◦C under the same acid and sulfite loading consist of
ne pair. After each pretreatment, the solids remained wood chips
nd was separated from the spent liquor using a screen. The spent
iquor was collected and stored at 4 ◦C until analysis.

The pretreated solids was disk milled using an 8-inch man-
al driven disk refiner (Andritz Sprout–Bauer Refiner, Springfield,
hio) as described previously [7]. Refining was conducted under
tmospheric conditions with a disk plate gap of 1.0 mm.  Water
as added to facilitate disk milling to result in a discharge solid
onsistency of approximately 10% (w/w). The material collected
as directly dewatered through pressing using a canvas bag to a

olids content of approximately 30% without separate washing. The
ield of solid substrate in the form of fibers or fiber bundles was
30 51.37

determined from the weight and moisture content of the collected
solids.

3.4. Chemical composition analysis

The Douglas-fir solid substrates, both untreated and pretreated,
were ground using a Wiley mill (Model #2, Arthur Thomas Co,
Philadelphia, PA) to pass a 40 mesh (∼1 mm)  screen. The result-
ing materials were hydrolyzed using sulfuric acid in two stages as
described previously [26]. The hydrolysate was  then analyzed for
carbohydrates using an HPLC (Dionex IC-3000, Dionex Corporation,
Sunnyvale, CA) with pulsed amperometric detection (HPAEC-PAD)
by the Analytical Chemistry and Microscopy Lab of the Forest
Products Laboratory. A Dionex Carbo Pac PA-1 Analytical column
(4 mm × 250 mm)  with a 4 mm × 20 mm PA-1 guard column was
used. The Klason lignin content was measured gravimetrically after
washing and drying the solid residues from the acid hydrolysis.
The pretreatment spent liquor was also analyzed for sugar and
fermentation inhibitors using the same HPLC system as previ-
ously described [26]. For rapid analysis, glucose in the enzymatic
hydrolysate was  measured using a commercial glucose analyzer
(YSI 2700S, YSI Inc., Yellow Springs, OH). The reported data were
the averages of replicate measurements.

3.5. Enzymatic hydrolysis
Fig. 1. Comparisons of substrate cellulose enzymatic digestibility (SED) and furan
(HMF + furfural) production from SPORL pretreatments at 165 ◦C and 180 ◦C.
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ig. 2. Xylan and Mannan remaining in the pretreated solids for various levels of
retreatment represented by the combined hydrolysis factor (CHF).

A)  at 50 ◦C and 200 rpm. A sodium acetate buffer solution of
H 5.5 at concentration 50 mM was used to conduct enzymatic
ydrolysis at an elevated pH, higher than pH 4.8–5.0 used in
ost literature studies. Our previous studies discovered signifi-

ant enhancement of enzymatic saccharification of lignocelluloses
hen hydrolysis of lignocellulose is conducted at elevated pH of

.5 due to the reduction of nonspecific binding of cellulase to
ignin [27–29]. The cellulase loading was 0.1 mL  (15 FPU)/g glucan.
uplicate hydrolysis runs were conducted. Hydrolysate samples
ere taken periodically for glucose determination. The average

esults from duplicate runs were reported. The substrate enzymatic
igestibility (SED), defined as the percentage glucan in the substrate
nzymatically saccharified to glucose, was determined to represent
nzymatic saccharification efficiency.

. Results and discussion

.1. Enzymatic saccharification efficiency and furan formation at
65 ◦C and 180 ◦C

While the same range of SED values can be obtained at the two
emperatures, the total furan concentration, i.e., HMF  + furfural, in
he pretreatment spent liquors (hemicellulosic sugar streams) is
igher at the higher temperature (Fig. 1). Pretreatments at 180 ◦C
roduced approximately double the concentration of furans as
hose at 165 ◦C. Furthermore, under at least two  pairs of identical
hemical loadings, pretreatments conducted at 165 ◦C for 75 min
roduced similar SED (>90%) as those conducted at 180 ◦C for
0 min. The format of (0.4, 10, 75) is used to represent pretreat-
ent chemical loadings of (acid concentration in v/v%, bisulfite

harge on od wood in w/w%, pretreatment duration) or simply
0.4, 10) to represent pretreatment chemical loading throughout
he manuscript as shown in Fig. 1.

.2. Using CHF to predict hemicellulose hydrolysis of Douglas-fir

When compared to our previous work with aspen [15], the cur-
ent study did not include any low CHF conditions. The amount of
ylan + mannan remaining varied between 5% and 25% (Fig. 2), thus,
e do not have sufficient data to completely refit the model. Since

ylan and mannan are the major hemicelluloses and other minor
emicelluloses were undetectable in all pretreated solids (Table 2),
he sum of xylan and mannan were used as hemicelluloses in data
nalysis. We  can refit the amount of the slow xylan + mannan, as

t is expected to be different for different wood species. The values
f adjustable parameters  ̨ = 28.5,  ̌ = 17, � = −10 and activation
nergy E = 100,000 were based on xylan + mannan removal from

 separate pretreatment study of lodgepole pine under a range of
Fig. 3. Correlation between the HMF  and furfural concentration in the pretreatment
hydrolysate with the combined hydrolysis factor (CHF) in comparisons with model
predictions.

pretreatment conditions including low CHF conditions [30]. The
best fit of the Douglas-fir results shows that the amount of “slow”
hemicelluloses � = 18.0%, the ratio of reaction rate between “slow”
and “fast” hemicelluloses f = 0.10. While the data in Fig. 2 show some
scatter about the model, a statistical test between paired (Table 1)
measurements for 165 and 180 ◦C at constant CHF, did not show
any effects at a 95% confidence level on hemicellulose remaining.
All fitting parameters are listed in Table 3 to facilitate reading.

A further observation can be made when compared to our pre-
vious work [15], with aspen CHF values of 30 resulted in low values
of residual xylan <1%, but with Douglas-fir, the xylan + mannan was
never below 5% even at CHF value greater than 50.

4.3. Variation of sugar degradation with pretreatment
temperature and severity CHF

In contrast to the hemicellulose dissolution, the formation of
furans from sugar degradation did show a statistically significant
difference between two  temperatures. When going from 165 to
180 ◦C, the amount of HMF  + furfural formed increased by as much
as 100% as xylan + mannan hydrolysis stayed constant (Fig. 3).
Different symbols were chosen for the data from each of the
pretreatment temperature. A t-test of the data from paired pre-
treatments (Table 1) shows a significant difference between the two
temperatures for all CHF values, p < 0.001. These data suggest that
the activation energy of sugar degradation is higher than hydrolysis
and that lower temperatures should be favored to reduce furans.

While only two temperatures were used for this study,
we can estimate the activation energy Ed defined by Eq. (6).
The best fit to the data was  obtained with ˛d = 41.0 and
Ed = 160,930 J/mole (Table 3), which is significantly higher that the
value of E = 100,000 J/mole determined for hemicellulose hydrol-
ysis reported previously [30]. HMF  + furfural production can be
predicted using Eq. (8) as shown in Fig. 3. Overall the predicted
HMF  + furfural production agrees with experimental data well
except for a data point at 180 ◦C with severity CHF > 50 when furan
degradation becomes important. The two  pair pretreatments (V and
VII in Table 1) conducted using duration time different from that
for the rest of the pretreatment runs, i.e., tT=180 = 30 and tT=165 = 75,
were excluded in Fig. 3 due to complication for plotting, however
the predicted values agree with experiments well for these two
pairs of pretreatment.
While the sugar degradation products showed a significant
temperature effect, the production of acetic acid is not affected
by temperature as shown Fig. 4. T-testing of the paired data
indicated that there was  no significant difference in acetic acid
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Table 2
Chemical compositions of untreated wood and pretreated solid substrates along with pretreatment solids yields.

Substrate label Klason lignin (%) Arabinan (%) Galactan (%) Glucan (%) Xylan (%) Mannan (%) Solid yield (w/w %)b

Untreated wood 29.3 1.02 2.83 43.04 7.54 9.61
Pair  No Pretreated solid substratesa

I T165-t75-A1-B8 30.6 58.08 2.64 2.71 65.39
T180-t30-A1-B8 30.1 59.38 2.27 1.85 62.31

II T165-t75-A4-B12 24.9 63.23 2.03 2.55 61.16
T180-t30-A4-B12 27.5 62.06 1.52 1.68 58.46

III T165-t75-A2.5-B8 31.0 56.28 2.07 2.26 61.24
T180-t30-A2.5-B8 34.1 51.62 0.70 1.07 65.70

IX T165-t75-A4-B10 29.3 59.52 2.09 2.09 62.42
T180-t30-A4-B10 33.5 57.18 0.98 1.41 62.51

V T165-t50-A4-B8 34.0 57.99 1.57 1.86 62.76
T180-t20-A4-B8 34.1 54.79 1.70 1.41 65.31

VI T165-t75-A4-B8R1 34.0 55.24 1.53 1.59 61.07
T180-t30-A4-B8R1 35.2 55.48 1.44 1.31 61.02

VI T165-t75-A4-B8R2 34.2 56.98 1.12 1.61 62.79
T180-t30-A4-B8R2 37.0 55.05 0.70 1.00 60.83

VI T165-t75-A4-B8R3 34.9 57.03 1.48 1.55 63.41
T180-t30-A4-B8R3 37.5 55.95 0.86 1.19 61.95

VII T165-t100-A4-B8 34.2 57.10 1.36 1.40 64.34
T180-t40-A4-B8 35.2 51.88 1.15 1.05 62.48

VIII T165-t75-A4-B6 37.8 55.82 0.72 1.22 65.97
T180-t30-A4-B6 40.0 54.13 0.63 0.92 59.05

IX T165-t75-A6-B8 38.5 54.65 0.74 1.14 62.02
T180-t30-A6-B8 39.8 54.24 0.88 0.77 59.68
T180-t30-A4-B14 23.3 59.99 2.13 4.12 61.91
T180-t30-A0-B8 30.8 59.48 2.29 2.16 63.53
T180-t30-A4-B4 43.9 48.98 0.71 1.30 58.53

a Txx standards for pretreatment temperature in ◦C; txx is pretreatment duration in min; Axx is sulfuric acid loading in mL/L; Bxx is sodium bisulfite charge on wood (oven
dry  weight) in w/w%; Rxx is replicate number for the specified set of condition.

b Defined as percent of starting materials recovered as solids.

Table 3
List of fitting parameters.

Hemicellulose dissolution Sugar degradation

E 100,000 J/mole [30] Ed 160, 930 J/mole
˛  28.5 [30] ˛d 41.0
ˇ  17.0 [30]
� −10 [30]
� 0.18

F
C

f 0.10

ig. 4. Comparisons of acetic acid production as a function of pretreatment severity
HF from SPORL pretreatments at 165 ◦C and 180 ◦C.
concentration in the pretreatment hydrolysate. In fact for the
range of CHFs studied, the variation in acetic acid concentration
was small, this is because acetic acid is formed by the hydrolysis of
acetyl groups on hemicelluloses and is not a degradation product.

4.4. Delignification

Sulfite has been used to solubilize lignin through sulfonation
reactions to produce chemical pulps in the pulp and paper indus-
try. Acid pretreatments are known to cause condensation reactions
that make lignin more difficult to remove. While CHF can provide
good predictions for hemicellulose dissolution (Fig. 2) and furan
production (Fig. 3), it cannot provide good predictions of delignifi-
cation. The general trend of reduced delignification as CHF increases
suggests lignin condensation reactions took place. The addition of
bisulfite, however, facilitated lignin removal, as one would expect.
A very strong correlation between sodium bisulfite concentration

and delignification was obtained for pretreatments at constant
sulfuric acid loading of 2.21% (w/w) (Fig. 5). Furthermore, delig-
nification was independent of pretreatment temperature (Fig. 5).
This suggests that not only similar hemicellulose removal but also
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Fig. 5. Correlations of delignification with sodium bisulfite loading at constant sul-
furic acid charge of 2.21%.
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he same degree of delignification can be achieved at different
emperatures as long as the pretreatment severities and the chem-
cal loadings were the same, important to ensure similar substrate
nzymatic saccharification as discussed below.

.5. Effect of hemicellulose and lignin removal on enzymatic
accharification

For aspen, SED correlate with xylan dissolution, or CHF [15],
uggesting pretreatments with similar CHF produce substrates
ith similar SED independent of pretreatment temperature. Delig-
ification becomes important for enzymatic saccharification of
oftwoods with higher lignin content [4]. Because CHF is a hemi-
ellulose hydrolysis severity measure and is not a delignification
everity measure, we use a simple bilinear model (Eq. (11)) to fit
ED data with the fractions of remaining hemicelluloses and lignin
n substrate, XR and XLignin, to provide reasonable estimates. The
mount of delignification varied from 10% to 50% (Fig. 5) for the
PORL pretreatments conducted in the present study and cannot
e neglected.

ED = C + A · XR + B · XLignin (11)

here SED, XR and XLignin are in fractions. Using the SED data
btained at CTec2 loading of 15 FPU/g cellulose and remaining
ylan and mannan for XR, we obtained C = 1.70, A = −1.36, B = −0.96.
easonable predictions of SED were obtained to within approxi-
ately ±5% of the experimental data (Fig. 6).

.6. Estimation of optimum temperature and time for SPORL

We  reexamine the data presented in Fig. 1 to balance sugar
ield and furan formation for pretreatment optimization. The sugar
ields and furan concentration in the pretreatment spent liquor
rom 15 pretreatments were compared to determining the optimal
retreatment conditions (Table 4). Although different criteria can
e applied to rank these pretreatments, we separately ranked the
retreatments conducted at 165 ◦C from those at 180 ◦C each in the
rder of total monomeric sugar yield. The results clearly show that
retreatments conducted at 165 ◦C not only produced higher total
onomeric sugar yield, but also significantly lower furan formation
han those conducted at 180 ◦C under the same chemical load-
ngs. Both runs T165-t75-A4-B10 and T165-t75-A4-B12 achieved
xcellent sugar yield. The lower furan concentration of run T165-
75-A4-B12 is very attractive. The slightly lower sugar yield may Ta
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Table 5
Performance of the SPORL process at 2.21% sulfuric acid and 10% sodium bisulfite charges.

Time (min) Pretreatment temperature (◦C)

165 167.5 170 172.5 175 177.5 180

10 Low SED Low SED Low SED Low SED Low SED Low SED Low SED
15  Low SED Low SED Low SED Low SED Low SED Low SED Low SED
20  Low SED Low SED Low SED Low SED Low SED Low SED Inhibit
25  Low SED Low SED Low SED Low SED Low SED Inhibit Inhibit
30  Low SED Low SED Low SED Low SED Inhibit Inhibit Inhibit
35  Low SED Low SED Low SED OK Inhibit Inhibit Inhibit
40  Low SED Low SED OK Inhibit Inhibit Inhibit Inhibit
45  Low SED Low SED OK Inhibit Inhibit Inhibit Inhibit
50  Low SED OK Inhibit Inhibit Inhibit Inhibit Inhibit
55  Low SED OK Inhibit Inhibit Inhibit Inhibit Inhibit
60  OK OK Inhibit Inhibit Inhibit Inhibit Inhibit
65  OK Inhibit Inhibit Inhibit Inhibit Inhibit Inhibit
70  OK Inhibit Inhibit Inhibit Inhibit Inhibit Inhibit
75  OK Inhibit Inhibit Inhibit Inhibit Inhibit Inhibit
80  OK Inhibit Inhibit Inhibit Inhibit Inhibit Inhibit
85  Inhibit Inhibit Inhibit 

Low SED: SED < 90%; inhibit: inhibitor level > 3 g/L; OK: SED ≥ 90% and inhibitor level ≤ 3 g

F
e

b
s
i

(
s
a
2
a
9
a
h
t
t
i

5

p
D
h
h
m
e

ig. 6. Comparisons of model (Eq. (11)) predicted and measured substrate cellulose
nzymatic digestibility (SED).

e due to oligomeric sugars that were unaccounted for by the data
hown. The acetic acid concentrations are all below 4.5 g/L, not an
ssue for most organisms.

Using the predictive models for furan formation (Eq. (8)) and SED
Eq. (11), we can predict SED and inhibitor concentrations for any
et of pretreatment temperature and duration under given sulfuric
cid and sulfite loadings. The performance of a SPORL process at
.21% sulfuric acid and 10% sodium bisulfite was given in Table 5 as
n example. For a viable process, we need the SED to be greater than
0% and the inhibitor level to be below 3 g/L. For low temperatures
nd short times the hemicellulose removal is insufficient, but at
igher temperatures and longer times the amount of inhibitors is
oo high for efficient fermentation, thus for intermediate times and
emperatures a viable process is possible, as indicated with an “OK”
n this Table 5.

. Conclusions

SPORL pretreatments of Douglas-fir were conducted at two tem-
eratures. The combined hydrolysis factor (CHF) was extended to
ouglas-fir for predicting hemicellulose dissolution. Significantly

igher furans were produced at the higher temperature when
emicellulose dissolution was held constant. A first order kinetic
odel was developed to predict sugar degradation to furans. The

stimated activation energy of sugar degradation was higher than
Inhibit Inhibit Inhibit Inhibit

/L.

that of hemicellulose hydrolysis. The models were used to deter-
mine region of time and temperature parameter space in designing
viable low temperature pretreatment processes with high sugar
yield and low inhibitor production to facilitate effective bioconver-
sion of lignocelluloses.
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