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Abstract
Background: The two-step dilute acid hydrolysis (DAH) of softwood is costly in energy demands and capital costs. 
However, it has the advantage that hydrolysis and subsequent removal of hemicellulose-derived sugars can be carried 
out under conditions of low severity, resulting in a reduction in the level of sugar degradation products during the 
more severe subsequent steps of cellulose hydrolysis. In this paper, we discuss a single-step DAH method that 
incorporates a temperature profile at two levels. This profile should simulate the two-step process while removing its 
major disadvantage, that is, the washing step between the runs, which leads to increased energy demand.

Results: The experiments were conducted in a reactor with a controlled temperature profile. The total dry matter 
content of the hydrolysate was up to 21.1% w/w, corresponding to a content of 15.5% w/w of water insoluble solids. 
The highest measured glucose yield, (18.3 g glucose per 100 g dry raw material), was obtained after DAH cycles of 3 
min at 209°C and 6 min at 211°C with 1% H2SO4, which resulted in a total of 26.3 g solubilized C6 sugars per 100 g dry 
raw material. To estimate the remaining sugar potential, enzymatic hydrolysis (EH) of the solid fraction was also 
performed. EH of the solid residue increased the total level of solubilized C6 sugars to a maximum of 35.5 g per 100 g 
dry raw material when DAH was performed as described above (3 min at 210°C and 2 min at 211°C with 1% H2SO4).

Conclusion: The dual-temperature DAH method did not yield decisively better results than the single-temperature, 
one-step DAH. When we compared the results with those of earlier studies, the hydrolysis performance was better 
than with the one-step DAH but not as well as that of the two-step, single-temperature DAH. Additional enzymatic 
hydrolysis resulted in lower levels of solubilized sugars compared with other studies on one-step DAH and two-step 
DAH followed by enzymatic hydrolysis. A two-step steam pretreatment with EH gave rise to a considerably higher 
sugar yield in this study.

Background
The depletion of oil reserves and the effects of oil-based
energy on the global climate have provided an incentive
to search for alternative sources of energy. In particular
the transport sector is dependent on oil-derived prod-
ucts. Ethanol is a potential substitute of gasoline as fuel
for vehicles. It is currently derived from starch-rich sub-
strates such as maize corn and plants with high sugar
contents, such as sugarcane [1,2].

Another potential source of ethanol is lignocellulose
[3,4]. Currently, however, lignocellulose cannot be
directly fermented to ethanol. Before fermentation, a pro-
cess is required to break down the lignocellulose into

sugar monomers. Several methods are known to facilitate
the degradation of the lignocellulose complex, including
dilute acid hydrolysis (DAH), AFEX, pH control or lime
methods [5-8]. Such pretreatment processes are followed
by enzymatic hydrolysis (EH) to increase the total sugar
yield. Acid hydrolysis processes are efficient in sugar
polymer degradation as no EH is required before fermen-
tation; however, the formation of inhibitors may be sub-
stantial, causing sugar losses. The overall cost of
converting biomass to ethanol is significantly influenced
by the costs of raw materials and of enzymes [9], and it is
therefore crucial to select a pretreatment method that is
appropriate for the raw material. In other words, the
treatment should yield a product that is suitable for EH
and that contains low levels of sugar degradation prod-
ucts, as these will inhibit the fermentation process [10].
In addition to carbohydrates, lignocellulose also contains
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lignin. To make the best use of the raw material, compo-
nents other than the carbohydrates need to be utilized.
One alternative is to produce ethanol from the sugars by
fermentation and to use the residues, including lignin, as
pellets or for the generation of electricity [9].

The raw material considered for this study was spruce,
a type of softwood. Pretreatment of softwood has previ-
ously been investigated using methods such as impregna-
tion with acid catalysts, (for example, SO2 and H2SO4)
before steam pretreatment, and also DAH [11,12]. A two-
step DAH method using H2SO4 and a two-step pretreat-
ment method of an acid-impregnated lignocellulosic sub-
strate followed by EH have been thoroughly explored [13-
16]. The advantage of the two-step process was an
increase in the hemicellulose yield, although the glucose
yield remained the same [17].

The two-step DAH method comprises an acid hydroly-
sis step under conditions of low severity, which hydro-
lyzes the hemicellulose fraction. The solid material can
then be washed and subjected to a second AH step, per-
formed under conditions of greater severity, with the aim
of degrading the cellulose. Washing the material between
the steps removes the hemicellulose sugars and reduces
the level of sugar-derived inhibitors, such as hydroxym-
ethylfurfuraldehyde (HMF) and furfural, which are
formed under more severe conditions [18]. This washing
has to be conducted either at high pressure (1-2.5 MPa),
which poses a serious engineering challenge, or at ambi-
ent pressure, which has the drawback of increased steam
utilization, due to the material having to be reheated to
the higher temperature. Before the second hydrolysis
step, the material may also need to be impregnated again.
A study by Monavari et al. suggests that removing the liq-
uid by pressing between the two steps without washing
the material leads to the best results for sugar yields [16].

In this study, we addressed the drawbacks of two-step
processes by introducing a new reactor design with
improved controllability, which permitted temperature
profiles to be used during DAH. The two-step DAH was
simulated by a one-step process that involved raising the
temperature during the hydrolysis; the first period was
conducted at a lower temperature to hydrolyze the hemi-
cellulose, then the temperature was increased, but with a
reduced residence time. The aim was to obtain a high
hydrolysis yield of cellulose without generating inhibitors
that were detrimental to the fermentation [10].

The primary objective of the study was to determine
the efficiency of DAH using a dual temperature profile in
a novel reactor setup. This was to be compared with sin-
gle-level (regular hydrolysis) experiments so as to point
out the effect of a more advanced temperature control;
small reactors tend to suffer from temperature over-
shooting. Because the temperature behavior was of par-
ticular interest, a series of tests was conducted with an

alternative temperature control strategy. Also, the EH of
the slurry after DAH was investigated to estimate the
potential increase in sugar yield that was obtainable when
using EH as compared with DAH alone.

Materials and methods
Raw material
Fresh, chipped (20 mm long and approximately 5 mm
thick) spruce (Picea abies) was kindly provided by a local
sawmill (Widtsköfle Sågverk AB, Everöd, Sweden). The
wood chips were milled and sieved to yield a suitable sub-
strate for the acid hydrolysis (chips of 2.2 to 10 mm in
size). This size reduction was necessary because of the
diameter of the reactor's inlet valve and had a negligible
effect on the pretreatment outcome [19]. The composi-
tion of the milled material is given in Table 1. The dry
matter (DM) content of the sieved material was 41.7% w/
w. The material was stored at 4°C in plastic bags until it
was subjected to DAH.

DAH
The DAH process is shown in Figure 1. The reactor was
supplied with steam of the desired temperature by a
steam generator. The steam pressure was reduced by a
valve to the desired pressure corresponding to a particu-
lar temperature (190-220°C). The reactor was top-loaded
with the substrate (spruce) and after closing the reactor
inlet valve, the wood chips were subjected to direct steam
until the temperature set-point for the reaction was
reached. After the reaction time, the reactor outlet valve
was opened and the material emptied - under the pres-
sure from the reactor - into the flash vessel, where excess
steam flashed off from the total slurry (TS). The acid-
hydrolyzed material was then collected for further analy-
sis.

Table 1: Composition of the raw material

Component % w/w of DM

Glucan 45.1

Galactan 2.8

Mannan 11.8

Total C6 polymers 59.7

Xylan 5.2

Arabinan 1.1

Total C5 polymers 6.3

Acid-insoluble lignin 28.5

Acid-soluble lignin 3.8

Total lignin 32.5

Ash 0.2

Total components analyzed 98.6
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To conduct the experiments, a new 4 liter reactor was
used. A cylindrical metal mesh insert allowed improved
steam distribution throughout the reactor. Compared
with their larger counterparts, small pretreatment reac-
tors, such as this one, have the disadvantage of an unde-
sirably high surface to volume ratio, resulting in an
increased consumption of steam required to compensate
for heat losses, which further dilutes the slurry. This ren-
ders the reactor and the experimental results generally
less valuable for scaling up to larger volumes. To address
this issue, a heating jacket was used to maintain the sur-
face temperature at the same level as the reactor tempera-
ture.

The control system comprised a controller made up of
a processor unit (PM851K01) and an automation system
(IndustrialIT 800×A 5.0; both ABB, Malmö, Sweden).
Three thermocouples measured the temperature in the
chamber (TR), the space between the chamber wall and
the mesh (TS), and the jacket (TJ). The pressure in the
reactor was monitored by the pressure sensor PR (Figure
1). The heating cycle was initiated by heating the jacket,
followed by heating the chamber. After achieving the
desired chamber temperature, the steam inlet valve was
closed, and steam was introduced through a propor-
tional-integral-derivative (PID) regulated control valve to
maintain a constant temperature.

Before DAH was carried out, the spruce was impreg-
nated for a minimum of 30 min with sulfuric acid to yield
a concentration of 1% w/w based on the water content of
the material. Each shot consisted of 350 g DM spruce,
with shots duplicated to compensate for possible varia-
tions between them, before the flash vessel was emptied.
The pretreatment conditions are summarized in Table 2.
As can be seen, the temperature varied between 190 and
220°C, and the residence time for the total DAH reaction
was between 3-15 minutes. The combined severity factor
for these conditions ranged from 2.70 to 3.93 (see below).

After a full series of experiments was completed and
analysed, the influence of a modified control strategy for
the reactor heating period was investigated. Instead of a
heating pattern that tolerated a certain level of overshoot-
ing, the new regimen was set to reach the final reaction
temperature after 30 seconds by slowly increasing the
temperature.

Analyses
Analysis of the raw material was performed in duplicate
on samples of dried and milled spruce chips. The compo-
sition of the material was determined according to the
National Renewable Energy Laboratory (NREL) Labora-
tory Analytical Procedures (LAP) [20]. After the acid
hydrolysis, a sample of the slurry (about 30 g) was dried

Figure 1 Hydrolysis equipment.
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for 24 h at 105°C to determine the DM. The water-insolu-
ble solids content (WIS) and the sugar and inhibitor con-
centrations in the slurry were also determined. The WIS
was measured by stirring 100 g of slurry in 1 L of hot
water, filtering off the liquid, and then rinsing with excess
water, followed by determination of the dry matter con-
tent. Samples from EH were withdrawn at regular time
intervals (0, 24, 48 and 72 h), and the sugar and the inhib-
itor concentrations were measured using a high-perfor-
mance liquid chromatography system (Shimadzu
Scientific Instruments, Columbia, MD, USA) equipped
with a refractive index detector (RID-10A; Shimadzu Sci-
entific Instruments). Before analysis, the samples were fil-
tered through 0.2 μm disposable filters to remove
particulates. The sugars (glucose, mannose, arabinose,
galactose and xylose) were separated in a resin-based col-

umn (Aminex HPX-87P; Bio-Rad, Hercules, CA, USA) at
85°C with water as the eluent at a flow rate of 0.6 mL/min.
The inhibitors (HMF, furfural, acetic acid, levulinic acid
and formic acid) were analyzed using an Aminex HPX-
87H column (Bio-Rad, Hercules, CA) at 65°C, 0.5 mL/
min with 0.005 M H2SO4 as the eluent.

EH
The slurry from the acid hydrolysis was subjected to EH
to investigate the remaining sugar potential. An enzyme
mixture of Celluclast 1.5L (58 filter paper units (FPU)/g
and 17 IU/g of β-glucosidase) and Novozyme 188 (376
IU/g of β-glucosidase), both kindly donated by
Novozymes A/S (Bagsværd, Denmark), was used. A
water-insoluble solids (WIS) concentration of 2% w/w
was chosen to avoid end-product inhibition in the deter-

Table 2: Hydrolysis conditions

Sample t1, min TR1, °C t2, min TR2, °C CS Sample t1, min TR1, °C t2, min TR2, °C CS

1 3 199 2.70 26b 5 209 3 212 3.45

2 5 192 2.73 27a 5 210 2 220 3.50

3 5 193 2.74 28b 3 209 6 211 3.51

4 5 193 2.76 29b 5 206 6 210 3.54

5 5 194 2.77 30b 5 206 6 211 3.56

6 5 196 2.82 31 5 208 3 220 3.56

7 3 204 2.85 32 5 208 3 220 3.56

8 7 194 2.93 33b 5 205 8 210 3.62

9a 5 200 2.95 34 5 206 4 220 3.62

10 5 201 2.97 35b 5 207 8 210 3.63

11 5 201 2.98 36 5 209 4 220 3.64

12a 5 202 3.02 37b 5 206 10 211 3.71

13 5 203 3.03 38 5 203 6 220 3.72

14a 7 202 3.17 39 5 207 6 220 3.75

15 5 198 2 210 3.18 40 5 210 6 220 3.77

16a, b 3 210 2 211 3.26 41 5 206 8 220 3.84

17 5 203 3 211 3.35 42 5 208 8 220 3.85

18b 5 208 2 213 3.37 43 5 207 10 220 3.92

19b 3 208 4 211 3.37 44a 5 208 10 220 3.93

20a, b 5 208 2 213 3.38 45a, c 5 191 3 220 3.41

21 7 204 2 211 3.39 46c 5 200 3 220 3.47

22a 5 203 4 210 3.40 47a, c 5 191 4 220 3.51

23b 7 206 2 211 3.43 48a, c 5 202 4 220 3.58

24b 5 206 4 211 3.45 49c 5 191 6 220 3.67

25 5 206 2 221 3.45 50a, c 5 208 10 210 3.71

aEnzymatically hydrolyzed.
bAllocated to single-level pretreatment.
cCorresponds to changed reactor settings.
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mination of the potential sugar yield. A total of 10 g of
WIS, 2.60 g of Celluclast and 0.46 g of Novozym were
diluted in 0.1 mol/L of NaAc buffer to a total mass of 500
g. Hydrolysis was performed at 40°C and pH 4.8 for 72 h.
The experiments were conducted in duplicate.

Severity factor
Incorporating the parameters 'time' and 'temperature'
[21], the severity factor R is defined as

where t1 (min) is the residence time at the reaction tem-
perature and TR1 (°C) is the temperature in the reactor.
The function is extended for acid conditions to

yielding the combined severity factor (CS) by subtract-
ing the pH value based on the set acid concentration
before the reaction.

To have the same convenient form for comparing the
results of one-step pretreatments at different consecutive
temperature levels (TR (°C)) and durations (ti (min)), the
severity factor was extended to

Results and Discussion
Reactor startup
Before the DAH experiments were conducted, prelimi-
nary testing of the reactor was required to establish the
operation procedure. Part of this commissioning work
involved determining the influence of the jacket heating,
which should compensate for the disproportionate heat
loss of small reactors. In theory, a higher temperature in
the jacket than in the reactor should reduce heat loss and
therefore the steam consumption in the reactor, yielding a
higher dry matter content after the reaction. Experimen-
tal shots with a temperature difference (TJ-TR) of up to
30°C were conducted. The obtained experimental data
(not shown) led to the conclusion that the jacket temper-
ature should be equal to the reactor temperature (TJ =
TR).

Although the reactor was fully insulated thermally, cer-
tain heat sinks could not be avoided. In particular, the
reactor inlet and outlet valves and the steam inlet valves
contributed to the total energy loss during the acid
hydrolysis. Two valves controlled the influx of steam into
the reaction chamber; the first one was fully opened to
rapidly heat the spruce to the desired temperature and
then closed, and the second valve, which was had finer
control, was subsequently used to maintain a constant

temperature. To reach the second temperature level, the
first (larger) steam valve was re-opened. Any condensate
that formed in the proximity of this valve was then trans-
ferred into the chamber. This contributed to the lower
DM of the two-level experiments compared with their
single-level counterparts.

The reactor heating was completed in a matter of sec-
onds. The response of the temperature sensor was too
slow to control the initial heating, which resulted in a
temperature overshoot of 5-10°C. This problem was
addressed by using the pressure sensor in the chamber in
conjunction with a correlation between the saturation
pressure of water and the temperature for the initial
phase, which resulted in good accuracy, thereby eliminat-
ing most of the temperature overshooting. This control
strategy was then substituted for the previous one.

DAH
In total, 50 conditions were investigated (Table 2). Sam-
ples marked with 'c' are singled out in the plots (open
symbols in Figure 2) because they were conducted to test
an additional reactor control strategy. They are therefore
discussed separately later.

The initial DM of the raw material was 41.7% w/w. The
maximum DM content after hydrolysis, assuming a dilu-
tion by the steam condensate used to heat up the mate-
rial, was estimated to be 34.7% (a heat capacity of spruce
of 3.18 kJ/(kg K) at 100°C was assumed [22]). This did not
take into account the loss of flash vapor. Figure 3 shows
the resultant DM and WIS after DAH for the various
investigated conditions. When the CS was increased, the
DM content of the total slurry dropped from 21.1% to
15.1% w/w. Samples from DAH without the second tem-
perature step (1-14) were slightly drier, because of the
issues with the steam inlet valve mentioned above.

Experiments were also performed to evaluate the steam
consumption of the empty reactor (data not shown).
Because the jacket was already at the operating tempera-
ture when the reactor heating was started, no heat losses
and therefore no condensation of steam was expected at
the reactor walls. However, a major source of heat loss
occurred at the material inlet and outlet valves, and the
condensate formed diluted the material. Based on the
experimental results with the empty reactor, the level of
additional liquid could be calculated. As an example,
without heat losses by the inlet and outlet valves, the DM
would hypothetically increase from 20% to 25% w/w for
sample 10 (201°C for 5 min; Table 2).

With increasing CS, the level of WIS decreased from
15.5 to 9.0% w/w. This corresponded to a WIS recovery
level of 64.1 to 39.0% w/w. When harsher treatment con-
ditions were applied, more material was hydrolyzed to
yield soluble compounds, due to an increased sugar poly-
mer to monomer ratio at higher temperatures. Again, the

R t TR= × −log( exp(( ) / . ))1 1 100 14 75 (1)

CS R pH,= − (2)

R t T t T tR R i= × − + × − + ×log ( exp(( ) / . ) exp(( ) / . ) e1 1 2 2100 14 75 100 14 75 xxp(( ) / . ) ...).TRi − +100 14 75



Bösch et al. Biotechnology for Biofuels 2010, 3:15
http://www.biotechnologyforbiofuels.com/content/3/1/15

Page 6 of 12
samples subjected to dual temperatures were found to
become more dilute as a result of the additional conden-
sate from the steam inlet valve.

The total level of C6 sugars (recalculated to monomer
sugars from Table 1) available in the raw material leveled
at 66.3 g per 100 g DM, with glucose constituting 50.1 g
per 100 g DM. The highest yield of glucose obtained after
acid hydrolysis (that is, 17.0 g glucose per 100 g raw mate-
rial (33.9% of theoretical value)), was found for combined
severities between 3.37 to 3.71 (Figure 4). Below this CS

range, the reaction rate from polymeric sugar to mono-
saccharide was too low, whereas above it, the degradation
of the glucose to HMF outperformed the formation of
sugars. Hemicellulose was hydrolyzed at a lower severity
than cellulose. At a CS of 2.70, the yield of xylose was 4.02
g/100 g and that of mannose was 8.18 g/100 g. In the
specified CS band, xylose and mannose yields were
increasingly degraded to furfural and HMF, respectively,
thus reducing the yield to 1.12 and 2.67 g/100 g at a CS of
3.93, respectively.

Figure 2 Impact of modified reactor control strategy on sugar yield. Solubilized glucose (g per 100 g). Filled black circle (open circle), glucose 
after dilute acid hydrolysis (DAH); filled black triangle (open triangle), total level of glucose after enzymatic hydrolysis as a function of the combined 
severity. Open symbols correspond to a modified reactor control; theoretical maximum 50.1 g glucose/100 g dry matter (DM).
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The highest yields of hexose sugar (glucose, mannose,
galactose) were found for a CS levels between 2.85 and
3.64. The maximum obtained value of solubilized C6 sug-
ars was 22.6 g per 100 g raw material at a CS of 3.40
(34.1% of theoretical value). Owing to the increase degra-
dation of the hemicellulose-derived C6 sugars with
increasing severity, the maximum yield of overall C6 sug-
ars was produced at lower severity than that of the maxi-
mum glucose yields.

Nguyen et al. conducted two-stage DAH at 200°C for 5
min with 0.4% H2SO4; 215°C for 3 min at 0.4% H2SO4;
190°C for 3 min at 0.7% H2SO4; and 215°C for 3 min at
0.4% H2SO4 [13]. The reported glucose yields were 16.7
and 16.0 g per 100 g raw material, which was only slightly
lower than the maximum 17 g per 100 g raw material we
found in this study. However, the glucan share of the raw
material (approx 70%white fir (Abies concolor) and 30%
Ponderosa pine (Pinus ponderosa)) was only 33.9% w/w,
whereas in our study the substrate had a glucan share
45.1% w/w which definitely affected the glucose yield that
is, the solubilized monomeric glucose with respect to the
dry raw material). Nguyen et al. found 44.8% and 42.6%,
in contrast to the 33.9% we measured.

The formation of sugar-derived degradation products
increased significantly when the severity was increased:
the pentoses xylose and arabinose were degraded to
furfural, which was then further oxidized to formic acid
[23]. The level of C5 sugars in the pretreated material
declined rapidly, as shown in Figure 5. Whereas 75% mol/
mol C5 sugars in the raw material could be recovered at a

CS of 2.70, only 23% mol/mol were recovered at a CS of
3.93. Compared with the C5 sugars, the formation of
furfural increased as the severity was raised. The low
level of furfural in comparison to that of C5 sugars can be
explained by its volatility; the furfural evaporated by
flashing (that is, by release of pressure) and by its subse-
quent degradation to formic acid. The ratio of acetic acid
increased only slightly, thus confirming the high degree
of hemicellulose degradation under the specified condi-
tions. Hexoses were degraded to HMF (ratio 1:1), which
was then further degraded to formic acid and levulinic
acid (ratio 1:1:1) [23]. The profile of the HMF formation
(Figure 6) followed the same trend as the monosaccharide
formation, but was slightly shifted along the CS axis. The
peak of the HMF formation was found at severities of 3.4
to 3.6. This was believed to result from the rate of degra-
dation of HMF to acids becoming higher than the forma-
tion of HMF as glucose formation was limited by the
reaction of cellulose to glucose. Mannose also contrib-
uted to the formation of HMF. The formic acid formation
followed the same trend as that of levulinic acid but was
shifted by 3% mol/mol due to the contribution of the
furfural degradation, which was evident even at the low-
est of the investigated severity levels. The acid formation
showed a steep increase in reaction rate at CS 3.40 and
this coincided with the highest hexose yield and a level-
ing-off at the maximum of the HMF concentration.

Söderström et al. reported that the highest inhibitor
concentration for a two-step dilute acid pretreatment of
softwood (spruce) occurred at 180°C for 10 min at 0.5%

Figure 4 Solubilized sugars after weak acid hydrolysis (g per 100 g dry matter (DM)). Filled black triangle, xylose (max 5.9 g/100 g DM); filled 
black square, mannose (maximum 13.1 g/100 g DM); filled black circle, glucose (maximum 50.1 g per 100 g DM); filled black diamond, total C6 sugars 
after DAH (maximum. 66.3 g per 100 g DM).
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H2SO4 and 220°C for 2 min at 1% H2SO4 [15]. The
reported inhibitor levels were 3.9 g/L HMF and 1.3 g/L
furfural. These values were considerably lower than those
obtained in our study, in which about 5.5 g/L HMF and
2.5 g/L furfural were detected. However, in the investiga-
tion by Söderström et al., the substrate was washed after
the first step, which reduced the level of C5 and C6 sugars
(originating from the hemicellulose fraction) that were

available for degradation in the second step. By contrast,
in our two-level DAH procedure, washing between the
steps was omitted.

Effect of a dual temperature profile
Samples 1-14 were conducted as single-temperature
experiments and sample 15-50 as dual temperature
experiments. For some of the latter experiments, the tem-

Figure 5 C5 sugars and degradation products of the total slurry as a percentage of the total C5 sugars in the raw material (mol/mol). Filled 
black triangle, xylose + arabinose; filled black triangle, furfural; filled black circle, acetic acid as a function of the combined severity.
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Figure 6 C6 sugars and degradation products in the total slurry as a percentage of the total C6 sugars in the raw material (% mol/mol). Filled 
black triangle, glucose + mannose + galactose; filled black diamond, formic acid; filled black circle, levulinic acid; filled black square, hydroxymethyl-
furfuraldehyde (HMF).
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peratures in the two steps differed by less than 5°C and
these were thus allocated to the single-level runs (see
Table 2, indicated by 'b').

In terms of combined severity, a range from 2.70 to 3.93
was covered. Within this range, samples of single/dual-
temperature DAH had overlapping severities, ranging
from 3.26 to 3.71 CS, thereby spanning the most relevant
conditions in terms of C6 sugar yields. The analysis of the
data allowed the following conclusions:

• The full spectrum of CS from 2.70 to 3.93 showed no
discontinuity, favoring neither single-level nor two-level
pretreatment but following a comprehensible trend. This
was true for hexose, pentose and the degradation product
analyses, and for EH.

• In the overlapping range (3.26 to 3.71), the data points
of single/dual-temperature DAH had a random scatter
pattern. No trend with regard to yields, favoring one pro-
cess or the other, could be established.

Based on these results, both pretreatment methods
were equivalent for this type of setup in terms of sugar
yields and degradation product formation. Furthermore,
no influence on the C6 sugar yield after EH was evident.
It should be noted that the scattering of the data points
was very low for this type of experiment, which supports
the conclusions drawn from the analysis. The time
required to conduct the pretreatment was well below 10
min. By contrast, the experiments conducted by Söders-
tröm et al. [15] required 12 min just for pretreating the
material. Nevertheless, the time for to heat, wash and
drain the reactor and to handle the material should be
taken into account. The consolidation into a two-level
process results in lower capital costs.

EH of acid-hydrolyzed material
EH of the total slurry was performed for selected samples
to evaluate which sugar yield was potentially obtainable.
The highest level of solubilized hexoses, (that is, 36.4 g
per 100 g DM (55% of theoretical value)), was found for
DAH at a CS of 3.17 (corresponding to 1% H2SO4, for 7
min at 202°C). Figure 7 shows a plateau of 35 g per 100 g
DM for a CS of 2.95 to 3.38 with an assumed peak at 3.02
to 3.17. At a CS of 3.40 and higher, a rapid decline in
hexoses was measured. The maximum yield of glucose
after EH was 28.8 g per 100 g DM at a CS of 3.17 (57.5% of
theoretical value), from which 14.6 g per 100 g DM was
released by EH. The best-case scenario is shown in detail
by Table 3 with a supporting process flow diagram (Fig-
ure 8).

A previous study on a two-step dilute-acid pretreat-
ment of softwood followed by EH was conducted by
Söderström et al. [15]. The glucose yield after two pre-
treatments was around 19 g per 100 g DM (180°C for 10
min at 0.5% H2SO4 and 200°C for 2 min at 2% H2SO4).
The reported combined (that is, pretreatment steps 1 and

2 plus EH) glucose yield of 36 g per 100 g DM (75% of the-
oretical value) was thus considerably higher than the
results we obtained. Both the pretreatment and the EH
performed better than the best case observed in our
study.

A similar study by Nguyen et al. on a single-stage
dilute-acid pretreatment of softwood forest thinnings fol-
lowed by EH resulted in a final glucose yield after EH of
33.3 g per 100 g DM (75% of the theoretical value), with
13.3 g per 100 g DM (30% of theoretical value) available
after pretreatment [12]. The pretreatment conditions
were 215°C for 1.66 min at 0.65% H2SO4. Although the
results of the pretreatment were slightly inferior to ours
with regard to glucose yield, EH performed much better,
with an increase of about 20.0 g per 100 g DM, resulting
in a larger amount of total available glucose.

Both the studies conducted by Söderström et al. and
Nguyen et al. relied on the material being washed before
EH. By contrast, we performed EH on the whole slurry
without washing, which might partly explain the low
yield in the hydrolysis step, which might be a result of
possible inhibition of the enzymes [18]. Another explana-
tion could be the high level of sugar-degradation prod-
ucts as reported above, which diminished the level of
cellulose available for EH.

The optimum CS range in our study was 2.85 to 3.64 for
DAH, and 3.02 to 3.17 for the pretreatment and subse-
quent EH in terms of solubilized hexoses. The overlap-
ping CS ranges open up opportunities for facility design.
First a DAH process should be established, and in cases
where additional EH is found to be more economical, the
process can be extended with slight modifications of the
earlier DAH conditions; we believe that this should
increase the hexose sugar yield 34% to 55% of the total C6
sugar available.

Modified reactor control strategy
Samples hydrolyzed with a reactor control strategy that
requires more time to reach the set reaction temperature,
but avoids overshooting (Table 2; Figure 2 open symbols),
concurred with the general trends of DM and WIS. The
DM was slightly increased compared with specimens
from previous experiments conducted under equivalent
conditions of severity. By contrast, the WIS, was exactly
in line with the previous results. An increased level of
DM at constant WIS indicated a higher level of solubi-
lized sugars. This was further confirmed by the results for
the monosaccharides glucose, mannose and xylose. The
highest glucose yield (18.3 g per 100 g DM), was obtained
at a CS of 3.58 (Figure 2)., corresponding to an increase of
1.3 g glucose per 100 g DM (7.6%). The highest level of
solubilized C6 sugars occurred at a CS of 3.51 with 26.3 g
per 100 g DM (39.6% of theoretical value).
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Three samples were enzymatically hydrolyzed with the
modified setup. Although the initial sugar concentration
was high, the increase due to EH was low, indicating a
high conversion rate of cellulose to glucose during DAH.
For example, at a CS of 3.51, approximately 29.5% more
hexose sugars were available after EH, whereas at a CS of
3.50, with the previous reactor configuration, the hexose
sugar yield due to EH increased by 35%.

Conclusion
DAH with either single or dual temperature levels was
investigated at varying temperatures and reaction times.
The analysis of the experimental data led to the conclu-
sion that the difference in performance between single-
and dual-temperature DAH was minimal. Based on the
defined CS both types of temperature profiles resulted in
equivalent performances with respect to inhibitor levels
and sugar yields. To estimate the remaining sugar poten-
tial, EH was conducted on selected samples. Again, sin-

gle- and dual-temperature profiles gave comparable
outcomes.

The obtained results were compared with counterparts
from DAH, two-step DAH and a two-step pretreatment
followed by EH. The glucose yield was found to be higher
than in DAH but lower than in the two-step DAH and the
two-step pretreatment followed by EH. EH was much
more efficient in DAH, two-step DAH and two-step pre-
treatment processes compared with single- or dual-tem-
perature process. A possible explanation for this
discrepancy could be a higher degree of inhibitor forma-
tion compared with the two-step pretreatment or EH of
the native slurry used instead of the washed material used
in the other studies.

The procedure described in this paper requires fewer
utilities (mainly process steam) and less equipment due to
a shorter residence time and no washing step as
demanded by the two-step pretreatment. However, the
performance was inferior to that found in a study con-

Figure 7 Solubilized sugars (g per 100 g). Filled black diamond, total level of C6 sugars after dilute acid hydrolysis (DAH); filled black triangle, total 
level of C6 sugars after enzymatic hydrolysis (EH) as a function of the combined severity; theoretical maximum 66.3 g C6/100 g dry matter (DM).
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Figure 8 Flow diagram of the sugar solubilization by pretreatment at a combined severity factor (CS) of 3.17 followed by enzymatic hydro-
lysis (EH).
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ducted by Söderström, who found higher yields and lower
levels of inhibitors.

When increasing the temperature from one level to the
next, the mesh inside the chamber had a beneficial effect,
facilitating a faster heat distribution because the already
partly degraded material was not clumped together at the
bottom. With increasing reactor size, there is less heat
loss per kg of material because the volume to surface ratio
is improved. This should be considered when scaling up
the process, because a drier hydrolysate has different, but
not necessarily better, characteristics.

Changing the reactor heating settings resulted in higher
yields of glucose and total hexoses after DAH, thus
increasing the robustness range of the process. Addi-
tional EH had reduced potential because less cellulose
was available in the slurry. This indicates a promising
pathway for future improvements. Further work is
needed to confirm the enhancements on sugar yields
after DAH.

Although the established data did not clearly show a
means of process improvement for the pretreatment with
two temperature levels, a different temperature profile
(ramp, exponential increase), changed chamber settings,
or an alternative substrate might have a positive effect on
the process performance, enabling it to approach the per-
formance obtained by the two-step pretreatment.
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Table 3: Example of sugar solubilization (yield is g per 100 g unless otherwise stated) with raw material, liquid fraction of 
the slurry after pretreatment, and liquid fraction after EH (hydrolysate) with a combined severity factor of 3.17 
(corresponding to 1% H2SO4 for 7 min at 202°C).

Raw material Slurry Hydrolysate

Glucose 50.1 14.2 28.8

Galactose 3.2 1.4 1.6

Mannose 13.1 6.2 6.4

Cellubiose 1 1.0 1.0

Xylose 5.8 2.6 2.8

Arabinose 1.3 0.9 N/A

Overall yield hexoses 66.3 21.8 36.7

Yield hexoses (g/g total C6), % - 33 55

Liquid 100 28 394

Solids (WIS) - 52 41

Total solids, % 41.7 (37.72) 19.4 (12.73) -

1Cellubiose is accounted for in glucose fraction.
2After impregnation with H2SO4,
3WIS.
4Small error with sugar balance due to sampling issue with greatly diluted specimen.
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