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Abstract

Background: Dry dilute acid pretreatment at extremely high solids loading of lignocellulose materials
demonstrated promising advantages of no waste water generation, less sugar loss, and low steam consumption
while maintaining high hydrolysis yield. However, the routine pretreatment reactor without mixing apparatus was
found not suitable for dry pretreatment operation because of poor mixing and mass transfer. In this study, helically
agitated mixing was introduced into the dry dilute acid pretreatment of corn stover and its effect on pretreatment
efficiency, inhibitor generation, sugar production, and bioconversion efficiency through simultaneous
saccharification and ethanol fermentation (SSF) were evaluated.

Results: The overall cellulose conversion taking account of cellulose loss in pretreatment was used to evaluate the
efficiency of pretreatment. The two-phase computational fluid dynamics (CFD) model on dry pretreatment was
established and applied to analyze the mixing mechanism. The results showed that the pretreatment efficiency was
significantly improved and the inhibitor generation was reduced by the helically agitated mixing, compared to the
dry pretreatment without mixing: the ethanol titer and yield from cellulose in the SSF reached 56.20 g/L and
69.43% at the 30% solids loading and 15 FPU/DM cellulase dosage, respectively, corresponding to a 26.5% increase
in ethanol titer and 17.2% increase in ethanol yield at the same fermentation conditions.

Conclusions: The advantage of helically agitated mixing may provide a prototype of dry dilute acid pretreatment

and fermentation (SSF), Corn stover, Ethanol

processing for future commercial-scale production of cellulosic ethanol.

Keywords: Dry dilute acid pretreatment, Helically agitated mixing, CFD modeling, Simultaneous saccharification

Background

Pretreatment is the crucial step to overcome the biorecal-
citrance of lignocellulose to achieve efficient bioconversion
of cellulose into fermentable sugars and then to fermenta-
tion products such as ethanol [1-6]. Among various pre-
treatment methods, dilute sulfuric acid pretreatment is
considered to be the one with potential commercial appli-
cations [7-12]. The major disadvantages of dilute acid pre-
treatment include relatively massive acidic waste water
generation caused by low solids (lignocellulosic feedstock)
content, loss of fermentable sugars during the solids/liquid
separation after pretreatment, and relatively high inhibitor
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compounds generation [13]. To overcome these disadvan-
tages, recent studies on dilute acid pretreatment have tried
to increase the feedstock content of lignocellulose solids
as high as possible [14-16]. One example in our previous
study was a dry dilute acid pretreatment of corn stover, in
which the solids content in the pretreatment was fed to an
extreme high of up to 70% of the total feedstock [17] and
successfully applied to production of ethanol, lipid, and
lactic acid from corn stover [18-21]. This dilute acid pre-
treatment was called a ‘dry’ method, because both the corn
stover feedstock and the pretreated corn stover product
were ‘dry’ with no free water generation during the pre-
treatment, while the inhibitor generation was kept at a low
level. In this way, the three major disadvantages of dilute
acid pretreatment could be overcome: dry-in and dry-out
thus no waste water was generated, dry pretreated product
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thus no solids/liquid separation was needed, and low
inhibitor generation maintained a high pretreatment
efficiency.

The practice of dry dilute acid pretreatment operation
revealed that well mixing of the majority of lignocellulose
solids with minimum steam input in the pretreatment
reactor was the major challenge. When the dilute acid pre-
treatment was operated under a low solids/liquid ratio, the
mixing of hot steam with corn stover feedstock was rela-
tively easy, because the steam heated the continuous water
phase, then the hot liquid heated the solids particles
impregnated in the liquid. However, when dilute acid pre-
treatment was operated under a high solids/liquid ratio,
such as the ‘dry’ condition described above [17], the mix-
ing of the hot steam with the dry solids particles, and the
heat transfer from the hot steam to the solids feedstock
became very difficult for three reasons: no aqueous phase
existed as a continuous phase covering the solids bulk
body (heat transfer directly occurred from the hot steam
to the solid corn stover), lignocellulose biomass was typic-
ally a good insulator to reduce the heat transfer from the
surface to the inside part (the surface of a paced pile of
biomass was at target temperature but the core of the
packed bed was below the desired temperature causing
uneven heating), and the steam at a low usage (less than
half of the solids used according to Zhang et al. [17]) had
to reach the scattered solids particles directly.

On the other hand, since lignocellulose materials pos-
sessed high water or steam absorption capacity, the steam
entering the pretreatment reactor was quickly absorbed by
the lignocellulose materials close to the feeding nozzle re-
gions and could not be dispersed onto the materials in the
upper region of the reactor. In a small bench scale reactor,
the reactor volume was small and the steam injection
could penetrate through the relatively thin packing mate-
rials in both the height and diameter of the reactor. How-
ever, with the increased pretreatment scale of industrial
reactors, enforced mixing is inevitably required because it
is not possible to distribute the steam jetting uniformly
into the large pretreatment reactors through the thick
packing in meters of height and diameter.

The required agitation system should work well with a
completely dry solids system at reasonable energy con-
sumption. In our previous studies, the helical ribbon
stirred agitation and was found to achieve a well mixing
condition of the solids majority with the liquid (enzyme)
minority in the simultaneous saccharification and fer-
mentation (SSF) of various pretreated lignocellulose
materials [20-22]. However, the difference of mixing sce-
narios between these fermentation bioreactors and the
pretreatment reactor was that in bioreactors, mixing
started with the solids feedstock but these solids quickly
changed into the liquid slurry, while in the pretreatment
reactor, the mixing apparatus had to face a completely
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solids phase throughout the whole operation time when
the dry pretreatment system was applied.

In this work, the mixing performance of helically agitated
mixing in the dry dilute acid pretreatment was investigated.
The mixing effect by the helical ribbon stirrer was first
tested in a mock-up experiment using three reactors of dif-
ferent sizes. In the base of the results of the mock-up
experiment, a new pretreatment reactor equipped with a
helical ribbon stirrer was designed and the mixing per-
formance of the majority of corn stover solids with mini-
mum steam input was tested. The pretreatment efficiency
was evaluated by enzymatic hydrolysis and ethanol fermen-
tation. These results all indicate that the helically agitated
mixing worked well for the dry dilute acid pretreatment
with the enhanced bioconversion efficiency of corn stover
to ethanol. This study may provide a suitable prototype of
a pretreatment reactor at high solids loading for future
large-scale or industrial-scale pretreatment operations.

Results and discussion
Pretreatment performance in the reactors with and
without mixing
Helical screw feeders or conveyors are frequently used in
lignocellulose processing plants as described in the National
Renewable Energy Laboratory (NREL) technical report
[12]. However, when the solids content gets very high, the
compact screw device does not work well. Authors have
tested several screw devices for mixing in the dry pretreat-
ment reactor at corn stover solids of 70% (w/w), but the
screw devices were damaged due to the high resistance to
the screw movement (data not shown). Therefore, the
loosely structured helical ribbon stirrer used in the previous
SSF studies of pretreated corn stover at 30% (w/w) solids
was tested. The fluid dynamic mock-up experiments at
solids content of 50% (w/w) were carried out in several
reactors of different sizes to test the mixing efficiency of
corn stover with water. Figure 1 shows that the mixing of
corn stover solids with water at solids content of 50% (w/w)
was completed within 2 to 3 minutes. The positive fluid
dynamic results plus the successful applications in high
solids loading of SSF suggest that the helical ribbon stirrer
might be a suitable agitation apparatus for dry pretreat-
ment with very high solids content of up to 70% (w/w).
The dry dilute acid pretreatment of corn stover in both
the helically agitated reactor and the static reactor (without
mixing apparatus) was carried out and analyzed. In the
previous study, the pretreatment reactor was a 10 L stain-
less cylinder of 180 mm in diameter and 400 mm in height
[17]. Three steam injection nozzles in the bottom of the
reactor were relatively sufficient to mix the steam with the
lignocellulose materials packed inside the reactor. In this
study, the pretreatment reactor was enlarged in diameter
from 180 mm to 260 mm and the volume was increased
from 10 L to 20 L (the height was kept unchanged at
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Reactor volume (L) D (mm)

Solids content (%, w/w) Mixing time (s)

5.0 170 50
50.0 384 50
500.0 786 50

180

168

120

width (mm).

Figure 1 Schematic diagram of the fluid dynamic reactors equipped with helical ribbon stirrer. The reactor was a cylinder equipped with
a helical ribbon stirrer. The parameters of the helical ribbon stirrer were matched with the change in the diameter of the reactor to keep the
character of the helical ribbon the same in the three reactors. The mixing time was calculated by the time to reach constant moisture of corn
stover in the reactors. d, diameter of impeller (mm); D, diameter of the reactor (mm); S, pitch size of the helical ribbon (mm); w, ribbon

400 mm), but the number and size of the steam injection
nozzles were still the same. The purpose of the new en-
larged reactor design was to demonstrate a scale-down ex-
ample of the industrial pretreatment reactor in which the
steam jetting was not efficiently mixed with the lignocellu-
lose materials. The focus of this study is to find a solution
for the problem in large-scale pretreatment reactors.

The original research plan on the enlarged pretreatment
reactor was to operate the dry dilute acid pretreatment at
exactly the same optimal conditions as that in the previous
10 L reactor: 190°C, 3 minutes, and 2.5% sulfide acid. Un-
fortunately, the new reactor (20 L) was twice as large as the
previous one (10 L) and the agitation apparatus provided
more heat dissipation. Thus, the steam supply from the
same steam generator DZFZ4.5C was not sufficient for the
new enlarged reactor and the maximum temperature was
only 185°C, 5°C below the planned temperature (190°C).

On the other hand, the pretreatment efficiency in the
new reactor at zero agitation was very poor, the inhomo-
geneity could be observed even with basic examination:

large bulks of dark over-pretreated portions were at the
bottom and yellow un-pretreated fresh portions were at
the top. The main reasons were not only due to the en-
larged diameter, which worsened the mixing of steam
and lignocellulose materials, but also (and a major fac-
tor) due to the existence of the helical ribbon impeller
parts, which severely disturbed the steam flow and cre-
ated many dead zones inside the reactor. Unless the agi-
tation apparatus was removed from the new enlarged
reactor and left the new reactor as an empty cylinder, as
the previous 10 L reactor for the static pretreatment op-
eration (which was not possible to operate on the new
reactor), the direct comparison of the pretreated mate-
rials obtained at the agitated condition and static condi-
tion did not accurately reflect the true situation.
Therefore, the authors decided not to compare the
pretreated materials obtained from the same enlarged
reactor at the agitated and static conditions. Instead, the
pretreated materials for evaluation were chosen from the
static pretreatment operation in the previous 10 L
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Table 1 Pretreatment performance in the static reactor and in the helically agitated reactor

Pretreatment conditions Cellulose Inhibitors in the pretreated CS (g/100 g DM) Sugars in the pretreated CS (9/100 g DM)
con\(l;or)sion Furfural 5-HMF Acetate Glucose Xylose 0O-Glu O-Xyl

In helically agitated reactor

Case 1: 185°C, 2.0%, 3 minutes 77.55 0.18 0.09 0.58 048 534 0.72 845

Case 2: 185°C, 2.5%, 3 minutes 87.11 0.63 0.17 0.81 1.01 10.20 1.10 284

In no agitation reactor

Case 3: 190°C, 2.0%, 3 minutes 72.10 0.50 0.25 0.77 0.88 5.58 227 7.55

Case 4: 190°C, 2.5%, 3 minutes 85.10 0.90 0.21 120 1.58 8.02 157 4.29

The data in the pretreatment conditions column indicate the pretreatment temperature, acid usage, and residual time, respectively. Experiments were carried out
in duplicate and averaged to give the mean values. Enzymatic hydrolysis was carried out at 50°C, 15 FPU enzyme dosage, and 150 rpm agitation for 72 hours.
5-HMF, 5-hydroxymethylfurfural; CS, corn stover; DM, dry matter; FPU, filter paper unit; O-Glu, glucan oligomer; O-Xyl, xylan oligomer.

reactor at the optimal condition (190°C, 3 minutes, and
2.5% sulfide acid), and from the agitated pretreatment
operation at the optimal conditions of the enlarged 20 L
reactor (185°C, 3 minutes, and 2.5% sulfide acid), al-
though there was 5°C difference in the pretreatment
temperature.

Four operation cases are shown in Table 1. Case 1 and
Case 2 were operated on the helically agitated reactor
(Figure 2a) and lasted for 3 minutes at 185°C at different

sulfuric acid usage: 2.0% (2.0 g per 100 g dry solids) for
Case 1 and 2.5% for Case 2, respectively. Case 3 and
Case 4 were operated on the static reactor without mix-
ing apparatus (Figure 2b) at 190°C for 3 minutes at the
same sulfuric acid usage of 2.0% and 2.5%, respectively.
There was a temperature difference of 5°C between the
two reactors, 185°C at Case 1 and Case 2, and 190°C for
Case 3 and Case 4, because of the limitation of steam
supply with the increased reactor size. However, the

= %

(a) Reactor with helically agitation

stirrer; 10, electric motor for driving the helical ribbon impeller.

— oA Efj

(b) Reactor without agitation

Figure 2 Schematic diagram of the dry pretreatment reactors with and without helical agitation mechanism. (a) Reactor equipped with
helical ribbon impeller with the inner volume of 20 L; (b) Reactor without agitation apparatus with the inner volume of 10 L. 1, product outlet; 2,
steam inlet; 3, pretreatment vessel; 4, thermocouple; 5, cap of the reactor; 6, pressure gauge; 7, inert air outlet; 8, anchor stirrer; 9, helical ribbon
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comparison among the operation cases of the two re- lower temperature under the agitated condition was ele-
actors still revealed sufficient information of the impact vated, compared to that under the static pretreatment
of helically agitated mixing on the dry pretreatment condition. The result clearly confirmed the advantage of
processing. helically agitated mixing on the pretreatment efficiency.
Table 1 indicates that the helically agitated mixing in Furthermore, Table 1 also indicates that the inhibitor
the dry pretreatment played a crucial role in promoting concentration in the pretreated corn stover dramatically
the pretreatment efficiency and reducing the inhibitor decreased in the helically agitated pretreatment, al-
generation. At the sulfuric acid usage of 2.0% for 3 mi- though generally the inhibitor concentration increased
nutes, the cellulose conversion increased from 72.10%  with increasing pretreatment efficiency [14,15,17,25].
(Case 3) to 77.55% (Case 1), while at the sulfuric acid The comparison of Case 1 and Case 3 indicates that the
usage of 2.5% for 3 minutes, the cellulose conversion three major inhibitors, furfural, 5- hydroxymethylfurfural
increased from 85.10% (Case 4) to 87.11% (Case 2). It is  (5-HMF), and acetic acid, decreased from 0.50, 0.25, and
worth stressing that the increase of cellulose conversion  0.77 g/100 g dry matter (DM) in Case 3 (without mix-
occurred with a 5°C lower temperature in the helically ing) to 0.18, 0.09, and 0.58 g/100 g DM in Case 1 (with
agitated reactor (185°C) than that in the static reactor helically mixing), respectively. Similarly, the comparison
(190°C). Generally, the lower temperature in the pre- of Case 2 and Case 4 indicates that these inhibitors
treatment operation leads to lower pretreatment effi- decreased from 0.90, 0.21, and 1.20 g/100 g DM in
ciency [9,11,17,23,24]. However, the opposite results Case 4 (without mixing) to 0.63, 0.17, and 0.81 g/100 g
were obtained, in which pretreatment efficiency at the DM in Case 2 (with helically mixing), respectively.

{cortaut 1)
1.00084000

8 a5.00°

7.7782-00

6667200

5 556,001

0 rpm 10 rpm 30 rpm 50 rpm 80 rpm 100 rpm

(d)
Figure 3 CFD modeling of steam holdup and solids flow in the helically agitated pretreatment reactor. (a) The reactor diagram in which
the flow regime of the cross-section was simulated in the CFD calculation. (b) Geometric structure of the reactor in the CFD model. Left, mesh
cells and structure; middle, motion region of the helical ribbon impeller; and right, motion region of the bottom anchor stirrer. (c) Conservative
gas volume fraction under different agitation rates. (d) Fluid velocity distribution at different agitation rates. In this modeling, pretreated CS
materials were assumed to the high viscose liquid with high apparent viscosity of 2.31 Pa-s; the hot steam stream was assumed to be inert
air with a flow rate of 1.75 m/s. CFD, computational fluid dynamics; CS, corn stover.
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Corresponding to the inhibitor generation, the glucose
and its oligomer concentrations in the pretreated corn
stover decreased in the helically agitated reactor, and the
xylose and oligomer concentrations were kept approxi-
mately the same.

CFD modeling of the helically agitated mixing in the dry
pretreatment
The well mixing of corn stover solids with steam by hel-
ical agitation could lead to a uniform distribution of
temperature and sulfuric acid concentration, thus over-
heating at the bottom or underheating near the top of
the reactor could be avoided. To illustrate the effect of
helical agitation on the dry pretreatment efficiency, the
computational fluid dynamics (CFD) method was used
to simulate the steam flow with the corn stover solids in
the helical ribbon stirrer agitated reactor. A simplified
CFD model was established under several assumptions
and the fluid dynamic state of the helically agitated
reactor was simulated.

Figure 3c indicates that the steam holdup (represented
by the conservative gas volume fraction) was signifi-
cantly improved by helical agitation. At the static state
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or the low agitation rate (0, 10, 30 rpm), the steam was
accumulated to a very limited region near the jetting
nozzles and the reactor walls, then quickly diffused up-
wardly without sufficient contact with solids. When
the rotation rate was increased to 50 rpm, the steam
holdup increased everywhere in the solids bulk, indi-
cating that a well mass and heat transfer state was
established.

Figure 3d also indicates that solids mixing (represented
by the liquid velocity distribution) did not occur at no
agitation or a low agitation rate in the reactor; with the
increasing agitation rate, solids mixing was quickly
improved and a reasonable fluid flow regime was estab-
lished inside the reactor. On the other hand, Figure 3c
and d reveal that the improvement of both steam holdup
and solids mixing did not require a high agitation rate,
thus an agitation rate of 50 rpm should be a suitable
value for the present reactor.

The CFD modeling illustrated a relatively broad but
clear picture of the improved mixing performance
by helical agitation in the pretreatment reactor. The
modeling results confirmed the estimation proposed at
the beginning of this section.

Table 2 Glucan and xylan recovery of the dry pretreatment in the helically agitated reactor

Pretreatment conditions Cellulose content before

Xylan content before Glucan recovery  Xylan recovery

pretreatment (%) pretreatment (%) (%) (%)
Raw corn stover 3715+022 19.86 £0.56 - -
Changing temperature
165°C, 2.5%, 3 minutes 3804+ 204 857+226 100.09 94.24
175°C, 2.5%, 3 minutes 3723+0.75 528+0.02 96.69 79.32
185°C, 2.5%, 3 minutes 40.93 £0.06 293+0.16 96.50 62.00
Changing acid usage
185°C, 1.5%, 3 minutes 37.71+£1.07 648+0.18 92.05 78.89
185°C, 2.0%, 3 minutes 3741 +0.06 4.16+0.08 96.63 7491
185°C, 2.5%, 3 minutes 40.93 £0.06 293+0.16 96.50 62.00
185°C, 3.0%, 3 minutes 3848 £ 040 252+0.17 7397 43.18
185°C, 3.5%, 3 minutes 36.85+1.25 1.79+021 75.12 36.37
185°C, 4.0%, 3 minutes 3598+ 1.10 1.05+0.10 65.53 29.75
Changing residue time
185°C, 2.5%, 1 minute 4152 +588 4.06 041 92.71 64.08
185°C, 2.5%, 3 minutes 4093 +0.06 293+0.16 96.50 62.00
185°C, 2.5%, 5 minutes 3854+1.88 293+0.08 82.78 57.29
185°C, 2.5%, 10 minutes 39.29+0.75 221+£0.22 7644 42.96
Changing agitation rate
185°C, 2.5%, 3 minutes, 4023+259 3.00+0.19 84.81 54.03
10 rpm
185°C, 2.5%, 3 minutes, 3841+0.58 286+087 93.20 64.19
30 rpm
185°C, 2.5%, 3 minutes, 40.93 +0.06 293+0.16 96.50 62.00

50 rpm
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Table 3 Impact of the operation parameters on the inhibitor and sugar level of the dry pretreatment in the helically

agitated reactor

Pretreatment conditions

Inhibitors in the pretreated CS (g/100 g DM)

Sugars in the pretreated CS (9/100 g DM)

Furfural 5-HMF Acetic acid Glucose Xylose O-Glu O-Xyl

Changing temperature

165°C, 2.5%, 3 minutes, 50 rpm 0.13£0.02 0.03 £0.00 045+0.15 043 £0.01 758 £0.14 0.94 +0.06 928 £ 1.11
175°C, 2.5%, 3 minutes, 50 rpm 0.24 £0.02 0.06 £0.00 0.55+0.01 0.60 £0.01 10.05+0.21 0.78 £0.03 642 +0.09
185°C, 2.5%, 3 minutes, 50 rpm 0.63+001 0.17+001 081+0.15 101£002 1020£002  1.10£044 2841045
Changing acid concentration

185°C, 1.5%, 3 minutes, 50 rpm 0.08 £0.01 0.04 £0.02 0.59+0.06 045 £0.05 2.39+0.00 0.72£0.04 11.02 £0.02
185°C, 2.0%, 3 minutes, 50 rom 0.18+0.06 0.09+0.07 0.58+0.02 048+ 0.00 534+ 001 077+000  845+038
185°C, 2.5%, 3 minutes, 50 rpm 063 £0.01 0.17£0.01 081+0.15 1.01+0.02 10.20+0.02 1.10£044 2.84+£045
185°C, 3.0%, 3 minutes, 50 rpom 0.89 +0.03 0.30£0.03 1.29+0.03 241 +£0.02 9.99+0.11 039+0.01 081+0.15
185°C, 3.5%, 3 minutes, 50 rom 0.78+£0.02 036+0.07 1.24+0.05 2.07+0.02 785+008  045+001 0.80+0.10
185°C, 4.0%, 3 minutes, 50 rpm 0.84+0.07 041+0.17 1.22+0.16 350+£002  834+£004  043+007  045+0.13
Changing residue time

185°C, 2.5%, 1 minute, 50 rpm 039+0.03 0.12+001 0.73+£0.04 0.79+0.00 9.89+0.03 090+£008  256+035
185°C, 2.5%, 3 minutes, 50 rpm 0.63+0.01 0.17+001 081+0.15 101+£002  1020+£002 1.10+£044 2841045
185°C, 2.5%, 5 minutes, 50 rpm 0.80£0.15 0.27 £0.03 1.09+0.07 1.21£0.02 791 £0.06 096£0.11 1.35+0.04
185°C, 2.5%, 10 minutes, 50 rpm 099+0.10 030+0.02 1.13+£007 1.17£001 627+£007  069+004  037+008
Changing agitation rate

185°C, 2.5%, 3 minutes, 10 rpm 0.59 £0.04 0.18£0.02 0.80+0.10 0.99 £0.20 1065+ 035 049 +0.07 1.53+0.00
185°C, 2.5%, 3 minutes, 30 rpm 052+0.02 0.19+0.00 0.79+0.11 097+027 1058+023 078+005  204+004
185°C, 2.5%, 3 minutes, 50 rpm 063 £0.01 0.17£0.01 081+0.15 1.01+0.02 10.20+0.02 1.10+£044 284045

The data in the pretreatment conditions column indicate the pretreatment temperature, acid concentration, and residual time, respectively. All the
pretreatment experiments were carried out at 50 rpm. All the experiments were carried out in duplicate. Error was calculated as standard deviation.
5-HMF, 5-hydroxymethylfurfural; CS, corn stover; DM, dry matter; O-Glu, glucan oligomer; O-Xyl, xylan oligomer.

Improving pretreatment efficiency and reducing inhibitor
generation by helically agitated mixing

The dry pretreatment performance of corn stover in the
helically agitated reactor was optimized by changing pre-
treatment parameters for maximum hydrolysis yield and
minimum inhibitor generation. The results are shown in
Tables 2 and 3 and Figure 4.

The data in the pretreatment conditions column indi-
cate the pretreatment temperature, acid concentration,
and residual time, respectively. Cellulose and xylan
content were determined by two-step acid hydrolysis
methods described in the Methods section. The recovery
of cellulose and xylan was calculated by the ratio of cel-
lulose and xylan content in the dry materials before and
after pretreatment. Cellulose and xylan after pretreat-
ment consisted of monosaccharides, oligosaccharides,
glucan and xylan components, and furfural in the xylan
recovery. All the experiments were carried out in dupli-
cate and error was calculated as standard deviation
except the recovery of cellulose and xylan, which was
calculated with the total materials from two batches of
pretreatment at the same condition.

Table 2 indicates that the cellulose content after the pre-
treatment was almost the same with the virgin corn stover,
but the xylan content decreased sharply with increasing
temperature and acid usage. Glucan recovery was almost
constant with the increasing temperature in the experimen-
tal range (165 to 185°C), but suddenly decreased when the
sulfuric acid usage was above 2.5% and the residue time
was longer than 3 minutes. This result gave a strong indi-
cation that in the present helically agitated reactor, the acid
concentration and long pretreatment time were not pre-
ferred because the cellulose was easily converted into other
degradation compounds such as 5-HMF at such a condi-
tion. On the other hand, the xylan recovery was relatively
low compared to the cellulose recovery and decreased
steadily with the increasing intensity of temperature, acid
usage, and residue time. As illustrated in Table 3, the
concentrations of the typical inhibitors such as furfural,
5-HME, and acetic acid increased with increasing pre-
treatment intensity; the glucose increased with the in-
creasing intensity but the oligomer showed the opposite
tendency; xylose increased with pretreatment intensity
but when it was too strong, xylose and its oligomer
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Figure 4 Enzymatic hydrolysis assay of the pretreatment parameters in the helically agitated reactor. (a) Direct cellulose conversion of
the pretreated corn stover. (b) Overall cellulose conversion considering the cellulose recovery after the pretreatment. For detailed pretreatment
operation, the experiment of changing temperature was carried out at 2.5% acid usage, 3 minutes of residue time, and 50 rpm agitation rate; the
experiment of changing acid usage was carried out at 185°C, 3 minutes of residue time, and 50 rpm agitation rate; the experiment of changing
residue time was carried out at 185°C, 2.5% acid usage, and 50 rpm agitation rate; and the experiment of changing agitation rate was carried out
at 185°C, 2.5% acid usage, and 3 minutes of residue time. All the enzymatic hydrolysis processes of different pretreatment conditions were carried
out at 5% solids loading (dry materials), 15 FPU/g DM cellulase dosage, pH 4.8, and 50°C. DM, dry matter; FPU, filter paper unit.

J

decreased possibly due to the generation of its down-
stream products such as furfural. The results indicate that
at the present pretreatment, xylan degradation was still
strong and the pretreatment condition should be com-
promised by considering cellulose/hemicellulose loss, in-
hibitor generation, and cellulose conversion, instead of
glucose yield only.

Figure 4a indicated the direct cellulose conversion of the
pretreated corn stover, while Figure 4b indicated the overall
cellulose conversion of the virgin corn stover with the con-
sideration of solid weight loss in the pretreatment. Figure 4a
shows that the direct cellulose conversion increased with in-
creasing pretreatment temperature, acid usage, and residue
time, which was also in agreement with the tendency of
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general dilute acid pretreatments. The direct cellulose con-
version at different acid usage increased until the acid usage
reached 3.0% and remained almost unchanged as the acid
usage increased further. The same trend could be observed
when the residue time was prolonged. On the other hand,
the overall cellulose conversion increased with increasing
temperature and also increased with increasing acid usage
till 2.5%, then decreased with further increase of acid usage,
because of the weight loss mentioned above. The residue
time also showed the same tendency on the overall cellulose
conversion. The direct cellulose conversion and the overall
cellulose conversion of the pretreated corn stover gradually
increased with the increasing agitation rate. The pretreated
corn stover materials in the reactor were driven out by the
constant agitation. Therefore a minimum agitation rate
(50 rpm for the 20 L reactor) was maintained because a very
low agitation rate was not sufficient to drive the corn stover
materials completely out of the reactor, and then led to the
loss of cellulose and xylan. The maximum overall cellulose
conversion of 83.09% was observed at 185°C, 2.5% acid
usage, and 3 minutes of residue time.

Simultaneous saccharification and ethanol fermentation
(SSF) of pretreated corn stover

The efficiency of the helically agitated pretreatment was
tested by SSF using the dry dilute acid pretreated corn sto-
ver as feedstock. The corn stover was pretreated in the hel-
ically agitated reactor at 185°C for 3 minutes with 2.5% of
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sulfuric acid usage (Case 2 in Table 1); in the static reactor,
the pretreatment was operated at 190°C for 3 minutes with
2.5% of sulfuric acid usage (Case 4 in Table 1). The pre-
treated corn stover was biodetoxified to remove the inhibi-
tors until furfural and 5-HMF could not be detected. The
SSF of the pretreated and detoxified corn stover was con-
ducted under 30% solids loading (dry materials), 15 fil-
ter paper units (FPU)/g dry matter (DM) of cellulase
dosage, and the results are shown in Figure 5.

Figure 5 shows that 12 hours’ prehydrolysis of corn
stover after the helically agitated dry pretreatment re-
leased 81.92 g/L of glucose, and increased almost 47%
compared to the glucose released from the hydrolysis of
corn stover from the static dry pretreatment (55.87 g/L).
The prehydrolysis results indicate that the pretreatment
efficiency of corn stover from the helically agitated dry
pretreatment was significantly improved. The SSF stage
was started after 12 hours’ prehydrolysis and the signifi-
cant improvement of ethanol yield was also observed:
the ethanol titer reached 56.20 g/L after 48 hours’ SSF
using the corn stover from the helically agitated pre-
treatment, while the ethanol titer was only 44.44 g/L
under the same SSF conditions using corn stover from
the static pretreatment. The ethanol yield from cellulose
using the helically agitated pretreated corn stover was
69.34%, and the yield using statically pretreated corn
stover was only 59.14%. The 26.5% and 17.2% increases
of ethanol titer and yield were observed, respectively.
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Figure 5 SSF of the pretreated corn stover. Corn stover was pretreated from the helically agitated reactor (185°C, 2.5%, 3 minutes, 50 rpm)
and the no agitation reactor (190°C, 2.5%, 3 minutes), respectively. SSF was carried out under 30% solids loading, with the cellulase dosage of 15
FPU/g DM. The temperature and pH values during prehydrolysis process were controlled at 50°C and 4.8, respectively. These two conditions were
set to 37°C and 5.5 during ethanol fermentation process by Saccharomyces cerevisiae DQ1, respectively. DM, dry matter; FPU, filter paper unit; SSF,
simultaneous saccharification and fermentation.
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The results indicated the advantage of the helically
agitated well mixing in the dry pretreatment reactor.
The present ethanol titer of 56.20 g/L and yield of 69.43%
were still not high enough because of the very high solids
loading (30% w/w) and relatively short SSF time (48 hours).
However, there is certainly sufficient space for improve-
ment in ethanol titer, yield, and productivity of ethanol
product. The helically agitated reactor in this study pro-
vided a prototype of dry dilute acid pretreatment processing
under the output of no waste water generation, less sugar
loss, low inhibitor generation, and low steam consumption.

Conclusions

The helically agitated mixing significantly improved the
efficiency of dry dilute acid pretreatment and reduced
inhibitor generation compared to the dry pretreatment
without agitation. For the dry dilute acid pretreatment at
70% solids loading of corn stover (dry base), an optimal
pretreatment condition was obtained at 185°C, 2.5% of
sulfuric acid usage, and lasted for 3 minutes. The etha-
nol titer and yield from cellulose in the SSF reached
56.20 g/L and 69.43% at 30% solids loading and 15 FPU/
g DM cellulase, respectively, corresponding to 26.5% in-
crease in the ethanol titer and 17.2% increase of ethanol
yield at the same conditions. The advantage of helically
agitated mixing in the dry pretreatment provided a
prototype of dry dilute acid pretreatment for future
commercial-scale production of cellulosic ethanol.

Methods

Raw materials

Corn stover was grown in Henan, China, and harvested in
fall 2011. The corn stover materials were washed and then
dried at 105°C until the weight was constant at which point
the moisture was approximately 7% (w/w). The corn stover
was then milled coarsely using a beater pulverizer (SF-300;
Ketai Milling Equipment, Shanghai, China) and screened
through a mesh with the circle diameter of 10 mm, then
stored in sealed plastic bags until use.

Strains and enzyme
Amorphotheca resinae ZN1 (stored at Chinese General
Microorganisms Collection Center, Beijing, China; regis-
tration number: CGMCC 7452) was used as the biode-
toxification strain for the removal of inhibitors from the
pretreated corn stover [18]. A. resinae ZN1 was inocu-
lated on the solids of pretreated corn stover which was
neutralized with 20% Ca(OH), solution to pH 5.5. Bio-
detoxification started in solid state fermentation mode
without any nutrients added and ended when the inhibi-
tors were not detected on HPLC.

Saccharomyces cerevisiae DQ1 (stored at Chinese
General Microorganisms Collection Center; registration
number: CGMCC 2528) was used as the ethanol
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fermenting strain [22,26]. S. cerevisiae DQ1 was first
cultured in the synthetic medium (20 g/L glucose, 2 g/L
KH,PO,, 1 g/L (NH,),SO4 1 g/L MgSO,-7H,0, 1 g/L
yeast extracts) for activation and transferred to the same
medium without glucose containing the corn stover
hydrolysate for adaption according to the procedure
described by Zhang et al. [22].

The cellulase enzyme Youtell #6 was kindly provided
by Hunan Youtell Biochemical Co. (Yueyang, Hunan,
China). The filter paper activity of Youtell #6 was 135
FPU/g determined using the NREL Laboratory Analytical
Procedure (LAP) LAP-006 [27], and the cellobiase activity
was 344 cellobiase units (CBU)/g using the method of
Sharma et al. [28].

Fluid dynamic mock-up experiments

Mock-up experiments were designed to detect the mixing
effect of corn stover and water by helical ribbon stirrer. The
experiments were carried out in three reactors with dif-
ferent sizes of 5 L, 50 L, and 500 L. The inner structure of
the three scales of reactor was the same, and detailed in
Figure 1. Some parameters are also listed in the table below
Figure 1. The mixing time of corn stover and water were
used to illustrate the mixing effect. First, the corn stover
was added into the reactor, and then the water was added
from the inlet of the reactor into the corn stover when the
agitation was turned on. The mixing time was calculated by
the time to reach constant moisture of the corn stover.

Pretreatment reactor

The detailed pretreatment reactor scheme is illustrated
in Figure 2. Figure 2a shows the pretreatment reactor
equipped with a helical ribbon stirrer. The reactor was a
stainless cylinder with the working volume of 20 L
(260 mm in diameter and 400 mm in height). The single
helical ribbon stirrer was driven by a motor mounted on
top of the reactor through an electromagnetic convertor.
Figure 2b shows the pretreatment reactor with no mix-
ing apparatus as a comparison. This reactor was previ-
ously used in Zhang et al. [17], and a stainless cylinder
with a working volume of 10 L (180 mm in diameter
and 400 mm in height) was also used. The hot steam
was produced from the steam generator (DZFZ4.5C;
Zhengyuan Electromechanics, Shanghai, China), then
jetted into the reactor from the bottom and dispersed
upward through several nozzles at the bottom. Two
nozzles (6 mm in diameter) were designed on the
distributor to disperse the steam jetted into the reactor
at the mean steam flow rate of 0.1 to 1.0 kg per minute.

Pretreatment operation

The dried corn stover was presoaked with the diluted
sulfuric acid solution at the solid to liquid ratio of 2:1
(on the weight basis). The dilute acid solution was
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poured onto the dry corn stover materials then roughly
mixed, and sealed in plastic bags and stayed for 12 hours
at the ambient temperature (18 to 25°C). In each oper-
ation, 2,100 g of the presoaked corn stover (1,400 g of
dry corn stover plus 700 g of dilute acid solution) was
fed into the pretreatment reactor, and these corn stover
materials roughly occupied the whole space of the
reactor to meet the full solids loading condition of the
reactor for reduction of steam consumption [17]. All the
inlet valves were closed and the helical ribbon stirrer
started to operate, then the steam valve was opened to
jetting onto the presoaked corn stover. The purge valve
was opened twice very briefly (2 to 3 seconds) to release
the residual inert air inside the reactor. When the
temperature reached the required value, the condition
was maintained for a few minutes. To close the pretreat-
ment operation, the steam supply was switched off and
the steam inside the reactor was quickly released from
the outlet of the reactor. The pretreated corn stover
solids were taken out directly from the bottom of the
reactor and no free water was released. Two batches of
pretreatment at the same conditions were carried out,
and the analysis of the pretreated corn stover was aver-
aged from the two batches of pretreated corn stover.

Pretreatment efficiency assay by enzymatic hydrolysis
The pretreated corn stover was assayed following the NREL
LAP-009 [29]. One gram of the freshly pretreated corn
stover (dry base) was added into 0.1 M citrate buffer
(pH 4.8) to prepare the 5% (w/w) solids slurry in the flask.
The cellulase dosage was 15 FPU/g DM (dry pretreated
corn stover mass) and the hydrolysis lasted for 72 hours at
50°C and 150 rpm of shaking.

Cellulose and xylan recovery was calculated based on
the dry weight of corn stover before and after pretreat-
ment. Cellulose components after pretreatment included
cellulose, glucose, and glucan oligomers in the dry mate-
rials; and xylan components included hemicellulose,
xylose, and xylan oligomers in the dry materials. The
recovery was defined as the ratio of cellulose and xylan
content after pretreatment to those before pretreatment.
The direct cellulose conversion of the pretreated corn
stover was indicated by the ratio of the glucose produced
after the 72 hours’ enzymatic hydrolysis (subtracting the
initial glucose and glucan oligomers in the pretreated
corn stover) to the theoretical glucose released from the
cellulose in the pretreated corn stover. The overall cellu-
lose conversion of corn stover was indicated by the ratio
of the total glucose produced to the total theoretical
glucose released from the original corn stover before
pretreatment, in which the cellulose loss in the pretreat-
ment was taken into account. The original cellulose con-
tent was calculated by the cellulose content of the
pretreated corn stover divided by the cellulose recovery.
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Pretreatment assay by SSF

In the SSF process using the dry pretreated corn stover,
the higher inhibitor concentration, which was caused by
the high solids loading in the pretreatment, would
greatly decrease the performance of the fermentative
strains. Thus prior to the SSF step, the pretreated corn
stover materials were detoxified biologically using the
fungus A. resinae ZN1 according to the strictly uni-
formed procedure described in our reports [18,20,21]
for all the pretreated SSF cases at the fixed time,
temperature, and the operation. The SSF operation of
the pretreated and biodetoxified corn stover was carried
out in a 5 L helical ribbon stirrer agitated bioreactor as
described in Zhang et al. [22]. The SSF operation was
carried out at 30% solids (dry pretreated corn stover)
concentration, 15 FPU/g DM cellulase dosage. The
detoxified corn stover feedstock was sterilized at 115°C
for 20 minutes. The operation started with 12 hours’ pre-
hydrolysis at 50°C and pH 4.8, then the temperature was
reduced to 37°C and the adapted S. cerevisiae DQI cells
were inoculated into the bioreactor at 10% inoculum ratio
(v/v) to start the SSF. Samples were taken periodically for
analysis of ethanol and glucose. These experiments were
carried out using the two separate batches of pretreated
corn stover at the same pretreatment condition, and then
averaged for the final data and error.

Computational fluid dynamics (CFD) modeling of the
pretreatment reactor

The commercial grid generation tool, ICEM CFD 11.0
(Ansys Inc., Canonsburg, PA, USA) was used to generate
the three-dimensional grids of the reactor model created
in SolidWorks 2010 (Dassault Inc., Vélizy-Villacoublay,
France). The impeller agitation was characterized with
the multiple reference frame (MRF) model. The math-
ematical model was solved in CFX 11.0 (Ansys Inc.).
The initial and boundary conditions were specified as: 1)
the impeller and shaft regions were stationary relative to
the fluid domain; 2) no slip wall; 3) the residual error
was set as 1 x 10 and 4) the Eulerian-Eulerian and the
k-¢ turbulence model were applied.

Figure 3a and b show the CFD mesh cells and geomet-
ric structure, respectively, in which the gas inlets were
identical and the gas outlet was assumed to be released
to the completely open cap on top of the reactor. A
gas—liquid two-phase flow was assumed under the
assumptions of the pseudo-liquid phase of corn stover
materials, and the inert and incompressible gas phase of
steam vapor. The apparent viscosity of the assumed
pseudo-liquid was set to 2.31 Pa-s according to the
determination using the torque measurement method.
The density of the assumed gas flow was set to 14.18 g/L,
which equaled the steam density at 3.0 MPa, 250°C used
in the pretreatment. The velocity of the gas phase was
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calculated to be 1.75 m/s by modeling the typical pretreat-
ment process, which equaled to jetting 700 g of hot steam
within 3 minutes into the reactor through two nozzles.
The conservative gas volume fraction and the liquid
velocity distribution were used to characterize the mixing
at different agitation conditions.

Sugar and inhibitor analysis

Sugars and inhibitors were measured by HPLC (LC-
20 AD, RID-10A refractive index detector; Shimadzu,
Kyoto, Japan) equipped with an Aminex HPX-87H
column (Bio-Rad, Hercules, CA, USA) at the column
temperature 65°C. The mobile phase was 5 mM H,;SO,
at the rate of 0.6 mL/min. Samples were filtered through
a 0.22 um membrane before analysis.

Cellulose and xylan composition determination

The cellulose and xylan content of corn stover were
measured by two-step acid hydrolysis according to
NREL LAPs [30,31]. The pretreated corn stover was
washed thoroughly with deionized water and oven dried
at 105°C overnight to determine the content of water
insoluble solids. One hundred milligrams of dried corn
stover was added to 1 mL 72% (w/w) H5SO, and then
incubated at 30°C in a water bath for 1 hour with stir-
ring by glass rod. The mixture was diluted to 29 mL in
volume and hydrolyzed at 121°C for 1 hour. The hydro-
lyzed mixture was neutralized using CaCO3; powder and
centrifuged. The supernatant was used for HPLC ana-
lysis to measure the glucose and xylose to calculate the
cellulose and xylan content.

Oligomers of cellulose and xylan were measured
according to NREL LAP [31]. The mixture of 5 g wet
pretreated corn stover and 50 mL deionized water was
shaken at 180 rpm for 2 hours at 30°C. Then 5 mL
filtrate after solids/liquid separation was used for deter-
mining the concentration of glucose and xylose, and
mixed with 1 mL 72% (w/w) sulfuric acid. The mixture
was then diluted to 29 mL in volume and the subse-
quent process was the same as the two-step hydrolysis.
The difference of the sugar concentration before and
after acid hydrolysis was calculated as the oligosacchar-
ide content. These experiments were carried out using
the two separate batches of pretreated corn stover at the
same pretreatment condition, and then averaged for the
final data and error.
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