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h i g h l i g h t s

� Dry dilute acid pretreatment (DDAP)
with co-currently feedstock feeding
was performed.
� DDAP carried out in the reactor with

helical agitator to improve mass
transfer.
� Similar efficiency of DDAP obtained

using impregnated and non-
impregnated corn stover.
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a b s t r a c t

Impregnation of lignocellulose materials with dilute acid solution is a routine operation in conventional
dilute acid pretreatment. The dry dilute acid pretreatment (DDAP) at high solids content up to 70% is nat-
urally considered to require longer impregnation time. In this study, a co-currently feeding operation of
corn stover and dilute sulfuric acid solution without any impregnation was tested for DDAP. The DDAP
pretreated corn stover without impregnation is found to be essentially no difference in pretreatment effi-
ciency compared to those with impregnation in the helically agitated reactor. The yield from cellulose to
ethanol in SSF again shows no obvious difference between the DDAP pretreated corn stover with and
without impregnation. This study suggests that impregnation in DDAP was not necessary under the heli-
cal agitation mixing. The results provided a useful way of cost reduction and process simplification in
pretreatment.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Impregnation of aqueous solutions with lignocellulose materi-
als before pretreatment was a routine procedure for enhancing
the pretreatment efficiency (Galbe and Zacchi, 2012). In the pulp
and paper industries, impregnation is widely applied for enhancing
the conversion from woody biomass to pulp (Viamajala et al.,
2006). In cellulosic ethanol production process, impregnation of
lignocellulosic materials using various solutions such as dilute acid
solution (Sassner et al., 2008; Sørensen et al., 2008), alkali solution

(Kumar et al., 2011), hydrogen peroxide (Shao et al., 2013),
aqueous ammonia (Murnen et al., 2007), or SO2 gas (Rudolf et al.,
2008) is also a routine operation in pretreatment step, then the
impregnated materials are sent for pretreatment. It has been found
that long time impregnation helps water or chemical substances
penetrate into the interior regions or channels of lignocellulose
biomass. The penetrated water or chemicals facilitates the partial
hydrolysis of cellulose and hemicellulose into oligomers even at
low temperature. As the outcome, the mixing and mass transfer
of the pretreatment are enhanced and the pretreatment efficiency
is improved.

In the conventional dilute acid pretreatment method, generally
lignocellulose materials were completely impregnated into large
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bulk dilute acid solution at the high ratio of liquid to solid up to
10:1, then the whole slurry was pretreated under high tempera-
ture (160–220 �C) (Lloyd and Wyman, 2005). Recently a ‘‘dry dilute
acid pretreatment’’ (DDAP) method was developed by significantly
decreasing the usage of dilute acid solution in order to overcome
the drawback of massive waste water generation in the conven-
tional dilute acid pretreatment (Zhang et al., 2011). In the DDAP
process, the solids portion (dry lignocellulose materials) is two
folds greater than the liquid portion (aqueous dilute sulfuric acid
solution). Thus both the feedstock and product are essentially solid
materials without free water existence. Due to the high absorption
capacity of lignocellulose materials to aqueous solution, the small
amount of dilute acid solution is quickly absorbed by large ligno-
cellulose bulk body without sufficient mixing and mass transfer.
Therefore, lignocellulose materials impregnated by dilute acid
solution are generally mixed thoroughly and then placed overnight
(12 h) to let the dilute acid fully penetrate into the whole lignocel-
lulose (Zhang et al., 2011; He et al., 2014). However, impregnation
step creates troubles in the industrial scale operation. Additional
transportation system, mixing equipment, and storage tanks are
required which lead to the increase of capital investment. It is an
ideal way to realize the dry pretreatment process if the impregna-
tion step is complete cut from the process flowsheet.

In this study, an interesting test was carried out to check the
possibility of impregnation removal. The dry corn stover materials
and dilute acid solution were co-currently fed into the helically
agitated reactor without impregnation, instead of the impregna-
tion for hours. Surprisingly, the results show that the pretreatment
efficiency by co-currently feeding without impregnation was
essentially the same compared to that after long time impregna-
tion. These results provided an important evidence for deleting
the impregnation step in the DDAP process in large scale reactors,
and could lead to a significant cost reduction and process simplifi-
cation in the commercial production of cellulosic ethanol.

2. Methods

2.1. Raw materials and regents

The virgin corn stover (CS) was grown in Henan, China and har-
vested in fall 2011. CS was washed and dried at 105 �C until the
weight was constant, then was milled coarsely using a beater pul-
verizer and screened through a mesh with the circle diameter of
10 mm then stored in sealed plastic bags until use.

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 by the NREL Lab-
oratory Analytical Procedure (LAP) LAP-006 (Adney and Baker,
1996), and the cellobiase activity of 344 cellobiase units (CBU)/g
determined by the method of Sharma et al. (1991).

Amorphotheca resinae ZN1 was stored at Chinese General Micro-
organisms Collection Center, Beijing, China with the registration
number of CGMCC 7452. The biodetoxification for the removal of
inhibitors from the pretreated corn stover was described in Zhang
et al. (2010b) and He et al. (2014). Saccharomyces cerevisiae DQ1
was stored at Chinese General Microorganisms Collection Center,
Beijing, China with the registration number of CGMCC 2528 (Zhang
et al., 2010a; Chu et al., 2012). S. cerevisiae DQ1 was first adapted in
the undetoxified hydrolysate of pretreated corn stover for 3 times
and then inoculated into the bioreactors to start the fermentation.

2.2. Pretreatment reactor and operation

Pretreatment reactor was a stainless cylinder with a work
volume of 20 L (260 mm in diameter and 400 mm in height) as

described in detail by He et al. (2014). The helical stirrer was dri-
ven and rotated by a motor mounted on top of the reactor through
an electromagnetic convertor. The steam vapor was injected into
the reactor from the bottom. Pretreatment operation was carried
out at 185 �C for 3 min using 2.5 g of sulfuric acid per 100 g of
dry corn stover (2.5% acid usage). The agitation rate was set to
50 rpm, and the control experiment of non-agitated condition
was set to 0 rpm. Two pretreatment cases were tested using the
impregnated corn stover and the co-currently feeding of corn sto-
ver with dilute acid solution.

The impregnation of corn stover by dilute acid solution was car-
ried out by mixing the 1400 g of dry corn stover with 700 g of 5%
(w/w) sulfuric acid solution thoroughly and then maintaining at
ambient temperature (18–25 �C) in sealed plastic bags for 0.5, 12,
and 24 h, respectively. Then the impregnated corn stover materials
were fed into the pretreatment reactor and ready for pretreatment.

The co-currently feeding operation was carried out by feeding
the dry corn stover materials and the dilute sulfuric acid solution
into the reactor simultaneously under the helical agitation of
50 rpm. No impregnation of corn stover with dilute acid solution
was done.

The pretreated corn stover was assayed by enzymatic hydroly-
sis following the NREL LAP-009 (Brown and Torget, 1996). One
gram of the pretreated corn stover (dry base) was added into
10 ml of deionized water and then adjusted to pH 4.8 by 5 M NaOH
solutions in 100 ml flask followed by adding 0.1 M citrate buffer
(pH 4.8) to prepare a 5% (w/w) solids slurry in the flask. The cellu-
lase dosage was 15 FPU/g DM (dry pretreated CS) and the hydroly-
sis lasted for 72 h at 50 �C and 150 rpm of shaking.

2.3. Simultaneous saccharification and ethanol fermentation (SSF)

Before SSF process was carried out, the pretreated corn stover
was detoxified biologically by A. resinae ZN1 in solid state culture
to remove the inhibitors in the corn stover. During the biodetoxifi-
cation step, the fungus would consume the inhibitors such as fur-
ans and organic acid but less glucose and none of cellulose were
degraded as described in Zhang et al. (2010b). The content of cel-
lulose and hemicellulose in the detoxified CS was almost same
with that in the non-detoxified CS. The detoxification step was
stopped when the main inhibitors were removed. The SSF opera-
tion was carried out in a 5 L helical ribbon stirrer agitated bioreac-
tor as described in Zhang et al. (2010a) with the detoxified CS as
feedstock. The SSF operation was conducted at 25% solids (dry pre-
treated corn stover) concentration (w/w), 15 FPU/g DM of cellulase
dosage. The operation started with 12 h prehydrolysis at 50 �C and
pH 4.8, then the temperature was reduced to 37 �C and the adapted
S. cerevisiae DQ1 cells were inoculated into the bioreactor at 10%
inoculum ratio (v/v) to start the SSF. Samples were taken periodi-
cally for analysis of ethanol and glucose.

2.4. Measurement of cellulose and xylan

The cellulose and xylan content of corn stover were measured
by two-step acid hydrolysis according to NREL LAPs (Sluiter
et al., 2008a,b). One hundred milligram of dried corn stover was
added to 1 ml 72% (w/w) H2SO4 for 60 min reaction and then
hydrolyzed in 4% sulfuric acid solution at 121 �C for 60 min. The
hydrolysate was taken for sugars determination to calculate the
cellulose and xylan content.

Oligomers of cellulose and xylan were measured according to
NREL LAP (Sluiter et al., 2008b). The mixture of 5 g wet pretreated
corn stover and 50 ml deionized water was shook at 180 rpm for
2 h. 5 ml Supernatant was taken and reacted in 4% sulfuric acid
concentration in the autoclave at 121 �C for 1 h. Then the hydroly-
sate was used for sugars determination. The difference of the sugar
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