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Phosphoric acid-acetone fractionation was applied to pretreat lignocellulose for production of cellulosic
ethanol. Cellulose solubility properties in H,0, H3PO4 and CH;COCH3 were simulated. Atomic geometry
and electronic properties were computed using density functional theory with local-density approxima-
tion. H3PO4 molecule is adsorbed between two cellulose segments, forming four hydrogen bonds with Eg
of —1.61 eV. Density of state for cellulose in H3PO4-cellulose system delocalizes without obvious peak.
Egap 0f 4.46 €V is much smaller than that in other systems. Molecular dynamics simulation indicates that

gee{lv‘s/ii;dfsl;nctional theory fragments of double glucose rings separate in the cellulose-H3;PO,4 interaction system. Icy CH3COCH3
Dissolution addition leads to re-gathering of separated fragments. Reaction energy of cellulose in three solvents is

around 3.5 eV, implying that cellulose is chemically stable. Moreover, theoretical results correspond to the
experiments we have performed, showing that cellulose dissolves in H3POy4, flocculates after CH3COCH3
addition, and finally becomes more liable to be hydrolyzed into glucoses.
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1. Introduction

Countries, governments, and individuals are increasingly
concerning about energy security, resource depletion and envi-
ronmental degradation. According to the recently released 2011
BP (British Petroleum Company) statistical review of world energy
(British Petroleum Company, 2011), by the end of 2010, world’s
total proved reserves of oil is 188.8 billion tons. With current con-
sumption trends, the reserves-to-production (R/P) ratio of world
proved reserves of oil is only 46.2 years.

Biomass, the sustainable resource, is capable of delivering liq-
uid fuels and chemical products on a large scale. US alone has
the potential to produce more than 1.3 billion tons biomass and
further supplies more than 30% of US current petroleum consump-
tion (Sousa, Chundawat, Balan, & Dale, 2009). The total mandates
amounts to 21 billion gallons for advanced biofuel by 2022, of
which 16 billion gallons must be derived from lignocellulosic feed-
stock (110th Congress in Washington, 2007). In China, according
to Middle and Long Term Development Plan of Renewable Energy
formulated by NDRC, the annual bio-ethanol production is targeted
at 10 million tons by 2020 (Qiu et al., 2010). Production of ethanol
from sugars or starch negatively impacts the economics of the pro-
cess, thus making ethanol more expensive compared with fossil
fuels. Hence, the technology development of producing ethanol has

* Corresponding authors.
E-mail addresses: qinwugx@yahoo.com.cn (W. Qin), cqdong1@163.com
(C.-Q. Dong).

0144-8617/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.carbpol.2012.07.068

shifted towards the utilization of lignocellulosic materials to lower
production costs (Howard, Abotsi, Rensburg, & Howard, 2003).

Pretreatment is considered to be a major unit operation in a bio-
refinery to convert lignocellulosic biomass into bio-ethanol, which
accounts for 16-19% of its total capital (Aden et al., 2002; Wooley,
Ruth, Glassner, & Sheehan, 1999). Pretreatment has great poten-
tial for efficiency improvement and costs saving through further
research and development (Mosier et al., 2005). It is evident that
the choice of pretreatment will impact the physicochemical prop-
erties of the biomass plant cell wall, it must be introduced prior
to the biological steps to overcome this natural recalcitrance and
give the high yields vital to economic success (Wyman et al., 2009).
These properties will also profoundly affect downstream processes
such as enzymatic hydrolysis, fermentation, by-product utilization
and residue treatment. Physical, chemical and biological pretreat-
ments are employed nowadays. Among these methods, chemical
based pretreatments are considered to be the most promising one
for future biorefineries (Sousa et al., 2009). Solvent fractionation
pretreatment applies the principle of preferential solubility of var-
ious plant cell wall components in different solvents, leading to the
disruption of the hydrogen bonding between cellulose segments
(Heinze & Koschella, 2005).

In 1952, Walseth (1952) first developed a procedure for pro-
ducing high reactivity cellulose by swelling air-dried cellulose in
85% H3P0O4. Whitmore and Atalla (1985) used H3PO,4 for the regen-
eration of cellulose I. Cellulose swollen rapidly in 80% phosphoric
acid. Warwicker, Bikales, and Segal (1971) reported that cellulose
only underwent an interfibrillar swelling at a H3PO4 concentration
of 80% or less, the dissolution of cellulose occurs at higher H3PO4
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concentrations (Hudson & Cuculo, 1980). Tracing back to 1995, as
a new pharmaceutical excipient, H3PO4 had been used to medi-
ate the depolymerization and decrystallization of cellulose, Wei,
Kumar, and Banker (1996) found that cellulose with low degrees of
crystallinity and polymerization could be prepared.

Zhang, Cui, Lynd, and Kuang (2006) used microcrystalline cel-
lulose to prepare the regenerated amorphous cellulose. 100%
cellulose solubilization for regenerated amorphous cellulose was
obtained within 3h. A new lignocellulose pretreatment featur-
ing modest reaction conditions to fractionate lignocellulose into
amorphous cellulose, hemicellulose and lignin, by using a series
of solvents including concentrated phosphoric acid, acetone and
water to separate cell wall components (Zhang et al., 2007), it is
possible to decrystallize cellulose fibers, remove part of hemicel-
lulose and lignin. Hemps had been pretreated by Moxley, Zhu, and
Zhang (2008) at the optimal condition (84.0% H3POy,, at 50°C, for
60 min). The sugar yield amounted up to 96% after 24 h enzymatic
hydrolysis. Kim and Mazza (2008) confirmed the viability of this
method. Triticale straw, pine wood were pretreated and hydrolyzed
under a known condition, the digestibility reached 98.2% and 74.8%,
respectively, suggesting it an effective method for perennial plants
and hard woods.

H3PO,4 is weak triprotic acid, non-toxic and inexpensive com-
paring to other mineral acids. Phosphoric acid dissolves cellulose
more simply, faster and at low temperature. The hydrogen ions
from H3PO,4 could easily diffuse into cellulose (Ramos, Assaf, El
Seoud, & Frollini, 2005). Two phenomena occur after dissolution
(Zhang et al., 2006), an esterification reaction between hydroxyl
groups of cellulose and H3PO4 to form cellulose phosphate, and
a competition of hydrogen-bond formation among the remaining
hydroxyl groups on cellulose chains, a hydrogen ion and a water
molecule. Furthermore, cellulose phosphate could be reverted back
to free H3PO4 and amorphous cellulose through nothing but adding
water.

The pretreated cellulose possessed higher accessibility than
the un-pretreated one. XRD (X-ray diffraction), AFM (atomic force
microscopy) and XPS (X-ray photoelectron spectroscopy) charac-
terization showed that crystalline cellulose partially changed into
amorphous cellulose after phosphoric acid pretreatment (Zhang
et al,, 2006). The amorphous regions bundled with the remaining
crystalline structure of cellulose, resulting in the uneven and rough
molecular surface. Moreover, the pretreated cellulose could reach
the adsorption equilibrium in a relatively shorter time, suggesting
that H3PO4 pretreatment could accelerate the adsorption rate of
enzyme and enhance the subsequent hydrolysis process.

However, the detail physiochemical properties of cellulose in
phosphoric acid, acetone and water are still unknown. The cellu-
lose solubility properties in these different solutions have not been
systematically explained yet. Herein, cellulose was chosen as our
most important research model in lignocellulose structure. Den-
sity functional theory (DFT) calculations and molecular dynamic
(MD) simulations were applied to cellulose-H3PO4 interaction sys-
tem, cellulose-H,0 interaction system and cellulose-CH3COCH3
interaction system, in that DFT calculations and MD simulations
are extremely successful approaches to the description of struc-
tural and electronic properties for standard bulk materials and
complex materials such as biomolecules and interaction system.
The physiochemical properties of cellulose in different solutions
were firstly detected using DFT. The interactions between cellu-
lose and H3POy4, between cellulose and H;0, between cellulose
and CH3COCH3; under different temperatures were determined
using MD simulations. MD trajectories of cellulose dissolution and
precipitation in different solutions were identified and analyzed.
Furthermore, the chemical stability of cellulose in different solu-
tions was discussed by calculating the decomposition reactions.
This work aims to reveal a fundamental understanding of the

Table 1
Energy bind and HOMO for pure cellulose, H3PO4-cellulose system, H,O-cellulose
system, and CH3COCH3-cellulose system.

Eg (eV) HOMO (eV)
Cellulose -5.77
Cellulose-phosphoric acid -1.61 -5.31
Cellulose-water -0.31 —5.69
Cellulose-acetone -0.01 —5.65

dissolution and precipitation phenomenon with temperature
effects in the phosphoric acid-acetone pretreatment.

2. Materials and methods
2.1. Density functional theory calculation

Atomic geometry and electronic structure of H,O-cellulose,
H3PO4—cellulose, and CH3COCH3;-cellulose were computed,
respectively, by using DFT with LDA (local-density approximation)
to an exchange-correlation functional formulated by Vosko, Wilk,
and Nusair (1980), and a double-numeric quality basis set with
polarization functions (DNP). LDA is known to be more accurate
than generalized gradient approximation (GGA) to describe inter-
layer coupling in graphite and other van der Waals systems (Janotti,
Wei, & Singh, 2001). To improve computational performance, a
Fermi smearing of 0.002 hartree (1 hartree=27.2114eV) and a
global orbital cutoff of 12.5 A were employed. We focused on inter-
action between solvent molecule (H,0, H3PO4, and CH3COCH3)
and cellulose composed of two fragments of double glucose rings
with hydrogen bonds between each other. In all the calculations,
both the solvent molecule and cellulose were allowed to relax.
Calculations were done using an energy convergence tolerance
of 1x107%Ha and a gradient convergence of 1x10-%HaA-1.
Brillouin zone integration was performed at gamma point (Kudin
et al., 2008). Binding energy (Eg) was computed by subtracting
the energy of solvent molecule and cellulose from energy of the
adsorption system, as shown in Eq. (1).

Eg = E (cellulose + solvent) — E (solvent) — E (cellulose) (M

where E(cellulose +solvent) is the energy of the final optimized
configuration, E (solvent) is the energy of solvent molecule, and E
(cellulose) is the energy of cellulose. With this definition, a negative
Eg value corresponds to a stable adsorption on the surface.

2.2. Molecular dynamics simulations

MD simulation procedures are very popular in biomolecule sys-
tem. To further investigate the dynamic process of cellulose in
complex interaction system in solvents, dynamic molecular sim-
ulations were performed with a unique insight into the interaction
system to explain the dissolution and precipitation of cellulose in
three solvents under different temperature. In the MD simulation,
energy minimization is performed to avoid steric clashes for each
initial structure of the cellulose-solvent system. The combination
of steepest descent and conjugate gradient method is used for the
minimization under the conditions of constant pressure and tem-
perature (NPT) ensembles (Phillips et al., 2005). A time step of 1 fs
is used to integrate Newton’s equation of motion. This simulation
protocol helps to ensure the stability of the simulation process.
Non-bonded cut-off of 12.5 A is applied to truncate the long-range
interaction to speed up the computation. The particle-mesh Ewald
method (PME) algorithm with cubic-spline interpolation (1 A grid
width) is applied to calculate electrostatic interactions efficiently
(Darden, York, & Pedersen, 1993).
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The potential function is a simple, empirically derived mathe-
matical expression that gives the energy of the interaction system
as a function of the positions of the atoms, which can be calcu-
lated by the following potential energy function (Levitt, Hirshberg,
Sharon, & Daggett, 1995) as the follow Eq. (2):

U= "Kibi b+ > Ko -6

Bonds Bond angles

p>

Torsion angles

NE AN A
+ Z Asce? TTJ —2¢¥ rTj _vdw(rij)
Nonbonded_pairs_i, j

closer_than_cutoff

+332 Z

Partial_charges
closer_thann_cutoff

Ki,{1 — cos[n'(¢; — ¢f)1}

["rj’] —s:;s<r,~j)} @)

The first three terms in the potential energy function describe
the bonded interactions acting between atoms separated by one,
two or three covalent bonds, respectively. b; is the ith bond length
with the equilibrium value is b, K{; is the bond stretching force-
constant, depending on the type of the ith bond. The second term
describes bond angle bending and takes the same form as bond
length stretching. The third term describes dihedral (or torsion)
angle twisting and is represented by one or more cosine functions,
to give a rotation barrier height 2K!, with a periodicity n' and an

equilibrium value at %. The van der Waals interactions are rep-
resented by the Lennard-Jones 6-12 potential, which has a term,
&li(rp/r¥)12, to account for increasing repulsion as the electron
clouds of atoms overlap, and a term, —2¢&¥(ro¥/r¥)8, to account for
the weak dispersion attraction that exists between all atoms, where
rjj is the separation of the atoms. A is a scale factor used to reduce
the van der Waals repulsion to compensate for the reduced attrac-
tion caused by truncation. r¢ is the value depending on the cutoff,
q'@[r; is represented by the Coulomb potential, ¢’ is assigned to all
atoms. S%,  (r;) and S% (r;;) are modified by the shifting functions,
that compensate for truncation of the interaction at r. (a cutoff
distance).

3. Results and discussion
3.1. Interaction between solvent molecule and cellulose

We theoretically analyze that cellulose interacts to three dif-
ferent solvent molecules including H,0, H3PO4, and CH3COCHj3,
respectively. The interaction of cellulose with H,0, H3POy4, and
CH3COCH3 was firstly done by dynamic adsorption of H,0, H3POyg4,
and CH3COCHj3 to the cellulose molecule in a freedom equilibrium
way. Then DFT calculations were performed to do geometric opti-
mization. The stable adsorption models are shown in Fig. 1 and
the related binding energy and HOMO (highest occupied molec-
ular orbital) energy are listed in Table 1. As illustrated in Fig. 1a,
H3PO,4 molecule is adsorbed between the two cellulose segments,
forming four hydrogen bonds with the binding energy of —1.61eV.
H3PO4 molecule is close to the two-CH,OH belong to each cel-
lulose segment. For the H,O-cellulose interaction case (Fig. 1b),
H,0 approach 1-OH forming one hydrogen bond with the bind-
ing energy of —0.31eV. Comparing H3PO4—cellulose system with
H,0-cellulose system, we find that Eg for H3PO4-cellulose is
four times more than the Eg for HyO-cellulose system. For the
CH3COCH3-cellulose interaction case (Fig. 1c), slight interaction
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Fig. 1. Stable configuration for (a) H3POy4, (b) H,0, and (c) CH3COCH3 interacting to
the cellulose segments.

happens between CH3COCH5 and cellulose without hydrogen bond,
and the binding energy is —0.01 eV, which is far less than Eg for
H,0-cellulose system and H3PO4-cellulose system.

Interactions between cellulose and solvent molecules (H;O,
H3PO4, and CH3COCH3) are further detected by density of state
(DOS) analysis, the results of which are depicted in Fig. 2. As
shown in Fig. 2, four to five peaks are found below and next to
the Fermi energy level (0.00 eV) for pure cellulose and cellulose in
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Fig. 2. DOS for pure cellulose, H3PO4-cellulose system, H,O-cellulose system, and
CH3COCHj3-cellulose system.

the H,O-cellulose system and CH3 COCH3—cellulose system, while
DOS for cellulose in the H3PO4—cellulose system delocalizes with-
out obvious peaks. Energy gap for pure cellulose, H3PO4-cellulose
system, H,O-cellulose system, and CH3COCHs—cellulose system
are 5.45eV, 4.46eV, 5.38 eV, and 5.48 eV, respectively. Energy gap
of H3PO4-cellulose system is smaller than Eg,p of cellulose in other
systems. The delocalization of DOS for cellulose in H3PO4—cellulose
system and the decrease of energy gap suggest that H3PO4 could
activate cellulose indeed.

3.2. Temperature effect interaction between solvent molecule and
cellulose

Temperature is an important factor for the phosphoric
acid-acetone pretreatment of lignocellulose, referring to cellulose
dissolution and precipitation in different solvents. Therefore, MD
simulations in the canonical ensemble are performed under differ-
ent temperature at atmospheric pressure in the simulation box. The
beginning distance between the mass-center of solvent molecule
and cellulose molecule is 12.5A, at which the potential energy is
defined as zero. This separation is large enough while compared to
the bond length in both solvent molecule and cellulose molecule,
and there is no obvious interaction between two molecules sep-
arated by that distance (Kang et al., 2009). Fig. 3 plots the results
of MD simulations for cellulose interacting with H,0, H3POg4, and
CH3COCH3 under three different temperature and constant pres-
sure. The selection of temperature depends on the boiling point
of the corresponding solvent molecule. For cellulose-H3PO,4 inter-
action system, energy curves refers to 323K, 343K and 373K,
show a decrease trend with MD simulation time. Interaction energy
decreases quickly at the beginning 100 ps and decreases with a rel-
atively low velocity from 100 to 900 ps, and then reaches about
—0.85eVunder 373 K. Potential energy decrease reaches an equilib-
rium value of about —0.83 eV after 900 ps MD process at 343 K while
potential energy shows an equilibrium value of about —0.76 eV after
900 ps MD process at 323 K. It can be observed that potential energy
for the cellulose-H3PO,4 interaction system at the equilibrium state
decreases with increase of temperature from 323 to 373 K. How-
ever, in the relative high temperature range from 343 to 373K,
potential energy decreases a little with temperature. These results
imply that if H3POy is used for dissolving cellulose and the suitable
temperature should be around 343 K.

MD simulation for cellulose-H,O interaction system at 283K,
303K, and 328 K is shown in Fig. 3b that potential energy decreases
quickly at before 50 ps during MD simulation, the relative move-
ment and structure adjustment occur with MD process as shown by
the fluctuation of the potential energy value with time from 50 to
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Fig. 3. Potential energy for (a) cellulose-H3POs; interaction system, (b)
cellulose-H,0 interaction system, and (c) cellulose-CH3COCH; interaction
system under different temperatures.

1000 ps. The equilibrium value at 298 K, 303 K, and 323 K are about
—0.47eV, —0.51eV, and —0.54 eV, respectively. While compared to
the cellulose-H3PO, interaction system, interaction between cel-
lulose and H, O is more moderate.

For the cellulose-CH3COCH;3 interaction system, potential
energy under the three temperature 273K, 293K, and 323K
decrease quickly, which imply that MD motion between cellu-
lose and CH3COCH3 reaches a balance state in a rapid velocity



P. Kang et al. / Carbohydrate Polymers 90 (2012) 1771-1778 1775

Fig. 4. Snapshots of the process of cellulose dynamic motion in (a) water, (b) phosphoric acid, and (c) acetone.

and the equilibrium potential energy are —0.15eV, —0.23 eV, and
—0.27 eV, respectively. The interaction energy decrease obviously
with the decrease of temperature from 323 to 273 K. The temper-
ature effect on the interaction between cellulose and CH3COCH;
suggests that low temperature favors the stability of cellulose in
CH3COCH3.

Comparing cellulose interacting to the three solvent molecules,
we found that H3PO4 molecule interacts more furious to the

cellulose molecule than the other two solvent molecules (water
molecule and acetone molecule). In addition, relative high tem-
perature favors the dissolution of cellulose in H3PO4, while
obvious low temperature favors the precipitation of cellulose
in CH3COCH3. Such different phenomenon of the two solutions
(H3POg4, CH3COCH3) under high and low temperature suggests that
cellulose dissolves more easily in H3PO4 at around 343 K and pre-
cipitates in CH3COCH3 at about 273 K.
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3.3. Spontaneous dynamic motion of cellulose in different
solvents

MD simulation for a larger cellulose-solvents system was
performed to explain and elucidate the interaction mecha-
nism of cellulose in different solvents. Aqueous solution with
800 water molecules and one cellulose segment (made up
of six fragments of double glucose rings) was define in the
box (29.81A x29.81A x29.81A), and then 3ns MD simulation
under 333K was performed, the results of which was shown
in Fig. 4a. Concentrated H3PO4 with 400 H3PO4 molecules, 340
water molecules, and one cellulose segment (made up of six
fragments of double glucose rings) was defined in the box
(35.32A x 35.32A x 35.32A), and the related 3ns MD simulation
results under 333 K were shown in Fig. 4b. CH3COCH3 with 1000
CH3COCH3 molecules and six separating fragments of double
glucose rings in a 50.23 A x 50.23 A x 50.23 A box was discussed
by doing 1ns MD simulation, since the cellulose-CH3COCH;
interaction system reaches equilibrium more quickly than both
cellulose-H,0 and cellulose-H3PO4 interaction systems. The
results of interaction in CH3COCHj3 solution under 273 K were indi-
cated in Fig. 4c.

After 3 ns MD process, the cellulose-H,O solution system under
333K shows a little movement between the six cellulose frag-
ments of double glucose rings, while the cellulose-H3PO4 solution
system under 333 K shows dissolution of the cellulose segments,
where the six fragments of double glucose rings are separated
into the H3PO4. However in CH3COCH3, part of the six separat-
ing fragments of double glucose rings moved toward each other
forming hydrogen bond under 273K after 1 ns MD process. This
process corresponds to a flocculation of cellulose fragments. For
both cellulose-H3PO4 solution system and cellulose-H, O solution
system, the enthalpy decreased in this course chiefly owing to van
der Waals interaction, while the entropy increases especially in
the cellulose-H3POy4 solution system, so that AG=AH —TAS<O0.
Hence external force or energy is unnecessary to dissolve cellulose
in H3PO4. However, though both the entropy and the enthalpy of
the CH3COCH3—-cellulose system diminish, the absolute value |AH|
is much higher than |AS|, resulting in AG=AH-TAS<0. Thus,
spontaneous precipitation could be observed, as shown in Fig. 4c.

3.4. Chemical stability of cellulose in different solutions

Inner bond breaking between the glucose rings is discussed to
understand the chemical stability of cellulose in different solu-
tions. Fig. 5 depicts the calculated potential energy profiles for
the decomposition reaction of cellulose segments in phosphoric
acid, acetone, and aqueous solution. Energy barrier (E,) for cel-
lulose decomposition in acetone, phosphoric acid, and aqueous
solution is around 3.301eV, 3.201 eV, and 3.132 eV, respectively,
while the reaction energy (E;) is 3.332eV, 3.218eV, and 3.113eV.
All these reactions are endothermal and all the barrier energy are
far higher than 0.75 eV (a magnitude regarded as surmountable for
reactions occurring at room temperatures), which imply that cel-
lulose is chemically stable in the three solutions under relatively
low temperature.

To further understand the chemical stability of cellulose, we
discuss charge transport of cellulose in different solutions. Since
the HOMO and LUMO, respectively, mediate the hole and electron
transfers through biomaterials, the spatial distributions of HOMO
and LUMO are of crucial importance for the charge transfer. The
HOMO and LUMO distributions and the related density of state
(DOS) for the cellulose at the critical points, i.e. initial state, transi-
tion state and final state in different solutions are shown in Fig. 6.
According to Fig. 6a, at the initial state, atoms in the right ring of
cellulose contribute to the HOMO of cellulose in aqueous solution,
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Fig. 5. Potential energy profiles for the decomposition reaction of cellulose seg-
ments in phosphoric acid, acetone, and water.

relating to hole transport, while atoms in the left ring of cellulose
contribute to the LUMO, relating to the electrons transport. Hence,
in the aqueous solution, electrons of atoms in the right ring are
excited and then transport to atoms in the left ring. Electron and
hole transfer through the main backbone of cellulose. However,
when the main backbone of the cellulose decomposed into two
rings (the left ring and the right ring) at the transition state and the
final state, atoms in the left ring and the glucosidic bond contribute
to the HOMO, and atoms in the right ring and the glucosidic bond
contribute to the LUMO.

Fig. 6b and c shows that, for the initial state, atoms in the left
ring of cellulose contribute to the HOMO of cellulose in acetone and
phosphoric acid, while atoms in the left ring of cellulose contribute
to the LUMO. The electron transport position in the backbone of
cellulose could be regulated using different solutions. In addition,
after the main backbone of the cellulose decomposed into two rings
(the left ring and the right ring) at the transition state and the final
state in acetone and phosphoric acid, atoms in the left ring together
with the glucosidic bond of the right ring contribute to the LUMO,
and atoms in the right ring together with glucosidic bond between
rings contribute to the HOMO, which completely differ from those
in aqueous solution. The HOMO and LUMO of the glucosidic bond
present its important effect on the charge transport between rings
of cellulose.

Analyzing the DOS at the right in Fig. 6a-c, we found that rel-
atively more electron filled below and near to the Fermi level
(E=0.0eV) of rings, especially the left ring of the cellulose before
decomposition under aqueous solution, acetone, and phosphoric
acid, respectively, than those after decomposition. DOS analysis
results suggest that decomposition of cellulose into shorter back-
bone and the shorter backbone processes higher chemical stability,
which corresponds to experiment results. Based on the analysis
above, different solution can regulate the electron transport posi-
tion in the backbone of cellulose, and the glucosidic bond acts as
important cross-bridge effect for such charge transport. Decompo-
sition of cellulose into shorter backbone leads to further chemical
stability proved by DOS. However, relative long cellulose is also
chemically stable enough in aqueous solution, acetone, phosphoric
acid, hence, it will be helpful for the non-disruptive pretreatment.

Theoretical calculations above can provide detailed interaction
properties of cellulose-H3PO,4 interaction system, cellulose-H,O
interaction system, and cellulose-CH3;COCHj; interaction system, it
also present the chemical stability of cellulose in different solu-
tions by calculating the decomposition reactions. Although real
biomass are much more complicated than the cellulose segment
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Fig. 6. HOMO, LUMO, and the related DOS for the initial state, transition state, and final state, denoted as IS, TS and FS, respectively, of cellulose in water (a), acetone (b),

phosphoric acid (c).

discussed in this work. However, calculation results involved in this
paper reveal a fundamental understanding of the solution effect
and temperature effect on the cellulose dissolution and precipita-
tion mechanisms.

3.5. Experimental control

We (Kang, Zheng, Qin, Dong, & Yang, 2011) have used phos-
phoric acid-acetone fractionation to pretreat Chinese white poplar,
highly reactive amorphous cellulose could be produced under mod-
est reaction conditions. The feedstock was pretreated at 60 °C with

liquid/solid ratio of 8:1 for 1h, 93.2% cellulose was conserved
while more than 40% lignin was removed, majority of the xylan
entered into the mixed rinsing liquid in the form of monomeric
xylose. Subsequently, over 96.37% enzymatic hydrolysis efficiency
(EHE) could be obtained after 24 h enzymatic hydrolysis. Further,
our previous experiment results corresponded to the simulations
and calculations in this article. During phosphoric acid-acetone
pretreatment process, cellulose swollen and dissolved in H3PO4
at around 60°C, when icy CH3COCH3; was added in, dissolved
cellulose appeared in the form of flocculating solid state, simulta-
neously, part of lignin dissolved then was separated. Therefore, the
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flocculating, amorphous and lignin-removed solid residual is more
liable to be hydrolyzed by cellulose. Former experimental results
demonstrate the same patterns as our simulations.

4. Conclusion

Mechanism for different solubility properties of cellulose in
H,0, H3PO4 and CH3COCH3; were simulated and calculated,
atomic geometry and electronic properties were computed by
using DFT with LDA approximation. H3PO4 molecule is adsorbed
between the two cellulose segments, forming four hydrogen
bonds with Eg of —1.61eV, which is four times more than
Eg for H,O-cellulose and CH3COCH3-cellulose system. DOS for
cellulose in the H3PO4-cellulose system delocalizes without obvi-
ous peak, Egyp of 4.46eV for H3PO4-cellulose system is much
smaller than Eg,p in other systems. MD simulation procedures for
cellulose-H3PO, interaction system shows the dissolution of the
cellulose segments, where the six fragments of double glucose
rings are separated into phosphoric acid, then separated fragments
moved toward each other forming hydrogen bond and flocculated
with the addition of CH3COCH3. Also, reaction energy (E;) in the
three solvents are all around 3.5 eV, which are much higher than
0.75eV, implying that cellulose is chemically stable in these sol-
vents.

Further, our previous experimental results correspond to the
simulations and calculations above, cellulose swells and dissolves
in H3PO4 at 50-70°C, and the dissolved cellulose flocculates while
adding icy CH3COCH3, finally the amorphous, flocculating and
lignin-removed cellulose becomes more liable to be hydrolyzed to
glucoses.
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