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Abstract

A major barrier to the efficient utilization of biomass is the recalcitrance to dissolution of crystalline cellulose. The aim of this review is
to provide an overview of the current understanding of the mechanism and kinetics of cellulose dissolution, with particular attention on how
these findings can improve the efficiency of biomass processing. An improved fundamental understanding of cellulose dissolution can guide the
rational selection of solvents and the optimization of processing conditions, thus leading to an enhanced utilization of biomass.

Introduction

Cellulosic biomass is an abundant renewable feedstock
which provides a valuable resource for the sustainable
production of fuels, platform chemicals, and functional polymers
[1]. However, cellulosic biomass remains vastly underutilized
mainly because of the tight packing of cellulose molecules, their
crystalline structure, and extended noncovalent interactions
that render cellulosic biomass recalcitrant to processing [2,3].
Solvent treatment of biomass can be an efficient way to improve
the processing of this renewable resource by increasing the
accessibility of cellulose chains to reagents through disrupting
the interaction network of crystalline cellulose [4]. However,
only a few solvent systems are effective for the direct (molecular)
dissolution of cellulose,
transformation from solid to dissolved polymer chains remains
elusive [5,6]. In what follows, we first review the current

and the mechanism of cellulose

understanding on the mechanism of cellulose dissolution. Next,
we highlight a phenomenological model which accounts for
the various steps in the dissolution process, and describe the
information that can emerge from this model. Finally, we discuss
how this model can provide guidelines for the enhancement of
cellulose dissolution at different conditions.

Cellulose dissolution mechanism

In cellulose dissolution the intra- and inter-molecular
interactions operating in cellulose become disturbed by solvent
molecules [7,8]. It is generally thought that the capacity of the
solvent to break the hydrogen bond network of cellulose has a

dominant role in its dissolution [9]. However, on the basis of the

amphiphilic nature of cellulose [10,11] it has been suggested
that hydrophobic interactions between cellulose and solvent
could play a significant role in its dissolution [12-14].

During the dissolution process the crystalline structure of
cellulose is disrupted [15], however, the crystallinity and the
associated restricted accessibility are not the only hampering
factors in cellulose dissolution [16]. It has been proposed that
there might be an unknown long range ordering or interaction
that must be disrupted prior to dissolution, otherwise it
could constrain the cellulose dissolution [17]. Experimental
observations of the dissolution of cotton fibers under stress
suggest that it is not sufficient for the cellulose chains to
be non-crystalline, but, rather, chains must perform local
conformational movements that result in chain disentanglement
[18-20]. This result suggests that there might be different types
of interactions that affect disentanglement from those that affect
decrystallization. Therefore, the dissolution of semicrystalline
cellulose inter-related phenomena of
decrystallization and chain disentanglement, the balance of
which determines the overall kinetics of dissolution [21].

involves the two

Following the solvent diffusion into the solid cellulose,
if solvent-cellulose interactions (hydrophobic [13-14] and
hydrogen bonding [7,22]) can overcome the strong molecular
forces between cellulose chains, the crystalline network
of cellulose is gradually destroyed and the possibility of
conformational chain movement is enhanced. This results in
a transformation of the solid cellulose into a gel-like medium
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and a swelling of the cellulosic particles [23,24]. After a certain
induction time, cellulose chains gradually become disentangled
and move out of their network into the bulk solution [12].
Therefore, the dissolution of cellulose involves several steps

including solvent diffusion, cellulose decrystallization, specimen
swelling, cellulose chain disentanglement, and diffusion of
disentangled chains toward the bulk solution (Figure 1) [21].

[25].

Figure 1: Mechanism of cellulose dissolution: following the diffusion of solvent inside the solid cellulose, cellulose crystalline domains are
gradually disrupted to form amorphous domains and the solid cellulose gradually transforms into a swollen gel-like medium; the entangled
cellulose chains, after a certain induction time, become disentangled from each other and move out of their network into the bulk solution

Kinetics of cellulose dissolution

The kinetics of cellulose dissolution have been recently
investigated through a phenomenological model [21,25-27]
which accounts for the phenomena governing the dissolution
of crystalline cellulose. The model incorporates experimental
data on the initial conditions of cellulose fiber (i.e., degree
of polymerization, degree of crystallinity, fiber diameter, and
the heterogeneous internal structure of the fiber), diffusion
coefficients of solvent in cellulose and of cellulose chains in
solution, and dissolution induction time (the first instance
at which the concentration of dissolved cellulose chains was
experimentally detected) [21]. The model allows the translation
of macroscopic experimental observations of time evolution
of cellulose fiber diameter and degree of crystallinity into
fundamental microscopic understanding as well as macroscopic
information that are discussed next.

This model quantifies the solvent effectiveness in cellulose
decrystallization and chain disentanglement (captured as
decrystallization constant, kdec, and disentanglement rate, r dis)
as two important factors that can control the rate and extent
of cellulose dissolution [21]. The cellulose decrystallization
constant can be used to estimate the activation parameters (total

free energy, enthalpy, and entropy) of cellulose decrystallization
in order to assess the temperature sensitivity of this process [21].
The model provides further microscopic/internal information
on the cellulose fibers during dissolution, including the
concentration profiles of solvent and cellulose (amorphous and
crystalline) over time [25,27]. This information, coupled with
the time variation of fiber solubility, can identify the diffusion
mechanism of solvent in micrometer-diameter cellulosic
fibers [25]. The model also provides macroscopic/integrated
information such as the time evolution of fiber diameter, degree
of crystallinity, and fraction of un-dissolved fiber as well as the
time required for total dissolution and the time required for fiber
decrystallization [25].

Impact on biomass processing

The processing of biomass into desired products typically
involves its swelling and/or dissolution [8]. Therefore, the
selection of suitable solvent systems that have high capacities
to dissolve cellulose is critical to enhance utilization of biomass
[28]. A good solvent for cellulose involves aggressiveness in
decrystallization and capability of disassociating the cellulose
chains [25]. Identifying which of these factors and under what
conditions should be improved in order to dissolve more
cellulose can lead to the selection of more effective solvents
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[21,25]. In order to respond to this need, the model has been
employed to assess the relative contributions of the solvent
effectiveness toward cellulose decrystallization and chain
disentanglement in the dissolution kinetics of cellulose [21].
It has been found that conditions that facilitate cellulose
decrystallization increase cellulose fiber swelling and result in
faster fiber dissolution. Furthermore, conditions that facilitate
cellulose chain disentanglement, in addition to increasing the
rate of dissolution, can result in faster decrystallization. The
solvent effectiveness toward chain disentanglement is the only

factor that determines the decrease of the cellulose fiber radius
[21]. In the model, different solvent systems correspond to
different effectiveness toward cellulose decrystallization and
chain disentanglement (different decrystallization constant, k_ ,
and disentanglement rate, r,, values) [25]. An analysis of these
results can identify conditions where cellulose dissolution is
constrained by the lack of solvent ability in decrystallization or
in chain disentanglement (Figure 2). This leads to guidelines for
the selection of suitable solvents and processing conditions for

cellulose dissolution [25].

C 10°

Solvents with stronger
ability in cellulose

decrystallization than in

chain disentanglement

* BmimCl at 80 °C

10"} C

Derystallization Constant, k_ (1/s)

2@*?9 -

107} Disentanglement
Control

D
Solvents with high
ability in both cellulose
decrystallization and
chain disentanglement

* 1-ethyl-3-methylimidazolium- 10°
acetate-water (10 wt% Decrystallization B
10 Control Solvents with stronger
A ability in in chain
Weak solvents in both B disentanglement than
cellulose decrystallization 10° o in decrystallization
and chain disentanglement ) Eogg « LIC/DMAC
= Methanol, Ethanol, Dioxane 10° - = - - _»TBAF/DMSO
« BmimCl at 70 °C Disentanglement Rate, r (m/s)
= LiBr/DMAc

Tetrabutylammonium chloride or bromide/DMSO
= |onic liquids with pyrrolidinium or piperidinium cation, instead of Bmim*, containing CI~ anion
= |onic liquids with Bmim* cation paired with bis(trifluoromethanesulfonyl) amide (Tf,N~) or Br~

Figure 2: Solvents of varying ability to swell and dissolve semicrystalline cellulose, characterized in terms of the cellulose disentanglement
rate and decrystallization constant. In the region above the solid line, the dissolution process is mostly controlled by the disentanglement of
cellulose chains, whereas for conditions corresponding below the line decrystallization of cellulose is the more dominant step [25].

Pretreatment of cellulosic biomass to reduce its degree of
crystallinity (via physical and/or chemical methods) and its
particle size (via mechanical comminution) is often used in
order to render the biomass more accessible to solvents and
increase the solubility and reactivity of cellulose [29-32]. The
literature offers examples on the impact of pretreatment where
cellulose dissolution increases because of the: (i) chemical
pretreatment of cellulose to reduce its degree of crystallinity
(e.g., mercerization of cotton linter before dissolution with
lithium chloride plus N,N dimethylacetamide [33]); (ii) physical
pretreatment to reduce the particle size (e.g., milling coarse
beech and spruce wood particles before dissolution with [amim]
Cl [34]); or (iii) both chemical and physical pretreatments (e.g., 5
h mechanical and 2h enzyme pretreatment of softwood sulphite
pulp before dissolution with aqueous NaOH/ZnO solution [30]).
Therefore, the selection of efficient biomass pretreatment

options (e.g., reduce the crystallinity or reduce the particle size)
and the capability of interpretation of experimental results from
different biomass/solvent combinations are critical in order to
improve the efficiency of biomass processing. In order to address
this important issue, the model has been employed to quantify
the impact of the degree of crystallinity and of the fiber diameter
on the kinetics of cellulose swelling and dissolution [26]. The
obtained results lead to the assessment on how and under what
conditions the reduction of crystallinity and fiber diameter
can change the mechanism of cellulose dissolution between
disentanglement-controlled and decrystallization-controlled,
providing guidelines for efficient pretreatment strategy (e.g.,
whether to reduce crystallinity or to mill and decrease particle
size) in order to increase the fraction of cellulose dissolved
(Figure 3) [26].
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Solubility (%)

Figure 3: Comparison of the impact of the reduction of the degree of crystallinity (d.) and the fiber diameter (D) (as indicated by the arrows)
on the fraction of dissolved cellulose (Solubility) in a solvent system with k. =10 1/sandr,_= 2.5 x 107® m/s when the dissolution is mainly
controlled by the cellulose decrystallization. At this condition, the solubility of smaller diameter fibers increases more with a reduction in the
degree of crystallinity compared with a reduction in the fiber diameter, signifying that pretreatment of fibers to reduce crystallinity would be
more beneficial than milling to reduce particle size. D is the reference fiber diameter (7.14um) [26].

Conclusion

Dissolution of cellulosic biomass improves its susceptibility
to processing and thus renders this renewable resource
more amenable for the production of valuable polymers and
chemicals [35]. The research reviewed here demonstrates
how fundamental knowledge of the dissolution mechanism
of cellulose coupled with a molecular level understanding of
cellulose-solvent interactions can translate into insights on the
selection of more efficient solvents [25] and the optimization of
biomass pretreatment conditions [26].
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