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ABSTRACT: This work established an energy-saving and straight-
forward treatment of cellulosic pulp to obtain functional cellulose
nanofibers equipping them at the same time with catalytic activity
and flame-retardant properties. For this purpose, dried cellulose pulp
was mixed with a recyclable swelling agent, ZnCl2 hydrate, at room
temperature. The mild treatment affected the crystal structure
through a partial amorphization, yielding a mix of native cellulose I
and regenerated cellulose II. This treatment tremendously facilitated
the fibrillation into a cellulose nanofiber (CNF) network. In
comparison to fibrillated cellulose from nontreated pulp, the
ZnCl2-treated counterpart featured higher viscosity, film trans-
parency, better mechanical properties, and higher heat stability.
Films produced from these nanofibers showed flame-retardant
properties without any further modification. The ZnCl2−CNF
showed also high reactivity in fiber surface acetylation and allowed a fast and efficient reaction while using very mild conditions. All
in all, we propose a simple and resource-efficient cellulose treatment to obtain a nanostructured cellulose. These nanofibrils are
decorated with ZnCl2 which imposes flame-retardant properties and confined catalytic activity at the fibril surface.

KEYWORDS: Molten salt hydrate, Cellulose fibrillation, Chemical modification, Energy saving, Nanocellulose, Ionic liquids,
Cellulose swelling

■ INTRODUCTION

Cellulose is the most abundant renewable polymer and
bioproduct on Earth, which is found in plants but also in
some animals and bacteria.1 The wide availability of cellulose
makes it the obvious choice for bulk usages that we all know,
for example, paper, textiles, and derivatives, but particular
properties also render it promising for more specialized
applications in various fields, such as green plastics2 or drug
delivery.3 One type of cellulose that has gained huge attention
as a research subject is nanostructured cellulose, which is a
term for cellulosic materials with at least one dimension being
in the nanometer range,4 nanocrystalline and nanofibrillar
cellulose being the two most prominent subforms, which are
referred to as cellulose nanocrystals and cellulose nanofibers
(CNF), respectively.
The defibrillation of fibers to nanocellulose requires energy-

intensiveand thus costlymechanical treatments. There-
fore, to reduce the energy demand and increase the economic
viability, biotechnological, chemical or physical treatments are
often performed.5,6 Such pretreatments commonly augment
the accessibility of hydroxyl groups, break physical interfibrillar

interactions, and reduce crystallinity.7 One group of solvents
used for cellulose pretreatment are molten salt hydrates which
are nonderivatizing per se, though they can be used as media
for chemical derivatization.8−10 ZnCl2 hydrate is the inorganic
molten salt hydrate10 most widely used for dissolution of
cellulose and as a medium for hydrolysis and derivatization.11

The latter use is related to the catalytic ability of ZnCl2 to act
as a Lewis acid and to promote esterification reactions.12,13

ZnCl2 is a low-cost chemical with low risk of volatilization and
ignition,14 which is a plus against ordinary organic solvents.
Cellulose recovery and regeneration processes from ZnCl2
solutions have also been established.15 ZnCl2 has also been
shown to be recyclable,16 even from a complex biomass
mixture.17 Whether the ZnCl2 hydrate is able to dissolve
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cellulose or only swell it greatly depends on the amount of
water present. It is reported that cellulose can only be dissolved
in the trihydrate (ZnCl2·3H2O), whereas swelling occurs in the
cases of the dihydrate or tetrahydrate salt.18,19 The occurrence
of structural changes within the celluloses’ crystal lattice is
dependent on whether the cellulose has only been swollen by
ZnCl2 hydrate or had been dissolved. The swelling of cellulose
with this salt hydrate has been described to affect the cellulose
I crystal structure only slightly or not at all,20,21 while
dissolution and subsequent regeneration of cellulose obviously
yields a cellulose II crystal lattice.18

ZnCl2 hydrate melts are used to obtain vulcanized fibers.
This process works by swelling and subsequent gelation of the
cellulose fiber exterior, which increases interfibrillar adhesion,
preserving the native cellulose I structure.15 The presence of
ZnCl2 in the end product can often be desirable due to various
beneficial properties of ZnCl2. It acts as an excellent flame
retardant which is of obvious use, in particular, for cellulosic
materials.22 The antimicrobial and antifungal23 properties of
ZnCl2 have also been reported, which led to numerous
commercial applications in mouth rinses and dentifrices, as
well as considerations as a food preservative.24−26 The
application as a preservative might also offer great potential
regarding the storage of cellulose nanofibers: this material is
usually stored in never-dried form which is highly susceptible
to microbial growth. ZnCl2 was also shown to impose
increased freeze tolerance, ion conductivity, and temperature-
dependent shape reversibility properties in cellulose hydrogels
when used with CaCl2.

27

In our search for environmentally friendly, energy-saving
methods for the production of functionalized cellulose
nanofibers, the utilization of ZnCl2 hydrate melt as a physical
and mild pretreatment met all our prerequisites, offering
established recovery procedures, chemical innocuousness, and
the plus of simultaneously introducing new advantageous
properties. The swelling of the cellulose fibrils by the salt
hydrate melt evidently also reduces the amount of energy
necessary for homogenization of the fibrils to nanocellulose.
This letter demonstrates these advantages and studies the
functionalization of these nanocelluloses with regard to their
increased thermal stability and catalytic activity.

■ RESULTS AND DISCUSSION
As illustrated in Figure 1, the ZnCl2 treatment is simple and
straightforward. Dried cellulose-dissolving pulp, with a hemi-
cellulose content of only 3.7%,28 was suspended and
equilibrated in an aqueous 65 wt% ZnCl2 solution for 16 h.
This treated pulp (ZnCl2-pulp) was subsequently washed and
homogenized by only five passes through a high-pressure
homogenizer yielding cellulose nanofibers (ZnCl2−CNF).
Conventional fibrillation of the same pulp in a never-dried
state, i.e., without ZnCl2 treatment, is conducted with 20
passes29,30 to yield cellulose nanofibers with a comparable fibril
diameter to the here reported ZnCl2−CNF (Figure S1). Please
note that fibrillation of dried pulp, which we used in our work,
requires a higher number of passes through the homogenizer
than never-dried pulp,31 due to partly irreversible aggregation
upon drying, i.e., hornification.32

Figure 1 shows the difference in sample condition before
and after ZnCl2 treatment. A distinct change was evident:
ZnCl2 induced swelling and ballooning of the fibers (Figure
1C). This is attributed to the interactions of the cellulose
surface with the ZnCl2 molten salt hydrate. To better assess the

effect of the ZnCl2 treatment on the material properties, all
studies were conducted in parallel with blanks treated with
water instead but otherwise handled the same. Both sample
and blank had the same processing time and received the same
mechanical energy input. Other samples were also prepared
using 40 and 20 wt% ZnCl2 solutions (Figure S2) and 60 wt%
ZnCl2, but notable effects were only observed upon treatment
with ZnCl2 solutions of 60 and 65 wt%. We chose a
concentration of 65 wt% ZnCl2, as this is just below the
threshold concentration that enables dissolution of cellulose,8

and we noticed more pronounced swelling than in the case of
60 wt% ZnCl2 (data not included). However, it has been
reported that also at a concentration of 65 wt% ZnCl2 cellulose
can be dissolved at temperatures above 50 °C,33 whereas it has
been shown that the crystal structure is preserved for
treatments at 40 °C using 64 and 68 wt% ZnCl2 solutions.

15

The dissolution of cellulose is mainly dependent on the used
treatment conditions, and we recommend the use of ZnCl2 in a
concentration range above 60 wt% and below 65 wt% at room
temperature to swell cellulose with a low risk of undesired
dissolution. The optimum concentration might vary with the
used type of cellulose material.
The ZnCl2-pulp was analyzed by IR spectroscopy (Figure

2A), gel permeation chromatography (GPC, Figure 2B), and
solid-state nuclear magnetic resonance spectroscopy (NMR,
Figure S3 and Table 1) to study the effect of the treatment on
the fibers’ crystalline structure and molar mass. In all studies,
the ZnCl2-treated sample was compared to the blank sample.
The IR spectrum in Figure 2A shows clearly that the crystal

structure of the fiber was affected by the ZnCl2 treatment, and
the characteristic cellulose II bands are highlighted.34 In
addition, the OH-stretching bands in between 3600 and 3000
cm−1 and the band at 1600 cm−1 related to the adsorbed water
on the cellulose fiber are more pronounced in ZnCl2-pulp. This

Figure 1. Schematic workflow for production of ZnCl2−CNF. Dried
cellulose pulp was added to an aqueous 65 wt% ZnCl2 solution for 16
h at room temperature. The swelling of the pulp fiber in the melt
hydrate is clearly shown by comparison of the nontreated (A, B) and
treated fibers (C, D). The treatment greatly reduced the energy
necessary to defibrillate into nanofibers.
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indicates that the treated samples feature a more accessible
structure. More detailed examination of the crystalline
structure with solid-state NMR (Figure S3 and Table 1)
showed that the more pronounced water interaction is
primarily caused by partial amorphization of the cellulose
structure. The crystallinity was significantly reduced from 47%
to only 20%; the resulting crystallites interestingly were a
cellulose I/cellulose II mix. This is in contrast to recent
publications, which did not show any effect on the crystal
structure, not even upon conducting a short treatment of
cellulose with 65 wt% ZnCl2 solution at 40 °C.15 With regard
to allomorph transition, the treatment time seems to be crucial,
and our prolonged treatment enabled ZnCl2 interactions not
only with cellulose chains in amorphous regions but also in
crystalline regions. Similar observations were made upon
ZnCl2 treatments of cotton fibers, which showed that the effect
of ZnCl2 on the crystal structure is rather slow in comparison
to sodium hydroxide treatments and hence strongly dependent

on the impregnation time.35 The ZnCl2 interaction with the
cellulose’s hydroxyl groups break the interchain and intrachain
hydrogen bonds,36 resulting in a more accessible (amorphous)
cellulose structure of the ZnCl2-treated samples. The fact that
remaining crystalline regions after the treatment are both
cellulose I and II indicates that possibly a process like the
mercerization with NaOH occurs as well with ZnCl2.
Alternatively, this can be reasoned by a partial dissolution
during the prolonged treatment. Although the changes on the
crystalline cellulose structure are rather severe, the molar mass
distribution of cellulose is hardly affected by the treatment.
This was shown by gel permeation chromatography; the so-
obtained molar mass distribution is shown in Figure 2B. The
weight-averaged molar mass (Table 1) is not influenced by the
treatment, but it seems that the low-molar mass fraction
(mostly associated with hemicelluloses) is slightly degraded or
lost by the treatment. This hemicellulose-specific ZnCl2-
mediated degradation has been reported in the literature.37

We determined a mass yield of the treatment of 85%, which
includes the loss of hemicellulose as indicated by GPC and
most probably fine fibrillated material, which could not be
retained in the filter.
As shown in Figure 2C, the onset temperatures for the

thermal degradation of the ZnCl2-containing sample experi-
ences a minor decrease compared to the cellulose blank
sample, which is in accordance with the literature.19 We further
noticed an increased char formation in the ZnCl2-treated
sample at temperatures higher than 400 °C. Due to the thermal
stability of zinc chloride38 and ZnCl2-treated samples,19 we

Figure 2. Effect of the ZnCl2 treatment on the cellulose structure: infrared spectroscopy (A), gel permeation chromatography (B), and thermal
gravimetric analysis in nitrogen-rich (C) and oxygen-rich atmospheres (D). All analyses were performed on ZnCl2-treated pulp (solid line) and
nontreated reference (dashed line). Part of the native cellulose I allomorph was transformed into cellulose II, i.e., regenerated cellulose, as shown in
the appearance of characteristic cellulose II bands in the IR spectrum (3491 and 3447 cm−1). The molar mass distribution was largely unaffected by
the treatment. The onset temperature for the thermal degradation of the ZnCl2-containing sample experiences a minor decrease compared to the
cellulose blank sample.

Table 1. Effect of ZnCl2 Treatment on Crystal Structure and
Mechanical Properties of Produced Films in Comparison to
Nontreated Cellulosea

Cellulose
allomorph Crystallinity

Young’s
modulus (MPa)

Tensile strength
(MPa)

ZnCl2 Cellulose I/II 20% 4296 ± 533 61 ± 6
Blank Cellulose I 47% 1945 ± 118 24 ± 2

aCrystalline structure and crystallinity indices were investigated with
solid-state 13C NMR spectroscopy.
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conclude that the formed char mainly consists of zinc chloride,
and the mass difference at 400 °C was hence used to estimate
the ZnCl2 content of 20 wt% in ZnCl2-pulp and ZnCl2−CNF.
In an oxygen-rich atmosphere, ZnCl2 is somewhat volatile and
vaporizes, which is in accordance with our results in Figure
2D.38

ZnCl2-pulp was homogenized to obtain a stable dispersion
of cellulose nanofibers (ZnCl2−CNF). After the homoge-
nization, ZnCl2−CNF featured an increased viscosity and a
more pronounced shear-thinning effect (Figure 3F). As the
viscosity depends on the aspect ratio, a higher degree of
fibrillation causes higher viscosity.39,40 This proved that the
ZnCl2 treatment significantly increased the fibrillation

tendency of the cellulose fiber. This is also clearly shown in
the SEM and light microscopy images (Figure 3). ZnCl2−CNF
was well fibrillated into a nanofibrous structure, whereas the
blank was only partially fibrillated and contained intact fiber
residues. The fiber diameter also affects the optical properties
of CNF films and explains the higher transparency of ZnCl2−
CNF in comparison to the blank, shown in Figure 3D. The
fibrillar morphology of ZnCl2−CNF stays in contrast to
spherical cellulose II nanocelluloses extracted from previously
dissolved cellulose fibers.41−44

Tensile strength and Young’s modulus were measured from
films of ZnCl2−CNF in comparison to those of a homogenized
blank sample (Figure 3G and Table 1). It was obvious that

Figure 3. ZnCl2 treatment significantly increased the fibrillation tendency of the cellulose fibers. Scanning electron microscopy images (A, A1, B)
and light microscopy images (C,E). The films (D) made from ZnCl2−CNF are more transparent due to its mostly nanosized fibrous structure than
the paper-like films from the non-ZnCl2-treated, homogenized blank sample (note that both samples were homogenized with the same processing
time and energy input). The higher fibrillation degree accounts as well for the higher viscosity (F) and the stronger shear-thinning effect and higher
tensile strength (G) of ZnCl2−CNF.
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both the tensile strength and Young modulus increased more
than 2-fold through the ZnCl2 treatment, namely, to 61 MPa
and 4.3 GPa, respectively. This remarkable increase is a result
of the higher fibrillation degree of the ZnCl2-treated sample.
The mechanical properties of ZnCl2−CNF films are in the
lower range of CNF literature values,45−47 which is likely due
to the low crystallinity of the ZnCl2-treated samples.
ZnCl2−CNF with a higher ZnCl2 content of 33 wt%

(ZnCl2−CNF-h) was prepared and used to identify the
functional properties of the ZnCl2-loaded nanocellulose. As
shown in the flammability test in Figure 4A, non-ZnCl2-treated
CNF almost completely combusted under the test conditions

(mass loss >90 wt%). Although ZnCl2 shifted the onset
temperature of the thermal degradation to slightly lower
temperatures (Figure 2C), the sample ZnCl2−CNF-h was
hardly affected under the flammability test conditions, with
only 10 wt% mass loss after the test. We performed a test with
the ZnCl2−CNF sample (with 20 wt% ZnCl2) as well. At this
lower salt content, combustion of the sample occurred but was
delayed, and we noticed an increased char formation (Figure
S4).
ZnCl2−CNF showed catalytic activity in esterification

reactions due to ZnCl2 located at the fiber surface, which
due to its Lewis acid character caused increased acetylation
efficiency in a test reaction with acetic anhydride, as proven by
the pronounced acetyl group-related bands (CO at 1744
cm−1 and C−O band at 1229 cm−1)48 in the IR spectrum in
Figure 4B. The reference was acetylated only to a hardly
traceable degree.

■ CONCLUSIONS
An easy, environmentally friendly, and energy-saving method
for processing cellulose pulp into nanocellulose has been
established. Cellulose samples were pretreated with a readily
recyclable, aqueous 65 wt% ZnCl2 solution, which swells the
fiber structure by ballooning. Although the molar mass of the
treated cellulose was negligibly affected, there were significant
changes in the cellulose’s crystal structure. After a 16 h
treatment, the crystallinity was reduced to 20%, and solid-state
NMR showed the remaining crystallites to consist of both
cellulose I and cellulose II. The treatment thus effected a
partial phase transition from cellulose I into II. Rheology
measurements and SEM showed that the ZnCl2 treatment
strongly augmented the fibrillation tendency allowing for an
energy-saving CNF production. The obtained CNF was
processed into translucent films with an elastic modulus of
4.3 GPa. Remaining ZnCl2 in the samples introduced flame-
retardant properties as demonstrated by flammability tests.
Surface acetylation in ZnCl2−CNF was pronouncedly
increased compared to the blank counterpart. Possible
antimicrobial and antifungal properties of the ZnCl2-treated
specimens can be deduced from established knowledge but
have not been tested for our samples. A beneficial effect in
preventing growth of bacterial and fungi during CNF storage
can be reasonably expected.
In summary, we would like to promote the usage of the

ZnCl2 method for cellulose nanofiber production, since it
allows not only for increased energy efficiency but at the same
time produces materials with special properties that are
otherwise not so easily achieved.
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