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Abstract: In work of the mid-19th century, it has been
shown that the physical properties of cellulose and related
materials are changed drastically upon their immersion in
“aqueous zinc chloride solutions”, followed by washing to
remove the salt and drying the resulting fabric, whose
chemical composition did not change, but had a different
structure. It was soon recognized that the process worked
only at very high concentrations of zinc chloride, but it was
only in the last decade that the “solutions” were finally
identified to be in fact ionic liquids with an optimum per-
formance for the trihydrate ZnCl,(H,0); which is built up of
[Zn(H,0)6]** cations and [ZnCl,]*" anions, both in the solid
state and in the melt, and which has a melting point of 6.5 °C.
The production of Vulcanised Fibre has long been an
important industrial process based on the treatment of cel-
lulose with zinc chloride following established protocols. In
the present paper the consequences of the ionic liquid
concept for the underlying processes are discussed on the
molecular level, proposing a sequence of reversible re-
actions, which allow the reorganization of the cellulose
structure under surprisingly mild conditions. Due to its ad-
vantageous properties as a biomaterial, the all-cellulose, self-
reinforced composite is currently being rediscovered for
newly considered applications within several industries
such as the construction industry as one example. Its
strength, lightweight and plasticity present unique oppor-
tunities for architectural as well as structural applications.
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1 Introduction

New work of the last two decades has shown, that the many
processes for the conversion of polysaccharides into modi-
fied products with properties that serve special applications
are based on some unique reactions which must be con-
ducted under very special conditions. The products include
materials which are obtained by partial or complete disso-
lution and reprecipitation of cellulose in/from various
reactive and non-reactive solvents.

In the former, the cellulose is converted into de-
rivatives different in composition from the native material
(cellulose dissolution by chemical modification). De-
rivatizations like nitration (to “nitrocellulose”) or xan-
thation (to “viscose”) are among the classical forms in the
cellulose industry.

In the latter, cellulose is dissolved without chemical
modification using a broad range of solvents, which induce
an easily reversible solvation, such that the composition of
the recovered cellulose - but not its structure - are largely
unchanged. Solvents for this dissolution are aqueous alkali
hydroxides or ammonia, mixtures of organic solvents, or
aqueous solutions of inorganic salts (mainly of copper,
lithium and zinc). However, at high concentrations the
“solutions” of these salts are actually devoid of any solvent
water molecules, because all water molecules are part of the
cations (below). The crystal structures of these salts show
only very weak interionic forces and thus have low lattice
energies, which give rise to very low melting points. The
melts show the characteristics of “ionic liquids”.

In the cellulose fiber industry, the inorganic salts in these
“solutions” have some important advantages owing to e. g.
the low cost of the salts, their low vapor pressure and their
easy recovery (recycling) associated with a tolerable energy
economy. Dissolution and reprecipitation of cellulose in/
from ionic liquids therefore has become a process of choice
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in the cellulose fiber industry. Currently, zinc chloride hy-
drates are often the preferred medium.

However, the authors of a review dedicated to the
dissolution of cellulose in general and in ionic liquids in
particular published in 2012," as those of previous articles,”’
have not yet considered zinc chloride hydrates as ionic lig-
uids, because the true nature of this medium was recognized
only shortly thereafter.>

It is therefore surprising, that other industries, where
the cellulose is not dissolved and not chemically modified,
but only surface-treated with salt hydrates (below) have not
truly considered the role of ionic liquids. This is particularly
true for the industry of Vulcanised Fibre materials, where
zinc chloride hydrates are used as the “parchmentation
media” (below). The present review is dedicated to the
chemistry of the processes that afford Vulcanised Fibre.

The currently re-emerging interest in the material by a
wide range of industries makes a thorough understanding
of the chemical processes involved in the production of
Vulcanized Fibre all the more relevant. Here, life cycle,
reusability or biodegradability of reusable or waste/stock
materials are the most important new aspects in the present
context.

2 Abrief history of developments in
the paper industry in the 19th and
20th century which led the way to
Vulcanised Fibre with its unique
properties

Following his attempts to prepare papers with properties
resembling those of classical “parchment” by treatment of
cotton-based papers with various chemicals, the British
chemist Thomas Taylor in 1856 filed a patent with the title
“Improved Means of Giving Increased Strength to Paper”,"
followed by a US Patent in 1871 for “Improvement in the
treatment of paper and paper-pulp”.'* The papers prepared
according to his patent were initially taken as “modified
papers with properties close to those of parchment”, and the
process he introduced was called “parchmentation”.*>'*

In order to gain from the enormous economic success
and publicity of the process discovered in 1839 by the US
chemist James Goodyear, who heated rubber obtained from
the sap of the rubber tree with elemental sulfur and called
the process “vulcanization”, the “parchmented paper” was
later addressed as “Vulcanised Fibre”, even though the
materials and processes used for their preparation have

nothing in common.
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In the ancient world, the “parchment” used in the form
of sheets or rolls (“scrolls”) to write or draw on was obtained
from animal skins, and these scripts were preserved in li-
braries as in the City of Pergamon, which is the origin of their
name. These parchments replaced the earlier scripts which
were written on “papyros”, prepared from the marrow of
the papyros leaves, of which the name “paper* is derived.
When in later centuries new qualities of papers based on
cellulose materials were introduced, these were initially also
addressed as “parchments”.

In his early experiments, Taylor used cellulose materials
based on cotton wool, but later other natural products like
wood, straw, linen, hemp etc. were also employed. For many
“Vulcanised Fibre” products, cotton wool in its various forms
(fibers, linters and rags) is still the material of choice. The
length and the order, or the random distribution of the
cotton fibers determine the properties of the materials.

Cotton wool, as all other cellulose materials, consists of
polysaccharide macromolecules composed of chains of
B — 4) linked cyclic p-glucose molecules which exhibit
three hydroxy functions (-OH) at each of the rings (Figure 1).

These —OH functions are engaged in hydrogen bonding -
O-H---0 both within and between the polysaccharide chains
(Figure 2). The hydrogen bonding linkages between the
polysaccharide molecules lead to their parallel aggregation
into bundles and fibers. Depending on the stereochemistry of
the association, cellulose exists in various polymorphs, but
this aspect is not considered here. In an enthalpy-entropy
consideration, the organization of cellulose fibers is also
partly assigned to the amphiphilic nature of the poly-
saccharide chains, i. e. hydrophilic and hydrophobic proper-
ties contribute to the stabilization.”

The polysaccharide molecules are highly ordered within
the multichain aggregates as required by the spatial orien-
tation of the —OH functions. Their hydrogen bonding opti-
mizes the overall bonding energy.

In the various forms of cellulose, amorphous or ordered
(crystalline) domains are observed, which allow a more
detailed characterization of the materials. In the amorphous
domains, the chains and fibers are strongly disordered and
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Figure 1: The molecular structure of a short segment of a polysaccharide
chain in a cellulose fiber (https://commons.wikimedia.org/wiki/
File:Cellulose_Sessel.svg, public domain image).
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Figure 2: Parallel aggregation of polysaccharide macromolecules
through hydrogen bonding (https://commons.wikimedia.org/wiki/
File:Cellulose_strand.svg, file licensed under the Creative Commons
Attribution-Share Alike 3.0 Unported license, free to copy, distribute and
transmit. No changes were made. Author: Luca Laghi).

tangled, while the crystalline domains have at least a short-
range order."

Owing to their peripheral —OH functions, cellulose ma-
terials adsorb and absorb water molecules which become
attached to the surface of the fibers and between its chain
molecules, respectively. Previously compressed material
swells up and increases in size and weight when immersed
into water or exposed to humid air, and loses its mechanical
strength. These sorption properties were the basis for the
production of blotting paper, which has been in use for
centuries on the writing desks where the letters were writ-
ten with ink and pen.

In the 19th century, it was tried to reduce these sorption
properties of paper by various post-treatments aiming at
products which do not undergo the quick disintegration and
defibration upon contact with water, or do not show the
penetration by oily and fatty materials. In both French and
British laboratories, it was found that a short treatment of
cellulose paper with sulfuric acid, followed by extraction of
the acid by washing with water and finally a careful drying,
led to “parchment papers” (“Pergamentpapiere” in German)
with properties familiar to everybody from the widely used
food packaging papers in the first half of the 20th century.

In this process, which is now called “parchmentation”
(“Pergamentierung”), the catalytic action of the acid causes
the breaking of parts of the peripheral and internal
hydrogen bonds of the fibers (Figure 2) depending on
acid concentration, temperature and reaction time. Upon
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removal of the inter-chain water molecules by drying,
the chains are reconnected and reorganized in tighter forms
of connectivity. The resulting reduced pore sizes and the
poorer wettability of the fiber material prevent the access of
water molecules, but also of oil and fat. Parchmented paper
is more transparent owing to reduced light scattering of the
tight fiber material.

For a variety of applications, later variants of parch-
ment paper have been developed using special additives. In
contrast to pure cellulose, these products and also the single-
sided coated materials and their waste are no longer com-
postable and require separate disposal.

In the second half of the 20th century, parchment paper
for some time has largely disappeared from the packaging
markets and has been replaced by PE and PP films and bags,
but this development is reversed now as environmentally
conscious customers again prefer the standard “brown pa-
per bags” made of native or recycled cellulose, or yesterday’s
newspapers.

3 The use of zinc chloride hydrates
for the parchmentation of
cellulose materials to produce
Vulcanised Fibre

The inventor of the process leading to Vulcanised Fibre
(above) disclosed in his patents that treatment of cotton and
other cellulose papers with “aqueous solutions of zinc
chloride” also leads to products which show not only
improved tear resistance and structural stability, but also
reduced sorption properties for water and oily liquids. These
properties become most obvious for compressed multilayer
materials which are produced in two-dimensional forms and
in various thicknesses. Since its discovery, this process has
continuously been modified into variants which serve
certain applications. The principle of the currently practiced
process is briefly summarized here, preceded by a simplified
flow-scheme in Figure 3.

Thin sheets of Vulcanised Fibre with a thickness of
6-3 mm (wet or dry) or even less, are produced in a contin-
uous process. In this variant, belt-like fabric panels made of
cellulose (“Vulcanised Fibre base papers”, prepared e. g. from
cotton pulp) are assembled and compressed via calender
rolls to multilayer belts which are carried into a parch-
mentation bath containing “a concentrated solution of zinc
chloride” (approx. 70 w%) which is strongly acidic and kept
at a temperature of up to 40°. The dwelling time of the
multilayer belts — generally less than a minute - in the bath is
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Figure 3: Simplified flow-scheme of the continuous Vulcanised Fibre process.

Figure 4: Insertion of layers of base material into the parchmentation
bath. Photo ©Hornex, Ernst Kriiger GmbH & Co. KG. (Reproduced with
written permission from M. Joseph).

Figure 5: Transport of the parchmented multilayer material belts into
the washing baths. Photo ©Hornex, Ernst Kriiger GmbH & Co. KG.
(Reproduced with written permission from M. Joseph).

controlled by the running speed of the transport rolls
(Figures 4 and 5).

The multilayer belts which are still loaded with the zinc
chloride parchmentation liquid are allowed to undergo a
ripening for a time span which is adapted to the expected
thickness and quality of the product. The remaining liquid is
then stripped and pressed off, and the material is washed
with water to remove remaining zinc chloride and to reach

WATER TANKS WITH STEADILY DECREASING CONCENTRATICN
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neutrality. Residual water is pressed out of the formerly
multilayer belt, which at this stage has reached a compact
structure through newly established interlayer connectivity
(Figure 6). The intergrowth of new bonding between original
base papers hasled to a virtually compact structure. In cross-
sections, the boundaries between the original base papers
are no longer visible. The moist belt is still flexible and kept
under its own vapor pressure for further processing.

Upon further drying, the layers shrink and harden
to leave the multilayer material in a strongly modified
morphology as compared to the original base material.
Without any external pressure, which could e. g. preserve
the planarity of the sheets, a multidimensional deformation
takes place because after the parchmentation the fibers of
the material have modified preferences for their organiza-
tion. A new linkage pattern is required for an intermolecular
organization which has become the energy minimum of the
Vulcanised Fibre material. The deformation of the panels
also proceeds differently if in the drying process the access of
air is free from all directions or is limited by the support or
other barriers. Finally, the temperature and the humidity of
the drying air also have an influence.

Thicker sheets of Vulcanized Fibre are produced in a
discontinuous process which yields multilayer blankets of
various sizes and with thicknesses in the cm range. The
parchmentation, ripening, washing and drying follow the
same protocol as described for the continuous process.

In this context it needs to be mentioned that the struc-
ture of cotton cellulose is also modified upon treatment with
aqueous alkaline solutions. Long-fiber cotton drawn through
aqueous sodium hydroxide solutions and washed and
neutralized has a new appearance in that it has an “added
shine” and is “grip-friendly” while still being tear and wear
resistant. This method of improving the quality of cotton was
discovered by the British chemist John Mercer in 1844, and
the material has been termed “Mercerized Cotton”.
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Figure 6: Electron microscopic images of raw paper (left) in comparison to Vulcanised Fibre (right).*®

An excellent review published in 2022 includes also both
the history and the technology of Vulcanised Fibre but has no
focus on the chemical aspects.'” The authors point out that in
the second half of the 20th century the Vulcanised Fibre in-
dustry had lost much of its market owing to the competition
with the plastics industry. With growing concern about the
environmental impact of plastics, there may be a renais-
sance of the Vulcanised Fibre industry because its products
consist solely of biodegradable and sustainable biomaterials
associated with several other advantages (below). Similar
conclusions were drawn in other recent reviews which have
a very broad scope.'®"

4 The chemistry of the
parchmentation of cellulose to
produce Vulcanised Fibre using
zinc chloride hydrates

On the molecular level, the specific action of zinc chloride
hydrates on cellulose material for a long time has not been
fully disclosed. However, there are several analogous pro-
cesses where other metal salts are used for the reorgani-
zation or even full degradation of native polysaccharides
and for which mechanistic and structural studies are more
advanced. This is true in particular for the treatment of
cellulose with copper salts, which in its most common form
leads to “copper silk” (“Kupferseide”, Bemberg silk, named
after the German chemist J. P. Bemberg).”® The most com-
mon variant is the treatment with copper(Il) salts in
aqueous ammonia giving “cuprammonium rayon”. In this
process the cellulose is completely dissolved in the strongly

basic aqueous solution of the copper salt, from which a
polysaccharide is subsequently deposited by the addition of
acid. Under these reaction conditions, the polysaccharide
molecules are not only disintegrated, but also partially
degradated to shorter chains, which then — upon acidifi-
cation - undergo self-assembly to new and modified mac-
romolecules. These can be spun into fibers with the shining
appearance of silk. While “true” silk is a polypeptide (a
protein) obtained from cocoons of insect larvae, rayon is a
polysaccharide, and regarding their composition, both
have nothing in common.

As is shown in the models of Figures 7 and 8, the hy-
droxyl groups (HO-C) become either coordinated to a metal
cation at their oxygen atoms, or their hydrogen atoms are
substituted by the metal cation. This deprotonation is sup-
ported by the alkalinity of the aqueous ammonia and does
not apply to acidic media (below). The process is reversed by
acidification which disconnects the metal cations from the
polysaccharide chains.

As mentioned above, under forcing conditions (higher
temperature, longer dwelling times, higher acidity or alka-
linity), the treatment of the cellulose leads to a partial
degradation of the polysaccharide molecules and finally a
complete dissolution of the cellulose in the liquid phase.

In the standard process for the production of Vulcan-
ised Fibre using acidic zinc chloride hydrates described
above, the cellulose material is not dissolved with degra-
dation of the polysaccharide chains. Instead, only the inter-
chain hydrogen bonds are cleaved and replaced in part by
-0-Zn coordinative bonds and by a new pattern of hydrogen
bonds. Upon removal of the zinc chloride in the washing
process, a new set of inter-chain hydrogen bonds is
generated, which determines the modified physical prop-
erties of the product.
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Figure 8: A polysaccharide chain after treatment with a copper(II) salt in
aqueous ammonia. The treatment with zinc salts was long believed to
lead to an analogous binding pattern (Zn for Cu, OH, for NHs, but with
different coordination numbers and motifs (below)).?’ (Reproduced with
written permission from ACS Publications).

The zinc chloride concentration of the parchmentation
bath is generally in the range between 65 and 80 w%,
centering around 72 w%, i. e. near the composition of the
trihydrate ZnCl,-3(H,0) with 71.5 w% (75 mol%) ZnCl,.

Following early studies giving only preliminary re-
sults,”** phase-analytical studies and a crystal structure
determination® have shown in 2015 that the trihydrate is a
liquid at room temperature, and the compositions in the near
neighboring ranges are also liquids. The relevant part of the
phase diagram ZnCly/H,0 presented in Figure 9 reveals that
the trihydrate has a melting point of 6.5 °C, and even lower

Figure 7: Hydrogen bonding pattern in and
between two polysaccharide chains (projected
onto a plane) prior to the treatment with an
aqueous metal salt solution.! Intramolecular
hydrogen bonds are shown in red,
intermolecular hydrogen bonds are shown in
green. (Reproduced with written permission
from ACS Publications).

melting points are observed for composition ZnCl,(H,0),, with
n in the range 2-4.2

In order to clarify the assembly of the components (Zn**,
CI, H,0), the crystal structure of the trihydrate was exam-
ined by single-crystal X-ray diffraction.® It has been found
that the structure is composed solely of the homoleptic ions
[Zn(H,0)e]** und [ZnCl,]*" (Figure 10). The compound thus
has the zinc cations in both an octahedrally hexa- and a
tetrahedrally tetra-coordinated state. No polymorphs were
detected for the trihydrate ZnCl,-3(H,0) stoichiometry, and -
most importantly - there are no non-coordinated water
molecules in its structure and in the melt.® The contacts
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Figure 9: Section of the phase diagram ZnCl,/H,0. The maximum in the
melting points is reached at 6.5 °C for the trihydrate ZnCl,:3(H,0) (blue for
H,0, red for experiments with D,0).8 (Reproduced with written
permission from ACS Publications).
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Figure 10: Crystal structure of the zinc chloride trihydrate ZnCl,-3(H,0)
(turquoise: Zn; yellow: Cl; red: 0).2 (Reproduced with written permission
from ACS Publications).

between the cations and anions are established solely by
weak O-H---Cl hydrogen bonds. The structure is thus closely
related to that of [Mg(OH,)e][ZnCl,].>

Extensive vibrational and NMR spectroscopic studies
have shown that the liquids that are formed upon melting
the solid (i.e. above 6.5°C for the trihydrate ZnCl,-3(H,0))
have the same set of infrared bands, Raman spectroscopic
lines and NMR spectroscopic signals, respectively, which is
proof that the homoleptic ions remain unchanged in the
room temperature regime. 2%

The zinc chloride parchmentation baths with the trihy-
drate ZnCl,-3(H,0) stoichiometry thus cannot be simply
addressed as aqueous solutions of zinc chloride or zinc chlo-
ride hydrates but must instead be classified as ionic liquids.

Similar, but not identical vibrational spectra were
observed for systems ZnCl,(H,0), with n < 3. Differences
arise, because a loss of water leads to changes in the ligand
distributions between the zinc cations. For the composition
ZnCly(H,0), 33 the crystal structure has also been deter-
mined.” These compositions have higher melting points and
do not qualify as ionic liquids. For systems ZnCl,(H,0), with
n 2 3 the ligand distribution is less clear, since there are no
X-ray diffraction data and the vibrational characteristics are
more complex. For n = 4, the performance in the parch-
mentation is different, but the action can be adjusted by
variations in the reaction temperature.

5 Proposed reaction mechanism

A reaction mechanism of the process that leads to the
parchmentation of polysaccharides en route to Vulcanised
Fibre materials is therefore proposed for the trihydrate
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ZnCly(H,0)3. Of the two ions of the ionic liquid, only the
cations can be assumed to be the reactive components. While
the tetracoordinated anions [ZnCl,]>" are most stable, the
hexacoordinated cations most readily lose one or two of
their water ligands (Equation (1)) if these can be accepted by
hydrogen bonding donors or acceptors. In the present sys-
tem they become integrated in new hydrogen bonds to the
polysaccharide chains (Equation (2)). It has been found in
earlier studies that the water dynamics in a saturated ZnCl,
solution (i. e. in the ionic liquids) is altered considerably
compared with that in dilute solutions.'®"

The thus generated free coordination site at the zinc
atom becomes occupied by a hydroxyl group of the chains
(Equation (3)). Figure 11a shows the modes proposed for the
interaction between the reaction components.

[Zn (H,0)5]*" — [Zn (H,0)s]*" + H,0 @

H,0 + R — OH — RO - H---OH, )

[Zn (H;0)5]*" + R —=OH — [Zn(H,0);(R OH)]*" (3

[Zn (H,0)5 (R OH)]*" — [Zn (H;0), (R OH)]*" + H,0 (4)
[Zn(H,0),(R'OH)]* + R"-OH

— [Zn(H,0),(R" OH) (R " OH)]** ©)

[Zn (H,0)5(R ' OH)]* + H,0 — [Zn (H,0)s)*" +R'~OH (6)

The process thus involves the zinc hexaquo complex as a
donor of water molecules, which are lured away by the sur-
face of the polysaccharide chains. (Equations (1) and (2)). In a
following step (Equation (4)), the coordination vacancy at the
zinc atom accepts another R—OH function, which may even be
chelating and thus adding to the stability of the generated

Figure 11a: Attachment of a [(Zn(H,0)s]** cation to a polysaccharide
chain with random attachment of the liberated water molecule. (See
Equations (1)-(3)).%?* The charge-balancing [ZnCl,]*" anion is omitted.
Note that there are no solvent molecules.
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intermediate (R-OH and R"-OH being neighbors at the same
polysaccharide chain or functions of two different chains, the
latter being stereochemically preferred). (Equations (4) and
(5)). This model suggests that hydrated Zn cations are readily
inserted between cellulose chain molecules (Figure 11b).

In the washing process, the zinc cations are separated
from the chains and obtain their original coordination
sphere of hydration accepting the incoming water molecules
(Equation (6)). New hydrogen bonds are formed within and
between the chains leading to a new bonding pattern and
new properties.

Introduction of a large amount of water (in the washing
process) means that there is a competition with the few co-
ordinated R—OH groups for zinc coordination sites, leading
in the end to complete hydration of the metal cations and
their removal from or between the chain molecules. By
contrast, in the ionic liquid no free water molecules are
present as competitors for the HOR functions of the cellulose.

Conversely, this mechanism explains why dilute
aqueous solutions of zinc chloride have no effect on cellulose
materials, since the excess of water molecules leads to a
complete coverage of all —OH functions of the poly-
saccharide chains and to a complete hydration of the zinc
cations and a complete solvation of the [ZnCl,]* anions.

There appears to be general agreement that the [ZnCl,]*
anions are not directly involved in the attack of the cellulose
substrate owing to the high stability of the Zn-Cl bonds and
the comparatively weak Cl.--H-O hydrogen bonds formed
upon hydration.

It is important to note that in the production of
Vulcanised Fibre using zinc chloride ionic liquids at low
temperatures (approx. 40°C) and short reaction times
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Figure 11b: Insertion of a [(Zn(H,0),]** cation
between two polysaccharide chains, with
random attachment of the two liberated water
n molecules. (See Equations (4) and (5)). The

charge-balancing [ZnCl, 1% anion is omitted.
Note that there are no solvent molecules.

(several minutes) no cellulose material is lost, and that the
chemical composition of the polysaccharide remains un-
changed. Under mild conditions, the cellulose polymer
molecules are not hydrolyzed to soluble shorter oligomers.
There is also no irreversible derivatization.

By contrast, at higher temperatures and long reaction
times, or with small variations of the composition of the
ionic liquid [ZnCl,(H,0), (n = 3, 3.5, 4)], cellulose is indeed
partly or completely dissolved in zinc chloride ionic liquids
(below).

For the different behavior of copper(Il) and zinc(II) salts
(above) it is relevant that the two cations prefer different
coordination polyhedra: With four ligands, Cu(Il) appears in
the center of a square, while Zn(II) occupies the center of a
tetrahedron. This difference gives rise to different modes of
aggregation of the chains once they are loaded with metal
cations. A model structure as shown in Figure 8 thus needs to
be modified when Cu is replaced by Zn and the ligands NH;
by OH,. Generally, zinc cations reach higher coordination
numbers than copper cations, as in [Zn(HZO)G]Z*. Therefore, a
mechanism involving low-coordinate [Zn(H,0),]** or even
[Zn(H,0);]** appears to be less applicable.”’ It is an equally
unsupported assumption that complete [Zn(H,0)¢]** cations
are inserted unchanged between the cellulose chains.”®

It is also important that in alkaline (ammoniacal) media
the Cu—O(H)-C linkages are deprotonated and converted in
metal alkoxide Cu-O-C linkages, a step that does not apply
for the acidic media. Therefore, in the acidic zinc chloride
ionic liquids the coordination of an alcoholic group to the
zinc atom (Eq. (3)) is the only way in which the zinc atoms
become — weakly and reversibly — fixed to a cellulose chain
(Figure 10).
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6 Dissolution of cellulose materials
in zinc chloride hydrates

Since the 1990s, the fact that cellulose can be completely
dissolved in zinc chloride hydrates has attracted growing
interest.” Depending on the temperature, the reaction time,
the composition and the relative volume of the zinc chloride
hydrate solvent, the polysaccharide degradation proceeds
via disintegration of the bundles, the shortening of the chain
molecules and finally the complete hydrolysis to glucose
molecules.’®*~3* While in some reports the zinc chloride
hydrates were still considered as “zinc chloride aqueous
solutions”,”"* most later studies acknowledged the presence
of zinc chloride hydrates as “ionic liquids” mainly with the
formula ZnCl,(H,0),, with n = 3, 3.5 and 4.253°

With the tetrahydrate (n = 4) as an example,’ the tem-
perature has been set to 80 °C for complete dissolution of the
cellulose, while for the salt with n = 3.5 the complete disso-
lution is achieved already at room temperature with longer
reaction times. The dissolved material is precipitated by
addition of water, separated by centrifugation and washed
to remove the zinc salt and to reach neutrality. The cellulose
is not fully recovered due to the loss of the amounts of ma-
terial that are not reprecipitated, but the composition of the
precipitate is unchanged (pure polysaccharide cellulose).
The zinc chloride is regained by evaporation of the water in a
vacuum at 65 °C to restore the hydrate composition required
for the process.

7 Advantageous properties of
Vulcanised Fibre products
obtained from ionic liquids of zinc
chloride hydrates

Upon the final drying, Vulcanised Fibre products shrink
considerably yielding a material which is extremely robust
to any mechanical deformation.**** A remodeling is only
possible after soaking the material in water, which now is a
very slow process owing to the compact and tight new
ordering of the fiber structure. The low permeability for
gases makes vulcanized fiber products surprisingly flame-
proof, even though once ignited the material burns with a
hot flame.

It is a great advantage of products of Vulcanised Fibre
prepared with the zinc chloride parchmentation that zinc
salts are colorless and not toxic for humans, and oral or
percutaneous uptake is acceptable within the usual limits,
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and in trace amounts even essential. Zinc chloride is a low-
cost medium for the parchmentation and it can be recovered
from the stripped ionic liquid and from the washing solu-
tions either by evaporation of the water to reach the desired
concentration or by membrane technology using the prin-
ciple of reverse osmosis. The bio-cellulose material is cheap
and sustainable.

The dry Vulcanised Fibre product has a very low density
of 1.0-1.5 g cm™ and ranks among the less dense of the me-
chanically robust construction materials.®® It is biodegrad-
able, and no special treatment of the waste is necessary.

Several of the currently practiced processes for the
production of Vulcanised Fibre are therefore still based on
the treatment of the cellulose material with zinc chloride
hydrate ionic liquids. The parchmentation with sulfuric acid
is also widely in use but requires a careful control of the
temperature and the acidity of the medium. The zinc chlo-
ride process is less sensitive.

8 From enforced forming to the
spontaneous self-forming of
Vulcanised Fibre products

Industrial products currently made of vulcanized fiber,
where specific dimensions and forms are required, are
produced by applying mechanical pressure on the still wet
material in frameworks meeting these requirements, while
being dried to induce hardening and form stability. The
reorganization of the partially disintegrated polysaccharide
chains generated in the parchmentation process (v. s.),
which after washing are still loaded with water, approaches
completion upon drying, but has to yield to the external
pressure. Thus, a wet planar sheet will keep its planarity
upon drying under vertical pressure (Figure 12a) or may be
molded under additional constraints (Figure 12b).

However, if this wet planar sheet is allowed to dry
without any external influence of pressure or fixation,
shrinkage and hardening lead to strong three-dimensional
deformations of the flat sheets producing distinct forms
(Figure 12c). The mode and degree of this spontaneous
deformation are determined by the material’s inherent
preferences and are further influenced by several minor
details of the exposition of the object to drying.

Some geometric changes can be associated with specific
local conditions at the sheet surface such as asymmetric
ventilation, or fiber direction in the base material (paper)
and the corresponding shrinkage, allowing for a general
and vague prediction of a deformation. However, the exact
geometry of the forms emerging after drying remains



144 —— L. Allner et al.: Chemical aspects of Vulcanised Fibre

Figure 12b: Example of a welding helmet made of black molded
Vulcanized Fibre (produced by Honeywell Safety Products Slovakia s.r.o.
from material by Ernst Kriiger GmbH & Co. KG.).

unpredictable and varies across multiple instances of iden-
tical specimens (Figure 13).

Vulcanised Fibre materials can be prepared in various
colors, traditionally mainly with traces of metal oxide pig-
ments contained in the bulk of the material, e. g. with iron
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Figure 12a: Example of a dry planar sheet in red or black
(0.5 mm thickness).

oxides for tones of red (Figures 4 and 5). Surface coloring can
also be applied, and finally, mechanical and chemical
treatment of the surface may generate a rough, mat or shiny
appearance.

Techniques for surface treatment like polishing, layer-
ing, impregnation, and painting of Vulcanised Fibre are well
documented in the literature. The same is true for a wealth
of data on the mechanical properties of the products. These
have been tabulated in several handbooks and resulted in
the norms which are to be consulted for final quality as-
sessments which was most important when the Vulcanised
Fibre industry was in full swing."*"*®

9 Conclusions

Thomas Taylor’s observations'' that zinc chloride hydrates
can be used for a structural reorganization of all kinds of
cellulose materials have been the start of a development

Figure 13: 3D scanned models of nine square shaped sheets (30 x 30 cm in wet state) dried under identical conditions.
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which over more than one and a half centuries has led to a
variety of processes which provide modified cellulose ma-
terials for many sorts of applications. Most of these processes
are - albeit initially not recognized - among the earliest ex-
amples of the usage of “ionic liquids”, and this is also true for
the production of Vulcanised Fibre.

The Vulcanised Fibre technology is currently undergoing
a renaissance because the products are now recognized as
being particularly environmentally friendly, being based not
only on abundant and sustainable biomaterials, but also
biodegradable. Therefore, they are market-competitors of
common “plastics” of which there is growing environmental
concern.

Vulcanised Fibre is produced by partial disentangling
and reorganization of cellulose structures into tighter ag-
gregates, which are lightweight, but of high mechanical
strength.

Complete degradation of cellulose using these ionic
liquids to produce low molecular weight carbohydrates and
finally alcohol is another currently developing area.

In the authors” ongoing research, Vulcanised Fibre is
investigated as a building material with a special interest in
its drying behavior and in the resulting forms of the objects.
The formal and structural variations that emerge from an
interplay of external form-giving and the self-forming and
self-reinforcing capacity of the material offer a unique
approach to the design of structural and building systems
that is specific to the material. The inherent capacity for
spontaneous structural rearrangement that results from the
parchmentation process of the Vulcanic Fibre materials, and
which escapes the designer’s complete determination, sug-
gests the formation of unorthodox structures with unique
properties for a wide range of applications.***’

In this context the inherent reaction mechanisms pro-
posed above are further studied and expanded to identify
whether the self-forming behavior leads to an increased
stiffness and stability of the material compared to forms
produced by applying external pressure.
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