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Cellulose carbamate: production and applications

Prof. Ali Harlin, D.Sc.

Review:

Cellulose carbamate:
production and applications

General

Cellulose is the most abundant polymer on
earth. It can be converted into monomers?,
derivatives? 3, regenerated materials* and oth-
er functional materials®. However, cellulose is
insoluble in common solvents due to its fibril
structure and intramolecular and intermolecu-
lar hydrogen bonds. 6 7.Several technologies
to dissolve cellulose have been developeds®.
Despite being the most commonly applied
method, the cellulose xanthate process, also
known as viscose (or cellophane), generates
several environmentally hazardous chemicals
and by-products®. Cellulose carbamate is an
interesting alternative based on the original
work of Hill'® and Jacobsen'!, who showed
that the reaction between cellulose and urea
gave a derivative that was easily dissolved in
dilute sodium hydroxide. Even though there
has been extensive development of different
solvents since then based on acids, bases,
complexing and alternative cellulose reac-
tions'?, cellulose carbamate has fulfilled ex-
pectations due to less harmful and inexpen-
sive chemicals, as well as retrofitting ability to
existing viscose plants.

History

Attempts to dissolve cellulose, like cotton or
the inner bark of mulberry, started in the late
1840s, and has had huge importance for pol-
ymer chemistry development as well techni-
cal applications of textile fibres and films.'3
14 The invention of nitrocellulose led to prod-

ucts like Chardonnet silk'®, Parkesine'® and
Celluloid'”. The first synthetic fibre, Chardon-
net silk, was the commercial product name
for a regenerated cellulose fibre developed
by Count Hilaire de Chardonnet in France in
1884. In 1920, DuPont purchased the rights
to the process and sold the fibres under
name Fibersilk. Only small amounts of Char-
donnet silk were made because the cellulose
nitrate mixture and fibres were flammable
and explosive.

Already in the 1890s it was discovered
that cellulose can be dissolved more safely
as xanthate, and the viscous cellulose solu-
tion (viscose) could be simply coagulated
in ammonium sulphate and then converted
back to pure cellulose using dilute sulphuric
acid'8. This was later done on an industrial
scale in a Mueller spin-bath'®. Despite envi-
ronmental impacts of by products and vola-
tile odiferous solvents, the viscose process is
still the most important method for shaping
cellulose.?® Those were, however, problems
targeted to be solved.

It has been long known that cellulose and
several of its derivatives are dissolving in a
aqueous solution consisting caustic soda
and urea at room temperature or below. It
is also well known it is possible to stabilize
ordinary viscose solutions by incorporating
therein amide- or imide-containing substanc-
es. Several authors have reported on the
formation of cellulose carbamate due to a
reaction between the OH-groups of cellulose
and urea.2! Dissolution becomes possible
in solvents such as aqueous NaOH by first
converting cellulose to cellulose carbamate.
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Urea has also been extensively used with
alkaline solvents for the direct dissolution of
cellulose.??
An early invention from 1937 by Hill et.al.,
from company DuPont, comprised the im-
pregnation of cellulose such as wood pulp
or cotton linters with a urea provides useful
cellulose derivatives which are soluble in di-
lute aqueous caustic soda.?® In order to get
the urea evenly distributed in the cellulose,
one has to impregnate it with an appropriate
solution. Solutions of urea in water or alkaline
media are proposed in the literature, but they
do not give satisfactory results. 24

Since then, attempts have been made to
improve a major handicap of cellulose car-
bamate, namely the higher caustic chemical
consumption compared to the viscose pro-
cess. The cellulose carbamate process is
advantageous as discovered by the former
viscose producer, Kemira Oy Sateri?d, in re-
taining the use of the viscose spinning tech-
nology while avoiding the use of hazardous
sulphur-containing compounds for derivat-
ization.2® The recent developments of cellu-
lose chemistry have promise for the next de-
velopment stage of carbamate technologies.

VISKOSITY Pas 4.8 4.0 5.0 5.1
CONCENTRATION% 6.6 6.5 6.8 6.6
DP (Scan) 359 368 332 304
N CONTENT % 1.91 1.51 1.57 217
CLOGGING
VALUE

1.000 —

KW

500 — I I

Raw materials

Pulp

Dissolving pulp is the most typical raw mate-
rial for cellulose carbamates. The activity of
dissolving pulp has been discussed based on
production method and the raw-material ap-
plied. Dissolving pulps are sold according to
solubility in sodium hydroxide, the so called
S18 or S10 values, as well as impurities con-
tent. “Pulp reactivity” is a general term, but
it is also a kinetic term and is always related
to the end use of such pulps.?” The reactivity
of dissolving pulp was experimentally deter-
mined in terms of residual cellulose in vis-
cose. The results show that pulps with high
acetone extractable fractions, high magne-
sium contents, low alkali resistance and low
viscosity, gave low viscose filter values and
low residual cellulose contents. Pulps with
low residual cellulose contents also had low
carboxyl group contents and low polydis-
persity. The results indicate that in pulp with
high reactivity, the hemicellulose content is
low and the cellulose chains are shorter and
more soluble in alkali. An explanation of the
positive effect from the high extractive con-

5.6 4.7 3.9 3.5
6.6 7.0 6.0 4.5
356 336 386 476
1.70 1.93 217 2.30

SPRUCE PINE BIRCH BEECH EUKA- PINE BIRCH COTTON
LYPTUS LINTERS
SULPHITE PULPS PREHYDROLYSED
SULPHATE

Figure 1: Reactivity of different pulp types.
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Cellulose carbamate: production and applications

tent is that the extractives facilitate the diffu-
sion of carbon disulphide.?8

Typically, sulphite pulp is assumed to
be more active than pre-hydrolysis sul-
phate-based dissolving pulp. 2° It has been
defined that softwood-based dissolving pulp
is typically more active than hardwood.30
Independent of the choices, the cellulose
carbamate process has been successfully
applied, even if parameters vary. When com-
paring different pulp types, especially for the
CCA process, it has been observed that sul-
phite pulps are more active than pre-hydro-
lysed sulphate pulps and cotton linter. How-
ever, for an unknown reason, the sulphite
beach pulp was least active3! (See figure 1
below).

The concentration of sodium hydroxide
in the spinning process is significant in de-
termining the best cost of the process. The
need for sodium hydroxide is dependent on
the DP. The DP needs to be adjusted.

Never-dried cellulose is considered more
active than a dried dissolving pulp, which
may have hornificated. One recent invention
relates to a method for manufacturing cel-
lulose carbamate comprising the following
steps: providing a never-dried pulp, adding
urea and mixing said pulp with said urea, me-
chanically treating said mixture, drying the
mixture, and heating the relatively dry mix-
ture, thus providing a cellulose carbamate.3?

Cellulose carbamate has also been pro-
duced from microcrystalline cellulose.33
All-cellulose composites were produced by
partial dissolution of two cellulosic sources
in a mixture of sodium hydroxide and urea at
low temperature. Carbamated microfibrillat-
ed cellulose (MFC) was used for thin self-re-
inforced all-cellulose composites. 34

Applying normal paper pulp

There is a method of producing alkali cellu-
lose from “low-cost pulp”. The starting mate-
rial is first treated with a 10% NaOH solution
and subsequently pressed to squeeze out
spent liquor containing hemicelluloses. In the

second step the material is treated with an
about 16% NaOH solution, and subsequently
pressed, thereafter the treated pulp is in the
form of alkali cellulose ready for shredding
and xanthogenation.3® The same pulp should
be useful for carbamation.

Another method was developed for
high-hemicellulose fibre raw material, such
as for paper pulp®®. In this method, the pulp
is also treated in two steps with NaOH solu-
tions. In the first treatment step, the con-
centration of the NaOH solution may be 8 to
25%, preferably 16 to 21%, and in the sec-
ond treatment step 8 to 25%, preferably 10
to 16%. It is advantageous that in the second
step a lower effective sodium hydroxide con-
centration than in the first step is applied.

Recycled cellulose

Recycled materials are of increasing interest.
A method of producing dissolving pulp from
a recycled fibrous feedstock has been devel-
oped. The method comprises providing a fi-
brous material comprising cellulose, lignin and
hemicellulose, said fibre source further having
a lignin content of 0.1 to 7% and an ash con-
tent up to 3%; subjecting the fibrous material
to an alkaline extraction at a temperature of
about 0 to 25 °C., to produce fibres having a
reduced content of hemicellulose; subjecting
the fibres thus obtained to a bleaching treat-
ment carried out with oxidative chemical rea-
gents in order to reduce the lignin content of
the fibres; and recovering the fibres thus ob-
tained. By means of the method, dissolving
pulp can be produced from recycled paper
and cardboard products. 37

Even recently is presented a method for
treating cellulose-based raw material espe-
cially for manufacture of regenerated cellu-
lose-based products, characterized in that
hemicelluloses in the raw material are first
dissolved in a raw material-specific alkali
solution. The obtained hemicellulose alkali
solution is then oxidized for degrading hemi-
celluloses, and the oxidized alkali solution is
re-used in the same process.3®
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Alternative cellulose sources

However, there are several alternative cel-
lulose sources. Cotton and cotton linter
has been applied by several researchers.
The same methods are used as with pulp,
but the challenge is the activation of cotton
having a more compact fibril structure. Re-
cently, a treatment processes to apply tex-
tile-based materials as dissolving pulp was
developed.®®

Chemical modification of cotton cellulose
with the aid of supercritical carbon dioxide
has been studied. In this method, urea was
first impregnated into the cellulose pulp us-
ing supercritical carbon dioxide as a solvent
and carrier, followed by the esterification of
cellulose at a suitable temperature, resulting
in cellulose carbamate. The yielded cellulose
carbamate is endowed with high nitrogen
content and good solubility in alkali. Further,
the nitrogen content of modified cellulose
can be adjusted by the impregnating pres-
sure, esterification temperature and esterifi-
cation time. 40

Bamboo fibres have been utilized in syn-
thesizing the cellulose carbamate with urea.
The application required optimization of the
concentration of sodium hydroxide solution
used for activating, activation time, aging
time, urea socking time, the concentration of
urea solution, reaction time and reaction tem-
peratures. 41

Cellulose carbamate (CCAs) was pro-
duced also from kenaf core pulp (KCP) using
the microwave reactor-assisted method.*?

Activation

High accessibility is an essential prerequisite
for homogeneous substitution of cellulose
material. Cellulose structure can be affected
by means of mechanical activation. Gringing
enables both activation and inactivation.*?
One practical option is the use of a ball-
mill.** It has been observed that micro crys-
talline cellulose MCC can be fully molecularly
dissolved in NaOH and that the samples are
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stable for up to 2 months at room tempera-
ture (22 +1 C) at these low concentrations.*®

The Arbron process applies never-dried
bleached pulp which is steam evaporated to
medium consistency. Cellulose fibres are first
fractured to microparticles at 150-160 °C
with 5 bar steam. The reaction takes place in
an up-flow reactor in 1 hour where heating is
applied with direct steam and reaction con-
ditions are acidic by means of added sulfuric
acid.*¢ Under these conditions, also the mo-
lar mass adjusts.

The pretreatment of cellulose can be per-
formed with alkali hydroxide*” or ammonia®®,
with hot water under pressure 42 or with en-
zymes®? or by post-treatment of the cellulose
carbamate with water or aqueous acid in
heat, optionally under pressure®’. This pro-
vides, more or less, soluble cellulose carba-
mates, but their solution characteristics are
still in need of improvement.

Liquid ammonia

In the Cellca process, cellulose is treated with
liquid ammonia and dissolved urea. Thereaf-
ter the ammonia is removed before reactions
occur. The proposed benefit of the ammo-
nia is that it enables distribution of the urea
throughout the cellulose. %2 Liquid ammonia
opens up and changes the crystal structure
of cellulose.?® Liquid ammonia near its boiling
point also dissolves enough urea so that one
impregnation provides the required amount
of urea into the cellulose.

Activation in kneader with
NaOH

According to one invention, a process was
developed for the preparation of CCA starting
from NaOH activated cellulose or pulp under a
mechanical kneader. In the process, the urea
distribution is improved by means of opening
the lamellae crystal structure of the cellulose
fibres. The actual process is based on the fol-
lowing steps: a) first, a mixture of activated



Cellulose carbamate: production and applications

cellulose or pulp and urea is produced in a
mixing unit with shearing treatment, b) the
mixture is dried c) and then reacted at a tem-
perature between 120 and 180 °C to the reac-
tion product, the cellulose carbamate. 54

Mechanical absorption
of urea

A particularly simplified method for produc-
tion of CCA is based on the invention of
absorbing urea into cellulose in an aqueous
solution. A high solid technique/dry tech-
nique method for the production of cellu-
lose carbamate has been described. In this
technique dry cellulose pulp is mixed with an
auxiliary agent and urea under mechanical
work at a high consistency and the reaction
is thereafter carried out in an oven. The urea
amounts needed to reach acceptable dopes
is most preferably less than 22% of the

Strain = 0.000

¥ To

L Segment 2

«— Tensile direction —»

Mechanical activation

weight of the cellulose. The process is based
on repeated compression of the mass. The
patent proposes certain equipment enabling
efficient absorption. 5°

Enzymatic activation

In one study, chemical and enzymatic
pre-treatments have been applied to in-
crease the accessibility of cellulose materi-
als. Dissolving pulp has been treated with a
mono-component endoglucanase. Fock’s
method showed a microscale process sim-
ilar to the viscose process increasing cellu-
lose reactivity. Simultaneously, the viscosity
decreased, but at the given viscosity level,
the enzymatic pre-treated pulp had a higher
reactivity than the pulp subjected to acid hy-
drolysis. A mono-component endoglucanase
can thus be used to increase the reactivity
and accessibility of dissolving pulp in the

A Cellulose Chains e
= — [ICosaline Regonll
e —
Access to fibril structure
ke oo _'..." Salut oT @
v R RS : rol el
g gt g Rars, S o)
o0 2 ) ...000 | &, o0
o -9, Pl v e e LI N Y ;
B Lo R o Y :-"' » . Absorptionto crystal

Figure 2: Efficient carbamation require A) cellulose action mechanically>® or chemical swelling®” and B)
sufficient time to complete absorption to the crystal structure of cellulose-I B (side view)®®
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viscose process.%® The chemical fibre insti-
tute in Lodz has applied the methods of re-
duced degree of polymerization to form cel-
lulose carbamates. 0

Deep eutectic solvents

The physicochemical properties of deep eu-
tectic solvents (DES) are comparable to ionic
liquids. They are, however, composed of two
or three chemicals that consist of a hydrogen
bond donor and a hydrogen bond acceptor.
These components form a eutectic mixture
with a lower melting point than the individual
components. Compared to ionic liquids,
DESs are generally considered to be easier
to prepare, less expensive and less toxic.6"
Choline chloride (ChCl) and urea has been
the most popular DES system probably due
to the availability of these chemicals and their
low melting point (~12 °C).62

Recently, choline chloride/urea (ChCI/
urea), a typical DES, has been found to pos-
sess various applications in organic syn-
thesis, electrochemistry, and nanomaterial

preparation, also enamel to plasticize cellu-
lose and regenerated cellulose®®, as well fibre
spinning medium®* to a pre-treatment prior to
nanofibrillation.6®

It has also been observed that after treat-
ment of Avicel® (cellulose) with a DES com-
prising betaine monohydrate and urea, there
can be a decrease of crystallinity of at least
about 10-15% and enabling even urea distri-
bution in the cellulose matrix. %6

Access of urea in the cellulose structure
on a molecular level is essential for the qual-
ity of the carbamate formed (see Figure 2
above). There are several methods enabling
this to take place, like mechanical activation
by means of milling like a ball mill or ham-
mer mill or alternatively by means of chem-
ical swelling like when exposed to alkaline
solution.

Urea

Urea is produced on an industrial scale by
the exothermic Bosch—-Meiser urea process
applying liquid ammonia with gaseous car-

~
o

®
o

2.0

Briuret Formation, % of Urea Charged

I 0] OH

l
H,N-C - NH, === HN +C-NH,
Urea Urea
(Keto-form) (Keto-form
o -NH,
1
H,N - C - NH, @+NH HN+C+0O
Cyonic Acid
(keto form)

+H,0 o o o

2 1 1 1
H,N-C-NH-C +NH, HN-C-NH-C-NH-C
Buret Triuret
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1

—NH,
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1
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&
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Formation of biuret in 140°C (left) and the biuret formation mechanism (right).
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Cellulose carbamate: production and applications

bon dioxide. In 2012, worldwide produc-
tion capacity was approximately 184 million
tonnes.%”

In urea manufacturing, small amounts of
biuret form as an impurity as two molecules
of urea combine with the loss of a molecule
of ammonia. The compound is not useful for
fertilizers but is used as a non-protein nitro-
gen source in ruminant feed®®, but for carba-
mation reaction, biuret is inefficient.

Urea serves an important role in the me-
tabolism of nitrogen-containing compounds
by animals, and is the main nitrogen-con-
taining substance in the urine of mammals.
It is a colourless, odourless solid, highly sol-
uble in water, and practically non-toxic (LD50
is 15 g/kg for rats). Dissolved in water, it is
neither acidic nor alkaline. Urea-containing
creams are used as topical dermatological
products to promote rehydration of the skin.
Urea is used as well as a component of ani-
mal feed, providing a relatively cheap source
of nitrogen to promote growth.

Higher temperatures than 175 °C will lead
to formation of cyanuric acid (CYA) by ther-
mal decomposition of urea, with release of
ammonia. The conversion commences at
approximately®?

3 H2N-CO-NH2 > [C(O)NH]3 + 3 NH3.

Cyanuric acid crystallizes from water as
the dihydrate, which is especially harmful
for spinning solutions. Isocynic acid can be
recovered from cyanuric acid only at very
high temperatures between 325 and 350 °C,
which are unpractical for cellulose reactions.
Isocyanic acid is a colourless substance and
is volatile and poisonous (LC50 Inhalation
0.49 mg/l, LD50 Dermal >9,400 mg/kg, LD50
oral >10,000mg/kg) with a boiling point of
23.5 °C.

Formation of biuret is risk-related forming
cyanic acid. The enol form of urea is formed
at 132 °C and cyanic acid is dominant at
150 °C, while at 170 °C and above bi- and
triuret are formed, which are yet reactive with
cellulose but forming undesired derivatives.”®

Formation of cellulose
carbamate

Cellulose carbamate is a carbamic-acid-es-
ter derivative of cellulose (Figure 3). It is
soluble in alkali and, for this reason, has at-
tracted strong interest for fibre regeneration
from wood pulp as an alternative to the vis-

C NH,
= oH H,N— C—NHZ
0 HO O.. NaOH wg..
“"Ho 3 —
OH O“C —NH,
O

||
R = HorC—NH,

NH, —CO — NH, — HN=C=0 + NH,
Cell— OH + H— N=C=0 — Cell — O — C — NH,

Figure 3: Cellulose carbamate formation reaction.
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cose process.”! The derivative is obtained by
heating urea together with cellulose, through
reaction with the isocyanic acid produced by
decomposition of urea when heated rapidly
to above its melting point of 133 °C. 72

Typically, the CCA reaction is carried out at
temperatures in the range of 135 to 180 °C,
as previously shown. This is prior the art.
Higher temperatures than 175 °C will lead
to formation of cyanuric acid by thermal
decomposition of urea, with the release of
ammonia.”™

Isocyanic acid is a colourless substance,
is volatile and poisonous, and hydrolys-
es to carbon dioxide and ammonia. This is
why carbamation needs to be performed in
closed vessel and formed off gasses need to
be washed to remove especially ammonia.

Chemical characterization

The IR spectrum of CCA showed an obvious
new absorption peak at 1714 cm-! that was
attributed to the stretching vibration of the
carbonyl (C=0) in urethane groups.’“.It has
been reported that some derivatization pro-
cedures led to the transformation of alkalized
cellulose with urea into similar structures as
cellulose modifications Il and IV.75 In this pro-
cess, CCA displayed the same distinct peaks
as native cellulose with 26 values of 14.8°,
16.3°, and 22.6°corresponding to the (110),
(110), and (020) planes of the cellulose | crys-
talline form. Reference literature suggested
that chemical modification did not change
the crystalline form of cellulose. Furthermore,
the degrees of crystallinity (xc) of the native
cellulose and CCA were determined to be
72% and 65%, respectively. With the reac-
tion of cellulose and urea, the substitution
of the hydroxyl groups might mainly occur
in more accessible amorphous regions and
on the surface of the elementary crystallites.
These conditions led to the reduction of the
density of hydrogen bonds and partially de-
stroyed the crystalline structure of cellulose,
which was beneficial for the dissolution of
CCA. The 13C NMR spectra also verified

VTT

the presence of the typical cellulose | crystal
form of cellulose and CCA.7®

Synthesis routes

Several variations are reported on the basic
process: pre-treatment or activation of the
cellulose with alkali or liquid ammonia’’, per-
forming the reaction in organic media, e.g.
xylene and toluene 78 79, supercritical-CO2
assisted impregnation of the cellulose with
urea 8 81 subjecting reaction mixtures to
microwave heating® or electron beam irradi-
ation83, All are aimed at achieving a homoge-
neous distribution of the substituent in cellu-
lose pulp, which promotes its dissolution in
alkali, and helps achieve the solution proper-
ties required for fibre spinning.

The early method of DuPont consists of
essentially steeping, pressing, drying, bak-
ing and washing. First cellulose steeping
cellulose is made in an excess volume of an
aqueous solution of at least 15% urea and 2
to 10% sodium hydroxide, preferably con-
taining a small quantity of a wetting agent
such as sodium “Lorol” (the fraction of sat-
urated alcohols obtained by hydrogenation
of coconut oil, and consisting mainly of Ca
and Cu alcohols) sulfate. Secondly, the im-
pregnated cellulose is pressed until it con-
tains from about 0.75-2.5 parts by weight of
the steeping liquor per part of the original dry
cellulose. The concentration of the steeping
liquor and the press ratio are so adjusted that
after pressing from 4 to 8 parts by weight of
sodium hydroxide, and from 20 parts of urea
per 100 parts of original dry cellulose. Third-
ly, the pressed material is dried and baked to
the dry product at reaction temperature, pref-
erably at 120-150 °C. Although higher tem-
peratures may be used provided, the time of
heating is suitably adjusted) until the prod-
uct is soluble in dilute aqueous caustic alkali
and discontinuing baking before the product
becomes insoluble; and finally washing the
baked product to improve its colour and to
remove unreacted urea and by-products. 8

11



Cellulose carbamate: production and applications

Optimization of the
conventional route

Cellulose carbamates were successfully pre-
pared from the cellulose/urea mixtures with
low content of urea through conventional
heating. Urea content in the mixture, reaction
temperature and time play important roles in
the carbamation of cellulose. The urea con-
tent of the mixture was optimized between
3.4 and 4.6 wt % for enhancing the solubil-
ity of CCAs and saving the cost of materials.
The reaction temperature and time were set
at a maximum of 170°C and 2.0 h to avoid
the carbonization and cross-linking of cellu-
lose. CCAs retained the cellulose | crystalline

Cellulose from bleaching
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reactor
Hydrolysate to

Biogas production
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clean water
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form and the Cl values hardly changed with
the incorporation of carbamates. Further-
more, both the reacted cellulose/urea CU
mixtures and CCAs prepared under opti-
mized conditions could be well dissolved in
NaOH/ZnO solution and the washing process
could be abandoned completely. Because of
the low consumption of urea and no waste-
water discharge, the economic and green
process reported here would be particularly
beneficial for industrialization. 8

The more recent production of cellulose
carbamate takes place by the introduction of
urea in optionally activated pulp and reacting
the urea with the pulp at a constant tempera-
ture, above the lying at about 132 °C decom-
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position temperature of the urea into isocyanic
acid and ammonia, either in the dry phase8
or in an inert liquid organic reaction medium?®.
While increasing reaction temperature and re-
action time increases the degree of substitu-
tion of the cellulose, the solubility of the cel-
lulose carbamate produced in aqueous alkali
metal hydroxide solution and the stability of
the solution is deteriorated at the same time
by the action of heat and the prolonged reac-
tion time. In the figure below,.a flow chart of
the Arbron carbamation process is presented.

Applying modified reaction
environments

Alkalization in xylene (CarbaCell)

It has been shown that, contrary to previous
assumptions, a reaction of cellulose with
urea at temperatures that are significantly be-
low the decomposition temperature convert-
ing urea into ammonia and isocyanic acid.
The reaction starts already at 80-90°C and
proceeds even in this temperature range at
a satisfactory rate. According to the charac-
teristics of the operational cellulose and the
nature and extent of the selected activation
process begins the reaction at reaction tem-
peratures ranging from 80-110 °C and the
temperature is increased progressively as the
reaction rate decreases due to decreasing
urea concentration.

Preferably, the reaction is carried out in a
plurality of series-connected reactors, wherein
the reaction temperature is raised depending
on the total number of the reactors from one
reactor to the next reactor, in each case 5 to
30 °C. At, for example, o-xylene as the inert
organic reaction carrier and three reactors, a
reaction temperature of about 80 °C for the
first reactor recommends about 120 °C for
the second reactor and about 140 °C for the
third reactor. At five reactors, the respective
temperatures are from about 80°C, 100°C,
120°C, 130°C and finally 140 °C. The tem-
perature intervals between each two adjacent
reactors may be the same or different sizes. 88
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Alcohol with molten urea

Even further, one invention relates to a method
for producing cellulose carbamate from cellu-
lose and urea applying especially molten urea
at a temperature of 135 °C to 160 °C. The pro-
cess is a reaction of alkali or earth alkali or cel-
lulose esters with degrees of substitution (DS)
of 0.1-0.4. Excess liquor is preferably washed
with methanol, which can be recycled. 8°

Applying supercritical carbon
dioxide

In order to overcome the diffusion barrier in
cellulose against urea, also advanced tech-
nologies have been applied recently. One
example of these is modification cellulose
assisted by supercritical carbon dioxide SC-
CO2. CCA was successfully prepared from
soft wood pulp at 150°C and 3,000psi (207
bar) for 6 hours. Compared to conventional
methods SC-CO2 was shown to be more
efficient in the modification of wood-derived
cellulose. The modified cellulose had a con-
siderable increase in nitrogen content. %

Applying microwaves

A method has also been proposed for pro-
ducing cellulose carbamate by reacting cel-
lulose with urea heating the reaction mixture
by electromagnetic radiation of a frequency
range between 100 MHZ and 100 GHZ for
2 minutes to 3 hours to a temperature in the
range from 100 °C to 250 °C. This method
accomplishes the objective of the invention
by a uniform temperature distribution in the
reaction mixture during thermal treatment of
the cellulose-urea mixture. The method offers
the advantage of the reaction temperature
being reached in a short time and moreover,
the energy distribution in the reaction mixture
is almost homogeneous because of the uni-
form distribution, which is a benefit of nearly
dry matter. 91
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Cellulose carbamate: production and applications

Cellulose carbamates were synthesized effi-
ciently from the cellulose/urea mixture under
solvent- and catalyst-free conditions by mi-
crowave irradiation. The method used in this
work seems to be convenient for the syn-
thesis of carbamates starting from various
sources of cellulose, such as cotton linter,
reed, bagasse and wood pulps with differ-
ent degrees of polymerization is appropriate
for the method. Urea content in the mixture,
mass of the mixture and pulsed microwave
energy has an active influence on the reac-
tion. The urea content in the mixture was op-
timized between 30 and 40 wt% for saving
the cost of materials and recycling urea.%

Deep eutectic solvents

DES appear in the horizon as an attractive
and cost-effective option for using ionic sol-
vents in biotransformations. DESs are often
produced by gently warming and stirring two
(bio-based and cheap) salts (e.g. choline
chloride and urea). First, successful uses of
DESs in biotransformations were reported re-
cently. It may be expected that knowledge
accumulated in (second generation) ILs and
biotransformations could be turned into real
applications by using these DESs, and third
generation ILs, in the coming years.%
Carbamoylation of various cellulosic ma-
terials was systematically studied, using a re-
active dissolution approach. Reactions with
cellulose or pulp and aromatic isocyanates,
were initiated as heterogeneous mixtures in
hot pyridine. As the reaction proceeded, ho-
mogeneous solutions were obtained. How-
ever, attempts to synthesize highly substi-
tuted cellulose carbamates, with aliphatic
isocyanates in pyridine, failed; homogeneous
solutions were not achieved, even after long
reaction times. One of the major problems in
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the synthesis of cellulose carbamates is the
formation of undesired low molecular weight
(MW) by-products, along with the main
product.®

Carbamate conversion was observed
when wet pulp was treated with a urea-
based DES system; this was found to occur
most readily at 120 °C.%¢ The ChCl-urea as
a pre-treatment in order to remove hemicel-
luloses and lignin from corn stover prior to
butanol fermentation was shown to be inef-
fective. °7 The influence of a cellulose-com-
patible DES system based on choline chlo-
ride and urea on bleached pine pulp fibres
was revealed using a systematic approach
with complementary research methods. DES
treatment carried out for 16 h at 100 °C has
been found to have no influence on pulp fi-
bre morphology. In addition, no evidence on
the derivatisation of cellulose was observed
during the DES treatment. Negligible chang-
es were observed in the xylose, mannose
and arabinose content and thus, minor dis-
solution of some of the hemicelluloses can-
not be excluded. Thorough examination by
NMR and Raman spectroscopy revealed that
the nitrogen residuals originate from tightly
bound choline chloride. In addition, Raman
spectroscopy data suggest that cationic
choline ions are interacting with the anion-
ic groups of cellulose fibres via electrostatic
interactions.%8

Solubility with NaOH

The cellulose carbamate can be dissolved
in 8% sodium hydroxide to a strength of
5-10%. The dissolution is best done at tem-
peratures around or below 0 °C. A typical col-
our of the solution is yellowish. Because the
carbamate groups hydrolyse in alkaline me-
dia, the solutions should be handled at low
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temperatures. At zero, the hydrolysis is slow
enough to allow for storage up to several
days °° (see figure 4 above).

Solubility

The most essential aspect for fibre spinning is
the quality of the solution. The quality can be
measured by means of the clogging indicator
Kw (filtration indicator) which represents the
content of insoluble matter in solution. It also
indicates the gels formed in the solution. This
is a common measurement for the quality of

a

O

°

o

o
Wood Ballooning of wood fiber
fiber in solvent

Helical EF bundle
High DP

a solution, and particularly a measure for the
clogging tendency of a fibre nozzle. Normally
a solution with Kw<2000 is considered good
from the perspective of fibre application. Be-
cause of this, the process has been improved
over the years,100

Cellulose
solvent
i

asoin||a0

Helical EF bundle
Low DP

Figure 4: Schematic illustration of cellulose dissolving in alkaline solution'?, indicating dissolving starting
from amorphous areas and necessity of reduction of the degree of polymerization of DP (high DP is

typically higher than 400).
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Figure 5: Clocking values of cellulose carbamate solution.

Good solubility and stability are prerequisites
for achieving the required quality character-
istics of regenerated cellulose products and
on the economic performance of the method,
which must be characterized by the highest
possible levels of cellulose dopes and the
least possible use of sodium hydroxide. Sol-
ubility depends on the degree of polymeriza-
tion (DP). Clocking values of cellulose carba-
mate solution are presented in Figure 5.

Very low DP 200 and below enable very
high cellulose concentrations up to 9.5
weight % with a sufficient process of vis-
cosity (ball viscosities 50 s/2°Cm/20°C), but
affected the fibre strength, while a DP high-
er than 300 limits the concentration below 6
weight % increasing spinning chemical con-
sumption over economically economic tresh-
olds. Optimum DP seems to be at 270-280.

The nitrogen content of CCA has also a
profound influence on the solubility of CCA.
Solubility increased as the nitrogen content
of CCA increased from 0% to 1.57% (DS =
0.19) and then decreased until 4.40% (DS =
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0.56). It was thus determined that a high de-
gree of substitution was not necessarily sig-
nificant for better dissolution, which could be
achieved at a CCA nitrogen content between
1 and 2%.

Zinc oxane

The solubility of CCA in the NaOH/ZnO solu-
tion initially increased to reach the optimum
NaOH concentration range between 7 to 8.5
wt %, followed by decreasing with increas-
ing concentration of NaOH.'%? The solubil-
ity of CCA increased significantly even with
the addition of 0.4 wt % ZnO to the NaOH
solution. CC was completely dissolved in
the NaOH solution at more than 2.0 wt % of
ZnO content, and thus, the solubility of CC in
the NaOH solution could be significantly im-
proved with the addition of a small amount
of ZnO (0.4 to 2.0 wt %). However, the CCA
solution with high amounts of dissolved ZnO
was found unstable. As a result, 7 to 8 wt %
NaOH/0.4 to 1.6 wt % ZnO aqueous solu-
tion was selected as an optimum solvent for
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CCA. The concentration of CCA could be
reached to 8 to 9 wt % as the DP of CCA was
about 400, which was similar to the levels of
the viscose method.

Freezing temperature influences the sol-
ubility of cellulose carbamate in both the
NaOH and NaOH/ZnO solutions. Only a small
fraction of CCA with a low molecular weight
is dissolved under temperatures between -5
to 10 °C. The solubility of CCA rapidly in-
creased as the temperature decreased from
-5 to -23 °C, saturated at -12 °C or below in
both solvents. The results indicated that low-
er freezing temperature was vital in achieving
such an optimum CCA dissolution.%3

Gelation of cellulose in 8% NaOH solu-
tions with and without ZnO have been stud-
ied for various cellulose and ZnO concentra-
tions (4 to 6% and 0 to 1.5%, respectively)
in a wide range of temperatures (-5 °C to
50 °C). Gelation times exponentially in-

creased with increasing ZnO concentration
and with decreasing cellulose concentration
and solution temperature. Gelation times of
cellulose-NaOH-water-ZnO systems were
found to follow a semi-empirical model cor-
relating these three parameters. It has been
suggested that ZnO acts as a water molecu-
lar “binder” stabilizing cellulose-NaOH-water
solutions. 104

The solubility of zinc oxide in 5% Na20
solution increases slowly, and then increases
faster in 5% to 28% Na20 solution at 25 °C,
in 5% to 29% Na20 solution at 50 °C, in 5%
to 30% Na20 solution at 75 °C and in 5% to
34% Na20 solution at 100 °C, respectively.!®
Non-dissolved ZnO particles were observed
above 0.8 to 0.9% ZnO in 8%NaOH-water. 106
It has been observed that certain impurities
like Ca2+ may cause recrystallization of ZnO/
NaOH solutions. The influence of zinc and
urea are shown in Figure 6.

b
s
ZnO/NaOH _
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Figure 6: ZnO/NaOH prevent gelation of the cellulose carbamate, while high concentration of urea (e.g.

4wt% or more) may cause and extend gelation.
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Cellulose carbamate: production and applications

NaOH/Urea as solvent

Urea can improve the solubility and stability
of cellulose in aqueous alkali solution, how-
ever its role has not been confirmed. Urea
has no strong direct interaction with cellulose
or sodium hydroxide, nor does it have much
influence on the structural dynamics of wa-
ter. However, urea may play its role through
van der Waals force. It may accumulate on
the cellulose hydrophobic region to prevent
dissolved cellulose molecules from re-gath-
ering. The driving force for the self-assembly
of cellulose and urea molecules might be hy-
drophobic interaction. In the process of cel-
lulose dissolution, OH- breaks the hydrogen
bonds, Na+ hydrations stabilize the hydro-
philic hydroxyl groups and urea stabilizes the
hydrophobic part of cellulose.%”

The experimental results indicated that al-
though the crystallinity of cotton linter almost
did not change during the enzymatic pre-
treatment, the solubility of cellulose in cold
NaOH/urea solution increased from 30% for
original cotton fibres to 65% for enzymatic
treated fibres, which was mainly attributed to
the reduction of cellulose’s molecular weight
by the enzymatic treatment. Moreover, the
dissolution time was also greatly shortened
by the enzymatic pretreatment. The results
suggest that the effect of crystallinity of
the cellulose on the cellulose dissolution in
NaOH/urea solution is much less than that of
molecular weight. It was found that temper-
ature plays a dominant role in cellulose fibre
solubility in NaOH/urea solution.198

NaOH/Thiourea as solvent

Several other publications appeared recently
on the dissolution and modification of cel-
lulose in mixtures of an aqueous base with
urea and thiourea.0 110 111 112 Zhang and
co-workers have shown that cellulose can be
dissolved in an aqueous solution of NaOH (7
wt %) / urea (12 wt %). Starting from a pre-
cooled mixture at -12 °C, cellulose dissolves
within 2 min. The urea hydrates could possi-
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bly be self-assembled at the surface of the
NaOH hydrogen-bonded cellulose. '® The
solutions are rather unstable and sensitive
to temperature, polymer concentration, and
storage time 114 115, Recent alternatives of
interest include the systems LiOH/urea''® 117
and NaOH/thiourea '8, These solvents were
extensively studied towards the regeneration
of cellulose by fibre spinning and film casting
119 120 121 122 123 Again, cellulose materials
with a huge surface were accessible via this
path showing different aerogel morphologies
depending on the processing'?4.

Moreover, it has been shown that cellulose
regeneration can be combined with blend-
ing processes. Thus, nanoparticle-contain-
ing materials were prepared 25 126, Besides
regeneration of cellulose, the homogeneous
chemical modification of cellulose in this
medium was intensively investigated. It was
demonstrated that these aqueous media are
very good solvents for homogeneous etheri-
fication reactions of cellulose 127 128 which is
reasonable because the solvent already con-
tains the base necessary to start the reaction.

Freezing
Cellulose is partly soluble in an aqueous
solution of sodium hydroxide in a concentra-
tion of about 10 % w/w. The amount of cellu-
lose that is soluble in NaOH/H20 depends on
the degree of polymerization and also mode
of crystallinity'?°. Isogai investigated the sol-
ubility of cellulose from several sources but
never succeeded in preparing cellulose solu-
tions of higher concentrations than 5 % 30, A
method for complete dissolution of cellulose
in lye solutions was also patented in 1994 131,
For cellulose to dissolve in alkaline aqueous
media, it needs to be cooled well below room
temperature. Soube et al. completed the
phase diagram for the ternary system cellu-
lose/NaOH/H20'32, Taking the amphiphilic
properties of cellulose into account, it is not
surprising that it has been shown that cellu-
lose in NaOH/H20 is in fact not completely-
dissolved but forms aggregates 12,

The procedure for dissolving cellulose in
aqueous alkali/urea-systems is based on
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a freeze-thaw method. The solvent is pre-
cooled to below the freezing point of water
before cellulose is added and kept cold until
complete dissolution of the polymer 134,

Recent studies on alkali dissolving has
given clear evidence that the pressure seems
to have similar effects as freeze-thaw for
dissolving. Applying 100bar overpressure in
chilled conditions improves dope as much
as freezing in a closed vessel (causing some
7000bar in cell wall). High pressure may
change the freezing point of aqueous sol-
vents, but the influence on cell wall accessi-
bility is not yet fully understood.

Time before spinning

Cellulose carbamate can be stored for long
times in dry ambient conditions without
changes in the degree of polymerization or
nitrogen content.’3® However, when contact-
ed with sodium hydroxide the cellulose car-
bamate starts to disintegrate and lose its sol-
ubility. As a result, the formed solution has to
be applied within a reasonable time after for-
mation. The observation means the process
has to be residence time controlled. Figure
7 expresses the effect of various hydrolytic
treatments on alkali solubility of Cellca fibres.
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Additivation

Sodium hydroxide solutions with different
additives have turned out to dissolve cellu-
lose more efficiently than the binary NaOH/
H20 system itself. Such additives are, for
example, poly(ethylene glycol) (PEG) 137 138
and urea '3 and/or thiourea 40 141 142 The
fact that sodium hydroxide, PEG and urea
are all environmentally friendly and pose low
toxicity towards humans and animals makes
these solvent systems interesting for large-
scale applications. However, mixed systems
always pose high demands on recovery sys-
tems, and the amount of additives needed
in these systems makes recovery and reuse
quite necessary.

Regeneration

Application

Cellulose carbamate applications of fibre,
film and sponge structures have been report-
ed. Most favoured are cellulose-based fibres,
which are expected to grow both in woven
and nonwoven markets.'3 The viscose pro-
cess has long been favoured in the regener-

——— 12.5 meky NaOH (0.5%)
—— 35.7 meky KOH (2%)
—— 22.0 meky TMAH (2%)

SOLYBILITY ON 5.5% NaOH (SCAN C -2:61)

10 20 30 40

50 60 Minutes at 98 °C

Figure 7: Effect of various hydrolytic treatments on alkali solubility of Cellca fibres 3.
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Cellulose carbamate: production and applications

ated cellulose industry. In the past decade,
global viscose fibre production has shown
an average annual growth rate of about 5%
with a production output of 3.4 million tons
in 2011.144

The carbamate group also increases re-
activity and imparts microbiostaticity to cel-
lulose 145 146 That favours use of the deri-
vatized polymer in absorbent products for
hygiene and medical applications '#” such
as films in food packaging'8, as adsorbents
for heavy metals'4® 150 and in the creation of
flame-retardant products’®.

Spinning

Fibres can be chemically spun from solu-
tions of cellulose carbamates in many ways,
but typically emulating the viscose process.
The spinning machine uses Spinnerets with
diameters of 40-90 um. As the solutions do
not need “ripening”, spinning can be carried
out as soon after dissolving as deaeration
permits. The composition of the spinning
bath can be almost the same as for viscose
spinning. Adding aluminium sulphate to the
spinning bath can influence fibre properties
to some extent. The CCA spinning process
has been recently modelled using non-linear
modelling.!%2

Without additives (modifiers) in the car-
bamate solution or spinning bath, the fibres
can be stretched over 100% in hot water (85—
95 °C) and maximum tenacity is achieved
somewhere between 100% and 120%. In air
the stretchability is about 10% less, and the
maximum tenacity is also correspondingly
lower. Use of additives typical in the spinning
of high wet modulus or polynosic fibres did
not improved the stretchability or the textile
properties.

Apart from sulphuric acid, other coag-
ulation baths have also been tested. Prom-
ising results have been achieved with alco-
hols. The figure 9. shows how the tenacity
and elongation of the fibres depend on the
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stretching when the spinning bath contains
75 wt.% methanol, 22.5 wt. % water and 2.5
wt. % sodium hydroxide. The stretchability is
about the same as in a sulphuric acid bath,
but the maximum tenacity is only 2.4 cN/
dtex, and elongation is low.

Recovery of alkali

A cyclic process has been proposed for pro-
ducing an alkali aqueous solution of cellulose
carbamate, for precipitating the cellulose car-
bamate from the alkali solution and for recov-
ering and recycling the remaining chemicals.
The process comprises the following steps:
(a) an alkali solution of cellulose carbamate is
prepared by dissolving cellulose carbamate
in an aqueous solution of sodium hydroxide,
(b) the solution obtained in step (a) is con-
tacted with a precipitation aqueous solution
containing sodium carbonate, whereby the
cellulose carbamate is precipitated and can
be removed, (c) from the solution in step (b)
sodium carbonate is crystallized and is re-
turned to the precipitant solution in step (b),
and (d) mother liquor containing sodium hy-
droxide, obtained, e.g. remaining from step
(c) is returned to step (a) for dissolving cel-
lulose carbamate. The crystallizing in step (c)
is accomplished in two or several steps by
cooling.%8

Fibre

Textile fibres are the most-researched topic.
The highest cellulose carbamate route for
producing fibre strengths has been report-
ed with Cellca fibres, which have carbamate
removed after treatments. They reached 3.1
cN/dtex strength. Typical values reported for
CCA fibres are 2.2 to 2.4 cN/dtex. Respective
wet tensile strengths are 1.1 t01.5 cN/dtex
154 Comparison of cross sections of different
regenerated fibres are presented in Figure 8,
and mechanical properties in Figure 9.
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Figure 8: Comparison of cross sections of different regenerated fibres.
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Young’s Tenacity Elongation Flexibility

modulus (cN/dtex) (%) (nM'm-?)

(cN/dtex)
(o0) 1,68 + 0,48 32,4 +17,8 2,54 +1,08 8,31 + 2,61 12,355
CVv 1,80 £ 0,12 42,5+ 5,16 2,11 £0,14 17,4 £1,2 29,0+ 7,6
PLA 1,70 £ 0,23 25,0 + 10,1 1,90 £ 0,72 33,8 £ 10,7 16,0 + 5,4
BCS 2,04 + 0,33 38,3+4,4 1,14+ 0,18 15,9+ 3,9 38,2+17,8
CCA 1,71 £ 0,21 48,4 +53 1,70 £ 0,20 15,9+ 3,9 29,8 + 17,6
ION 1,63 + 0,23 107 + 13 4,46 + 0,56 7,25+1,19 20,3 +21,9

Figure 9: Comparison of mechanical properties different regenerated fibres.(CO = cotton, CV = viscose,
PLA = polylactic acid, BCS = biocelsol direct alkali, CCA = cellulose carbamate, ION = ioncel).

Alternative spinning baths

Apart from sulphuric acid, other coagulation
baths have also been tested. They enable
alternatives for chemical recovery, like the
sodium carboxylic system benefitting pulp-
ing chemical recovery. Simultaneously, the
coagulation time is increased and different
fibre properties are achieved. 155
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Alcohol

Positive results have been achieved with al-
cohols. A typical spinning bath contains 75
weight % of methanol, 22.5 of water and 2.5
of sodium hydroxide. The tenacity and elon-
gation of the fibres depend on the stretching,
having the same elongation but lower tenac-
ity of 2.4 versus 3.1 cN/dtex with the same
stretching. The higher alcohol contents re-
duce both tenacity and wet modulus. Figure
10 expresses tenacity and elongation of Cell-
ca fibres coagulated in an acid bath, and in
an alcohol bath.
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Figure 10: Tenacity and elongation of Cellca fibres coagulated (left) in an acid bath, and (right) in

an alcohol bath, as functions of stretch.

Salt

Only a limited number of results is reported
on salt solutions in the spinning baths. How-
ever, several of the salt systems are providing
interesting results. The coagulation mecha-
nism is different, is more diffusion- than re-
action based, and means longer immersion
times up to 2-3 minutes as well as the pro-
nounced effect of temperature. Achieved
tenacities are even lower than with alcohol
baths at 1.5-2.1 cN/dtex.

Spinning cellulose carbamate from n-mor-
pholine oxide is also reported. By variation of
temperature, dwell time and cellulose con-
centrations can be adjusted for cellulose car-
bamates of special DP and DS for solutions
having up to 30% of cellulose carbamate in
NMMO. The high concentration solutions
having, however, a specific rheological be-
haviour. In the spinning concentrations, up to
21% where applied and tensile strengths up
to 6.0 cN/dtex and modulus 250 cN/dtex was
achieved. Simultaneously, nitrogen content
was reduced from 3% to 0.5%.'%6.In com-
parative research, cellulose carbamate and
cellulose were used as raw materials, respec-
tively, and CCA fibres and Lyocell fibres were
spun by the dry-jet wet spinning method us-
ing N-methylmorpholine-N-oxide (NMMO)
as the solvent. The rheological behaviour of
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different raw materials/NMMO-H20 spinning
dopes, as well as the structure and proper-
ties of the resulting fibres were compared.
The results show that both kinds of spinning
dopes belong to the typical shear thinning
fluids, and the apparent viscosity of CCA
spinning dope is lower than that of Lyocell
spinning dope under the same conditions,
which will be conducive to improving the
concentration of CCA spinning dopes. Com-
pared with Lyocell fibres, the crystallinity and
orientation of CCA fibres are lower, thus the
mechanical properties of CCA fibres are de-
creased slightly, whereas CCA fibres show
better anti-fibrillation properties.’5”

Flame retardancy

Flame and glow-proof materials can be pro-
duced by phosphorylation of cellulose-based
fabrics.

Phosphoric acid (cons.) can be used to
phosphorylate cellulose. The reaction is se-
lective to the primary hydroxyl group at the
cellulose C6 position. Urea can be used with
the phosphoric acid in the process to avoid
degreasing of the fabric tensile strength.?%®
159 160

The flame retardant cellulose fibres were
spun by an eco-friendly process, i.e., add-
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ing certain P-N containing flame retard-
ants,1,2-bis(2-ox0-5,5-dimethyl-1,3,2-dioxy-
phosphacyclohexy1-2-imino)ethane(DDPN)
and N,N’-bis(5,5-dimethyl-2-phospha-2-thio-
1,3-dioxan-2-yl) ethylene diamine(DDPSN) to
the carbamate solution, and the mechanical
and flame retardant properties of the pre-
pared cellulose fibres were studied. The re-
sults show that the dry tenacity is less than
that of viscose fibre, but wet tenacity and wet
modulus of the polyblend fibres are slightly
higher than those of viscose fibres. When the
mass fraction of this kind of retardants in the
cellulose fibres is larger than 18% and the
limiting oxygen index(LOIl) of the polyblend
flame retardant cellulose fibres is larger than
25%, the fibres meet the flame-retardant
requirements. 16"

Colouring

The partial carbamate reaction of cellulose
with urea has been applied to improving dy-
ing. Some cellulose carbamate derivatives of
aromatic amines are favourable to dying. The
treatments of cellulose with urea are believed
to be significant in the sense of improving fi-
bre and cotton cloth, and so a precise curing
condition should be considered to determine
optimum cellulose carbamate reactions. The
conventional curing procedures at elevated
temperature had been applied to the cellu-
lose materials, which were pretreated to soak
in an aqueous padding solution of urea and
dried at 116 °C. 162 Cellulose carbamate fil-
aments show improved dye properties com-
pared to viscose. 63

Film

Cellulose carbamate has been applied for
films entitled to flexible electronic devices to
replace the glass as transparent windows.
Flexible, transparent, and very strong cross-
linked cellulose films with a thickness of
about 10 ym with highly optical transparen-
cy have been prepared by cross-linking free
cellulose chains with epichlorohydrin (ECH)
in its aqueous solution. The film also showed
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a low coefficient of thermal expansion (CTE)
of about 6.9 ppm/K, which is superior to that
of glass. Then the as-prepared cellulose film
was combined with a dried foam ultrathin film
of reduced graphene oxide to prepare a new,
flexible, transparent, very strong, and electri-
cally conductive thin film.164

Regenerated cellulose membranes with
microporous structure were prepared from
cellulose carbamate-NaOH/ZnO solutions
coagulated with 3 wt% H2S04 solutions at
10°C for 10-15 min. The membranes dis-
played the cellulose Il crystalline form with a
relatively low crystallinity index. The nitrogen
content of the membranes was in the range
of 0.54 to 0.77%. The concentration of co-
agulant, and coagulation temperature had an
obvious influence on the formation of mem-
brane pores, leading to water permeability,
but not according to the coagulation time.
The apparent pore diameters of the mem-
branes were in the range of 197 to 624, and
the water permeability determined by flow
rate method varied from 10.93 to 23.66 mL
h' m-2 mmHg™ according to bore size. The
films exhibited good tensile strength (120
MPa) and elongation at break (15%). 165

Recently, Yang et al. prepared high-perfor-
mance flexible films from different cellulose
sources in a solvent of alkali and urea.’®® The
films showed good gas barrier properties
over the entire relative humidity range, and
always one order of magnitude lower gas
permeability than cellophane films which are
prepared via the viscose process. Compared
to conventional films from poly(ethylene) and
poly(propylene), all cellulose films show in-
creased water vapour permeability, but this is
expected due to the intrinsic hydrophilicity of
the polysaccharide structure.

Graphene oxide is capable of coordi-
nating on cellulose carbamate. According
to dynamic rheology, addition of 2 wt% of
graphene oxide prolonged significantly valid
spinning time of the cellulose carbamate
solution. Microscopy indicated graphene ox-
ide plates were oriented in elongation flow
and increased film tensile properties by some
180% and 280% in Young’s modulus.®”
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Cross section

SEM images of aerogels prepared from 4 wt% cellulose in aqueous LiOH/urea solution, regenerated with
EtOH, and either freeze-dried from H20 (A-D) or t-BuOH (E-H), or dried from CO2 (I-L) as indicated. Low-
magnification (A,E,l) and high-magnification (B,F,J) images of the surface. Low-magnification (C, G, K) and
high-magnification (D, H. L) images of the cross sections of the aerogels. The inset in part (B) shows the
SEM image of a tilted sample (from ref. (112) with kind permission from Wiley).

Carbamate cross-linked cellulose films can
be prepared in a two-step method using
cellulose dissolved in 1-n-butyl-3-methylimi-
dazolium chloride ionic liquid. The new tech-
nique involves casting the film from cellulose
ionic liquid solution onto a glass surface and
application of alkyl/aryl di-isocyanate in dry
dimethylsulfoxide solution onto the cellulose
— ionic liquid coating on glass and allowing
the cross-linking reaction to occur on the
pre-formed cellulose coating. The water re-
tention values of the films are shown to de-
crease with the increase in hydrophobicity
of the alky/aryl group linker in the carbamate
bridges. '8

VTT

Antibacterial materials

Cellulose-based ZnO nanocomposite (RCZ)
films have been prepared from cellulose
carbamate-NaOH/ZnO solutions through
one-step coagulation in Na2SO4 aqueous
solutions. The content of ZnO in RCZ films
was obtained in the range of 2.7-15.1 wt %.
ZnO nanoparticles with a hexagonal wurtzite
structure agglomerated into large particles,
which firmly embedded in the cellulose ma-
trix. RCZ films displayed good mechanical
properties and high thermal stability. Moreo-
ver, the films exhibited excellent UV-blocking
properties and antibacterial activities against
Staphylococcus aureus and Escherichia coli.
A dramatic reduction in viable bacteria was
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observed within 3 h of exposure, while all of
the bacteria were killed within 6 h. This work
provided a novel and simple pathway for the
preparation of regenerated cellulose films
with ZnO nanoparticles for application as
functional biomaterials. 169

Silver nanoparticles were stabilized on
cellulose and cellulose carbamate as a sup-
porting template and their antibacterial activ-
ities were studied against E. coli and Staphy-
lococcus. In the material, a fine grain of silver
nanoparticles was dispersed on a micro-cel-
lulose particle with an average size of about
30 nm, so EDS analysis showed the pres-
ence of silver metal at more than 80 % atoms
and the rest are sodium and magnesium. The
antibacterial activity was 4 to 5 mm for E. coli
and 10 to 25 mm for Staphylococcus in the
presence of cellulose/ Ag Nps and cellulose
carbamate/Ag Nps, respectively.”0

Membranes

Dialysis membranes made from regenerat-
ed cellulose are under dispute because of
their alleged lack of hemocompatibility. Thus,
membranes were introduced made from
synthetically modified cellulose, from which
hemocompatible membranes can be fabri-
cated.by means of chemical surface modi-
fications. For this purpose,.a series of cellu-
lose carbamate derivatives were synthesized
to profit from the excellent hemocompatibility
pattern of the urethane family. A direct de-
pendency between improved hemocompat-
ibility and the degree of substitution (DS) in
the cellulose molecule could be found. A de-
gree of substitution below a value of 0.1 led
to a nearly complete suppression of comple-
ment activation for all cellulose carbamates.
In addition, data on cellulose carbamate es-
ters (e.g., cellulose succinate-phenyl-carba-
mate) show that a simultaneous but balanced
substitution with hydrophilic and hydropho-
bic groups at the surface of the cellulose
polymer is a further prerequisite for optimal
hemocompatibility.'”! The membrane struc-
tures are typically formed from advanced
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solvents, like NMMO. Also, novel technol-
ogies including electro spinning have been
reported.’72

Foam

Because of good fleeciness soft and excel-
lent absorbency sponge is widely used. But
the polyurethane foam sponge on the market
not only has the disadvantage of raw mate-
rial shortage and pollution in its preparation
but also pollutes the environment after the
product is abandoned. With the aim of devel-
oping the preparation technology of cellulose
sponge that can be naturally degraded, the
process of preparing cellulose sponge from
cellulose carbamate was studied. Sodium
hydroxide solution of cellulose carbamate
and a pore-forming agent were kneaded into
a sponge mixture and was cooked to regen-
erate cellulose. The pore-forming agent was
dissolved in water leaving voids behind and
the cellulose sponge with uniform pore size
was obtained. The cellulose sponge had a
smooth surface, good flexibility and elasticity
with the basic features of polyurethane foam.
173

Microcrystalline cellulose was modified by
crosslinking with toluene diisocyanate under
homogeneous phase in the N,N-dimethy-
lacetamide/LiCl solvent system. Modified
cellulose films were prepared by the solution
casting method and their hydrophobicity,
thermal stability, permeability, and degrada-
bility were characterized. The hydrophobicity,
thermal stability, and mechanical properties
of the films were improved by crosslinking
according to the comprehensive results.'7#

Highly porous regenerated cellulose hy-
drogels and aerogels were prepared from
hydrothermally synthetized cellulose car-
bamate. Kenaf pulp was used in the exper-
iments. The materials were proposed to be
useful for water absorption.’”®
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Chromatography
applications

Cellulose carbamate is used in chiral chro-
matography, especially with hexane, isopro-
pyl alcohol and ethanol solvents. The CCA
column material is well-suited for non-ionic
or weakly ionic systems. The befit is that they
operate also in high concentration of water,
mobile phase or pure buffers.'”® Modified
cellulose tricarbamates are applied also in
layer chromatography.'””

Economic considerations

In its original version, the cellulose carbamate
process has a handicap over the viscous
process in its lower solubility in processable
solution. A typical cellulose concentration for
CCA is 8 weight % while the viscose process
has 9.5 weight %, meaning more usage dis-
solving and regeneration of chemicals. Also,
energy costs are higher due to the need to
handle a low-temperature spinning solution.

However, Kemira Oy Sateri showed that
with the help of lower raw material costs, the
CCA process has been proposed to be com-
petitive with the viscose process.'78 Also, lat-
er reports claim that with optimized process
conditions it has also been estimated that
the CCA process could save some 15-20%
compared to that of viscose process’”®,

Alkaline consumption in the process can
be considered also as an LCA issue. Most
essential are the questions on possible use
of alternative spinning batch chemistry en-
abling more efficient chemical recycling as
well as energy integration.180 181
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Conclusions

In conclusion, cellulose carbamate is a ver-
satile alkaline dissolving cellulose derivatives
including various processes and cellulose
raw materials. It is especially suited for tex-
tile fibres, but also for films, membranes and
foams, in addition to several added-value
products because of its versatile properties.
It avoids utilization of harmful chemicals such
as carbon disulphide and has potential to
compete with viscose process. Recent pro-
cess development and detailed understand-
ing of physical chemistry have been shown
to provide marked improvements for opera-
tion of the cellulose carbamate process. The
main improvements are in the dissolution
process conditions providing improved solu-
tion quality through pre-treatment, forming
and handling of the carbamate solution.
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