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Abstract

A new method to obtain cellulose sulfates from available and inexpensive raw material—aspen wood was developed. This
method integrates catalytic peroxide delignification and sulfamic acid sulfation stages. Solvents such as acetic acid and water
were used for isolation of pure cellulose by wood peroxide delignification with TiO, catalyst. Low-aggressive and less-toxic
sulfating agent—sulfamic acid—urea mixture was used to obtain cellulose sulfates.

1 Introduction

Biologically active cellulose sulfates are used in perfumery
and cosmetics as sorbent materials, and they have good pros-
pects for application in medicine as antimicrobial, antiviral
and anticoagulant agents (Zhang et al. 2015; Lin et al. 2012;
Shibata 2011).

The most common raw material for obtaining cellulose is
wood. At present, the manufacture of cellulose from wood
is an environmentally hazardous process because dangerous
chemicals are involved in the wood delignification and pulp
bleaching (Sixta 2006).

Catalytic delignification of wood in hydrogen perox-
ide—acetic acid—water medium at 120-130 °C allows pro-
ducing pure cellulose by a one-step process without the use
of ecologically dangerous delignification and bleaching
agents (Kuznetsov et al. 2008). However, the different side
reactions of low molecular mass products condensation with
the formation of so-called “pseudo-lignin” (Hu et al. 2012)
take place in the processes of wood peroxide delignifica-
tion at elevated temperatures. Intensive mixing of a reac-
tion medium and fine grinding of wood were employed to
prevent the condensation reactions in aspen wood peroxide
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delignification with sulphuric acid catalyst (Kuznetsov et al.
2013). Pure cellulose with a low content of residual lignin
(less 1%) was obtained from aspen wood sawdust at a tem-
perature of 100 °C and atmospheric pressure. The obtained
cellulose is suitable for the production of different ethers,
including cellulose sulfates.

The sulfating agents such as H,SO, (Chen et al. 2013),
SO; (Qin et al. 2014), CISO;H (chlorosulfonic acid) with
solvents Py, DMF, DMSO (Zhu et al. 2014), 1,4-dioxane
(Kuznetsov et al. 2015), ionic liquids (Wang et al. 2009)
are used to obtain the cellulose sulfates. The most effective
sulfating agents are SO; complexes with organic bases, such
as tertiary amines, Py, DMF, etc. However, SO;, H,SO,, and
CISO;H are rather aggressive and toxic reagents.

The sulfamic acid, which is produced in industry by
the reaction of urea with H,SO, is a less dangerous sul-
fating agent. The sulfation of cellulose by sulfamic acid in
an N,O,~DMF system was reported (Wagenknecht et al.
1993). But the degree of substitution of cellulose sulfates
obtained by this method was less than 0.4 under the condi-
tions employed.

The sulfation of cellulose with NH,SO;H in DMF was
described by Zhang et al. (2011). In comparison with
chlorosulfonic acid, the sulfamic acid reacts with cellu-
lose only at elevated temperature (70-80 °C). Obtained
cellulose sulfates had the degree of substitution 1.78—1.89
and they were soluble in water. The main disadvantage of
this method is a quite long reaction time (up to 24 h). In a
paper by Huang and Zhang (2012), the reaction of cotton
cellulose with NH,SO;H was carried out in a laboratory
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oven at high temperature which promoted the partial
destruction of sulfated products.

The new method for obtaining cellulose sulfates from
aspen wood, which integrates the stages of pure cellu-
lose isolation by wood peroxide delignification with TiO,
catalyst and further sulfation of cellulose by sulfamic
acid—urea mixture, is described in the present paper. In
contrast to previously studied method of aspen wood oxi-
dative delignification with H,SO, catalyst (Kuznetsov
et al. 2013), the non-toxic and non-corrosive TiO, catalyst
is used for pure cellulose isolation from aspen wood under
mild conditions (100 °C, 0.1 MPa). The less-aggressive
and less-toxic sulfating agent—sulfamic acid—urea mixture
is employed for cellulose sulfation instead of dangerous
traditional sulfating agents (e.g. chlorosulfonic acid—pyri-
dine mixture).

2 Materials and methods
2.1 Cellulose obtained from aspen wood

Air dry sawdust (fraction 2-5 mm) of aspen wood (Popu-
lus tremula L.) harvested in the forest area near Krasno-
yarsk city was used as initial raw material. Experimentally
defined composition of aspen wood (% on abs. dry wood)
is cellulose 46.5 + 1.4; lignin 21.7 +0.7; hemicelluloses
23.5+0.8; mineral part 0.43+0.01.

Cellulose was isolated from aspen wood using the
original method of oxidative delignification by H,0, with
TiO, catalyst under the mild conditions. Commercial TiO,
(GOST 9808-84) with an average particle size near 10 um,
phase composition: rutile 92%, anatase 8%, BET surface
area 3 m%/g was used as a catalyst.

Delignification of wood sawdust was carried out in a
glass reactor of 0.25 x 107> m? volume equipped with
mechanical stirrer, condenser and thermometer. Aspen
wood sawdust (10 g) was placed into the reactor and a
mixture of acetic acid, hydrogen peroxide, distilled water
and TiO, was added. The reaction mixture was heated
up to the required temperature and vigorously stirred
(700 rpm) for 1-4 h. After that, the reaction mixture was
cooled and the obtained cellulosic product was separated
under vacuum using Buchner funnel, following washing by
distilled water and drying at 105 °C until constant weight.

Cellulosic product yield was estimated by gravimetric
method and calculated as follows: yield = (m/m, X 100%),
where m is the mass of abs. dry cellulosic product (g), m,
is the mass of abs. dry wood (g).

Three replicates were used for each case and average
yields of cellulose were calculated. The deviations for
experimental data are given in Tables 1 and 2.
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Table 1 Influence of delignification time on the yield and composi-
tion of cellulosic product

Time, h  Yield of cel-
lulosic product,

Composition of product, %**

o Cellulose  Hemicelluloses Lignin

72.5+1.8 858+19 7.8+0.2 6.1+0.2
3 625+1.6 904+2.0 7.2+0.2 2.1+0.1

502+1.2 935+2.1 55+0.1 0.7+0.1

Delignification conditions: 100 °C, H,0,-5%, CH;COOH-25%, LWR
15. Data represent percentages of oven dry weight (odw) (mean +
SD)

* To the abs. dry wood ** to the abs. dry cellulosic product

2.2 Sulfation of cellulose with sulfamic acid-urea
mixture

Cellulose (1.62 g), urea (1.80 g), sulfamic acid (3.40 g)
and diglyme or DMF (40 ml) were put in a 3 necked flask
(100 ml) equipped with stirrer, thermometer and reflux.
The mixture was boiled under reflux at vigorous stir-
ring within 1-4 h. After that, the mixture was cooled to
15-20 °C, poured into 50 ml of 75% water—ethanol solu-
tion containing 3-4% sodium hydroxide and stirred. The
resulting sodium salt of cellulose sulfate was separated
by filtration, washed with 96% ethanol and dried under
vacuum. The obtained product was then dissolved in
50-60 ml of distilled water, filtered and dialyzed on cel-
lophane against distilled water. After dialysis the aque-
ous solution of sodium salt of cellulose sulfate (NaCS)
was concentrated under vacuum until complete removal
of water.

The yield of NaCS (Y) was calculated according to Eq. 1:

Y = mol (NaCS)/mol (Cell) X 100 %, (1

where mol (NaCS)—is the mol of NaCS (g) and mol
(Cell)—is the mol of initial cellulose.

Number of cellulose moles was calculated as the ratio of
the mass of cellulose (g) to the molar mass of anhydroglu-
copyranose unit [CcH,0,(OH);] equal to 162.1.

Three replicates were used in each case and average
yields of NaCS were calculated. The deviations are given
for experimental data throughout the text.

2.3 Characterization methods

Elemental analysis (C, H, N, S, O) was performed with
the use of Flash EATM 1112 analyzer (Thermo Quest,
Italy).

The degree of substitution (DSg) of cellulose sulfates was
calculated according to Eq. 2 (Gericke et al. 2009):
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Table 2 Influence of

CH,COOH, %**

. H,0,, %*
concentration of H,O, and
CH;COOH on the yield and 3 4
composition of cellulosic
product obtained from aspen Yield, % 659+1.7
wood at 100 °C and time 4 h Composition, %
Cellulose 85.7+2.1
Hemicelluloses ~ 7.8+0.2
Lignin 6.2+0.2

5 6 15 25 35
50.8+13 502+12 498+12 674+16 502+12 504+13
91.8+23 935421 942+23 844+19 93.5+21 92.0+23

63+02 55+01 53+01 92+02 55+0.1 63+0.2
1.6+0.1 0701 02+01 6.1+02 0.7+0.1 0.2+0.1

Data represent percentages of oven dry weight (odw) (mean + SD)

* At CH;COOH concentration 25%

** At H,O, concentration 5%

DS = (162.1 x W)/(3207 — 102.1 x W), )

where Wy is the sulfur content (%).

The contents of cellulose, lignin and hemicelluloses in
solid products were defined by analytical methods common
in wood chemistry (Sjostrom and Alen 1999).

The content of cellulose was determined gravimetrically
according to Kiirschner and Hoffer method (Sjostrom and
Alen 1999). The 1 g of cellulosic product was put in an
Erlenmeyer flask. The mixture of 25 ml nitric acid in ethanol
(1:4, v/v) was added followed by 1-h boiling under reflux.
The solid was separated from the solution using a glass fil-
ter (40 pm). The glass filter was then dried at 105 °C and
weighed.

The content of holocellulose was determined by gravi-
metric method (Rossberg et al. 2014). The cellulosic product
(0.3 g), water (45 ml), glacial acetic acid (60 ml) and sodium
chloride (0.3 g) were put in a flask. The mixture was kept at
75 °C in a shaking device for 5 h. Acetic acid and sodium
chloride were added after every hour. The holocellulose was
separated by filtration using a glass filter (40 pm), washed,
dried at 105 °C and weighed.

The content of hemicelluloses was calculated as the dif-
ference between the weights of holocellulose and cellulose.

Acid-insoluble lignin (Klason lignin) was determined
according to TAPPI (1998). The cellulosic product (1 g) was
dissolved in 15.0 ml of 72% sulfuric acid at 20 °C while
stirring for 2 h. Then 300 ml of water was added to a flask
to dilute solution to 3% concentration of sulfuric acid. The
solution was boiled for 4 h, maintaining constant volume
by using a reflux condenser. Then, the lignin was separated
by filtration, washed by hot water and dried in an oven at
105.3 °C to constant weight.

The lignin content was calculated as follows:

Lignin, % = A x 100 /W, 3)
where A weight of lignin, g ; Wp oven-dry weight of test
specimen, g.

The degree of cellulose polymerization was calculated
according to ASTM 1795 (2013). Dry cellulose (0.25 g)

and distilled water (25 ml) were put in 100 ml glass flask
that was tightly closed by a screw cap. The flask was
shaken to disperse the cellulose sample. The air from the
flask was swept out with a stream of nitrogen. Then cupri-
ethylenediamine (25 ml) was added, the cap was inserted
tightly and the solution was shaken in a mechanical shaker
bath at 25 °C until the cellulose completely dissolved.
Then 10 ml of the cellulose solution was transferred by
pipette to a viscometer (VPG-3) for measuring the viscos-
ity of cellulose. Degree of polymerization of cellulose was
calculated by the formula (Pala et al. 2007):

DP*% = 0.805 x [#]. “4)

where DP degree of polymerization; [#] intrinsic viscosity.

All experiments were performed in triplicate and the
average values were reported. Experimental errors calcu-
lated as the relative standard deviation, are shown in text
and in the tables.

FTIR analysis was carried out in transmission mode
using the Tensor 27 spectrometer (Bruker, Germany).
Samples of products (3 mg for each) were prepared in KBr
matrix. Spectra were recorded in the wavelength range
400-4000 cm™!. Spectral data were processed by the pro-
gram OPUS/YR (version 5.0).

FT Raman spectra of the samples were recorded
using Bruker RFS 100/S spectrometer with a liquid-
nitrogen cooled Ge diode as detector over a range of
3500-100 cm™!. A cw-Nd:YAG-laser with an exciting line
of 1064 nm was applied as light source for the excitation
of Raman scattering. The analysis of the data was executed
with OriginPro 7.0 (OriginLab Corp. MA USA).

X-ray diffraction analysis was carried out on PANa-
lytical X’Pert Pro diffractometer using Cu-Ka source
(A=0.154 nm) in the 26 range 5°-70° and scanning step
width of 0.01°/scan.

Crystallinity index (CI) was calculated from the ratio
of the height between the intensity of the crystalline peak
(Zyoo — Ianp) and total intensity (I,,) after subtraction of
the background (Park et al. 2010).
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13C NMR spectra were recorded at a temperature of
25 °C with spectrometer Bruker Avance III 600 MHz. The
samples were dissolved in D,0.

The electron images were obtained with scanning elec-
tron microscope TM-1000 HITACHI (Japan) with accel-
erating potential 15 kV. Samples were coated on carbon
support.

3 Results and discussion

The developed method for obtaining cellulose sulfates from
aspen-wood includes the steps of cellulose isolation by wood
peroxide delignification in acetic acid—water medium in the
presence of suspended TiO, catalyst and the sulfation of
obtained cellulose by sulfamic acid—urea mixture in diglyme
or DMF (Fig. 1).

3.1 Peroxide delignification of aspen wood
with TiO, catalyst

In the present study, the regularities of aspen wood del-
ignification in the medium “hydrogen peroxide—acetic
acid—water” were first studied in the presence of solid TiO,
catalyst under mild conditions (temperatures 70—100 °C,
atmospheric pressure).

The influence of temperature, concentrations of hydrogen
peroxide and acetic acid on the dynamics of lignin removal
from wood was studied at fixed liquid/wood ratio (LWR)
equal to 15.

The increase in temperature and time of delignification
process significantly reduces the content of residual lignin
in the cellulosic product (Fig. 2). However, at the same time
the yield of cellulosic product is decreased (Table 1).

The cellulosic product obtained from aspen wood at tem-
perature 100 °C and time of delignification 4 h has the lowest
content of residual lignin (0.7%). The fixed temperature and

Delignification at 100°C in medium
H,0, + CH;COOH + H,0 + TiO,

! !

Soluble products from lignin and
hemicelluloses

Cellulose

Sulfation by NH,SO;H + (NH,),CO
in boiling diglyme or DMF

Cellulose sulfates

Fig. 1 Scheme for obtaining cellulose sulfates from aspen wood
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Fig.2 Dynamics of lignin removal from aspen wood in the presence
of 1% TiO, catalyst at concentration of H,0, 5%, CH;COOH 25%
and LWR 15

time were used to study the impact of H,0, and CH;COOH
concentrations on the yield and composition of cellulosic
product (Table 2).

It was found, that the concentrations of H,O, and acetic
acid impact significantly on the content of residual lignin in
cellulosic product. The increase of H,O, concentration from
3 to 5% reduces the content of residual lignin in cellulosic
product from 6.2 up to 0.7%.

According to XRD data (Fig. 3), the unit cell of cellu-
losic product obtained from aspen wood is identical to the
monoclinic unit cell of cellulose I (Nishiyama et al. 2002).
The crystallinity index of aspen cellulose (0.70) is a little
less than that of the commercial microcrystalline cellulose
(MCC) Vivapur 101 (0.75) (Park et al. 2010).

1000
500

600

400

Fig.3 XRD patterns of aspen wood cellulose (a) and of commercial
MCC Vivapur 101 (b)
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Fig.4 FTIR spectra of cellulose obtained from aspen wood (a) and of
MCC Vivapur 101 (b)

The similarity of FTIR spectra of cellulosic product from
aspen wood and of industrial MCC Vivapur 101 (Fig. 4)
indicates a similar composition of both the samples. Accord-
ing to literature data (Fengel 1992) the broad absorption
band in the region 3400-3500 cm™" is due to vibration of
hydrogen-bonding —OH groups and the absorption peak at
2900 cm™~! belongs to CH, groups. The absorption peaks at
1164 and 896 cm™" belong to vibrations of C-O—C and C-H
bonds accordingly.

The absence of peaks located in the range
1509-1609 cm™', which correspond to vibrations of aro-
matic ring confirms the complete removal of lignin from
cellulosic product. The absorption peak which corresponds
to either the acetyl or uronic ester groups of hemicellu-
loses normally appears in the region 1700-1740 cm™. The
presence of absorption peak at 1735 cm™! in spectrum of

TM-1000_8434

SN\ VS

L D35 x150 500um TM-1000_8436

cellulose obtained from aspen wood indicates the presence
of hemicelluloses in this sample.

According to SEM data, the samples of cellulose from
aspen wood and industrial MCC consist of microfibrils
with different length (Fig. 5). Some microfibrils are col-
lected in bundles.

As aresult of the accomplished study the green method
of aspen-wood peroxide delignification under the mild
conditions in the medium of “H,0,-CH;COOH-H,0-TiO,
catalyst” was developed.

The regularities of aspen-wood peroxide delignification
in acetic acid—water medium at 70—100 °C in the presence
of 1% TiO, catalyst are the same as for catalyst 2% H,SO,
(Kuznetsov et al. 2013). For both catalysts the increase in
concentrations of H,0, and CH;COOH and time of the
process reduces the content of residual lignin in cellulosic
product and decreases the yield of product. The peroxide
delignification processes are described satisfactorily by
the first order equations for both of TiO, and H,SO, cata-
lysts. However, in contrast to H,SO,, the TiO, catalyst is
non-toxic and corrosively non-active material. The more
technologically convenient TiO, catalyst at first was used
to obtain the pure microcrystalline cellulose from aspen
wood at mild conditions.

The cellulosic product containing 93.5 +2.1% of cellu-
lose, 5.5 +0.1% of hemicelluloses 0.7 +0.1% of lignin was
isolated from aspen wood with the yield 50.2 +1.2% at
the next conditions of delignification: temperature 100 °C,
concentrations of H,0, 5%, CH;COOH 25%., TiO, 1%,
LWR 15, time 4 h (Table 1). This product has the degree
of polymerization 450 + 10 and crystallinity index 0.70,
just like the commercial MCC.

L D49 x150 500um

Fig.5 SEM images of cellulose obtained from aspen wood (a) and of commercial MCC Vivapur 101 (b) at magnification x1000
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The obtained cellulosic product was used for synthesis
of cellulose sulfates.

3.2 Sulfation of cellulose from aspen wood
by sulfamic acid-urea mixture

Chlorosulfonic acid (CISO;H) is the common reagent for
sulfation of cellulose (Zhu et al. 2014; Wang et al. 2007). To
prevent the destruction reactions, the sulfation of cellulose
by chlorosulfonic acid is usually carried out below 30 °C.
This makes possible to obtain cellulose sulfates with a high
degree of substitution (up to 1.70).

OH OH NH>SO3H
0 O HO ~ (NH2)CO
o) O —_
HO o 1. DMF
OH i
OH 2. Diglyme

0SO3Na(K) ORy

- "0 0 RO o
R,0 0 g
OR2

OR;

(Al-Horani and Desai 2010) is explained by the formation
of donor—acceptor complex:

001 o)
+5 1 5 0
NH2803H + NH2CONH2 —_— H3N--;S;--NH2—C_NH2
05, 0,

Cellulose sulfates, obtained by the use of sulfamic
acid—urea mixture were isolated in the form of ammonium,
sodium, and potassium salts, according to below scheme:

0SO3NH,4 NaOH

OR
0 0 R0 -~ (KOH)
O O ——»
R10O o
OR1

OR;

R4 =H, SO3NHy4
R2 = H, SO3Na(K)

Since, CISO;H is a corrosive, high toxic reagent,
the less-toxic sulfamic acid is the best alternative. In
this study, the urea was used as a catalyst to improve
the reactivity of NH,SO;H in the sulfation of cellulose
obtained from aspen wood. The higher activity of sul-
famic acid—urea mixture in sulfation of polysaccharides

0 T T T T T T T |
0.5 1 1.5 2 2.5 3 35 4 45
Reaction time, h

The reaction of cellulose sulfation by sulfamic acid—urea
mixture in DMF or in diglyme proceeds in a heterogeneous
medium.

Figure 6 illustrates the variation of yield and sulfur con-
tent in cellulose sulfates with time of cellulose treatment by
sulfamic acid—urea mixture.

[ury
w
!

Sulfur content, %
=
S

e
w
L

12 T T T T T T

0.5 1 15 2 25 3 35 4 4.5
Reaction time, h

Fig.6 Variation of yield (a) and sulfur content (b) in cellulose sulfates from aspen wood with time of cellulose treatment by sulfamic acid—urea

mixture in diglyme (1) and in DMF (2)
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The rather high sulfur content in the cellulose sulfates
obtained in diglyme (14.0 +£0.3%) and in DMF (13.6 +0.3%)
was observed during 1 h. During 2-2.5 h, the maximal sul-
phur content in cellulose sulfates reaches 15.2+0.4% in
diglyme (after 2.5 h) and 14.8 £0.3% in DMF (after 2 h).
These values correspond to the degree of substitution 1.5
and 1.4, respectively. Further increase in the reaction time
reduces the sulphur content in cellulose sulfates. The maxi-
mal yield of cellulose sulphate (51.6+0.6%) was obtained
in the presence of diglyme after sulfation during 2.5 h. This
sample contains 15.44+0.4% of sulphur and it has the degree
of substitution 1.53.

The sulfation of cellulose in boiling diglyme at 161 °C
results in less cellulose degradation than that in boiling DMF
at 152 °C. Besides, the use of diglyme as a solvent increases
the yield of cellulose sulfate by 2.5 times as compared to
DMF.

According to XRD data the disordering of cellulose crys-
talline structure takes place during sulfation process.

o | 1242 (0=$=0)
o 802 (C-0-8)
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Fig.7 FTIR spectra of initial cellulose from aspen wood (a) and of
sodium salts of cellulose sulfate (b) obtained by sulfation of cellulose
with sulfamic acid—urea mixture in diglyme (sulfur content 15.4 +0.4%)
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Fig.8 Raman spectra of initial cellulose from aspen wood (a) and
of sodium salts of cellulose sulfate (b) obtained by sulfation of cel-
lulose with sulfamic acid—urea mixture in diglyme (sulfur content
15.4+0.4%)

FTIR and Raman spectra of cellulose sulfates (Figs. 7, 8)
contain the absorption peaks corresponding to vibrations of
C-0O-S and O=S=0 bonds (Wang et al. 2007; Zhang et al.
2010). This confirms the presence of sulfate groups in the
structure of cellulose.

It is known (Wang et al. 2007) that the hydroxyl group
at C6 primary carbon atom is predominantly sulfated in a
glucopyranose unit of cellulose:

The hydroxyl group connected with carbon atom C2 is
less reactive in the sulfation process. The hydroxyl group
at C3 carbon atom is replaced on sulfate groups only under
hard sulfation conditions, which promote the destruction
of cellulose.

For cellulose sulfates, the chemical shifts in '*C NMR
spectra corresponding to carbon atoms C1-C6 in glu-
copyranose units of cellulose are observed at 102 (C1),
74 (C2), 73 (C3),79 (C4), 77 (C5) and 60 (C6) ppm (Wang
et al. 2007). The introduction of sulfate groups into cel-
lulose moves the chemical shifts of carbon atoms to lower
magnetic field (Table 3).

In '3C NMR spectra of the obtained cellulose sulfates
(Fig. 9), the signal of carbon atom C6 moves completely
from 60 to 66 ppm. It means that all hydroxyl groups con-
nected with carbon atoms C6 are substituted in cellulose
sulfates on sulfate groups. Appearance of a new signal
at 80—82 ppm indicates that only a part of OH-groups,
connected with C2 atoms is substituted on sulfate groups
in cellulose sulfates. No shift of a signal of C3 atom was
observed, that indicates the absence of sulfate group at C3
atoms in cellulose sulfates.

Similar results were reported earlier for cellulose sul-
phates obtained with the use of other sulfating agents:
H,SO, (Chen et al. 2013), SO; (Qin et al. 2014), chlo-
rosulfonic acid (Kuznetsov et al. 2015; Zhu et al. 2014).

For the process of cellulose sulfation by different sul-
fating agents in the medium N,O-DMTF it was established
that the sulfating activity increased in the range: H,SO,
< <NH,S0O;~NOSO,H < SO, < CISO;H < SO; < SO,Cl,
(Wagenknecht et al. 1993).

The regiospecificity is an important characteristic of cel-
lulose sulfates defining their properties. It is known from
literature that the hydroxyl group of cellulose at C6 car-
bon atom is predominantly sulphated, while OH-groups at
carbon atoms C2 and C3 are less reactive in the traditional
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Table 3 Chemical shifts of

13 Sample Chemical shift, p.p.m.
carbon atoms in °C NMR
spectra of cellulose and Cl1 c2 C3 C4 C5 Cc6
cellulose sulphates samples
obtained from aspen wood Cellulose 102.0 74.1 73.8 79.5 77.4 60.1
Sodium salt of cellulose sul- 100.3 74.5 72.8 78.9 71.5 -
fate obtained with the use of _ 81.3 _ _ _ 66.0
NH,SO;H-urea mixture in DMF
Sodium salt of cellulose sul- 100.6 74.6 72.8 78.7 77.6 -
fate obtained with the use of _ 80.9 _ - - 66.2
NH,SO;H—-urea mixture in
diglyme
Fig.9 '>C NMR spectra of a C3 b
sodium salts of cellulose ‘ C3
sulfates obtained by sulfation
of cellulose with sulfamic acid— ~ }
urea mixture in DMF (a) and \ ‘
in diglyme (b) (sulfur content ‘
14.8+0.3 and 15.2+0.4% C1 Cs
respectively) ! ‘
c1 C5 | ‘ Cdiy ces
[
| ! |
| l\ s “. CZSL( m |
CZS ‘ l t v ‘
| Wl W
! bWy
mw* mwwww Mw gty ol M "
100 70 ppm 100 90 80 70 ppm

sulfation process (Zhang et al. 2011; Roy et al. 2009).
The results obtained for cellulose sulfation by sulfamic
acid—urea mixture confirm this conclusion. The special
methods of OH-groups protection should be used to obtain
regioselective cellulose sulfates (Fox et al. 2011; Zhang
et al. 2010).

The developed method of cellulose sulfation by sulfamic
acid—urea mixture has a number of advantages: sulfamic
acid is less corrosive and less toxic as compared to the tra-
ditionally used sulfating agents. In contrast to cellulose sul-
fation by sulfamic acid in the absence of urea (Wagenkne-
cht et al. 1993; Zhang et al. 2011), the developed method
allows to obtain cellulose sulfates with a higher degree of
substitution and to reduce the cellulose destruction and the
reaction time.

4 Conclusion
A new method for obtaining cellulose sulfates from aspen

wood was developed. This method integrates the stages
of green peroxide catalytic delignification of wood in

@ Springer

acetic acid—water medium and of cellulose sulfation by
less-aggressive and less-toxic—sulfating agent—sulfamic
acid—urea mixture.

First, the environmentally safe solid catalyst TiO, was
used to obtain in one-step pure cellulose from aspen wood
in the medium H,0,-CH;COOH-H,0 at a temperature of
100 °C and atmospheric pressure.

At selected conditions of wood peroxide delignification
(100 °C, 5% H,0,, 25% CH;COOH, 1% TiO,, LWR 15,
time 4 h), the cellulosic product, containing 93.5% cellulose,
5.5% hemicelluloses and 0.7% lignin was obtained with the
yield near 50%.

The conditions of effective sulfation of cellulosic product
by sulfamic acid—urea mixture were selected. In contrast to
cellulose sulfation by sulfamic acid in the absence of urea,
they allow to obtain the cellulose sulfates with a higher
degree of substitution (up to 1.5). The yield of cellulose
sulfates prepared in diglyme solvent was 2.5 times higher
than that in the medium of DMF.
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