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Abstract NaOH/urea aqueous solution is a novel, green
solvent for cellulose. To explain why cellulose just be
dissolved in this solvent under —13 °C, we studied and
discussed the dissolving process of cellobiose in water,
urea solution, NaOH solution and NaOH/urea aqueous
solution. Dissolving cellobiose in water and the urea
solution absorb heat, which is an entropy-driven process.
Dissolving cellobiose in NaOH solution and mixed NaOH/
urea solution is exothermic, which is an enthalpy-driven
process. OH™ plays an important role in the dissolving
process by forming a hydrogen-bonding complex. From the
thermodynamic point of view, negative entropy can well
interpret why cellulose must be dissolved in cold NaOH/
urea aqueous solution.

Keywords Solution enthalpy - Cellobiose -
Urea solution - NaOH/urea aqueous solution

Introduction

A new solvent of cellulose, 7 wt% NaOH and 12 wt% urea
aqueous solution with cooling, has been developed by
Zhang’s group [1-7]. It is interesting that cellulose can be
rapidly dissolved in this solvent system at —13 °C, but at
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the room temperature, the same solvent cannot dissolve the
cellulose. This interesting result declared the birth of the
novel, green solvent for cellulose. Therefore, to explore,
the dissolving mechanism is very meaningful for the
comprehensive utilization of cellulose.

There exists hydrogen bond network structure in water.
In alkali solution, the network structure is destroyed by the
addition of metal ions, since water molecules form stable
hydrated ions with metal ions. For the OH™ ions, the tra-
ditional proton transfer mechanism of OH™ was ques-
tioned, recent research re-examined the water structure, the
OH™ —water interactions, and the mechanism of proton
transfer using different methods [8—18]. Experiments and
molecular modeling showed that NaOH destroyed the tet-
rahedral hydrogen bond network structure of the water, and
there were a variety of OH -H,O complex (H,O4 ,
HoOs™, H{{O¢ ) in NaOH aqueous solution [18]. The
distribution of these complexes depended on the counter-
ion (Na 1) concentration [14, 18].

For urea aqueous solutions, Frank and Franks [19]
proposed that urea destroys the hydrogen bond network
structure of the water through the indirect effects of the
thermodynamic behavior in aqueous solution, which is also
known as F & F model. They proposed that the urea is the
destroyer of the water structure, and weakening the role of
the hydrogen-bonding structure of water causes the dam-
age. This view successfully explained why hydrocarbon
solubility increases [20] in urea aqueous solution. The
NMR [21], X-ray [22], Raman [23], IR [24] and other
experimental results also confirmed this view. In these
experimental techniques, IR is sensitive to detect the
hydrogen bonds. So, IR has been used to explore the
aqueous solution of urea and urea crystals for the structural
information. However, there still exists the difficulty to
interpret the spectra.
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Schellman, Kreschek, Scheraga, [25] and Stokes [26]
summarized the physical and chemical properties of
aqueous urea as follows: urea molecules formed the dimer
or oligomer clusters through hydrogen bonds, and urea
clusters played a dominant role in the dissolution of the
solute, which was known as SKSS model. This model of
urea aqueous solution was supported by molecular
dynamics, but in the computational chemistry, the model
depends on the water dimer potential function [27, 28]. The
osmotic pressure measurements found that urea can form
dimer and bigger cluster structure [29]. While Keuleers etc.
[24] and Lee etc. [30] showed that there do not exist any
hydrogen bonds between urea and urea.

For the NaOH/urea aqueous mixture solution, using the
DSC and viscosity techniques, Jie Cai et al. [31] showed
that in NaOH and urea aqueous solution, there exist urea
hydrate and NaOH hydrate. However, In NaOH/urea
aqueous solution, NaOH hydrate structure is more stable,
and urea hydrate structure can be destroyed by OH™, since
OH™ can easily formed a new hydrogen bond network
structure with the NaOH hydrate and free water. When
7 wt% NaOH/12 wt% urea aqueous solution is cooled to
low temperatures, hydrogen bonds among NaOH hydrate,
urea hydrate and water clusters increase, and the hydrogen
bond network form a larger complex structure.

To explain why cellulose can be dissolved in the NaOH/
urea aqueous solution at low temperature, we should study
the interaction between the solvent and cellulose. However,
given the complexity of the structure of polymers, to study
the interaction between the solvent and p-cellobiose, which
is the monomer of cellulose, is necessary. To understand
the dissolving process, calorimeter is a powerful technique
[32, 33]. In this paper, we measured the solution enthalpy
of Dp-cellobiose in different solvent systems to better
understand the structure of these solvent systems and the
dissolution mechanism. In this paper, the solvent system
includes distilled water, sodium hydroxide solution, urea
solution and NaOH/urea aqueous solution.

Experimental

Experimental measurement was carried out at isoperibol
solution calorimeter made by us [34]. The calorimeter is a
100-mL thermos glass liner vessel fitted with a thermistor
for sensing temperature, and a heater for calibration and
equilibration and a reaction tanks stirrer with speed of
375 r/min. This equipment has a resolution in temperature
controlling system of 0.001 K, and in temperature mea-
surement of 5 x 107> K.

The calorimeter was tested for the solution process of
KCl in double-distilled water. We added the precisely
weighted KCI (about 0.06 g) into the 100.00 mL distilled
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water and measured the solution enthalpy at 298.15 K. The
results showed good agreement with literature data
(17.57 £ 0.14 vs 17.55 £ 0.02 kJ/mol [35]).

All reagents were of analytical pure (min. 99%) and
were used with further drying. The cellobiose to be dis-
solved was weighted on a Satorius BS 124S analytical
balance with a precision of +0.1 mg. In each experiment,
about 0.04 g cellobiose was added into 100.00 mL solu-
tions. Each enthalpy value resulted from an average of at
least three individual experiments, with a relative standard
deviation always less than 3%.

Results and discussion

The solution enthalpies of cellobiose in water and urea
solution

Table 1 and Fig. | summarize the solution enthalpies
(AgoiH) of cellobiose in water and urea solution with dif-
ferent concentrations at 303.15 K. (The concentration is
expressed as molar ratio ny; : np,0).

Table 1 the solution enthalpies of cellobiose in water and urea
solution with different concentrations at 303.15 K

Urea solution (ny; : ng,0) AyoHo/KJ mol™!

0:1 (water) 12.38 £ 0.07
0.0222:1 13.97 £ 0.08
0.0296:1 14.62 £ 0.05
0.0370:1 15.50 £ 0.08
0.0407:1 16.14 £ 0.06
0.0444:1 17.22 £ 0.07
0.0481:1 18.30 £ 0.05
0.0555:1 20.63 £ 0.04
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Fig. 1 the solution enthalpies of cellobiose in water and urea

solution with different concentrations at 303.15 K
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Table 1 and Fig. 1 show that Cellobiose dissolving in
water showed significant endothermic effect, and dissolv-
ing in urea solution absorbs even more heat than in water
and the absorbing heat increased with the increasing urea
concentration. The endothermic effect of Cellobiose dis-
solved in water has related to the damage of the hydrogen
bond network structure of water. Liquid water exists in
orderly tetrahedral hydrogen bond network structure. When
the cellobiose is dissolved in water, its hydroxyl groups
form hydrogen bonds with water. At the same time, the
forming of hydrogen bonds lead to the breaking of corre-
sponding more hydrogen bonds in water’s network struc-
tures, so the overall effect show an endothermic effect.
Since ordered hydrogen bond network structure is broken
and even collapse, which means chaos increasing, we can
draw a conclusion that the solution entropy of cellobiose in
water is positive. From the thermodynamic point of view,
as an endothermic dissolution process, if the dissolution
behavior can occur spontaneously, it is necessary to have
positive dissolution entropy. Therefore, cellobiose dis-
solving in water is a typical entropy-driven process.

When the urea is added into the water, urea will rebuild
the hydrogen bond network structure because of the
structural similarity between urea and water. However, the
volume of urea molecules is bigger than that of water, and
urea can form a hydrogen bond network from multiple
directions structure, so the hydrogen bond network struc-
ture of the urea—water mixture is unstable than that of pure
water. Therefore, when cellobiose dissolved in urea solu-
tion, the urea solution’s hydrogen bond network is more
easily been damaged, which showed a larger endothermic
effect.

The solution enthalpies of fructose and glucose were
measured in water and urea solution, which are larger than
of cellobiose. The explanation relate to the spatial structure
difference between the monosaccharide and cellobiose (see
Table 2). Comparing with cellobiose, hydroxyl groups of
glucose and fructose can fully form hydrogen bonds
structure with the solvent, because its hydroxyl groups
have little steric hindrance. So monosaccharide form more
hydrogen bonds in urea solution, and more likely to destroy
the solvent hydrogen bonds.

Table 2 Further demonstrates solution enthalpies of monosaccha-
ride (glucose, fructose) in water and urea solution

Sugar AiHo/kJ mol ™! AgiHo/kJ mol ™!
(in water) (in urea solution with
concentration
nyr : BH,0 = 004441)
Fructose 17.84 £ 0.07 24.51 + 0.07
Glucose 16.71 + 0.08 22.47 + 0.06
Cellobiose 15.74 £ 0.05 20.15 + 0.06

Table 3 Solution enthalpies of cellobiose dissolved in water and
urea solution at different temperature

T/K —AyH,,/KJ mol™! AgoH /K mol™!
(in water) (in urea solution with
concentration
nur : npo = 0.0444:1)
288.15 22.99 + 0.08 27.31 + 0.06
293.15 20.78 £ 0.08 24.68 + 0.07
298.15 18.18 + 0.05 20.15 + 0.06
303.15 12.38 £ 0.07 17.22 + 0.07

Table 4 the solution enthalpies of cellobiose in NaOH solution with
different concentrations at 303.15 K

NaOH solution
concentration nn,oH : H,0

AHoy/kJ mol ™!

0:1 12.38 £ 0.07
0.0056:1 10.84 £+ 0.06
0.0167:1 6.52 £ 0.08
0.0222:1 2.27 £ 0.06
0.0278:1 —10.20 £ 0.05
0.0389:1 —15.89 £ 0.07

We also measured the solution enthalpies under differ-
ent temperatures. The results of cellobiose dissolved in
water and urea solution were shown in Table 3.

Table 3 shows that with the temperature increasing, the
solution enthalpy of cellobiose dissolving in water and urea
solution decreases. The results can be interpreted as: with
the temperature lowering, thermal motion of water mole-
cules slows down and the hydrogen bond network structure
will be more complete. So, cellobiose dissolving in solu-
tion under lower temperature will cause more serious
damage effects of the hydrogen-bonding network. Then,
the heat absorption is rising with the temperature lowering.

The solution enthalpies of cellobiose in alkali solution

Table 4 and Fig. 2 summarize the solution enthalpies
(Ago1H) of cellobiose in NaOH solution with different
concentrations at 303.15 K. (The concentration is expres-
sed as molar ratio nnaon : H,0)-

Table 4 and Fig. 2 shows: cellobiose dissolving in
NaOH solution of low concentrations is endothermic, and
cellobiose dissolving in NaOH solution of high concen-
tration showed significant exothermic effect.

‘When NaOH is dissolved in water, on the one hand, the
Na™ ions will form the hydrated ions with the water mol-
ecules around; on the other hand, OH™ will combine some
water molecules to form complexes, such as hydrate
H,0,, HyOs™ and H;;O¢™ [18]. Chen et al. [14, 15] using
X-ray and spectroscopy confirmed that OH™ in water
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Fig. 2 The solution enthalpies of cellobiose in NaOH solution with
different concentrations at 303.15 K

shows unusually high mobility. So the structure and
dynamic properties of the water was changed in the pres-
ence of the OH . In the NaOH solution of low concen-
tration, NaOH only destroy a tiny part of the water’s
tetrahedral hydrogen bond network, so the dissolving pro-
cess is similar to that in water, and the solution enthalpy is
positive; But in the high concentration NaOH solution, the
hydrogen bond network of water are damaged, even col-
lapse, so the damage effects of hydrogen-bonding network
no longer exist. However, the OH™ or hydrates of OH™ can
form hydrogen bonds more easily with cellobiose hydroxyl
than H,O, while the OH -cellobiose hydrogen-bonding
complex is also easy to interact with the Na* hydrate by
electrostatic force. So, the overall effect of the dissolution
is exothermic. The formation of the cellobiose-OH™ com-
plex indicates the negative solution entropy. From the
thermodynamic point of view, cellobiose dissolving in high
concentration NaOH solution is a typical enthalpy-driven
process.

To discuss the role of the Na™ and OH™ in the dis-
solving process, we also measured the solution enthalpies
of cellobiose in LiOH, KOH, NaNO;, Na,SO,, NaNO;
solution. The results are shown in Table 5.

Table 5 shows: cellobiose dissolving in the different
alkaline solution are all exothermic, but in the NaNO5 and
Na,SO,4, aqueous solution are endothermic, and the
absorption of heat is almost equal to that in water, which
means that as to cellobiose dissolving process in NaOH
solution OH™ plays a more critical role. By comparing the
enthalpy of cellobiose dissolved in LiOH, NaOH and KOH
solution, we can obtain a sequence that the released heat
decreasing with alkali metal ion radius. Li* is smaller and
of greater charge density than Na®™ and K™, so Li* can
form hydrate more easily. Also there exists stronger polar
attraction between Li* and cellobiose-OH™ hydrogen-
bonding complex than that of Na* and K*. Therefore, the
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Table 5 At 303.15 K, solution enthalpies of cellobiose in different
solution

Sample Concentration — Ay H/KJ mol™!
Rsample * "H,0
LiOH 0.0389:1 —19.35 + 0.08
NaOH 0.0389:1 —15.89 + 0.07
KOH 0.0389:1 —12.36 + 0.07
NaNO; 0.0389:1 11.64 £ 0.05
Na,SO, 0.0389:1 13.51 £ 0.06
H,O 0:1 12.38 £ 0.07
Table 6 Solution enthalpies of cellobiose dissolved in NaOH solu-

tion at different temperature

T/IK AsHo/kJ mol™! (in NaOH
solution with concentration
ANaOH : "H,0 = 003891)

288.15 —22.63 + 0.07
293.15 —19.53 £ 0.06
298.15 —17.67 £ 0.06
303.15 —15.89 £ 0.05

solution enthalpy of cellobiose dissolving in LiOH solution
is greater than in the KOH and NaOH solution.

We also measured the solution enthalpies of cellobiose
dissolved in NaOH solution under different temperatures.
The results were shown in Table 6.

Table 6 shows that with the temperature increasing, the
released heat of cellobiose dissolving in NaOH solution
decreases. As the temperature decreases, hydrogen bonds
between molecules become more stable. OH- or OH-
hydrate will bind with cellobiose with more hydrogen
bonds, so cellobiose dissolving in aqueous NaOH releases
more heat.

The solution enthalpies of cellobiose in NaOH/urea
aqueous solution

We measured the solution enthalpies (Ay,H) of cellobiose
in NaOH/urea mixing aqueous solution with different
concentrations. At 303.15 K, the results are shown in
Table 7 and Fig. 3.

Table 7 and Fig. 3 show that the cellobiose dissolving
process in NaOH/urea aqueous solution is exothermic.
With NaOH concentration increasing, the released heat is
increasing. Comparing with the results in Table 4, the
solution enthalpy of cellobiose in mixed solvent is greater
than that in NaOH solution.

When cellobiose is dissolved in the NaOH/urea aqueous
solution, cellobiose hydroxyl proton will form the hydro-
gen bonds more easily with OH™ or OH™ hydrate, then
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Table 7 the solution enthalpies of cellobiose in NaOH/urea aqueous
solution with different concentration at 303.15 K

Concentration of NaOH/urea aqueous — Ay H/kJ mol™!

Table 8 Solution enthalpies of cellobiose dissolved in NaOH/
urea aqueous solution with concentration 7nN.oH : NUr : NH,0 =
0.0389:0.0444:1 at different temperature

solution nNaoH : Nur © MH,0 T/K Aot H/KJ mol ™!
0.005556:0.0444:1 —5.69 £+ 0.05 288.15 —23.02 £ 0.08
0.008333:0.0444:1 —10.28 + 0.06 293.15 —22.33 £ 0.06
0.011111:0.0444:1 —14.38 + 0.05 298.15 —20.89 £+ 0.07
0.016667:0.0444:1 —16.52 + 0.06 303.15 —19.01 £ 0.06
0.022222:0.0444:1 —17.41 £ 0.05

0.027778:0.0444:1 —18.02 + 0.06

0.033333:0.0444:1 —18.40 + 0.07 There is an interesting result in this experiment. While
0.038889:0.0444:1 —19.53 + 0.08

Asole/kJ/moI
|
=

-\-\ J
-\-\.
-20 | 4

T T T T T T
0.010 0.015 0.020 0.025 0.030 0.035 0.040
nNaOH/mol

Fig. 3 The solution enthalpies of cellobiose in NaOH/urea aqueous
solution with different concentration at 303.15 K

OH™ combine to the polar oxygen atoms of carbonyl of
urea molecule to form hydrogen bonds through the rapid
exchanging of proton. And Na™ or Na™ hydrates are also
participating in this process through the electrostatic
interaction. Nitrogen atoms of urea are also involved in
other hydrogen bonds; the bonding process is repeated
throughout the system by the pattern. Therefore, the dis-
solution process of cellobiose in mixed solution will form a
large hydrogen-bonding complex concerned with cellobi-
ose, OH™, Na*t and urea. The formation of the hydrogen-
bonding complex plays an important role in the dissolving
process, and it can interpret why the solution enthalpy of
cellobiose in urea/NaOH aqueous solution is greater than in
the NaOH solution. Also the formation of the complex
indicates that the dissolving process has negative solution
entropy of big value. So we can conclude that the dis-
solving process is a typical enthalpy-driven process of
negative enthalpy and negative entropy. From the ther-
modynamic point of view, negative entropy can well
interpret why cellulose must be dissolved in cold NaOH/
urea aqueous solution.

the dissolving of cellobiose in urea solution is endothermic,
and dissolving in NaOH solution of low concentration
(nNaoH : nH,0 = 0.0056:1) is endothermic, but dissolving
in the mixed NaOH/urea  aqueous  solution
(nNaoH : nur : ip,0 = 0.0056:0.0444:1) is exothermic. The
reason is that the hydrogen bond network structure in urea
solution is unstable than that in water. So, the adding of
NaOH with even low concentration can easily destroy the
hydrogen bond network in urea solution.

We also measured the solution enthalpies under different
temperatures. The results of cellobiose dissolved in NaOH/
urea aqueous solution with concentration nnaon : Rur @ BH,0 =
0.0389:0.0444:1 were shown in Table 8. Table 8 shows that
with the temperature increasing, the released heat of cellobiose
dissolving in mixed solution decreases. The reason is same as
Part 3.2.

Jie Cai [31] has studied the NaOH/urea aqueous solution
by the DSC. The results show that OH™ makes proton of
amino exchange between water molecules and urea. NaOH
destroy the hydrogen bonding of urea hydrate structure and
form stronger hydrogen bonds with the water molecules,
which consistent with Roy’s [36] results. So, this experi-
ment can prove that even a small amount of NaOH adding
into urea solution can have a huge impact on the structure,
which fully indicate the important role of OH™.

Conclusions

In this paper, we studied and discussed the dissolving
process of cellobiose in water, urea solution, NaOH solu-
tion and NaOH/urea solution. Dissolving cellobiose in
water and the urea solution absorb heat, and it is an
entropy-driven process. The results relate to the damage
effect of the hydrogen-bonding structure in water and urea
solution. Dissolving cellobiose in NaOH solution of high
concentration is exothermic. This process is an enthalpy-
driven one. OH™ plays an important role in the dissolving
process by forming a cellobiose-OH™ hydrogen-bonding
complex. Finally, cellobiose dissolving in NaOH/urea
aqueous solution is exothermic with a greater value than in

@ Springer



896

X. Zhao et al.

NaOH solution. It is also an enthalpy-driven process. From
the thermodynamic point of view, negative entropy can
well interpret why cellulose must be dissolved in cold
NaOH/urea aqueous solution.
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