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Based on the solubility parameter theory, the Hansen solubility parameters
of various solvents were calculated and compared to predict the solubility
of cellulose in various solvents, which illustrates the feasibility of Hansen
solubility parameters to predict the solubility of cellulose in solvents. This
paper aims to make a more accurate prediction in advance when finding
suitable cellulose solvent system, and then to reduce the burden of
cellulose solvent selection.
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INTRODUCTION

Natural cellulose is a very promising macromolecular compound, which can be
used as a biomass resource for basic chemical raw materials. Cellulose has a highly
crystalline structure; therefore, cellulose must be dissolved in a specific solvent in practical
applications and then catalytically converted into a specific product before application. The
structure of hydrogen bonds between and within the cellulose molecules is stable, which
makes the cellulose difficult to dissolve. Relying on experimental trial and error to find a
suitable cellulose solvent is time-consuming and laborious. It follows that screening the
ideal solvent for a specific substance through solubility parameters may be a more efficient
screening method.

Many researchers have verified the feasibility of solubility parameter theory.
Ramos et al. (2013) effectively measured the solubility parameters of oils and used the
calculated solubility parameters to predict the compatibility of oils. Hatefi et al. (2018)
established a general model based on Hansen solubility parameters to predict the solubility
of paracetamol in co-dissolution systems at different temperatures. Zhao et al. used
reversed-phase chromatography and the Hansen solubility sphere method to determine the
solubility parameters of ionic liquids. They found that the latter provides higher solubility
parameter values. Zhang et al. (2019) effectively screened out suitable solvents for low-
temperature degradation of lignocellulosic biomass based on the Hansen solubility
parameter theory. Therefore, the rational use of solubility parameters can help to find and
screen the most efficient cellulose solvent to a certain extent.

Cellulose solvents have been developed for a long time, with various types, and
new cellulosic solvents are constantly being developed. At present, there is still a lack of
research on the solubility parameters of cellulose by solvents. In this paper, the solubility
parameter theory was used as the theoretical basis, and the solubility parameters were used
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to compare the solubility of natural cellulose by different solvents. Solubility parameters
were calculated to explore the feasibility of selecting cellulose solvents and to conduct a
comparative study of the solubility parameters of cellulose in a new green solvent-deep
eutectic solvents (DES) system.

Theoretical Basis of Solubility Parameters

Hildebrand proposed the concept of solubility parameter (o), which was originally
defined by the square root of the cohesive energy density of the liquid. The parameter can
be used as a physical constant to predict the relative compatibility of liquid compounds
(Hildebrand and Scott 1950).

At present, the solubility parameters of common solvents can be checked in the
relevant references to predict the compatibility of polymer materials with a certain solvent
(You and Shi 2001). The closer the solubility parameter of the compound, the better the
mutual solubility effect. However, the presence of a hydrogen bond structure in the solvent
will increase the critical difference, which means that even if the solubility parameter
difference between the solvent and the material is large, the solvent still can dissolve the
material. Therefore, if the solubility parameters are used reasonably and the solubility
parameters of cellulose have been determined, only the solubility parameters of the
candidate cellulose solvents need to be determined to screen cellulose solvents more
quickly and efficiently.

The solubility parameter proposed by Hildebrand can be regarded as being the sum
of all the interaction forces between the molecules, but this results in the calculated
solubility parameters of the two substances being similar, but the actual dissolution effect
is not ideal. The interaction force between molecules is not single; rather, it is the sum of
the dispersion force, the polar force, and the hydrogen bond adhesion force. If the goal is
to dissolve a certain solute in a solvent smoothly, it is necessary not only that the sum of
the molecular forces be similar, but each component of the forces between the two
molecules also needs to be distinguished and individually measured, which is more in line
with the principle of "similar and compatible”.

As originally proposed in 1966, the Hansen solubility parameter system is based on
three component forces: the dispersion force, the polar force, and the hydrogen bond
adhesion force (Hansen 1967). The Hansen solubility parameter formula is as follows,

52 =5,"+5,"+5, (1)

where ¢'is the solubility parameter of the substance, o, is the partial parameter of the
dispersion force, &, is the partial parameter of the polar force, and &, is the partial

parameter of the hydrogen bond adhesion. The units in each case are (J/cm®)*2,

So far, the Hansen solubility parameters of most substances have been calculated
through calculations and experiments. One can directly refer to the Hansen solubility
parameter table for use. The group contribution method (Carlos 2018) can be used to
calculate the parameter components of the specific substance not in the table after knowing
the basic physical data of the substance. The values of &, d, and o, can be calculated by
the following formulas,
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where V is molar volume (cm3/mol) of solvent substance molecules, Gq is the dispersion
force component (J/cm®)*2, G, is the polar force component (J/cm®)Y2, and En is the
hydrogen bond adhesive force component (J/cm?®)*2,

In much of the recent research and experiments, the solvent used to dissolve a
substance is not a single solvent system in most cases, but a mixed solvent system formed
by a combination of two or more different solvents. If two different solvents are mixed,
then there is no need to make a new measurement of the solubility of the mixed solvent.
After obtaining the parameters of each solvent, the solubility parameters of the mixture can
be calculated according to its respective known parameter values and mixing ratio, and the
actual solubility of the mixed solvent can be predicted. This approach can be used so as to
minimize the errors and losses that may occur in the case of trial and error.

The solubility parameter of the mixed solvent system cannot be directly checked in
the Hansen solubility parameter table, so it needs to be further calculated. The calculation
formula is as follows.

0= Z¢5 3)

n

29,1 (4)
In these equations, ¢is is molar mass fraction of component i, Jis is the solubility parameter
of component i, (J/cm3) 2,

CALCULATION OF SOLUBILITY PARAMETERS

Selection of Cellulose Solvents

The following three groups of representative solvents were selected in this study.

The first group was the known cellulose solvents: lithium chloride/N,N-
dimethylacetamide (LiCI/DMAc)=1:1, sodium hydroxide/urea/aqueous solution=1:1,
H20/N-methylmorpholine-N-oxide (H2O/NMMO)=1:1, ionic liquid [BMIM]CI;

The second group was commonly used solvents: deionized water (H20), ethyl ether
(Et20), ethanol (ethanol), carbon tetrachloride (CCla);

The third group was deep eutectic solvents: urea/choline chloride (U-DES)=1:1,
oxalic acid/choline chloride (O-DES)=1:1, p-toluenesulfonic acid/choline chloride (T-
DES)=1:1, and malonic acid/choline chloride (M-DES)=1:1.

Calculation of Solubility Parameters

In this study, the Hansen solubility parameters were calculated to compare the
values of the parameters to analyze the solubility of cellulose in the solvent, and the
standard data of each substance at 25 °C were selected for calculation.

Table 1. The Combined Parameters of Cellulose Hansen Solubility

8/ (Jlem®)¥2 | &p/ (J/cm3)L2 6n/ (Jlemd)¥2 | &/ (Ilcmd)?
Microcrystalline cellulose 8.27 8.00 13.88 18.03
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Hansen solubility cannot deal with the problem of different crystal faces of
cellulose. It is regarded as only a group of properties such as dispersion force, hydrogen
bonding force, and polar force. The solubility parameters of cellulose were measured by
Lee through Inverse Gas Chromatography, as shown in Table 1 (Lee et al. 1991).

The exact parameters of the corresponding solvent can be obtained both
experimentally and theoretically. The solubility parameters measured by experiment are
more accurate, but according to its basic physical properties, more accurate theoretical
values can be obtained by calculation. The purpose of this study is to obtain the theoretical
values through calculation and to calculate the theoretical solubility parameters of cellulose
and each solvent by group contribution method.

RESULTS AND DISCUSSION

Comparison of Hansen Solubility Parameters

According to Hansen's solubility parameter theory, cellulose can be dissolved in a
solvent, and the parameters of the cellulose and the solvent need to be similar. That is to
say, the two need not only be similar in solubility parameter values, but also in their
dispersion power parameter values, polar force parameter values, and hydrogen bond
adhesive force parameter values. Table 2 lists the solubility parameter values of cellulose
and those of selected solvents. Among them, the last column is the absolute difference
between the solubility of cellulose and cellulose solvent.

Table 2. Combination Parameter Table of Solubility of Each Substance

Solvents 8al (em3¥2 | 5,1 (Jem3)V2 | &y [ (Jemd2 | &/ (Ilcm3)y2 (ﬁ?jgﬂi
cellulose 8.27 8.00 13.88 18.03 0

DMAG 7.85 11.94 8.68 16.72 131
NMMO 8.60 8.64 15.37 10.62 1.5
[BMIMICI 9.27 6.26 7.32 13.58 445
carbamide 12.66 17.11 15.20 26.15 8.12
Hz0 15.50 16.00 42.30 47.80 29.77
Et.0 7.10 1.40 250 7.60 10.43
ethanol 15.80 8.80 19.40 26.50 8.47
CCla 17.80 0 0.60 17.80 0.95
O-DES 16.40 0.40 1.29 16.46 157
M-DES 10.83 0.44 1.48 10.89 1.86
T-DES 10.99 0.38 1.02 20.02 1.99
U-DES 20.93 218 2.09 21.15 3.12

The following is an analysis of each item of data, the first is the analysis and
comparison of solubility parameter values.

As shown in Fig. 1, the best solubility parameter ring is drawn based on the
solubility parameter value of cellulose. Under ideal conditions, the solubility parameter of
the solvent on the optimal solubility parameter ring is equal to that of cellulose, so it is the
most ideal to dissolve cellulose. And the farther the distance from this parameter ring is,
the worse the dissolving ability of cellulose is predicted to be. The solvents dispersed on
both sides of the optimal solubility parameter ring also have the ability to dissolve cellulose.
The smaller the relative distance between the two sides of the optimal solubility parameter
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ring, the better the solubility. It can be seen from Fig. 1 that the solubility parameter values
of DMAc, NMMO, ionic liquid [BMIM]CI, urea, carbon tetrachloride, and O-DES, U-
DES, T-DES, and M-DES are all close to each other. Compared with cellulose, in theory,
these solvents have the ability to dissolve cellulose.

&/ (I/em?)i/2

Fig. 1. Solubility parameters of cellulose and various solvents

It can be seen from Fig. 2 (a) that, in terms of the dispersion force components, the
four solvents of DMAc, NMMO, ionic liquid [BMIM]CI, and diethyl ether are predicted
to be the best solvents. The dispersion force components parameters of the four solvents
are close to that of cellulose. The four kinds of DES have larger dispersion force
components parameters, so their solubility to cellulose is relatively poor.

As can be seen from Fig. 2 (b), there is a large gap between cellulose and all solvents
in terms of polar force component parameters. The polar force component parameters of
ethanol, NMMO, and ionic liquid [Bmim]Cl are the most similar to cellulose, so in theory,
the three solvents are the optimal cellulose solvent in terms of polar force component. The
polar force component parameters of four kinds of DES are different from those of
cellulose.

As can be seen from Fig. 2 (¢), due to the hydrogen bond structure of cellulose itself,
its hydrogen bond adhesion component parameter value is relatively large. NMMO and
urea are closest to cellulose in the hydrogen bond adhesion component, so it has the best
solubility in those systems. The hydrogen bond adhesion component parameters of other
solvents considered here are smaller than those of cellulose, and the parameters of water
are the largest.

8, f (fem?)1? &,/ fem)z 8,/ (fem)?

(@) (b) (c)

Fig. 2. Dispersion force component parameters (a), polar force component parameters (b) and
hydrogen bond adhesion component parameters (c) of cellulose and various solvents
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By comparing the solubility parameters in the table with the three component
parameters, although the solubility parameters of DMAc, NMMO, lonic Liquid [BMIM]CI,
carbon tetrachloride, and four types of DES (O-DES, U-DES, T-DES and M-DES) are
close to cellulose in terms of values, their actual solubility is greatly different. Carbon
tetrachloride has no solubility to cellulose due to zero polar force component and close to
zero hydrogen bond bonding force parameter. Although diethyl ether and ethyl alcohol are
close to cellulose in some component parameters, their solubility parameters are different
from cellulose, so they do not have the ability to dissolve cellulose. Water is different from
cellulose in solubility parameters with respect to all three component parameters, so it has
the least ability to dissolve cellulose. DMAc, NMMO, and Ionic Liquid [BMIM]CI are
very close to the data of cellulose in solubility parameters and three parameter components,
so they also have the best cellulose solubility, which can be said to be the optimal solvents
in theory at present. In addition, the theoretical value of NMMO is more favorable than the
others. Although the solubility parameters of the four types of DES (O-DES, U-DES, T-
DES, and M-DES) are close to cellulose, there is a gap with cellulose in three component
parameters. Therefore, the four types of DES have the ability to dissolve cellulose in theory,
but the dissolution effect is poor, and it is not the best solvent for cellulose. In addition, for
cellulose solubility, O-DES has the best effect, while U-DES has the worst. T-DES and M-
DES are somewhere in between.

Parameter Score and Trapezoid Triangle Diagram
In order to better explain the component factors of solubility parameters, Jean P.
Teas designed a very famous equilateral triangle, namely the trapezoid diagram (Si 2012).
He first assumed that the solubility parameter values of all liquids are the same, and the
difference in solubility depends on the ratio of the constituent components rather than the
size of the parameter. Therefore, the trapezoid triangle diagram expresses Hansen's
combination parameters in the form of fractions, and the conversion formula is as follows.
The scores of various parameters of cellulose and solvent are calculated and
displayed on the ladder triangle diagram, which can compare the solubility of the solvent
to cellulose. The trapezoid triangle diagram constructed using the parameter scores can
more intuitively reflect the solubility of cellulose in its solvent.
5d f 59 f 5h

T 5,460,408, " 0,408,406, " 0,+0,+0,

d
(5)

In the formula, fz is dispersive force parameter score, f» is polar force parameter
score, fn 1s hydrogen bond adhesive force parameter score. The sum of the scores of the
three parameters is constant at 100.

fy+f,+ f, =100 (©)

According to the calculated parameters of the dispersion force, the polar force and
the hydrogen bond adhesion force of the cellulose and the solvent, the following
trapezoidal triangle diagram of the cellulose and the solvent is obtained.

The labels in Fig. 3 correspond to the positions of cellulose and each solvent in the
trapezoid triangle. The circle in the figure indicates the selection range of the solubility
parameter of cellulose solvent. In theory, all solvents within this range have the possibility
of dissolving cellulose. According to the actual position of each solvent, it can be seen that
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the solubility parameters of N,N-dimethylacetamide, N-methylmorpholine-N-oxide, ionic
liquid [BMIM]CI, and urea are all within this range. They are ideal cellulose solvents.
Water, ether, ethanol, and carbon tetrachloride are not within this range, so they do not have
the ability to dissolve cellulose. The four types of DES are also not within this range, but
combined with the comparison of solubility, it shows that although DES has the ability to
dissolve cellulose, it is not the best cellulose solvent. This is almost consistent with the
itemized data analysis in the previous article.
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Fig. 3. Ladder triangle diagram of cellulose and solvent

In summary, the proportions of each component of cellulose in the solubility
parameters are 0.2743, 0.2653, and 0.4604, which indicates that the hydrogen bond
bonding force is the dominant force, which is related to its special hydrogen bond network
structure. The difference between the dispersion force and the polar force is small.
Dispersion force is the force that the offset charge causes molecules to affect neighboring
molecules. Polar force is the force that the strong polarity of some of the atoms inside the
molecule makes the molecule attract or repel neighboring molecules. Polarity is relatively
stable, because the polar molecules promote an organized arrangement. The dispersion
force and the polar force are the forces formed by the cellulose molecules themselves and
are related to their constituent elements and structure. However, the process of solvent
dissolving solute is essentially that the solvent molecules overcoming the interaction force
between the solute molecules, and the interaction force between the solvent molecules is
also disintegrated by the solute molecules. In this way, the solvent molecules and the solute
molecules can penetrate each other and disperse each other stably and evenly. At this time,
the solute will be dissolved in the solvent smoothly. In the four solvent systems, the
dispersion force component of DMAc and urea is close to that of cellulose, the polar force
component of [BMIM]Cl is close to that of cellulose, and both components of NMMO are
close to that of cellulose. Therefore, they can affect the intermolecular force of cellulose.
Solvent molecules can penetrate the cellulose interior and weaken the interaction between
macromolecules, allowing cellulose molecules to be distributed smoothly among the
solvent molecules, forming a stable solution. At the same time, as compared with the
dispersion force, polar force has a more stable feature, two kinds of force component were
similar, while cellulose is more easily dissolved in polar solvent, the stability of force can
better promote the cellulose molecules and solvent molecules dispersion and combination.
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From another perspective, the hydrogen bonding force can be seen as a special kind of
polarity, it can also be seen that cellulose is more susceptible to polar forces and is more
soluble in polar solvents. In addition, the four solvents can also break the hydrogen bond
structure of cellulose, which also facilitates the binding of cellulose molecules and solvent
molecules.

The Actual Solubility of Cellulose in Some Solvents

Finally, part of the references related to the research of cellulose dissolution is
integrated. Qi et al. (2016) dissolved wheat straw material pretreated with ethanol-dilute
sulfuric acid in the LiCI/DMAc solvent system, and the dissolution extent reached 84.4%.
Li et al. (2012) obtained a higher saccharification rate (96.5%) in the NMMO aqueous
medium by ultrasonic-assisted treatment of cellulose after pretreatment in 15% and 20%
(w/v) NMMO solutions. Ang et al. (2011)used ionic liquid [ BMIM]CI to dissolve rice husk
cellulose, and the cellulose dissolution was 31.3%. Han (2014) used ionic liquid [BMIM]CI
as a solvent under high temperature conditions to catalyze the conversion of
microcrystalline cellulose into glucose and 5-HMF, and finally obtained a glucose yield of
31%. The yield of 5-HMF even reached 61%. Ai et al. (2020) used the deep eutectic solvent
ChCl/Gly to treat sorghum bagasse, and the high glucose and xylose yield of saccharified
sorghum by enzymatic hydrolysis was higher than 85%. Lang et al. (2020) prepared O-
DES to dissolve cellulose, and the yields of glucose and 5-HMF reached the maximum,
which were 23.5% and 29.8%, respectively. Ling et al. (2020) pretreated Moso bamboo
with the prepared LA/ChCl and achieved the highest glucose yield of 79.07%. Chen ef al.
(2018) used ChCl/Gly to divide willow branches into three parts under relatively mild
conditions: cellulose-rich pulp, lignin, and xylose-rich liquid. The pulp showed a high
dissolution rate, and the glucose yield was about 89%. These actual results also show that
the predictions made in the previous article are accurate. The theoretical solubility
parameters of several cellulose solvents are compared with the actual solubility as follows.

Table 3. Comparison of the Solubility Combination Parameters and the Actual
Solubility of Each Substance

Solvents o/ (Jlcmd)? Absolute difference Actual solubility
DMACc 16.72 1.31 84.4% (Qi et al. 2016)
NMMO 19.62 1.59 96.5% (Li et al. 2012)

[BMIM]CI 13.58 4.45 31.3% (Ang et al. 2011)

31% (Han 2014)
O-DES 16.46 1.57 23.5% (Lang et al. 2020)
ChCI/ Gly 25.68 7.65 85% (A et al. 2020)
89% (Chen et al. 2018)
LA / ChClI 19.78 1.75 79.07% (Ling et al. 2020)

CONCLUSIONS

1. Under ideal conditions, the Hansen solubility parameter can predict the solubility
properties of solvent relative to solid materials of interest, thereby reducing a lot of
experimental work, and the predicted results can show the solubility property of the
solvent.
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2. The parameter values and component values of N,N-dimethylacetamide (DMACc), N-
methylmorpholine-N-oxide (NMMO), and certain ionic liquids are close to those of
cellulose. They have the best dissolving effect on cellulose. And the four types of DES
have the dissolving ability to cellulose, but they are not the best solvents. Among them,
1:1 oxalic acid/choline chloride (O-DES) has greater solubility for cellulose, while
urea/choline chloride (U-DES) has less solubility for cellulose. The solubility
parameters of Hz20, ethanol, and ether are far from those of cellulose. So they have
basically no ability to dissolve cellulose.
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