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Abstract 

Most cellulose-based materials’ manufacturing processes include processing this biopolymer in an aqueous medium. 
Sorption properties depend on cellulose supramolecular structure and nature of its change during moistening. 
Plenty of researchers’ efforts have been directed to the development of scientifically sound and commercially reli-
able processes over the past decade for the cellulose fibers’ dispersion in an aqueous medium. Therefore, it needs a 
more detailed study of the cellulose–water system components’ interaction. This study presents the supramolecular 
structure and sorption properties of native cotton cellulose research results obtained by 1H NMR relaxation, spec-
troscopy and sorption measurements. Hydrophilic properties of cellulose as an adsorbent are characterized, taking 
into account a porous system between its structural elements. We examine in detail water adsorption on the active 
surface of cellulose Iβ. We also demonstrate the approach for determining the entropy change in the first two layers 
of adsorbed water and estimate this value increased during adsorption. Cellulose moistening is accompanied by the 
decomposition of macrofibrils into microfibrils and is manifested in a crystallinity decrease and a specific surface area 
growth. 
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Introduction
Cellulose is one of the most common natural polymers 
with such essential properties as renewability and bio-
degradation (Li and Renneckar 2011; Grunin et al. 2012, 
2015a; French 2017; Lindh et  al. 2017). Cellulose and 
its derivatives are used as raw materials in many fields 
of industry and agriculture, pharmacy and medicine, in 
solving environmental problems and creating composite 
materials.

Due to the significance of cellulose use, many kinds of 
research are devoted to studying its structural organiza-
tion and properties. We consider several essential mod-
els of cellulose structure and give a short outline of the 
researches of cellulose–water interaction using sorption 
measurements and nuclear magnetic resonance (NMR). 

The development of structural models is based on the 
results of studies of cellulose biosynthesis.

During the passage of glucose units through ter-
minal complexes of the plasma membrane, chemical 
1,4-β-glycosidic bonds form cellulose chains (Delmer and 
Amor 1995; Doblin et  al. 2002; Brown 2004; Nishiyama 
et al. 2008; Nishiyama 2009; Grunin et al. 2012, 2015b). 
These cellulose chains aggregate into the elementary 
fibril (EF) by hydrogen bonds. EFs are being merged 
into microfibrils (MF) that in turn unite into macrofi-
brils. Each glucopyranose ring of cellulose chain inside 
of cellulose crystallites undergoes intra-, intermolecu-
lar and interlayer donor–acceptor hydrogen bonds. This 
increases the aggregation strength of cellulose chains and 
leads to the impossibility of penetration of water mol-
ecules into the depth of cellulose EFs (Nishiyama et  al. 
2002, 2003; Li and Renneckar 2011).

Based primarily on results of X-ray diffraction and elec-
tron microscopy measurements, at the end of sixties of 
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the last century, most researchers preferred the crystal-
line–amorphous model of cellulose. This model included 
two types of cellulose structure scheme: with a straight-
ened conformation of chains and with a folded structure 
of chains. The schemes proposed by Hess (Hess et  al. 
1958); (Mühlethaler 1969); (Fray-Wissling 1963), and 
(Tönnesen and Ellefsen 1960); Ono et al. (1997) were of 
the most important of the first type. One of the second 
types of schemes was shown in the research of Manley 
(1964). Researchers of that time preferred the scheme 
with a straightened conformation of cellulose chains. 
However, the above models have not been received the 
direct experimental confirmation.

Chanzy (1990) found that MFs of wood pulp, cotton 
and Valonia have a parallelepiped shape with a square 
cross-section. Verlhac et  al. (1990) experimentally sub-
stantiated the dominant contribution of the cellulose sur-
face layer to the formation of amorphous regions.

Currently, the layered model of cellulose MFs (Verlhac 
et al. 1990; Chanzy 1990; Baker et al. 2000; Viëtor et al. 
2002; Nishiyama et  al. 2002, 2003; Brown 2004; Kono 
and Numata 2006; Nishiyama 2009; Carpita 2011; Li and 
Renneckar 2011; Poletto et al. 2013; French et al. 2014) is 
highly popular.

Cellulose has permanent contact with water and rea-
gents dissolved in it. Hence, the understanding of the 
interaction of water with cellulose is significant for the 
interpretation and prediction of cellulose response. Due 
to the complicated structure of cellulose, the mechanism 
of water adsorption in the cellulose–water system has 
studied by different physicochemical methods.

Many kinds of research aimed at studying the cellu-
lose–water system involve the construction of sorption 
isotherms. However, an unambiguous interpretation of 
the nature of water adsorption on cellulose, described 
by various theories (Brunauer–Emmett–Teller (BET), 
Langmuir, Dubinin–Radushkevich, Henry), is still absent 
(Bikales and Segal 1971; Rowland 1980; Gregg and Sing 
1982; Grunin et al. 2007; Lindman et al. 2010; Xie et al. 
2011a; Grunin et  al. 2013; Mihranyan et  al. 2004; Hill 
et al. 2009; Xie et al. 2011b; Ceylan et al. 2012; Guo et al. 
2017; Chen et al. 2018).

Mihranyan et al. (2004) presented the study results of 
water sorption on cellulose powders of various origins. 
Scanning electron microscopy, X-ray diffraction, mois-
ture sorption and BET surface area analysis were applied 
for characterization of the structure of cellulose powders. 
Authors found that cellulose powders with higher crys-
tallinity had lower moisture uptake at a relative humidity 
below 75%. The crystallinity of the highly dispersed cellu-
lose sample measured by X-ray diffraction was 0.45 that 
corresponded to the crystallinity of elementary cellulose 
fibril (Grunin et al. 2018).

The water vapor sorption characteristics of natural fib-
ers such as jute, flax, coir, cotton, hemp and Sitka spruce 
were studied by Hill et al. (2009). For isotherm fitting and 
estimation of water monolayer content, authors chose 
the Hailwood Horrobin model as fundamental.

Xie et  al. (2011b) studied the water vapor sorption 
on cotton, filter paper, flax, hemp, jute, and sisal fib-
ers. Results were analyzed by use of a parallel exponen-
tial kinetics model that was consisted of fast and slow 
sorption components. Authors showed that at the ini-
tial stage of desorption proceeded rather quickly and 
slowed down at lower relative pressures of water vapor. 
It could be explained due to difficulty in removing water 
from smaller micropores formed during the adsorption 
process.

As shown by Ceylan et al. (2012), the maximum sorp-
tion capacity decreased throughout the cotton fiber 
development. Authors also found that sorption proper-
ties of secondary wall of cotton compared with primary 
one in late periods of fibers maturation were worsened.

Effects of nanocellulose types caused by different prep-
aration procedures on the total running time, equilibrium 
moisture content, sorption hysteresis, and sorption kinet-
ics were examined by Guo et al. (2017). Authors showed 
that the amorphous fraction of cellulose nanofibers was 
more than that of cellulose nanocrystals. Therefore, 
the extent of structural swelling of cellulose nanofibers 
was more significant than with cellulose nanocrystals. 
Besides, the amorphous fractions of cellulose nanocrys-
tals and nanofibers with cellulose II structure were more 
than for cellulose I structure.

Microscopic model of water sorption in cellulose was 
presented by Chen et  al. (2018). The molecular mecha-
nism responsible for hysteresis in sorption-induced 
swelling in cellulose was considered using atom-scale 
simulation. Authors established that moisture content 
and swelling exhibited hysteresis upon adsorption and 
desorption.

The use of NMR method has significantly expanded 
boundaries in the study of the supramolecular organiza-
tion of cellulose and its hydrophilic properties, as well as 
cellulose–water system. The choice of the NMR method 
is related to its high information content, accuracy, ease 
of sample preparation and results’ interpretation. Also, 
this method belongs to the category of nondestructive.

Atalla and Vanderhart (1984), studying cellulose sam-
ples by 13C NMR, concluded that there are two crystal-
line cellulose allomorphs Iα and Iβ. Cellulose Iα has a 
one-chain triclinic unit cell, whereas cellulose Iβ has a 
two-chain monoclinic unit cell.

For investigating the structure of unlabeled cotton cel-
lulose, Kirui et al. (2019) applied the natural abundance 
13C–13C 2D correlation solid-state NMR spectroscopy, 
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as enabled by the sensitivity-enhancing technique of 
dynamic nuclear polarization. The authors characterized 
the change in the structural organization of allomorphs 
Iα and Iβ during ball-milling and showed the impor-
tance of large crystallite size for maintaining the Iα and 
Iβ model structures. Analyzing the high-field 2D 13C–13C 
correlation solid-state NMR spectra of 13C-labeled plant 
primary cell walls, Wang et al. (2016) resolved seven cel-
lulose structures, five of which corresponding to interior 
cellulose. Based on values of 13C chemical shifts, authors 
concluded that most of these interior cellulose structures 
differed significantly from the Iα and Iβ structures found 
in crystalline cellulose of bacteria, algae, and animals.

Using 13C NMR technique, Newman and Davidson 
(2004) examined surfaces of celluloses I and II. Authors 
concluded that the influence of hydroxymethyl confor-
mation was stronger at C-4 than at C-6. The hydroxym-
ethyl conformations at the cellulose–water interface were 
gauche–gauche on cellulose I and gauche-trans on cellu-
lose II. Chemical shifts for C-4 in the crystallite cores of 
celluloses I and II differed by 0.2 ppm, meanwhile corre-
sponding chemical shifts for crystallite surfaces differed 
by 3.0 ppm.

Bergenstråhle et  al. (2008) presented the model of 
crystalline cellulose fibrils (a fibril aggregate). CP/MAS 
13C NMR data were confirmed that the C-4 peak dou-
blet could derive from surfaces parallel to different crys-
tallographic planes. Also, the doublet could originate 
from C-4 atoms located in surface anhydroglucose units 
with hydroxymethyl groups pointing either inward or 
outward.

Lindh et  al. (2017) investigated the mobility of water 
molecules in 2H-exchanged, and after that re-dried, 
microcrystalline cellulose by 2H MAS NMR. Authors 
subtracted the spectral contribution of deuteroxyls from 
the spectrum of hydrated cellulose, thereby showing the 
existence of two distinct 2H2O spectral populations asso-
ciated with mobile and immobile water environments. 
Those water phases were located on cellulose surfaces 
between and within microfibril aggregates, respectively.

Time-domain NMR is being used throughout many 
areas of science and technology. Time-domain NMR 
applications do not only cover research and develop-
ment but also provide the organization of routine on-line 
and at-line procedures of quality assurance and quality 
control in production processes (Mitchell et  al. 2014). 
The possibility of using 1H NMR in the analysis of water 
adsorption on cellulose is shown in researches (Leisen 
et al. 2002; Banas et al. 2000; Taylor et al. 2008; Grunin 
et al. 2016, 2017, 2018).

Leisen et  al. (2002) measured the entire adsorption/
desorption isotherm at precisely defined levels of relative 
humidity using NMR data. This research presented the 

calculation of adsorbate parameters based on the analysis 
of sorption isotherm of water vapor on cotton cellulose 
fibers. At the relative pressure of water vapor of 75% on 
average, five layers of adsorbate were formed on a cellu-
lose surface. The same result was obtained based on the 
modernized BET equation.

From the analysis of dependences of spin–lattice (T1) 
and spin–spin (T2) relaxation times on cellulose mois-
ture content, Ono et  al. (1997) proposed the structural 
scheme of cellulose, in which interfibrillar (meso) and 
intrafibrillar (micro) pores were provided. Moreover, in 
this scheme, the role of amorphous regions was played by 
surface layers of cellulose crystallites.

Banas et  al. (2000) proposed the simple two-motion 
model of molecular dynamics based on the spin–lattice 
relaxation time dependencies on temperature and fre-
quency for cellulose pulp. It was possible to find from the 
temperature dependence of spin–lattice relaxation time 
the values of correlation times and activation energies.

Taylor et al. (2008) showed that water in cellulose pores 
was present as multiple layers. Authors estimated thick-
nesses of water layers adsorbed on the cellulose surface 
using the Goldman–Shen pulse experiment.

Based on experiments on spin diffusion of nuclear 
magnetization, linear dimensions of the thickness of the 
surface of cellulose crystallites and the average depth of 
micropores formed between EFs as well as the process of 
their filling during water uptake were described (Grunin 
et al. 2017).

Even though the cellulose–water system was studied a 
lot, questions about the structural organization and prop-
erties of its components and the nature of interactions 
between them are still the object of discussion (Nishiy-
ama et al. 2008; Taylor et al. 2008; Nishiyama 2009; Lind-
man et al. 2010; French et al. 2014; Lindman et al. 2017; 
French 2017; Grunin et al. 2018).

We aim this study both to summarize some argumenta-
tive points mentioned above and to analyze the physics 
of cellulose structural changes during water uptake, using 
TD-NMR measurements as well as adsorption data and 
thermodynamics calculations.

Materials and methods
Materials
The selection of objects for this study was aimed at 
eliminating the influence of lignin and hemicelluloses 
on measurement results. Therefore, the objects of study 
were samples of native cotton cellulose (GOST 595–79 
Cotton cellulose. Specifications). Samples had the fol-
lowing characteristics: moisture regain at standard 
conditions − 7%, density − 1.54 g/cm3, degree of polym-
erization − 9000–15,000, crystallinity by X-ray Diffrac-
tion (average) − 73%.
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Methods
Adsorption
The isopiestic series method was used to construct 
adsorption isotherms of water vapor by cellulose samples 
(Grunin et  al. 2015a). Samples with a height of 10  mm 
were placed in test tubes with an internal diameter of 
8  mm. Samples preliminarily dried at 105  °C for 12  h 
were kept in desiccators with preset values of the relative 
pressure of water vapor to a constant weight at 20 °C.

Nuclear magnetic resonance
Measurements of 1H NMR relaxation parameters of cel-
lulose were carried out with an NMR analyzer (Spin 
Track, Resonance Systems, Russia) operating at 19 MHz 
for protons. The pulse sequence Free Induction Decay 
(FID) (Abragam 1961) was used to determine the spin–
spin (transverse) relaxation times of cotton cellulose sam-
ples. The duration of 90° exciting radiofrequency pulse 
was selected automatically and was 2 μs. Each amplitude 
measurement was a result of averaging 50 scans. Time TR 
between scans was chosen according to the condition of 
equilibrium between the spin system and lattice TR ≥ 5T1 
(T1 is the spin–lattice relaxation time).

FID signals from moistened cotton samples were fitted 
by the function (Grunin et al. 2017, 2018):

where A1, A2, and A3 are amplitudes of the short, 
medium, and long components of the signal, propor-
tional to proton populations of the inner regions of crys-
tallites, their surfaces, and adsorbed water molecules, 
respectively; Mam

2  is the second moment of the Gaussian 
line from the amorphous sections; T ∗w

2  is characteristic 
spin–spin relaxation time of water molecules; a and b 
are coefficients those take into account the distribution 
of correlation times of the thermal motion of molecules.

The frequency-domain representation of the FID signal 
of moistened cellulose sample is shown in Fig. 3.

Since the amplitudes A1 and A2 are proportional to 
proton populations of the crystalline and amorphous 
phases of cellulose, the ratio of A1 to the total number of 
hydrogen nuclei in cellulose sample allows calculating its 
crystallinity (Grunin et al. 2015a, 2015b, 2018):
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The relation (2) was obtained under the assumption 
that surface molecules of cellulose crystallites form its 
amorphous regions.

The crystallinity of cotton cellulose was determined by 
X-ray diffraction analysis according to the Segal method 
(Segal et al. 1959) and IR-spectroscopy, according to the 
O’Connor and Nelson method (Nelson and O’Connor 
1964). Results of estimating the crystallinity of cotton 
cellulose by these methods and formula (2) are in good 
agreement (Table 1).

We found (Grunin et  al. 2012) that there is one mol-
ecule of mono-adsorbed water for one surface molecule 
of cellulose in the process of adsorption on average. This 
foundation gives us a reason to associate the crystallinity 
of cellulose k with the capacity of water monolayer wm:

Equating the right-hand sides of Eqs. (2, 3), we find that 
the capacity of the mono-adsorption layer of water can 
be calculated by the formula:

Our studies showed that results of estimating the 
capacity of water monolayer using 1H NMR (4) and the 
solution of the BET equation as applied to the adsorption 
isotherm coincide (Grunin et al. 2018).

Taking into account the effective cross-section of a 
water molecule (10.5∙10−20  m2) active specific surface 
area of cellulose Ssp (m2/g) is determined by the equation 
(Grunin et al. 2015a, 2015b):

Results and discussion
Structural model of native cotton cellulose
Existing structural models of cellulose explain many 
physicochemical properties. However, for a more 
detailed study of sorption properties of cellulose, it is 
necessary to take into account the formation of a porous 
system between structural elements and the distribution 

(3)k = 1− 9wm.

(4)wm =
A2

9(A1 + A2)
.

(5)Ssp = 3500wm.

Table 1  The crystallinity of cotton cellulose sample

Determination method Crystallinity

NMR via formula (2) 0.75

X-ray diffraction according to the Segal 
method

0.79 (Bikales and Segal 1971), 
0.7 (Shcherbakova et al. 
2012)

IR-spectroscopy according to the 
O’Connor-Nelson method

0.71 (Bikales and Segal 1971)
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of adsorption centers on cellulose active surface. Hence, 
the above structural models need to be clarified.

We propose the model of structural organization of 
cotton cellulose with the crystallinity of 0.7 (Fig.  1) 
based on the above review and results of our researches 
(Grunin et  al. 2017, 2018). Cellulose macrofibril is 
formed by four partially co-crystallized MFs, each of 
which consists of four EFs, interconnected by relatively 
weak donor–acceptor hydrogen bonds. MF has an aver-
age transverse size of 60–80 Å and a length of up to 
several micrometers. The internal layered structure of 
EF is an alternation of aggregates of central and angular 
chains within the two-chain monoclinic unit cell (cel-
lulose Iβ). The distance between adjacent EF layers in 

planes with the type (1,1,0), (− 1,− 1,0) and (− 1,1,0), 
(1,− 1,0) is 6 Å and 5.4 Å, respectively (Nishiyama et al. 
2008; Li and Renneckar 2011). According to Dubinin’s 
classification (Dubinin and Kadlec 1987), pores 
between structural elements of cellulose are classified 
as micro- and mesopores. This model allows visualiz-
ing the process of water adsorption on active cellulose 
surface.

Authors (Brown 2004; Verlhac et al. 1990; Nishiyama 
et al. 2003) proposed close variants of the supramolec-
ular structure of cellulose. However, they did not take 
into account the specifics of the arrangement of cellu-
lose chains, hydrophilic and hydrophobic regions of EF, 
and co-crystallization of EFs in MF.

Fig. 1  Cross-sectional diagram of cellulose macrofibril, consisting of MF aggregates, each of which contains 4 EFs
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The specificity of water adsorption process on cellulose
It was discussed (Grunin et al. 2013, 2018) that the pen-
etrating and adsorption abilities of water molecules are 
stimulated by thermal motion and dipole–dipole inter-
action with surface-active centers (SAC) of cellulose. 
Surface hydroxyl groups of cellulose usually play the 
role of SACs. Based on simulations (Nishiyama et  al. 
2008; Nishiyama 2009) and atomic force microscopy 
data (Baker et al. 2000), our calculation shows that the 
distance between nearby SACs of cellulose is 6.5  Å in 
average.

The value of electric field strength of individual sur-
face hydroxyl group E at the distance r from its center 
is calculated by the relation (Adamson and Gast 1997):

where µ′ is the –OH group electric dipole moment; α 
is the angle between the chosen direction and the axis 
of the dipole; r is the distance from the center of the 
dipole to the point of water molecule location; ε0= 8.85 
× 10−12 F/m.

The surface hydroxyl group of cellulose has an elec-
tric dipole moment of 4.51 × 10−30 ℃ m, whereas water 
molecule has an electric dipole moment of 6.15 × 
10−30 ℃ m (Gregg and Sing 1982).

Values of the module of electric field strength cre-
ated by the SAC depending on distance are presented 
in Table  2 (calculations were performed for the case 
α = 0°).

Based on data in Table 2, we assume that a high het-
erogeneity of electric field is enhanced by a large num-
ber of SACs in pores of cellulose.

The energy of the dipole–dipole interaction of water 
molecule with the individual surface hydroxyl group is 
given by the expression (Adamson and Gast 1997):

where μ is the electric dipole moment of the water mol-
ecule; θ is the angle between the vectors μ and E.

(6)E =
µ′

4πε0r3

√

3 cos2 α + 1,

(7)W = µE cos θ ,

According to the data (Table 2), as a water molecule 
approaches an SAC of cellulose, their dipole–dipole 
interaction energy increases sharply and at the dis-
tance of 2.5–3 Å reaches the value of 19.2 kJ/mol, and 
it becomes commensurate with the energy of hydrogen 
bond of type –O–H···O– (Adamson and Gast 1997).

From our point of view, a water molecule can form 
the strong hydrogen bond during adsorption on cellu-
lose Iβ in two ways. It will be carried out either by an 
oxygen atom of a water molecule on –OH group at C-6 
of one glucopyranose ring or by two hydrogen atoms of 
a water molecule on O-2 and O-3 of an adjacent glu-
copyranose ring of same surface chain. It was discussed 
(Grunin et al. 2018) that this process is characteristic of 
each cellobiose residue of a surface chain of EF. From 
the previous, it follows that the adsorption monolayer 
is characterized by the relatively ordered arrangement 
of water molecules on the cellulose surface. Further 
equilibrium moistening of cellulose leads to the for-
mation of subsequent adsorption layers (Taylor et  al. 
2008).

The adsorption process is characterized by an adsorp-
tion isotherm (Fig. 2), which up to 70% of relative pres-
sure of water vapor is described by the BET equation 
satisfactorily: 

where w is the sample moisture content; C is the adsorp-
tion equilibrium constant; p/ps is the relative pressure of 
water vapor.

(8)w = wm

C · p
/

ps

(1− p
/

ps) ·
[

1+ (C − 1)p
/

ps
] ,

Table 2  The parameters of  electric fields created by  SACs 
of cellulose, depending on the distance

r, m × 10−10 E, V/m x 109 W, kJ/mol

2.5 5.19 19.215

3 3.00 11.107

6 0.38 1.407

10 0.08 0.296

16 0.02 0.074

20 0.01 0.037
Fig. 2  Experimental adsorption isotherm of water vapor on cotton 
cellulose
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Equation  (8) allows examining the supramolecular 
structure and hydrophilic properties of cellulose and the 
state of water adsorbed on its fibers.

Being in adsorbed state, a water molecule experiences 
motions such as thermal rotational–vibrational and 
translational with jump-like character (Rowland 1980; 
Freeman 2003; Grunin et al. 2007). In the framework of 
the Bloembergen–Purcell–Pound theory (BPP), correla-
tion times describe thermal motions of molecules that 
have Arrhenius character. This allows associating the 
activation energies of molecular motions with their cor-
relation times in the first two layers of aqueous adsorbate 
(Grunin et al. 2016). For the first water adsorption layer:

and for the second one:

where ΔH0 is the standard enthalpy of adsorption inter-
action; L is the heat of condensation of adsorbate; R is 
the universal gas constant; T is the absolute temperature; 
τ1 and τ2 are the correlation times of first and second 
adsorbate layers, respectively.

Dividing Eq. (10) by (9) and then taking the logarithm 
of the result, we get the expression for estimation the net 
heat of adsorption:

In the framework of the BPP theory, correlation times 
in adsorbed water layers are related to their spin–spin 
relaxation times (under the condition (ωτ)2≫ 1, where ω 
is the circular NMR frequency, τ is the correlation time) 
by the formula (Grunin et al. 2016):

where T (1)
2  and T (2)

2  are the true spin–spin relaxation 
times of first and second adsorbate layers, respectively. 
The measured spin–spin relaxation time of the first layer 
is equivalent to its true value due to the very slow proton 
exchange of cellulose with adsorbed water.

Finally, Eq. (11) takes the following form:

We found the relation between the true spin–spin 
relaxation time of the second adsorption layer and the 
measured spin–spin relaxation time of adsorbed water 
bilayer (Grunin et al. 2020):

(9)τ1 = τ0e
�H0

RT ,

(10)τ2 = τ0e
L
RT ,

(11)�H0
− L = RT ln

τ1

τ2
.

(12)
τ1

τ2
=

T
(2)
2

T
(1)
2

,

(13)�H0
− L = RT ln

T
(2)
2

T
(1)
2

.

where T2meas is the measured spin–spin relaxation time 
of adsorbed water bilayer.

The capacity of water monolayer was evaluated by solv-
ing the BET equation for the adsorption isotherm of 
water vapor on cotton cellulose (Fig. 2) and amounted to 
0.032  g/g. The spin–spin relaxation time of water mon-
olayer was estimated on cotton cellulose sample with mois-
ture content close to the capacity of adsorption monolayer 
and amounted to 160 μs. The measured spin–spin relaxa-
tion time of adsorbed water bilayer was 280 μs. Hence, the 
ratio of true spin–spin relaxation times of second and first 
adsorption layers was 7. Substituting the above numerical 
values into the formula (13), we find that the net heat of 
adsorption is 4.87 kJ/mol. The value of net heat of adsorp-
tion is positive that indicates the dominance of the energy 
of water monolayer–adsorbent interaction over the con-
densation energy of adsorbate. The water monolayer–
adsorbent interaction is carried out through the formation 
of hydrogen bonds. This entirely correlates with the above 
description of the scheme of water monomolecular adsorp-
tion on active cellulose surface.

Additional information on the state of adsorbed water 
can be obtained by analyzing the changing in entropy dur-
ing adsorption.

The condition of thermodynamic equilibrium of water 
monolayer–water vapor can be written in the form of 
equality of total Gibbs free energy differentials (Gregg and 
Sing 1982):

where Vv and Vm are the volumes of water vapor and 
water monolayer, respectively; Sv and Sm are the entropies 
of water vapor and water monolayer, respectively.

Transforming the formula (15), we get

Since the volume of water vapor is much larger than the 
volume of water monolayer, at the initial stage of adsorp-
tion the water vapor can be considered as an ideal gas, then 
the left side of Eq. (16) is given as follows:

We transform the relation (17) into the following form:

(14)T
(2)
2 =

T
(1)
2 · T2meas

2T
(1)
2 − T2meas

,

(15)Vvdp− SvdT = Vmdp− SmdT ,

(16)(Vv − Vm)dp = (Sv − Sm)dT .

(17)RT
dp

p
= (Sv − Sm)dT .

(18)R
dp

p
= �H1

dT

T 2
.
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where ΔH1 is the enthalpy equivalent to the heat of 
mono-adsorption.

Carrying out the integration of Eq. (18), we get

where p1 is the partial pressure of water vapor when 
filling water monolayer; p0 is the additive integration 
constant.

Similarly, we obtain the expression for the integral 
heat of adsorption:

where p2 is the partial pressure of water vapor when fill-
ing water bilayer; ΔH2 is the enthalpy equivalent to the 
integral heat of adsorption.

We subtract Eq. (19) from (20):

After transforming, the formula (21) is given as 
follows:

where Sa is the entropy of water adsorbate.
Presenting the relation (22) with relative pressures of 

water vapor, we find

Thus, the excess of value p2 over p1 indicates the 
increase in the entropy change during adsorption. In par-
ticular, it is also valid for water bilayer adsorption under 
standard conditions. Analysis of the adsorption isotherm 
of water vapor on cotton cellulose (Fig. 2) shows that the 
filling of water monolayer is completed at p1/ps= 11%; 
meanwhile, the filling of water bilayer is completed at 
p2/ps= 42%. Applying the numerical values to Eq.  (23) 
results that the difference between entropies of second 
and first adsorbed layers is 11.13 J/(K mol). This positive 
value indicates that water molecules in the first layer are 
more ordered than in the second one, which is in agree-
ment with the above assumptions.

The adsorption equilibrium constant C is related to the 
change in Gibbs free energy by the Van’t Hoff equation 
(Gregg and Sing 1982):

Since a part of the heat is released during adsorption, 
the change in entropy is related to the change in Gibbs 
free energy and the net heat of adsorption in accordance 
with the following expression (Grunin et al. 2016):

(19)RT (ln p1 − ln p0) = �H1,

(20)RT (ln p2 − ln p0) = �H2,

(21)RT ln
p2

p1
= �H2 −�H1.

(22)R ln
p2

p1
= Sa − Sm,

(23)R ln
p2

ps
·
ps

p1
= Sa − Sm.

(24)�G0
= −RT lnC .

where ΔS0 is the standard entropy of adsorbate.
Accordingly to the formula (25) and known numerical 

values, the change in Gibbs free energy is 8.21 kJ/mol.
After substituting relations (13, 23, 24) in (25), we get

Consequently, the adsorption equilibrium constant can 
be estimated by the equation:

Using the above numerical values, we establish that the 
adsorption equilibrium constant is 26.7. This value is in 
agreement with one that found by solving the BET equa-
tion (C = 25).

Sorption process development often leads to supra-
molecular rearrangements of cellulose. In particular, we 
studied the effect of equilibrium moistening of cellulose 
on its crystallinity and the specific surface area. Cot-
ton cellulose samples’ crystallinities at different stages 
of moistening were estimated by the formula (2). Fig-
ure  3 shows the FID signal spectrum from the protons 
of air-dry cotton cellulose. According to Fig.  3, A1 and 
A2 are amplitudes values of (3) and (5) components, 
respectively.

Figure 4 shows the graph of the crystallinity of cotton 
cellulose versus its moisture content. The cellulose crys-
tallinity decrease in the range from 0.78 to 0.70 is the 

(25)�G0
= �H0

− L+ T�S0,

(26)RT lnC = RT ln
T
(2)
2

T
(1)
2

+ RT ln
p2

ps
·
ps

p1
.

(27)C =
T
(2)
2

T
(1)
2

·
p2

ps
·
ps

p1
.

Fig. 3  Fourier transform spectrum of FID signal from protons 
of air-dry cotton cellulose: (1) original experimental spectrum, 
(2) simulated spectral line, (3) broad component, (4) medium 
component, and (5) narrow component
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most intensive with the corresponding moisture content 
from 0.5 to 8%. It is due to the thermal diffusion of water 
adsorptive molecules into spaces between MFs with sub-
sequent adsorption on their active surfaces. This process 
is enhanced by the electric dipole–dipole interaction 
of adsorptive molecules with SACs of cellulose chains. 
As indicated above, the formation of –O–H···O– type 
hydrogen bond occurs. This phenomenon develops espe-
cially effectively in places of narrowing of pores between 
MFs and contributes to the formation of water adsorp-
tion layers and the occurrence of proppant pressure. 
Moreover, the distance increase between cellulose MFs 
results in the process of their separation and leads to the 
subsequent disintegration of macrofibril into MFs.

With the decrease in crystallinity from 0.7 to 0.67 with 
the corresponding moisture content in the range from 8 
to 16%, adsorbed water molecules penetrate the struc-
ture of cellulose MFs. Water molecules break hydrogen 
bonds between co-crystallized EFs in the structure of MF 
adsorbing on active centers of their surfaces.

The work of adsorbed water penetration into spaces 
between crystalline cellulose formations is defined to a 
greater extent by the change in Gibbs free energy of the 
adsorption system. Hence, the proppant pressure from 
adsorbed water molecules Δp can be defined using the 
total differential of the Gibbs free energy under isother-
mal conditions (Adamson and Gast 1997):

where V is the volume of 1 mol of liquid water.
Substituting the numerical values of ΔG0 and V (18 × 

10−6 m3) into Eq. (28) results that the proppant pressure 
value is 4.56 × 108 Pa.

(28)�p =
�G0

V
,

Due to the proppant pressure emerged from the side 
of adsorbed water molecules, the formation of addi-
tional active specific surface of moistened cellulose 
occurs. It varies from 77.5 to 128 m2/g (using Eq. 5) in 
the moisture content range from 0.5 to 16% according 
to the adsorption isotherm (Fig. 2).

Conclusions
The model of the cellulose supramolecular structure is 
presented. It takes into account the crystallinity of cel-
lulose and the presence of slit-shaped pores located 
between its structural elements. The scheme of specific 
adsorption of water molecules on the active surface of 
cellulose fibrils is proposed. The value of the net heat of 
adsorption is calculated based on the thermodynamic 
approach and characteristics of 1H NMR relaxation 
in adsorption systems. The method for estimating the 
entropy change using relative pressures of water vapor 
is presented. The increase in entropy of adsorbate dur-
ing equilibrium moistening of cellulose is established. 
It is shown that during the adsorption process the liq-
uid adsorbate molecules diffuse into the co-crystalli-
zation zone of EFs in the structure of MF, which leads 
to the appearance of proppant pressure between them 
and dispersion of cellulose crystallites. It is presented 
that the equilibrium moistening of cellulose results to 
decrease in its crystallinity and increase in specific sur-
face area.
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