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Abstract The prominent degradation mechanism of

cellulose is the acid-catalyzed hydrolysis of glycosidic

bonds, which results in the decrease of the degree of

polymerization (DP) and, macroscopically, in the

dramatic decay of the mechanical resistance of

cellulose-based materials. Alkaline nanoparticles in

organic solvents have been recently proposed for the

deacidification of cellulose-based artworks. Their

effectiveness has been demonstrated in previous

studies, by pH and DP measurements, colorimetric

and thermal analyses. Herein, the changes in the

cellulosic network following an acidification bath and

a consequent deacidification treatment using Ca(OH)2
nanoparticles, have been investigated by NMR self-

diffusion dynamics of water and related to the changes

of samples’ DPs. The deacidification treatment mod-

ifies intra- and inter-chain interactions, leading to a

buffered cellulose network configuration similar to

that characterizing the untreated reference sample in

terms of diffusive parameters and confining environ-

ment. Such results are plausibly due to a rearrange-

ment in connectivity of the cellulosic network, even

though with a different physical fingerprint with

respect to the reference sample. The analysis of

tortuosity of the cellulosic network in acidic and

deacidified samples confirms this conclusion, further

corroborating the idea that calcium hydroxide

nanoparticles are an effective tool to hamper the

degradation of cellulose induced by acids and aging in

strong environmental conditions, even from the

standpoint of cellulose network arrangement.

Keywords Cellulose � NMR diffusometry �
Deacidification � Calcium hydroxide nanoparticles �
Hydrolysis

Introduction

Cellulose is a linear polymer found in plants, which

plays a fundamental role in the mechanical properties
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of vegetal tissues. Cellulose in nature forms chain

aggregates, i.e., hierarchical structures that range from

elementary fibrils, having a transverse extension of a

few nm, to microfibrils, which are aggregates of tens

of elementary fibrils (Fernandes et al. 2011; Ding et al.

2014; Paajanen et al. 2019). Microfibrils are arranged

in macrofibrils, or fibers, whose transverse size may be

tens of lm (Zhao et al. 2007; Donaldson 2007;

Paajanen et al. 2019). These supramolecular structures

are formed through a coalescence-like mechanism,

which favors the formation of hydrogen bonds

between OH groups of different chains, and makes

Van der Waals interactions mostly effective for fiber

formation (Niskanen 1998).

In elementary fibrils, crystalline and amorphous

regions, having a different chain packing, can be found

(Fengel and Wegener 1984; Niskanen 1998). Chains

in crystalline regions are packed in crystalline struc-

tures and, therefore, they are impenetrable to water

and highly resistant to chemical agents. Conversely,

amorphous domains (ADs) show little or no chain

order. The AD regions behave as hydrophilic sites,

where water, as well as chemical agents, may interact

with single cellulose chains (Topgaard and Söderman

2001; Kulasinski et al. 2015); ADs are, therefore, more

prone to degradation (Stephens et al. 2008).

It has been recently proposed that water in cellulose

is arranged in two phases characterized by different

confining environments, both involving ADs (Conti

et al. 2014, 2017). A phase characterized by more

mobile water (phase-1) is assigned to ADs located in

elementary fibrils at fiber surfaces, while less mobile

water (phase-2) is confined in microfibril ADs located

at fiber cores (Müller et al. 2000; Schuster et al. 2003;

Zhao et al. 2007; Conti et al. 2017). This model

accounts well for experimental data, and it fully agrees

with the widespread phenomenological characteriza-

tion of water in cellulose structures reported in the

literature.

Most degradation mechanisms of cellulose ADs

take place in an acidic environment (Fengel and

Wegener 1984). The most important is, indeed, the

acid-catalyzed hydrolysis of the b-1,4-glycosidic
bonds of chains, which results in the decrease of the

degree of polymerization of cellulose and, macro-

scopically, in the dramatic decay of the mechanical

resistance of cellulose-based materials (Zervos and

Moropoulou 2005; Arroyo et al. 2017). Since several

materials involved in the manufacturing process of

cellulosic objects are acidic, or may develop acidic

compounds upon aging, cellulose-based artworks are

likely to experience an irreversible decay, or are

already in need of urgent maintenance (Dobrodskaya

et al. 2004; Strlič and Kolar 2005; Wouters 2008;

Yanjuan et al. 2013; Afsharpour and Hadadi 2014).

Deacidification treatments can be used to hinder the

acid-catalyzed degradation of cellulose-based artifacts

(Baty et al. 2010; Zervos and Alexopoulou 2015).

Calcium ormagnesium hydroxide nanoparticles stably

dispersed in poorly polar, or non-polar, solvents have

been recently proposed for the deacidification of

cellulose-based artworks. Alkaline nanoparticles have

been successfully applied on wood (Giorgi et al.

2005b; Poggi et al. 2016b), paper and canvas (Giorgi

et al. 2002, 2005a; Poggi et al. 2010, 2014, 2017), and

underwent extensive assessment with positive results

(Sequeira et al. 2006; Stefanis and Panayiotou

2007, 2008; Bastone et al. 2017). More recently,

alkaline nanoparticles have been used in association

with strengthening materials, to achieve the mechan-

ical stabilization of acidic artworks (Poggi et al.

2016a; Palladino et al. 2020; Xu et al. 2020). The

effectiveness of this method for the protection of

cellulose-based artworks from acidic degradation has

been demonstrated by pH and DP measurements,

colorimetric and thermal analyses. On the other hand,

to the best of our knowledge, the effects of alkaline

nanoparticles, and, more in general, of a deacidifica-

tion treatment on the cellulosic network arrangement

have never been studied.

To this end, untreated, acidic and deacidified

samples underwent a two-week aging at high temper-

ature and relative humidity, which is commonly used

to induce the depolymerization of cellulose. Since

acidification and artificial aging trigger various pro-

cesses that influence intra- and inter-chain interactions

(Kato and Cameron 1999; Zervos 2007), the arrange-

ment of cellulose might result rather modified. The

resulting modifications in samples may allow to

establish whether alkaline nanoparticles work as a

successful conservation method even from the stand-

point of cellulose arrangement.

The changes in cellulose arrangement are herein

indirectly investigated by NMR self-diffusion dynam-

ics of water trapped in the cellulose network and

related to the degree of polymerization of the inves-

tigated samples. This case can be embedded in the

general context of self-diffusion of water in a multi-
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phase system, which is effectively described by the

Kärger model (Kärger et al. 1988) that provides

information about confining sizes and net connectivity

when suitable NMRmeasurement procedures and data

processing are implemented (Conti et al. 2014).

Materials and methods

Sample preparation

Whatman filter paper (grade 5, 125-mm diameter)

composed of raw cotton fibers (minimum a-cellulose
content: 98%) was used for the preparation of the

samples. Acidic (A) samples were prepared by

immersion of filter paper disks in a H2SO4 solution

(pH = 2.5) for 240 s. Prior to measurements, samples

were left under ambient conditions for 2 weeks.

Untreated filter paper disks were used as a refer-

ence. Since capillarity and pore size can be altered by

immersion in water (Topgaard and Söderman 2001),

reference systems were immersed in distilled water for

240 s to prevent the effects from mere soaking (Conti

et al. 2014). These samples are labeled as R.

Deacidified samples, labeled as D, were prepared as

follows: filter paper disks underwent the same acid-

ification process as A samples; after 2 weeks, each

disk was treated with 3 ml of calcium hydroxide

nanoparticle dispersion in ethanol (1.5 g/L). Calcium

hydroxide nanoparticles, synthesized via a solvother-

mal process starting from metal calcium and ethanol,

are crystalline hexagonal platelets, having a thickness

of about 20–30 nm and an average diameter (obtained

by dynamic light scattering measurements) of about

200 nm (Poggi et al. 2014, 2016a). The nanoparticle

dispersion was applied on both disk sides using a

micropipette, pouring the liquid on the sample to

homogeneously wet the surface. Samples were then

left under ambient condition for 2 weeks.

To trigger the degradation of cellulose, samples

were artificially aged under strong hydrothermal

conditions. Samples were placed in a vessel together

with a sodium chloride saturated solution, which was

used to maintain the relative humidity at about 75%.

The vessel was then sealed and placed in an oven at

80 �C. Samples were aged for 2 weeks; 1-week aged

samples are labelled as R1, A1, D1, and 2-weeks aged

samples as R2, A2 and D2.

Sample characterization

pH and degree of polymerization (DP) measurements

To perform pH measurements, 125 mg of sample was

weighed, cut into small pieces (about 9 mm2), and

placed inside screw-top vials. 9 ml of distilled water

was added to each vial, immediately sealed to avoid

the solubilization of CO2 from air into the extracting

water. Vials were kept under stirring for one hour

before measuring the pH of the extraction using a

digital pH-meter (CrisonBasic 20, equipped with a

combined electrode, model 52-21). Three measure-

ments were performed on each sample. The associated

error is ± 0.2.

The degree of polymerization of cellulose in

samples was obtained by viscosimetric measurements

(UNI 8282 1994). Data are presented in terms of

scissions per initial cellulose chain (S�), calculated by

means of the following equation (Dupont and Mortha

2004; Calvini et al. 2008):

S� ¼ DPV0

DPVt

� 1 ð1Þ

where DPV0
is the degree of polymerization at time

zero, and DPVt
is the degree of polymerization at any

time t. An accurate calculation of the number of

scissions cannot be obtained from DPV due to the fact

that polydispersity cannot be assessed by viscosimet-

ric measurements. Nevertheless, in the present work,

the comparison of S� values calculated from DPV can

be considered fully acceptable, because the experi-

mental data refer to homologous series of samples.

The error associated to these measurements is ± 25.

PH and DPV values were monitored before, during

and after the aging, and are reported in Table 1.

Diffusion measurements

Measurements of the self-diffusion coefficient D have

been performed by means of a Bruker Avance

300 MHz spectrometer equipped with a gradient unit

that generates a maximum gradient intensity of about

1200 G/cm. A pulsed field gradient spin-echo (PFG-

STE) sequence was implemented (Callaghan 2011). In

this sequence, two encoding/refocusing magnetic-

field-gradient pulses G of d % 1.4 ms duration are

applied within three 90� hard radio-frequency (rf)

pulses. The first two rf pulses are separated by a time
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interval s0 % 2.0 ms, while the second field gradient

has a delay D, the diffusion time, with respect to the

first. A set of different D values was tested, up to a

maximum value of 60 ms. For each of the 20 gradient

steps used (with gradient intensity spanning the range

from zero to 1050 G/cm), 32 NMR scans were

performed to improve the signal-to-noise ratio. The

relaxation recycle delay was fixed at 3 s. Hydrated

paper samples were cut into strips of about

2.5 9 20 mm2, sealed in a plastic film to avoid

drying, and placed into the NMR tube. Measurements

were performed at 22.0 �C (± 0.1 �C).
Under the narrow gradient-pulse approximation

(Callaghan 2011), the echo amplitude E q;Dð Þ is

related to D through the relation:

E q;Dð Þ ffi E 0;Dð Þ exp �q2DD
� �

ð2Þ

where q ¼ cdG is the dynamic wave vector and c is the
gyromagnetic ratio.

To prevent relaxational effects from spoiling the

NMR signal, the safety conditions s0 � T2S and

D � T1S were established, where T2S and T1S are the

shortest transverse (T2) and longitudinal (T1) NMR

relaxation times found over the entire set of samples.

Before measurements, samples were kept at

22 ± 1 �C for 24 h in a 100% relative humidity

environment.

Results and discussion

The Kärger model well describes the molecular

diffusion-dependent NMR signal over two exchanging

domains or phases (Kärger et al. 1988). Specifically,

the model describes the PFG-STE signal as the sum of

two simple spin-echo signals E q;Dð Þ (see Eq. (2)),

provided that the average residence times of molecules

in their own domains are significantly larger than the

diffusion time D (Conti et al. 2017). Figure 1 reports

the fast and slow components of the PFG-STE

diffusion coefficients measured in R, A and D samples

before the artificial aging.

Figure 1 shows the presence of a clear dispersion

on both diffusion components, which is a mark of

restricted-diffusion dynamics. It is worth noting that

the phase-2 component shows little variability, being

related to less mobile water confined in microfibril

ADs located at fiber cores (Müller et al. 2000; Schuster

et al. 2003; Zhao et al. 2007; Conti et al. 2017), and

therefore it will not be further taken into account. On

the other hand, the phase-1 component is well fitted by

the function D Dð Þ ¼ D 0ð Þexp �D=sð Þ þ D 1ð Þ. As

can be seen in Fig. 1, the diffusion coefficient at high

diffusion times is not close to zero, i.e., D(?) = 0,

which confirms that the cellulose network of ADs at

fiber surfaces behaves as an interconnected pore

network (Callaghan 2011). However, the use of the

mean square displacement (MSD) has been recently

proven convenient to gather more information about

the diffusion (Conti et al. 2017). MSD can be

Table 1 DPV , S
�, pH, apparent diffusion coefficient (D1), confining size (d1) and relative tortuosity (T) of the analyzed paper

samples

Sample name DPV S� pH D1 [10
-10 m2/s] d1 [lm] T

R 920 – 6.7 0.12 2.5 –

R1 683 0.35 ± 0.02 6.9 0.10 2.2 –

R2 555 0.66 ± 0.05 6.9 0.08 2 –

A 551 0.67 ± 0.05 4.8 0.21 3 0.6

A1 349 1.64 ± 0.16 5.4 0.08 2.2 0.6

A2 345 1.67 ± 0.17 5.3 0.06 1.8 0.9

D 537 0.71 ± 0.05 9.7 0.12 2.3 0.5

D1 496 0.85 ± 0.07 9.2 0.12 2.2 0.3

D2 504 0.82 ± 0.06 8.9 0.08 2 0.9

The errors related to DPV and pH are ± 25 and ± 0.2 respectively, those of D1 and d1 are indicated in the corresponding graphs, and

the error related to T is within 10%
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expressed through the general relation r2 ¼ 6DaD
a,

where Da is either the ordinary self-diffusion (a = 1)

or the anomalous self-diffusion coefficient (a = 1)

(Kimmich 1997). In the latter case, Da is measured in

m2/sa. In other terms, the trend of MSD vs. D allows to

assess whether the diffusion is anomalous or Fickian,

to estimate the correct apparent diffusion coefficient,

and also to retrieve direct information on the confine-

ment scale of water at diffusion times close to zero,

i.e., D? 0 (Conti et al. 2017). When MSDs are used,

the PFG-STE signal related to two phases in the

framework of the Kärger model is still a sum of two

simple spin-echo signals:

E q;Dð Þ
E 0;Dð Þ ¼ p1exp � 1

6
q2r2 Dð Þ1

� �

þ p2exp � 1

6
q2r2 Dð Þ2

� �
ð3Þ

where p1 and p2 (p1 ? p2 = 1) are the water-popula-

tion fractions of phase-1 and phase-2, respectively.

The MSDs of phase-1 as a function of increasing

diffusion times in the investigated samples are

reported in Fig. 2.

The MSD data reported in Fig. 2 were well fitted by

the function r2 Dð Þ1¼ 6D1Dþ c1; therefore, a Fickian

diffusion has been assumed over the investigated

diffusion-time interval. The apparent diffusion coef-

ficients D1, obtained from data shown in Fig. 2, are

reported in Fig. 3 and in Table 1.

In addition to that, using the coefficient c1 obtained

by the above reported fit, the size of the confining

environment of water in the limit D? 0 (d1) was

calculated with the following equation:

d1 ¼
ffiffiffiffiffi
c1

p ð4Þ

After the acidification treatment, the apparent diffu-

sion coefficient (D1) and the confining size (d1) of

sample A are higher than those of the reference

system R (see Figs. 3, 4 and Table 1). This can be

ascribed to the fact that acids break cellulose chains

in ADs, leading to changes in the conformation and

density of the structure (Calvini 2005; Calvini et al.

2008; Stephens et al. 2008). The acidification

treatment performed on the samples results in a

S*, that is the number of scissions per initial

cellulose chain, of about 0.7, confirming that the

hydrolysis of glycosidic bonds took place upon

acidification. Hydrolysis results in the opening of

the structure, with a significant increase in the pore

sizes of ADs located in elementary fibrils at fiber

surfaces, which are accessible to acids, as already

Fig. 1 The phase-1 (black circles) and phase-2 (blue squares)

diffusion coefficients as a function of diffusion time D for

unaged samples (top: R; middle: A; bottom: D). Artificially aged

systems show a similar behavior (data not shown)
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shown elsewhere (Conti et al. 2014, 2017). The

increase in D1 and d1 following the acidification can

also promote the penetration of pollutants inside

paper, which may result in new degradation mech-

anisms, or enhance the acidification process itself

(Menart et al. 2011, 2014).

Interestingly, the neutralization of acids, due to the

application of calcium hydroxide nanoparticles, leads

to a significant decrease of the apparent diffusion

coefficient (D1) and confining size for water (d1), as

clearly shown in Figs. 3, 4. The neutralization of

sulfuric acid probably favors a rearrangement of the

smaller fragment of cellulose fibers (Conti et al. 2014).

The rearrangement can also be ascribed to the

presence of calcium ions: acidity is often intercon-

nected with oxidation in promoting degradation of

cellulose (Calvini et al. 2008; Baty et al. 2010). As a

result of the oxidation, hydroxyl groups can be

oxidized to carboxyl moieties, which are weakly

Fig. 2 The MSDs of phase-1 of the investigated samples, at

different diffusion times D (top: R series; middle: A series;

bottom: D series)

Fig. 3 The apparent diffusion coefficients (D1) of the investi-

gated samples

Fig. 4 The confining size for water (d1) of the investigated

samples
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acidic. Divalent calcium ions can interact with these

groups, which can be located on the same chain or on

different cellulose chains, favoring a rearrangement in

the cellulosic network (Bukovský 2000; Baglioni et al.

2012; Poggi et al. 2014). The overall effect is a more

tightly packed network, as confirmed by the changes in

D1 and d1.

In other terms, even if the DP of the deacidified

sample is similar to that of the acidic sample, the

rearrangement following a deacidification treatment

triggers a conformation of the cellulose network that is

similar to that of the reference system. It has been

already demonstrated that alkaline nanoparticles have

a fundamental role in hampering the depolymerization

of cellulose, because of the neutralization of acidity

(Giorgi et al. 2002; Poggi et al. 2010, 2014; Bastone

et al. 2017; Poggi et al. 2017). Here, NMR self-

diffusion measurements are showing that nanoparti-

cles create a tightly packed arrangement even in

strongly depolymerized systems, potentially prevent-

ing the penetration of pollutants from the outside, and

granting a better resistance of the treated paper to

further aging. In other terms, the beneficial effects of a

deacidification treatment are evident even from the

standpoint of cellulose arrangement.

Further support to this scenario is offered by the

analysis of the tortuosity parameter T. In simple terms,

tortuosity is the ratio between the length of a curved

path connecting two points and the corresponding

straight line between the same two points; therefore,

by definition, T C 1. Even though several models have

been developed (Matyka et al. 2008), a general

relation between porosity and tortuosity does not

exist, apart from a qualitative reduction in tortuosity

when porosity increases. Using diffusion coefficients,

tortuosity can be expresses by the relation (Callaghan

2011):

1

T
¼ D1

D0

ð5Þ

where D0 is the diffusion coefficient for D? 0. In our

case,D0 is experimentally unattainable, and a possible

reliable approximation consists in exploiting the

diffusion coefficient at the shortest D (D = 10 ms).

Under this approximation, the changes in tortuosity

with respect to untreated samples, i.e., the relative

tortuosity values, have been calculated (see Table 1

and Fig. 5).

The relative tortuosities of D and A samples are

very similar to each other and are both lower than one.

This is probably due to the significant decrease in the

degree of polymerization triggered by the acidification

process, which makes the obtained network more

interconnected. However, even though it looks like the

D sample has a porosity comparable to that of the A

homologue, the d1 and D1 data clearly show that the

cellulose network in the D sample retains narrower

meshes than the A sample. Because the deacidification

process cannot create new glycosidic bonds, the

difference among the samples can be only ascribed

to a rearrangement in the cellulosic network due to a

change in its interconnectivity configuration. Once

again, NMR self-diffusion dynamics of water confirms

that the deacidification treatment with alkaline

nanoparticles re-establishes the pristine network con-

figuration even after a strong acidifying bath, which

triggers a pronounced depolymerization of cellulose.

One week of artificial aging under strong conditions

promoted further degradation in the polymeric net-

work. As a result, sample A1 displays a significant

decrease in the apparent diffusion coefficient (D1) and

confining size for water (d1). The environmental

conditions of the artificial aging, i.e., high temperature

and relative humidity, promote the mobility of cellu-

lose fragments and the cleavage of cellulose chains at

random sites, which allows for a more compact

arrangement of the fragmented cellulose molecules

(Zervos 2007). Further depolymerization of cellulose

following artificial aging is confirmed by S* values,

which increase from 0.7 to 1.6, as reported in Table 1.

Fig. 5 Relative tortuosity (T) of the investigated samples
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Sample D1 shows an apparent diffusion coefficient

higher than those of A1 and R1, even though to a

different extent; conversely, water confining sizes

remain similar. This is likely due to the significant

slowing down of the hydrothermal aging caused by the

buffering action of nanoparticles. In fact, less frag-

ments of cellulose, which are those capable of

undergoing rearrangement, are available when hydrol-

ysis is hindered. Therefore, no or slight changes in D1

and d1 occur in the deacidified sample. These data are

corroborated by the S* values reported in Table 1.

Overall, the positive effect of the deacidification

treatment on cellulose arrangement is retained even

after one week of artificial aging.

After 2 weeks, the parameters characterizing the

deacidified samples become very similar to those

associated to the reference and acidic samples

(Figs. 3, 4, respectively). This suggests that, for what

concerns the self-diffusion dynamics of water, a

common state is reached in cellulose arrangement,

and this state is achieved independently of the sample

treatment history. However, after the second week of

aging, the DP of R2 significantly decreases, while

neither A2 nor D2 shows significant changes in S* (see

Table 1). It has been shown that there is a relation

between hydrothermal aging mechanisms, such as

chain scission and crosslinking, and hornification,

which causes structural changes in cellulose due to

irreversible intra-fiber hydrogen bonding (Kato and

Cameron 1999). It is worth noting that, except for

chain cleavage, none of the remaining mechanisms

affects the DP of cellulose. We can therefore conclude

that, after 2 weeks at high temperature and relative

humidity, the mechanisms that do not affect the DP,

such as irreversible intra-fiber hydrogen bonding, are

more effective in changing the texture of cellulose

fibers than those concerning chain scission, especially

for samples A and D, which underwent a strong

acidification treatment before aging. Nevertheless,

alkaline nanoparticles are proven fundamental in

hampering the degradation of acidic paper, as shown

by the significantly lower S* values obtained for D2

sample with respect to A2 sample (see Table 1).

Relative tortuosities after 1 and 2 weeks of artifi-

cial aging are reported in Table 1 and Fig. 5. D1

shows a lower tortuosity than A1, which is consistent

with the corresponding apparent diffusion coefficients

reported in Fig. 3. The protection from aging due to

the presence of alkaline nanoparticles makes D1

sample more similar to A than to A1. It is worth

noting that, after one week of aging, T values are

significantly lower than 1. This confirms that, for

short-term aging, depolymerization is still the domi-

nant factor in driving cellulose network configuration.

At longer aging times, as indicated above, a common

state is reached, independently of the sample treatment

history, likely due to the prominence of hornification

over depolymerization.

Conclusions

The changes in the cellulosic network following an

acidification bath and a consequent deacidification

treatment have been indirectly investigated by NMR

self-diffusion dynamics of water, and related to

changes in the degree of polymerization in response

to artificial aging.

The acidification treatment results in the opening of

the structure, with a significant increase in pore sizes

of ADs located in elementary fibrils at fiber surfaces.

This may promote the penetration of air pollutants,

with possible detrimental effect to paper conservation.

The neutralization of acids due to alkaline nanopar-

ticles leads to a rearrangement of cellulose fibers into a

more tightly packed conformation, resembling the

cellulosic network of the reference system.

After 1 week of aging, the acidic sample displays a

more compact arrangement of the fragmented mole-

cules, due to a further cellulose depolymerization, as

confirmed by DP measurements. Correspondingly, the

hampering of the hydrothermal aging due to nanopar-

ticles results in an apparent diffusion coefficient

higher than those of A1 and R1, confirming the

beneficial effect of the applied deacidification treat-

ment even upon aging.

After 2 weeks, a competition between hydrother-

mal aging mechanisms, such as chain scission and

crosslinking, and hornification, which causes irre-

versible intra-fiber hydrogen bonding, probably occurs

in the investigated systems. For samples A and D,

which underwent a strong acidification treatment

before aging, irreversible hydrogen bonding has a

more pronounced effect on the texture of cellulose

fibers than chain scission, leading to a decrease in the

water diffusive parameters without significant changes

in DP. However, the DP of the deacidified sample is

close to that of the reference system, further
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corroborating the idea that calcium hydroxide

nanoparticles are an effective tool to hamper the

degradation of cellulose induced by acids and aging

under strong environmental conditions, even from the

point of view of cellulose network arrangement.
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