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A Reply to ‘A Note of Caution on the Use of Calcium Nanoparticle

Dispersions as Deacidifying Agents’

Piero Baglioni ©©, David Chelazzi

, Rodorico Giorgi

and Giovanna Poggi

Department of Chemistry “Ugo Schiff” and CSGlI, University of Florence, Florence, Italy

ABSTRACT

The application of Ca(OH), nanoparticles dispersed in short chain alcohols to adjust the pH of
acidic cellulosic substrates (paper, canvas, and wood) has been introduced and largely assessed
in conservation practice, and commercial products are available on the market. Recently, some
concerns about this methodology were expressed in a technical note (‘A Note of Caution on
the Use of Calcium Nanoparticle Dispersions as Deacidifying Agents’ by Cremonesi (2023)).
The main criticism is that carbonation of the hydroxide particles into calcium carbonate
could be too slow, and the Ca(OH), remaining on the fibers might cause structural damage
to cellulose by producing high alkalinity in situ, when water absorbed by the alcohol
dispersion or by the cellulose-based support causes dissociation in the nanoparticles.
However, in Cremonesi’s note, no accurate description of the application method was given,
and some fundamental information already present in the literature was overlooked. Here,
we give a rebuttal of Cremonesi’'s conclusions, providing: (1) further evidence that the
correct application of the particles’ dispersions results in carbonation and in neutral pH
values in a few days; and (2) an up-to-date literature survey, in which the Ca(OH),
nanoparticles’ carbonation kinetics is studied in detail, and potential structural damage to
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cellulosic materials in an alkaline environment is evaluated and ruled out.

Introduction

Deacidification, or pH adjustment, is one of the major
measures taken in the remedial conservation of
paper artifacts in archives, collections, museums, and
libraries (Baty et al. 2010; Horst et al. 2020; Zervos
and Alexopoulou 2015); in addition, specific and
advanced methodologies, including nanotechno-
logies, have been proposed over the years for cellulo-
sic substrates (Amornkitbamrung et al. 2020; Giorgi
et al. 2002; Giorgi et al. 2002; Giorgi et al. 2009;
Giorgi, Bozzi, et al. 2005; Lunjakorn et al. 2018; Palla-
dino et al. 2020; Poggi et al. 2010; Xu et al. 2020)
(paper, canvas, wood) and for collagen-based objects
(Baglioni et al. 2016; Bartoletti, Odlyha, and Bozec
2022) (parchment, leather). In the last decades, both
aqueous and non-aqueous deacidification methods
have been adopted in conservation practice and
reviewed in the literature, including the use of micro-
and nanoparticles (e.g. oxides or hydroxides of alkaline
earth metals) dispersed in organic solvents, which are
available on the market and are currently employed
in mass treatments or in the restoration of single
items (Baty et al. 2010; Zumbihl and Wuelfert 2001;
Buchanan et al. 2022). In principle, because artifacts
and their components (inks, dyes, etc.) can in some
cases exhibit fragility or sensitivity to some chemicals,
solvents and specific application procedures, it is

fundamental to provide protocols to guide end-users
as much as possible in the utilization of advanced
and functional materials, such as those formulated in
the framework of colloids and material science.
Recently, our attention was caught by a technical
note in Studies in Conservation, ‘A Note of Caution on
the Use of Calcium Nanoparticle Dispersions as Deaci-
difying Agents’, by Cremonesi (2023), in which some
conclusions and recommendations were provided
that highlight a potential risk associated with the use
of calcium hydroxide nano-dispersions (Giorgi, Che-
lazzi, and Baglioni 2005; Poggi et al. 2014; Poggi, Toc-
cafondi, et al. 2016) for the deacidification of
cellulosic supports. In particular the note refers to the
formulations commercially available under the name
Nanorestore Paper®, which comprises Ca(OH), nano-
particles dispersed either in ethanol or 2-propanol,
with concentrations of 3 or 5 g/L. The note expresses
one main concern: that, after treatment, the transform-
ation of Ca(OH), nanoparticles into the milder alkali
CaCOs by reaction with atmospheric CO, (carbonation
reaction) might take too long (weeks or even months),
resulting in the prolonged presence of calcium hydrox-
ide on the cellulosic fibers. This, as advised in the note,
would potentially expose cellulosic materials to struc-
tural damage owing to the highly alkaline aqueous
environment formed in situ when water absorbed by
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the alcohol dispersion or by the cellulose-based
support causes hydroxide dissociation in the Ca(OH),
nanoparticles. However, after carefully examining the
article, we found that the criticisms and caution
notes therein contained are based on incorrect pro-
cedures and overlook some fundamental information
contained in the literature on these topics, thus
leading to wrong assumptions. In particular, we
found that two aspects make the note inaccurate
and misleading. First, no detailed description is given
as of how the nanoparticles’ dispersions were applied
onto the samples, e.g. in terms of quantity or appli-
cation procedure, simply stating that ‘The application
was done following the recommendations of the
Nanorestore™ technical data sheet’; we will demon-
strate here that following the product’s technical
data sheet requires much shorter carbonation times
than those included in the note. Second, Cremonesi
only presents part of the literature on the topics of
the effects of alkalinity on the cellulose fibers, and of
the carbonation mechanism of calcium hydroxide
nanoparticles, overlooking significant contributions
of carbonation kinetic studies, or reports that evalu-
ated and excluded potential damage induced on cellu-
lose by an alkaline environment.

As the original developers of Nanorestore Paper®
formulations, and based on our past and current
understanding of these systems, we are thus providing
here a rebuttal of the conclusions contained in Cre-
monesi’'s technical note (2023), bringing further evi-
dence on the systems, and an up-to-date survey of
the scientific literature on the effect of an alkaline
environment on paper permanence.

Materials and methods
Materials

Two types of cellulose-based paper have been selected
for the present study: (1) filter paper (qualitative grade
from cotton linters, paper grammage 75 g/m?, Munk-
tell, pH 6.5), representative of a system that does not
need to be deacidified, but only protected with the
deposition of a buffer. This sample is labeled as FT;
(2) acidic paper (paper grammage 90 g/cmz, pH 4.5).
This paper is composed of 70% hardwood bleached
pulp, 30% softwood bleached pulp, and 20% pulp-
filling agent kaolin OT80. Acidity is due to the presence
of an acidic resinous sizing (Sacocell 309 aluminum sul-
phate). This sample, labeled as AP, is representative of
acidic paper, in need of a deacidification treatment.

Application of Ca(OH), nanoparticles

FT mockups (about 80 cm?) were treated with a total
amount of 0.33 mL of calcium hydroxide nanoparticles
dispersion in ethanol at a concentration of 3 g/L; AP

mockups (about 80 cm?) were treated with a total
amount of 3 mL of calcium hydroxide nanoparticles
dispersion in ethanol at a concentration of 3 g/L. The
dispersion was sprayed on both sides of samples
using an airbrush (nozzle diameter 0.3 mm), connected
to a compressor, set at 1 bar. During the application,
the distance between the sample (mounted on a verti-
cal support) and the airbrush was about 15 cm. For AP
multiple applications (250 yL each per side) were
carried out until the chosen amount of dispersion
was delivered. Between each application, the sample
was let dry under the hood for a few minutes at 23°C
and 50% RH. Samples were then placed in sealed con-
tainers and kept at 50% or at 75% RH for two weeks at
23°C, to allow the full conversion of calcium hydroxide
excess into carbonate. The application protocol and
the AP samples are representative of practical appli-
cations in paper conservation, while filter paper was
here considered because it is commonly used as a
reference material.

pH measurements

The pH of paper was measured using the following
protocol: 70 mg of sample was weighed, cut in small
pieces, and placed inside screw top vials. 5 mL of dis-
tilled water was added inside each vial, subsequently
sealed to avoid the solubilization of CO, from air into
water. Vials were kept under stirring for one hour
before measuring the pH of the extraction by using a
digital pH-meter (CrisonBasic 20, equipped with a com-
bined electrode, model 52-21). The error associated to
pH measurements on these samples is +0.2. Although
it is a destructive technique, we selected this method-
ology since it is significantly more accurate than pH
indicators, such as phenophtalein or indicator paper.

Colorimetric measurements

A X-RITE SP60 VIS portable spectrophotometer, with an
integrating sphere having a circular sampling spot
(diameter = 1.5 cm) was used to analyze the samples
before and after deacidification. Colorimetric coordi-
nates were obtained using standard illuminant D65
and a standard observer at 10° (CIE 1964). The color
difference between samples can be expressed in
terms of the AE* parameter, calculated from the colori-
metric coordinates L* a* and b* following the
CIEDE2000 definition (Sharma, Wu, and Dalal 2005).
The experimental error on AE* is about + 0.75.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra in ATR (attenuated total reflection) mode
were carried out on the paper samples, before and
after treatment with the Ca(OH), nanoparticles.
Measurements were taken exactly on the same spot
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for each sample with a Cary 620-670 FTIR microscope
(Agilent Technologies), using a single element MCT
detector and an ATR slide with a Ge crystal mounted
on the 15x Cassegrain objective; 128 scans were
acquired for each spectrum in the 3900-650 cm™'
spectral range using an open aperture and a spectral
resolution of 4 cm™.

Results and discussion
Experimental results

The first fundamental point in our rebuttal of the con-
clusions contained in Cremonesi’s technical note is
that no accurate description was given as of how the
nanoparticles’ dispersions were applied onto the
paper samples, simply stating that ‘the application
was done following the recommendations of the
Nanorestore™ technical data sheet’ (Cremonesi
2023). The product technical data sheet is based on
published literature that describes the quantity of
product applied, and the application procedure
(Baglioni, Chelazzi, and Giorgi 2015) used for selected
case studies. It is important to note that the calculation
of the precise amount of nanoparticles needed to dea-
cidify a substrate is not feasible in many practical cases,
because several parameters, including starting pH,
paper grammage, substrate porosity and the applicat-
ive procedure (i.e. immersion, spraying, dropping)
should be considered. This accounts for variability in
amounts applied in the literature. Nevertheless, the
Nanorestore Paper® technical sheet (Nanorestore
Paper Technical Data Sheet 2016) suggests the follow-
ing quantities for the sole neutralization of acidity in
paper samples: 1L of dispersion at 3 g/L can be used
for the neutralization of 24 m? having a starting pH
of 5 and a grammage of 80 g/m? 1L of dispersion at
3g/L can be used for the neutralization of 16 m?
having a starting pH of 4 and a grammage of 100 g/
m?2. In addition, if the formation of an alkaline reserve
is desired, higher amounts of dispersions (2-3 times
the initial application) should be applied after neutral-
ization, as reported in the technical sheet.

Using these indications as guidelines, we treated
here two different types of paper (FT and AP) as
detailed in the Materials and Methods section, which
were then let dry and rest in containers at 23C and
50% or 75% RH. The first RH value was selected as
representative of dry, controlled, environments; the
second RH value was chosen to reproduce the
70-80% RH reported in Cremonesi’s note for this
application. The Nanorestore Paper® technical sheet
(Nanorestore Paper Technical Data Sheet) specifies
that ‘after the application of Nanorestore Paper® disper-
sions, it is advisable to keep treated artifacts at about
60% RH and room temperature for 10-15 days, in
order to favor the conversion of calcium hydroxide to

carbonate’. It is worth noting that RH can be controlled
using either saturated salt solutions (Young 1967) or
water/glycerol solutions (Forney and Brandl 1992),
which can be easily used in small laboratories or con-
servation ateliers. Colorimetric coordinates were
acquired before and after treatment, to check for
changes in the visual aspect of the samples. In addition,
after 14 days, the pH of samples was measured. Finally,
we studied the surface of the treated paper samples
with ATR-FTIR after 7 and 14 days.

The experimental evidence we collected is as
follows: (1) no changes have been detected on the col-
orimetric coordinates of the samples, i.e. the measured
AE* were lower than 1, which is close to the exper-
imental error (£ 0.75) and is significantly below the
difference that can be perceived by the naked eye
(Witzel, Burnham, and Onley 1973). (2) After 14 days,
all samples display a pH around 6.5, independently
from the RH of the climate chamber used. (3) In agree-
ment with the pH measurements, the diagnostic IR
peak of Ca(OH), (-OH stretching band at 3650 cm™")
disappeared completely after one week for FT
samples (Figure 1(AB)) and two weeks for AP
samples (Figure 1(C,D)). This indicates that the Ca
(OH), content is below the FTIR-ATR detection limit.
It must be noticed that in the same IR region, AP
samples display two signals that are due to kaolinite,
i.e. the paper’s filler, at 3695 cm™" (stretching of -OH
groups reside at the octahedral surface) and
3620 cm™' (stretching of inner -OH groups lying
between the tetrahedral and octahedral sheets)
(Madejova 2003; Tironi et al. 2012). Therefore, a
dashed line indicating the Ca(OH), peak in the AP
spectra was added in the inset of Figure 1(C,D).

In some cases, the spectra of the treated samples
show a weak absorption near 1600 cm™!, ascribable
to the salification of carboxyl groups in cellulose
(Smith 2018; Zhbankov 1995), which were present in
the pristine samples as evidenced by weak absorptions
in the 1730-1700 cm™' spectral range.

Overall, the dramatic reduction in hydroxyls’
absorptions indicate that, when the particles are
applied following the published guidelines and data
sheets, carbonation takes place completely in the
reported time span. Any possible hydroxide residue
below the FTIR-ATR detection limit did not produce
alkaline pH values on the treated paper, as confirmed
by the pH measurements. This evidence has even
more statistical relevance since much larger portions
of papers are probed in the pH measurements than
in the ATR spot size/volume.

This direct evidence was expected as the safe
application and conservation efficacy of the Ca(OH),
nanoparticles on different types of substrates (paper,
canvas, wood) is well known in the literature spanning
over two decades (Baglioni et al. 2013; Chelazzi, Giorgi,
and Baglioni 2006; Giorgi, Chelazzi, and Baglioni 2005;
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Figure 1. ATR-FTIR spectra of FT before and after one week and two weeks at 50% RH (A) or 75% RH (B). ATR-FTIR spectra of AP
before and after one week and two weeks at 50% RH (C) or 75% RH (D). In the insets, the IR region around the diagnostic peak of
Ca(OH), is shown. In (C) and (D), a dashed line was added to highlight the peak due to calcium hydroxide which is close to those of
kaolinite at 3695 and 3620 cm™". The heterogeneity of samples is reasonably responsible for small changes in the peak intensity of
calcium hydroxide and kaolinite of samples of the same series. Spectra are arbitrarily offset, for sake of clarity.

Nourinaeini et al. 2020; Poggi et al. 2014; Poggi et al.
2016; Poggi et al. 2016; Poggi et al. 2017; Poggi et al.
2020; Poggi, Baglioni, and Giorgi 2011).

As the developers of these formulations, we exten-
sively assessed the systems in several case studies, dis-
cussing and publishing fundamental physico-chemical
aspects (e.g. kinetics of calcium carbonate formation
by the calcium hydroxide nanoparticles reacting with
atmospheric CO, (Camerini et al. 2019) as well as prac-
tical applications (use of the formulations on paper,
canvas, and other artistic/historical substrates). In
these studies we showed that the systems are safe
and beneficial in paper pH-adjustment as they increase
paper permanence without affecting the degree of
polymerization of cellulose (Nourinaeini et al. 2020;
Poggi et al. 2014; Poggi et al. 2017; Poggi et al. 2020;
Poggi, Baglioni, and Giorgi 2011), e.g. the cellulose
DP of acidic paper remained the same before (551 +
25) and after treatment (DP 537 + 25), prior to artificial
aging (Nourinaeini et al. 2020; Poggi et al. 2020).

Literature survey on carbonation kinetics

Regarding the carbonation kinetics, Rodriguez-
Navarro, Elert, and Sevcik (2016) monitored the

formation of amorphous and crystalline calcium car-
bonate from commercial Ca(OH), nanoparticles
(Calosil®). The process kinetics were fitted to a solid-
state deceleratory kinetic model that had been pre-
viously reviewed by Khawam and Flanagan (2006).
Afterwards, we investigated the behavior of different
formulations of nanoparticles (Camerini et al. 2019),
adopting the mathematical ‘Boundary Nucleation
and Growth” model (BNGM) originally developed by
Cahn (1956) and further implemented by Thomas
(2007) to describe the hydration of tricalcium silicate.
Namely, we used the BNGM to study the influence of
the liquid medium (ethanol, 2-propanol) and particles’
specific surface area on the carbonation kinetics and
activation energies. The quantity of particles deposited
per unit area in the kinetic study (Camerini et al. 2019)
was 1-2 orders of magnitude higher than what is rec-
ommended in the protocols and technical sheet for the
neutralization of paper, thus it represents a pessimistic
scenario with respect to the applications reported in
the present contribution, which follows the paper pro-
tocols. In the carbonation kinetic study, the particles
were let react with atmospheric CO, (450 ppm) at
75% RH and different temperatures (14°C, 22°C, and
30°C), following quantitatively the transformation of
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Ca(OH), into CaCOs5 via FTIR. The results showed that
complete transformation of Ca(OH), into CaCOs at
22°C took place within 4-8 h from application for all
the nanoparticles with size of 50-250 nm (hexagonal
platelets) and specific surface area of 36-38 m’g™"',
which are representative of the Nanorestore Paper®
products for paper deacidification and of Calosil®
(Camerini et al. 2019). In the case of larger particles
(300-500 nm, with few micron-sized aggregates) with
surface area of 20 m?g™", the time required for full car-
bonation at room T and 75% RH was ca. 20 h. The pres-
ence of different substrates and different mobility of
the chemical species involved in the carbonation
process likely explain the different carbonation rates.
The carbonation process is even faster for increasing
RH values, even though the stable presence of bulk
water in contact with the particles’ surface can inhibit
the reaction since water is one of the products. The evi-
dence of slow carbonation of lime in murals, brought
on by Cremonesi (2023), cannot be compared to the
application (and carbonation) of microfilms of Ca
(OH), nanoparticles on the surface of paper. Such a
simple, direct comparison overlooks fundamental con-
cepts of surface chemistry and physics, e.g. different
specific surface area of the lime grains and nanoparti-
cles, different accessibility of CO, to the boundaries of
lime grains in murals and particles in surface microfilms,
and different surface concentration of lime grains in
murals and particles on the surface of paper.

Literature survey on the effect of alkalinity on
paper permanence

One of the main concerns reported in Cremonesi’s article
is that an alkaline environment after a deacidification
treatment could be detrimental for paper and/or
canvas (Cremonesi 2023). When the particles are
applied following the Nanorestore Paper® technical
sheet (Nanorestore Paper Technical Data Sheet 2016),
a pH of about 7-8 should be measured. As reported in
the technical sheet (Nanorestore Paper Technical Data
Sheet 2016), ‘A deacidification treatment is needed
when the measured pH is lower than 5.5, In any case,
fundamental studies, such as those by Ahn et al.
clearly demonstrate that deacidification treatments of
real paper samples produce beneficial effects that out-
weigh any possible damage coming from the deposited
alkaline reserve (Ahn et al. 2012; Ahn, Rosenau, and Pot-
thast 2013). In detail, GPC analysis and determination of
carbonyl functionalities were performed on samples fol-
lowing treatment with different deacidification methods
and aging. Surface pH values as high as 9.3 were reached
upon deacidification. The main concern was on the
possibility of $-alkoxy elimination taking place when oxi-
dized paper, such as old manuscripts, is put in contact
with chemicals at high pH values. This reaction starts
with the attack by an alkali to a hydrogen atom in

position a with respect to a carbonyl group and leads
to the elimination of the whole group in position p. In
principle, at pH higher than 10, an isomerization of the
reducing end in cellulose chains results in the migration
of the carbonyl group, and B-alkoxy elimination can thus
cause random cleavage of the cellulose chain, leading to
macroscopic degradation. In practice, however, Ahn
et al. established that the risk of chain scission by (3-elim-
ination in naturally oxidized cellulose as a consequence
of deacidification is not significant, owing to the charac-
teristic distribution of carbonyl groups in cellulose in
naturally-aged papers (Ahn et al. 2012; Ahn, Rosenau,
and Potthast 2013). Following further detailed chemical
analysis, the authors concluded that, although some
indication of B-elimination was found on the alkali-
treated paper items, the reaction did not occur to an
extent that significantly influenced the molar mass of
cellulose (Ahn et al. 2012; Ahn, Rosenau, and Potthast
2013). The authors thus evaluated that the beneficial
effect of alkali reserve, i.e. decreasing the rate of acid-cat-
alyzed hydrolytic degradation in acidic paper, clearly
outweighed possible negative alkalinity effects due to
the deposited alkaline reserve (Ahn et al. 2012; Ahn,
Rosenau, and Potthast 2013). This evidence provided
by independent experts is in line with our conclusions
based on viscosimetric DP measurements carried out
on deacidified paper samples, even subjected to
strong aging conditions (Nourinaeini et al. 2020; Poggi
et al. 2014; Poggi et al. 2017; Poggi et al. 2020; Poggi,
Baglioni, and Giorgi 2011). Such experimental proof
was completely overlooked in Cremonesi’s note.

For what concerns paper additives and media, such
as inks and dyes, their sensitiveness to the alkalis and
solvents used for deacidification must be carefully
checked before carrying out the treatment. As indi-
cated in the Nanorestore Paper® technical sheet
(Nanorestore Paper Technical Data Sheet 2016),
‘Before the application of Nanorestore Paper® disper-
sions, the compatibility between the artifacts and the
system should be checked.’

Thus, considering the additional evidence provided
here about the conversion of Ca(OH), nanoparticles
and the up-to-date survey of the scientific literature
on the effect of an alkaline environment on paper
permanence, we firmly rebut the conclusions of
Cremonesi’'s technical note (2023).

Conclusions

We demonstrated that, following the recommen-
dations reported in published protocols and the
technical data sheet, the application of Nanorestore
Paper® results in the carbonation of calcium hydroxide
nanoparticles and a pH close to neutrality within two
weeks at room temperature and RH of 50% or 75%.
No colorimetric alterations occurred to the treated
paper samples. In addition, we provided an up-to-
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date literature survey, comprising the work of different
research groups, showing that an alkaline environ-
ment, even when pH is around 9, produces beneficial
effects on paper artifacts that outweigh any possible
chemical damage from alkalinity. Therefore, we con-
clude that Cremonesi’s note is based on a limited
knowledge of the systems under criticism, and we
firmly rebut the conclusions therein reported.
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