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most efficient in speeding up the hydrolysis and poly-
condensation of 3-aminopropylmethyldiethoxysilane 
(AM) monomer in aqueous solutions. The progress of 
the two-steps reaction in terms of degree of polym-
erization of AAAS polymers was then studied in-situ 
after heating the paper, using Cross Polarization—
Magic Angle Spinning 29Si solid-state NMR, and was 
shown to be enhanced as well. The other optimiza-
tion route explored was to stabilize the paper before 
treatment. Our previous research had shown that the 
presence of oxidized groups in paper hampered the 
strengthening. Sodium borohydride, a known bleach-
ing agent in paper conservation, was used prior to 
the AAASs treatment to decrease the amount of car-
bonyls in paper. The reduction and the thermal step 
were compared in terms of the mechanical properties 
(folding endurance and tensile strength) upon AAASs 
treatment of several lignocellulosic papers, including 
three newsprints dated 1911–1923. The use of sodium 
borohydride led to a significant improvement of the 
folding endurance of the samples, an unprecedented 
result. It enabled at the same time to counteract the 
yellowing induced by the AAAS and to build a larger 
alkaline reserve.

Keywords  Conservation · Mechanical properties · 
Catalysis · Sodium borohydride · Bleaching

Abstract  Aminoalkylalkoxysilane copolymers 
(co-AAAS) have the ability to simultaneously dea-
cidify and strengthen paper documents. Nevertheless, 
despite enhancing the tensile strength, they generally 
fail to improve the folding endurance of the degraded 
groundwood pulp-rich papers. Focusing on that spe-
cific type of papers, several ways to overcome their 
lack of reinforcement were investigated. Promoting 
the polymerization of AAAS using catalysts and ther-
mal steps was one of them. A monitoring with FTIR 
spectroscopy showed that the thermal step was the 
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Introduction

In archives and libraries, the preservation of the col-
lections from the 19th to mid-twentieth centuries that 
contain papers made of unpurified woodpulp is a 
prime concern because of their poor state of conser-
vation. These papers contain lignin, a biopolymer that 
produces acids mainly through its oxidation (Dupont 
et  al. 2007), as well as alum-rosin sizing, where the 
aluminum sulfate salts are a notorious source of acid-
ity (Williams 1981; Banik and Bruckle 2011). Acid-
catalyzed hydrolysis and oxidation reactions cause 
the decrease of the degree of polymerization (DP) 
of cellulose (Whitmore and Bogaard 1994; Area and 
Cheradame 2011), the chief biopolymer constituent 
of paper. As a result, ultimately, the mechanical prop-
erties of paper weaken.

To lengthen the lifetime of these papers, treat-
ments based on aminoalkylalkoxysilanes (AAASs) 
have been developed, with a dual purpose of deacid-
ifying and strengthening in a single step. The treat-
ments were tested on various types of papers using 
tri-alkoxy functionalized AAAS monomer (3-amino-
propyltriethoxysilane (AP)) and di-alkoxy functional-
ized ones (3-aminopropylmethyldiethoxysilane (AM) 
or N-(2-aminoethyl)-3-aminopropylmethyldimethox-
ysilane (DIA)), as well as their mixtures (Piovesan 
et  al. 2014, 2017, 2018b). The deacidification and 
the deposition of an alkaline reserve are achieved via 
the amine groups. The in-situ random polycondensa-
tion of the tri- and di- functional AAASs in ambient 
conditions leads to a copolymer network (co-AAAS), 
which improves both the Folding Endurance (FE) and 
the Tensile Strength (TS) of paper.

Shortly after the treatment that usually depos-
its 5–12% (wt/wt) AAAS in the paper, the alkaline 
reserve is close to 0.40  mol  kg−1 (Piovesan et  al. 
2014, 2017, 2018b), in compliance with the ISO 
standard 9706, and the tensile strength increases with 
AP/DIA in 50/50 proportion (wt%) from 13 to 48% 
(Ferrandin-Schoffel et al. 2021). These improvements 
are observed in all types of papers, regardless of their 
constituents and degradation state. In addition, in 
written historical documents the readability is main-
tained after treatment, with no feathering or change of 
color of the inks (Piovesan et al. 2018a). On the other 
hand, an increase in the folding endurance is observed 
with certain papers only (Piovesan et al. 2018b; Fer-
randin-Schoffel et al. 2021). Folding endurance (FE) 

is widely used for the evaluation of paper permanence 
as it is more sensitive to early modifications than ten-
sile strength measurements and better simulates the 
stresses that paper undergoes when handled, hence 
the importance of improving it. For instance, inde-
pendently of their degradation state, FE of lignin-free 
papers (rag pulp and bleached woodpulp) is in general 
significantly improved. In contrast, when degraded, 
i.e., when the number of double folds (N(FE)) falls 
below 20, lignin-containing papers are more recalci-
trant. The presence of lignin was identified as a criti-
cal parameter hindering the consolidation (Piovesan 
et  al. 2017, 2018b; Ferrandin-Schoffel et  al. 2020, 
2021). With the aim to better understand the reasons 
of this impairment, the chemical reactions that take 
place between lignin and AAAS were investigated 
(Ferrandin-Schoffel et  al. 2020). Among lignin’s 
functional groups that can react with the amine func-
tion, besides the obvious carboxylic acid functions 
through acid–base reactions, carbonyls were shown 
to react rapidly, forming secondary imines, i.e., Schiff 
bases. In degraded papers, the larger quantity of oxi-
dized functions was held responsible for the lack of 
fold resistance reinforcement, as well as for some 
yellowing after treatment. Conversely, the hydro-
gen bonds forming between the amine groups of 
AAAS and cellulose have been shown to support the 
strengthening, so much that hindering their formation 
would be a possible cause of treatment impairment 
(Dupont et  al. 2010; Souguir et  al. 2011). To opti-
mize the treatment, the occurrence of the side reac-
tions between oxidized moieties in paper and AAAS 
should be avoided as much as possible.

It has also been observed that the mechanical 
properties of papers treated with AAASs are subject 
to slow changes over time. For instance, the tensile 
strength of lignocellulosic papers treated with AP/
DIA (50/50) increased over the course of several 
years, up to + 27% after 7  years of storage in stand-
ard conservation conditions (Ferrandin-Schoffel et al. 
2021). The in-situ polycondensation was also shown 
to progress at a slow pace, as evidenced by 29Si NMR. 
The polymerization kinetics was therefore identified 
as another key factor affecting the strengthening.

In this research, the two above-mentioned obsta-
cles, i.e., the oxidative degradation state of the 
paper and the slow polymerization of AAAS, were 
investigated in an attempt to optimize the treat-
ments efficacy. The kinetics of the polymerization 
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was modified with the aim to speed up the for-
mation of longer polysiloxane chains. This was 
achieved in two ways, by increasing the reaction 
temperature (Colby et  al. 1988; Brochier Salon 
et al. 2008) and/or using catalysts. The catalysis of 
the hydrolysis and subsequent polycondensation of 
alkoxysilanes can be achieved in acidic and in alka-
line conditions (Chojnowski and Cypryk 2000), 
whereas both reactions are very slow at neutral pH 
(Zhang and Sakka 1999; Bennevault-Celton et  al. 
2010). Adding acids is out of the scope in paper 
conservation, and at any rate, corollary to the treat-
ment is the fact that AAASs are alkaline. The con-
ditions to be used are thus those of alkaline cataly-
sis. In addition, two chemical catalysts previously 
used with various alkoxysilanes, namely diphenyli-
odonium chloride (Ph2ICl) at a concentration of 
1 wt% (Fox et al. 1978), and aluminum acetylace-
tonate (Al(acac)3) at 0.5 wt% (Zhang et  al. 1995; 
Zhang 1997; Zhang and Sakka 1999; Torry et  al. 
2006), were tested.

The second obstacle mentioned above, i.e., 
avoiding side reactions between AAAS and oxi-
dized groups, was achieved by reducing the paper 
using sodium borohydride (NaBH4) before the 
application of the AAAS monomers. This reduc-
tion agent is commonly used for the stabilization 
and bleaching of graphic documents (Hey 1977; 
Burgess 1988; Lienardy and Van Damme 1988; 
Ďurovič and Zelinger 1993), primarily because 
it reverts carbonyl groups on cellulose to their 
native hydroxylated form, thereby also conveni-
ently decreasing the occurrence of yellowing. All 
carbonylated structures including chromophores in 
cellulose, hemicelluloses and lignin, namely alde-
hyde, ketone and quinone bearing-compounds, 
undergo reduction with NaBH4 (Ďurovič and 
Zelinger 1993), yielding alcohol functions (Brown 
et  al. 1960; Walker 1976). Our previous research 
showed that secondary alcohols are unreactive, and 
primary alcohols have a low-reactivity with AM 
(Ferrandin-Schoffel et al. 2020). Thus, a reduction 
step before treatment would circumvent some of 
the side reactions between AAAS and the oxidized 
moieties, and would therefore possibly enable a 
better strengthening of paper. This was investigated 
in the second part of this work.

Experimental

Chemicals

3-aminopropyltriethoxysilane (AP) (> 98%), 3-ami-
nopropylmethyldiethoxysilane (AM) (97%) and 
N-(2-aminoethyl)-3-aminopropylmethyldimethox-
ysilane (DIA) (97%) were purchased from ABCR 
(Gelest, France) and used as received. Ph2ICl (98%) 
and Al(acac)3 (97%) were also purchased from 
ABCR, NaOH from Fluka, NaBH4 from Sigma 
Aldrich, and absolute ethanol from Fisher. A sample 
of rosin from the Centre de Recherche sur la Conser-
vation’s resins bank was used.

Kinetics of the polymerization of AM in solution

Hydrolysis and polycondensation of AM were fol-
lowed with AM/H2O 9/1 wt% solution (Piovesan 
2016) in a glass vial. The solution was stirred in 
ambient conditions. NaOH (0.5%), Ph2ICl (1.0 wt%) 
or Al(acac)3 (0.5%) were added in some of the vials. 
Some of the solutions were heated in an oven at a 
constant temperature (40, 50, 60 or 70 °C). The kinet-
ics were monitored using FTIR spectroscopy, each 
solution being regularly sampled during one week 
after its preparation (time (t0)). The spectra were nor-
malized to the Si-CH3 absorption band at 1 255 cm−1 
characteristic of Si-CH3 stretching of AM (Socrates 
2004), which is not modified by the reactions.

Paper samples

Three newsprint papers deaccessioned from the Bib-
liothèque Nationale de France, called J1, J2 and J3, 
dated 1911, 1920 and 1923, respectively, were used. 
Each one is a different issue of the “Journal des Fab-
ricants de Sucre”, a newsletter published through the 
late 19th to the early twentieth centuries. The sheets 
were cut in a similar format (about 12 cm × 25 cm). 
Their composition (fibers nature, pulp, sizing and fill-
ers) had been previously characterized qualitatively 
(Ferrandin-Schoffel et al. 2020). Two machine-made 
laboratory papers containing a mix of bleached sulfite 
pulp and groundwood pulp, called C3a and C4, were 
also used in the same format. All the papers contain 
kaolin fillers, and all are sized with alum-rosin except 
C4 (unsized). Table 1 gathers several physico-chemi-
cal characteristics of the papers.
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Reduction step

The papers C3a, J1, J2 and J3 reduced with NaBH4 
were called C3a-r, J1-r, J2-r and J3-r, respectively. 
Four sheets of each (interleaved with a non-woven 
fabric and stacked) were immersed overnight in a 
0.23 wt% NaBH4 absolute ethanol solution (approx-
imately 2 L) under gentle magnetic stirring accord-
ing to Burgess’ protocol (Burgess 1988). To limit 
solvent evaporation, the solution was covered with 
Parafilm®M in which a few holes were punctured 
to allow the passage of the hydrogen gas produced. 
The papers were then washed several times in deion-
ized water (approximately 2 L) for 30 min until the 
pH of the wash bath was neutral. Finally, the papers 
were dried at room temperature for at least 3 h and 
gently heated at 40 °C in an oven for 1 h before and 
placed in the environmental room to equilibrate at 
23 °C and 50% relative humidity (RH).

AAAS treatment and post‑treatment thermal step

Bicomponent mixtures AP/AM and AP/DIA, 50/50 
or 5/95 (wt%), were sprayed undiluted on both sides 
of the samples using an airbrush (model LN-119, 
WilTec) with a 0.8 mm diameter needle. Each sam-
ple was then left at least 3  h at room temperature 
and equilibrated at 23  °C and 50% RH for at least 
24  h (TAPPI T 402 sp-03) before weighing. The 
uptake (UP) was calculated as follows (Eq. 1):

(1)UP(wt%) =
wa − wb

wb

× 100

where wb and wa are the paper weight before and after 
the treatment, respectively.

All the samples were treated to a similar uptake 
(between 6 and 9%) for a relevant comparison of the 
data. In the following, the term “treatment’’ will refer 
exclusively to the application of AAASs on the paper, 
whereas the term “step” will refer to the pre- or post-
treatment optimization phases.

After the treatment, some of the papers underwent 
a thermal step at 50 °C or 70 °C in an oven for 7 days. 
RH values in the oven were 7 ± 2% and 0.9 ± 0.3%, 
respectively, as measured by a humidity and tempera-
ture datalogger (Ibutton®, Hygrochron, Measurement 
Systems Ltd).

Physico‑chemical characterizations

The amount of mineral fillers in paper was deter-
mined by measuring the ash content (TAPPI T 211 
om-02) (two repeat measurements).

The determination of the Equilibrium Mois-
ture Content (EMC) at 23 °C and 50% RH was per-
formed according to TAPPI T 550 om-08, adapted to 
a sample mass of 500 mg. The cold extract pH was 
measured with a pH-meter (Mettler Toledo MA235) 
according to TAPPI T 509 om-02, adapted to a sam-
ple mass of 100 mg (mass/volume ratio). Two to three 
repeat measurements were carried out per paper.

The copper number N(Cu) (g Cu2O) is defined 
as the number of grams of metallic copper resulting 
from the reduction of CuSO4 by 100 g of the pulp of 
paper fibers. It provides an indication of the amount 
of carbonyls in paper. It was determined according to 
TAPPI standard T 430  cm-99, with a reduced mass 

Table 1   Pulp and physico-chemical characteristics of the papers

* Pulp: GWP groundwood pulp; BSP bleached sulfite pulp; USP unbleached sulfite pulp

C4 C3a J1 J2 J3

Pulp* GWP/BSP 80/20  
softwood

GWP/BSP  
40/60 softwood

BSP 100%  
softwood

GWP/USP/BSP  
softwood, traces of 
straw

GWP/USP/BSP  
softwood, traces of 
straw

Ash content (wt%) 6.6 ± 0.4 13.4 ± 0.1 17.8 ± 0.1 7.6 ± 0.1 16.3 ± 0.1
Grammage (g m−2) 52 80 57 49 52
Thickness (µm) 130 ± 2 152 ± 3 59 ± 3 64 ± 4 63 ± 4
pH 6.21 ± 0.06 5.43 ± 0.01 4.97 ± 0.03 4.53 ± 0.06 4.84 ± 0.03
N(FE) 41 ± 21 12 ± 3 6 ± 2 4 ± 1 22 ± 5
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of paper of 300 mg. Two repeat measurements were 
done per paper.

Color and opacity measurements were performed 
with a hand-held spectrophotometer CM-26dG (Kon-
ica Minolta) equipped with an integrating sphere. 
The configuration adopted was in reflectance mode 
(spectral range 360–740 nm in 10 nm steps), with the 
D65 Standard Illuminant and 10° Standard Observer 
(ISO 5631-2 standard), specular component included 
(SPIN). The 3  mm diameter measurement aperture 
was used. The colorimetric coordinates values L*, 
a* and b* were calculated in the CIELAB 1976 color 
space. The opacity values were measured with Stand-
ard Illuminant C and 10° Standard Observer (ISO 
2471 standard). The measurements were done in five 
to ten different locations on the samples’ surface and 
averaged. The averages are reported with the stand-
ard deviations. The color difference was calculated as 
ΔE∗ =

√

ΔL∗2 + Δa∗
2

+ Δb∗
2 .

Tensile Strength (TS) was measured with an 
Adamel Lhomargy tensile instrument (DY-20  N) 
according to TAPPI T 494 om-01. Elongation at 
Break (EB), which provides information about the 
material’s ductility, and Young modulus (Y), which 
is an indicator of the paper stiffness and elasticity, 
were calculated. Folding endurance (FE) was deter-
mined with a Tinius Olsen instrument (applied load: 
500 g) according to TAPPI T 511 om-02 standard. FE 
is reported in terms of number of double folds before 
breaking (N(FE)). For tensile and fold tests, ten 
measurements were done per sample in the machine 
direction of the paper. Prior to the measurements, 
the samples were equilibrated in adsorption mode at 
23 °C and 50% RH according to TAPPI T 402 sp-03. 
The average values are reported with the standard 
deviations.

FTIR was carried out on the papers and on the 
AM/H2O solutions with a Nicolet 6700 spectrom-
eter, equipped with a diamond Smart Endurance ATR 
macro-system scanning from 500 to 4 000 cm−1. For 
each spectrum, 64 scans were recorded, with a resolu-
tion of 4 cm−1.

The 1H → 29Si and 1H → 13C cross-polarization 
(CP) under magic-angle spinning (MAS) NMR spec-
tra were recorded on a NEO Bruker 500 WB NMR 
spectrometer (11.7 T). The papers were cut in small 
pieces and introduced in 4  mm outer diameter zir-
conia rotors. All samples were spun at 10 kHz MAS 

frequency. The 29Si spectra (respectively, 13C spec-
tra) were recorded by using Larmor frequency at 
99.4  MHz (respectively, 125.8  MHz), and the radi-
ofrequency fields applied on 1H and 29Si (respec-
tively, 1H and 13C) channels were 50 kHz and 60 kHz 
(respectively, 60 kHz and 50 kHz), respectively. The 
contact time was set to 4 ms (respectively, 3 ms), and 
the recycle delay to 4 s in all cases. 65 058 transients 
were accumulated for the 29Si spectrum (about 55 h 
experimental time), and between 1 592 and 1 708 
transients for the 13C spectra (about 2 h experimental 
time). The 29Si and 13C chemical shifts were exter-
nally referenced to tetramethylsilane (TMS) at 0 ppm. 
The deconvolution of the spectra was performed with 
the Dmfit software (Massiot et al. 2002), using simple 
Lorentzian/Gaussian line shapes.

Results and discussion

Improving the polymerization of AAAS

The aim of the optimization was twofold: to speed 
up and to enhance the polycondensation of AAAS 
(i.e., form longer polysiloxane chains). The first study 
was carried out in liquid phase where three catalysts 
(NaOH, Ph2ICl and Al(acac)3) were added in AM/
H2O solutions at different temperatures. The second 
study was carried out in solid phase, in-situ with the 
treated paper.

Impact of catalysts and temperature on AM 
reactions in solution

The hydrolysis and polycondensation of AM were 
monitored in solution using FTIR spectroscopy. 
The spectra of the AM/H2O solution recorded at (t0) 
and 1, 2, 5 and 7 days later are shown in Fig. 1. As 
expected, the absorbance of Si–O–Et band decreased, 
whereas the intensity of Si–O–Si band progressively 
increased until (t0 + 5 d), and then stabilized. Simul-
taneously, the bands related to the silanol groups 
(Si–OH) and to ethanol (Et-OH) appeared from (t0 + 1 
d), which was congruent with the hydrolysis of the 
ethoxysilane groups (Eq. 2).

(2)
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The relative intensity (Ir) of the absorption bands 
Si–O–Si (1 005  cm−1, Si–O stretching), Si–O–Et 
(945  cm−1, Si–O symmetric stretching) and Si–OH 
(910  cm−1, Si–O stretching) was calculated with 
respect to the Si-CH3 band as follows (Eq.  4) 
(Zhang and Sakka 1999; Socrates 2004; Daher et al. 
2018):

where Abs(X) is the absorbance of the band con-
sidered and Abs(Si–CH3) the absorbance of Si-CH3 
band (1 255 cm−1).

The relative intensity of the four bands of interest 
monitored as a function of time for the solutions that 
contain a catalyst (NaOH, Ph2ICl or Al(acac)3), and 
those heated at 40  °C, 50  °C, 60  °C and 70  °C, are 
shown in Fig. 2. The choice of temperatures was based 
on the assumption that when used on a short timeframe 
(a few days), they would not impact paper mechanical 
strength to any significant extent (Graminski et al. 1979; 
Havlínová et al. 2009). At (t0 + 1 d), for all the solutions, 
Ir(Si–O–Et) was lower than for the control solution 
(black dots) (Fig.  2a and e), whereas Ir(Si–O–Si) was 
higher (Fig. 2b and f). This evidenced that using cata-
lysts and heat allowed a faster hydrolysis of the ethox-
ysilane groups and a faster polycondensation.

Among the catalysts, the fastest kinetics was 
obtained with NaOH (purple crosses), where both 

(3)

(4)Ir(X) =
Abs(X)

Abs(Si-CH3)

hydrolysis and polycondensation of AM occurred as 
soon as they were added in the solution (t0) (Fig. 2a 
and b). The higher hydrolysis rate in the condition 
of the alkaline catalysis was corroborated through 
the instant formation of Si–OH bonds (Fig. 2c) and 
ethanol (Fig. 2d).

Silanols are intermediate products of the hydrol-
ysis of the ethoxysilane groups (Eq. 2). They react 
to form siloxane bonds (Eq.  3). If hydrolysis is 
faster than condensation, Ir(Si–OH) is expected 
to first increase and then decrease. This behav-
ior was observed for the solutions with Ph2ICl and 
Al(acac)3, but not with the alkaline catalyst NaOH 
(Fig. 2c), for which there was no initial increase but 
a continuous decrease starting from a high value at 
(t0) (highest value of all samples). This evidenced 
the immediate and total hydrolysis at (t0), produc-
ing silanol groups, which afterwards accumulated 
as they reacted more slowly to form siloxane bonds 
(on the scale of days). These observations corrobo-
rated that hydrolysis was always faster than poly-
condensation and, therefore, that hydrolysis was not 
a rate-limiting step.

After seven days, the highest proportion of Si–O-
Si bonds was found in the heated samples (Fig. 2f), all 
the more at the highest temperatures, concomitantly 
with the smallest Ir(Si–O–Et) (Fig. 2e). Higher tem-
perature was also correlated to a lower proportion of 
silanols during the kinetics monitoring (Fig. 2g). For 
T ≥ 60 °C, from (t0 + 1 d), Ir(Si–O–Et) and Ir(Si–OH) 
were the lowest, whereas Ir(Si–O–Si) was the highest, 
which can be attributed to longer polysiloxane chains. 
Thus, the increase in temperature not only enabled 
to increase the polycondensation rate, but also led 

Fig. 1   FTIR spectra of 
AM/H2O (9/1) recorded 
at (t0), (t0 + 1 d), (t0 + 2 d), 
(t0 + 5 d) and (t0 + 7 d). 
Absorption bands used 
for the calculation of the 
relative intensity (Ir) are 
in bold. : bands related 
to Si–O–Et bond (1 165, 
1 100, 1 080 and 945 cm−1). 
: bands related to ethanol 

(1 050 and 880 cm−1) 
(Socrates 2004)
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Fig. 2   Relative intensity 
(Ir) of FTIR bands Si–O–Et 
a, e, Si–O–Si b, f, Si–OH c, 
g and Et–OH d, h of AM/
H2O (9/1) as a function 
of time and conditions 
(catalysts a–d and heat e–f). 
The control sample ( ) was 
monitored at room tempera-
ture without catalyst/heat
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to a higher degree of polymerization (DP). This was 
facilitated by the removal of ethanol from the solu-
tion upon heating, which circumvented the alcoholy-
sis of the siloxane bonds and favored the polyconden-
sation reaction. After 2 days, the relative intensity of 
Si–O–Et and Si–O–Si bands reached a plateau, which 
was thus identified as the end of hydrolysis and poly-
condensation reactions of AM.

In order to more closely examine the kinetics of 
the reactions taking place, the impact of temperature 
was studied on a shorter time frame, by recording the 
FTIR spectra of the solutions heated at 50 °C, 60 °C 
and 70  °C, 1 h, 13 h and 23 h after (t0) (Fig.  2e–h, 
and Figure S1 in the Supporting Information). On 
the day scale, a sharp increase in the proportion of 
silanol groups and ethanol at (t0 + 1 h) was observed 
(Fig. 2g and h), preceding the decrease of Ir(Si–O–Et) 
(Fig. 2e) and the increase of Ir(Si–O–Si) (Fig. 2f). The 
most significant variations were recorded at the high-
est temperatures, 60 °C and 70 °C. This observation 

Fig. 3   Relative inten-
sity (Ir) of FTIR bands 
Si–O–Et, Si–O–Si, Si–OH 
and Et–OH of AM/H2O 
(9/1) heated at 40 °C, as 
a function of time and in 
the presence of Al(acac)3 
(0.5%) and NaOH (0.5%). 
The control solution ( ) was 
monitored at room tempera-
ture without catalyst
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confirmed that the hydrolysis of the ethoxysilane 
groups of AM was fast and was followed by a much 
slower polycondensation.

Based on these first results, the cumulative effect 
of catalysts (NaOH or Al(acac)3) and temperature 
was studied (Fig.  3). The use of Ph2ICl was dis-
carded as it led to similar variations of Ir than 
Al(acac)3 (Fig.  2a–d), yet, unlike the latter, it did 
not dissolve completely in the AM/H2O mixture and 
turned the solution yellow. At 40  °C, the variations 
of Ir(Si–O–Et) and Ir(Si–O–Si) after (t0 + 1 d) were 
similar, in the solutions with catalysts (purple and 
blue crosses) and without catalysts (red crosses). 
Meanwhile, as described above, heating (T ≥ 40  °C) 
was the best way to form longer polysiloxane chains. 
When used in conjunction with a thermal step, the 
catalysts were therefore superfluous.

Impact of a heating step on AAAS treated papers

Heating the AM solutions was shown to speed up and 
increase the polycondensation (higher DP). To verify 
if this happens in-situ in the paper as well, 29Si CP-
MAS NMR was performed on C3a paper treated with 
DIA and subsequently heated during 7 days at 70 °C 
(Fig. 4b). This temperature was chosen as it led to the 
highest DP of AM in solution ("Impact of catalysts 
and temperature on AM in solution" section). The 
overlapping peaks at about − 16  ppm and − 22  ppm 
correspond to the D1 (silicon atom bonded to one 

–O–Si group) and D2 (silicon atom bonded to two 
–O–Si groups) signals, respectively (Souguir et  al. 
2012; Pellizzi et  al. 2012). The third intense signal 
at about − 91 ppm is related to kaolinite (Rocha and 
Klinowski 1990), the mineral filler in C3a (Table 1). 
There was no signal in the [ − 3; − 7] ppm range, 
characteristic of D0 of DIA monomer (Monredon-
Senani 2004), indicating that all the free monomers 
reacted. This absence of D0 had been observed before 
for treated papers, with and without heating (Souguir 
et  al. 2011, 2012; Ferrandin-Schoffel et  al. 2021). 
CP-MAS was used semi-quantitatively by integrating 
the deconvoluted D1 and D2 peaks, which yielded an 
approximate number-average degree of polymeriza-
tion ( DP

n
 ) of 53. This DP value is an achievement: it 

is higher than the value determined for the same paper 
treated with DIA at a similar uptake and stored under 
ambient conditions, as measured several weeks after 
treatment ( DP

n
 ≈ 13) (Fig. 4a) and even as measured 

six years later ( DP
n
 ≈ 36) (Ferrandin-Schoffel et al. 

2021). This result corroborated the main conclusions 
of the kinetics monitoring of the AM/H2O solutions, 
namely that the heating step speeds up and favors the 
polycondensation.

It was noted that after the treatment and before 
heating, C3a turned highly hydrophilic as it readily 
absorbed a drop of water deposited on its surface. 
This had been observed previously on paper treated 
with a difunctional AAAS (AM and DIA) and with 
AAAS mixtures (Ferrandin-Schoffel et  al. 2021). 

Fig. 4   29Si CP-MAS NMR spectrum of C3a treated with DIA 
(UP = 7%), a stored several weeks at ambient conditions and 
b heated at 70 °C for 7 days. Resonance deconvolutions were 

applied to the area of interest ([ − 45; − 5] ppm): the red spec-
trum is the sum of the D1 (green) and D2 (blue) contributions
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However, after the thermal step, C3a became again 
as hydrophobic as before the treatment. Regaining 
a hydrophobic character is consistent with a lower 
amount of hydrophilic silanol groups and consequent 
to the formation of longer polysiloxane chains.

To evaluate the impact of the thermal step on the 
folding endurance and the tensile strength, several 
papers treated with AP/DIA 50/50 were heated. This 
formulation has been used previously (Ferrandin-
Schoffel et  al. 2021). Here again, the papers, which 
had become hydrophilic immediately after treatment, 
recovered a hydrophobic character after heating at 
T ≥ 50 °C for 7 days (water drop test). This corrobo-
rated that the polysiloxane chains formed were long 
enough to provide hydrophobicity. Table 2 gathers the 
folding endurance (FE) of the treated model papers 
C4 and C3a heated at 50 °C and 70 °C. Measuring FE 
of a C4 sample immediately after heating to 70 °C for 

the same duration (N(FE) = 44 ± 10) allowed to con-
firm that the thermal step did not affect this mechani-
cal property.

Without heating, the AAAS treatment led to a 
twofold increase of N(FE) of C4. The thermal step 
improved FE even further. Nonetheless, at 70 °C, the 
spread of the data was large, which could be explained 
by a heterogeneous polycondensation in the paper, 
leading to large polymer dispersity. Conversely, after 
treatment, N(FE) of C3a decreased, and did so simi-

larly with and without the thermal step. This recalci-
trance to the treatment was not unexpected as a previ-
ous study had evidenced that a GWP-rich paper with 
N(FE) < 20 such as C3a could not be strengthened by 
any of the AAASs formulations developed (Ferran-
din-Schoffel et al. 2021). To explain this result, it is 
thought that at the same time as favoring the polycon-
densation, heat may also hamper the reinforcement, 
by promoting side reactions between the AAASs and 
the oxidized moieties in paper (Ferrandin-Schoffel 
et  al. 2020). For this type of paper, the solution to 
improve FE was therefore sought in avoiding these 
counterproductive side-reactions.

In addition, Elongation at Break (EB), Young 
modulus (Y) and Tensile Strength (TS) of the news-
print papers J1, J2 and J3 treated with AP/DIA 50/50 
heated at 50  °C for 7  days were measured (Fig.  5). 

Table 2   Number of double folds of the papers C4 and C3a 
before and after treatment with AP/DIA 50/50 (UP = 7 ± 1%) 
and 7 days heating (50 °C or 70 °C)

C4 C3a

Untreated, no heating 41 ± 21 12 ± 3
Treated, no heating 83 ± 22 4 ± 1
Treated, heating at 50 °C 105 ± 33 4 ± 2
Treated, heating at 70 °C 136 ± 93 3 ± 1

Fig. 5   a Number of 
double folds (N(FE)), b 
Elongation at Break (EB), 
c Young modulus (Y) and 
d Tensile Strength (TS) of 
the newsprint papers J1, 
J2 and J3 untreated and 
treated with AP/DIA 50/50 
(UP = 6 ± 1%), with and 
without heating at 50 °C for 
7 days
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Without the thermal step (green bars), the treatment 
led to an increase in TS and Y, as observed previously 
(Ferrandin-Schoffel et al. 2021). However, FE of the 
papers was not significantly improved.

The thermal step (orange bars) significantly 
improved the FE achieved after treatment (green bars) 
for J1 (twofold increase), but not for J2 and J3. Unlike 
J1, both J2 and J3 are lignin-rich papers since they 
contain a significant proportion of GWP (Table 1). As 
hypothesized above, the side reactions that are likely 
to occur between the AAASs and lignin in J2 and J3 
could have been favored by the heating, thereby hin-
dering the FE strengthening. In parallel, EB and TS 
of J3 were the highest after treatment and heating, 
whereas the thermal step had a lower impact on J1 
and J2. Young modulus (Y) of J2 was lower with the 
thermal step, but for J1 and J3 it did not significantly 
change.

The improvement of some of the mechanical prop-
erties of J1 and J3 after treatment with AP/DIA 50/50 
and heating at T = 50 °C for 7 days was attributed to 
the increase in the DP. However, if the thermal step 
was not detrimental to the mechanical properties of 
C3a and J2, it did not enable better folding endurance 
either. The high degradation state and the presence 
of groundwood pulp in these papers are still a bar-
rier to the strengthening. Despite the better polycon-
densation, the side reactions that occur in the paper 
between AAAS and carbonyl groups are most likely a 
cause (Ferrandin-Schoffel et al. 2020).

Reduction of the carbonyls in paper

The reduction of the carbonyl groups in paper before 
the AAAS treatment was thought to possibly help 
overcome the obstacle to FE strengthening.

NaBH4 is a well-known reduction agent. It is spe-
cific for carbonyls, as it does not react with alkenes 
and carboxyls (Brown et  al. 1960; Walker 1976; 
Bruice 2009). It is a source of hydride ions, which act 
as nucleophiles that react with aldehydes and ketones 
to form alkoxide ions. The latter are subsequently 
protonated to yield alcohols. As the hydride ion is 
a very strong base (pKa of H2 is 35 (Bruice 2009)), 
NaBH4 aqueous solutions are highly alkaline. For 
instance, in the concentration range of 0.1 wt% and 1 
wt% (mass/volume ratio) recommended in conserva-
tion for the stabilization and the bleaching of paper 
(Hey 1977; Burgess 1988), the pH of the solution is 

between 9 and 10 (Tang 1986; Burgess 1988). The 
reduction is always followed by a thorough wash-
ing in water to avoid residual alkaline boron salts, 
boric acid and sodium hydroxide to remain in the 
paper, and to convert the alkoxides resulting from 
the reduction into their alcohol counterparts. Tang 
(1986) showed that washing with a slightly alkaline 
or neutral aqueous solution, after the use of NaBH4, 
increased the paper’s permanence (i.e., its long-term 
stability) (Tang 1986).

A concentration above 1.0 wt% is considered 
harmful for fragile cellulosic materials (Burgess 
1988), due to possible blistering in solution (Mül-
ler et al. 2019). This is due to the very high pH and 
the hydrogen gas produced during the decomposi-
tion of NaBH4, which is more pronounced in aqueous 
solutions than in alcoholic solutions (Burgess 1988; 
Ďurovič and Zelinger 1993). Alternative reduction 
chemicals, amine-borane complexes, soluble in both 
organic and aqueous solvents that do not produce H2 
in solution can be used for the bleaching of paper 
(Bicchieri and Brusa 1997; Bicchieri et  al. 1999, 
2000). Among them, tert-butylamine borane com-
plex (TBAB) was proven to be an efficient bleaching 
agent, which reduces carbonyls and alkenes (Brown 
et al. 1960; Walker 1976). However, it was found less 
efficient than NaBH4 in decreasing the carbonyl con-
tent in paper (Henniges and Potthast 2009). Moreover, 
the reduction of carbonyl groups with amine-borane 
complexes is said to produce borinates through hyd-
roboration (Brown et al. 1960; Walker 1976), which 
can be eliminated afterwards by oxidation, usually 
with hydrogen peroxide (Brown et al. 1986). To our 
knowledge, this oxidation step has not been discussed 
or reported in the paper conservation literature, which 
raises the question of whether residual borinate ani-
ons remain in the paper after bleaching with TBAB.

As our aim was to specifically reduce the carbon-
yls of the aged papers, sodium borohydride was pre-
ferred over TBAB. To limit the evolving of hydrogen 
gas, it was dissolved in ethanol. They were character-
ized after drying at ambient temperature, heating and 
moisture equilibration ("Reduction step" section).

NMR 13C CP-MAS and FTIR were used to evalu-
ate the efficiency of the reduction and the presence 
of possible by-products (Figures  S2 and S3 in the 
Supporting Information). The spectra of paper C3a 
before and after reduction were similar. However, in 
the [185–220] ppm range, CP-MAS is not sensitive 
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enough to detect carbonyl and carboxyl groups in 
paper (Hemmingson and Morgan 1990). Moreover, 
the newly formed alcohol groups are most likely hid-
den in the intense signals of the alcohol groups of 
cellulose in the [60–110] ppm range (Heinze et  al. 
2018). The FTIR band at 1 725  cm−1 corresponding 
to C=O bond stretching (Socrates 2004) was still vis-
ible after the reduction. This was attributed to the fact 
that this band also includes the signals of other char-
acteristic groups in paper (carboxyls, acetyls) (Calvini 
and Gorassini 2002; Heinze et al. 2018). No conclu-
sion could thus be drawn about the level of residual 
oxidation of the reduced papers.

As an alternative to quantify the amount of carbon-
yls in C3a and J1, N(Cu) was determined (Table 3). 
It has to be noted that N(Cu) was used only as an 
indication of the degree of carbonylation, and hence 
of the reduction efficacy. Indeed, the TAPPI standard 
applies to paper that contains no groundwood pulp or 
unbleached chemical pulp. As shown by the decrease 
in N(Cu) for both papers, NaBH4 allowed to reduce 
a significant portion of carbonyls, which is consistent 
with literature data (Henniges and Potthast 2009).

Hydrophilicity of the reduced papers

Although the papers C3a, J1, J2 and J3 are sized 
with alum-rosin and have a hydrophobic character, 
they became highly hydrophilic after reduction. The 
reduced samples immediately absorbed the drop of 
water deposited on their surface, as opposed to their 
non-reduced counterparts. To our knowledge, this 
phenomenon has not been described in the literature 
on paper bleaching.

After reduction, EMC of C3a and J1 were 18% and 
8% higher, respectively (Table  3). This indicates a 
higher affinity to water molecules and can be partly 
explained by the increase of accessible hydroxyl 

groups in paper. However, it is unlikely that the con-
version of carbonyls into hydroxyls would be the only 
cause of the higher EMC. All the papers reduced had 
been subsequently gently heated, so their subsequent 
equilibration at 23 °C and 50% RH could always take 
place in the adsorption regime ("Reduction step" 
section). Therefore, the increase was not due to the 
hysteresis effect in the moisture sorption of cellu-
lose either, where EMC is higher in desorption mode 
(Moropoulou and Zervos 2003). Moreover, since the 
ash content of C3a was unchanged after reduction 
(13.4 ± 0.1 wt%), it seems that no newly formed inor-
ganic salt after the immersion in NaBH4 could be a 
cause. Furthermore, the alum-rosin sizing in C3a was 
not extracted during the reduction, or at least to any 
significant extent, as indicated by the microchemi-
cal test for rosin performed on the sample (Browning 
1977).

Additional tests were thus carried out to under-
stand the cause of the papers’ hydrophilicity 
(Table S1 in the Supporting Information). The hydro-
phobic to hydrophilic conversion was not due to the 
solvent, but only to NaBH4. Further investigation is 
necessary to better identify the cause of the change 
of behavior towards moisture, since a change in the 
hydrophobic nature of a sized paper after a treatment 
involving NaBH4 is potentially a problem in terms of 
conservation of artworks.

Mechanical properties changes

With the reduction step, elongation at break EB 
improved, which indicates a larger plastic deforma-
tion (Table 4). The values of Y and TS, on the other 
hand, decreased, which is a sign of a higher elasticity 
(Y), but also a weakening (TS). These results are con-
sistent with the increase in EMC (ΔEMC =  + 18%) 
that followed the reduction (Table  3). This was not 
unexpected since water acts as a lubricant of the cel-
lulosic fibers in paper, but also weakens inter- and 
intrafibers bonds (Casey 1961; Banik and Bruckle 
2011).

The reduced samples C3a-r, whether untreated 
or treated with AAASs (AP/AM or AP/DIA 50/50), 
showed an improvement in FE (N(FE) increased from 
12 to 16/19) (Table 4). Their folding endurance was 
significantly higher than for the non-reduced/treated 
C3a (N(FE) = 4). Therefore, it was not the AAASs 
treatment that was responsible for the improvement in 

Table 3   Copper number (N(Cu)) and Equilibrium Moisture 
Content (EMC) (23 °C / 50%HR) of papers C3a and J1, before 
and after reduction with NaBH4

Paper N(Cu) (g Cu2O) EMC (wt%)

C3a Before 0.9 ± 0.2 5.0 ± 0.2
After 0.32 ± 0.02 5.9 ± 0.1

J1 Before 0.93 ± 0.01 5.1 ± 0.2
After 0.54 ± 0.06 5.5 ± 0.1
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Table 4   Physico-chemical 
properties of paper C3a 
untreated and treated with 
AP/AM and AP/DIA 50/50 
(UP = 6–9%), with and 
without reduction with 
NaBH4

NaBH4 Without AAAS AP/AM 50/50 AP/DIA 50/50

N(FE) Without 12 ± 3 4 ± 1 4 ± 1
With 16 ± 4 19 ± 6 18 ± 5

EB (%) Without 1.2 ± 0.2 1.3 ± 0.2 1.4 ± 0.2
With 1.7 ± 0.2 1.7 ± 0.2 1.9 ± 0.3

Y (GPa) Without 2.5 ± 0.1 2.8 ± 0.2 2.6 ± 0.2
With 1.8 ± 0.1 2.4 ± 0.2 2.0 ± 0.2

TS (MPa) Without 15 ± 1 20 ± 1 18 ± 2
With 11 ± 1 16 ± 2 16 ± 1

pH Without 5.4 ± 0.1 8.3 ± 0.2 8.0 ± 0.2
With 7.8 ± 0.1 9.6 ± 0.1 9.2 ± 0.1

L* Without 85.5 ± 0.1 83.8 ± 0.7 84.2 ± 0.7
With 90.7 ± 0.2 89.3 ± 0.5 90.0 ± 0.6

a* Without 3.9 ± 0.1 4.6 ± 0.3 4.5 ± 0.4
With 1.3 ± 0.1 1.3 ± 0.2 1.0 ± 0.2

b* Without 19.3 ± 0.1 22.8 ± 0.9 23.4 ± 0.8
With 13.5 ± 0.4 15.9 ± 0.9 16.5 ± 0.6

OP (%) Without 97 ± 1 94 ± 2 95 ± 1
With 94 ± 1 92 ± 3 92 ± 2

Fig. 6   Elongation at Break 
(EB), Young modulus (Y) 
and Tensile Strength (TS) 
of the newsprint papers J1 
and J3 untreated and treated 
with AP/DIA 50/50 and 
5/95 (UP = 6–9%), with 
and without reduction with 
NaBH4. Paper J3, reduced 
and treated with AP/DIA 
50/50, was also heated at 
50 °C for 7 days (yellow 
bar)
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the folding endurance of C3a-r. The same observation 
was made with EB, where higher values would most 
likely be attributable to the reduction (Table  4). TS 
and Y decreased after reduction and increased again 
upon treatment (C3a-r). The AAAS treatment was 
able to counteract the decrease in Y and TS induced 
by the reduction.

Ultimately, N(FE), EB and TS of the reduced 
samples C3a-r treated with AP/AM and AP/DIA 
(50/50) were all higher than those of the non-reduced 
untreated C3a. The type of difunctional AAAS (AM 
or DIA) in the AAAS mixture did not impact the 
extent of the mechanical strengthening (Table  4). 
Therefore, in the examination of the impact of the 
reduction on the newsprint papers, it seemed more 
relevant to modify the proportion rather than the type 
of difunctional AAAS. To this purpose, J1, J2 and J3 
were reduced with NaBH4, and/or treated with AP/
DIA in two different proportions: 50/50 and 5/95 
(wt%).

J1 and J1-r had the same EB of 0.9% before 
AAASs treatment (Fig.  6). The higher EMC after 
reduction (Table 3) did not impact the plastic defor-
mation of J1, as it did with C3a. This is consistent 
with the fact that the increase in EMC after reduc-
tion was significantly smaller for J1-r (+ 8%) than for 
C3a-r (+ 18%), and therefore may not have impacted 
these mechanical properties. The Y and TS values of 
J1-r were lower than for the non-reduced counterpart 
J1, which was consistent with the weakening of the 
inter- and intrafiber bonds, also related to a higher 
moisture content.

The application of AP/DIA 50/50 and 5/95 both 
increased TS of J1 and J3, with and without reduc-
tion (Fig.  6). Ultimately, as for C3a, the AAASs 
treatments induced a higher mechanical strength, the 
highest values of EB being those of J1-r and J3-r, 

and the highest values of Y and TS being those of the 
non-reduced J1 and J3. The decrease in TS after the 
reduction was balanced by its increase due to AAASs, 
which confirms previous findings showing that the 
latter always lead to higher TS values (Ferrandin-
Schoffel et  al. 2021). For instance, for J1-r treated 
with AP/DIA 50/50, TS was higher than for the non-
reduced untreated J1 (TS = 27 and 20  MPa, respec-
tively). The 50/50 proportion led to higher TS than 
5/95, which was attributed to the larger proportion of 
trifunctional AP in the mixture.

Similarly, as with C3a, FE of the three newsprint 
papers J1, J2 and J3 after treatment with AP/DIA 
50/50 improved only when they had been previ-
ously reduced (Fig.  7). Achieving some level of FE 
strengthening with J2, the most recalcitrant paper, 
even modest (N(FE) = 9), is noteworthy since J2 gath-
ers the two challenging factors, namely the presence 
of groundwood pulp and a critical degradation state 
(Piovesan et  al. 2017, 2018b; Ferrandin-Schoffel 
et al. 2021). The twofold increase in N(FE) is unprec-
edented. The results of the treatments with the pro-
portion 5/95 were less uniform. J1-r had lower FE 
than J1 (yet still higher than for the untreated sample). 
For J3, FE with AP/DIA 5/95 was the same with and 
without reduction, thus weaker than when treated 
with AP/DIA 50/50. For J2, the proportion 5/95 did 
not fare as well as 50/50 either. Thus, regarding the 
FE strengthening, the pre-reduction step with NaBH4 
was useful especially in conjunction with the 50/50 
proportion in AAASs treatment, and less so, or even 
somewhat detrimental with the 5/95 proportion.

For J1, FE was similar whether treated with AP/
DIA 5/95 without pre-reduction or treated with AP/
DIA 50/50 with pre-reduction (J1-r) (N(FE) = 27 
and 22, respectively) (Fig.  7). As, unlike J2 and J3, 
J1 does not contain GWP (Table  1), this tends to 

Fig. 7   Number of double 
folds (N(FE)) of the 
newsprint papers J1, J2 and 
J3 untreated and treated 
with AP/DIA 50/50 and 
5/95 (UP = 6–9%), with 
and without reduction with 
NaBH4. Paper J3, reduced 
and treated with AP/DIA 
50/50, was also heated at 
50 °C for 7 days (yellow 
bar)
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indicate that the use of NaBH4 is not always ben-
eficial to further improve FE of lignin-free papers 
(such as bleached woodpulp) with AAAS mixtures. 
For such papers, the mere use of a formulation with 
a dominant proportion of difunctional AAAS would 
be better suited. The type and location of carbonyls 
in the paper and their reactivity towards AAAS could 
explain this, since carbonyls in lignin-free papers 
(such as J1) are largely located on cellulose and hemi-
celluloses, whereas in lignocellulosic papers (such as 
J2 and J3), they are also in the lignin.

To this date, all the attempts to improve the fold-
ing endurance of the most recalcitrant papers, i.e., 
lignin-rich and highly degraded, using AAAS, had 
been unfruitful. The reduction step prior to a AAAS 
treatment allowed to improve the treatment effi-
cacy towards this type of paper. The significant FE 
increase of J1 and J3, as well as the twofold strength-
ening of J2, the most brittle sample, is unprecedented. 
When treated with AP/DIA 50/50, all the papers that 
had been pre-reduced were reinforced in their fold-
ing properties. Several assumptions can be made to 
explain this. First, the carbonyl groups in paper being 
a cause of resistance to treatment, as shown in our 
previous research, reducing them would solve the 
problem. Moreover, to account for the considerable 
increase in hydrophilicity of sized paper after reduc-
tion ("Hydrophilicity of the reduced papers" section), 
the hypothesis proposed, related to a possible disrup-
tion of the sizing layer on the fibers, would also speak 
in favor of a better access of the AAASs to the fib-
ers (Table S1 in the Supporting Information). Further 
investigation is needed to support this hypothesis. 
Additionally, as acid–base reactions between car-
boxylic acids in the paper and AAAS have also been 
shown to hamper the strengthening efficacy (Ferran-
din-Schoffel et  al. 2020), NaBH4 has the additional 
benefit of being alkaline. The acidity of paper is neu-
tralized, as confirmed by pH measurements (Table 4 
and "pH" section), and the corollary hampering 
thereby minimized.

An experiment was carried out by applying the full 
sequence of pre-reduction, treatment and post-heating 
(50  °C for 7  days) to J3-r (AP/DIA 50/50) (yellow 
bars in Figs.  6 and  7). The results showed that the 
thermal step did not allow to improve the mechanical 
properties further. Moreover, for the three newsprint 
papers treated with AP/DIA 50/50, the pre-reduction 
was more efficient than the post-thermal step (Fig. 5). 

At this stage of the research, applying a pre-reduction 
step with NaBH4 seems the most sustainable way of 
optimizing the strengthening of paper with AAASs. 
Nevertheless, as shown previously, heating helps the 
paper regain a hydrophobic character through the for-
mation of longer polysiloxane chains ("Impact of a 
heating step on AAAS treated papers" section). Since 
the application of AAASs and NaBH4 both lead to an 
increase in hydrophilicity, the thermal step could then 
be considered as an interesting way to compensate 
such changes.

pH

The use of NaBH4 led to a significant increase in pH 
for paper C3a, from 5.4 to 7.8 (Table 4). Since the ash 
content of paper C3a was the same before and after 
reduction ("Hydrophilicity of the reduced papers" 
section), the formation of an inorganic alkaline salt 
that could explain this result was excluded.

The pH of C3a-r treated with AP/AM and AP/
DIA (50/50) was alkaline, which is consistent with 
the pKas of the AAASs. The pKa of AM (pKa = 10.4) 
being higher than the two pKas of DIA (pKa1 = 10.0; 
pKa2 = 7.0) (Ferrandin-Schoffel et al. 2021), AP/AM 
yielded slightly higher pH than AP/DIA, irrespective 
of whether C3a was or was not reduced prior to the 
treatment. After treatment, the reduced papers had a 
significantly higher pH (9–9.6) than the unreduced 
papers (8.0–8.3). Indeed, as mentioned above, the 
immersion in the solution enables to neutralize and/or 
extract the acids in paper. The AAASs are then able 
to contribute to a larger alkaline reserve as they are 
not consumed by the initial acidity. It was shown that 
in some papers the alkaline reserve was consumed 
within a few years after treatment, especially in the 
most degraded papers sized with alum-rosin (Ferran-
din-Schoffel et al. 2021). Therefore, the use of NaBH4 
could lead to a more durable alkaline reserve by pre-
venting its fast consumption.

It is believed that ß-alkoxy-elimination reactions, 
which happen under more drastic alkaline conditions 
and lead to the degradation of paper, would not occur 
at these pH values (9.2–9.6) (Ahn et al. 2012, 2013). 
Moreover, it has been shown that NaBH4 1 wt% (pH 
between 9 and 10) does not induce a decrease in DP 
of cellulose in papers, including historic ones (Hen-
niges and Potthast 2009).
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Color and opacity changes

After the reduction, all the papers were bleached 
(ΔE* = 8.2), as shown by the photographs before 
and after reduction (Figures  S4 and S5 in the Sup-
porting Information). This was corroborated by 
the variations of L*, a* and b* of C3a (Table  4). L* 
increased (ΔL* =  + 5.2), whereas a* and b* decreased 
(Δa* = − 1.6; Δb* =  − 5.8), which corresponds to 
higher lightness, less redness and less yellowness, 
respectively (Sève 1997). On the other hand, the 
reduction induced a noticeable opacity loss (− 3.5 
points for C3a). As far as we know, such modifica-
tion of the opacity following the bleaching step is not 
described in the literature.

The treatment with AP/AM and AP/DIA (50/50) 
of non-reduced paper C3a led to optical changes: b* 
increased (+ 2.5 points) and opacity decreased (− 2 
points) (Table  4). L* and a* values varied less sig-
nificantly (± 1.7 points at most). This confirms previ-
ous results where the AAASs treatments have been 
shown to induce some yellowing of the paper, and 
sometimes also a decrease of the opacity (Ferrandin-
Schoffel et al. 2021). For AP/AM, ΔE* = 9.4, and for 
AP/DIA, ΔE* = 9.7. These chromatic changes are per-
ceptible with the naked eye, considering that the Just 
Noticeable Difference (JND) in the 1976 CIELAB 
color space can be defined as ΔE* ≈ 2 (Sève 1997; 
Richardson and Saunders 2007). For the reduced 
paper C3a-r, all b* values were lower than for the 
non-reduced counterpart C3a. The bleaching associ-
ated with the reduction with NaBH4 counteracted the 
yellowing induced by the AAASs.

Conclusion

Two procedures aiming at a better strengthening of 
paper with AAAS were studied. First, a thermal step 
when applied after the AAAS mixtures treatment 
on several papers was found efficient to favor their 
polycondensation in-situ by producing longer polysi-
loxane chains, as evidenced by 29Si CP-MAS NMR. 
The monitoring of the reaction kinetics in AM/H2O 
solutions with FTIR showed that heating at T ≥ 50 °C 
for 7 days led to higher DP of the AAAS than using 
catalysts such as NaOH, Ph2ICl or Al(acac)3. With 
the post-treatment thermal step, the folding endur-
ance and the tensile strength of some of the AAASs 

treated papers were improved further. On the other 
hand, the oxidized moieties in paper being an obsta-
cle to the strengthening, the reduction of the car-
bonyls with sodium borohydride prior to a treatment 
with AP/DIA 50/50 enabled a better strengthening of 
all the papers. In particular, the reinforcement of the 
highly degraded lignocellulosic newsprint paper J2 is 
an unprecedented achievement. Moreover, because of 
its bleaching properties, the use of NaBH4 counter-
acted the yellowing induced by the AAAS treatments, 
and thanks to its alkalinity, it neutralized acids in the 
paper, leaving the amines of the AAAS free to build a 
larger and hence more durable alkaline reserve.

In the future, it will be interesting to monitor the 
folding endurance and the tensile strength of the 
heated and pre-reduced AAASs treated papers. The 
choice of the temperature and the duration of the 
thermal step, as well as the concentration in solution 
and the solvent used with the reducing agent, can also 
be refined.
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