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ABSTRACT 25 

This paper reports an investigation on the use of a highly stable colloidal organic dispersion 26 

consisting of a polysaccharide derivative and alkaline nanoparticles for the simultaneous 27 

deacidification and strengthening of aged historical wood pulp (HWP) and new paper.  28 

Colloidal dispersions of Mg(OH)2 nanoparticles (size ca. 150 nm) stabilized by trimethylsilyl 29 

cellulose (TMSC) in hexamethyldisiloxane (HMDSO) are employed for paper treatments. The 30 

influence of the polymer shell on the morphology of particles and the stability of the 31 

dispersions, and polymer-particles interactions are examined. A correlation between the 32 

polymer concentration and stability of the nanoparticles is established. The influence of the 33 

particle/polymer coatings on the optical appearance, the pH, the alkaline reserve and the 34 

strength of paper is investigated by pH-measurements of cold-extracts, back-titrations, 35 

artificial aging and mechanical testing. Infrared spectroscopy confirmed the irreversible 36 

deposition of nanoparticles and TMSC on the paper. The surfaces are evenly coated as 37 

confirmed by electron microscopy and contact angle measurements, and the coating does not 38 

change the optical appearance of paper. Results from pH measurements and back-titrations 39 

have proven neutralization of acids and an alkaline reserve of 60 meq [OH
-
]/100 g of paper 40 

before aging and 41 meq [OH
-
]/100 g of paper after aging. Upon aging TMSC is hydrolyzed 41 

into cellulose and the coated paper exhibits a 20% higher tensile strength than uncoated paper. 42 

 43 

KEYWORDS: Magnesium Hydroxide, Nanoparticles, trimethylsilyl cellulose, 44 

deacidification, strengthening, alkaline reserve 45 

 46 

 47 

 48 
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1. INTRODUCTION 50 

Paper has been the most significant carrier of written information for many centuries. The 51 

deterioration of paper based items such as books and other written documents over time is a 52 

serious problem for libraries, archives and conservators around the world. A main cause of 53 

deterioration is the acidity generated upon natural aging.
1-3

 From a material perspective 54 

cellulose is the main component and represents the largest number of paper based items.
4, 5

 It 55 

is well known that the dominant chemical reaction that occurs during aging of paper is the 56 

acid-catalyzed hydrolysis of cellulose.
2, 6

 Acid-hydrolysis leads to an irreversible 57 

depolymerisation of cellulose chains and consequently accounts for a substantial loss of 58 

mechanical strength.
2, 7, 8

 The process of complete neutralization of acidity in paper and 59 

deposition of alkaline components is referred to as ‘deacidification’. Up to now, many 60 

deacidification methods have been developed to eliminate the detrimental effects of acidity in 61 

paper and to simultaneously increase mechanical strength.
1, 3, 9-12

 Despites other existing 62 

methods, aqueous solutions and dispersions of alkaline metal hydroxides such as calcium and 63 

magnesium have been employed for several decades owing to their high compatibility.
13, 14

 64 

Recently, a non-aqueous process of alcoholic (e.g. ethanol and propanol) dispersions of 65 

alkaline nanoparticles (NPs) such as calcium and magnesium hydroxide has been explored for 66 

papers, manuscript and archeological woods.
1, 9, 10, 15

  These dispersions showed high stability 67 

and compatibility and are easy to handle. The nanoparticles cause a sufficient alkaline 68 

environment (pH 6-7.5) by turning into mild alkaline species i.e. carbonates. Nonetheless, 69 

apolar organic solvents were also used in a variety of processes employing soluble alkaline 70 

substances. One of these solvents is hexamethyldisiloxane (HMDSO) used in the well-71 

established Battelle process.
16

 HMDSO is inert, exhibits low surface tension (15.9 mN m
-1

) 72 

and allowing a sufficient wetting of paper. More importantly it causes a better dimensional 73 

stability of paper after treatment due to a very low swelling capacity for cellulose fibers.
16, 17

 74 
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Recently this solvent was used together with soluble amine-bearing siloxanes for the 75 

deacidification and strengthening of paper.
3, 11, 12

 Although, the above mentioned 76 

deacidification methods are versatile in one or the other way, a suitable approach to overcome 77 

some drawbacks is to employ substances that are fully compatible with the treated materials.  78 

In this context, a combination of silylated polysaccharides such as trimethylsilyl cellulose 79 

(TMSC) and alkaline nanoparticles i.e. Mg(OH)2 could be feasible. TMSC is hydrophobic, 80 

soluble in a wide range of organic solvents, and its surface shows a lower water wettability 81 

and surface free energy. It has been the focus of cellulose model surface preparation, and was 82 

used for the preparation of nanoparticles.
18-22

 On the other hand, Mg(OH)2 NPs with a narrow 83 

size distribution are commercially available, and exhibit many advantages such as a high 84 

deacidification efficiency, economic benefits, simplicity of operations and compatibility with 85 

natural materials.
9, 23, 24

 The deacidification of acid papers using Mg(OH)2 NPs is not new and 86 

it is already well-established in the pioneering work of Giorgi et al.
23, 24

 In their work 87 

Mg(OH)2 NPs stabilized in alcohol are successfully applied for the deacidification and 88 

providing an additional alkaline reserve. While Mg(OH)2 can be dispersed in some alcohols,
9, 

89 

23
 it is very difficult to disperse them in very apolar organic solvents such as toluene without 90 

an additional stabilizer. In such cases, organosoluble TMSC can be used as it imparts a better 91 

dispersibility and colloidal stability to nanoparticles due to the hydrophobic trimethylsilyl 92 

(TMS) groups and steric repulsion of adsorbed hydrophobic polymer chains.
22

 Moreover, the 93 

use of TMSC for deacidification treatment could act as a strengthening component for 94 

cellulose fibers in paper. 95 

The aim of this work was therefore to develop an efficient deacidification treatment based 96 

on a TMSC stabilized colloidal dispersion of alkaline Mg(OH)2 NPs in HMDSO. The kinetic 97 

stability, size and morphology of these particles were investigated by UV-Vis spectroscopy, 98 

dynamic light scattering (DLS) and transmission electron microscopy (TEM). Filter and 99 

Page 4 of 36RSC Advances



5 

 

acidic historical wood pulp (HWP) paper were coated with the dispersions. The successful 100 

coating of the nanoparticles and long-term effect of the deacidifying treatments were 101 

examined by artificial aging tests and studied in detail by electron microscope, colorimetric, 102 

infrared (IR) spectroscopy, wettability, alkaline reserve titrations, pH measurements and 103 

testing of the mechanical strength.  104 

 105 

2. EXPERIMENTAL SECTION 106 

2.1 Materials and methods 107 

Magnesium hydroxide nanoparticles (Mg(OH)2, 99.8%, particle size < 100 nm) and 108 

hexamethyldisiloxane (HMDSO, 98%) were purchased from Sigma-Aldrich, Austria.  109 

Trimethylsilyl cellulose (TMSC, DSTMS: 2.8, Mw:149,000 g mol
−1

, derived from Avicel PH-110 

101) for the stabilization of Mg(OH)2 nanoparticles in HMDSO was purchased from 111 

Thüringisches Institut für Textil- und Kunststoff-Forschung e.V. (TITK, Rudolstadt, 112 

Germany). Two kinds of paper samples were used for the deacidification experiments: 115A - 113 

type filter paper (made of 100% cellulose, ash content = 0.06 %, surface weight = 80 g m
-2

) 114 

from Carl Roth, Germany and historical wood pulp (HWP, made of 50% ground wood pulp 115 

and 50% chemical pulp, with high lignin content) papers collected from books printed in 116 

1840. All chemicals and materials were used without any purification. Milli-Q (18.2 M Ω cm 117 

at 25°C) water from a Millipore water purification system (Billerica, USA) was used for 118 

contact angle, pH and alkaline reserve measurements.  119 

 120 

2.2. Stabilization of Mg(OH)2 NPs in TMSC  121 

1 g of Mg(OH)2 NPs was added to 0.1, 0.5 and 2 g of TMSC (dissolved in 100 mL of 122 

HMDSO). The mixtures were sonicated (Elmasonic S40, Elma, Germany) for 30 min at 25°C 123 
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to obtain a stable colloidal dispersion of TMSC-Mg(OH)2 NPs. The TMSC stabilized 124 

Mg(OH)2 NPs were always prepared freshly prior to the impregnation of paper. 125 

2.3 Coating and peeling of paper         126 

Coating experiments: A simple dip coating procedure was adapted to deposit the TMSC and 127 

the TMSC/Mg(OH)2 NPs mixture on paper. Briefly, the papers were cut into 4 x 5 cm
2
. For 128 

coating, 1 g of paper (6 paper sheets) were immersed into 200 mL of TMSC-Mg(OH)2 129 

dispersion (Mg(OH)2: 1 % (w/v), TMSC: 2 % (w/v)) for 30 min.  The mixtures were stirred 130 

constantly during the coating process. For comparison, the paper sheets were impregnated in 131 

TMSC solution and in HMDSO under the same condition as described above. Afterwards, the 132 

paper sheets were taken out and vacuum dried (0 bar) at 25 ºC for 24 h.  133 

In addition particles concentration of 0.0625 and 0.25% (w/v) were employed for coating of 134 

filter and HWP papers in order to tune the final pH and alkaline reserve (AR) of deacidified 135 

papers. 136 

Peeling experiments: To verify the penetration of TMSC-Mg(OH)2 NPs or its aggregates into 137 

the inner paper structure we conducted a peeling experiments. For this purpose, HWP papers 138 

(uncoated and coated, 4 x 5 cm
2
) were chosen. Briefly, an adhesive tape was placed on the 139 

paper surface (front side), pressed for 1 min and removed afterwards. Similarly the materials 140 

were removed from other side (back) of the paper. This procedure was repeated five times. 141 

For analysis, the materials that remained after peeling (i.e. materials, not attached to the 142 

adhesive tapes) were used.  143 

 144 

2.4 Accelerated aging of paper  145 

Paper sheets were aged in order to accelerate the degradation of cellulose following a protocol 146 

published elsewhere.
10

 For that purpose, 10 g of paper sheets (coated/uncoated) were placed 147 

in a closed desiccator containing 200 mL water saturated with NaCl to maintain the humidity 148 
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at 75% RH. The temperature for aging was set to 80ºC. The papers were aged under these 149 

conditions for 14 days. After aging, the papers were vacuum dried (0 bar) at 25ºC and 150 

conditioned at 23ºC and 65% RH for 24 h. 151 

 152 

3. ANALYTICAL METHODS 153 

3.1 UV-Vis spectroscopy. The colloidal stability of Mg(OH)2 NPs in HMDSO with and 154 

without TMSC was investigated by UV-Vis spectroscopy. Mg(OH)2 (1 g) was added to 100 155 

mL of HMDSO or TMSC/HMDSO polymer (0.1, 0.5 and 2 g) and subjected to 156 

ultrasonication for 30 min. The kinetic stability of the samples was determined by 157 

transmission measurements at a wavelength of λ = 600 nm (optical path length of 10 mm). 158 

The cuvette was capped to avoid a loss of solvent during the measurements.  159 

 160 

3.2 Dynamic light scattering (DLS). The nanoparticles mean hydrodynamic diameter was 161 

determined by DLS using a Brookhaven Instruments ZetaPlus zeta-potential Analyzer 162 

(wavelength: 657 nm, scattering angle: 90°). The samples were diluted with HMDSO 163 

(Mg(OH)2: 0.01% (w/v), TMSC: 0.02% (w/v)). Mean particle diameters were approximated 164 

as the effective (z -average) diameters from the bimodal size distribution. The width of the 165 

distribution was achieved using the Non-Negatively constrained Least Squares (NNLS) 166 

method, presuming spherical particle shape and log-normal size distribution.
25

 The 167 

measurements were repeated five times. 168 

 169 

3.3 Transmission electron microscope (TEM). The morphology and particle size 170 

distribution of Mg(OH)2 and TMSC stabilized Mg(OH)2 NPs were analyzed using TEM.  For 171 

TEM analysis, the samples were prepared by dropping 10 µL of dispersion (sonicated for 10 172 

min) on 400 mesh carbon coated copper grids (purchased from Plano GmbH, Germany), 173 
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followed by drying at room temperature. The samples were diluted with HMDSO in the same 174 

way as above (section 3.2). The TEM images were obtained at 120 kV with a ZEISS EM912 175 

at a magnification of 4000-10000. The particle size was calculated by analyzing the TEM 176 

images using the software Image J1.47 and at least 100 particles were chosen for analysis.   177 

 178 

3.4 Field emission scanning electron microscopy (FESEM). The morphology of uncoated, 179 

coated and peeled paper samples were analyzed by FESEM. A Carl Zeiss FE-SEM SUPRA 180 

35 VP electron microscope was used. The images were recorded with an acceleration voltage 181 

of 1 kV. The chemical compositions of coated/uncoated paper were examined using an 182 

Energy dispersive X-ray (EDX) detector (model OXFORD INCA 200, Oxford Instruments 183 

Germany, Wiesbaden, Germany). The EDX detector is equipped with a liquid nitrogen cooled 184 

X-ray detector (Si(Li) – silicon with lithium) having 10 mm
2
 crystal area. The working 185 

distance for the EDX detector was 8.5 mm and the electron energy (acceleration voltage) was 186 

10 keV. The paper samples were mounted on sample holders and no sputtering on the sample 187 

surfaces was performed. For the elemental mapping, a 10 nm gold layer was sputtered on the 188 

sample surface. 189 

 190 

3.5 Colorimetric measurements. Color measurements of uncoated, coated and aged papers 191 

(4 x 4 cm
2
) were determined in reflectance mode (spectral range 400-700 nm in 10 nm steps) 192 

using a Spectraflash SF 600 PLUS spectrophotometer (Datacolor) equipped with an 193 

integrating sphere. All experiments were conducted on at least three independent samples and 194 

on both sides of the sample surface, and an average value was obtained. The sample spot size 195 

of 3 x 3 cm
2
 was used for the measurement. The color coordinate values (L, a, b)* were 196 

calculated in the CIE*LAB1976 Color System, with a D65 standard illuminant and 10° 197 

standard observer. D65 (LAV/Spec. Incl., d/8, D65/10°). On the basis of measured CIE (L, a, 198 
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b)* values, the total color change was determined using the equation (1). The detailed 199 

descriptions of the method can be found elsewhere.
26, 27

  200 

∆E* = �(∆�∗)� + (∆	∗)� + (∆
∗)�     (1) 201 

where ∆L*, ∆a* and ∆b* are the difference between the coated and the uncoated (control) 202 

samples. 203 

3.6 Attenuated total reflection- infrared (ATR-IR) spectroscopy. A Bruker Alpha ATR-204 

FTIR spectrometer at a scan range of 4000-650 cm
-1

 was used to analyze the chemical 205 

composition of the coated and uncoated papers. A total of 32 scans were performed with a 206 

resolution of 4 cm
-1

. 207 

 208 

3.7 Static Contact angle (SCA) measurements. The water wettability of coated and 209 

uncoated papers were measured by using a OCA15+ contact angle measurement system 210 

(Dataphysics, Germany) with the sessile drop method and a drop volume of 3 µl. All 211 

measurements were carried out at room temperature. Determination of the SCA was based on 212 

the analysis of the drop shape by the Young-Laplace method and was performed with the 213 

software provided by the manufacturer (software version SCA 20). All the measurements 214 

were performed on at least three independent substrates with a minimum of ten drops per 215 

surface and an average value was calculated.  216 

 217 

3.8 Alkaline reserve and pH determination. The alkaline reserve (AR) (meq(OH
-
)/100 g 218 

paper) was determined by back-titration according to the standard method ASTM D4988-219 

96R01. Briefly, papers (1 g) were cut into 5 x 5 mm
2
 and placed it in Erlenmeyer flask (125 220 

mL) containing 25 mL of MQ-water and 20 mL of 0.1 M HCl. The mixtures were heated to 221 

boiling. After boiling it for 1 min it was cooled down to room temperature. Following this 222 

three drops of methyl red indicator were added. The mixtures were then titrated with 0.1 M 223 
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NaOH up to the end point (color change from red to first lemon-yellow). The alkaline reserve 224 

was determined using the equation (2-3)  225 

Alkalinity as Mg(OH)2 =  
�(���	�		���)	�	(����	�	����)	�	�	�.���		�	���

��
  (2) 226 

where 0.029 is the milliequivalent weight of Mg(OH)2 and DW is the dry weight of the 227 

specimen (in g). 228 

Alkaline reserve (meq [OH
-
]/100 g paper mass) 229 

																			= 	
�(V !"	x		N !")	–	(V�&' 	x	N�&' )�

Dry	weight	of	paper	(g)
	x	100																																																(3)	

The cold-extract pH of the papers was determined according to the standard method TAPPI 230 

T509 om-88, scaled down to 0.5 g of paper. Briefly, papers (0.5 g) were cut into 5 x 5 mm
2
 231 

and placed it in 50 mL beaker. Then, 5 mL of MQ-water was added and the mixtures were 232 

macerated with a flattened glass stirring rod until the papers were wet. Afterwards, 30 mL of 233 

MilliQ-water was added, stirred for 1 h, covered with a watch glass covered, allowed to 234 

stand for few minutes at room temperature, and the pH was measured. All the experiments 235 

were carried out at least three times. 236 

For determination of pH and alkaline reserve for peeled samples, at least 1 g of paper were 237 

collected (from the peeling experiments as mentioned in section 2.3) and cut into 5 x 5 mm
2
. 238 

Several coated paper sheets (4 x 5 cm
2
) were used for peeling to obtain at least 1 g of 239 

material. 240 

 241 

3.9 Mechanical properties. The tensile strength at maximum (MPa) and the tensile strain at 242 

break (%) of the papers were measured according to the standard method TAPPI T494 om-01 243 

using a Shimadzu AGS-X electromechanical universal testing machine.
28

 For testing, the 244 

papers were cut into a size of 4 mm x 5 cm and vertically mounted with two clamps with 2.5 245 

cm distance between the clamps. Papers were tested at a speed of 1 mm min
-1

 with a 5 kN 246 

Page 10 of 36RSC Advances



11 

 

load cell. At least ten experimental runs were carried out and average values and standard 247 

deviations were calculated. All papers were conditioned at 23ºC and 65% RH for 24 h before 248 

the test. 249 

 250 

4. RESULTS AND DISCUSSION 251 

4.1 Kinetic stability, particle size and morphology of unmodified and TMSC stabilized 252 

Mg(OH)2 NPs 253 

For many applications, an important goal is to enhance the stability of nanoparticle 254 

dispersions during transportation storage and use. One common strategy to control the 255 

aggregation of nanoparticles in solution is to add polymers, which act as a steric stabilizer 256 

preventing uncontrolled aggregation.
29, 30

 At present synthetic polymers are employed more 257 

frequently.
29, 31

 In our case, we have chosen TMSC as a stabilizer since polysaccharides in 258 

general are biocompatible and beneficial for paper conservation. The kinetic stability of the 259 

nanoparticles in solution can be easily examined by UV-Vis spectroscopy. Figure 1 shows the 260 

UV-Vis absorbance (600 nm) of Mg(OH)2 (1%, w/v) dispersed in HMDSO with and without  261 

TMSC as a stabilizer (0.1, 0.5 and 2%, w/v). Pure Mg(OH)2 NPs dispersed in HMDSO settles 262 

down rapidly within the first minutes as indicated by a sudden drop in absorbance (Figure 1, 263 

a). In contrast, Mg(OH)2 NPs stabilized with TMSC shows a much higher stability 264 

(absorbance above 80%) (Figure 1 b-d). This is further shown by the photographs in Figure 1 265 

(insert). The pure Mg(OH)2 NPs dispersed in HMDSO solvent completely sediment while 266 

TMSC (2%, w/v) stabilized Mg(OH)2 NPs remained as a stable colloidal dispersion. 267 

Obviously, with an increase in TMSC concentration the particle dispersibility and colloidal 268 

stability is increased, indicating an enhanced interaction between the particles and the 269 

polymer. TMSC offers steric repulsion and hydrophobization of nanoparticles due to its high 270 

molecular weight and its trimethylsilyl (TMS) groups which prevent the particles from 271 
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uncontrolled aggregation. Although a slight and constant decrease in absorbance is noticeable 272 

for particles stabilized with lower TMSC concentration (0.1-0.5%, w/v), the absorbance is 273 

nearly constant at a high TMSC concentration (2%, w/v) throughout the whole duration of the 274 

test. It should be noted that the 3 h time-span of the test is considered sufficient for practical 275 

applications. For further analysis and deacidification, dispersions containing 1 % (w/v) 276 

Mg(OH)2 and 2 % (w/v) TMSC are employed since they show high colloidal stability and 277 

contain sufficient amounts of alkaline particles.   278 

 279 

 280 

Figure 1. Absorbance of Mg(OH)2 NPs dispersed in HMDSO (a) and in TMSC (b: 0.1 % 281 

w/v, c: 0.5 % w/v, d: 2 % w/v) at 600 nm wavelength. 282 

 283 

The mean particle size of Mg(OH)2 NPs (1%, w/v) dispersed in HMDSO and in TMSC 284 

solution (2%, w/v), measured by DLS, were found to be 838 ± 15 and 150 ± 3 nm. Besides 285 

that, TEM analysis was performed to determine the particles size in dry condition and 286 

compared it with the results from DLS measurements. TEM images of Mg(OH)2 NPs (1%, 287 

w/v) dispersed in HMDSO and in TMSC solution (2 %, w/v), and their corresponding particle 288 

size distributions in the dry state are shown in Figure 2. As expected, Mg(OH)2 NPs dispersed 289 

in polymer free HMDSO shows a clear agglomeration of spherical-shaped particles with 290 
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average diameter of 46 ± 2 nm (a-b). In the presence of TMSC an agglomeration of NPs is 291 

still visible and the spherical morphology is less pronounced (c). Interestingly, the size of the 292 

single particles remain unchanged (45 ± 3 nm, d) after hydrophobisation with TMSC. 293 

Obviously the particles measured by TEM are much smaller than the mean particle size 294 

measured by DLS. The latter measure the mean hydrodynamic diameter, whereas TEM give 295 

the single and vacuum dried particles. It is well-known that the hydrodynamic size of the 296 

particles which are dispersed in liquids are usually larger than the primary particle size i.e. 297 

single particle, as reported in many other studies.
32-34

 From that viewpoint, we can propose 298 

that during DLS analysis, an agglomerate of many single particles (Mg(OH)2 or TMSC-299 

Mg(OH)2 NPs) are measured as one large particles. However, during TEM analysis the 300 

average particle size of the individual particles that form an agglomerate is determined.  301 

 302 

 303 

Figure 2. TEM images (top) and particle size distribution (bottom) of Mg(OH)2 NPs 304 

dispersed in HMDSO (a,b) and in HMDSO/TMSC (2 %, w/v) (c,d).  305 
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 306 

4.2 Optical appearance of coated and aged papers 307 

Accelerated aging is one of the primary interests in library and archival preservation science 308 

in order to determine the long term effect of conservation treatment and the life span of the 309 

paper coated with the deacidifying components. Such tests are usually performed at elevated 310 

temperature and constant relative humidity. In our study, we conducted the accelerated aging 311 

test at 80°C and at 75 % RH for both filter and HWP papers. Filter paper is used as a quasi-312 

standard in research and in the paper conservation and restoration. Moreover, filter paper is 313 

chemically and structurally somehow similar to HWP paper, and is nearly included as a 314 

standard testing material in the evaluation of all new deacidification methods therefore. Due 315 

to the above mentioned properties, filter papers are chosen as a reference paper although it 316 

does not contain any sizing components, in our case, for analysis of the degradation of 317 

cellulose after the deacidification and artificial aging.  318 

 319 
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Figure 3. Uncoated and treated paper sheets before and after artificial aging. (a) Uncoated 320 

papers, (b) papers coated with TMSC and (c) papers coated with TMSC-Mg(OH)2 NPs. BA – 321 

before aging and AA- after aging.  322 

 323 

The macroscopic images of the uncoated and coated filter and HWP papers before and after 324 

artificial aging are shown in Figure 3. It is obvious that coating with either TMSC or TMSC 325 

stabilized Mg(OH)2 NPs (and/or aggregates) does not cause visible deposits or other changes 326 

in the dimensions or appearance of the uncoated papers. This is further supported by the 327 

finding from the color measurements (see section 4.3). However, a color change i.e. 328 

yellowing occurs already on the uncoated papers due to aging. This effect is also visible on 329 

papers that are coated with TMSC and TMSC-Mg(OH)2 NPs. As mentioned above, an 330 

important reaction during aging is the hydrolytic degradation of cellulose macromolecules due 331 

to acidity in paper. The yellowing of paper upon aging can be attributed to the presence of 332 

chromosphores formed from the degradation of one or more components (like cellulose, 333 

lignin and hemicellulose).
35

 However the oxidation of cellulose cannot be avoided during an 334 

accelerated aging (at temperature of 80°C and at 75 % RH), leading to an increased acidity 335 

followed by yellowing in paper. Upon aging the papers coated with mixtures of 336 

TMSC/deacidifying components are turned into more yellow in color compared to uncoated 337 

and aged papers. Even though this can be seen as one drawback of our method, the additional 338 

yellowing can be prevented or avoided by controlling the final pH of the paper by coating 339 

with a lower particles concentration (see section 4.3 and 4.7).  340 

 341 

4.3. Colorimetric measurements 342 

To verify the discoloration of uncoated and coated papers (before and after aging) the 343 

colorimetric measurements were performed. The results of the CIE color coordinates (L, a, 344 
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b)* are presented in Table 1. The results showed that the discoloration (i.e. yellowing) 345 

occurred already on uncoated and aged papers. Obviously, filter paper showed more 346 

yellowing (∆E* = 13.4) than that of HWP one (∆E* = 10.3), indicating that uncoated filter 347 

paper undergoes a fast degradation and more susceptible to oxidation. After coating with 348 

TMSC and aged no significant changes in yellowing is observed. However, the yellowing is 349 

increased up to 4 % (∆E* = 14.1) and 18 % (∆E* = 12.5) for filter and HWP paper compared 350 

to uncoated and aged papers. The increased yellowing for HWP paper maybe due to the high 351 

pH (9) obtained by TMSC-Mg(OH)2 NPs coating (Table 5 and S1, see ESI). As reported by 352 

other authors, a pH value of above 9 can be dangerous for oxidized papers, leading to more 353 

degradation, and consequently to more yellowing.
2
 To verify this HWP paper (coated 0.25 % 354 

(w/v) particles concentration) that showed a value close to neutral pH (7.6 ± 0.3, see section 355 

4.7) was chosen and subjected to artificial aging as mentioned above. The results showed that 356 

the yellowing (∆E* = 10 ± 0.1) remained unchanged compared to uncoated and aged paper 357 

(∆E* = 10.3 ± 0.1), while it decreased to 28% compared to HWP paper (Table S1-S2, see 358 

ESI) which is coated with higher particles concentration (1%, w/v) and had a pH value of 9 359 

(see Table 5). Similar results are obtained for filter paper whose pH was 7.5 ± 0.1 after 360 

coating with 0.0625% (w/v) particles concentration. These results confirm that the yellowing 361 

can be avoided for deacidified papers having neutral pH upon aging. Moreover, it can be 362 

noticed that the brightness (L*) value is not changed for coated and non-aged papers, 363 

confirming that the color of the papers is retained after the application of our coating. In 364 

general, the yellowing is caused by the formation of chromophore, which is the results of 365 

degradation of one or more components present in HWP paper as mentioned before. 366 

 367 

 368 

Table 1. CIE color coordinates of uncoated and coated papers 369 
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Samples Filter paper  HWP paper  

 L a* b* ∆E* L a* b* ∆E* 

Uncoated 96.3 0.02 3.7 0.0 82.1 3.0 15.8 0.0 

Uncoated, aged 88.9 3.0 14.6 13.4 73.4 5.7 20.4 10.3 

TMSC coated 96.3 0.01 3.9 0.0 82.3 3.1 17.1 0.0 

TMSC coated, aged 87.6 2.7 13.1 13.0 73.4 6.1 21.1 10.2 

TMSC-Mg(OH)2 coated 96.3 0.02 4.0 0.0 82.1 3.0 18.0 0.0 

TMSC-Mg(OH)2 coated, aged 86.3 2.5 13.5 14.1 70.7 5.0 22.8 12.5 

 370 

4.4 Microscopic morphology of the coatings 371 

The SEM images of the uncoated filter and HWP paper are depicted in Figure 4a. It can be 372 

seen that both materials have the common fibrillar microstructure. A certain smoothening 373 

effect of the fiber surface can be observed after TMSC coating (b). The images of TMSC 374 

coated papers after aging are shown in the supporting information (ESI, Figure S1) and 375 

showed clumps of aggregates deposited on the fiber surfaces of HWP paper at least compared 376 

to the non-aged samples. By treating filter and HWP paper with the TMSC stabilized 377 

nanoparticle dispersions homogeneous particle deposits are immobilized on the fiber surfaces 378 

(c). Almost full coverage of a thin particle layer is obtained. The thickness of this layer is of 379 

importance since transparency of the coatings is necessary and no white deposits are visible. 380 

After aging for two weeks at 80°C, no morphological changes of the particle coatings are 381 

observed and Mg(OH)2 is retained on the surface (d).  382 
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 383 

 384 

Figure 4. SEM micrographs of (a) uncoated paper, (b) TMSC coated before aging, (c) 385 

TMSC-Mg(OH)2 coated before aging, (d) TMSC-Mg(OH)2 NPs coated after aging. 386 

 387 

To verify the deposition or distribution of particles at the inner surfaces of paper the coated 388 

materials from the top few layers of paper were peeled off using an adhesive tape (see section 389 

2.3) and the samples that remained after peeling were analyzed by SEM. The SEM 390 

micrographs of uncoated and coated papers after peeling-off one and five times are shown in 391 

Figure 5. It can be seen that the fibrillar structures of peeled samples are changed (a-b) 392 
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comparing to the original ones (Figure 4a, right). For coated papers whose surfaces were 393 

peeled-off once, smaller and larger agglomerated nanoparticles are visible as indicated by the 394 

arrows (c). Interestingly, this is also noticeable on surfaces that were peeled-off five times (d). 395 

This is further supported by EDX elemental mapping (Figure S3-S4, see ESI), which clearly 396 

shows the presence of magnesium and silicon (as indicated by the bright spots) in one time 397 

peeled as well as in five times peeled samples similar to unpeeled coated samples (Figure S2, 398 

see ESI), but to a lesser extent. The results suggest that the functionalized alkaline particles 399 

are small enough to penetrate/diffuse through the pores of paper in the liquid environment. 400 

The penetration of the nanoparticles into the core of the paper is also verified by water contact 401 

angle measurements see section 4.6. Further it can be concluded that the method allows to 402 

deposit alkaline components inside the paper by a simple diffusion process, which is 403 

necessary to ensure a complete neutralization of acidity and a longer prevalence of treatment.  404 

 405 

 406 

 407 

Figure 5. SEM micrographs of uncoated (top) and TMSC-Mg(OH)2 NPs coated (bottom) 408 

HWP paper. Once peeled (a, c), and five times peeled (b, d). 409 

 410 
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The layer thickness and the mass loss of the peeled samples were also measured and the 411 

results are presented in Table 2. As expected, both filter and HWP paper showed a reduced 412 

layer thickness and mass as a result of peeling. For filter paper the thickness and the mass are 413 

decreased to 14 and 33.5% after one time peeling. While the HWP paper showed a 14% 414 

reduction in film thickness similar to filter paper, the mass is decreased to 20.5%. Whereas, 415 

five times peeling resulted in 36 and 29% reduction in layer thickness for filter and HWP 416 

paper, and the mass loss is close to 40% for both papers. 417 

 418 

Table 2. The film thickness and mass loss of the TMSC-Mg(OH)2 NPs coated and uncoated 419 

papers before aging. 420 

 

Peel 

Filter paper HWP paper 

Thickness 

(µm) 

Mass t loss 

(%) 

Thickness 

(µm) 

Mass loss 

(%) 

0 140 ± 2 - 140 ± 2 - 

1 120 ± 10 34 120 ± 2 33 

5 90 ± 10 39 100 ± 10 38 

 421 

Table 3 shows the amount of magnesium and silicon present in the uncoated and coated 422 

papers before and after aging, obtained from EDX analysis (in at.%). While no silicon is 423 

detected on uncoated filter and HWP paper, the papers coated with TMSC show the presence 424 

of silicon (filter paper: 2.9 ± 0.2 at.%, HWP paper: 4.8 ± 0.5 at.%) confirming that the papers 425 

are successfully coated with TMSC. Interestingly the HWP paper shows higher amounts of 426 

deposited TMSC. A plausible reason can be that the old HWP paper contains more pores and 427 

exhibits a higher surface roughness, allowing the uptake of more TMSC. An enhanced TMSC 428 

deposition is noticed (filter paper: 7.9 ±0.3 at.%, HWP paper: 11.2 ± 0.3, at.%) when 429 

dispersion containing Mg(OH)2 NPs are employed. In this case, it can be assumed that 430 

Mg(OH)2 NPs with a larger surface area facilitates the incorporation of higher amounts of 431 

TMSC. The papers that are coated with TMSC and subjected to accelerated aging show no 432 
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silicon, demonstrating that the coated TMSC is hydrolyzed into cellulose. Higher humidity 433 

and temperature can hydrolyze TMSC into cellulose by cleaving of O-Si bonds from the 434 

TMSC backbone. Upon aging TMSC will be converted into corresponding silanol, which 435 

undergoes condensation reaction to give hexamethyldisiloxane (HMDSO). The later 436 

compound with low surface tension is rather volatile can and be removed from the surface as 437 

soon it is formed.
20

 In contrast for papers coated with TMSC-Mg(OH)2 NPs no significant 438 

reduction in silicon is noted after aging. This implies that the presence of Mg(OH)2 essentially 439 

prevents complete hydrolysis of TMSC, most likely due to sterical hindrance and reduced 440 

accessibility for water. The filter and HWP paper coated with TMSC-Mg(OH)2 NPs shows 8 441 

and 22% reduction in magnesium after aging, indicating that some Mg(OH)2 is converted into 442 

the carbonate form by reacting with carbon-di-oxide (CO2) or into its corresponding MgSO4 443 

salt upon neutralization with acids.
23

 It has to be noted that distribution of atomic ratio of 444 

magnesium is less in MgCO3 or in MgSO4 compared to Mg(OH)2. Therefore, a lower 445 

magnesium content is detected by EDX for papers coated with TMSC-Mg(OH)2 NPs after 446 

aging.   447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 
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 458 

Table 3. Magnesium and silicon content of uncoated and coated papers, obtained from EDX 459 

analysis. The values were obtained from the average of six independent measurements from 460 

two samples. For clarity reasons the values of other elements are given in the supporting 461 

information (Table S3-S4).  462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

4.5 Attenuated total reflection infrared spectroscopy (ATR-IR) analysis 471 

The ATR-IR spectra of filter and HWP paper of the different coatings are shown in Figure 6. 472 

Compared to uncoated paper (a), peaks for the C-Si rocking vibrations (at 757, 1250 and 840 473 

cm
-1

) are observed for papers coated with TMSC and TMSC-Mg(OH)2 NPs (b and c). In 474 

addition the peaks corresponding to O-H stretching vibrations of Mg(OH)2 NPs are detectable 475 

at 3695 cm
-1

 (c). Interestingly, the C-Si peaks disappeared completely for papers coated with 476 

TMSC (without Mg(OH)2 NPs) after aging (Figure S5, see ESI), confirming that during aging 477 

TMSC is hydrolyzed into cellulose, by cleavage of the O-Si bond from the TMSC 478 

backbone.
19-21

 This data supports the finding from the EDX analysis that also showed no 479 

detection of silicon for aged TMSC coated paper samples. In contrast the C-Si bonds are still 480 

present in TMSC-Mg(OH)2 NPs coated paper (d). The presence of a dense Mg(OH)2 layer 481 

obviously protects the TMSC to be hydrolyzed during aging. Again, the latter results correlate 482 

 Filter paper HWP paper 

 Mg 

(at. %) 

Si 

(at. %) 

Mg 

(at. %) 

Si 

(at. %) 

Uncoated  n.d n.d n.d n.d 

TMSC coated (before aging) n.d 2.9 ± 0.2 n.d 4.8 ± 0.5 

TMSC coated (after aging) n.d n.d n.d n.d 

TMSC-Mg(OH)2 NPs 

coated 
(before aging) 

11.8 ± 0.4 7.9 ±0.3 23.2 ± 1.0 11.2 ± 0.3 

TMSC-Mg(OH)2 NPs 
coated 

(after aging) 

10.8 ± 0.5 6.5 ± 1.0 18.2 ±1.0 10.8 ±0.9 
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very well with the EDX analysis where no major reduction in silicon content is observed for 483 

the TMSC-Mg(OH)2 NPs coated paper after aging (see Table 3). The results also showed no 484 

additional peaks, before and after aging, for the formation of carbonate ion (CO3
2-

), implying 485 

that no conversion is taken place from Mg(OH)2 to magnesium carbonate (MgCO3). A likely 486 

explanation is that the protective TMSC layer may inhibit the carbonate formation or the 487 

concentration of MgCO3 is too low to be detected (if it is formed), creating a less safe 488 

environment compared to the one which could be generated by MgCO3.   489 

 490 

 491 

 492 

Figure 6. ATR-IR spectra of uncoated and coated paper before and after aging. (a) uncoated 493 

paper, (b) TMSC coated before aging, (c) TMSC-Mg(OH)2 NPs coated before aging (d) 494 

TMSC-Mg(OH)2 NPs coated after aging. 495 

 496 

 497 
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  498 

4.6 Contact angle measurements       499 

The wettability of paper coated with TMSC and TMSC-Mg(OH)2 NPs before and after aging 500 

was determined by water contact angle measurements (Table 4). Uncoated filter paper is 501 

obviously completely wetted. In contrast, uncoated HWP paper is highly hydrophobic 502 

(CA)H2O: 125°. This can be attributed to the presence of different components in paper, such 503 

as lignin and sizing agents
36

, and a generally low moisture content. After coating with TMSC, 504 

a high (CA)H2O:125° is noticed for both papers confirming the successful deposition of 505 

TMSC on filter paper and supporting the findings from the EDX analysis and ATR-IR 506 

measurements. Higher (CA)H2O values are well-known for TMSC coated surfaces as 507 

reported elsewhere.
37, 38

  As mentioned above, aging results in the cleavage of O-Si bonds and 508 

leads to cellulose formation with higher water wettability.
19, 39

 Upon aging the surface of 509 

TMSC coated filter paper becomes again completely hydrophilic ((CA)H2O not measurable) 510 

and HWP paper treated in the same way also has a much lower ((CA)H2O confirming the 511 

hydrolysis of TMSC. Filter paper coated with TMSC-Mg(OH)2 NPs shows similar (CA)H2O 512 

as pure TMSC coatings confirming the presence of polymer and particles. After aging contact 513 

angles are not decreased on these coatings. These results are comparable with the data derived 514 

from IR measurements where the C-Si peaks are still present on the aged paper. Retaining the 515 

hydrophobicity even after aging would be advantageous for paper conservation since a 516 

hydrophobic paper surface could reduce the uptake of moisture from the surrounding 517 

environment. However the formation of cellulose during aging does also not impose any risk 518 

on paper and can be seen advantageous in terms of the materials` compatibility. 519 

 520 

 521 

 522 
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 523 

Table 4. Water contact angles of coated and uncoated papers before and after aging. 524 

 525 

 526 

 527 

 528 

 529 

 530 

As mentioned in section 4.4, contact angles measurements were performed to confirm the 531 

penetration of TMSC-Mg(OH)2 NPs into the inner structure of the peeled samples. For this 532 

purpose, the (CA)H2O are measured for both filter and HWP paper (uncoated and coated) that 533 

were peeled for five times. As expected no differences in (CA)H2O for peeled coated (142 ± 534 

5°) and uncoated (142 ± 5°) HWP paper is observed. This is due to the fact that HWP paper 535 

contains different hydrophobic sizing components giving no changes in the contact angle 536 

values. Whereas, peeled uncoated filter paper, which contains 100% pure cellulose and no 537 

sizing components, yielded (CA)H2O:0° (like in the case of unpeeled sample). In contrast 538 

(CA)H2O of 130 ± 7° is obtained for coated and peeled sample giving a solid evidence that 539 

the hydrophobic TMSC-Mg(OH) NPs are penetrated into inner fiber structure of the paper. 540 

 541 

4.7 Alkaline reserve (AR) and pH determination 542 

The neutralization of acids and the introduction of an alkaline reserve (AR) in paper is highly 543 

important in paper conservation to prevent or slow down further hydrolysis. The pH and 544 

alkaline reserve of coated and uncoated filter and HWP paper before and after aging are given 545 

in Table 5. As expected, uncoated filter paper exhibits a pH of 7 and no alkaline reserve. 546 

Interestingly the pH of TMSC coated papers (both filter and HWP) is increased by one unit, 547 

 Filter paper HWP paper 

Uncoated Not measurable 126 ± 2 

Uncoated, aged Not measurable 123 ± 3 

TMSC coated 124 ± 4 128 ± 3 

TMSC coated, aged Not measurable 92 ± 5 

TMSC-Mg(OH)2 NPs coated 133 ± 3 126 ± 3 

TMSC-Mg(OH)2 NPs coated, aged 140 ± 3 122 ± 3 
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suggesting that TMSC coating also contributed to the pH increase. This is confirmed by 548 

measuring the pH of TMSC dispersed in pure MilliQ-water where a pH value of 8 ± 0.3 is 549 

obtained compared to the pH (7 ± 0.1) of MilliQ-water without TMSC. After treatment with 550 

TMSC-Mg(OH)2 NPs, a pH of 10 and an alkaline reserve (AR) of 47 meq [OH
-
]/100 g is 551 

reached. The AR in this case is corresponds to 1.4 wt.% of Mg(OH)2. Interestingly after aging 552 

no large change in pH and alkaline reserve are noticed. These data fits very well to the results 553 

obtained from the EDX analysis where almost no major reduction in magnesium is noticed for 554 

paper coated with TMSC/Mg(OH)2 mixture after aging. However, uncoated HWP paper is 555 

acidic with a pH of 4 as determined by pH measurement. Similar to filter paper, coating with 556 

TMSC did not result in any changes of alkaline reserve. By treatments of HWP paper with 557 

TMSC/Mg(OH)2 NPs mixture, the pH and the alkaline reserve are increased to 9 and 61 meq 558 

[OH
-
]/100 g (corresponding to 1.8 wt.% Mg(OH)2). Although pH 9 can be considered as an 559 

‘unsafe’ value for oxidized HWP paper that requires deacidification and an additional alkaline 560 

reserve as stated by other authors
2
, the pH of the final coated paper can easily be tuned 561 

depending on the chosen nanoparticles concentration (see below). After aging the pH and the 562 

alkaline reserve are significantly decreased to 8 and 41 meq [OH
-
]/100 g (i.e.1.2 wt.% 563 

Mg(OH)2) confirming the consumption of some Mg(OH)2 by neutralization reactions with 564 

acids present in HWP paper. As mentioned above, acid neutralization with Mg(OH)2 can 565 

possibly leads to the formation of its corresponding salt such as magnesium sulfate (MgSO4), 566 

which does not contributes to the alkaline reserve, and therefore a less alkaline reserve is 567 

determined. As shown in Table 5 the pH of uncoated filter paper is 7 and it does not need 568 

deacidification. Therefore no alkaline reserve is consumed upon aging. By using 569 

TMSC/Mg(OH)2 NPs mixture it is possible to eliminate the acidity and to simultaneously 570 

introduce a sustainable alkaline reserve to paper by a very simple but efficient process. 571 

 572 
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 573 

 574 

 575 

Table 5. Alkaline reserve (AR in meq[OH
-
]/100g of paper)) and pH of coated and uncoated 576 

paper before and after aging.  577 

Samples Filter paper HWP paper 

 pH AR Mg(OH)2 

(wt.%) 

pH AR Mg(OH)2 

(wt.%) 

Uncoated 7 ± 0.1 - - 4 ± 0 - - 

Uncoated, aged 7 ± 0.3 - - 4 ± 0 - - 

TMSC coated 8 ± 0.3 - - 5 ± 0.2 - - 

TMSC coated, aged 8 ± 0.1 - - 5 ± 0.1 - - 

TMSC-Mg(OH)2 coated 10 ± 0.1 47 ± 1 1.4 9 ± 0.3 61 ± 6 1.8 

TMSC-Mg(OH)2 coated, aged 10 ± 0.1 47 ± 2 1.4 8 ± 0.1 41 ± 2 1.2 

 578 

 579 

To determine the amount of alkaline reserve (AR) deposited inside the paper sheets the coated 580 

materials from the front and back side of the paper were peeled-off, and the samples that 581 

remained after peeling were analyzed by back-titration. In addition the pH was measured and 582 

compared with results of the alkaline reserve (Table 6). Surprisingly an increase of 14 wt.% 583 

Mg(OH)2 deposition  (AR: 54 meq[OH
-
]/100g) and almost no change in pH are observed for 584 

filter paper after peeling one time compared to unpeeled samples, confirming that more 585 

material is deposited or diffused into the porous fiber structure of paper. Even though the 586 

thickness is reduced 36% after five times peeling as mentioned above, no significant changes 587 

in alkaline reserve and pH are observed. This is an evidence that the nanoparticles are equally 588 

deposited/distributed in the entire inner paper surface. However, a different behavior is 589 

observed in the case of HWP papers. After first peeling the alkaline reserve is decreased to 590 

50% (31 meq[OH
-
]/100g) and remained almost constant after five times, but no major 591 

changes in pH are observed similar to filter paper. Over all, our coating provided an approx. 2 592 

wt.% Mg(OH)2 (55 meq[OH
-
]/100g) and pH of 11 for filter paper, and  approx. 1 wt.% 593 
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Mg(OH)2 (29 meq[OH
-
]/100g) and pH of 8 in the case of HWP paper even after five times 594 

peeling. From the above results it can be confirmed that our treatment is highly efficient, and 595 

enabled the irreversible deposition of alkaline nanoparticles not only on the surface but also at 596 

the inner paper fiber structure, which is highly important for further neutralizing the acids that 597 

can be generated during storage and preservation.   598 

Table 6. Alkaline reserve (AR in meq[OH
-
]/100g of paper)) and pH of TMSC-Mg(OH)2 NPs 599 

coated HWP paper before and after peeling.  600 

 

Peel 

Filter paper HWP paper 

AR Mg(OH)2 

wt.% 

pH AR Mg(OH)2 

wt.% 

pH 

0 47 ± 1  1.4 10 ± 0.1 61 ± 6  1.8 9 ± 0.3 

1 54 ± 3  1.6 11 ± 0.1 31 ± 5  0.9 8 ± 0.2 

5 55 ± 9 1.6 11 ± 0.1 29 ± 1  0.8 8 ± 0.1 

 601 

Papers were also coated with lower concentrations of TMSC-Mg(OH)2 NPs as shown in 602 

section 2.3 in order to tune the final pH of the coated papers. At the concentration of 0.0625% 603 

(w/v) a pH of 7.5 ± 0.1 and an alkaline reserve of 3.8 ± 0.1 meq [OH
-
]/100 g (corresponding 604 

to to 0.1 % wt.% Mg(OH)2) are obtained for filter paper. Whereas in the case of HWP paper 605 

the pH of 7.6 ± 0.3 and the alkaline reserve of 9.1 ± 0.3 meq [OH
-
]/100 g (corresponding to 606 

0.3 % wt.% Mg(OH)2) are reached with 8-fold higher particles concentration (0.25 % (w/v)). 607 

Obviously after the deacidification a neutral pH is obtained creating a safer environment for 608 

the papers. After aging the samples for two weeks the changes in pH and alkaline reserve are 609 

almost negligible for filter paper, while the decrease in pH and alkaline reserve are one unit 610 

and 22 % for HWP paper (Table S5, see ESI), respectively. The outcome from these 611 

measurements is in line with the results obtained with higher particles concentration where a 612 

similar reduction in pH and alkaline reserve are noted upon aging.  613 

An important issue in the paper conservation is to bring a ‘safer’ pH value (i.e. between 614 

6.5-7.5) after the deacidification.
9
 In this context, several non-aqueous methods have been 615 
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proposed to meet the above demand. For example in the recently established method by Poggi 616 

et al. an alcoholic dispersions of Mg(OH)2 NPs are employed to reach the final pH of ca.7 for 617 

the deacidified paper, with a single treatment.
9
 Likewise, a dispersion of magnesium oxide 618 

(MgO) in non-polar fluorinated surfactant is used in the ‘Bookkeeper’ method, which allows 619 

to tune the final pH of the treated paper between 7 and 10.
40

 Wei T’O is another well-known 620 

method, which uses magnesium-methoxy methyl carbonate (MMC) solutions in ethyl or 621 

methyl alcohol and chlrofluorocarbons (CFC).
41

 Upon contact with water from the paper or 622 

from the surrounding atmosphere MMC is hydrolysed into reactive Mg(OH)2, leading to acid 623 

neutralization and formation of protective magnesium carbonate (MgCO3) layer. This method 624 

also gives the possibility to alter the pH values of the deacidified papers from 7.5 to 10.4. It is 625 

obvious that the final pH of the treated paper can be easily tuned from neutral to high pH (10) 626 

by the above mentioned methods. These results, in general, are comparable with the pH 627 

values (between 7.6 and 9 depending on the chosen particles concentration) obtained by our 628 

treatment that employed also Mg(OH)2 NPs, which are stabilized in TMSC/HMDSO. The 629 

different deacidification methods described above are very efficient in acid neutralization and 630 

providing additional alkaline reserve that prevents papers from further degradation. However, 631 

nanoparticles of Mg(OH)2 stabilized in TMSC/HMDSO or alcohol offer certain advantages 632 

than the above mentioned methods and do not give the possible drawbacks owing to the use 633 

of fluorinated surfactants or fluorocarbons for the stabilization of deacidifying agents. 634 

Moreover, the long-term effect of fluorinated surfactants or hydrocarbons that is present on 635 

the paper after the deacidification have not been investigated in detail until now.    636 

 637 

4.8 Mechanical strength determination  638 

In addition to the introduction of an alkaline reserve and the neutralization of acids, 639 

strengthening of old and brittle paper is of high interest. Therefore, we investigated the role of 640 
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TMSC in the improvement of mechanical properties such as tensile strength and tensile strain 641 

at break. The hypothesis would be that TMSC or cellulose formed out of it would result in an 642 

increased fiber-fiber bond and therefore higher tensile strengths. The mechanical properties of 643 

uncoated and treated filter and HWP paper are shown in Figure 7. A significant improvement 644 

in tensile strength and strain at break is obvious after coating with TMSC and 645 

TMSC/Mg(OH)2. Upon TMSC coating, the increase in tensile strength at maximum for both 646 

filter and HWP paper is nearly 15 %. Mixtures of TMSC/Mg(OH)2 resulted in a reduction of 647 

strength for filter paper whereas the strength of HWP paper coated with particles and polymer 648 

is similar to pure TMSC coatings. More significantly the tensile strain at break is increased up 649 

to 18 % for filter paper after TMSC coating and by 6 % for HWP paper. TMSC also increases 650 

the Young modulus of the paper (Table S6, see ESI), an indication that the paper becomes 651 

stiff. However, the application of TMSC-Mg(OH)2 NPs decreased the stiffness i.e. increased 652 

elasticity, as shown by the reduced Young modulus. Imparting elasticity is highly beneficial 653 

in particular to HWP paper, which are rigid and brittle. In all cases, after aging a lower Young 654 

modulus is noted except for uncoated HWP paper. The TMSC/Mg(OH)2 coatings lead to 74 655 

% increase in the tensile strain at break for filter paper and 13 % increase for HWP paper, 656 

which is an indication that the compact mixture of particles and polymers on and in the fibers 657 

matrix have a profound impact on the mechanical properties. After aging, the tensile strengths 658 

of uncoated papers are decreased (14% for filter and 30 % for HWP paper), and also in the 659 

case of TMSC coated papers. TMSC/Mg(OH)2 coated papers showed less reduction in 660 

strength (9 % for filter paper, 0.5 % for HWP paper). These results illustrate that treatment 661 

with TMSC/Mg(OH)2 prevents further disintegration of paper upon aging and stabilizes the 662 

mechanical properties of paper. On the whole, it is an indication that the addition of TMSC 663 

and particles show a good compatibility with paper and improve the mechanical properties. 664 

 665 
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 666 

Figure 7. Tensile strength at maximum and tensile strain at break of coated and uncoated 667 

paper before and after aging.   668 

 669 

5. CONCLUSIONS 670 

We have demonstrated a simple and highly efficient deacidification method which 671 

simultaneously neutralizes acids, creates an alkaline reserve and improves the mechanical 672 

properties of filter and HWP paper. The application of trimethylsilyl cellulose (TMSC) 673 

strongly increases the colloidal stability of Mg(OH)2 nanoparticles in the organic solvent 674 

hexamethyldisiloxane (HMDSO). Coating of these dispersions on papers results in thin, 675 

invisible hydrophobic alkaline layers that do not influence the appearance of non-aged and 676 

aged papers. The nano-coatings significantly increase the pH and alkaline reserve and result 677 

in higher tensile strengths before and after aging. Even though the effect of TMSC or TMSC-678 

Mg(OH)2 coating on the degree of polymerization of the papers before and after aging is not 679 
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analyzed in this work, this important parameter is essential to comprehend the degradation 680 

properties paper-based materials, which will be determined and published elsewhere. The 681 

method and treatment procedure is versatile and can be extended to other kinds of cellulose-682 

based materials. As a final remark the nanoparticles coated with hydrophobic TMSC 683 

protective layer can be less dangerous, environmentally friendly and could reduce the health 684 

risk, which can be probably caused by usage of pure nanoparticles.  685 
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