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Abstract: Paper-based relics, which are an important part of cultural heritage worldwide, are at
risk of imminent damage from various environmental sources. To protect them, the atmospheric
pressure plasma polymerization of hexamethyldisiloxane (HMDSO) precursor has been explored
on paper-based relics in situ. The macro and micro images taken during this process suggest that
the in situ plasma treatment does not change the macro morphology and the micro structure
of the treated paper-based relic samples. On the other hand, plasma treatment causes the
polymerization of the HMDSO which then produces nanoparticles deposited onto the paper-based
relics. These nanoparticles provide good waterproof properties with large static water contact
angles and smaller rolling angles, which protect the paper-based relics from water penetration.
Moreover, since the nanoparticles are deposited onto the fibers, waterproof fastness is ensured. Also,
the examined mechanical properties of the treated and untreated paper-based relics indicate that
the atmospheric pressure plasma treatment does not affect the strength of the paper very much.
The results in this study show that atmospheric pressure plasma treatment with the use of HMDSO
precursor is a good method to preserve paper-based relics.

Keywords: plasma treatment; paper-based relics; waterproofing; preservation

1. Introduction

Paper has been the primary type of material for recording information worldwide since its invention.
Paper-based relics are an important component of cultural heritage, including rare historical books,
calligraphy and paintings, and other culturally- and historically-invaluable objects [1–4]. However,
a large number of paper-based relics are at risk of imminent damage from various environmental
sources, with many becoming increasingly fragile and prone to damage with time [1–5]. Therefore,
it is important to protect and preserve paper-based documents in libraries, archives, and museums.
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The main components of paper-based relics are usually paper, ink, paint, and pigment for written
and painted works [4]. However, both internal and external damage factors could negatively impact
them [4–15]. Since the main components of paper are cellulose, lignin, and hemicelluloses, they can
readily hydrolyze and oxidize and, along with the acidic or oxidized inks and pigments, lead to
acidification and then a reduction in hardness and folding strength [5–10]. This is an internal damage
process. Moreover, external damage factors such as temperature, gas, dust, microbial contamination,
oxidation, water immersion, visible and ultraviolet (UV) radiation, and mechanical wear and tear may
also affect paper-based relics [1–5,12–15]. For example, UV–Visible light exposure may accelerate the
rate of chemical reaction in paper, as well as in the ink and pigments, due to its high energy, and then
cause serious ageing and fading [15]. Water on the surface of and inside the paper could increase the
rate of hydrolysis of cellulose by providing H+ as the catalyst, which also blurs the pigments on the
paper [9,14].

Attempts have been made in the field by using both physical and chemical means to protect and
preserve paper-based relics. Pasting and framing, silk net lamination, and the parylene process are
usually adopted to improve the strength of paper [4,12,14]. To deacidify paper, various mildly-alkaline
agents have been used not only to neutralize the acids, but also to deposit an alkaline substance that
will neutralize possible future acidity [2,9,10]. To prevent water damage, electrospinning films have
been proposed due to their uneven surfaces [14,16–20]. However, these methods still have some
unavoidable drawbacks, such as complex procedures, requirements for strict conditions such as a
vacuum environment, and a loss of transparency.

Recently, plasma treatment has been promoted as a new approach for modifying the surfaces of
textiles and paper. This treatment only changes the surfaces of the materials without affecting their
bulk properties [21–28]. In the preservation of paper-based relics, plasma treatment has been proposed
for deacidification purposes, with the use of calcium hydroxide (Ca(OH)2) as the precursor [26]. It is
indicated that plasma treatment does not require the immersion of paper into a solution, does not
wrinkle or deform the paper, does not cause changes in color, and has a certain strengthening effect
which increases the strength of paper, along with a long-lasting deacidification effect [26]. Moreover,
N2 and O2 plasma treatment has also been used for waterproofing textiles through the atmospheric
pressure plasma polymerization of hexamethyldisiloxane (HMDSO) precursor [24]. Furthermore,
anti-UV properties have also been attained by applying air low-temperature plasma treatment to
textiles [27,28].

We used atmospheric pressure plasma treatment in this study based on its good outcomes on
waterproof paper-based relics. Both the static and dynamic water contact angles (WCAs) of the treated
paper-based relics were measured, and the effects of the plasma treatment process parameters on these
angles were examined. Moreover, scanning electron microscopy was used to analyze the fractured
surface of the untreated- and plasma-treated paper-based relics. Finally, the strength of the treated
relics was also examined.

2. Materials and Methods

2.1. Materials

The HMDSO precursor (99%) was purchased from Aladdin (Shanghai, China) and used as
received. The so-called paper-based relic used for this study was a piece of Chinese calligraphy on
untreated rice paper, which was written by Jinyuan He. Untreated rice paper, which easily absorbs
water or ink, was purchased from Taobao market (Anhui, China).

2.2. Plasma Polymerization

Plasma polymerization was carried out using the PlasmaTreater AS400 atmospheric pressure
plasma jet system with a PFW10 nozzle (PlasmaTreat GmbH; Steinhagen, Germany), as shown in
Figure 1. The details of the plasma system are reported in [24]. In this research study, compressed



Polymers 2019, 11, 786 3 of 10

air from the gas bottle was used to produce the plasma with a flow rate of 1500 L/h The HMDSO
precursor was passed through the vaporization component and mixed with 300 L/h of the metered
carrier gas argon, and the gas flow was discharged through the plasma jet outlet. The paper-based relic
samples were fixed onto the aluminum plate in the atmospheric-pressure plasma jet system (Figure 1b),
and the plasma jet was controlled using the X/Y/Z motion system. The speed of the jet, the distance
between the substrate and the jet nozzle, and the transverse distance were set at 5 m/min, 4 cm, and
2 mm, respectively, for each experiment. Under these conditions, it may take 100 min to cover a
1 m2 paper relic. Moreover, in this plasma treatment process, the temperature of the plasma jet was
set at about 110 ◦C, which may have accelerated the ageing of the paper. However, with the above
fast jet movement speed and the transverse distance for a regular paper relic (calculated in cm unit),
the paper relic was only subjected to 110 ◦C for a short amount of time. Consequently, the ageing
effect can be ignored. The other operational parameters (precursor value, voltage, and number of
plasma treatments) for this study are shown in Table 1. All of the experiments were carried out in
ambient conditions.
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Figure 1. Schematic view of the atmospheric pressure plasma system (a) and the real image of the
process of atmospheric pressure plasma treatment (b).

Table 1. Operational parameters considered in plasma treatment process.

Operational Parameters Unit Values

Precursor feeding value g/h 20, 30, 40
Plasma voltage V 280, 300, 320

Treatment quantity - 1, 2, 3

2.3. Characterization

Images of the paper-based relic samples were taken with a digital camera (Nikon D7000, Tokyo
Metropolis, Japan). The surface morphology of the untreated and treated paper-based relic samples
was examined using a scanning electron microscope (SEM) (Phenom Pro, Thermo Fisher Scientific,
Phenom-World B.V. 81 Wyman Street, Waltham, MA, 02454, US) operated at an acceleration voltage
of 10.0 kV, after being subjected to Au sputtering for 60 s and once the Au film thickness reached
about 20 nm. The WCAs of the paper-based relic samples were examined using an optical tensiometer
(Attension Theta, Biolin Scientific, Germany) with a water drop volume of 2 µL for three regions at room
temperature. An analysis was carried out by drop fitting a Young–Laplace equation through Theta
software. Each WCA value was the mean value of five random sites in each of the three regions. Fourier
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transform infrared spectroscopy (FTIR) spectrums were measured using a Nicolet iN10 spectrometer
(Thermo Scientific). The mechanical properties of the untreated and treated paper-based relic samples
were tested on a computer-controlled tensile testing system (INSTRON 3699, Shanghai Instron Co.,
Ltd., Shanghai, China). The color change of the treated sample was examined by X-Rite Color Premier

8400 using the CIE L*, a*, b* system and determined by the equation: ∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2.

3. Results and Discussion

After applying air plasma treatment (300 V) and polymerization of the HMDSO precursor at 30 g/h
to the paper-based relic sample (Figure 1b), we then compared the wettability of the untreated and
treated paper-based relic samples. As shown in Figure 2a, the water droplet on the untreated region
seeped through the paper quickly, and the WCA was zero (Figure 2b). After the plasma treatment, the
water droplet was not absorbed into the paper, and the WCA was substantially increased to 143.6◦,
as shown in Figure 2c. More details can be found in Videos S1 and S2 in the Supplementary Materials.
It can also be observed in Figure 2 that the plasma treatment on the paper-based relic sample did
not obscure the handwriting. Moreover, the color changes of the treated samples are summarized in
Table 2, and one can find that the plasma treatment involved little color change.
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Figure 2. Water drops on the surfaces of the untreated (upper region of the dashed bright yellow line)
and treated paper relics (lower region the dashed bright yellow line) (a) and the measured water contact
angle (WCA) of the untreated (b) and treated (c) paper relics.

Table 2. Color changes of untreated and treated paper-based relics.

CIE
Parameters

Blank Area Inked Area

Untreated Sample Treated Sample Untreated Sample Treated Sample

L* 75.96 76.19 26.17 25.25
a* 3.13 3.18 0.42 0.46
b* 20.51 20.97 2.03 2.16
∆E 0.517 0.93

Figure 3 also suggests that the paper-based relic sample did not show macroscopic changes
before and after the plasma treatment. Moreover, the micro SEM images of the paper-based relic
sample before and after plasma treatment [Figure 3a1,a3,b1,b3] also suggest that there were no obvious
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changes in the structure of the fibers, regardless of whether there was ink. As for the single fibers
[see Figure 3a2,a4,b2,b4], the treated fibers showed an obviously-increased roughness with some
nanoparticle deposition. These nanoparticles were produced from the polymerization of HMDSO
during the plasma treatment [24,27,28]. Moreover, the deposited nanoparticles and increased roughness
of the fibers probably resulted in the larger WCA and the increased waterproof level [24].Polymers 2019, 11, x FOR PEER REVIEW 5 of 10 
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Figure 3. The macro and micro SEM images of the paper relics before (a–a4) and after (b–b4) plasma
treatment (300 V, 30 g/h, two repeat treatments) at blank and inked sites, respectively.

The effects of the plasma treatment process parameters on the waterproof properties of the
paper-based relic samples were also investigated. As shown in Figure 4a, a higher precursor flow
increased the WCA of the sample. This indicates that the precursor flow value may affect the formation
and deposition of particles [24,29]. As the precursor flow value increased, more and more HMDSO
nanoparticles agglomerated and then formed a larger and denser coating on the surface of the sample,
which is shown in Figure S1a1–a3 in the Supplementary Materials. Consequently, a larger WCA was
produced, as indicated in Figure 4a. The increased treatment quantity was also found to affect the WCA
of the paper-based relic sample. As can be seen in Figure 4b, the second treatment on the paper-based
relic sample might have increased the WCA due to the deposition of more HMDSO nanoparticles,
while the third treatment reduced the WCA, which could be attributed to the reduction of the HMDSO
nanoparticles, as shown in Figure S1b1–b3 in the Supplementary Materials. It can be theorized that
after the first two treatments, the HMDSO nanoparticles may cover the surface fibers; and once the
third treatment is applied, the high energy of the plasma jets may destroy the covered nanoparticles.
Moreover, a higher plasma voltage also provided an obviously-larger WCA on the paper-based relic
samples (Figure 4c), which might be the result of the higher energy of the ions, radicals, and electrons
in the plasma which then affect the formation and deposition of HMDSO (see Figure S1c1–c3 in the
Supplementary Materials). Generally, a larger WCA is closely associated with a higher quantity of
HMDSO nanoparticle deposition.
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Figure 4. Relationship between the parameters in the plasma treatment process and the WCA under
the following conditions: (a) voltage 300 V, one treatment, (b)voltage 300 V, precursor value 30 g/h, and
(c) precursor value 30 g/h, two treatments.

Moreover, the movement of the water drop on the treated surface was investigated. As suggested
in Figure 5, the roll angle was decreased as the precursor value increased, which may be attributed
to the higher WCA. More details could be found from Video S3 in the Supplementary Materials.
The smaller roll angle may prevent water staying on the paper relic and thus prevent water invasion.

Polymers 2019, 11, x FOR PEER REVIEW 6 of 10 

 

 
Figure 4. Relationship between the parameters in the plasma treatment process and the WCA under 
the following conditions: (a) voltage 300 V, one treatment, (b)voltage 300 V, precursor value 30 g/h, 
and (c) precursor value 30 g/h, two treatments. 

Moreover, the movement of the water drop on the treated surface was investigated. As 
suggested in Figure 5, the roll angle was decreased as the precursor value increased, which may be 
attributed to the higher WCA. More details could be found from Video S3 in the Supplementary 
Materials. The smaller roll angle may prevent water staying on the paper relic and thus prevent water 
invasion. 

 

Figure 5. The critical roll angle measured at different precursor values, (a) 20 g/h, (b) 30 g/h, and (c) 
40 g/h, with the other conditions being 300 V and two treatments. 
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Furthermore, the waterproof fastness of the plasma-treated paper-based relics was examined.
As can be seen in Figure 6, the WCA of the treated samples was 145.3◦ soon after the plasma treatment,
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and the angle decreased to 143.7◦ after six months. The little change of the WCA on the plasma-treated
paper-based relic suggests that plasma polymerization of the HMDSO has waterproof fastness, which
may result from the deposition of the HMDSO onto the fibers.
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It has been pointed out that plasma treatment of the surface of a material (including polymerization)
would not damage the mechanical properties of the target because there is little or no penetration [24,30].
The mechanical properties of the untreated and plasma-treated paper-based relic samples with different
amounts of precursor were also investigated and are shown in Figure 7. The results show that the stress
does not seem to have decreased after the plasma treatment, while the strain might be slightly higher
as a result of the treatment. Since paper-based relics, especially Chinese calligraphy and paintings, are
often framed [4], the mechanical properties are not a key concern in their preservation. Thus, the slight
changes in the mechanical properties after plasma treatment are not consequential.
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The FTIR spectra of the untreated and plasma-treated paper-based relic samples (300 V, 30 g/h,
two times) were also examined, and are shown in Figure 8. Generally, it could be observed that the
plasma treatment did not change the major chemical structure of the paper-based relics, which could
be attributed to the small amount of HMDSO deposition and the rapidness of the deposition. However,
there were still some local changes due to the deposition of the HMDSO, as shown in Figures 3b and 7,
which were a result of the polymerization of the HMDSO during the plasma treatment, and the result
was the formation of a new chemical group Si–O–C [24,27,28]. Furthermore, it has also been suggested
that the polymerization of HMDSO could form a thin silicon dioxide (SiO2 film), which could enhance
the anti-UV properties of paper-based relics [27,28].
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period of time on the paper-based relic samples, and thus prevented them from water penetration. 
Moreover, the plasma treatment did not change the mechanical properties and the chemical structure 
of the paper-based relic samples. These results indicate that atmospheric pressure plasma treatment 
might be a good method of paper preservation. 
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Figure 8. FTIR spectrum of the untreated and plasma-treated paper relics. The inset is the enlargement
of the wavenumber region 410–430 cm−1.

4. Conclusions

In summary, we addressed the treatment of paper-based relics by using atmospheric pressure
plasma with an HMDSO precursor. The macro morphology of the plasma-treated paper-based relic
samples remained unchanged, as only the surfaces of the samples were modified. On the other hand,
polymerized HMDSO nanoparticles were deposited onto the fibers during the treatment process.
Consequently, the deposited polymerized HMDSO nanoparticles provided a larger WCA for a longer
period of time on the paper-based relic samples, and thus prevented them from water penetration.
Moreover, the plasma treatment did not change the mechanical properties and the chemical structure
of the paper-based relic samples. These results indicate that atmospheric pressure plasma treatment
might be a good method of paper preservation.
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