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Abstract

Adhesive bookbinding is growing in popularity due to advancements in adhesive
binding technology, shorter delivery time and the introduction of innovative
materials. It is suitable for medium volume books and enables the production of
durable and flexible end-products in accordance with today’s market needs,
such as smaller product volumes and personalized consumer requirements.
Polyvinyl acetate (PVAc) adhesives are widely used adhesives in the printing
industry for paper, board, leather and cloth. In addition, water-based PVAc
adhesives are more environmentally acceptable, compared to used hotmelts. In
order to improve PVAc limiting and retain its existing positive properties,
numerous studies dealing with modification of PVAc adhesives have been
carried out. The aim of this research was to investigate the impact of PVAc
modification with SiO2 and TiO2 nanoparticles on the end-product appearance
and the productivity of the production process, more precisely change in color
and drying time. Colorimetric values of dried PVAc and nano-modified PVAc
adhesive films were measured on five different paper substrates, according to
ISO 11475:2017 standard, in order to calculate the total color difference
(CIEDE2000). Results showed that the color difference between dried PVAc and
nano-modified PVAc films is not recognizable by a standard observer, but it is
slightly larger with TiOz. The drying time of PVAc and nano-modified PVAc
adhesive films was observed over a period of 60 minutes. Adhesives were
applied on transparent foil and observed under UV light in a Judge Il X-rite
lightbox. Results showed that nano-TiO2 PVAc adhesive has much shorter drying
time. According to obtained results it can be concluded that both types of nano-
modified PVAc adhesives, as well as the original PVAc, are suitable for the
production of end-products with a visible adhesive line. By adding TiO:
nanoparticles the productivity of the production process can be improved due to
reduced drying time.
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1. INTRODUCTION

Graphic production, especially post press bookbinding processes, include various types of bonding and
adhesives. Currently, the most common adhesives used in bookbinding can be divided into three main
categories: water-based emulsions (e.g. polyvinyl acetate), hot melts (e.g. ethylene vinyl acetate) and reactive hot
melts (e.g. polyurethane). Polyvinyl acetate adhesives (PVAc) are customized for the short runs of graphic
production or production of personalized products on demand [1]. Current guidelines for the development of
adhesive technology are focused on replacing solvent-based adhesives with water-based [2], and therefore PVACc
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is much more environmentally acceptable compared to the other two. Polyvinyl acetate (PVAC) is a clear, water-
white, thermoplastic synthetic resin produced from its monomer by emulsion polymerization. PVAc is a good
adhesive for paper, plastics, metal foil, leather, cloth and wood, but it is also used as a general building adhesive
[3]-[5]. PVAC sets through evaporation and diffusion of the water into the substrate, and at the same time, by
polymerization of polymer particles as the water evaporates [3], [6]. In order to improve PVAc limits and retain
its existing positive properties, numerous studies dealing with modification of PVAc adhesives have been carried
out. In previous studies, most researchers have been using nano clay (NC) [7], [8], cellulose nanofibrils (CNFs)
[9], silica (SiO2) [10]-[13] or titanium dioxide (TiOz) [10], [11], [14] nanoparticles for the improvement of
PVAc properties. The modification of PVAc adhesive with nanoparticles is successful if the adhesive retains its
existing positive properties, such as satisfactory adhesive joint strength and invisibility of the dry adhesive film,
with a positive effect of nanoparticles on its limiting properties, such as long drying time and low resistance to
temperature and humidity changes [3], [6], [15]-[18].

In our previous research a significant increase in adhesive joint strength [19] and positive effect on the increase
of the adhesive joints resistance to temperature and humidity changes [20] by addition of 1% SiO2 or 1% of TiO;
nanoparticles in the PVAc adhesive was demonstrated. In addition, the optimum nanoparticle concentration in
PVAc adhesive was defined by determination of the surface free energy and by analysis of the paper-adhesive
samples morphological structure using scanning electron microscopy and Fourier transform infrared
spectroscopy [21]. The aim of this research was to investigate the impact of PVAc modification with SiO, and
TiO, nanoparticles on the end-product appearance and the productivity of the production process, more precisely
changes in color and drying time.

2. MATERIALS AND METHODES

2.1. Adhesive

Used polyvinyl acetate adhesive (Signokol L) is water dispersion of vinyl acetate homopolymers with polyvinyl
alcohol and addition of plasticizers. Properties of the used adhesive are listed in Table 1.

Table 1. Properties of Signokol L adhesive given by the producer [22]

PROPERTY APPEARANCE / VALUE:

State of Matter: liquid
Main Purpose: paper, board
Color: white
Dry Film Color: transparent
Density (20 °C): 1.0776 g/cm?®
Viscosity (20 °C): 8-10 Pa s
pH Value: 6+0.5
Solid Content: 45 + 2%

2.2. Nanoparticles

Silica (SiO,) (Aerosil R 8200) and titanium dioxide (TiO,) (Aeroxide P25) nanoparticles were used for PVAc
adhesive modifications. Both are odorless, solid, white powders with approximately the same temped density
(140 g/L), but a different BET surface area (135-185 m?/g SiO2; 35-65 m?/g TiO,) and assay based on ignited
material (>99.8% SiO2; >99.5% TiO2) [23], [24].

2.3. Substrates Used for Application of Adhesive Film

PVAc and nano-modified PVAc adhesives were applied on different papers described in Table 2. All of them
belong to a different paper type group, based on fiber composition. After drying of adhesive films on the paper
surfaces, changes in color of PVAc and nano-modified PVAc adhesives were observed.

European Journal of Sustainable Development Research

49



50 Petkovic et al.

Table 2. List of used papers and their properties

TRADE NAME TYPE GRAMMAGE [g/m?] ABBREVIATION
Amber Graphics woodfree uncoated 100 WFU
Garda Gloss woodfree coated 115 WFC
Munken White containing wood (bulky) 90 cw
Navigator Universal woodfree, office 80 WF office?
Recy Office containing recycled (100%), office 80 CR office

In addition, adhesives were applied on transparent polyvinyl chloride (PVC) foil, with thickness of 180 um, to
observe changes in adhesive drying time.

2.4. Adhesive Preparation

Three types of adhesives were used — neat PVAc adhesive and PVAc adhesive modified with 1% of SiO; and
1% of TiO, nanoparticles. After adding 1% of nanoparticles to neat PVAc adhesive, IKA T 25 digital ULTRA-
TURRAX disperser was used for mixing and adhesive homogenization. Adhesive was stirred for 15 minutes,
firstly 5 minutes at lower stirring speed (from 3500 to 7000 rpm) and then 10 minutes at 7000 rpm. The same
mixing procedure was used for both nano-modified adhesives.

2.5. Determination of Changes in Adhesive Color

Preparation of samples, for the evaluation of adhesives color changes, involved manual application of adhesive
(with a brush) on pre-cut sheets of paper (210 x 99 mm), 48 hours of drying (18° C — 20° C, 60% - 70% RH),
measuring of dry adhesive thickness in order to select five samples from each sample group (75 samples in total)
and cutting selected samples on smaller dimensions 40 x 20 mm. Changes in color for selected papers with
PVACc adhesive and those same papers with nano-modified PVAc adhesives, were evaluated in accordance with
ISO 11475:2017 standard [25], using X-Rite SP62 Sphere spectrophotometer (D65/10°). After determination of
the colorimetric parameters (L*, a* and b*), the total color differences between the papers with P\VAc adhesive
and the papers with nano-modified PVAc adhesives (CIEDE2q00) Were calculated.

2.6. Determination of Changes in Adhesive Drying Time

The drying time of PVAc and nano-modified PVAc adhesive films was observed over a period of 60 minutes.
For testing purposes, it was necessary to construct the auxiliary steel tool shown in Figure 1.

e > steel T-profile

» hock and loop

$ /tapeBOxlOmm

hook and loop tape 20 x 10 mm

PVC foil 80 x 80 mm

Figure 1. The auxiliary steel T-tool

Adhesives were applied with a brush on non-absorbent transparent PVC foil (80 x 80 mm). As defined period of
time (1, 2, 4, 8, 16, 20, 30, 40, 50 or 60 min) has expired, the pressure was applied with another PVC foil
fastened with self-adhesive “hook and loop” tape to the T-tool. Immediately after the application of pressure,
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PVC foils from the T-tool were left at room temperature (18° C — 20° C) allowing the accepted adhesive to dry
completely. After 48 hours of drying, the final samples for the evaluation of the drying time were cut from the
middle of foil sheets to 40 x 40 mm. Conclusions on the changes in drying time of adhesives were made based
on the amount of adhesive accepted on the PVC foils from the T-tool. Samples were observed under UV light in
a Macbeth Judge Il X-Rite lightbox due to the adhesive color (transparent, white, yellowish) which is not visible
enough in daylight and after drying is almost completely transparent.

3. RESULTS AND DISCUSSION

3.1. Changes in Adhesive Color

The values of colorimetric parameters (L*, a* and b*) of papers with PVAc and papers with nano-modified
PVAc adhesives are given in Table 3, along with the results of the total color difference between dried PVACc
and dried nano-modified PVAc adhesive films on selected papers (CIEDEzx[nano-SiO; PVAc],
C|EDEzooo[nan0-Ti02 PVAC]).

Table 3. Colorimetric values (L*, a*, b*) of papers with PVAc and papers with nano-modified PVAc adhesives,
the total color difference (CIEDEzp0[nano-SiO, PVAc], CIEDE[nano-TiO, PVAc])

93.20 1.51 -4.76]93.53 0.85 -1.25|93.18 0.91 1.05]92.32 2.65 -8.66/86.90 0.04 6.42
PVAc+ 1 % SiO, 93.51 1.49 -5.07]93.77 0.94 -1.82|93.80 0.93 0.74]92.71 2.56 -8.56|87.67 0.03 5.64
PVAc+ 1 %TiO, 93.35 0.98 -3.14|93.32 0.66 -0.57|93.35 0.62 1.76|91.89 222 -7.49|87.37 -0.11 5.89
CIEDEg00 (nano-Si0, PVAc) 0.33 0.57 0.49 0.27 0.79
CIEDE 900 (nano-TiO, PVAc) 1] 0.71 0.82 0.99 0.56

PVAc

Based on the calculated total color differences (CIEDEo0), it is evident that the color change of the adhesive is
slightly larger when TiO, nanoparticles are added, but also that the difference between the color of PVACc
adhesive and nano-modified PVAc adhesives applied to selected papers, after drying, is not recognizable by a
standard observer (Figure 2) according to 1SO 11475:2017 standard.

PVAc PVAc + 1% Si0O2  PVAc + 1% TiO2

WFU

WFC

w

WFaffice ‘
CRoffice ‘ ‘

Figure 2. Color of tested papers with PVAc and nano-modified PVAc adhesives

The results of total color difference for nano-SiO, PVAc adhesive are 0.27 — 0.79, while the total color
differences of nano-TiO; adhesive are 0.56 — 1.51, respectively. Given the obtained results, it can be concluded
that nano-modified PVAc adhesives, as well as the original PVAc adhesive, are suitable for making graphic
products with visible adhesive line, i.e. that the color of adhesive will not affect the appearance of the end-
product.
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3.2. Changes in Adhesive Drying Time

Ten different drying time intervals of the tested adhesives, observed under UV light, are shown in Figure 3.
Figure 3 clearly shows that the drying of nano-TiO2, PVAc adhesive is faster compared to PVAc adhesive, but
also that nano-SiO, PVAc adhesive has a prolonged drying time. Areas without adhesive, made after a short
contact with another PVC adhesive foil, represent drying of the observed adhesive sample. In order to notice the
differences easier, areas without adhesive are marked in Figure 4.

1 min 2 min 4 min 8 min 16min 20min  30min  40min 50 min 60 min

PVAc

nano-SiO2
PVAc

nano-TiO2
PVACc

Figure 3. Adhesive samples accepted on transparent PVC foils after ten different time intervals (1-60 min)

Figure 4 (a) shows that after 1 minute only nano-TiO, adhesive started to dry. After 20 minutes a significant
drying of all types of adhesives was noticed. After 30 minutes nano-TiO, adhesive continued to dry faster
compared to other adhesives, but nano-SiO, PVAc adhesive was drying slower than the original PVAc adhesive.
Figure 4 (b) shows complete drying of nano-TiO; adhesive after 40 minutes. The original PVAc adhesive was
dried completely after 50 minutes, while nano-SiO, PVAc adhesive was not dry even after 60 minutes.

1 min 20 min 30 min 40 min 50 min 60 min

PVAc

nano-Si0O2
PVAc

nano-TiO2
PVAc

Figure 4. (a) Adhesive drying after 1, 20 and 30 minutes (b) Adhesive drying after 40, 50 and 60 minutes

4. CONCLUSIONS

In this research PVAc adhesive was modified with SiO, and TiO, nanoparticles in order to improve its certain
properties. Unfortunately, during adhesive modification it is not possible to selectively change only one desired
property, such as the strength of the adhesive joint, thus it is necessary to test, observe and compare changes in
all key properties.

The invisibility of the dry adhesive film stands out as one of PVAc’s main advantages. The change in color, i.e.
decrease in transparency after modification with SiO, and TiO, nanoparticles, was noticed during the application
of the adhesive — on tool and protective equipment. Therefore, it was necessary to perform colorimetric
determination of the dry adhesive films in order to test the suitability of nano-modified PVAc adhesives for the
production of graphic products with visible adhesive lines. Based on the presented results, it can be concluded
that the color difference between PVAc and nano-modified PVAc films after drying is not recognizable by a
standard observer and will not affect the appearance of the end-product. However, the highest total color
difference had nano-TiO, PVAc adhesive film on woodfree uncoated paper.
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Sometimes long drying time of PVAc adhesives can be a limiting factor for the fast delivery of personalized
graphic products on demand, and thus drying time can become one of the key factors in the productivity of the
production process. Based on the presented observation of adhesives drying time, it can be concluded that nano-
TiO2 PVACc adhesive had a much shorter drying time and that by adding TiO2 nanoparticles the productivity of
the production process can be improved. Unfortunately, by adding SiO, nanoparticles drying time was
insignificantly prolonged.

In addition to already investigated PVAc performance improvements with SiO, and TiO2 nano-modification, this
study reconfirm the positive impact of selected nanoparticles on the quality of the end graphic products.
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