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Abstract Paper manufacturers are constantly looking
for new methods to improve coated paper properties.
Pigments are encountered in paper coatings to add new
functions. For example, titanium dioxide (TiO, ) and
talc are considered among the best-known pigments
used in paper coating and manufacturing due to their
whiteness and other beneficial properties. Neverthe-
less, talc has a weak dispersion during which its
particles agglomerate, and this disadvantage needs to
be overcome before its application which means higher
cost. Therefore, in this work, a core—shell technique is
used to modify the talc surface and enhance its
dispersion in order to promote its use in improving
the properties of the paper. Core—shell pigments are
composed of a thin shell of (nano- and micronized)
titanium dioxide precipitated on talc particles. These
prepared talc/TiO, core-shell pigments were charac-
terized using various techniques such as XRF, SEM,
and TEM, and then they were incorporated in paper
coatings to evaluate their effect on the different
properties of the coated papers. The results showed
that nano-talc/TiO, with the obtained unique chemical
and morphological structure has improved the physi-
cal, mechanical, and optical properties of the coated
papers besides improving their antimicrobial activity,
especially when compared to papers coated with
micronized talc/TiO,.
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Introduction

Packaging has many different roles in industry, e.g.,
protection, safety, enhanced usability, attractive looks,
optimal design, and specific customer requirements.
Although plastics, glass, and metals are excellent
materials for packaging, they are difficult to recycle
and do not decompose easily in the environment,
besides not being safe.

What is often perceived with packaging is its
“single-use purpose”, i.e., using for one time only.
There is no doubt that packing waste has become a
global problem, due to the radical increase of the waste
amount created by humans on an annual basis.’

Paper sheets provide an eco-friendly solution for
this problem; they are produced with lower costs and
can be simultaneously recycled. Cellulosic paper, a
renewable, flexible, and biodegradable material, is
made primarily of cellulose and derived from a variety
of natural sources, and it can be widely used in
communication, education, food packaging, and hygie-
nic and industrial applications. It is formed on a
machine, then begins to dry, but the surface can remain
rough and porous.” Various advanced technologies
have been extensively studied and highly developed to
overcome the inherent flaws of cellulosic paper and to
expand its application range. Surface coating is a
convenient and simple solution that can offer more
commercial production advantages over the wet-end
formation process and can easily improve the mechan-
ical and optical properties of the paper.’

Coated paper is a composite structure of paper and
a coating layer of a coating mixture that consists
essentially of pigment, binder, additives, and water.
The binder holds all these components (pigments and
additives) together and fixes them on the paper
substrate.

Pigments are the most abundant constituent in the
coating mixture, and form the most vital part control-
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ling the properties of the coating. These pigments may
be used separately or mixed together. The vital
pigment characteristics that determine the coat struc-
ture, optical properties, and coated paper performance
are their shape, size, and size distribution.*”

Progress in nanotechnology has been a milestone in
developing nano-pigments for use in coatings due to
their exceptional optical, electronic, photocatalytic,
and biological characteristics. The small particle size
and large surface area are likely to give the paper a
high surface quality (extremely smooth surface) as well
as good optical qualities, besides providing new func-
tions. A variety of studies have been conducted on
specific applications of nano-pigments in papermaking,
utilizing the manufacturing of high-quality papers
with low gas-permeability, protectability, hydrophobic-
ity, antimicrobial properties, photocatalytic paper,
electronic, and printed electronic paper. Teng et al.
studied the chemical stability of self-cleaning papers
using a coating containing nano-TiO,. The results
obtained in this research showed that there is a
potential use of nano-pigments to upgrade the dura-
bility and self-cleaning performance of the paper
sheets. Nano-pigments have a vital concerning issue
according to their passage through the paper sheet
voids (mesh), making the coating mixture unstable on
the surface of the paper. Thus, paper manufacturers
have been seeking new economically feasible methods
accompanied by a high performance to overcome this
essential disadvantage. This default can be modified
using core—shell pigments, due to their hybrid structure
of different components and different particle sizes,
hence avoiding the passage of core-shell pigments
through the paper sheet voids.”®

Core-shell-structured particles are now attracting
much more research interest since they are composed
of materials with different chemical compositions and
particle sizes. Conclusively, they exhibit unique prop-
erties of varied materials together, especially to
manipulate the surface functions to meet distinct
application requirements.’ It is well known that the
main properties of these core-shell pigments are
manifested by the shell part. Therefore, the application
of the core-shell structured particles can be a promis-
ing alternative to reduce the high cost of traditional
pigments, besides offering new unique characteristics
and morphological structures compared with ordinary
pigments. These new materials are one of the future
solutions to solve the problems of paper production
challenges, with intense competition in increasing raw
material and energy costs. In addition, this has been a
reasonable solution for preventing the passage of the
nano-particles to allocate them on the paper surface,
hence providing a more stable and intense color.

Talc can be considered as an inorganic polymer
based on two basic “‘monomer” structures—the silica
tetrahedron and the magnesia octahedral—because it
contains a continuous octahedral layer with joined
octahedra tied on a triangular side. This unique
structure makes talc a good candidate to enhance the
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process of paper making and to generate new paper
coatings, while adding new, unique, and enhanced
characteristics to the paper sheets produced for differ-
ent applications.'” However, its main defect for its
application in the paper industry is the agglomeration
that occurs between its particles.

Micronized and nano-TiO, particles have been
employed as a highly competent pigment in paper
coating for various points of interest, such as high
refractive index, superior brightness, high level of
whiteness, ideal hiding power, antimicrobial action,
and insolubility in alkaline and acidic media."'

TiO, has also been recorded to have antibacterial
growth inhibition characters, besides its role in improv-
ing the decomposition of inorganic and organic com-
pounds, which can be utilized in possible
implementations in sanitation and sterilization. Mate-
rials coated with TiO, are used for their efficient
antibacterial properties. Nowadays, related to the
shortage of TiO, resources and its high cost, searching
for replacement materials to supplant TiO, has been of
far-reaching significance.

The aim of this work can be stated as: (1) preparing
a new multifunctional pigment based on an econom-
ically bulk (core) of talc with a shell of a TiO, layer,
one in micron size and another in nano-size, to
evaluate the effect of these new pigments on cellulosic
paper final properties, (2) studying the effect of the
different particle sizes of the shells on the paper
properties in terms of optical, physical, and mechanical
properties and antibacterial activity, (3) improving the
dispersion properties of talc via its surface modifica-
tion, and (4) evaluating the effect of the new TiO,
supplant (talc/TiO,) in the paper industry.

Experimental

Materials

e Talc ore was obtained from El-Nasr Mine, Edfo,
Aswan, Egypt.

e Titanium tetrachloride was purchased from LOBA
Chemie, India, with about 99% purity.

e The materials used for the coated paper prepara-
tion were a copolymer of Acronal S 360D (based on
n-butylacrylate, styrene and acrylonitrile) and
polyvinyl alcohol thickener supplied by BASF,
Germany. Sodium hexametaphosphate supplied
by Fine Chemicals was used as dispersing agent.

Preparation of nano-TiO/talc core-shell pigments

The preparation was carried out in several steps:
Step 1 5 mL titanium tetrachloride was added to
100 mL hydrochloric acid with vigorous stirring, then
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50 g talc was immersed in this solution and left for
adequate time during slow stirring to assure complete
coverage.

Step 2 the prepared solution in step 1 was poured
into 1 M urea solution. Then, ammonia solution was
added drop-wise to this mixture to set the pH to the
neutral phase until complete precipitation of the
titanium.

Step 3 filtration through a Buchner system was
carried out, before the product was washed very well
and calcined at 500-750°C. The calcined powder was
then subjected to ball-milling for an adequate time at
300 rpm to reach the required size.

Preparation of micronized TiO/talc core-shell
pigments

An amount of 5 mL titanium tetrachloride was added
to 100 mL hydrochloric acid, and then 30 g talc was
added during slow stirring. Next, ammonia solution
was added drop-wise to the previously formed paste to
adjust the pH, until the full precipitation of TiO,.
Then, the paste was filtered through a Buchner system
and washed very well. The last step was calcining the
paste at 500-750°C and then subjecting it to ball-
milling to reach the required size.

Methods of instrumental analysis
X-ray fluorescence

The concentrations of each element in the prepared
pigments were estimated using an Axios sequential
WD-XRF spectrometer (PANalytical).

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM; JX 2840; JEOL,
Japan) was carried out using a micro-analyzer electron
probe to estimate the particle morphology.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM; JX 1230;
JEOL) was carried out with a micro-analyzer electron
probe. This technique was used to confirm the forma-
tion of a core-shell structure and to correlate these
structures with the results obtained from SEM.

Application of the prepared TiO/talc core-shell
pigments in paper coating

Preparation of paper coatings

The prepared pigments were dispersed in distilled
water, using 0.3 part of sodium hexametaphosphate per
100 parts as a dispersing agent at a solid content of
50%. The pre-dispersed binder (15 pph) was added
slowly to the pigment slurry (pph = part per 100 parts
of dry pigment), and the agitator was adjusted to
moderate the speed to prevent any foam formation
during the addition of the binder. Finally, water was
added to adjust the solid content up to 50%, and then
sodium hydroxide was added to adjust the pH of the
suspensions to 8.5.

Preparation of coated paper samples

A K-bar electrical semi-automatic coater (NOS k101;
R&K Print Coat Instruments, UK) was used to handle
the coating mixtures. A wire-wound bar was selected to
create a 6-um-thick wet film. White paper samples with
a grammage of 70 g\m? were cut using a strip cutter to
overall dimensions of 200 mm x 300 mm and coated
according to the standard conditions of temperature
and humidity of 23 £+ 1°C and 50 + 2%.

Characterization of coated paper samples

The properties of the coated paper samples including
the prepared pigments were estimated using standard
tests for optical, mechanical, and physical properties.
Brightness is related to the overall reflectivity, i.e., the
visual efficiency of the paper. The measures were
carried out on a brightness and color meter instrument
(68-59-00-002; Buchel, Netherlands), according to the
ISO 2470-1 (2009) standard. Opacity was also esti-
mated using the same instrument according to ISO
2471 (2008). Paper roughness is the degree to which the
surface of the paper deviates from a plane; it estimates
the flow rate between the paper sample and another
standard surface in contact with it. Roughness was
estimated in mL/min according to the ISO 8791-2
(1990). Air porosity is the mean flow of air through the
unit area under unit air pressure difference in unit time
under specified conditions; it was estimated in pm/PaS
according to ISO 5636-3 (1992). Both roughness and
air porosity were estimated by a Bendtsen Roughness
Tester (K531; Messmer Bunchel). Burst strength is the
hydrostatic pressure in KPa needed to rupture paper
when distorted in an approximate sphere of 1.2 inches
in diameter at a controlled rate of loading. The
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measurements were conducted on burst tester (BT-10
TIS; Techlab Systems), according to ISO 2758-3
(2014). Tensile strength in KN/m is the resistance of
paper to direct tension. It is the force needed to break
a narrow strip of paper when both the length of the
strip and rate loading are strictly specified. A tensile
test machine (T-series HSKT; Tinius Olsen), at 1 KN
was employed according to ISO 1924-2 (2008).

Antibacterial activity test for the prepared pigment

The antibacterial activity of the talc, micronized
TiO,/talc, and nano-TiO,/talc on coated papers was
assessed by a colony-forming unit (CFU) counting
assay. According to the FDA declaration, pathogenic
bacteria such Staphylococcus aureus (S. aureus) have
been associated with skin- and food-transmitted dis-
eases. It was chosen for the antimicrobial testing
because it is considered as one of the most common
bacteria that can be transmitted through the skin and
respiratory system to simple substrates, and thus
infections can be increased using paper sheets. To
undergo this test of the antibacterial inhibition ratio of
the coated papers, a S. aureus suspension (McFarland
standard 0.5) was prepared and incubated in Mueller—

05.80 nm

'8.64 naf

Nano- Talc/ TiO,

Hinton broth medium. Then, 200 pL of the suspension
was added to a 96-well plate containing the coated
paper samples and a control sample (DMSO). The
number of CFUs was determined after an incubation
period of 24 h at 37°C. The antibacterial efficacy was
calculated using (N/Nj) x 100, where Ny and N are the
average number of CFUs obtained for the control
substrate and the coated papers, respectively. The
bacterial colony on the plates was observed by a digital
camera, and the number of colonies was counted.

Results and Discussion
Characterizations of the prepared pigments

Morphology of talc/TiO;, core-shell pigments (SEM
and TEM)

The main morphological features and particle sizes of
the prepared core—shell pigments introduced by TEM
and SEM techniques are shown in Figs. 1, 2. It is clear
that, in the case of micronized talc/TiO,, there are
large plates of the different shapes concerning both
titanium and talc overlapping with each other, and with

Micronized Talc/TiO»

Fig. 1: TEM images of nano- and micronized talc/TiO, core—shell pigments
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Small TiO, particles
laying over talc large
plate

Nano- Talc/TiO,

Large platy particles overlapped with
each others

Micronized Talc/TiO,

Fig. 2: SEM images of nano- and micronized talc/TiO, core-shell pigments

Table 1: XRF of prepared core-shell pigments

Main constituents (wt%) Talc Nano-talc/TiO, Micro-talc/TiO,
SiO; 45.4 41.7 40.32
ZnO 0.01 0.01 0.01
Fe,03 9.71 7.21 6.35
Al>O3 2.21 2.11 2.02
TiO, 0.13 17.35 16.98
MnO 0.18 0.17 0.17
CuO 0.01 0.01 0.01
MgO 24.56 20.55 21.01
CaO 5.42 5.56 5.11
P05 0.01 0.01 0.01
SO3 0.10 0.08 0.06
Cl 0.004 0.003 0.004
LOI - 5.22 7.81

almost the same particle sizes, ranging between 0.1 and
0.2 pum. On the other hand, the nano-talc/TiO, showed
talc particles as large rectangular plates covered with
tiny crowded plates of (nano-TiO,) with an average
size of 10 nm.

X-ray fluorescence (XRF)

X-ray fluorescence (XRF) is a vital technique for
detecting the percentage of the different element
oxides in inorganic structures. The XRF results of the
prepared core-shell pigments in Table 1 show that
silicon and magnesium oxides are the main compo-
nents of the talc. Core-shell pigments showed a
decrease in the percentage of silica and magnesia due
to the formation of the shell which formed a barrier.
This made the detection of core elements harder, and
the major detected elements were the shell materials.
Additionally, in nano-talc/TiO,, the TiO, was found

with a higher percentage than in the case of the
micronized talc/TiO, , due the smaller particle sizes
which occupied a larger space due to the larger surface
area than the micronized titanium dioxide.

Application of the prepared pigments in paper
coatings

Optical properties

According to its diverse usage, the optical properties of
paper are important, especially when the paper is used
for printing. Reflectance, opacity, whiteness, and light
scattering are important optical properties, and it is
necessary to know how the preparation and variations
in the paper coating mixture can affect them. To
address these effects on the optical properties and the
appearance of the paper, the paper sheets were
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covered with micron- and nano-talc/TiO, core-shell
pigments.

Accordingly, the presence of talc/TiO, pigments
have increased the coated paper optical properties due
to the high refractive index and the inherent high light-
scattering coefficients of TiO,. Additionally it was
clear that the presence of nano-talc/TiO, pigments led
to an increase in the brightness and whiteness to the
maximum values of 99.05 and 116.95%, respectively.
These advantageous properties of nano-talc/TiO, pig-
ments may be attributed to their smaller particle size
and larger surface area than the micronized talc/TiO,
pigments, which allow them to exert higher reflectance.
In addition, the opacity and light scattering exerted an
increase in the incorporation of nano-talc/TiO; in the
coat, due to the tiny nano-particles of the shell which
filled the narrow pores created between talc particles,
thus limiting the total amount of light that could be
transmitted through the paper (Fig. 3).'>!3
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Physical properties

Uniformity of the paper physical properties continues
to be one of the most serious quality items in the paper
industry. Roughness and air permeability are consid-
ered as the main physical properties of the produced
paper sheets.

RouGHNEss:  Paper smoothness is known as the
uniformity and flatness of the surface, which have an
essential role in paper production. Rough surfaces
contain higher peaks and valleys compared to
smoother ones. Paper sheets coated with talc/TiO,
pigments showed that there was a low surface
irregularity, which allows the toner particles to
adhere to the surface more constantly, producing
better images, as shown in Fig. 4a. This figure also
shows that the decrease in the coated paper roughness
reached 46% in the case of the nano-talc/TiO,
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Fig. 3: Optical properties of the prepared coated paper: (a) brightness, (b) whiteness, (c) opacity, and (d) light scattering
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Fig. 4: Physical properties of the prepared coated paper: (a) roughness, and (b) porosity
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pigment. This increase in smoothness values can be
attributed to the talc particles which often provide a
denser layer than other pigments during consolidation
and drying, causing shrinkage of the structure.'*

AIR POROSITY: Air porosity of the coated papers with
talc and TiO,/talc core—shell pigments is illustrated in
Fig. 4b. It is evident that nano-talc/TiO, pigment
exerted the lowest air porosity value, which follows
the mechanism of filling the narrow pores created
between the talc particles with nano-TiO, particles;
thus fewer ways are available for permeation and
hence low air porosity can be achieved, which is in
good agreement with the opacity results.'?

Mechanical properties

The mechanical properties of the coated paper are
critical in the investigation of bending and compressive
deformation, because of the difficulties that a coated
paper may face in a printing machine, such as runabil-
ity and paper handling. The mechanical properties of
coated paper are sensitive to changes in the kind and
morphology of the pigment along with the binder
properties, and also the degree of coverage of the
pigment. As shown in Fig. 5, the talc/TiO, pigment
enhanced the coated paper’s mechanical properties,
due to the TiO, being a hard and tough pigment (6-
6.5 Moh) compared to the talc (1 Moh), which enables
the new core—shell talc/TiO, pigment to withstand the
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applied forces and enhance the hardness properties.
Figure 5a demonstrates that the nano-talc/TiO, pig-
ment increased the tensile strength to a maximum
value of 6.73 N/mm and that the degree of improve-
ment was nearly 7%. Simultaneously, the tensile
stretch was increased to 1.78% and the degree of
improvement was about 7.3%, as shown in Fig. 5b. The
tensile energy absorption of the coated paper also
showed an increase in the presence of the nano-
TiO,/talc pigment, and the degree of improvement
reached about 11.2%, as shown in Fig. 5c. Generally, it
can be deduced that all the obtained results are
compatible with the fact that the nano-TiO, can
occupy substitutional positions in the talc matrix
preventing the motion of dislocations and the migra-
tion of grain boundaries, which can cause enhancement
of the strength.

Well-dispersed TiO, is the main cause of enhanced
stress transfer between the paper and the pigment. It
was also found that the coated paper with nano-talc/
TiO, exhibited a higher tensile strength than paper
coated with micronized talc/TiO, pigments.

In addition, the surface area is one of the important
characteristics in reinforcing pigments, showing that
particles with larger surface areas can increase the
properties of the paper through the stronger bonding
that can occur in case of larger available contact areas.
The development of this interaction improved the
adhesion of the paper to the pi$ment and accordingly
permitted better stress transfer.’®!8
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Fig. 5: Mechanical properties of the prepared coated paper: (a) tensile strength, (b) stretch, and (c) tensile energy

absorption
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Antibacterial activity measurements

Paper can be easily contaminated by bacteria and
germs in a humid environment, which can seriously
reduce its service life. As mentioned above, talc/TiO,
core-shell pigments are reported to impart good
antibacterial properties to the surface of the paper.
Table 2 and Fig. 6 show the representative results of
the CFU antibacterial tests of the prepared coated
papers. The CFU assay is a quantitative method that
can show the capability of bacterial cells after being
incubated on surfaces. Although coated paper with talc
only showed a low antibacterial inhibition of 6.3%, the
inhibition effect increased and the CFU decreased
significantly in the case of papers coated with the talc/

TiO, core-shell pigments, to reach 15.8% and 55.8%
for the micronized and nano-talc/TiO,, respectively.

Moreover, the bacteria colony count showed lower
totals in the case of papers coated with nano-talc/TiO, ,
as can be seen in Fig. 6¢c, d. This antibacterial activity can
be attributed to the generation of reactive oxygen
species, e.g., 0?7, OH, and HO,. These species can
absorb high-energy photons under UV irradiation, or
even under both natural solar irradiation and regular
room light. Furthermore, it was discovered that the
photo-oxidation performance is dependent on the surface
area, and thus it can also be improved by the presence of
nano-particles (talc/TiO,),'*?° which is the main reason
that the coated papers containing nano-talc/TiO, pig-
ments exerted better antibacterial activity.*!

Table 2: Antibacterial activity of the prepared coated paper samples

Staphylococcus aureus Control Talc (blank paper) Micro-talc/TiO, Nano-talc/TiO,
Dilution factor 10 10 107 107

Volume of broth plated (uL) 20 uL 20 pL 20 uL 20 pL
Colony-forming unit (CFU) at the dilution factor 95 89 80 42

Total CFU 4,750,000 4,450,000 4,000,000 2,100,000

Log total CFU 6.68 6.65 6.6 6.32

Percent of inhibition (%) 0.0 6.3 15.8 55.8

(b) Micronized Talc/TiO,

(c) Nano-Talc/TiO,

Fig. 6: Antibacterial activity of the prepared coated paper samples
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(b) Coated paper with talc micronized
Talc/TiO»

(c) Coated paper with nano-
Talc/TiO»

Fig. 7: SEM images of coated paper with nano- and micronized talc/TiO, core-shell pigments

Surface structure of coated paper

From the SEM images of the talc-coated paper shown
in Fig. 7, it can be clearly seen that the pigment
particles on the coating surface are in a disordered
manner, which makes the coat loose, and thus some of
the base paper fibers interweave with each other and
still present an open and rough surface. Also, the
appearance of some recesses and valleys can still be
seen, while the distribution of coating voids was
heterogeneous and the void size was relatively large.

However, in Fig. 7b, concerning paper coated with
micronized talc/TiO,, the surface appears to be flat and
ordered, while, for paper coated with the nano-talc/
TiO, core—shell pigment, the distribution of voids was
more homogeneous and the size of the most voids was
smaller (Fig. 7c). This type of void structure provided a
benefit in achieving the largest light scattering, leading
to the enhancement of the brightness and opacity.?

In addition, the smooth surface in the case of
coatings containing talc/TiO, contributed a higher
smoothness and better final paper properties than
using talc alone.

Conclusions

A new approach for applying multi-function coatings
on paper sheets has been presented. The modification
involved the inclusion of micronized and nano-talc/
TiO, core-shell pigments for surface paper coatings.
These new structured pigments were prepared via a
simple and feasible technique, core—shell. The effect of
the size of the talc/TiO, core—shell pigments was
studied in terms of the coated paper properties and
antibacterial activities.

From the results, coated papers with coatings
containing nano-talc/TiO, core—shell pigments exhib-
ited better antibacterial activity against Staphylococcus
aureus bacteria than papers coated with micronized
talc/TiO,. Moreover, nano-talc/TiO, core-shell pig-
ments imparted higher mechanical, optical, and phys-
ical properties to the coated paper.

Similarly, the main disadvantage of using talc, which
is agglomeration, can be solved by preparing these
core—shell pigments which, due to the presence of TiO,
particles on the surface of the talc, prevent its
agglomeration with each other.
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