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Abstract: Electrophotographic printing and copying processes primarily use toner, which is a mix-
ture of colorant, polymer, and additives. Toner can be made using traditional mechanical milling
techniques or more contemporary chemical polymerization techniques. Suspension polymerization
provides spherical particles with less stabilizer adsorption, homogeneous monomers, higher purity,
and easier control of the reaction temperature. In contrast to these advantages, however, the particle
size resulting from suspension polymerization is too large for toner. To overcome this disadvantage,
devices such as high-speed stirrers and homogenizers can be used to reduce the size of the droplets.
This research investigated the use of carbon nanotubes (CNTs) instead of carbon black as the pigment
in toner development. We succeeded in achieving a good dispersion of four different types of CNT,
specifically modified with NH; and Boron or unmodified with long or short chains in water rather
than chloroform, using sodium n-dodecyl sulfate as a stabilizer. We then performed polymerization
of the monomers styrene and butyl acrylate in the presence of the different CNT types and found
that the best monomer conversion and largest particles (in the micron range) occurred with CNTs
modified with boron. The insertion of a charge control agent into the polymerized particles was
achieved. Monomer conversion of over 90% was realized with all concentrations of MEP-51, whereas
conversion was under 70% with all concentrations of MEC-88. Furthermore, analysis with dynamic
light scattering and scanning electron microscopy (SEM) indicated that all polymerized particles
were in the micron size range, suggesting that our newly developed toner particles were less harmful
and environmentally friendly products than those typically and commercially available. The SEM mi-
crographs clearly showed good dispersion and attachment of the CNTs on the polymerized particles
(no CNT aggregation was found), which has never been published before.

Keywords: suspension polymerization; toner; carbon nanotubes; charge control agent; conversion

1. Introduction

Toner development has attracted the attention of many researchers. Carlson registered
the first toner patent in 1938, and in 1960 the first Xerox automatic reproduction machine,
which used a dry printing process, was invented. In 1978, this fine-tuned technology
was applied to the printing needs of business, and efforts have been made to improve
toner development since then [1,2]. These developments have gone through many stages.
Earlier, toner was primarily produced by mixing the ingredients in an extruder at a high
temperature, and this is known as pulverized toner. More recently, toner particles have
been produced through coupling by chemical reaction, and these polymerized particles are
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smaller and more uniform than those in conventional toner [3]. Compared with the tradi-
tional approach, a polymerized toner obtains a sharper print and is more environmentally
friendly because less toner is used.

Suspension [4], emulsion [5,6], dispersion [7], interface/free radical, and aggregation
polymerization are the patented methods for toner preparation. Among these techniques,
the suspension method has the advantage of preparing toner particles with a perfectly
spherical shape and which absorb less stabilizer than in the other approaches [4]. How-
ever, suspension polymerization typically produces particles greater than 5 um, which is
significantly larger than ideal. To overcome this disadvantage, devices such as magnetic or
mechanical high-speed stirrers and homogenizers are employed to reduce the size of the
droplets. However, agitation speed, the nature and quantity of the suspension stabilizer,
and the volume ratio of the dispersed (organic) and continuous (aqueous) phases can
all affect the size of the monomer droplets. This phase of our work mainly concerns the
development of toner technology using polymerization, and so we are particularly focused
on suspension polymerization. However, the suspension technique is not new, having been
invented more than 80 years ago, with Bauer and Lauth accomplishing the first suspension
polymerization—of acrylic monomers that formed beads—in 1931 [8].

Santos et al. [9] state that suspension polymerization is a reaction via free radicals in a
heterogeneous medium. Furthermore, suspension polymerization occurs in a liquid (often
water) phase, where neither the monomer nor the polymer is soluble. The most common
type of suspension technique is powder polymerization, in which the polymer is insoluble
in its monomer and consequently precipitates out, producing uneven grains or particles.
PVC is an excellent example of powder suspension polymerization. Bead suspension is the
second form of this kind of polymerization, in which the polymer is soluble in its monomer,
creating smooth spherical particles.

To impart a charge to the toner particle, a charge control agent (CCA) is introduced
to the toner [10]. CCAs are frequently ion surfactants or metal soaps that produce inverse
micelles in the liquid dispersant [11]. Toner materials or particles can be charged positively
or negatively depending on the particle materials and CCA employed [12]. Christie [13]
defines CCAs as compounds that aid the management of the electrostatic charge applied
during the printing process. Ionic materials (either anionic or cationic) can be colored or
uncolored. The CCA imparts a positive charge to the toner particles [14,15]. Quaternary
ammonium and diazo-type compounds can be used as CCAs [16]. However, some charge
control additives are incompatible with thermoplastic toner resins, or they adversely affect
the electrical properties of the polishes. In addition, CCAs with low molecular weight may
leach out some toner composition and contaminate the carrier’s surface. Improved toner
composition uses partially quaternized vinyl pyridine polymer as the CCA [17-19].

According to Michel et al. [20], there are charge additives, charge aides, and charge-
directing agents in addition to CCAs. Moreover, there is a class of compounds that can
stabilize the triboelectric charge in matrix systems, such as electrophotographic toners [21],
and these substances are known as charge stabilizers. Charge stabilizers have lower
charging magnitudes but more robust long-term charge stability than CCAs. A charge
stabilizer can be used within a matrix system or as an external blended addition [22].
Higashiyama et al. [23] report the effect of an externally added CCA on the contact charge
between polymers, namely, low-density polyethylene (LDPE) and high-density polyethy-
lene (HDPE), with a diameter of around 5 mm, concluding that the CCA makes LDPE
charge positively and HDPE charge negatively. Nie et al. [24] describe the preparation of
poly(styrene-co-butyl acrylate)-encapsulated single-walled carbon nanotubes (SWCNTs)
under ultrasonic irradiation. First, they chemically modified the SWCNTs by grafting
3-(trimethoxy)-propyl methacrylate-silane (silane-coupling agent, KH750) onto the surface
of the SWCNTs. In the second step, they initiated in situ emulsion polymerization of
monomer styrene (St) n-butyl acrylate (nBA) in the presence of KH570-g-SWCNTs using
ultrasonography. As a result, a poly (St-nBA)/SWCNT emulsion was created. The trans-
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mission electron microscopy (TEM) micrographs in that study, however, indicated that the
SWCNTs had been coated with the produced polymer.

The objective of the present paper is to use CNTs as a pigment instead of carbon black
(CB) for toner applications. To achieve this goal, suspension polymerization was selected
as the best way to produce latex of micron size that is well suited to encapsulate CNTs. The
main challenges to reaching our objective are the dispersion of CNTs, the insertion of the
CCAs in the polymerized latex, and the reduction in the retarding/inhibiting effects of
mainly carbonyl groups when CB is used.

2. Materials and Methods
2.1. Materials

Styrene (St), 99% (Duksan pure chemical, Seoul, Republic of Korea) and n-butylacrylate
(nBA), 99% (Samchun pure chemical co., Ltd., Gyeongg-do, Republic of Korea) were used
as monomers without further purification. Benzoyl peroxide (BP), 97% (Alfa Aesar, Ward
Hill, MA, USA) and divinylbenzene (DVB), 80% (Merck, Hohenbrunn, Germany) were
used as the initiator and a crosslinking agent, respectively. Polyvinyl alcohol (PVA; 87-89%
hydrolyzed, high-molecular-weight; Alfa Aesar, Ward Hill, MA, USA) was used as the
stabilizer. Sodium n-dodecyl sulfate (SDS; International Laboratory, South San Francisco,
CA, USA) was used as the dispersant (as suspension stabilizer). Ethanol, 99% (Fisher
Chemical, Fair Lawn, NJ, USA) was used as the solvent, and distilled water was used as
the dispersion medium.

The carbon nanotubes (CNTs) used in the current work were multi-walled CNTs
(MWCNTs) with lengths of 0.5-12 um and an average diameter of 3.0-30 nm. Four types of
CNT were investigated: (1) long and (2) short carboxylated, (3) aminated, and (4) boron-
incorporated. The CNTs were used as received (purity >90%; Grafen Chemical Industries,
Ankara, Turkey), and their properties are listed in Table 1.

Table 1. Properties of graded CNTs used in suspension polymerization.

Sample CNT Grade Averages Average Carbon Metal Oxide ~ Amorphous Surface
Code Diameter (nm) Length (um) Purity (%) (%) Carbon Area (M?/g)

KNT-L M31 (unmodified .

CNT-A long MWCNT) 9.5 1.5 90 10 250-300
KNT-s M31 (unmodified "

CNT-B short MWCNT) 3-10 0.5-2 >95 -

g KNT-MNH;3 (MWCN . _ _ *
CNT-C modified with NH,) 13-18 1-12 99 N/A
CNT-D KNTMBO (MWCN 20-30 N/A N/A - . N/A

modified with Boron)

* Pyrolytically deposited Carbon on the surface of the NC7000.

Two types of CCAs were obtained from KMT Co. Ltd., Republic of Korea, and their
properties are listed in Table 2. The CCAs were chosen from the group comprising benzyl-
tributyl-ammonium 4-hydroxy-naphthalene-1-sulfonate (MEP-51) and aluminum salicylate
(MEC-88).

Table 2. Properties of two types of CCAs.

No. Chemical Code Charge nCl/g
1 MEC-88 —20~—-35
2 MEP-51 +30~+45

2.2. Methods
2.2.1. Polymerization of Poly (St-nBA) in the Presence of CNT-D and CCA (MEC-88)

Purified monomers of styrene and nBA were mixed with DVB (as a cross-linker) and BP
(as an initiator) to form a dispersed phase. MEC-88 was then added to the dispersed phase,
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and the full amount was dissolved. The continuous phase was prepared by dissolving PVA
with a molecular weight of 13,000 g/mol in distilled water while heating the mixture at
70 °C under gentle stirring; SDS (as a suspension stabilizer) was added to the solution. The
dispersion of CNT-D was performed by sonication under ice (to decrease the temperature
generated by the sonicator) for 10 min at an amplitude of 75% in the aforementioned
continuous phase.

A continuous phase containing well-dispersed CNT-D was stirred with a T 25 Digital
Ultra-Turrax (IKA, Staufen, Germany) for 10 min at a speed of 7000 rpm. While being
stirred, the dispersed phase (monomers + BVB + BP) solution was added drop by drop to
produce a suspension. The mixture was transferred to the reactor and degassed by vacuum
at 70 mbar for 10 min. The mixture was then stirred again by a mechanical stirrer (Eurostar
100 Control; IKA, Staufen, Germany) at a speed of 180 rpm. Finally, the suspension was
polymerized at 75 °C for 7 h under the slow purging of nitrogen gas for deoxygenation. The
reaction was terminated by cooling at room temperature. The resulting latex was dispersed
in distilled water and isolated by centrifugation. The supernatant was decanted, and the
remaining polymer was washed again; after repeating the washing step, the supernatant
was clear. Finally, the product was dried in a vacuum oven for 24 h without heating to
remove any residual water, as shown in Figure 1. The recipes for all the experiments are
shown in Table 3.

= \)k DVB and BP
N NN +

PVA, SDS
*

CCA DDIH:0

MWCNT

Stirring Stirring at 70 °C

Styrene and n-butyl acrylate Dispersed St-nBA
(StnBA) I

Monomers

Continuous phase
Monomers

1. Sonication

. Stirring

. Transferring to a reactor and
degassing

. Again stirring

. Purging nitrogen

. Cooling

. Centrifuging

. Washing

w

Drying

SIS I NES TN

The final product The resulting latex

Figure 1. A schematic illustration of suspension polymerization of poly (St-nBA) in the presence of
CNTs and CCA.

Table 3. Recipes for suspension polymerization of St and nBA in the presence of CNT-D and different
concentrations of CCA (MEC-88).

Sample Code Monomers DVB BP PVA SDS CNTD T Time _VES® Ve  H0

St (g) nBA (g) (g (g (g) (g (g (@) (h) (g wt% 88:CNT-D (g

SP-CNT-D-MEC-88-1  18.18 449 1828 025 025 0046  0.034 75 7 0102 042 31 150
SP-CNT-D-MEC-88-2  18.18 449 1828 025 025 0046  0.034 75 7 0068 028 21 150
SP-CNT-D-MEC-88-3  18.18 4.49 1828 025 025 0046  0.034 75 7 0034 0.14 11 150
SP-CNT-D-MEC-88-4  18.18 449 1828 025 025 0046  0.034 75 7 0017 0.07 12 150
SP-CNT-D-MEC-88-5  18.18 4.49 1828 025 025 0046  0.034 75 7 0013 0.05 13 150

2.2.2. Polymerization of Poly (St-nBA) in the Presence of CNT-D and CCA (MEP-51)

The purified monomers DVB and BP were prepared as before to produce the dispersed
phase. In a deviation from the previous procedure, MEP-51 was not added directly to
the dispersed phase because there was no likelihood of it being dissolved in any of the
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monomers. We instead tried to dissolve it in different amounts of either acetone or ethanol
and then mixed it into the continuous phase in the same way as in the procedure for MEC-
88. The remaining steps were the same as for MEC-88. The recipes for all the experiments
are shown in Tables 4 and 5.

Table 4. Recipes for suspension polymerization of St and nBA in the presence of CNT-D and CCA
(MEP-51), with different amounts of acetone and ethanol used for dissolving MEP-51.

_ Monomers  nLyg  gp pva  sps  NT Acetone T Time _ MEP51  MEP- g

Sample Code BA ® @ (@ (@ P mn O M SECNT- (g

st g 8 & 8 & ® @ wt% D 8

SP-CNT-D-MEP-51-Acetone-1 18.18 449 1828 025 025 0046 0034 100 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Acetone 2 18.18 449 1828 025 025 0046 0034 50 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Acetone 3 1818 449 1828 025 025 0046 0034 25 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Acetone-4 18.18 449 1828 025 025 0046  0.034 10 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Acetone-5 18.18 449 1828 025 025 0046  0.034 5 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Ethanol-1 18.18 449 1828 025 025 0046 0034 100 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Ethanol-2 18.18 449 1828 025 025 0046 0034 50 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Ethanol-3 18.18 449 1828 025 025 0046  0.034 25 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Ethanol-4 18.18 449 1828 025 025 0046  0.034 10 75 7 0034 014 11 150
SP-CNT-D-MEP-51-Ethanol-5 1818 449 1828 025 025 0046 0034 5 75 7 0034 0.14 11 150

Table 5. Recipes for suspension polymerization of St and nBA in the presence of CNT-D and different
concentrations of CCA (MEP-51).

Monomers pve B PVA sSDS N phanol T Time _ MEPOL  MEP- g4

Sample Code BA (® @ @ (@ P @b O SLCNT- (o)
s " 8 g g 8 ® ® wt% D 8

SP-CNT-D-MEP-51-1 18.18 4.49 1.828 0.25 0.25 0.046 100 5 75 7 0.102 0.42 3:1 150
SP-CNT-D-MEP-51-2 18.18 4.49 1.828 0.25 0.25 0.046 50 5 75 7 0.068 0.28 2:1 150
SP-CNT-D-MEP-51-3 18.18 4.49 1.828 0.25 0.25 0.046 25 5 75 7 0.034 0.14 1:1 150
SP-CNT-D-MEP-51-4 1818 449 1828 025 025 0046 10 5 75 7 0017 007 12 150
SP-CNT-D-MEP-51- 5 18.18 4.49 1.828 0.25 0.25 0.046 5 5 75 7 0.013 0.05 1:3 150

2.3. Characterizations
2.3.1. Monomer Conversion and Solid Content

Monomer conversion was determined gravimetrically. After adding the hydroquinone
solution to the latex, the samples were placed in a Petri dish and dried overnight under a
hood. The Petri dish was then transferred into a vacuum oven without heat, and the drying
process was continued until the weight of the sample was constant. Three measurements
were performed for every sample.

Solid content (%) = % x 100

% X TL} — TNV
Tm

where Dy = the weight of the dry latex in the Petri dish; L = the weight of the latex taken
in the Petri dish; T} = the weight of the total latex; Tyy = the weight of the nonvolatile
material other than the monomer; and Tj; = the weight of the monomer.

Monomer conversion (%) = [ x 100

2.3.2. Dynamic Light Scattering (DLS)

Nano-ZS (Malvern Co., Malvern, UK) with a measurement range from 0.3 nm to
10 microns (diameter) was used. A He-Ne laser light source (633 nm, Max 5 mV, mini-
mum sample volume 12 pL) was used to measure the particle size of the prepared latex.
Further, the samples were prepared in 0.01 N NaCl solution according to the Malvern
recommendation for latex standard.



Materials 2023, 16, 3941

6 of 16

2.3.3. Scanning Electron Microscopy (SEM)

SEM (NNL 200; FEI Company, Eindhoven, The Netherlands) was used to characterize
the morphology of the polymerized latex. For this purpose, a drop of diluted polymerized
latex (1:5) with Millipore water was spread to dry over the copper holder, and this drop
was dried in air and metalized with 3 nm Pt.

3. Results and Discussion
3.1. Effect of CNT Types and CNT Concentrations on Suspension Polymerization of Styrene
and nBA

First, the effect of the four types of CNTs (nonmodified multiwalled CNT (CNT-A),
nonmodified short chain CNT (CNT-B), modified CNT with NH, (CNT-C), and modified
CNT with boron (CNT-D)) on the suspension polymerization of styrene and nBA was
examined. The findings showed that the maximum conversion of monomers and the
largest particle size were both achieved when CNT-D was used, as shown in Table 6.

Table 6. The effects of CNT types (CNT concentrations are constant at 0.5%) on suspension polymer-
ization of St and nBA.

DLS Measurements

Samples Conversions
Z-Average PDI
CNT-A 625 0.6 9%
CNT-B 172 0.11 47%
CNT-C 195 0.159 58%
CNT-D 5715 0.35 96%

CNTs modified with amino groups have been shown to have enhanced compatibility
with polar polymers because of hydrogen bonding, and CNTs modified with boron can
have improved electrical properties through the introduction of a p-type doping effect. The
existing literature shows that the interaction of boron and nitrogen atoms with hydrogen
atoms and the increased surface area and defective sub-structures within the structure due
to the modification plays a vital role in the increase in hydrogen adsorption [25]. The active
species for hydrogen adsorption thus appear to be structural defect points formed on the
surface due to the increased surface area following modification. The functional groups on
the CNT surface are more likely to interact with primary or propagating radicals, leading
to retarding /inhibiting effects, which can be used to explain this finding [26]. When peroxy
compounds are used as initiators, the main radicals interact with the CNTs, and the CNTs
can thus cause the peroxy initiator to decompose, even at low temperatures. Undoubtedly,
an oxidation process is taking place in this interaction, and strong oxidizing substances,
such as peroxy species, cause the CNT surfaces to oxidize. An increase in functionalities
also increases the inhibitory impact when the surface functional groups of the CNTs are
taken into account. To determine whether this finding is valid for all concentrations, an
assessment was made of the impact of different CNT concentrations on the conversion and
polymerized particle size for all four CNT types, the results of which are listed in Table 7.

These results show that using modified CNTs in suspension polymerization can signif-
icantly affect how well monomers convert and the size of the polymer particles produced.
Specifically, using a modified CNT treated with boron was found to significantly impact the
process, producing the highest conversion rate and largest particle size. This is consistent
with previous research that showed that modifying CNTs can influence the properties
of the polymers produced using different polymerization methods [27]. Li et al. [27], for
example, found that functionalized CNTs (CNT-OH or CNT-COOH) were more homoge-
neously dispersed in a styrene-acrylic matrix and produced stronger interfacial adhesion
with styrene-acrylic macromolecules, with the neat styrene-acrylic solid content reaching
42.80% and the monomer conversion rate reaching 96.20%. Park et al. [28], meanwhile, re-
ported that modifying CNTs with carboxyl groups improved their dispersion in a polymer
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matrix, leading to enhanced mechanical properties in the resulting composite. Comparing
these results with functionalized CNT-reinforced composites, they found that a higher
aspect ratio was essential for improving strength [27,28]. Kim et al. [29] determined that
modifying CNTs with different functional groups can significantly affect their proper-
ties and, consequently, their interactions with polymers. From Table 7, it is clear that
the conversion of polymerized particles did not rise above 78% for nonmodified CNTs,
which indicates that the carbonyl group still has retarding/inhibiting effects on suspension
polymerization, which is in line with the existing literature [26]. The carbonyl group’s
inhibition/retardation of the suspension polymerization stems from its interaction with
free radicals generated during the polymerization process [30]. The carbonyl group acts
like a trap, capturing free radicals and preventing them from interacting with additional
monomer molecules, which slows down the overall polymerization rate, thus explaining
the conversion rate failing to exceed 78%.

Table 7. The effects of CNT-A, CNT-B, CNT-C, and CNT-D concentrations on suspension polymeriza-
tion of St and nBA.

CNT DLS Measurements .
Samples Concentrations (%) Z-Average DI Conversions

SP-CNT-A 0.065 228 0.3 76%
SP-CNT-A 0.125 1792 1.0 73%
SP-CNT-A 0.250 6621 0.4 70%
SP-CNT-A 0.500 625 0.6 9%
SP-CNT-A 0.750 1929 1.00 13%
SP-CNT-A 0.100 5749 0.84 10%
SP-CNT-B 0.065 1955 1.00 78%
SP-CNT-B 0.125 2557 1.00 72%
SP-CNT-B 0.250 1779 1.00 59%
SP-CNT-B 0.500 172 0.11 47%
SP-CNT-B 0.750 279 0.265 59%
SP-CNT-B 0.100 372 0.303 33%
SP-CNT-C 0.065 5216 0.176 75%
SP-CNT-C 0.125 782 0.617 73%
SP-CNT-C 0.250 151 0.255 75%
SP-CNT-C 0.500 195 0.159 58%
SP-CNT-C 0.750 1608 0.152 64%
SP-CNT-C 1.00 268 0.351 59%
SP-CNT-D 0.065 4259 1.00 96%
SP-CNT-D 0.125 4031 1.00 94%
SP-CNT-D 0.250 6621 0.4 90%
SP-CNT-D 0.500 5715 0.35 96%
SP-CNT-D 0.750 1929 1.00 93%
SP-CNT-D 1.00 5890 0.367 90%

In addition, by forming stable cross-linked polymer networks, carbonyl groups can
impact suspension polymerization. This process forms an insoluble polymer, reducing
the polymer conversion efficiency [31,32]. Furthermore, these insoluble networks trap
monomers and prevent them from reacting, leading to slower conversion rates and lower
polymer conversion efficiency, as shown in Table 7. Hardy et al. [33] found that increasing
the carbonyl-functionalized comonomer in a polymerization mixture led to a decrease in the
polymer yield because of the formation of insoluble networks. Similarly, Hedayati et al. [34]
found that carbonyl groups in a polyvinyl alcohol stabilizer used in the suspension poly-
merization of styrene resulted in the formation of an insoluble network, which decreased
conversion efficiency, leading to lower polymer yields.

Table 7 also presents CNTs modified with NH; and boron. Retarding/inhibiting effects
remained for CNTs modified with NHj, even though most of the carbonyl groups were
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replaced by NHj (it was not possible to replace all of them). Despite the findings presented
in Table 7, further research is required to comprehensively understand the underlying
mechanisms responsible for the observed effects and to offer a sound explanation. Several
contributing factors could be at play, including the particular structure of the modified
CNTs, how they interact with the monomers, and the overall kinetics of the polymerization
process, and it is essential to consider all these variables. According to Chen et al. [35],
CNTs modified with amino groups have greater compatibility with polar polymers because
of the presence of hydrogen bonding, while CNTs modified with boron have improved
electrical properties because of the introduction of a p-type doping effect. This explains
why the best conversions were achieved with CNTs modified with boron, as shown in
Table 7; in all cases, the conversions were 90% or above, and it is thus clear that there were
no retarding/inhibiting effects. Other interesting results were found with particle sizes in
the micron range; of all the concentrations tested, the one with 0.25 wt% proved the best
for obtaining encapsulated CNTs by suspension-polymerizing styrene and nBA.

3.2. Suspension Polymerization of Styrene and nBA in the Presence of CNT-D and CCA (MEC-88)
in Different Concentrations

Kedzior et al. [36] reported that suspension polymerization is a widely used technique
for producing latex particles, which have a broad range of applications in coatings, ad-
hesives, and toners. nBA and styrene are two commonly used monomers in suspension
polymerization, and their copolymers have been widely used in toner applications because
of their high charging characteristics and excellent print quality [37]. Since the present work
aims to develop new materials for toner applications, CNTs should be either encapsulated
or attached to the polymerized particles. According to Bhanvase and Sonawane [38], CNT
encapsulation—being attached to the polymerized particles—is necessary to improve the
particles’ dispersion and enhance their electrical conductivity. A CCA must also be inserted
in polymerized particles or stuck on the surface [39] to improve the charging characteris-
tics of the resulting toners. In the present study, MEC-88, which is a negatively charged
CCA type, was dissolved in styrene before polymerization took place to ensure its even
distribution throughout the polymerization process.

Table 8 presents the particle size, measured by DLS, for converting polymerized parti-
cles using MEC-88 concentrations ranging from 0.05 wt% to 0.42 wt%, and Figure 2 plots the
conversions against the MEC-88 concentrations. It is evident that conversion decreased with
greater MEC-88 concentrations, implying an inverse relationship between them. Figure 2
shows that the maximum conversion (75%) was achieved with the smallest concentration
of MEC-88 (0.05 wt%), but the conversion surprisingly did not increase to more than 75%
in any case, making the conversion undesirable for toner material production.

Table 8. Suspension polymerization of St and nBA in the presence of CNT-D and five different
concentrations of MEC-88.

Sample Code CCA Con. (g) CCA wt.% CNT—(D) Con. CNT-D wt.% Con;z‘;er)swn DLS Measurement

& ° Z-Average PDI

SP-CNT-D-MEC-88-1 0.102 0.42 0.034 0.14 12 4032 1.00
SP-CNT-D-MEC-88-2 0.068 0.28 0.034 0.14 58 5882 0.16
SP-CNT-D-MEC-88-3 0.034 0.14 0.034 0.14 68 5077 0.50
SP-CNT-D-MEC-88-4 0.017 0.07 0.034 0.14 70 4576 1.00
SP-CNT-D-MEC-88-5 0.011 0.05 0.034 0.14 75 6910 0.57

It is well known that the presence of CB retards or inhibits most types of radical poly-
merization because it is a potent radical scavenger [40]. In addition, the functional groups
on the surfaces of CB (mostly the carbonyl group) interact with primary or propagating
radicals, resulting in reaction retardation/inhibition [31,37]. More details on the retard-
ing/inhibiting effects of the carbonyl group were reported by Kiatkamjornwong et al. [26],
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but to relate this observation to the phenomena discussed in the previous paragraph it
would be fruitful to look at the chemical characteristics of MEC-88 (see Figure 3).
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Figure 2. Monomer conversion versus MEC-88 concentration for St and nBA.
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Figure 3. Chemical character of MEC-88.

From Figure 3, it can be seen that MEC-88 has a carbonyl group. Maiti et al. [41]
described how carbonyl groups harbored in a chemical structure likely interact with radicals
during the polymerization process, thereby retarding or inhibiting it. This interaction could
explain the decrease in the conversion rate observed with increased MEC-88 concentrations
in the current study. The findings show that obtaining a high conversion of monomers in
the presence of MEC-88, regardless of the CCA improving the charging characteristics of
the toner, is not possible; hence, there is a trade-off when increasing MEC-88 concentrations
between the conversion rate and achieving desirable electrical conductivity and toner
charging characteristics. As this research shows, suspension polymerization of nBA and
styrene in the presence of CNT-D and CCA improves the electrical conductivity and
charging characteristics of the resulting toners but produces a low conversion rate in return.

The SEM micrographs presented in Figure 4 provide insights into why MEC-88 is not
desirable for conversion into toner materials. Although the polymerized particles were in the
micron range, the SEM micrographs show that they were not uniform, which is in agreement
with the DLS results. Nonuniform particles also resulted in poor flowability, uneven charging,
and reduced image quality, which are critical properties for toners. CCAs with positively
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charged surfaces and without carbonyl groups acting like positively charged metal oxides
have been shown to solve issues regarding particle size and conversion [3,42,43]. SEM
photographs of raw materials and polymerized toner can be found in the Supplementary
Materials, Figures S1-54.

Figure 4. SEM micrographs of suspension polymerization of St and nBA in the presence of CNT-
D and different concentrations of MEC-88: (a) SP-CNT-D-MEC-88-5; (b) SP-CNT-D-MEC88-4;
(c) SP-CNT-D-MECS88-3; (d) SP-CNT-D-MECS88-2; and (e) SP-CNT-D-MECS88-1. The magnifications
are 500 x (scale bar = 50 pm) and 100 x (scale bar = 100 pwm).
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3.3. Suspension Polymerization of Styrene and nBA in the Presence of CNT-D and MEP-51 in
Different Concentrations

After obtaining unsatisfactory production of the materials for the toner using MEC-88,
another attempt was made with MEP-51 (CCA type, principally positively charged, and no
carbonyl group) to determine whether it could solve the retarding/inhibiting limitations
of MEC-88. MEP-51 was chosen because of its role in improving toner properties, such
as better transfer efficiency, reduced toner scatter, and higher print quality, by promoting
the aggregation of toner particles and reducing their surface charge [44]. However, the
main concern was determining the effect of MEP-51 on the conversion rate during toner
production. As mentioned earlier, MEP-51 is soluble in neither styrene nor water, so it was
first dissolved in acetone/ethanol in different amounts before being mixed with water (the
water acting as a continuous phase containing PVA, SDS, and dispersed CNT-D).

When acetone was used, as mentioned in the experimental section, conversion of
more than 45% was not achievable, and the greatest conversion was reached when the least
amount of acetone was used. Previous studies indicate that CNT dispersion in acetone
is not as good as its dispersion in water, so this result was expected because acetone is
a polar aprotic solvent, implying that it has a low dielectric constant and cannot form
hydrogen bonds. In contrast, water is a polar protic solvent, meaning that it can readily
form hydrogen bonds. CNTs have hydrophobic surfaces because of sp? hybridized carbon
atoms [45], so they tend to aggregate in aqueous solutions. The difference in solubility of
MEP-51 in water and acetone therefore impacts the reaction’s outcome, and acetone was
thus found to be an unsuitable solvent for the conversion of monomers or the dispersion of
CNT-D.

However, using ethanol in different amounts instead of acetone produced a promising
conversion of 90% when a small amount (5 mL) of ethanol was used, so it was chosen as
the solvent for dissolving MEP-51 before polymerization. Although ethanol and acetone
are both polar solvents, they exhibit varying dielectric constants and hydrogen-bonding
capabilities [46], so different solubility properties are to be expected. Ethanol dissolves
MEP-51 better because it improves solubility and hydrophobic material dispersion through
its ability to disrupt intermolecular forces and solvate the surfaces of the particles. The
observed lower conversion rate of MEP-51 in acetone than in ethanol thus stems from
acetone’s inability to adequately dissolve the monomer.

After selecting the solvent, the effect of MEP-51 concentrations on conversion and
particle size was investigated. MEP-51 is a common CCA used in toner formulations
to control the electrical charge of toner particles, which is necessary for proper printing.
MEP-51 CCA is a quaternary ammonium compound that contains a long hydrocarbon
chain, and its chemical structure allows it to adsorb onto the surface of toner particles,
creating a negative charge. This negative charge helps to stabilize the toner particles and
prevent them from clumping together. MEP-51 CCA can also help increase the toner’s
sensitivity to magnetic fields, which is necessary for proper printing.

As shown in Table 9 and Figure 5, the conversions were 90% or greater for all concen-
trations below 0.28 wt% (for the highest concentration, 0.42 wt%, the conversion was 28
wt%, which needs to be further investigated). This is in contrast to the findings for MEC-88.
Simply put, greater MEP-51 concentrations resulted in higher conversion rates, with the
two directly proportional, while the MEC-88 concentrations were inversely proportional to
the conversion rates. This difference stems from the differences in their respective chemical
characteristics: MEC-88 has carbonyl groups that have a retarding/inhibiting effect when
suspension polymerization occurs, while MEP-51 lacks a carbonyl functional group, as
shown in Figure 6.
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Table 9. Suspension polymerization of styrene and butyl acrylate in the presence of CNT-D and five
different concentrations of MEP-51.

~ . i DLS Measurement
Sample Code CCA CC::X CNT-D CN];D Convoersmn
Con. (g) wt.% Con. (g) wt.% (%) Z-Average PDI
SP-CNT-D-MEP-51-1 0.102 0.42 0.034 0.14 28 2106 1.00
SP-CNT-D-MEP-51-2 0.068 0.28 0.034 0.14 91 6793 0.226
SP-CNT-D-MEP-51-3 0.034 0.14 0.034 0.14 90 5251 0.146
SP-CNT-D-MEP-51-4 0.017 0.07 0.034 0.14 93 5784 0.217
SP-CNT-D-MEP-51-5 0.011 0.05 0.034 0.14 97 5882 0.161
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Figure 5. Monomer conversion versus MEP-51 concentration.
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Figure 6. Chemical character of MEP-51.

According to Kiatkamjornwong et al. [26], the conversion of styrene and nBA (the same
monomers as used in the present work) was not more than 80% in all cases in which carbon
black (CB) was used as a pigment; the conversion decreased with greater CB concentrations.
In contrast, in the present study, when CNTs were used, the conversion was found to be
over 90%—more than 10% greater than with CB. This shows the advantages of using CNTs
as a pigment instead of CB, which has never been reported before. Other advantages of
using CNTs include the particle size of the toner materials: when it is small (of nm scale),
the particles are undesirable because they can be harmful or unhealthy. The current study
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sought to develop new materials for a less harmful and more environmentally friendly
toner, so the polymerized particle sizes for the toner materials were measurable in microns
(see Figure 7).

(e)

Figure 7. SEM micrographs for suspension polymerization of St and nBA in the presence of CNT-
D and different concentrations of MEP-51: (a) SP-CNT-D-MEP-51-5; (b) SP-CNT-D- MEP-51-4;
(c) SP-CNT-D- MEP-51-3; (d) SP-CNT-D- MEP-51-2; and (e) SP-CNT-D- MEP-51-1. The magnifications
are 500 x (scale bar = 50 um) and 100 x (scale bar = 100 um).

There are four primary points shown in Figure 7: first, the toner particles remained
within the micron range at all concentrations; second, the particle sizes obtained via SEM are
consistent with the DLS measurements discussed in Table 9; third, the particle uniformity
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decreased with greater MEP-51 concentrations; and fourth, CNT particles were attached
to the polymerized particles. Using CNTs as pigment in toner applications suggests that
they behave similarly to CB. The advantages of CNTs over CB include high conversion and
particle sizes in the micron range, which avoids the potential harm caused by particles in
the nanometer range. In toner formulations, MEP-51 provides excellent control over the
toner particles’ charge, ensuring that they are appropriately charged for efficient printing.
As a result, the toner has better flowability, which is essential for even distribution during
printing. In addition, MEP-51 improves toner adhesion to paper, producing sharp, high-
quality prints.

4. Conclusions

The suspension polymerization of styrene and nBA in the presence of four CNTs
(CNT-A nonmodified, CNT-B nonmodified with short chain, CNT-C modified with NH,,
and CNT-D modified with boron) at different concentrations (varying between 0.065 wt%
and 0.1 wt%) was investigated with the aim of selecting the best CNT for use as a pigment
to produce particles for toner applications. Among those investigated, the only successful
CNT was that modified with boron which achieved the best conversion and encapsulated
particles for all concentrations. The remaining types were not effective enough to obtain
high conversion or large particle sizes, even with very low CNT concentrations.

Various concentrations of the CNTs modified with boron (CNT-D) were investigated
with the aim of selecting an optimum concentration for toner materials. Of the various
CNT concentrations, 0.25 wt% showed good results concerning conversion, particle size,
and encapsulation. CNT-D with a concentration of 0.25 wt% was used in the suspension
polymerization of styrene and nBA in the presence of a CCA. Two types of CCA were
tested: one dissolved in styrene (MEC-88), the other in acetone or ethanol (MEP-51). With
MEC-88, it was not possible to reach a desirable conversion for all concentrations, and this
is attributed to the retarding/inhibiting effects of mainly carbonyl groups. In contrast to
the MEC-88 results, it was possible to achieve a high conversion rate (above 90%) with
all concentrations of MEP-51 (except for the highest 0.1 wt%) when ethanol was used
as the solvent instead of acetone, which did not show good conversion. Furthermore,
SEM micrographs demonstrated that particle sizes were in the micron range, which was
in agreement with DLS measurements, and that CNT attachment to the polymerized
particles was good. The images demonstrated the uniformity of the particles achieved with
the lowest concentration of MEP-51; as the concentration increases, particle uniformity
decreases. In addition, the CNTs were seen to be attached to the cores of the particles.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mal6113941/s1, Figure S1: Dispersion of CNT-A in water (left) and in
chloroform (right), one week after sonication.; Figure S2: SEM micrographs of CNT-A dispersed in (a)
Chloroform and (b) water.; Figure S3: SEM micrographs of SP-CNT-B at two different scales: (a) 2 pm
and (b) 500 nm.; Figure S4. SEM micrographs of CNT-D attached to polymerized particles with two
different concentrations (0.75% and 0.5%) and two different scales (10 and 5 pm).
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