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Abstract: Faced with higher demands of pigments in various applications, the performance of pig-
ments in a specific system is in urgent need of optimization and improvement. Polyorganosiloxane
(POS) stands out among various encapsulating polymeric materials for pigment modification due
to its superior thermal stability and alkali resistance. However, the inherent hydrophobicity of POS
causes poor stability in aqueous systems, which is usually applied in environmentally friendly ap-
plications. Grafting hydrophilic polymer chains on the surface of POS could improve water disper-
sity. In addition, the encapsulated pigment can also be endowed with various functionalities by
selecting or combining grafted polymers. Herein, we reported a strategy to encapsulate Prussian
blue (PB27) with POS grafted with poly(acrylic acid) (PAA) or poly(N-(2-hydroxyethyl) acrylamide)
(PHEAA) to allow better stability and functionality of the composite pigment particles, denoted as
PB27@POS@PAA or PB27@POS@PHEAA, respectively. The effect of the number of monomers and
the amount of initiator potassium persulfate (KPS) on the brush thickness of the grafted polymers
was studied, along with various performance properties and the functionality of PB27@POS@PAA
and PB27@POS@PHEAA. The dispersity, alkali resistance, and high-temperature stability are stud-
ied. The brush-like composite pigment performs better after centrifugation (5000 rpm, 30 min) or
treatment under 90 °C when the dosage of grafting monomer AA or HEAA reaches 400 wt%. Opti-
mal alkali resistance was obtained for PB27@POS@PAA (AA, 200 wt%) with a particle size variation
of only 31 nm after 8 h. Comparably, PB27@POS@PHEAA behaved worse under similar conditions.
Moreover, PB27@POS grafted with PAA was responsive to pH and that with PHEAA showed ex-
cellent antifouling properties, which could also be replaced by other functional monomers if
needed.

Keywords: Prussian blue; polyorganosiloxane; poly(acrylic acid); poly(N-(2-hydroxyethyl)
acrylamide)

1. Introduction

Pigments are a necessary part of industry and are commonly utilized in various prod-
ucts such as textiles [1], inks [2], coatings [3], and so on. Compared with dyes, pigments
have the advantages of strong coloring power [4], complete color spectrum [5], being in-
soluble in solvents, e.g., water, etc. However, many pigments have some limitations under
certain processing conditions (e.g., heat [6], pH [7], light [8], or the presence of other ad-
ditives [9]), affecting many of their further applications. A variety of pigment modification
methods have been developed and applied [10-13]. Among the various strategies, encap-
sulating the pigment with organic or inorganic materials is a promising method that can
potentially protect it from degradation and improve pigment stability [14-16] due to the
small migration of pigments from encapsulating materials [17]. In our previous work,
pigment yellow 155 (PY155) was encapsulated with poly(methyl methacrylate-co-butyl
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acrylate) to solve the problem of stabilizing pigments in aqueous systems [18]. Zhou et al.
encapsulated the phthalocyanine pigments with a copolymer of methyl methacrylate
(MMA) and butyl acrylate (BA) by a mini-emulsion polymerization method, making these
pigments effectively dispersed in water and have good compatibility with the resin [19].
However, it is not adequate to use common polymers to modify the pigments, especially
for pigments with poor stability in conditions like high temperature, extreme pH condi-
tions, etc.

Compared to common polymers, polyorganosiloxane (POS) [20], also known as sili-
cone, has attracted increasing attention all over the world owing to its good heat resistance
[21], aging resistance [22], chemical stability [23], biocompatibility [24,25], and other out-
standing properties [26]. POS was also employed to modify pigments to enhance its per-
formance at high levels. Existing strategies of taking advantage of POS for modifying pig-
ment mainly focus on simply encapsulating with pure POS [27] or POS-modified polyu-
rethane [28] or acrylic coatings [29] on the pigment surface. However, the hydrophobicity
of POS is high [30] and when it is used to encapsulate pigments in aqueous systems, the
composite particles tend to aggregate and settle, resulting in poor stability.

An alternative method is to graft polymer brushes on the surface of POS. For one, the
grafted polymer chains can prevent the pigment hybrids from agglomerating or precipi-
tation through steric hindrance [31] or electrostatic interaction [32]. In comparison to the
extra addition of emulsifiers or dispersants, the chemically bonded structure gives the
pigment better stability. For another, there are abundant sources of grafted monomers that
can be selected or combined flexibly according to practical applications [33,34], which can
endow the encapsulated pigment with multiple functions.

Existing methods of grafting polymer chains on the surface of POS are chiefly based
on the reactive groups [35] or the silane coupling agent [36] but these traditional routes to
graft polymer chains on the surface of POS generally require labor-consuming procedures
and have low universality. Exploring an approach with controllability, strong commonal-
ity, simplicity, and convenience is urgent.

Prussian blue (PB27), also known as iron blue, is a generally applied inorganic pig-
ment [37,38]. It is also used in the preparation of absorbents for the removal of toxic inor-
ganic ions, particularly radionuclides, from water [39]. Nevertheless, PB27 is extremely
thermolabile [40]. Moreover, it usually fades over time in alkaline environments where it
is decomposed and becomes visibly discolored [41]. Although PB27 has been used for
more than 300 years, the problem of fading and decomposition remains unresolved,
whether at high temperatures or in alkaline conditions, leading to limited applications
compared to other blue pigments.

Herein, PB27 is selected as the raw pigment and POS is chosen as the encapsulating
material. To further improve the comprehensive properties of POS-modified PB27, a sim-
ple and versatile heat-initiated grafting method was proposed to graft the functional pol-
ymers on the surface of the POS-modified PB27. Acrylic acid (AA) or methyl N-(2-hydrox-
yethyl) acrylamide (HEAA) is selected as the functional monomers for grafting (Figure 1)
[42]. The composite pigment particles were fully characterized by Fourier infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA), and transmission electron micros-
copy (TEM). Various performance properties were carried out for the functional compo-
site pigment particles. Not only were the comprehensive properties of POS-modified PB27
improved but the functionality brought by PAA or PHEAA brush was also confirmed.
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Figure 1. Schematic illustration of the preparation of functional composite pigment particles.

2. Materials and Methods
2.1. Materials

Prussian blue (PB27) was supplied by Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Methyltrimethoxysilane (MTMS), phenyltrimethoxysilane (PTMS), di-
methoxymethylphenylsilane (DMMPS), hexadecane (HD), acrylic acid (AA), and N-(2-hy-
droxyethyl) acrylamide (HEAA) were bought from Adamas-beta (Shanghai, China). So-
dium dodecyl sulfate (SDS) was purchased from Shanghai Titan Technology Co., Ltd.
(Shanghai, China). Potassium persulfate (KPS) was provided by Aladdin Industrial Co.
(Hangzhou, China). Deionized water was used for all the experiments in this study. AA
and HEAA monomers were purified to eliminate the inhibitors and stored in a 4 °C re-
frigerator before use. All the other chemical reagents used were of analytical grade and
utilized without further purification.

2.2. Preparation of PB27@POS

The preparation of PB27@POS particles by encapsulating PB27 with POS is shown in
Figure 2 and the formula is shown in Table 1 (Note: the molar ratio of monomers, MTMS,
PTMS, and DMMPS, used to synthesize the POS component is 1:1:1). Firstly, the pigment
phase, the monomer phase, and the mixture of the two phases were pre-dispersed or pre-
emulsified for 3 min using an ultrasonic processor (Scientz-1ID, Ningbo Scientz Biotech-
nology Co., Ltd., Ningbo, China) at 150 W with 5 s pulse on and 1 s pulse off under ice
cooling [18,19]. Next, the mixture phase were transferred into a three-necked flask. Finally,
under mechanical stirring of 350 rpm, an HCl solution (1.0 wt%) was added dropwise
with a constant pressure funnel at 55 °C and the polymerization was further carried out
at 55 °C for another 2 h.

Table 1. The formula for preparing Prussian blue is modified with polyorganosiloxane
(PB27@POS).

PB27 SDS Monomers HD HCI (1.0 wt%) Deionized Water
02¢g 03g 258¢g 0lg 100 g 136.7 g
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Figure 2. A brief diagram for the synthesis of Prussian blue (PB27) modified with polyorganosilox-
ane (POS) (PB27@POS).

2.3. Functionality of PB27@POS

Different from our previous work [18,19] using photo-emulsion polymerization, a
heat-initiation process was applied in this work. Firstly, KPS and the composite pigment
particles of PB27@POS were transferred into a three-necked flask. Next, the functional
monomer (AA or HEAA) was added dropwise under nitrogen atmosphere and mechani-
cal stirring (350 rpm) when the oil bath reached 70 °C for 10 min. After the monomer was
added completely, the reaction proceeded for another 1.5 h. The formula involved in this
process is shown in Table 2. The amount of PB27@POS solution is fixed at 50.0 g with 0.8
g solid in it. The effectiveness of other initiators except KPS is not carried out in this work
and needs further investigation.

Table 2. The formula for the polymer grafting on Prussian blue was modified with polyorganosilox-
ane (PB27@PQOS).

Number PB27@POS KPS Monomers
1 500¢g 002¢g 04¢g
2 50.0g 0.02g 08g
3 50.0¢g 0.02g 16g
4 50.0¢g 0.02g 24¢g
5 500¢g 0.02g 32g
6 50.0g 0.04g 16g
7 50.0g 0.08 g 16g
8 500 g 010g 16g

2.4. Characterization
2.4.1. General Characterizations

Fourier Transform-infrared (FTIR) spectra of the composite pigment particles were
recorded on a Nicolet iS5 FTIR spectrometer (AVATAR370, PerkinElmer Instruments Co.,
Ltd., Shelton, CT, USA) over a range of 4000 to 400 cm™, using the ATR method. Samples
were pressed against the diamond crystal for acquirements (32 scans). The morphologies
were observed by transmission electron microscopy (TEM, JEOL JEM-2100Plus, JEOL Ltd.,
Tokyo, Japan) at an operating voltage of 200 kV. The particle size and size distribution (Z-
average is for the particle size and the size distribution is calculated from a cumulants
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analysis based on G1 correlation function) were measured by dynamic light scattering
(DLS) on a Nano-590 particle sizer (Malvern Instruments Ltd., Worcestershire, UK). TGA
was performed by TGA550 (Newcastle, DE, USA). The samples were heated from 30 °C
to 800 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

2.4.2. Performance Characterizations

In terms of thermal stability, the particle sizes and photographs of the samples before
and after standing in a 90 °C oven for 1 week were tracked and compared. Moreover, the
thermogravimetric analysis (TGA) was also applied to further investigate the thermal
properties. For mechanical stability, the photographs and the particle size variation in the
samples before and after centrifugation for 30 min at 5000 rpm were compared. As to the
alkali resistance, the sample solution (5 mL, 0.02 mg/mL) was mixed fully with 1.0 mL
NaOH solution (0.25 M) and left to stand at room temperature. The optical photos and
DLS results recorded at regular intervals were applied to analyze the alkali resistance of
the composite pigment particles.

2.4.3. Functionality Characterizations

The pH response was carried out by monitoring the size change in PB27@POS@PAA
under different pH by a pH meter (Shanghai Leici Instrument Factory, Shanghai, China)
and DLS. HCl solution (0.1 M) and NaOH solution (0.1 M) were applied to adjust the pH
of PB27@POS@PAA (0.02 mg/mL) dispersed in a phosphate buffer (PB, 1 mM). The pH
was continuously tuned from alkaline to acid.

The antifouling property of PB27@POS@PHEAA with different brush thicknesses
was studied by the interaction between bovine serum albumin protein (BSA, pI 4.9) and
PB27@POS@PHEAA. Both turbidimeter (Shanghai Leici Instrument Factory) and DLS
were applied. BSA solution (0.02 mg/mL) was mixed with PB27@POS@PHEAA solution
(0.04 mg/mL) and deionized water was added to a beaker. The ionic concentration in this
mixture was set as 10 mM. NaOH solution (0.1 M) and HClI solution (0.1 M) were used to
adjust the pH value of the commixture from 10 to 3. The turbidity of the mixture at pH 10
was taken as the control.

3. Results and Discussion
3.1. Characterization of the Composite Pigment Particles

The chemical compositions and morphologies of PB27, PB27@POS, PB27@POS@PAA,
and PB27@POS@PHEAA were studied by FT-IR and TEM, respectively. As shown in Fig-
ure 3, the FT-IR spectrum of PB27 exhibited its characteristic band of -CN around 2030 to
2100 cm™. The FTIR spectrum of PB27@POS showed the presence of a characteristic band
of S5i-C at 1258 cm™, a wide characteristic band of S5i-O-5i in the range of 1007 cm™ to 1100
cm, and the characteristic bands of C-H at 3050 cm™ and 3070 cm™. The intensity of the
PB27@POS weakened at 2030-2100 cm™ brought by PB27, indicating that POS encapsu-
lated PB27 successfully. In contrast with that of PB27@POS, a new characteristic band lo-
cated at 1716 cm™ in the spectrum of PB27@POS@PAA was found, which was attributed
to the stretching vibration of the C=O present in the carboxyl group of PAA. Furthermore,
compared with the spectrum of PB27@POS, characteristic bands of PB27@POS@PHEAA
appeared at 1562 cm™, ascribed to the stretching vibration of C=O, and characteristic
bands appeared at 1555 cm™ and 3274 cm™, ascribed to the bending vibration of N-H
belonging to amide groups, which indicated the existence of PHEAA.



Coatings 2024, 14, 677 6 of 16

—— PB27 —— PB27@POS
—— PB27@POS@PAA —— PB27@POS@PHEAA

Transmittance (%)

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. The FT-IR spectra of Prussian blue (PB27); PB27 modified with polyorganosiloxane (POS)

(PB27@POS) and grafted with poly(acrylic acid) (PAA) (PB27@POS@PAA) or poly(N-(2-hydroxy-
ethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA).

Figure 4a shows the morphology of PB27, which is nearly spherical. The TEM image
in Figure 4b demonstrates the morphology of PB27@PQOS, a core-shell structure could be
observed, demonstrating that the PB27 was encapsulated by POS successfully. Figure 4c,d
exhibits a more regular spherical shape and an evident core-shell structure for
PB27@POS@PAA and PB27@POS@PHEAA, respectively. The DLS results also showed
that the particle size was increased by 100 nm after PAA or PHEAA was grafted. The par-
ticle size variation further confirms the successful grafting of PAA or PHEAA onto the

surface of PB27@POS.
8 FE ey
(c) (d)
50 nm 50 nm

Figure 4. TEM images of (a) Prussian blue (PB27), (b) PB27 modified with polyorganosiloxane (POS)
(PB27@POS), and grafted with (c) poly(acrylic acid) (PAA) (PB27@POS@PAA) or (d) poly(N-(2-hy-
droxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA).



Coatings 2024, 14, 677

7 of 16

3.2. The Effect of Monomer Dosage

The influence of the dosage of AA or HEAA on the brush thickness of the composite
pigment particles was first studied. As shown in Figure 5, the particle size of
PB27@POS@PAA gradually increased from 170 nm to 686 nm and that of
PB27@POS@PHEAA gradually rose from 170 nm to 415 nm. The larger the monomer dos-
age, the bigger the functional composite pigment particles. In addition, not only the par-
ticle size of the functional composite pigment particles increased gradually with the in-
crease in monomer dosage but the particle size distribution also widened. Especially when
the monomer dosage exceeded 300 wt%, the PDI even was over 0.4 for PB27@POS@PAA,
which may be due to possible coupling termination between propagating chains on neigh-
boring nanoparticles.

(b)

800 1.0
PB27@POS@PAA PB27@POS@PAA
PB27@POS@PHEAA I +— PB27T@POS@PHEAA
x 08f
— 600 ()
E §
'g - 2 0.6
@ 400 = 4
2 3
2 - & 04r
T T
200 T 2
101 ) T o2f -3
0 L L L L L ' 0.0 ; i i ; "
0 50 100 200 300 400 0 100 200 300 400

Amount of monomer (Wt%) Amount of monomer (Wt%)

Figure 5. (a) Particle size and (b) size distribution of the functional composite pigment particles with
different monomer dosages.

3.3. The Effect of KPS Dosage

In this work, KPS was the selected initiator and the effect of KPS dosage on the brush
thickness of the grafted polymers was investigated. As shown in Figure 6, with the in-
crease in KPS, the particle size of the functional composite pigment particles tended to
first increase and then decrease. When the dosage of KPS was 5.0 wt%, the particle size of
PB27@POS@PAA and PB27@POS@PHEAA both reached the maximum values. When the
amount of KPS was small, the number of free radicals triggered by KPS was consumed by
some contaminants or impurities, which affected the effective grafting, leading to the
small size of the functional composite pigment particles. With the increase in the amount
of KPS, more active sites were formed to be grafted with polymer chains, so the size of the
functional composite pigment particles rose. However, as the amount of KPS continued
to increase, there were plenty of free radicals in the reaction system, which enhanced the
chain termination resulting in a decrease in the particle size. Similarly, the size distribu-
tion of PB27@POS@PAA and PB27@POS@PHEAA also tended to first increase and then
decrease.
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Figure 6. (a) Particle size and (b) size distribution of the functional composite pigment particles with
different potassium persulfate (KPS) dosages.

3.4. Performance Characterizations
3.4.1. Thermostability

The thermostability of PB27 is very important. We not only tracked and compared
the particle size of PB27@POS@PAA and PB27@POS@PHEAA with different brush thick-
nesses but also studied its thermal properties before and after modification by TGA. As
shown in Figure 7, when the samples were left to stand at 18 °C for a week, the particle
size of all functional composite pigment particles did not change significantly. As for sam-
ples left to stand at 90 °C for a week, the particle size of PB27@POS@PAA-50 decreased
(notably, the PB27@POS grafted with 50 wt% AA is expressed as PB27@POS@PAA-50, the
same below), which was consistent with the settlement of the sample. The particle size of
others all increased obviously at 90 °C. In addition, there was no apparent settlement for
PB27@POS@PHEAA-50 standing at 90 °C and its particle size rose rather than decreased.
It is probably attributed to the thicker polymer brushes than that of PB27@POS@PA A-50.
The optical photos for the above stability study were shown in the supporting information
(Figure S1).

@ ) 5
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. 200 1 200
I 300 . 300 1209
. 400 Il 400
1000
8y §
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0 &'
3
0 3
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o ¢
S 0
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Figure 7. The size variation in Prussian blue (PB27) modified with polyorganosiloxane (POS) grafted
with (a) poly(acrylic acid) (PAA) (PB27@POS@PAA) or (b) poly(N-(2-hydroxyethyl) acrylamide)
(PHEAA) (PB27@POS@PHEAA) at 90 °C and 18 °C.

TGA was then used to study the thermal stability in a wide temperature range of the
functional composite pigment particles, as shown in Figure 8. PB27 was partly decom-
posed at a low temperature near 150 °C, which is ascribed to the bound water. There were
another two decomposition stages at temperatures 350 °C and 650 °C, leading to a total
weight loss of 58%. Comparably, there was a gradual weight loss for PB27@POS and a
total weight loss of 36.8%, mainly due to the decomposition of organic components of
POS, without low-temperature degradation below 200 °C and high-temperature degrada-
tion near 650 °C, indicating that the thermal stability was greatly enhanced after


https://www.chemsrc.com/en/cas/7727-21-1_895905.html

Coatings 2024, 14, 677

9 of 16

encapsulating PB27 with POS. For PB27@POS@PA A-400, two weight loss peaks appeared
with a total weight loss of 76.8%. The first stage of mass loss was mainly due to the de-
composition of PAA. The second stage of mass loss was probably attributed to the decom-
position of POS, indicating that the polymer grafting may reduce the thermostability of
POS but have no effect on PB27. Similarly, for PB27@POS@PHEA A-400, there was a 74.8%
mass loss from 50 °C to 480 °C, which was mainly due to the decomposition of PHEAA.
And the 14.4% mass loss between 480 °C and 800 °C was due to the decomposition of POS.

As shown in Figure 8, the residual mass of PB27 is 42% after heating to 800 °C. After
encapsulation, the residual masses are 23.2% for PB27@POS@PAA-400 and 10.8% for
PB27@POS@PHEAA-400. As calculated, 98% HEAA was grafted on the surface of
PB27@POS and 87% AA was grafted on the surface of PB27@POS, demonstrating a high
conversion by this simple preparation strategy.

(a) (b)

PB27 PB27
120 | —— PB27@POS —— PB27@POS
PB27@POS@PAA PB27@POS@PAA
PB27@POS@PHEAA| ) 0.8 PB27@POS@PHEAA
100 — =
£
= 8ol = 06}
g - 5
s \ ]
S 60f = o4l
2 > 0
= 2
40 + L]
2 oazf ",
; /AP 4
ol 0.0 — — ==
. . . . . . L L L L L L " L L " L "
0 100 200 300 400 500 600 700 80O 0 100 200 300 400 500 600 700 800
Temperature (C) Temperature (C)

Figure 8. (a) TGA and (b) DTG of Prussian blue (PB27), PB27 modified with polyorganosiloxane
(POS) (PB27@POS), and grafted with poly(acrylic acid) (PAA) (PB27@POS@PAA) or poly(N-(2-hy-
droxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA).

3.4.2. Mechanical Stability

To explore the centrifugation effect on the mechanical stability of the functional com-
posite pigment particles with different brush thicknesses, the optical photos and the par-
ticle size of the samples involved were recorded and measured, as shown in Figures 9 and
10. In Figure 9, the color turned dark with increased brush thickness. The color fading for
samples with thin brush thickness is ascribed to the sediment of unstable particles. The
thicker the polymer brushes (PAA or PHEAA), the better the mechanical stability of the
particles. The thicker the polymer brushes, the more hydrophilic hydroxyl groups or car-
boxyl groups, and the better the affinity with the water phase, the lighter the settlement.

(a) (b)
50 100 200 300 400 50 100 200 300 400
l' l 'I ' ' '
30 min 30 min
5000 r/min 5000 r/min

Figure 9. Optical photos of the functional composite pigment particles composed of Prussian blue
(PB27) modified with polyorganosiloxane (POS) grafted with (a) poly(acrylic acid) (PAA)
(PB27@POS@PAA) or (b) poly(N-(2-hydroxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA)
with different brush thicknesses before and after centrifugation.
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As shown in Figure 10, the particle size of PB27@POS@PAA-200, PB27@POS@PAA-
300, PB27@POS@PAA-400, PB27@POS@PHEAA-200, PB27@POS@PHEAA-300, or
PB27@POS@PHEA A-400 with thicker polymer brushes showed less size variation. That of
PB27@POS@PAA with thicker polymer brushes is less than that of PB27@POS@PHEAA,
which benefits from the electrostatic repulsion between PAA chains. The particle size of
PB27@POS@PAA-50, PB27@POS@PA A-100, PB27@POS@PHEAA-50, or
PB27@POS@PHEAA-100 with thinner polymer brushes decreased significantly, which
may be attributed to the visible sedimentation in these samples at the same centrifugal
speed.

50 - 50
(a) | PB27@POS@PAA (b) 177 PB27@POS@PHEAA

400

300 300

400 200

200

100
-100}

Particle size variation (nm)
g

Particle size variation (nm)
g

100 50

50

=150 - -150-

Figure 10. The particle size variation in Prussian blue (PB27) modified with polyorganosiloxane
(POS) grafted with (a) poly(acrylic acid) (PAA) (PB27@POS@PAA) or (b) poly(N-(2-hydroxyethyl)
acrylamide) (PHEAA) (PB27@POS@PHEAA) after centrifugation (5000 rpm, 30 min).

3.4.3. Alkali Resistance

The color of PB27 varies when it is decomposed by alkali. The changes in the color of
the sample solutions with time were recorded to analyze the effect of polymer brushes on
the alkali resistance of PB27. It can be observed in Figure 11a, that PB27 in an alkaline
environment changed its color over time from blue to green to orange and the color of
PB27@POS@PAA-50 and PB27@POS@PAA-100 gradually went from blue to dark green to
orange over time. The color change may be closely related to Fe(OH): and Fe(OH)s, which
originates from the following equation. The Fe(OH): produced by the decomposition of
PB27 by alkali was adsorbed on the surface of the composite pigment particles, showing
a green color. The oxidation of Fe(OH): and the further decomposition of PB27 generated
more and more Fe(OH)s, giving the sample solution an orange—yellow color.
PB27@POS@PA A-200 maintained a good blue hue for 8 h. This could be ascribed to the
fact that thicker polymer brushes digested more OH- and thicker polymer brushes
equipped the composite pigment particles with stronger steric hindrance. However, with
AA dosage further increased, the color of PB27@POS@PA A-300 and PB27@POS@PA A-400
also changed dramatically. This may be brought by the enhanced ion osmotic effect dom-
inated. Driven by osmotic pressure, OH- entered the inner layer of the polymer brushes,
thus decomposing PB27 quickly.

Fes[Fe(CN)s]s + 180H- = 3Fe(OH)2| + 4Fe(OH)s| + 18CN- 1)

4Fe(OH): + Oz + 2H:20 = 4Fe(OH)s| @)

The color changes in PB27@POS@PHEAA mixed with NaOH solution (0.25 M) are
shown in Figure 11b. In contrast with PB27@POS@PAA, its color changed more regularly.
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The color of PB27@POS@PHEA A-50, PB27@POS@PHEAA-100, and PB27@POS@PHEAA-
200 all transferred from blue to dark green to light green to orange in a period (0, 1, 2, 3
h). The color of PB27@POS@PHEAA-300 solution changed from dark blue to light blue to
light green, and that of PB27@POS@PHEA A-400 changed from dark blue to light blue to
lime green. Comparably, PB27@MPPOS@PHEAA-300 and PB27@MPPOS@PHEAA-400
have better alkaline resistance. The brushes thicknesses of PB27@POS@PHEAA-300 and
PB27@POS@PHEA A-400 are thicker, making it harder for OH- to contact and decompose
PB27 [43].
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Figure 11. Pictures of (a) Prussian blue (PB27) modified with polyorganosiloxane (POS) grafted with
poly(acrylic acid) (PAA) (PB27@POS@PAA) solutions mixed with NaOH solution in a period of time
(0, 2, 4, and 8 h) and those of (b) Prussian blue (PB27) modified with polyorganosiloxane (POS)
grafted with poly(N-(2-hydroxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEA A) solutions mixed
with NaOH solution in a period of time (0, 1, 2, and 3 h).

The particle size data along with the alkali resistance test measured by DLS are
shown in Figure 12. The particle size of PB27 gradually decreased due to its decomposi-
tion by OH". For brush-like composite pigment particles with different PAA thicknesses,
the particle size variation decreased gradually as the amount of AA increased from 50
wt% to 200 wt%. As the amount of AA increased from 200 wt% to 400 wt%, the particle
size changed more fiercely. PB27@POS@PAA-200 showed better alkaline resistance. In
terms of brush-like composite pigment particles with different PHEAA thicknesses, as the
amount of HEAA increased from 50 wt% to 400 wt%, the thicker the PHEAA thickness,
the weaker the particle variation. The particle size of PB27@POS@PHEAA-400, which
showed the best alkaline resistance, decreased from the initial 415 nm to 220 nm after 3 h.
In contrast, the particle size of PB27@POS@PA A-200 could be reduced by only 31 nm in 8
h, which had better alkaline resistance.
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Figure 12. Particle size of (a) Prussian blue (PB27) modified with polyorganosiloxane (POS) grafted
with poly(acrylic acid) (PAA) (PB27@POS@PAA) solutions mixed with NaOH solution in a period
of time (0, 2, 4, and 8 h) and those of (b) Prussian blue (PB27) modified with polyorganosiloxane
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(POS) grafted with poly(N-(2-hydroxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA) solutions
mixed with NaOH solution in a period of time (0, 1, 2, and 3 h).

PHEAA is a nonionic polymer and it is not able to consume part of the OH- or re-
spond to pH as PAA chains do in an alkaline environment. Therefore, in terms of improv-
ing the alkali resistance of PB27, PB27@POS@PHEAA behaved worse than
PB27@POS@PAA. The alkaline resistance of PB27@POS@PHEAA is mainly dependent on
the thickness of the polymer brushes. In a word, the type of polymer brush and the brush
thickness are closely related to the alkali resistance of PB27.

3.5. Functionality
3.5.1. pH Response of PB27@POS@PAA

DLS information of PB27@POS@PAA at different pH values indicates that they all
have a good pH-stimuli response. As shown in Figure 13, the sizes increased with pH due
to the deprotonation of PAA chains. The difference is the particle size variation range of
PB27@POS@PAA with pH. The thicker the brush thickness, the bigger the particle size
variation and the more obvious the pH response. At pH < 4, the PAA chains collapsed
completely on the surface of PB27@POS because the electrostatic repulsion between the
PAA chains was greatly reduced. Especially for PB27@POS@PAA-50, its particle size was
nearly the same as that of PB27@POS. At pH > 8, there was a larger electrostatic repulsion
between the negatively charged chains as the PAA chains ionized more H*, contributing
to the constant stretching of PAA chains in space. It can also be seen from Figure 12 that
there was no specific relationship between PDI and pH, indicating that PDI had no pH
response.

For most applications involving coatings, the pH is maintained around pH 9.5, in
which better stability would be obtained for PB27@POS@PAA due to enhanced electro-
static repulsion. Moreover, the abundant carboxyl groups in the PAA chain could provide
active sites for further functionality like luminescence by fluorescent molecules.
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Figure 13. (a) Particle size and (b) size distribution of Prussian blue (PB27) modified with polyorga-
nosiloxane (POS) grafted with poly(acrylic acid) (PAA) (PB27@POS@PA A) with pH.

3.5.2. Antifouling Property of PB27@POS@PHEAA

For biological fouling, protein adsorption is crucial to the adhesion of microorgan-
isms on the surfaces. In this work, bovine serum albumin protein (BSA, pI 4.9) was chosen
as the model protein to study the antifouling property of PB27@POS@PHEAA. Both tur-
bidimeter and DLS were applied. The interaction between BSA and PB27@POS without
HEAA feeding was too fierce to characterize so it was not involved. As shown in Figure
14, the turbidity of the mixture of PB27@POS@PHEAA-50 and BSA rose dramatically. Sim-
ilarly, the turbidity of the mixture of PB27@POS@PHEAA-100 and BSA also increased
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significantly, suggesting obvious adsorption of BSA. Comparably, PB27@POS with 200
wt%, 300 wt%, and 400 wt% HEAA dosage showed slighter growth in turbidity corre-
sponding to a good antifouling property, which could be ascribed to the hydrated layer
in PHEAA structure with high resistance to nonspecific protein adsorption, indicating
that high grafting of PHEAA was effective for antifouling. This could be ascribed to
thicker polymer brushes with stronger steric hindrance, making nonspecific protein ad-
sorption to PB27@POS@HEAA more difficult. The turbidity of PB27@POS@PHEAA and
that of blank BSA were shown in the supporting information (Figure 52).
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Figure 14. The turbidity of Prussian blue (PB27) modified with polyorganosiloxane (POS) grafted
with  poly(N-(2-hydroxyethyl) acrylamide) (PHEAA)-bovine serum albumin protein
(PB27@POS@PHEAA-BSA) with pH.

The particle size was also measured by DLS along with the turbidity titration test and
the result is shown in Figure 15. In contrast with PB27@POS@PAA, whose particle size
varied regularly through the pH, the particle size of PB27@POS@PHEAA varied less with
pH, indicating that PB27@POS@PHEAA was stable to pH. In Figure 15, the size of the
mixture of BSA and PB27@POS@PHEAA-200, PB27@POS@PHEAA-300, or
PB27@POS@PHEA A-400 maintained a constant pH. However, the size variation is bigger
for that of PB27@POS@PHEAA-50 and PB27@POS@PHEA A-100, which is consistent with
the turbidity result.
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Figure 15. The particle size variation in Prussian blue (PB27) modified with polyorganosiloxane
(POS) grafted with poly(N-(2-hydroxyethyl) acrylamide) (PHEAA)-bovine serum albumin protein
(PB27@POS@PHEAA-BSA) at a certain pH.
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Hydrophilicity is one of the important factors in the adsorption resistance of poly-
mers. PHEAA is a kind of hydrophilic polymer rich in hydroxyl groups. In this work, the
hydrophilic PHEAA polymer was successfully grafted onto the PB27@POS surface by a
simple grafting method. The antifouling analyses of PB27@POS@PHEAA at different pH
values implied that PB27@POS@PHEAA-200, PB27@POS@PHEAA-300, and
PB27@POS@PHEA A-400 had better resistance to nonspecific protein adsorption and that
these functional composite pigment particles have bright prospects in applications with
antibacterial and antifouling properties.

Two different functional polymers, i.e., PAA and PHEAA, were introduced to the
PB27@POS surface, endowing different functions including enhanced stability. The pro-
posed strategy herein provides a versatile way to modify pigments and further bring pos-
sible functionalization according to requirements.

4. Conclusions

In this work, it was found that the grafting polymerization of functional polymer on
the surface of Prussian blue (PB27) modified with polyorganosiloxane (POS) (PB27@POS)
can be controlled by changing the dosage of the grafted monomers or the initiator potas-
sium persulfate (KPS). Optimal mechanical stability could be obtained for brush-like com-
posite pigment particles after centrifuging under 5000 rpm in 30 min and good thermo-
stability treated under 90 °C appeared when the dosage of grafting monomer AA or
HEAA reached 400 wt%. In terms of alkali resistance, Prussian blue (PB27) modified with
polyorganosiloxane (POS) grafted with poly(acrylic acid) (PAA) (PB27@POS@PAA) (AA,
200 wt%) could maintain a good blue hue for 8 h and its particle size variation was only
31 nm after 8 h. Comparably, Prussian blue (PB27) modified with polyorganosiloxane
(POS) grafted with poly(N-(2-hydroxyethyl) acrylamide) (PHEAA) (PB27@POS@PHEAA)
behaved worse than PB27@POS@PAA. Not only the hue of PB27@POS@PHEAA turned a
lot but also its particle size decreased by 195 nm after 3 h with similar conditions.
PB27@POS@PAA exhibited an obvious pH response and good antifouling property was
obtained for PB27@POS@PHEAA with higher HEAA dosage. This work provides a novel
strategy to fabricate functional and well-dispersed composite PB27 particles based on pol-
yorganosiloxane, which can be extended to other polymers like modified POS, polyacryl-
ics, etc., which has potential applications in coatings and inks fields with extreme appli-
cation conditions.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/coatings14060677/s1: Figure SI1: Optical pictures of (a)
PB27@POS@PAA and (b) PB27@POS@PHEAA at room temperature and at 90 °C; Figure S2: The
turbidity of (a) PB27@POS@PHEAA and (b) blank BSA with pH.
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