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Research on the dynamics of crystal transformation can guide production practices and improve the

coloration performance of pigment Red 170. As one of the most important azo dyes, the low hiding

power, inferior weather resistance, thermal instability, and low flowability of pigment Red 170 limit its

applications. To enhance these properties, it is essential to modify the surface of the pigment. Herein,

the crystal transformation and isothermal crystallisation kinetics of colour index (C.I.) pigment Red 170

during a hydrothermal process were studied through X-ray powder diffraction. During isothermal

crystallisation, the Avrami indexes (n) were 2.65 and 3.01, and the kinetic rate constants (K) were 6.02 ×

10−6 and 8.34 × 10−6 at 140 and 150 °C, respectively. The apparent activation energies (E) are 10.42 and

24.31 kcal mol−1 for the incubation period and total transition, respectively. Pigment Red 170 completely

transferred from an a-phase to g-phase upon hydrothermal treatment at 140 and 150 °C for 180 and

90 min, respectively. The effects of heat treatment temperature and time on the colour hue, tinctorial

strength, flowability, particle size and distribution, contact angle, thermal stability, and morphology of

pigment Red 170 were investigated. In addition, kaolin was used as an inorganic additive to modify g-

phase pigment Red 170. After hydrothermal treatment and kaolin modification, C.I. pigment Red 170 had

a small particle size and exhibited a narrow size distribution and improved hydrophilicity. The g-phase

pigments had a tinctorial strength of 189.5%. The flowability and thermal stability of the kaolin-modified

pigment were also enhanced. This study promotes the development of pigments with enhanced colour

properties, thermal stability, and processability.
Introduction

Organic pigments have been extensively used in coatings,1,2

inks,3–5 cosmetics,6 and plastics7 owing to their solvent resis-
tance,8 high tinctorial strength, excellent transparency, colour
brilliance, weather resistance, thermal stability, and low
toxicity.9–13 An azo dye is the most well-known organic pigment,
accounting for more than 60% of the total production of organic
pigments.14,15 As one of the most important azo dyes, pigment
Red 170 demonstrates good colour tone, high colour bright-
ness, and high tinctorial strength. However, its low hiding
power, inferior weather resistance, thermal instability, and low
owability16,17 limit its applications. To enhance these proper-
ties, it is essential to modify the surface of pigment Red 170.18,19

The main modication methods of pigment Red 170 include
surfactant modication, inorganic core inclusion, and polymer
l of Chemistry and Chemical Engineering,

China. E-mail: lvdongjun@dzu.edu.cn;

h Center of Integrated Circuits Functional

ou, 253023, China

the Royal Society of Chemistry
coating.20–23 Wu et al.24 prepared a new quaternary ammonium
salt containing siloxane groups to modify the surface of
pigment Red 170. The modied pigment had a small particle
size, good wettability, high owability, and excellent dispersion
stability. Xiao et al.25 coated the pigment Red 170 surface with
hydrated alumina obtained from the hydrolysis of Al2(SO4)3,
signicantly improving the UV diffuse reection, high-
temperature resistance, and solvent resistance. Zhang et al.26

modied pigment Red 170 by preparing carbon black nucleated
by an anti-coupling method. Aer modication, the average
particle size of the pigment decreased and the particle size
distribution narrowed. Moreover, the pigment colouring
strength, heat resistance, owability, and water dispersion
improved. Cao et al.27 used micro-silicon powder absorbed with
silane coupling agents (KH550, KH560 and KH570, etc.) to react
with a diazo salt solution. Pigment Red 170 was produced in situ
through the reaction between diazo and the coupling agent, and
themicro-silicon powder coating improved the thermal stability
and light stability of the pigment. Zhang et al.28 employed
reversible addition–fragmentation chain transfer (RAFT) poly-
merisation to synthesise a random copolymer of 2-(dimethyla-
mino)ethyl methacrylate (DMAEMA), poly(ethylene glycol)
RSC Adv., 2023, 13, 28843–28851 | 28843
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methyl ether methacrylate (PEGA), and methyl methacrylate
(MMA) or butyl acrylate (BA) with a trithiocarbonate-reactive
end group. These cationic macromolecular RAFT agents
(macro-RAFT) were subsequently adsorbed on the surface of
monodispersed colloidal pigment Red 170 particles at pH 5.
The resulting organic pigment hybrid latex particles demon-
strated excellent dispersion stability during freeze–thaw cycles,
storage, and pH variation.

Pigment Red 170 has an a-phase, a b-phase, and a g-phase;29

the a-phase and g-phase are homogeneous heterocrystals. The
a-phase of pigment Red 170 is unstable and must be converted
to the more stable b-phase and g-phase for practical applica-
tions.30 Therefore, it is essential to optimise the processing
conditions to ensure complete transformation. The research on
the dynamics of the crystal transformation can guide the
production practice and improve the performance of traditional
azo pigments. In addition to the phase transformation, hydro-
thermal treatment and coating modication can also improve
the properties of pigments.

In this study, the crystal transformation and isothermal
crystallisation kinetics of pigment Red 170 during 140 and 150 °
C hydrothermal treatments were examined by X-ray powder
diffraction. The time required for the complete transformation
from the a-phase to g-phase was determined, and the
isothermal crystallisation behaviour was analysed by the Avrami
equation. The Avrami index (n), the crystallisation kinetic rate
constant (K), and the apparent activation energy (E) were
calculated to determine the growth mode of the pigment Red
170 and provide a theoretical basis for the application of
pigment Red 170. The effects of the heat treatment temperature,
heat treatment time, and kaolin nucleation modication on the
colour hue, tinctorial strength, owability, particle size and
distribution, hydrophilicity, thermal stability, and the
morphology of pigment particles were studied systemically
during the phase transformation.
Experimental
Materials

4-Aminobenzamide (Red Base DB-70, 99.0%) was provided by
Shandong Sunshine Pigment Co., Ltd. 3-Hydroxy-N-(2-
ethoxyphenyl)-2-naphthalenecarboxamide (Naphthol AS-PH,
98.5%) was obtained from Shandong Andie New Material Co.,
Ltd. Kaolin (99.0%) was purchased from BASF SE. Concentrated
hydrochloric acid (36.0%), sodium nitrite, glacial acetic acid,
and sodium hydroxide were supplied by Tianjin Kemiou
Chemical Reagent Co., Ltd. All other chemicals were of analyt-
ical grade and used as received without further purication.
Fig. 1 Synthesis process for g-phase pigment Red 170.
Methods

First, a diazonium salt solution was prepared. 4-Amino-
benzamide (13.7 g, 0.100 mol) was dissolved in cold deionised
water (100 mL). HCl (36%, 13.7 g) was added, and the mixture
was stirred for 20 min. Next, crushed ice was added to adjust the
temperature to 0 °C. Then, a 30% sodium nitrite solution (7.0 g)
was added dropwise within 5 min under stirring, and the
28844 | RSC Adv., 2023, 13, 28843–28851
temperature was controlled at 10–15 °C for 1 h. Aer the reac-
tion, sulfamic acid was introduced to react with the excessive
sodium nitrite to avoid the generation of nitrous acid, which
might affect the subsequent coupling reaction.

Next, the coupling component was prepared by the following
procedure. Naphthol AS-PH (32.5 g, 0.105 mol) was dissolved in
deionised water (200 mL) in a 500 mL beaker. Then, sodium
hydroxide (10.5 g) was added to the beaker while stirring. Next,
the solution was heated to 65 °C until the Naphthol AS-PH was
dissolved completely.

To prepare the modied pigment, sodium hydroxide (3.0 g),
glacial acetic acid (13.5 g), and crushed ice were dissolved in
deionised water (250 mL) in a 1 L beaker. Then, a buffer solu-
tion (pH 3.9) was added dropwise to the diazonium salt solution
with a peristaltic pump within 15 min. During the reaction, the
temperature and pH were maintained at 8–10 °C and 1.9,
respectively. Finally, the coupling agent was added dropwise to
the diazonium salt solution with a peristaltic pump over
120 min. During the reaction, the temperature was maintained
between 10 and 25 °C, and the pH was 4.6. The reaction was
continued for 10 min, and the product was ltered and washed
to obtain wet ltered cake.

For the hydrothermal treatment and kaolin modication,
the wet lter cake (28.0 g) was combined with kaolin (0.35 g) in
deionised water (100 mL) in a 200 mL beaker. Next, the
suspension was magnetically stirred for 20–30 min until well
mixed. The pH of the mixture was adjusted to 3.8 with glacial
acetic acid, and stirring was continued for 10 min. Then,
deionised water (20 mL) was added, and the solution was
poured into an autoclave. The autoclave was heated in an oven
at 140 °C or 150 °C for various treating times. Finally, aer
cooling, the treated pigment solution was ltered, washed with
deionised water until a neutral pH, and dried at 80 °C. The
preparation process and synthesis routes of the modied
pigments are illustrated in Fig. 1 and Scheme 1.
Instruments and equipment

The colours of the pigments were assessed using an Interna-
tional Commission on Illumination (CIE) 1976 L* a* b* system.
Colour measurements were performed using an X-rite 8400
automatic colorimeter (X-RITE, USA). The colour strength and
owability were determined according to the Chinese National
Standard (GB/T 1708-79) and the National Industry Standard of
the People's Republic of China (HG/T 3854-2006), respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route of pigment Red 170.
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The particle size distributions were determined using
a Mastersizer 2000 particle size analyser (Malvern, UK) aer
sonicating an aqueous pigment suspension for 15 min. The
morphologies of the pigments were observed by scanning
electron microscopy (SEM). SEM was conducted at a 5 kV
voltage and 6 mm working distance with an SE2 detector
(Merlin Compact, Zeiss Corporation, Oberkochen, Germany).
The pigment was sputtered with gold before the SEM observa-
tion. The crystalline phases of the pigment were determined by
X-ray diffractometry (XRD, D8A, Bruker, Germany) with a Cu Ka
X-ray source generated at 40 kV and 40 mA. Powder X-ray
diffraction data of the pigment was recorded over a 2q range
of 5–40° at room temperature. The chemical structures of the
hydrothermal-treated and kaolin-modied pigments were
determined by Fourier transform-infrared spectroscopy (FT-IR,
Nicolet 380, Thermo Electron Corporation, USA). The wetta-
bility of the pigment was determined by measuring the water
contact angles of a pellet sample (EasyDrop, KRUSS GmbH,
Germany). For water contact angle measurement, the samples
were rst tableted in an infrared tablet press to obtain a sheet.
The time between drop deposition and measurement was 2 s,
and the volume of drops measured in each experiment was 3 mL.
Results and discussion
XRD

XRD was performed to determine the crystal structure, and the
results are shown in Fig. 2. Fig. 2 lists the integral strength
Fig. 2 XRD curves of unmodified (PR170), hydrothermal treatment
pigment at 140 °C (a) and 150 °C (b), and coating modification pigment
samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
values of the pigments obtained by hydrothermal treatments at
140 and 150 °C at different times and by kaolin modication.
The untreated pigment had characteristic diffraction peaks at
2q = 5.3°, 7.6°, 8.2°, 11.7°, 15.9°, and 18.8°.

Aer the hydrothermal treatment at 140 and 150 °C, the
pigment diffraction peaks became stronger, suggesting
improved crystallinity. When the treatment time was 180 min at
140 °C (90 min at 150 °C), new diffraction peaks appeared at 2q
= 7.2°, 11.3°, 12.9°, 18.1°, and 30.8°. In addition, for the
pigments modied by kaolin, new diffraction peaks related to
kaolin emerged at 12.3° and 24.9°. By comparing the charac-
teristic peaks of the non-nucleated and nucleated pigments, the
peak positions were the same, indicating that kaolin modi-
cation did not change the crystalline phase. However, the
diffraction peak intensities of the kaolin-modied pigments at
2q = 7.2°, 11.3°, 18.1°, 20.2°, and 25.6° were lower than those of
the unmodied pigments, indicating that the inorganic nucleus
kaolin inhibited the growth of pigment crystal particles to some
extent.
SEM

SEM was used to analyse the morphology of the untreated,
hydrothermal-treated, and kaolin-modied pigments; the
results are shown in Fig. 3. The particle size distribution of the
untreated pigment Red 170 was not uniform, and distinct
aggregated particles were observed. In the process of organic
pigment preparation, particularly during insulation and drying,
pigment particles tended to aggregate due to the intermolecular
forces between them (such as hydrogen bonding, van der Waals
force, etc.). As shown in Fig. 3a–c, the pigment particles grew
gradually at 140 °C with the increase in the treatment time until
forming rod particles. As shown in Fig. 3d, the particle size of
the pigment aer kaolin nucleation modication was small. In
addition, compared with the untreated pigment, the
Fig. 3 SEM analysis of pigment treated under thermal treatment in
water: (a) untreated, (b) 140 °C 60 min, (c) 140 °C 180 min, (d) kaolin
coating modification.

RSC Adv., 2023, 13, 28843–28851 | 28845
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hydrothermal-treated and kaolin-modied pigments had
a regular rod-like shape. The above results indicated that the
morphology and particle size of organic pigments were
controlled to a certain extent by the hydrothermal treatment
and kaolin modication.
Fig. 5 Relative crystallinity versus time for pigment Red 170 crystal-
lised at 140 °C (a) and 150 °C (b).
Isothermal crystallisation kinetics

XRD is the most effective method to identify crystal phases and
their percentages. Therefore, the pigment Red 170 was analysed
by XRD to determine the percentages of the a-phase and g-
phase. The XRD patterns of pigment Red 170 at different
temperatures are shown in Fig. 4, conrming the conversion
from the a-phase to g-phase.

The diffraction peaks of the a-phase and g-phase of pigment
Red 170 were generally overlapped. However, the a-phase had
a weak peak in the 2q range of 4°–6°, while this peak was absent
in the g-phase. Therefore, the diffraction peak at 2q of 4°–6° and
d value of 17.245 was selected to characterise the a-phase to
achieve accurate diffraction intensity measurement and quan-
titative analysis. The intensity of this diffraction peak was
dened as Ia. The diffraction intensity of a pure a-phase was
measured by the same method and dened as IaP. The weight
percentage of the a-phase (Wa (%)) in the mixture was calcu-
lated using Ia/IaP. In the kinetic assay quantitative analysis, IaP is
a relative standard value and determined according to specic
experimental conditions and methods. In this study, IaP was
measured under the same temperature, and the treated samples
were obtained at different times, and the mean value of integral
strength of untransformed samples was used as IaP.

The time-dependent crystallinity in pigment Red 170
isothermal crystallisation at different temperatures was deter-
mined; the results are presented in Tables 1, 2, and Fig. 5.
According to Tables 1 and 2, at the same temperature, the
isothermal crystallisation rate increased with the isothermal
crystallisation time.

During the hydrothermal treatment, the phase trans-
formation of pigment Red 170 occurs similarly to the
Fig. 4 X-ray powder diffraction pattern of a-phase to g-phase crystal
transition.

Table 1 Relationship between time and conversion rate at 140 °C

Time (min) 30 50 55 60 65 75 85 120 180
Wa (%) 100.0 100.0 81.9 73.1 18.0 11.2 5.7 4.1 1.8
Wg (%) 0 0 18.1 26.9 82.0 88.8 94.3 95.9 98.2

28846 | RSC Adv., 2023, 13, 28843–28851
crystallisation and partial solid reaction. The process involves
the nucleation and growth of the crystal particle. Under
isothermal conditions, the crystallisation rate conforms to the
Avrami–Erofeev equation:31

Wr(t) = 1 − exp(−ktn) (1)

A rate equation was obtained by taking the logarithm of both
sides of eqn (1)

ln(1 − Wr) = −Ktn (2)

Aer taking the logarithm of both sides of eqn (2) and (3) was
derived.

ln[−ln(1 − Wr)] = n ln t + lnK (3)

where Wr(t) is the relative crystallinity at time t, K is the crys-
tallisation kinetic rate constant, n is the Avrami index depend-
ing on the nucleation and growth processes. The n value is 3 or 4
for spherulite three-dimensional growth, 2 or 3 for aky two-
dimensional growth, and 1 or 2 for acicular one-dimensional
growth.

The Avrami formula was used to analyse the apparent acti-
vation energy (E) of the transformation process:

t = t0 exp(E/RT) (4)

where R is the gas constant (1.987 cal mol−1), T is the transition
temperature (K), t is the transition time (min), t0 is a dependent
constant.

To facilitate the calculation of E, eqn (4) is transformed to its
logarithmic form:

ln t = E/RT + ln t0 (5)

According to eqn (5):

ln t1 − ln t2 = E/R(T2 − T1/T1T2) (6)

Fig. 6 shows the plot of ln[−ln(1 − Wr)] and ln t. The linear
relationship indicated that the isothermal crystallisation
process of pigment Red 170 followed the Avrami equation.
Table 3 lists the Avrami exponent (n), kinetic rate constant (K)
obtained from the slope and intercept of the linear tting, and
correlation coefficient (r). The n value was between 2.65 and
3.01. By comparing with the relationship between the Avrami
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Relationship between time and conversion rate at 150 °C

Time (min) 10 20 30 40 45 48 50 53 55 57 60 70 80 90
Wa (%) 100.0 100.0 100.0 100.0 70.6 48.3 40.8 39.0 21.6 12.7 1.6 1.5 0.9 0.3
Wg (%) 0 0 0 0 29.4 51.7 59.2 61.0 78.4 87.3 98.4 98.5 99.1 99.7

Fig. 6 Pigment Red 170 of ln[−ln(1 − Wr)] versus ln t for isothermal
crystallization at 140 °C (a) and 150 °C (b) .

Table 3 Kinetic parameters for isothermal crystallization of pigment
Red 170

Temperature (°C) n ln k K r

T1 = 140 2.65 −12.02 6.02 × 10−6 0.9721
T2 = 150 3.01 −11.70 8.34 × 10−6 0.9666

Fig. 7 Relationship between a-phase to g-phase conversion rate and
time.

Table 5 Incubation time and total transition time

Temperature (K)
Incubation period
(tinc)

Total transition
time (ttot)

T1 = 413 50 min 180 min
T2 = 423 40 min 90 min
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index and crystallisation behaviour (Table 4), the growth mode
of pigment Red 170 isothermal crystallisation was determined
as three-dimensional spherulite growth.

Fig. 7 shows the relationship between the phase trans-
formation rate and time. From initial t0 to t1, no crystal trans-
formation was observed, corresponding to an incubation
period. From t1 to t, the a-phase gradually changed to the g-
phase until a complete transformation.

The Avrami formula was used to analyse the apparent acti-
vation energy (E) of the transformation process. The incubation
time and total transition time data (Table 5) were substituted
into eqn (6), and the apparent activation energy values were
10.42 and 24.31 kcal mol−1 for incubation period and total
transition, respectively.
Colour properties and owability

The colour performances of hydrothermal-treated (140 °C) and
untreated pigment Red 170 (sample 6–1 in the owing tables)
are compared in Table 6. The contrast between the full shade
and tint shade of the pigment treated at 140 °C is shown in
Fig. 8. The maximum L value was obtained when the treatment
time was 180 min. In addition, pigment Red 170 aer the
Table 4 Relationship between Avrami index and crystallization behavior

Growth pattern/nucleation pattern Ho

One-dimensional growth (acicular crystal) n =

Two-dimensional growth (sheet crystal) n =

Three-dimensional growth (spherical crystal) n =

© 2023 The Author(s). Published by the Royal Society of Chemistry
hydrothermal treatment showed high colour saturation, as
evidenced by the large and positive c values. When the treat-
ment time was 285 min, the resulting pigment had a strong
yellow hue (H = 37.80) and high tinctorial strength (114.8%).
The owability of pigment increased gradually with the exten-
sion of time. Further, when the treatment time was 300min, the
resulting pigment had a maximum owability (41 mm). The
colouring strength of the hydrothermal-treated pigment was
higher than that of the untreated pigment. At 140 °C for
180 min, the a-phase was completely converted to the g-phase,
and the tinctorial strength was 141.2%, and the owability
increased signicantly.

When the treatment temperature was 150 °C, the colour
performance of pigments is shown in Table 7. The contrast
between the full shade and tint shade of the pigment treated at
150 °C is shown in Fig. 9. When the treatment times were 53, 75,
and 85 min, the resulting pigments (Table 7, entries 7–8, 7–13,
7–14) had higher L and c values than the untreated pigment,
suggesting higher lightness and colour saturation. When the
treatment times were 50 and 60 min, the resulting pigments
had strong yellow hues with H values of 30.73 and 31.08,
mogeneous nucleus Heterogeneous nucleation

1 + 1 = 2 n = 1 + 0 = 1
2 + 1 = 3 n = 2 + 0 = 2
3 + 1 = 4 n = 3 + 0 = 3

RSC Adv., 2023, 13, 28843–28851 | 28847

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04857h


Table 6 Effect of treating pigment by hydrothermal treatment at 140 °C

Time (min) L a b c H Tinctorial strength (%) Flowability (mm)

— 45.94 48.57 25.60 54.91 27.79 100.0 26
30 44.52 50.26 27.67 57.40 28.78 137.1 26
50 43.50 49.62 32.08 59.15 32.80 173.2 27
55 42.65 50.39 31.58 59.42 32.10 182.5 27
60 44.01 53.40 33.07 62.78 31.93 189.5 28
20 44.75 55.12 32.63 64.03 30.85 163.6 35
180 47.69 53.08 24.53 58.48 24.82 141.2 36
240 47.20 54.46 28.76 61.60 27.78 131.6 37
255 44.77 56.47 33.78 65.69 31.87 124.9 39
270 46.04 54.47 30.09 62.24 28.91 116.7 40
285 45.42 55.80 32.83 64.51 37.80 114.8 40
300 47.25 54.00 27.29 60.51 26.79 104.4 41

Fig. 8 Color comparison of the modified pigment by hydrothermal
treatment at 140 °C between a-phase (a: full shade, c: tint shade) and
g-phase (b: full shade, d: tint shade).

Fig. 9 Color comparison of the modified pigment by hydrothermal
treatment at 150 °C between a-phase (a: full shade, c: tint shade) and
g-phase (b: full shade, d: tint shade).
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respectively. The owability of pigment increased gradually
with the extension of the treatment time. Further, when the
treatment time was 50 min, the resulting pigment had
a maximum colour strength (179.5%). At 150 °C for 90 min, the
a-phase was completely converted to the g-phase, and the
tinctorial strength was 140.6%, and the owability increased
signicantly.
Table 7 Effect of treating pigment by hydrothermal treatment at 150 °C

Time (min) L a b c

— 45.94 48.57 25.60 54.91
10 42.63 48.55 26.80 55.46
20 45.80 48.18 24.08 53.86
30 44.18 49.05 27.76 56.37
40 45.46 49.66 28.32 57.19
45 46.74 49.21 25.43 55.39
48 46.42 52.24 29.98 60.30
50 45.65 52.20 31.13 60.84
53 49.41 50.04 29.98 58.42
55 45.75 52.12 30.57 60.48
57 44.48 53.06 30.39 61.21
60 45.04 52.91 31.87 61.79
65 45.97 54.67 30.64 62.67
75 46.23 54.78 30.14 62.53
85 46.16 55.05 30.50 62.93
90 45.43 54.15 30.26 62.07

28848 | RSC Adv., 2023, 13, 28843–28851
Next, the effect of coating modication on the properties of
the pigment were studied (Table 8) in the presence of kaolin.
The full shade and tint shade of pigments by kaolin modica-
tion are shown in Fig. 10. When the treatment temperature were
140 and 150 °C, the tinctorial strengths of the kaolin-modied
pigments were slightly lower than that without kaolin and
H Tinctorial strength (%) Flowability (mm)

27.79 100.0 26
28.86 99.6 26
26.62 99.8 26
29.45 100.2 27
29.64 110.8 28
27.33 140.3 28
29.67 153.9 29
30.73 179.5 29
30.79 161.0 29
30.28 148.8 30
29.63 147.7 31
31.08 147.2 31
29.27 147.1 32
28.82 146.9 33
28.99 144.1 34
29.03 140.6 35

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Effect of pigment by coating modification

Temperature
(°C) Time (min) Kaolin (%) L a b c H

Tinctorial strength
(%)

Flowability
(mm)

— — — 45.94 48.57 25.60 54.91 27.79 100.0 26
140 180 — 47.69 53.08 24.53 58.48 24.82 141.2 36
140 180 5 45.93 54.99 31.56 63.40 29.85 138.3 39
140 180 10 46.98 55.59 29.78 63.06 28.18 131.7 40
140 180 15 45.74 54.93 31.39 63.16 29.59 128.4 42
150 90 — 45.04 52.91 31.87 61.79 31.08 147.2 31
150 90 5 45.39 54.19 33.06 63.48 31.39 144.5 32
150 90 10 45.01 53.39 31.97 62.23 30.92 139.5 34
150 90 15 46.24 54.73 30.50 62.66 29.13 132.6 35

Fig. 10 Color comparison of the modified pigment prepared with
Kaolin between a-phase (a: full shade, c: tint shade) and g-phase (b:
full shade, d: tint shade).

Table 10 Contact angle values of kaolin modification

Temperature (°C) Time (min) Kaolin (%) Contact angle (°)

140 180 — 82.3
140 180 5 78.2
140 180 10 77.6
140 180 15 71.5
150 90 — 82.0
150 90 5 78.5
150 90 10 77.5
150 90 15 76.2
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gradually decreased with the increasing kaolin concentration.
Further, the owability of the pigment also increased with the
increasing kaolin concentration. When the pigment was
modied with kaolin, the resulting pigments showed higher
colour saturation values than the unmodied pigments, as
evidenced by the higher c values.

Hydrophilicity of pigments

During the hydrothermal treatment, the polarity and wettability
of the pigment particles depend on the heat treatment
temperature, heat treatment time, and coating modication.
The contact angles of pigments were measured (Table 9). As
shown in Table 9, the pigment treated at the same temperature
showed a decreasing contact angle with the increasing pro-
cessing time. Under the isothermal condition, the contact angle
Table 9 Contact angle values of hydrothermal treatment

Temperature (°C) Time (min) Contact angle (°)

— — 89.2
140 60 86.1
140 120 84.5
140 180 82.3
150 45 85.6
150 55 84.2
150 60 82.0
150 90 78.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
of pigments gradually decreased, and the wettability of
pigments was improved as the treatment time increased.

The contact angles of kaolin-modied pigments are shown
in Table 10. With the increase in the kaolin content, the contact
angle decreased, suggesting improved hydrophilicity. Further,
when the kaolin content was 15%, the contact angles of
pigments obtained at 140 and 150 °C were 71.5° and 76.2°,
respectively.
Thermal stability of the pigments

The thermal performances of the pristine, hydrothermal-
treated, and kaolin-modied pigments were evaluated by the
TG-DTG to analyse the changes in thermal stability before and
aer crystal transformation and kaolin modication. As shown
in Fig. 11a, compared with the pristine a-phase pigment, the
weight loss curves of the hydrothermal-treated and kaolin-
modied pigments moved toward the high-temperature
Fig. 11 TG (a) and DTG (b) traces of the a-phase pigment and the g-
phase pigment.

RSC Adv., 2023, 13, 28843–28851 | 28849
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Fig. 12 Infrared spectra of a-phase pigment, g-phase pigment and
pigments modified by coating modification (a) and enlarge image (b).

Fig. 13 The particle size distribution histograms of pigment Red 170.

Fig. 14 The particle size distribution histograms of pigment Red 170.
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region, and decreased weight loss rates were observed. The
weight loss rate of kaolin-modied pigment was the slowest. In
addition, in the DTG curves (Fig. 11b), the decomposition
temperature of a-phase pigment Red 170 was 330 °C, while that
of the pigment aer transformation was 340 °C. The compar-
ison showed that the hydrothermal treatment improved the
thermal stability of pigment Red 170, and the decomposition
Table 11 Particle size distribution of pigment Red 170

No. Temperature (°C) Time (min) Kaol

R-1 — — —
R-2 140 55 —
R-3 140 120 —
R-4 140 180 —
R-5 140 180 5
R-6 140 180 10
R-7 140 180 15
R-8 150 45 —
R-9 150 90 —
R-10 150 90 5
R-11 150 90 10
R-12 150 90 15

28850 | RSC Adv., 2023, 13, 28843–28851
temperature increased by 10 °C. In Fig. 11b, the decomposition
temperature of the kaolin-modied pigment was 343 °C, which
was 13 °C higher than that of the a-phase pigment. The Si–OH
groups in the kaolin tended to form hydrogen bonding with –

OH and C]O groups in the pigment Red 170, thus improving
the thermal stability of the modied pigment.

FT-IR spectroscopy

The chemical structures of the pristine, hydrothermal-treated,
and kaolin-modied pigments were evaluated by FT-IR. As
shown in Fig. 12a, the pristine a-phase and hydrothermal-
treated g-phase pigments had similar FT-IR spectra, suggest-
ing that the phase transformation had no signicant effect on
the chemical structures of pigment Red 170. Considering their
signicantly different XRD patterns, it is conrmed that the a-
phase and g-phase pigments were homogeneous heterocrystals.
Aer kaolin modication, the absorption peaks of –OH
stretching vibration emerged at 3652 and 3667 cm−1. To
investigate the interaction between the organic pigment and
kaolin, the infrared spectra of kaolin and kaolin-modied
pigments were compared in Fig. 12b from 500 to 2000 cm−1.
In the spectrum of kaolin, the absorption peaks at 753 and
789 cm−1 corresponded to the Si–Si stretching vibrations, and
the peaks at 1006 and 1114 cm−1 belonged to the Si–O
stretching vibrations.32 In the spectrum of kaolin-modied
pigment, the above four peaks disappeared, suggesting kaolin
was coated on pigment Red 170, and the characteristic
absorption peaks of kaolin were covered.

Particle size and distribution analysis

The particle size distributions of the untreated, hydrothermal-
treated, and kaolin-modied pigments are shown in Table 11,
Fig. 13, and 14. The untreated pigment had a large particle size
and wide size distribution. In contrast, the small particle size
(D10), medium particle size (D50), and large particle size (D90) of
the pigments aer the hydrothermal treatment decreased
signicantly (Table 11), and the particle size decreased with the
increase in the treatment time. In addition, the particle size of
the kaolin-modied pigment tended to increase with the
amount of kaolin powder but decreased signicantly compared
in (%) D(0.1)/um D(0.5)/um D(0.9)/um

11.978 85.510 219.815
7.923 34.691 73.594
0.598 7.487 32.123
0.514 5.305 20.434
0.444 2.976 17.088
0.486 3.786 23.058
0.543 6.042 27.785
8.470 35.644 74.224
1.938 30.674 94.330
1.018 17.623 47.762
2.557 20.058 51.961
1.488 16.902 52.542

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with that of the untreated pigment. The inorganic kaolin
powder with small particle size (0.2–1 mm) and narrow distri-
bution formed a shell on the organic pigment core. The core–
shell structure could inhibit particle growth and prevent
particle aggregation during the preparation process.

Conclusion

The isothermal crystallisation kinetics of pigment Red 170 was
studied by XRD, and an Avrami index n z 3 was obtained,
indicating that the isothermal crystallisation follows three-
dimensional spherical growth. The apparent activation ener-
gies were 10.42 and 24.31 kcal mol−1 for the incubation period
and total transition, respectively. XRD and FT-IR spectroscopy
showed that the a-phase and g-phase of pigment Red 170 were
homogeneous and heterocrystals. Aer the hydrothermal
treatment, the tinctorial strength of pigment Red 170 increased
by 4–89.5%; the thermal decomposition temperature increased
by 10 °C; the particle size, crystallinity, owability, and hydro-
philicity also improved. Aer kaolin modication, the thermal
decomposition temperature of pigment Red 170 increased by
13 °C. The particle size decreased signicantly, and the hydro-
philicity and owability were enhanced. The hydrothermal
treatment and kaolin modication provide new ways to improve
the performance of pigment Red 170 for use in plastics, coat-
ings, and other industries. This study promotes the develop-
ment of pigments with enhanced colour properties, thermal
stability, and processability.
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