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Abstract

Novel violet pigments were synthesized from manganese oxide, aluminum hydroxide, and phosphoric
acid by heating at several temperatures. The obtained materials were investigated by X-ray diffraction
(XRD) analysis, infrared (IR) spectroscopy, ultraviolet-visible (UV-Vis) reflectance spectroscopy, and
L*a*b* color space. Sample synthesized in this work showed no clear peak pattern on XRD analysis. At
Mn/Al/P = 1/1/4, sample heated at 400 ° C showed the most violet color. The effect of heating time was
small. In addition, the increasing the manganese ratio darkened the sample. Further, we examined the
improvement of blue and red by replacing with copper and iron. The blue tint was improved by adding a
small amount of copper. On the other hand, a high proportion of iron lost the violet color.

Introduction

The use of harmful metals is being restricted worldwide by various government regulations in an attempt
to reduce and control the environment pollution. However, the lack of alternatives necessitates the use of
materials containing harmful metals in many fields [1,2]. For example, inorganic color pigments with
metals such as mercury, cadmium, and lead exhibit good properties, including high stability against
radiation, heat resistance, coloring visibility, and low cost [3-5]. In addition, because of their low coloring
and opacity, oxide pigments are not suitable for incorporation in paint and plastics [6]. Sulfate and nitride
pigments have lower heat resistance than oxide pigments and also require harmful and/or combustible
gas to synthesize. Furthermore, it is difficult to obtain sulfide and nitride pigments with repeatability [7,8].
Therefore, novel inorganic pigments with suitable properties and facile production methods are
demanded.

Several kinds of inorganic red pigments are available for use, e.g., red iron oxide, red lead, cadmium red,
vermilion, and cinnabar [9-12]. However, they all suffer from several disadvantages. For instance, red iron
oxide exhibits only limited colorfulness, while other pigments contain harmful metals such as lead,
cadmium, and mercury. Therefore, a novel red pigment that is economical and does not contain any
harmful metals is required. We focus on the natural ore, natrophilite (NaMnPQ,), because it contains low-
toxicity metals [13,14]. Natural ores have high stability against radiation and heat resistance.
Furthermore, they exist in solid phase, which allows applications in plastics, paint, ceramics, etc.
Natrophilite contains bivalent manganese ion. The valence of manganese is important to prepare these
novel red pigments.

In previous works, we try to obtain manganese phosphate red pigments by heating, however only brown
pigments were obtained as a result [15,16]. Therefore, we synthesize the inorganic pigments by further
changing the mixing conditions, a red pigment was not obtained, but a violet pigment could be obtained
[17]. However, this violet pigment is dark as a whole, and improvement in brightness is required.
Therefore, in this study, a violet pigment whose brightness was improved by adding aluminum was
produced.
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Experimental

The 2 mL of phosphoric acid (14 mol/L) was diluted with 10 mL of water. The mixture of manganese
dioxide and aluminum hydroxide was mixed with this phosphoric acid in the molar ratio of Mn/Al/P =
1/1/4. This mixture was kept for 1 day, and then heated at 300, 400, 500, 600, and 700°C for 1, 6, 20
hours. The ideal chemical equations were follows.

Mn02 + AI(OH)3 + 4H3PO4 - Mn(+“)A|(H2PO4)3(HPO4) + 4H20 + 1/202 (1)
MnO, + AI(OH); + 4H3P0, — Mn(+IINAI(H,PO,),(HPO,), + 9/2H,0 + 1/40, (2)

To obtain various kinds of pigments, we synthesized the materials at Mn/Al/P = 0.5/1.5/4,0.75/1.25/4,
1.25/0.75/4,1.5/0.5/4 in the same method. Further, copper oxide or iron powder was mixed in Cu or
Fe/Mn/Al/P =0.2/0.8/1/4,0.2/1/0.8/4,0.5/0.5//1/4,0.5/1/0.5/4, and then heated at 400°C for 1 hour
for the purpose of improving blue and red. All chemicals were of commercial purity (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) and were used without further purification.

The chemical compositions of these materials were determined by X-ray diffraction (XRD) analysis and
infrared (IR) spectroscopy. The XRD patterns and IR spectra of the samples were recorded using an X-ray
diffractometer (MiniFlex, Rigaku Corp., Akishima, Japan) with monochromatic CuKa radiation and
HORIBA FT-IR 720 (Horiba Ltd., Kyoto, Japan) using the KBr disk method, respectively.

The color of the phosphate pigments was evaluated based on ultraviolet-visible (UV-Vis) reflectance
spectra (UV2100; Shimadzu Corp., Kyoto, Japan) (reference compound: BaSQ,). The color of the
pigments was also described using a TES135 plus color analyzer (TES Electrical Electronic Corp, Taipei,
Taiwan). The L* value represents the whiteness of powder, in which 100 is white, while 0 is black. The a*
value signifies the redness of the material, with positive (maximum; +128) and negative (-128) values
corresponding to red and green, respectively [18]. The b* value denotes yellow intensity, in which positive
(maximum; +128) and negative (-128) values correspond to yellow and blue, respectively.

Results And Discussion

Samples synthesized in Mn/Al/P=1/1/4

Figure 1 shows the XRD patterns of the samples prepared at various temperatures. All the samples were
almost amorphous and did not show the peak pattern of the specific compound. Figure 2 shows the IR
spectra of the samples prepared at various temperatures. Samples heated at low temperature showed the
broad absorption peaks, while samples heated at high temperature showed the relatively clear peaks. It
was considered that many compounds such as raw materials and products were contained at low
temperature, whereas the raw material was lost at high temperature.

Figure 3 shows the photograph of the samples prepared at various temperatures. Sample heated at 300 °
C was dark, the sample heated at 400 ° C became purple, and became brighter by heating to a higher
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temperature. Figure 4 shows the UV-Vis reflectance spectra of the samples prepared at various
temperatures. It was confirmed that all the samples had high reflectance near 400 nm and turned violet.
The higher the heating temperature, the higher the overall reflectance, which corresponded to the
whiteness. Figure 5 shows the photograph of samples prepared for various hours. The change in color
due to the difference in heating time was small.

Table 1 shows the L*a*b* values of the samples prepared at various temperatures. Sample heated at 400
°C showed the highest a * value and the low b * value. Samples heated at 400 to 600 °C showed similar
b * values, and had almost the same bluish color. The L * value increased as the temperature increased,
which corresponded to the whitening of the sample powder. The a * value and the b * value decreased
with increasing heating time. This indicated that redness was reduced and bluish was increased, which
turned out to be more violet.

Samples synthesized in various Mn/Al/P ratios

Figure 6 shows the photograph of samples prepared in various Mn/AI/P ratios. It can be seen that the
violet color becomes stronger as the proportion of manganese increases. This was a reasonable result
given that the aluminum compound is white. Table 2 shows the L*a*b* values of sample prepared in
various conditions. Samples with high manganese content showed low L * values. The change of a *
value and b * value with respect to the change of manganese ratio was small. Increasing the proportion
of aluminum only affected improving brightness, L * value.

Addition of CuO and Fe powder

Figure 7 shows the photograph of samples prepared in various Cu/Mn/Al/P ratios. Sample replaced with
20% of copper showed a strong purple color, while sample replaced with 50% had a weaker color. Figure 8
shows the photograph of samples prepared in various Fe/Mn/Al/P ratios. Sample substituted with 20%
iron showed a purple color, while sample substituted with 50% became gray powder.

Table 3 shows the L*a*b* values of sample prepared in various conditions. Sample with 20% substitution
with copper showed a lower b* value than sample without substitution, while the sample with 50%
substitution showed a higher b * value. The 20% substitution with copper improved the blueness. On the
other hand, sample with 20% substitution with iron showed almost the same a* value as sample without
substitution. The redness could not be improved by replacing with iron.

Conclusions

Novel manganese aluminum phosphate violet pigments were obtained by heating a mixture of
manganese dioxide, aluminum hydroxide, and phosphoric acid at various temperatures. Samples
synthesized in this work did not show a clear peak pattern in XRD analysis. At Mn/AIl/P = 1/1/4, sample
heated at 400°C showed the most violet color. The effect of heating time was small. Moreover, the
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sample became darker when the proportion of manganese was increased. Blue tint was improved by
adding a small amount of copper. Also, at high iron ratio, the violet color was lost.

References

[1] A. Amat, C. Millani, and S. Fantacci, Structual and electronic properties of the PbCrO, chrome yellow
pigment and of its light sensitive sulfate-substituted compounds, RSC Adv., 6, 36336-36344 (2016).

[2] Z. Tao, W. Zhang, Y. Huang, D. Wei, and H. J. Seo, A novel pyrophosphate BaCr,(P,0-), as green
pigment with high NIR solar reflectance and durable chemically stability, Solid State Sci., 34, 78-84 (2014).

[3] M. Radepont, Y. Conquinot, K. Janssens, J.-J. Ezrati, and M. Cotte, Thermodynamic and experimental
study on the degradation of the red pigment mercury sulfide, J. Anal. At. Spectrom., 30, 599-612 (2015).

[4] F. Rosi, C. Grazia, F. Gabrieli, A. Romani, M. Paolantoni, R. Vivani, B. G. Brunetti, P. Colomban, and C.
Miliani, UV-Vis-NIR and micro Raman spectroscopies for the non destructive identification of Cd;,Zn,S

solid solutions in cadmium yellow pigments, Microchem. J., 124, 856-867 (2016).

[5] M. Li, J. Wand, and Q. Ma, The effect of lead additives on ancient Chinese Purple pigment synthesis, J.
Cultural Heritage, 16(4), 575-578 (2015).

[6] S. Jiang, L. Peng, R. Guo, D. Miao, S. Shang, J. Xu, and A. Li, Preparation and characterization of Fe,04
coating on quarts fabric by electron beam evaporation, Ceram. Intern., 42(16), 19386-19392 (2016).

[7]1 C. Migurei, J. V. Pinto M. Clarke, and M. J. Melo, The alchemy of red mercury sulphide: The production
of vermillion for medieval art, Dyes Pig., 102, 210-217 (2014).

[8] M. Ohashi, K. Kusumoto, T. Sugiyama, and K. Kato, Influence of nitrides on synthesis of tantalum (V)
oxynitride TaON by heat treatment without flowing ammonia, J. Ceram. Soc. Jpn., 124(9), 959-962
(2016).

[9] M. J. Ryan, A. D. Kney, T. L. Carley, A study of selective precipitation techniques used to recover refined
iron oxide pigments for the production of paint from a synthetic acid mine drainage solution, Appl/.
Geochem., 79, 27-35 (2017).

[10] M. Brokbartold, E. J. M. Temminghoff, L. Weng, B. Marschner, Unique Characteristics of Pb in Soil
Contaminated by Red Lead Anti-Corrosion Paint, Soil Sedim. Contam., 22, 839-855 (2013).

[11] A. Botteon, C. Conti, M. Realini, C. Colombo, P. Matousek, Discovering Hidden Painted Images:
Subsurface Imaging Using Microscale Spatially Offset Raman Spectroscopy, Anal. Chem., 89, 792-798
(2017).

[12] K. Elert, C. Cardell, Weathering behavior of cinnabar-based tempera paints upon natural and

accelerated aging, Spectrochim. Acta Part A, 216, 236-248 (2019).
Page 5/18



[13] P. Vignola, F. Hatert, A. Fransolet, O. Medenbach, V. Diella, S. Ando, Karenwebberite,
Na(Fe?*,Mn?*)P0O,, a new member of the triphylite group from the Malpensata pegmatite, Lecco Province,
ltaly, J. Earth Planet. Mater, 98(4), 767-772 (2013).

[14] E. D. Grave, G. M. Costa, A. V. Alboom, R. E. Vandenberghe, Low-temperature Méssbauer study of
heterosite, (Fe, Mn)PO,, Spectrochim. Acta, 100, 104-108 (2013).

[15] H. Onoda, S. Fujikado, Synthesis of novel red phosphate pigments from manganese carbonate to
imitate Natrophilite, Ceramica, 64(372), 623-626 (2018).

[16] H. Onoda, S. Fujikado, Synthesis of novel red phosphate pigments in imitation of natural ore, J.
Mater. Sci. Eng. B, 9(1-2), 1-5 (2019).

[17] H. Onoda, S. Kanai, Synthesis of novel manganese phosphate violet pigments, to be submitted.

[18] L. S. Kumari, P. P. Rao, A. N. P. Radhakrishnan, V. James, S. Sameera, P. Koshy, Brilliant yellow color
and enhanced NIR reflectance of monoclinic BiVO, through distortion in VO,* tetrahedral, Sol. Energy
Mater. Sol. Cells, 112: 134-143 (2013).

Tables

Table 1 L*a*b* values of sample prepared in various conditions (Mn/Al/P=1/1/4)
Temperature /°C  Time/h  L* a* b*
300 1 2426  6.95 -3.59
400 1 4499 1226 -14.13
500 1 50.79 847 1422
600 1 63.98 528 -14.36
700 1 66.05 276 -5.21
400 6 4369 11.62 -15.83
400 20 4016 10.13  -15.61

Table 2 L*a*b* values of sample prepared in various conditions (400°C, 1 h)
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Mn/Al/P
0.5/1.5/4
0.75/1.25/4
1/1/4
1.25/0.75/4
1.5/0.5/4

|*
43.57
36.97
44.99
27.86
25.72

a*
11.84
10.09
12.26
11.98
12.76

b*

-13.48
-11.32
-14.13
-12.87
-11.36

Table 3 L*a*b* values of sample prepared in various conditions (400°C, 1 h)

Figures

Cu
Cu
Cu
Cu
Fe
Fe
Fe
Fe

Cu or Fe/Mn/Al/P

0.2/0.8/1/4
0.2/1/0.8/4
0.5/0.5/1/4
0.5/1/0.5/4
0.2/0.8/1/4
0.2/1/0.8/4
0.5/0.5/1/4
0.5/1/0.5/4

L*
43.32
40.03
46.16
36.91
39.86
37.64
53.91
56.59

a*
12.70
13.87
9.46
12.11
12.92
12.73
1.24
2.45

b*
-15.18
-16.35
-11.28
-10.59
-13.07
-12.41
3.58
1.39
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Figure 1

XRD patterns of samples prepared at various temperatures (Mn/Al/P=1/1/4,1 h), (a) 300 °C, (b) 400 °C,
(c) 500 °C, (d) 600 °C, and (€) 700 °C, @; MnHPO4.
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XRD patterns of samples prepared at various temperatures (Mn/Al/P=1/1/4,1 h), (a) 300 °C, (b) 400 °C,
(c) 500 °C, (d) 600 °C, and (€) 700 °C, @; MnHPO4.
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Figure 2

IR spectra of samples prepared at various temperatures (Mn/Al/P=1/1/4, 1 h), (@) 300 °C, (b) 400 °C, (c)
500 °C, (d) 600 °C, and (e) 700 °C.
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Figure 2

IR spectra of samples prepared at various temperatures (Mn/Al/P=1/1/4, 1 h), (@) 300 °C, (b) 400 °C, (c)
500 °C, (d) 600 °C, and (e) 700 °C.
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Figure 3

Photograph of samples prepared at various temperatures (Mn/Al/P=1/1/4, 1 h), (a) 300 °C, (b) 400 °C, (c)
500 °C, (d) 600 °C, and (e) 700 °C.

Figure 3

Photograph of samples prepared at various temperatures (Mn/Al/P=1/1/4,1 h), (a) 300 °C, (b) 400 °C, (c)
500 °C, (d) 600 °C, and (e) 700 °C.

Page 12/18




70

oN
-

(d)

50 N

I

W
-

(b)

Reflectance /%

\
-
I

[S—
-
~
(

0 | I | I
400 500 600 700 800

Wavelength /nm

Figure 4

UV-Vis reflectance spectra of samples prepared at various temperatures (Mn/Al/P=1/1/4,1 h), (a) 300 °C,
(b) 400 °C, (c) 500 °C, (d) 600 °C, and (e) 700 °C.
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Figure 4

UV-Vis reflectance spectra of samples prepared at various temperatures (Mn/Al/P=1/1/4,1 h), (a) 300 °C,
(b) 400 °C, (c) 500 °C, (d) 600 °C, and (e) 700 °C.
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Figure 5

Photograph of samples prepared for various hours (Mn/Al/P=1/1/4,400°C), (a) 1 h, (b) 6 h, and (c) 20 h.

Figure 6

Photograph of samples prepared in various Mn/Al/P ratios (400°C, 1 h), (a) 0.5/1.5/4, (b) 0.75/1.25/4, (c)
1/1/4, (d) 1.25/0.75/4, and (e) 1.5/0.5/4.
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Figure 6
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Photograph of samples prepared in various Mn/Al/P ratios (400°C, 1 h), (@) 0.5/1.5/4, (b) 0.75/1.25/4, (c)
1/1/4,(d) 1.25/0.75/4, and (e) 1.5/0.5/4.

Figure 7

Photograph of samples prepared in various Cu/Mn/Al/P ratios (400°C, 1 h), (a) 0.2/0.8/1/4, (b)
0.2/1/0.8/4, (c) 0.5/0.5/1/4, and (d) 0.5/1/0.5/4.

Figure 7

Photograph of samples prepared in various Cu/Mn/Al/P ratios (400°C, 1 h), (a) 0.2/0.8/1/4, (b)
0.2/1/0.8/4, (c) 0.5/0.5/1/4, and (d) 0.5/1/0.5/4.
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Figure 8

Photograph of samples prepared in various Fe/Mn/Al/P ratios (400°C, 1 h), (a) 0.2/0.8/1/4, (b)
0.2/1/0.8/4, (c) 0.5/0.5/1/4, and (d) 0.5/1/0.5/4.

Figure 8

Photograph of samples prepared in various Fe/Mn/Al/P ratios (400°C, 1 h), (a) 0.2/0.8/1/4, (b)
0.2/1/0.8/4, (c) 0.5/0.5/1/4, and (d) 0.5/1/0.5/4.
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