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S1. Sample preparation and characterization

(1) Clay mineral substrates

Figure S1 compares XRD patterns of the
purchased clay minerals and those that were treated
with HCl(aq). The purchased samples, both
palygorskite and sepiolite, exhibited XRD patters
composed of clay mineral and calcite. The XRD
peaks attributed to calcite disappear completely
after the samples are treated with HCl(aq), whereas
the clay mineral peaks are maintained. The XRD
patterns of the purified clay minerals match the
reported XRD  patterns of  palygorskite
(Mg2.074Al1.026(S14O10.48)2(OH)2(H20)10.68, orthorhombic,
S.G. = Pbmn(53), a = 12.7630, b = 17.8420, c = 5.2410,
ICCD PDF 01-082-1873) [S1, S2] and sepiolite
(Mgs(OH)45i12030(H20)12,  orthorhombic, S.G. =
Pnen(52), a = 13.4000, b = 26.8000, ¢ = 5.2800, ICCD
PDF 01-075-1597) [S3], respectively. Removal of the
calcite phase by treatment with HCl(aq) was also
confirmed by comparing the FT-IR spectra of the
purchased clay minerals and those treated with
HCl(aq), as illustrated in Figure S2. The purchased
samples exhibited absorptions attributed to the 12
and vs modes of COs?" vibration at 881 cm™ and in
the range of 1430-1500 cm™, respectively [S4, S5], in
addition to an Si-O stretching band in the range of
914-1202 cm™, O-H bending mode at 1663 cm™!, and
H-O-H stretching band in the range of 3000-4000
cm™ attributed to the clay minerals [S6-S8]. All the
absorption peaks that originated from COs*
disappear after treatment with HCl(aq). Figure S3
compares the TG-DTG-DTA
purchased samples and those treated with HCl(aq).
The thermal decomposition step of calcite observed
for the purchased sample in the temperature range
of approximately 825-1000 K is not detected in the
samples treated with HCl(aq). It should be noted
that the mass-loss behavior of the other reaction
steps did not change after treatment with HCl(aq),
except a slight change in the mass-loss behavior of
the sepiolite sample near room temperature, which
is attributed to the dehydration of zeolite water.
From the mass-loss value during the thermal
decomposition of calcite in the purchased samples,
the content of calcite was determined to be 21.6%

curves for the

and 15.4% for the palygorskite and sepiolite samples,
respectively. The disappearance of the thermal
decomposition step of calcite after treatment with
HCl(aq) was further evidenced by the TG/DTA-MS
measurements, as illustrated in Figures S4 and S5 for
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the palygorskite and sepiolite samples, respectively.
In both samples, the purchased mineral exhibits the
evolution steps of H20 and CO2. However, only H2O
evolution steps are observed for samples treated
with HCl(aq). The H20 evolution behavior does not
practically change after the HCl(aq) treatment in
both the clay mineral samples, especially for the
palygorskite sample.
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Figure S1. Comparisons of the XRD patterns of the

purchased clay minerals and those treated with HCl(aq):
(a) palygorskite and (b) sepiolite.
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Figure S2. Comparison of the FT-IR spectra of the
purchased clay minerals before and after treatment with
HCl(aq): (a) palygorskite and (b) sepiolite.
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before and after treatment with HCl(aq).

15 >

@, TG DTA | =&

- S

E £

3—10 3]
<

=8 L

Lo 2

T4 3

2 A

“‘g 0 T T 1 T T T h_“é

S 300 450 600 750 900 1050

3 ) T/K s

(b)

s 0 Z

s g

g s
G

2 £
&

<

=] -8 T T T T T T = T T -5

= 5 — miz18

= 1]

t

E 0 T T T T E ‘%

S 300 450 600 750 900 1050

T/K

Figure S5. TG-DTA curves and mass thermograms for m/z

=18 (H20") and m/z = 44

(CO2") for the sepiolite sample

before and after treatment with HCl(aq).



(2) Preparation of Maya blue

Figures S6 and S7 compare the colorations of
the indigo-clay mineral mixtures before and after
heating the sample mixtures based on palygorskite
and sepiolite,
indigo/clay mineral ratio and the clay mineral
substrate used, the blue color becomes clearer after
heat treatment. The UV-Vis spectra of the heat-
treated samples are presented in Figure S8, together
with those for the starting materials, i.e., indigo,
palygorskite, and sepiolite. The heat-treated samples
have a broad absorption in the wavelength range of
550-700 nm, with a maximum absorption at

respectively. Regardless of the

approximately 650 nm, which is different from the
absorption spectrum of indigo. As the ratio of indigo
increases in the samples, an absorbance in the range
of 425-600 nm increases, and the wavelength at the
maximum absorbance gradually shifts to shorter
wavelength, which occurs in addition to the increase
in the absorbance in the overall range. The
absorbances in the range of 550-700 nm for the
sample with the indigo/clay mineral ratio of 0.06 to
0.10 are practically the same regardless of the clay
mineral substrate. Based on these data, it is likely
that the indigo—clay mineral interaction is saturated
for the sample when the indigo/clay mineral ratio is
larger than 0.06.
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Figure S6. Coloration comparisons of the indigo-
palygorskite

after heating.
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S5

Supplementary Material

indigo|
Iclay |

Before

0.01

0.02

0.06

0.10

Figure S7. Coloration comparisons of the indigo—sepiolite
mixtures with different ratios before and after heating.
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S2. Kinetic analysis for the thermal decomposition of the clay mineral substrate

Weibull function:

s " a1 1) 1
_ as — a; t—a <a3 - )a3 _ t—a; (a3 - )a3 as — 51
Fi(t) = a0< o ) { 5 + o exp 4 + o + o (51)

where ao, a1, a2, and a3 are the amplitude, center, width, and shape, respectively.

Figures 514 and S15 present the kinetic curves at different § values for each reaction step extracted from
the overall kinetic curves by MDA for the thermal decomposition of palygorskite and sepiolite, respectively.
In a series of kinetic curves for each reaction step, the curves shift systematically to higher temperatures with
increasing f and can be subjected to the kinetic analysis by assuming a single-step reaction. The
isoconversional kinetic analysis based on Eq. (3) was applied to all the series of the kinetic curves for each
reaction step. Figure 516 illustrates the variation of Ea values at different a: obtained as results of the Friedman
plot. For several separated reaction steps, ideal results exhibiting constant Ea,i values over a wide range of
were observed, for example, in the first, third, and fourth separated steps for the thermal decomposition of
palygorskite and in the first and fourth steps for the thermal decomposition of sepiolite. The average value of
E.i within the ai range with a satisfactory constant value or the systematic variation trend of E.iare also listed
in Table S1.

Table S1. Contribution ci of each reaction step i to the total mass-loss value for the overall thermal decomposition of the
clay mineral substrates as determined by MDA, and E. values determined by the Friedman plot applied to the kinetic
curves for each individual reaction step separated by MDA

sample step i Ci Eai/ k] mol-12
Palygorskite 1 33.1+£1.0 69.2+3.6 (0.2< a1 <0.8)
2 11.5+0.8 89.3+21.3(0.1<2<0.8)
3 123+1.6 1142 +1.6 (0.1 < 5 <0.9)
4 43.2+0.4 186.9+1.7 (0.1 < ou < 0.9)
Spiolite 1 28908 819+1.6(02< a1 <0.8)
2 92+0.8 63.4+13.1(02<<0.9)
3 89+1.1 214.4+24.6 (02< <0.8)
4 46.8+22 112.7 6.4 (0.3 < u < 0.8)
5 6.1+1.5 741.5+160.5 (0.2 < a5 < 0.8)

2 Averaged over the ai range indicated in the blanket.
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S3. Kinetic analysis for the thermal decomposition of Maya blue

Table S2 lists the contributions c: of each separated reaction step that was calculated based on the ratio of
the mathematically separated peak areas . The sums of the contributions from the additional peaks were 0.41
and 0.28 in the P-MB and S-MB samples, respectively. As an alternative outcome from MDA, a series of the
kinetic curves for each reaction step at different § were generated, as illustrated in Figures 517 and 518 for the
P-MB and S-MB, respectively. The kinetics curves were subjected to isoconversional kinetic analysis using the
Friedman plot. Changes in E.i for each reaction step as the reaction advanced in each reaction step are
illustrated in Figure S19 by selecting the reaction steps attributable to the thermal decomposition of indigo in
the MB samples. Table S2 also lists the Eai values for each reaction step averaged over the restricted ai ranges,
where the values were relatively constant. in. In comparison with the E.: values for the reaction steps in the
thermal decomposition of the clay mineral substrates as determined by KDA (Table 1) for palygorskite and
sepiolite the average Eai values for the corresponding reaction steps attributed to the thermal decomposition
of the respective clay mineral substrates in the thermal decomposition of the MB samples were approximately
the same, except for the third reaction step in the thermal decomposition of S-MB.

Table S2. Contributions ci of each reaction step i to the total mass-loss value for the overall thermal decomposition of the
MB samples as determined by MDA and E.,i values, which have been determined by the Friedman plot applied to the

kinetic curves for each individual reaction step separated by MDA

sample step i ci E,.;/ k] mol!#

P-MB 1 0.09 +£0.02 80.1£2.3(0.1 < £0.6)
2 0.10£0.01 782+£13(03<a,<0.5)
3 0.10£0.01 88.7+£1.5(02<a3<0.9)
4 0.09+0.01 533+£164(0.1<at<0.9)
5 0.15+0.01 1423+52 (0.1 < a5<0.9)
6 0.30 +0.02 212.0£33.6 (0.1 < a<0.9)
7 0.12+0.02 563.5+£72.6 (0.1 <;<0.5)
8 0.05+ 0.02 431.94+6.6 (0.2 < 3<0.8)

S-MB 1 0.15+0.02 81.7+£4.4 (0.1 <1 <£0.5)
2 0.07 £0.01 459+1.2 01, <0.7)
3 0.13+0.02 100.6 £10.5(0.2< 3<0.9)
4 0.04 +0.02 163.6 £10.1 (0.2 < a4 <0.8)
5 0.34+0.09 127.6 £9.3 (0.1 < a5 <0.3)
6 0.05+0.04 180.4+£2.2 (0.3 < a<0.5)
7 0.07+£0.02 103.9+15.2 (0.2 < 7 £0.8)
8 0.12+0.03 284.8 £55.0(0.1 < a3<0.6)
9 0.03 +£0.02 7202 +£52.6 (0.1 < %<0.2)
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Figure S17. Kinetic curves for each reaction step of the multistep thermal decomposition of the P-MB sample, generated
by MDA: (a) first, (b) second, (c) third, (d) fourth, (e) fifth, (f) sixth, (g) seventh, and (h) eighth reaction steps.
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Figure S18. Kinetic curves for each reaction step of the multistep thermal decomposition of the S-MB sample, generated
by MDA: (a) first, (b) second, (c) third, (d) fourth, (e) fifth, (f) sixth, (g) seventh, (h) eighth, and (i) ninth reaction steps.
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Figure S19. Changes in Eai with i, as determined by the
Friedman plot applied to the kinetic curves generated by
MDA for the reaction steps attributed to the thermal
decomposition of indigo in an MB sample: (a) P-MB and
(b) S-MB samples.

Figure S20. Typical optlcal microscopic views of S-MB

when heated to different temperatures: (a) original sample,

(b) 573K, (c) 653 K, (d) 753 K, (e) 1003 K, and (f) 1093 K.
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S4. Kinetic analysis for the thermally induced

sublimation/decomposition of indigo

Figure 521 presents a series of TG-DTG curves
of indigo reagent recorded at different § values in
flowing air. The two-step mass loss was
characteristic of this reaction. The second mass-loss
process was interpreted as the oxidative
decomposition of the decomposition product in the
previous reaction step, because of the
accompanying exothermic DTA peak. At the same
time, significant deposition of indigo was observed
in the cold part of the reaction tube during the
measurement. Therefore, the first mass-loss process
was interpreted as a combination of both indigo
sublimation and decomposition. Figure 522
summarizes the results of the kinetic analysis for the
first mass-loss process of the
sublimation/decomposition of indigo. Friedman
plots at each « value indicated a statistically
significant linear correlation between In(da/dt) and
T the correlation coefficients y were better than
0.99 in the range of 0.02 < a < 0.92 (Figure S22(a)).
The slopes of the Friedman plots were
approximately invariant during the first mass-loss
process, thus obtaining an approximately constant
Ea value (Figure S22(b)) with an average value of
150.7 £ 4.7 k] mol (0.10 < a < 0.90). Based on this
constant Ea value, the rate behavior of the first mass-
loss process was reproduced at infinite temperature
as the experimental master plot of (da/d0) versus a,
where the (da/df) value at a selected a was
calculated according to Eq. (S2) [S9-511]:

da (da) (Ea)
a6 ~ \at)“P\gr
with t E,
6= fo exp (— ﬁ) de (52)

where 0 is Ozawa’s generalized time [S12], which
denotes hypothetical reaction time at infinite
temperature. The experimental master plot
indicated gradual deceleration of the reaction rate in
a convex shape as the reaction advances (Figure
522(c)), which is explained by the shrinkage of
indigo crystalline particles by sublimation from the
surfaces and by phase boundary-controlled model.
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Figure S21. A series of TG-DTG-DTA curves for the
indigo reagent (mo = 1.0 mg) recorded at different  values
in flowing air (300 cm? min™).
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Figure S22. Typical result of the isoconversional kinetic
analysis the mass-loss  process  of
sublimation/decomposition of indigo reagent: (a)
Friedman plots at different o values, (b) Ea value at
different @ values, and (c) experimental master plot of
(dan/d6n) versus ai.
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