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S1. Influence of atmospheric water vapor and CO2
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Figure S2. Changes in the XRD pattewhenheating

granular malachite using a stepwise isothermal heatingranular malachitet 498 Kin a Noi H2O mixed gas
program in a M H>O mixed gasstreamcharacterized
by p(H20) = 2.4 kPdq, = 100 cni min'1): (a) Changes
in the XRD pattern with temperature and (b) XRD and(b) XRD patterrafter heated for 285 min

pattern at 773 K.
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streancharacterized by(H-0) = 2.4 kP4q, = 100 cnd
min'1): (a) Changes in the XRD pattern widbration
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Figure S3. Changes in the X.RD pattern d_urin_g heating igure 4. Changes in the XRD pattern during heating
the granular malachlte using a stepwise |sothe_rma he granular malachite using a stepwise isothermal
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Figure S5 Surface morphologies of the granular Figure S6 Surface morphologies of the granular

particles heated to different temperatumésb of 3 K
min'!in a stream of B H,O mixed gasg(H-0) = 7.3
+0.1 kPag, =400 cdmin'): (a) T= 448 K (J=0.01),
(b) T=466 K U= 0.02), (c)T = 486 K (U= 0.07),(d)
T=506 K (J=0.21), (e)T = 520 K (U= 0.50), andf)
T=561K (U=0.97).

s6

s

particles heated to different temperatures ab&3 K
min'%in a stream of N CO, mixed gasg(CO;) = 19.9
+0.2 kPag, = 300 cdmin'): (a) T= 457 K (= 0.00),
(b) T=498 K (U= 0.02), €) T=531 K (U= 0.13),(d)
T=576 K (U= 0.36), (e)T =583 K (U= 0.52), andf)
T=619 K (U= 0.98).



S2. Effects of water vapor on the kinetics of thermal decomposition

S2-1. Formal kinetic analysis
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Figure S7. TGIDTG curves for the thermal Figure S8. TGIDTG curves for the thermal
decomposition of the granular malachite under decomposition of the granular malachite under linear

isothermal conditions at differem(H,0) values: (a) nonisothermal conditions at differep(H2O) values:
p(H0) = 1.0 * 0.1 kPanfy = 4.90 * 0.13 mg)(b) (@ P(Hz0) = 0.9 £ 0.1 kPanfo = 5.10 £ 010mg), (b)

p(H-0) = 3.0 + 0.1 kPanfo = 4.97 + 0.11mg), and(c) ~ P(H20) = 2.8 £ 0.1 kPanf = 5.01 + 0.11 mg)and(c)
p(Hz0) = 7.3 + 0.1 kPanfo = 4.98 + 0.6 mg). Time  P(H20) =71 £ 0.2 kParfo = 5.02 £ 0.06 mg).
zero was set when the mdsss was started.
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Figure S9.Friedman plots at differefitfor the thermal
decomposition of granular malachite at different

p(H20) values: (ap(H20) = 0.9 kPa, (bp(H20) = 3.0
& kPa,and(c) p(H20) = 7.2 kPa.

S2-2. Mathematical deconvolution analysis
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Figure S10.Typical results of MDA for the thermal
decomposition of the granular malachéiep(H20) =
0.9 kPa:(a) isothermal(T = 495 K) and (b) linar
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Figure S11.Typical results of MDA for the thermal
decomposition of the granular malachétep(H20) =
3.0 kPa:(a) isothermal T = 478 K) and (b) linear
nonisothermalf{= 1 K mir' ) conditions.
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Table S1.Kinetic parameters for the thermal decomposition of granular malachite at difpérer) values, determineflom the MDA and subsequent formal kinetic
analysis for each reaction step

f(@) &0 1a)"[ 1 ni@L)

p( ©O) [/ ki C Eai/ kJt2m A/ Tls R2P
m N Pi
0.9 1 0.26 N 113.2 N (6.39 N®&0o.:-1.10 N1.27 N 1.40 N 0981
2 0.74 N 119.2 N (1.68 N?9°0.(0.30 N 0.89 N O0.24 N 09999
3.0 1 0.26 N 104.4 N (1.129 N®0.(-1.30 N1.33 N 1.62 N 0983
2 0.74 N 109.0 N (2.50 N&80.(0.06 N 0.97 N O0.48 N 09999
7.2 1 0.25 N 88.1 N 5(3.70 N®¢0.(-0.56 N1.14 N 0.80 N 0997
2 0.75 N 105.9 N (1.75 N&®&0o.(0.16 N 0.93 N 0.36 N 09999

aAverage Od@ed. 9. 1
bDet ermination coeffisgiuanmtesofantaheg snenlilfiomedmelnfm@t i ng of the kineti

rated DTG curves were used hesathieohkfhB)f ®@acitiherw e s
$bdp e her kd medtiicvecluw.ves forfFigacksr &4d38) i ®Mds i amearl
, =a0Fi9SUkrBeas (91 3 3akFlidgkFtlets( 315 aamanldF7VG ke Ba 307 and S

The mathematically sepa
first and second r Eagtur BSal S8
noni sotbednfil ginrses S14), pSHDH
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Figure S13. Kinetic curves for each component

reaction stepof the thermal decomposition of the

granular maladte under isothermal conditions at

p(H20) =0.9kPa (a) first and (b) second reaction steps.
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Figure S15. Kinetic curves for each component
reaction stepof the thermal decomposition of the
granular malachiteunder isothermal conditions at
p(H20) =3.0kPa (a) first and (b) second reactisteps.
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Figure S16. Kinetic curves for each component
reaction stepof the thermal decomposition of the
granular malachite under linear nonisothermal
conditions ap(H-0) =3.0kPa (a) first and (b) second
reaction steps.

Figure S14. Kinetic curves for each component
reaction stepof the thermal decomposition of the
granular malachite under linear nonisothermal
conditions ap(H20) = 0.9 kPa(a) first and (b) second
reaction steps.

sl



a 1.0 55 0
(@) Jos o 3
Jos.8 108 g
06; 1 =}
TIK 404 3 . 0'6-8
— 460 —— 472 Jo2¢@ 1048
—— 462 —— 475 1007= 1asS
—— 464 —— 478 8 023
—— 466 480 g 1008
—— 469 s 2
B
T T I 1
: S - 410 440 470 500 530 560
0 30 60 9 120 150 riK
time / min (b)
b 1.0 i
& 08
06.S
045 n
TIK 028 .
T, 3.0 —— 460 — 472 100 53
5 —— 462 —— 475 £ =
=P —— 464 —— 478 5 =
-~ —— 466 480 E 21
= [S)
T 1.0 469 5,0
3 460 450 500 by - B0 - 5BD
~0.0 e - T/K
0 100 200 300 400 500 Figure S18. Kinetic curves for each component

i reaction stepof the thermal decomposition of the

Figure S17. Kinetic curves for each component granular malachite under linear nonisothermal

reaction stepof the thermal decomposition of the conditions ap(H20) = 72 kPa (a) first and (b) second
granular malachiteunder isothermal conditions at reaction steps.

p(H20) = 72kPa (a) first and (b) second reaction steps.
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Figure S19.Friedman plots for each ret@on step of

P! i Figure S21.Friedman plots for each reaction step of
the thermal decomposition of the granular malachite atne thermal decomposition of the granular malachite at
p(H20) = 0.9 kPa: (a) first and (b) second reaction stepgyH,0) = 7.2 kPa: (a) first and (b) second reaction steps.
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Figure S22 Kinetic results for each reaction step of the
Figure S20.Friedman plots for each reaction step of thermal decomposition of the granular malachite at

the thermal decomposition of the granular malachite aP(H20) = 0.9 kPa: (alFa; values at different] and (b)
p(H20) = 3.0 kPa(a) first and (b) second reaction steps.experimental master plots ofi{¢tid) versusu.
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S2-3. Kinetic deconvolution analysis
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Figure S25.Typical results of KDA for the thermal Figure S26 Typical results of KDA for the thermal
decomposition of the granular malachitepéi:O) =  decomposition of the granular malachitepét,O) =
0.9 kPa: (a) isothermall (= 495 K) and (b) linear 3.0 kPa:(a) isothermal T = 478 K) and (b) linear
nonisothermalf{= 1 K mirf ) conditions. nonisothermalf{= 1 K miri 1) conditions.
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Table S2.0ptimized kinetic parameters via KDfor the thermal decomposition of the granular malachite under isothermal conditions

fila) a™O( a)" Ol ni@y1fp

p( ©O) [/ ki C Eai/ kJ! m A/ T'ls R2#
m N Pi

0.9 1 0.26 N 114.7 N (6.39 N®0.(-1.16 N1.32 N 1.28 N 0.9930
2 0.74 N 119.8 N (1.68 N?9°0.(0.32 N 0.76 N O0.26 K

3.0 1 0.26 N 106.1 N (1.129 N®0.(-1.36 N1.33 N 1.50@. NeO. 9941
2 0.74 N 109.6 N (2.49 N&80.(0.06 N 0.86 N 0.50 K

7.2 1 0.24 N 88.9 N 0(3.70 N®0.(-0.58 N1.18 N 0.75 N 0.9925
2 0.76 N 106.1 N (1.75 N&0.(0.16 N 0.86 N 0.39 K

aDet ermination coeffisgiuamtesofantaheg snenl i near | east

Table 3. Optimized kinetic parameters via KDfor the thermal decomposition of the granular malachite under linear nonisothermal conditions

fi(a) aim(‘)( Tlai)”(‘)[il nT(ai).P]i)

p( ©O) [/ ki C Eai/ kJ' m A/ T'ls R2#
m N Pi

0.9 1 0.28 N 1127.12 N (6.91 N®1.:-12.59 N1.07 N 1.43 N 0.9999
2 0.72 N 1129.8 N (1.58 N®°0.:0.810.¢(0.71 N 0.26 N

3.0 1 0.27 N 107.4 N (1.19 N®0.(-1.54 N1.07 N 1.49 N 0.9996
2 0.73 N 109.7 N (2.38 N&80.(0.06 N 0.79 N O0.50 K

7.2 1 0.24 N 88.8 N 0(3.62 N*°0.:-0.59 N1.12 N 0.75 N 0.9999
2 0.76 N 106.6 N (1.76 N&0.(0.16 N 0.77 N 0.38 K

aDet ermination coeffisgiuamtesofantaheg snenl i near | east
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S2-4. Universal kinetic analysis over differga{t.O) values
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Figure SZ7. Kinetic curves for the first reaction step of Figure S2B. Kinetic curves for the first reaction step of
the thermal decomposition of the granular malachitethe thermal decomposition of the granular malachite
under isothermal conditions at eaifhl,0): (a) 0.9, (b)  under linear nonisothermal conditions at ep(O):
3.0, and (c) 7.2 kPa. (a) 0.9, (b) 3.0, and (c) 7.2 kPa.
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Figure S2. Kinetic curves for the second reaction step Figure S30. Kinetic curves for the second reaction step
of the thermal decomposition of the granular malachiteof the thermal deguoposition of the granular malachite
under isothermal conditions at egqhi.0): (a) 0.9, (b)  under linear nonisothermal conditions at epgt0):
3.0, and (c) 7.2 kPa. (a) 0.9, (b) 3.0, and (c) 7.2 kPa.

s18



)
(a) p(H,0)/ kPa 105
dry N,——0.9 108.2
—30 —72 106
: : g
104 &
g
1028
-1 0.0 §
|
T T 1 T
410 440 470 500 530 560
T/K
é‘\
(b) p(H,0) / kPa i -
——09 1hha
106 3
—gg i 95 8
104 5
g
‘m 1.6+ —402 9
S 12] 00 2
- e o 0
>~ 084 A=2Kmin"
2 04
504
Z 00 — T T Tt
420 450 480 510 540 570
T/K

Figure S31. Comparison of the kinetic curves of each

reaction step of the thermal decomposition of granular

malachite under linear nonisothermal conditions fat a
of 2 K minf under differenp(H20) values: (a) first and
(b) second reaction steps.
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Figure S32. Formad kinetic analysis for the first
reaction step of the thermal decomposition tioé
granular malachite under differenp(H20): (a)
Friedman plots dth = 0.5, (b)Ea1values at differenth
values, and (c) experimental master plots of
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Figure S34. ExtendedFriedman plots over different
p(H.0O) for each reaction step of the thermal
decomposition of the granular malachite: (a) first and
(b) secondeaction steps.
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Figure S33. Formal kinetic analysis for theecond
reaction step of the thermal decomposition of the
granular malachite under differenp(H20): (a)
Friedman plots dib = 0.5, (b)Ea2 values at differenih
values, and (c) experimental master plots of
(dUb/dcb) )/ (dUb/dck)o 5 versuslh.
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S3. Effects of CO:2 on the kinetics of thermal decomposition

S3-1. Formal kinetic analysis

Figure S35. TGIiDTG curves for the thermal

decomposition of the granular malachite under lineary,erma| decomposition of the granular malachite under
nonisothermal conditions at various values at

differentp(COy): () p(COz) = 4.9 £ 0.1 kPanfy = 5.06

+0.14 mg), (b)p(CO) = 10.0 + 0.2 kPanf = 5.00 +
0.05 mg), (Cp(CO,) = 20.0 + 0.1 kPanfp = 5.00 + 0.03

mg), and (d) p(CO;) = 100 kParfp = 5.01 + 0.03 mg)
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Figure S36.TG and temperature profileurves for the

stepwise isothermal conditions at varidbvaluesat
differentp(COy): (a) p(CO2) = 5.0 = 0.1 kParfo = 4.99
1+ 0.02 mg), (b)p(COy) = 9.9 + 0.3 kPanfp = 5.00 +
0.02 mg), (cp(CO,) =20.0+ 0.1 kPanfo=5.00 £ 0.03
mg), and (d) p(CO;) = 100 kParfpy = 5.00 + 0.03 mg).













































