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	Sample
	Final temperature (°C)
	Heating rate (°C∙min-1)
	Flow of H2 (mL∙min-1)

	1-1
	NiO
	700
	10
	40

	1-2
	NiO
	700
	15
	40

	1-3
	NiO
	700
	20
	40

	2-1
	NiFe2O4
	1000
	10
	40

	2-2
	NiFe2O4
	1000
	15
	40

	2-3
	NiFe2O4
	1000
	20
	40

	3-1
	Fe2O3
	1000
	10
	40

	3-2
	Fe2O3
	1000
	20
	40

	4-1
	Fe2O3 + NiO
	1000
	10
	40

	4-2
	Fe2O3 + NiO
	1000
	15
	40

	4-3
	Fe2O3 + NiO
	1000
	20
	40

	5-1
	Fe2O3 + Ni
	1000
	10
	40


Table 2 TG: C reduction, non-isothermal experimental conditions
	Number
	Sample
	Mass ratio (wt%)
	Mass of sample (mg)
	Final temperature (°C) 

	1
	C + NiO
	30.2:69.8
	15.030
	900

	2
	C + Fe2O3
	30.0:70.0
	15.000
	1100

	3
	C + NiO + Fe2O3
	30.1:22.3:47.6
	15.020
	1000

	4
	C + NiFe2O4
	30.1:69.9
	15.040
	1100

	5
	C + Ni + Fe2O3
	30.0:18.8:51.2
	15.000
	1100

	3-a
	C + NiO + Fe2O3
	30.1:22.3:47.6
	15.010
	750

	4-a
	C + NiFe2O4
	30.1:69.9
	15.020
	895

	4-b
	C + NiFe2O4
	30.1:69.9
	15.010
	938

	5-a
	C + Ni + Fe2O3
	30.0:18.8:51.2
	15.020
	890


[bookmark: OLE_LINK65][bookmark: OLE_LINK66]Table 3 Isothermal experimental conditions in the resistance furnace
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	Sample
	Reduction temperature (°C)
	Reduction time (min)

	1-1
	NiFe2O4
	450
	20

	1-2
	NiFe2O4
	500
	20

	1-3
	NiFe2O4
	550
	20

	1-4
	NiFe2O4
	600
	20

	1-5
	NiFe2O4
	650
	20

	1-6
	NiFe2O4
	700
	20


Table 4 Suggested mathematical modeling of reaction kinetics
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	Mechanism
	
The integral form of reaction mechanism 

	D1
	1D internal diffusion
	


	D2
	2D internal diffusion
	


	D3
	3D internal diffusion
	


	D4
	3D internal diffusion(Ginstling–Brounshtein equation)
	


	A1
	1D formation and growth of nuclei
	


	A2
	2D formation and growth of nuclei
	


	A3
	3D formation and growth of nuclei
	


	A4
	4D formation and growth of nuclei
	


	R1
	2D phase-boundary-controlled reaction
	


	R2
	3D phase-boundary-controlled reaction
	


	P1
	Power law
	


	P2
	Power law
	


	P3
	Power law
	


	P4
	Power law
	


	Au
	Autocatalytic reaction
	



Table 5 Reduction characteristics of the five oxide systems using H2 as reductant
	Oxide
	Stage I (°C)
	Stage II (°C)
	Reduction degree (%)
	Maximum reaction rate (%∙min-1)
	Temp. at maximum rate (°C)
	Average rate (%∙min-1)

	NiO
	302–602
	
	100
	8.6
	329
	3.3

	Fe2O3
	373–404
	404–520
	100
	11.5
	504
	6.7

	NiFe2O4
	323–350
	350–513
	100
	11.4
	478
	5.3

	Fe2O3+NiO
	291–364
	364–504
	100
	9.7
	461
	4.8

	Fe2O3 + Ni
	336–490
	
	100
	13.6
	470
	6.7





Table 6 Reduction characteristics of the five oxide systems using C as reductant
	Oxide
	Stage I (°C)
	Stage II (°C)
	Stage III (°C)
	α (%)
	Maximum reaction rate (%∙min-1)
	Temp. at maximum rate (°C)
	Average rate (%∙min-1)

	NiO
	771–783
	
	
	89.2
	75.7
	778
	74.3

	Fe2O3
	702–878
	878–969
	969–1017
	100
	47.2
	991
	3.2

	NiFe2O4
	757–895
	895–938
	938–1000
	92.1
	8.0
	979
	4.5

	Fe2O3 + NiO
	745–895
	895–910
	
	99.2
	57.9
	923
	6.1

	Fe2O3 + Ni
	681–890
	890–963
	963–1010
	100
	30.0
	991
	3.0


Table 7 Reduction products for NiFe2O4
	H2 reduction
	C reduction

	Reduction temperature (°C)
	Reduction products
	Reduction degree (%)
	Reduction temperature (°C)
	Reduction products
	Reduction degree (%)

	450
	Fe2O3, NiO, Fe3O4
	1.1
	895
	Fe3O4, Ni
	18.6

	500
	Fe3O4, Ni, (Fe, Ni)
	60.4
	938
	(Fe, Ni), FeNi3, FeO
	48.8

	550
	Fe3O4, Ni, (Fe, Ni), Fe0.64Ni0.36, Fe
	63.3
	1100
	(Fe, Ni), FeNi3, Fe5C2
	92.1

	600
	Fe3O4, Ni, (Fe, Ni), Fe0.64Ni0.36, Fe
	88.6
	
	
	

	700
	Fe0.64Ni0.36, Fe
	96.8
	
	
	


Table 8 Reaction parameters and mechanisms of oxide reduction with H2
	Process
	Temperature range (°C)
	Activation energy (kJ∙min-1)
	Published activation energy (kJ∙min-1)
	Mechanism

	NiO → Ni
	280–657
	87.8
	90.8 [4]
	phase-boundary reaction.

	Fe2O3 → Fe3O4
Fe3O4 → Fe
	340–430
430–592
	185.1
53.8
	107 [13]
54 [14]
	phase-boundary reaction 
4D formation and growth of nuclei

	NiFe2O4 → Fe/Ni
	320–632
	69.4
	62.6 [11]
	autocatalytic reaction

	Fe2O3 + NiO → Fe/Ni
	280–415
415–600
	71.3
	
	phase-boundary reaction and autocatalytic reaction
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