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Kinetic parameters and reaction pathway for the reduction of nickel oxide with simultaneous 

utilization of magnesium and carbon were established to assess the feasibility of using combined 

reducers to produce powdered nickel from the NiO-Mg-C system. It was revealed that in this system 

the reduction of the metal oxide was initiated by Mg, followed by simultaneous action of magnesium 

and carbon, and at the end of the magnesiothermic process the second stage of the carbothermal 

reduction started. It was shown that relatively higher heating rates have beneficial influence on the 

reduction process of nickel oxide. The reduction of nickel oxide by the combined reducer (Mg+C) 

proceeds at a lower temperature as compared to separate binary mixtures, which evidences of the 

synergistic effect of combined reducers in the ternary mixture. The activation energy for the 

NiO+Mg+C reaction (117 kJ∙mol
-1
) is lower than that of the binary NiO+C (291 kJ∙mol

-1
) and NiO+Mg 

(178 kJ∙mol
-1
) reactions. Thus, the utilization of Mg/C combined reducer allows to mitigate the 

reduction temperature of NiO, as well as the activation energy compared with the separate 

carbothermal and magnesiothermic reduction reactions. 

Figs. 12, tables 5, references 29. 

1. Introduction 

Preparation of Ni-based alloys with refractory metals, such as tungsten or 

molybdenum, has been the subject of considerable interest during the past few years. 

Among such materials, Ni–W alloys exhibit distinguishing mechanical and 

tribological characteristics which provide enhanced performance for engineering 

applications. Օwing to their superior strength and thermal stability, valuable electric 

and magnetic properties, high corrosion resistance Ni-W alloys have got increasing 

consideration in several applications, including protecting and covering coatings, 
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microelectromechanical systems, magnetic heads and powerful integral schemes. 

Alloys of tungsten with the metals of iron group (particularly with nickel) are 

considering as main substitute for hard chromium platings [1-3]. 

It is well known that alloys containing refractory metal (W, Mo) are inherently 

difficult to prepare using conventional powder metallurgy due to the large 

differences in melting points (1455°C and 3422°C for Ni and W, respectively) and 

limited mutual solubility. Hence, self-propagating high-temperature synthesis (SHS) 

or combustion synthesis (CS) has been suggested for the preparation of fine Ni-W 

composite material from oxide precursors by Mg/C combined reducers [4-5] using 

thermo-kinetic coupling approach [6-7]. However, it is highly challenging to 

monitor the interaction process in the WO3-NiO-Mg-C system and to reveal the 

mechanism of combustion reaction due to its high velocity. One of the approaches to 

solve this issue is modeling the process under mild heating conditions (e.g., at low 

heating rates and tuning the process in time) using the DTA/TG method. By varying 

heating rates of reagents, it is possible to separate the main stages and analyze 

intermediate quenched compounds for the efficient exploration of interaction 

mechanism [8]. Moreover, performing the process with different heating rates 

allows to use various kinetic schemes developed for this purpose and to calculate 

kinetic parameters for separate stages. 

The implementation of this research enables to obtain kinetic parameters and 

reduction pathway for the reduction processes of nickel oxide with simultaneous 

application of magnesium and carbon, with the aim of assessing the feasibility of 

using combined reducers to produce powdered nickel from the NiO-Mg-C system. 

Such approach will contribute to the preparation of Ni-W alloys from the NiO-WO3-

Mg-C system in the combustion mode. 

Note that according to the available literature, the mechanism of NiO reduction 

by the combined Mg/C reducer has not been studied yet. In [9] the reduction of WO3 

was explored by means of combined reducers. The kinetics of nickel oxide reduction 

into nickel has been studied by using non-metallic reducers due to its practical 

importance as a catalyst in chemical industry [10-16]. Few kinetic studies have been 

reported where metals (magnesium or aluminium) were employed directly for the 

reduction of metal oxides. According to the literature data, high effective activation 

energy values were obtained for these thermite reactions (CuO+Mg, Ea = 424 ± 25 

kJ∙mol
-1

 [17]; Cu2O+Al, Ea = 658 kJ∙mol
-1

 [18]; MoO3+Al, Ea = 209-373 kJ∙mol
-1

 

[19]; Ea = 312 kJ∙mol
-1

 for the Al-30%Mg+Fe2O3 reaction [20]). 

In our previous studies in the CuO-Mg-C [21], WO3-Mg-C [9, 22], MoO3-Mg-

C [21, 23] systems at low and high heating rates the use of Mg+C reducing mixture 

was found attractive, especially due to the crucial influence of carbon addition on a 

reaction pathway with a lower effective activation energy. 

This study is motivated by the need to investigate the interaction behavior and 

kinetic features of the NiO-Mg, NiO-C and NiO-Mg-C systems in non-isothermal 

conditions using DTA/TG method. Based on the data obtained interactions in the 

NiO-Mg-C system and in more complicated NiO-WO3-Mg-C system can be 
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controlled allowing to fabricate powdered nickel or Ni-W alloys using the advanced 

combustion synthesis method. 

2. Materials and methods 

The experiments were carried out by differential thermal (DTA) and 

thermogravimetric (TG) analysis methods using Q-1500 instrument (Derivatograph 

Q1500 MOM, Hungary) which is linked to multichannel acquisition system, and 

output signals are recorded by a computer. The reactive powder mixture (30-

200 mg) is placed into one of two crucibles. In the second crucible the Al2O3 powder 

is placed, which is used as a reference material. All measurements were conducted 

in nitrogen flow (100-120 ml∙min
-1

). Heating rate was programmed to be 2.5, 5, 10, 

20°C∙min
-1

. In order to reveal the reaction mechanism, the process was terminated at 

preset temperatures, and the samples were cooled down in inert gas flow. Phase 

compositions of the intermediate and final products were analyzed by X-ray 

diffraction (XRD; D5005, Bruker, USA) using CuKa1 radiation (λ = 1.5406 Å) with 

a step of 0.02° (2θ) and a count time of 0.4 s. 

As raw materials nickel (II) oxide (reagent grade, Russia, TU 6-09-4125-80), 

magnesium (MPF-3, Russia, pure, particle size 0.15 mm<<0.3 mm), carbon (P-803, 

Russia, µ<0.1 m) were used in experiments. 

3. Results and discussion 

To clarify the interaction mechanism in the complex ternary (NiO-Mg-C) 

system, it was expedient firstly to explore the reaction pathways in the binary (NiO-

Mg, NiO-C) systems in the identical conditions of linear heating. 

 

3.1. NiO-Mg binary system 

Fig. 1 depicts DTA/TG curves of the NiO+Mg stoichiometric mixture. It is 

clear that strong exothermic reduction starts before the melting point of magnesium 

(650
o
C), when temperature exceeds 630

o
C (heating rate: Vh = 10

o
C∙min

-1
, mo = 

50 mg). A single stage process occurs and the maximum shift of the DTA curve 

appears at Tmax = 648.3
o
C. It must be emphasized that no mass change was 

registered during the process. The latter is a clear fact that the reaction proceeds by 

solid+solid scheme (NiO + Mg = Ni + MgO) and no evaporation of reagents takes 

place (Fig. 1, TG curve). 
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Fig. 1. DTA/TG curves of the 
NiO+Mg mixture, Vh = 10 oC∙min-1, 

mo = 50 mg. 

 

To reveal the influence of heating rate on the interaction mechanism, the 

DTA/TG studies were performed at heating rates from 2.5 up to 20°C∙min
-1

. As it 

can be seen from the figure 2, with the increasing of heating rate, exothermic peaks 

of magnesiothermic reduction of nickel oxide shift to higher temperature area. In 

parallel, the intensity of DTA peaks increases. Thus, in the case of Vh = 2.5°C∙min
-1

 

it is weakly expressed, while peaks at Vh = 5, 10, 20°C∙min
-1

 demonstrate the 

character of explosive reactions (Fig. 2; Table 1). 

 

 

 

 

 

 

 

 

Fig. 2. DTA curves of the NiO+Mg 
mixture at various heating rates: 

Vh = 2.5; 5; 10; 20oC∙min-1. 

 

Table 1 

Influence of heating rate on the temperature range and Tmax 

for the NiO+Mg system 

Heating rate, °C ∙min
-1

 Reduction temperature range, °C DTAmax, °C 

20 635-715 663.7 

10 630-670 648.3 

5 615-652 631.7 

2.5 570-610 593.3 

 

In all cases, the main process predominately occurs before melting of Mg and 

the interaction takes place with a solid + solid mechanism. To some extent, the 
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reaction with relatively high heating rate (20
o
C∙min

-1
) deviates from this scheme 

(Table 1). In this case, the interaction begins with participation of solid Mg but lasts 

up to a temperature surpassing the melting point of Mg. 

According to the results obtained at different heating rates, the latter 

phenomenon strictly affects the reduction degree. Thus, with increasing the heating 

rate, the intensity of Ni peaks in the XRD pattern (for the samples cooled down from 

700
o
C) noticeably increases; in parallel, the intensity of NiO peaks decreases (Fig. 

3). Therefore, relatively higher heating rates have beneficial influence on the 

magnesiothermic reduction of nickel oxide. 

 

 

 

 

 

 

 

 

 

Fig. 3. XRD patterns of the 
NiO+Mg reaction products at 

various heating rates. 

 

3.2. NiO-C binary system 

Experiments in the NiO-C binary system reveal that at linear heating (Vh = 

10
o
C∙min

-1
, mo = 200 mg) the stepwise carbothermal reduction is registered. Fig. 4 

shows that there are no significant changes in the reactive mixture up to 750
o
C. 

When the temperature exceeds 750
o
C an endothermic reduction is registered with 

two sequential stages, which is simultaneously noticeable on DTA, TG and DTG 

curves. At that, the second stage is more intensive (Fig. 4). Note that in [24-26] was 

also reported that nickel oxide carbothermal reduction at high-temperature area 

occurred by two macroscopic stages. 

 

 

 

 

 

 

 

 

 

Fig. 4. DTA/TG/DTG curves of the 
NiO+C mixture, Vh = 10 oC∙min-1, mo = 

200 mg. 
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The mass change in the TG curve corresponds to the release of carbon dioxide 

or/and carbon monoxide either during the first or second stage of the process: 

NiO + C → Ni + CO/CO2 ↑ 

According to mass loss calculations, the carbothermal reduction degree 

increases with the increase of the heating rate (Table 2). For example, according to 

the results shown in Fig. 4, the mass loss makes about 31% (according to the above 

reaction equation: 32.3%). 

Table 2 

Influence of heating rate on the initial mixtures’ mass loss 

Heating rate, °C∙min
-1

 Mass loss by C, % 

20 31.3 

10 31.0 

5 29.2 

2.5 17.5 

As can be seen from Fig. 5 (DTG curves), nickel oxide reduction by carbon 

proceeds at different temperature ranges depending on the heating rate. With the 

increase of the heating rate, the reduction process shifts to a higher temperature area 

(Table 3). 

 

 

 

 

 

 

 

 

 

 

Fig. 5. DTG curves of the NiO+C 

mixture at various heating rates. 

 

Table 3 

Influence of heating rate on the temperature range and Tmax  

for the NiO+C system 

Heating rate, 

°C∙min
-1

 
Reduction temperature range,

 o
C  (DTG min), 

o
C 

 I stage II stage I stage II stage 

20 780-900 905-985 843.4 948.1 

10 750-890 900-970 829.5 943.3 

5 730-930 935-990 808.6 966.2 

2.5 715-860 – 782.6 – 
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As it was mentioned above, carbothermal reduction degree increases with the 

increase of the heating rate. This has been also proved by the results of XRD 

analysis of the reduction products at the end of the process (Fig. 6): with the increase 

of heating rate, the nickel oxide carbothermal reduction degree increases as it was in 

the case of magnesiothermic reduction. 

 

 

 

 

 

 

 

 

Fig.6. XRD patterns of 

the NiO+C reaction 
products at various 

heating rates. 

 

3.3. NiO-Mg-C ternary system 

Finally, thermal analysis in ternary NiO-Mg-C system was performed with the 

2NiO+Mg+C stoichiometric mixture to distinguish carbon and magnesium reduction 

processes during the external heating. The DTA/TG curves in Figure 7 illustrate that 

first exothermic conversion proceeds at 590-740
o
C (Tmax = 673.5

o
C), which 

corresponds to the NiO + Mg = Ni + MgO reaction (see Fig. 8). In the DTA curve, 

the endothermic process of magnesium melting is also observed. TG and DTG 

curves show the mass loss expressed in two different segments (Fig. 7) validating 

that the carbothermic reduction of nickel oxide is a double-stage process [24-26]. 

The first decline in the TG curve starts at 625
o
C (DTGmin is observed at 684

o
C), 

slightly later than the magnesiothermic process starts (590
o
C). The second decline 

starts at 740
o
C (DTGmin is observed at 853.7

o
C), simultaneously with the end of the 

magnesiothermic process. This indicates that in the NiO-Mg-C system the reduction 

of the metal oxide is initiated by Mg (including magnesium melting zone), followed 

by simultaneous action of magnesium and carbon, and at the end of the 

magnesiothermic process, the second stage of the carbothermal reduction starts. The 

latter is additionally proved by XRD patterns of the samples cooled down at 

different temperatures (Fig. 8). 
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Fig. 7. DTA/TG/DTG curves of 

the 2NiO+Mg+C mixture, Vh = 
20oC∙min-1, mo = 70 mg. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. XRD patterns of the 

2NiO+Mg+C reaction 
products cooled down from 
different temperatures. 

 

The results obtained during examinations of NiO reduction by combined Mg/C 

reducer are substantially different from the NiO reduction behavior by individual 

reducers. Here we deal with a typical example of the reactions kinetic coupling. 

According to the data obtained from individual reduction processes, the 

magnesiothermic reduction of nickel oxide (at Vh = 20
o
C∙min

-1
) proceeds at 635-

715
o
C temperature range with DTAmax = 663.7

o
C. In the case of the same heating 

rate the carbothermal reduction occurs at 780-900
 o

C; 905-985
o
C temperature ranges 

(DTGmins are observed at 843.4 and 948
o
C, respectively). So, the magnesiothermic 

reduction in the ternary system starts earlier by 50
o
C than in the NiO-Mg system, 

and the carbothermal two-stage reduction process moves to a low temperature area 

by 160 (I stage) and 60°C (II stage). Thus, the reduction of nickel oxide by the 

combined reducer (Mg+C) proceeds at lower temperatures as compared to separate 

binary mixtures, which evidences of the particular synergistic effect in the ternary 

mixture. 

According to the mass loss calculations, the carbothermal reduction degree in 

the ternary system increases with the increase of the heating rate. Thus, according to 

the reaction equation (NiO + Mg + C → Ni + MgO + CO/CO2↑), the maximum 

value of mass loss conditioned by carbothermal reduction process is 15.2%. On the 
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other hand, during the different heating rates in the reduction process the following 

percentages of weight loss were observed: 1.02% at 2.5
o
C∙min

-1
, 5.32% at 5

o
C∙min

-1
, 

7.92% at 10
o
C∙min

-1
 and 11.76% at 20

o
C∙min

-1
.
 
These results suggest that despite the 

degree of metal reduction increases with the increase of heating rate, carbon does 

not provide complete reduction of nickel oxide at least up to a temperature of 

950
o
C (Fig. 9). 

 

 

 

 

 

 

 

Fig. 9. XRD pattern of the 

2NiO+Mg+C reaction 
product, T = 950oC, Vh = 

20oC∙min-1 

 

As in the case of binary systems, in the ternary NiO-Mg-C system exothermic 

peaks of nickel oxide magnesiothermic reduction also shift to the higher temperature 

area (Table 4, Fig. 10) 

Table 4 

Influence of heating rate on the temperature range and Tmax for the 

2NiO+Mg+C system 

Heating rate, °C∙min
-1

 Reduction temperature range, 
o
C (DTA max), 

o
C 

20 590-740 673.5 

10 570-680 626.2 

5 550-660 592.8 

2.5 520-600 570.2 

 

 

 

 

 

 

 

 

Fig. 10. IDTA curves of the 

2NiO+Mg+C mixture at various 
heating rates. 
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3.4. Calculation of activation energy 

Based on the results obtained by DTA/DTG/TG investigations the effective 

activation energy values were calculated for the reduction stages for all the studied 

reactions. There are several approaches for calculation of the effective activation 

energy in non-isothermal conditions. Among them are the well-known isoconversion 

methods formulated by Kissinger [27] and Ozawa [28]. Both methods are based on 

the shift of temperature corresponding to the maximum advance in the DTA 

(Kissinger) and DTG (Ozawa) curves depending on the heating rate kept constant. 

The methods are based on the Arrhenius equation corrected for the nonisothermicity 

of the reaction in such a way, that the temperature is a function of time. 

The derived expression for determination of activation energy by Kissinger has 

the following form: 
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and by Ozawa method the following form: 
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where, A is a constant, E is the effective activation energy of the process, (kJ∙mol
-1

), 

Vh is the heating rate (K∙min
-1

), Tmax is the reduction temperature corresponding to 

the maximum advance in the DTA/DTG curve (K), R is the universal gas constant. 

 

3.4.1. Magnesiothermic and magnesiocarbothermal reduction of NiO 

(Kissinger method) 

In Figure 11, experimental data for the reduction of nickel oxide by Mg (1) and 

Mg+C (2) mixture in appropriate coordinates are summarized. Based on these plots 

the values of effective activation energy are calculated. Thus, the activation energy 

for NiO + Mg reaction is 178 kJ∙mol
-1

 and for NiO + (Mg+C) reaction - 117 kJ∙mol
-1 

(refers to the magnesiothermic stage) (Fig. 11). 
 

 NiO+Mg 
NiO+Mg+C 

(I stage) 

Vh, 
omin-1 Tmax, 

oC Tmax, 
oC 

20 664 674 

10 648 626 

5 617 593 

2.5 593; 596 570 

14

15

16

1 1.05 1.1 1.15 1.2 1/Tm*10
3

 - Ln(V*(1/Tm)
2
)

NiO+Mg+C (2);

Ea = 117 kJ·mol
-1 

NiO+Mg (1);

Ea = 178 kJ·mol
-1 

 
Fig. 11. Determination of activation energy values for NiO+Mg (1) and NiO+Mg+C (2) reactions 

by Kissinger method. 
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In comparison, according to [9], the activation energy for (WO3+Mg) reaction 

is 153 kJ∙mol
-1

 and for (WO3+Mg+C) is 177 kJ∙mol
-1

 (refers to the magnesiothermic 

reduction stage), while for (CuO+Mg) reaction is 424 kJ.mol
-1

 [17] (Table 5). 

 

3.4.2. Carbothermal reduction of NiO (Ozawa method) 

In Figure 12 experimental data in appropriate coordinates for the reduction of 

nickel oxide by carbon are summarized. According to Figure 12, the activation 

energy for NiO reduction by carbon is 291 kJ∙mol
-1

. In comparison, in [29] for nickel 

oxide carbothermal reduction the activation energy value was determined to be 

299 kJ∙mol
-1

 (Table 5).  

 

 

 

 

 NiO+C 

Vh, 
omin-1 Tmax, 

oC 

20 847 

10 830 

5 804 

2.5 783 

 

Fig. 12. Determination of activation energy for NiO+C reaction by Ozawa method. 

Table 5 

Comparison of the values of activation energies with reference data 

Reaction Activation energy, kJ∙mol
-1

 Reference 

WO3 + Mg 153 [8] 

CuO + Mg 424 [16] 

WO3 + Mg + C (for WO3 + Mg) 177 [8] 

NiO + C 299 [28] 

NiO + Mg 178 [this work] 

NiO + Mg + C (for NiO+Mg) 117 [this work] 

NiO + C 291 [this work] 

 

Furthermore, the activation energy of nickel oxide reduction by carbon is 

comparable with that of the same reaction determined from isothermal experiments 

(315 kJ∙mol
-1

) [25]. 

Thus, the activation energy for the NiO+Mg+C reaction (117 kJ∙mol
-1

) is lower 

than that of the binary NiO+C (291 kJ∙mol
-1

) and NiO+Mg (178 kJ∙mol
-1

) reactions. 

14

15

16

17

0.88 0.91 0.94 1/Tm*10
3

 - Ln(V*(1/Tm)
2
)

NiO+C;

Ea = 291 kJ·mol
-1 
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The application of Mg/C combined reducer allows to decrease the activation energy 

of magnesiothermic reduction stage by about 1.5 times. 

 

NiO-Ç ìºð²Î²Ü¶ÜØ²Ü äðàòºêÆ àôêàôØÜ²êÆðàôÂÚàôÜÀ 

Mg+C Ð²Ø²Îòì²Ì ìºð²Î²Ü¶ÜÆâàì ¸ºðÆì²îà¶ð²üÆ²Î²Ü 

ºÔ²Ü²Îàì 

Ø. Î. ¼²ø²ðÚ²Ü, ú. Ø. ÜÆ²¼Ú²Ü, ê. ì. ²Ú¸ÆÜÚ²Ü ¨ ê. È. Ê²è²îÚ²Ü 

êáõÛÝ ³ßË³ï³ÝùáõÙ áõëáõÙÝ³ëÇñí»É »Ý Mg/C Ñ³Ù³Ïóí³Í í»ñ³Ï³Ý·ÝÇãáí ÝÇÏ»ÉÇ 

ûùëÇ¹Ç í»ñ³Ï³Ý·ÝÙ³Ý ÏÇÝ»ïÇÏ³Ï³Ý ûñÇÝ³ã³÷áõÃÛáõÝÝ»ñÁ ¹»ñÇí³ïá·ñ³-ýÇ³Ï³Ý 

»Õ³Ý³Ïáí ·Í³ÛÇÝ ï³ù³óÙ³Ý å³ÛÙ³ÝÝ»ñáõÙ: ´³ó³Ñ³Ûïí»É ¿, áñ NiO-Mg-C Ñ³Ù³-

Ï³ñ·áõÙ ÝÇÏ»ÉÇ ûùëÇ¹Ç í»ñ³Ï³Ý·ÝáõÙÝ ëÏëíáõÙ ¿ Ù³·Ý»½ÇáõÙáí, ß³ñáõÝ³ÏíáõÙ ¿ 

ÙÇ³Å³Ù³Ý³Ï Ù³·Ý»½ÇáõÙáí ¨ ³ÍË³ÍÝáí, ÇëÏ Ù³·Ý»½ÇáõÙ³ç»ñÙ³ÛÇÝ åñáó»ëÇ ³í³ñ-

ïÇÝ ½áõ·³Ñ»é ëÏëíáõÙ ¿ ³ÍË³ÍÝáí í»ñ³Ï³Ý·ÝÙ³Ý »ñÏñáñ¹ ÷áõÉÁ: Ð³ëï³ïí»É ¿, áñ 

ï³ù³óÙ³Ý ³ñ³·áõÃÛ³Ý Ù»Í³óáõÙÁ µ³ñ»Ýå³ëï ³½¹»óáõÃÛáõÝ áõÝÇ ÝÇÏ»ÉÇ ûùëÇ¹Ç 

í»ñ³Ï³Ý·ÝÙ³Ý ³ëïÇ×³ÝÇ íñ³: òáõÛó ¿ ïñí»É, áñ ÝÇÏ»ÉÇ ûùëÇ¹Ç í»ñ³Ï³Ý·ÝáõÙÁ 

Mg/C í»ñ³Ï³Ý·ÝÇãáí ï»ÕÇ ¿ áõÝ»ÝáõÙ Ñ³Ù»Ù³ï³µ³ñ ³í»ÉÇ Ù»ÕÙ ç»ñÙ³ëïÇ×³Ý³ÛÇÝ 

å³ÛÙ³ÝÝ»ñáõÙ` Ñ³Ù»Ù³ï³Í NiO+Mg ¨ NiO+C µÇÝ³ñ Ñ³Ù³Ï³ñ·»ñÇ Ñ»ï, ÇÝãÁ 

íÏ³ÛáõÙ ¿ ëÇÝ»ñ·»ïÇÏ³Ï³Ý ¿ý»ÏïÇ Ù³ëÇÝ: àñáßí»É »Ý Ñ»ï³½áïí³Í é»³ÏóÇ³Ý»ñÇ 

¿ý»ÏïÇí ³ÏïÇí³óÙ³Ý ¿Ý»ñ·Ç³ÛÇ ³ñÅ»ùÝ»ñÁ, áñáÝù NiO+Mg+C, NiO+C ¨ NiO+Mg 

é»³ÏóÇ³Ý»ñÇ Ñ³Ù³ñ Ñ³Ù³å³ï³ëË³Ý³µ³ñ Ï³½Ù»É »Ý 117, 291 ¨ 178 Ïæ∙ÙáÉ
-1
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В данной работе дериватографическим методом исследованы кинетические 

закономерности восстановления оксида никеля (II) комбинированным 

восстановителем Mg/C в условиях линейного нагрева. Установлено, что 

восстановление NiO начинается магнием, продолжается одновременно магнием и 

углеродом, а в конце магниетермического процесса наступает вторая стадия 

карботермического восстановления. Выявлено, что увеличение скорости нагрева 

оказывает благотворное влияние на степень восстановления окиси никеля. 

Показано, что восстановление оксида никеля (II) комбинированным 

восстановителем (Mg+C) происходит при более низких температурах по 

сравнению с отдельными бинарными смесями NiO+Mg и NiO+C, что 

свидетельствует о наличии синергетического эффекта. Определены значения 

эффективной энергии активации исследованных реакций: 117 кДж∙мол
-1

 – для 

реакции NiO+Mg+C, 291 кДж∙мол
-1 

–
 
для NiO + C и 178 кДж∙мол

-1 
– для NiO + Mg. 
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