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Hccneoosan npoyecc cunmesa mMazHe3uanibHO-XpoOMUMOEON WNUHENU, UCX00A U3 OKCU-
008, 2UOPOKCUO008 U HUMpPamoe maznusa u xpoma. Conocmagnena peakyuoHHAA cROCOOHOCMb npe-
Kypcopo8 ¢ nomouiblo 3phekmugnvlx Koncmanm CKOpOCmu, pACCYUMAHHBIX NO YPABHEHUIO
T'uncmaunza-bpoynwimeiina. Bozmoscnocms ucnonv3oganus 0anno20 ypagHeHUs noOmMeepIHcoena
NPAMOIUHEHHOCMBIO 3A6UCUMOCHIEN 8 €20 KOOPOUHAMAX C 6bICOKUM KOI(duyuenmom nuneinoi
annpoxcumayuu. Conocmaenena aKmugHOCMb PA3IUYHBIX POPM OKCUOA MAZHUA (MAZKO 000JiCc-
JHCEHHO020, UNU KAYCMUYECKO20 MAZHE3Umd, U HAMEPMEO 000ICHCEHHO20, WU NEPUKIA3A) 6 PeaK-
yuu wnuneneodpazosanun. OKkcuoHvle NPEKypcopsl, 0COOEHHO ¢ yuacmuem nepuKiaza, 63aumooeli-
CME06anu Mexcoy cofoil ¢ CyueCmeeHHo MeHbuiell CKOPOCHbI0 HO CPABHEHUID C 2UOPOKCUOAMU U
conamu. Ilpoananuszuposeano  enuanue  NPeOGAPUMENbHOU  MEXAHOAKMUGAUUU  YOAPHO-
UCIUPAIOWUM U UCIUDPAIOWUM CROCOOOM 8 NIIAHEMAPHOU U WAapo-Koablyegoll MelbHUle COOm-
6EMICMBEHHO, a4 MAKIHCe MUKPOBONHO080H oopadomku (2,45 I'Ty). Haubonvuwee nonoxncumenvHnoe
é1luAHUE 00pAdOmMKU 8 NIIAHEMAPHOIL MelbHUUe, C6A3AHHO0e ¢ akmuesusayueil coeounenuii Mg u Cr,
npoAaenAnOCcy 6 obdnacmu omuocumenvHo Huskux memnepamyp (700-1100 °C). Hanpumep, npu
memnepamype 1000 °C 6b1x00 MazHe3uOXpoMuma npu co8MeCmHOl yOapHoii 0opadbomie oKcuoos
ov11 6 ~ 2 paza eviuie, yem npu npocmom cmeuienuu. Ilpu oanvhneiiuiem nogvlutenuu memnepamy-
Dbl 6UAHUE NPEOBAPUMENILHON 00PADOMKU YMEHbULAIOCH, HOCKONBLKY 6 IMUX YCI0GUAX 803PACH A-
au kodygpguyuenmor oughghyzuu, obecneuusarougue cpasHUmMeIbHO ObICMPOE NPOMEKAHUE PeaKyuu
u 6e3 MO. Ommeueno 3amemuoe CHUNICeHUE AKMUBHOCHU OKCUOA MAZHUA 8 DeaKyuu WinuHeneoo-
Ppaszosanus nocie ucmuparowieil 00pAdOMKU 6 Wapo-Koabueoil MeabHuYe, C6A3AHHOE CO CKOMb-
JHceHuem n10CKOocmell 8 KpUCmanilax Kyouueckol cCuHzOHUU U NPUBodauiee K 00HANCEHUIO N1OCKUX
noeepxnocmeil. B pezynomame 3mozo ¢ naubonvuwieii cmenenu HapyuieHHull OedeKmHbvlil cioiu
yoananca c 3epen. Ycmanoeneno, umo nauoonee Ihhpexmugen KOMOURUPOSAHHBLIL CROCOD, COCMO-
Awguil u3 mexanuveckoi oopabomku (MO) cmecu numpamog mMazHuA u Xpoma 6 NAAHEMAPHOI
MenvHuye u nociedyruiezo otrcuza ¢ mepmuueckoii newu (1000 °C), komopwtii npueooun x oopa-
308aHuUI0 NpAKMUYECKU MOHOGPAa3Hoz0 npodykma. Mukpoeonnosas oopadomka 3anHumana no pe-
3YAbMAMUGHOCIU RPOMENHCYNOUHOE NOI0ONHCCHUE.

KiroueBble ciioBa: umuHenb, maraesunoxpomut, MgCr,O,, TBepioda3Hblii CHHTE3, KHHETHUKA IIMHHE-
neoOpa30BaHusl, MEXaHOAKTHBALIMS, MUKPOBOJIHOBas 00pab0TKa, KayCTHYECKUI MarHEe3HT, IEPHUKIIa3
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Magnesiochromite spinel synthesis based on oxides, hydroxides and nitrates of magnesi-
um and chromium was investigated. The precursors reactivity was compared by means of effec-
tive rate constants calculated by Ginstling-Brounshtein equation. The possibility of use of this
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equation was confirmed by the dependences linearity with high linear approximation coefficients.
The reactivity of MgO various forms (soft-burned, or caustic magnesite, and dead-burned, or per-
iclase) in the spinel formation was compared. Oxide precursors (especially with the periclase par-
ticipation) reacted with the substantially less rate in comparison with hydroxides and salts. The
influence of a preliminary mechanical activation by impact-and-attrition (planetary mill) and at-
trition (ball-ring mill) action as well as a microwave treatment (2.45 GHz) was analyzed. The
most positive effect of a mechanical treatment in a planetary mill that was associated with an ac-
tivation of Mg and Cr compounds became apparent in the field of relatively low temperatures
(700-1100 °C). For example, MgCr,0, yield at 1000 °C and the joint impact treatment of oxides
was twice as much than under the simple mixing. The subsequent temperature rising lead to some
decrease of a pretreatment effect so long as diffusion coefficients in these conditions grew, so the
reaction run rapidly even without a preliminary mechanical treatment. It was noticed that an ap-
preciable reduction of MgO reactivity in the spinel formation after a certain attrition in a ball-
ring mill linked to the plane sliding in cubic crystals and resulted in the removing of the most dis-
ordered and defective layer from grains and the plane surface uncovering. The combined method
consisting of a mechanical treatment of magnesium and chromium nitrates mixture in a plane-
tary mill and the subsequent burning in a thermal kiln (1000 °C) was considered as the most ef-
fective as it resulted in practically single product. The microwave treatment took up an intermedi-

ate position by the effectiveness.

Key words: spinel, magnesiochromite, MgCr,O,, solid-phase synthesis, spinel formation kinetics, me-
chanical activation, microwave treatment, caustic magnesite, periclase

Jast nuTUpoBaHus:

Kocenko H.®., dunatosa H.B., EropoBa A.A. Cunre3 maruezuoxpomura (MgCr,O,4): BIusiHEE NpeABapUTEIbHON Mexa-
HUYECKOH U MUKPOBOJIHOBOM 00pabOTKM MPEKYPCOPOB. M36. 8y306. Xumusi u xum. mexronoeus. 2020. T. 63. Bem. 8. C. 96-102

For citation:

Kosenko N.F., Filatova N.V., Egorova A.A. Magnesiochromite (MgCr,0,) synthesis: effect of mechanical and microwave
pretreatment. lzv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. [Russ. J. Chem. & Chem. Tech.]. 2020. V. 63. N 8. P. 96-102

INTRODUCTION

Magnesiochromite MgCr,0Q, is the only com-
pound in the system MgO — Cr,O;. It attracts the at-
tention because of its unique physical and chemical
properties and technological possibilities. This spinel
is used in some refractories’ composition [1, 2], semi-
conductors [3], magnetic and electrical materials [4],
sensors [5], catalysts [6-8], photocatalysts [9], pig-
ments [10], etc. Active work on nanoceramics and
nanocomposites with MgCr,O, participation [8, 9, 11-14].

Magnesium chromite is synthesized by means
of different ways, namely: ceramic synthesis [15, 16],
co-precipitation [7], sol-gel method [3, 6], combus-
tion [11], hydrothermal method [12], zone melting
[4], co-crystallization [17], etc. At the same time, sol-
id-phase synthesis remains as the main industrial
mode. It provides the interaction of magnesium and
chromium oxides. The necessary temperature for re-
action realization is between 1100 and 1600 °C. This
process is long and power-intensive, so it sometimes
accompanied by a mechanical (MT) or microwave
treatment (MWT).

The mechanical activation is a well-known
method of the reactivity increase for many different
substances and materials including those for obtaining

of magnesia spinel [18], chromites [19, 20]. Mecha-
nochemical reactions are mostly realized in high-
energy planetary mills with impact-attrition action.
The microwave synthesis of compound oxides is stud-
ied to a lesser extent [21, 22].

The present study mainly concerns the effects
of a microwave and different mechanical pretreat-
ments on MgCr,O, ceramic synthesis. There were
chosen magnesium and chromium oxides, hydroxides
and salts (nitrates) as precursors. Despite many exe-
cuted works the juxtaposition of different oxides
sources behavior in equivalent conditions are practical-
ly absent. There were chosen a ball-ring mill with attri-
tion action and a planetary mill in which an impact and
attrition actions of grinding bodies are combined.

MATERIALS AND EXPERIMENTS

The reagents Cr,03, Cr(OH)3, Cr(NOs)39H,0,
Mg(OH),, Mg(NO3),:6H,O employed in this study
were analytical grade with the averaged particle size
no more than 10 pm. The reactive magnesium oxide
(caustic magnesite, 99.7 wt % MgO) and sintered per-
iclase (China, 96.8 wt % MgO) were also used as
sources of magnesium oxide. The relative amounts of
MgO and Cr,03 were chosen to be equal to the com-
position of MgCr,0,.
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A mechanical treatment of mixtures for 20 min
was carried out in a ball-ring mill (BRM) with steel
balls 25.4 mm in diameter and in AGO-2 planetary
mill (PM) with corundum grinding bodies. A micro-
wave treatment for 15 min was done in a magnetron
oven BOSCH HMT72M420 (2,45 GHz, 6 kW).

XRD-patterns were obtained using a diffrac-
tometer DRON-6 with a copper target (A = 1.54 A), a
graphite diffracted beam monochromator, and a working
voltage and current of 40 kV and 100 mA, respectively.

XRD peaks for 26 18.1, 36.1, 57.5 and 63.3
correspond to cubic lattice planes of magnesiochro-
mite (110), (311), (511) wu (440), respectively
(JCPDS, 10-0351). The quantitative XRD analysis
was made analyzing magnesiochromite reflexes, which
are pretty much isolated from lines of accompanying
compounds (chromium and magnesium oxides).

MgO atomic-force microscopy (AFM) imag-
es were taken using an atomic-force microscope
Solver P47-PRO (NT-MDT, Russia) at room tem-
perature in air. Semicontact method of the surface
scanning with a standard silicon pyramidal cantilever
was used; scanning area was 50x50 um.

Specific surface area (SSA) measurements
were run on Autosorb-1 Quantachrome. Powder sam-
ples (0.4 g) were degassed under vacuum for 8 h and
a 10-point analysis was conducted at 77 K in liquid N,
over a relative pressure range of 0.05-0.33 p/p,. SSAS
were determined using Brunauer-Emmett-Teller (BET)
method.

Reactive mixtures for spinel formation kinet-
ics studying were prepared by components mixing
and subsequent cold pressing under 200 MPa in the
presence of a lignosulfonate technical as a temporary
binder. Tablets were burned in a resistance-heating
furnace MP 2UM and MF-1700M (800-1500 °C).

RESULTS AND DISCUSSION

Oxides, hydroxides and salts (nitrates) were
chosen to compare the precursors reactivity. Fraction-
al conversion values (MgCr,0O, spinel content) a un-
der various synthesis duration z were treated accord-
ing to Ginstling-Brounshtein equation:

1-2a - (1-a)?? = kgpr,
where kgg — effective rate constant, s™.

The possibility of its use was confirmed by
the dependence’s linearity with high linear approxi-
mation coefficients (0,96-0,99).

The reactivity of MgO various forms in the
spinel formation was compared. Soft-burned, or caus-
tic magnesite is obtained by the burning at 600-1000 °C
whereas periclase (dead-burned magnesite) is pro-
duced above 1450 °C.
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The first MgO is a friable powder which has
the density about 2.3 g/sm®, rather big specific surface
and reactivity from high to medium. MgO produced
under a hard burning has medium crystallites dimen-
sions and the lower activity because of lower specific
surface.

Dimensions of caustic magnesite and peri-
clase crystallites calculated by Debay-Sherrer equa-
tion were 28 + 5 u 116 + 8 nm, respectively. As a re-
sult, the activity of the second compound was con-
siderably lower (Table 1).

Table 1
Effective rate constants of MgCr,0O, formation from
different precursors (1000 °C)
Tabnuya 1. dpdeKTHBHBIE KOHCTAHTBI CKOPOCTH peak-
nun oopaszoBanusi MgCr,0, n3 pa3TuYHBIX NPEKypPCo-

poe (1000 °C)
PrecUrsors Effective ratesco_r11—
stant kgg+10°, s
MgO (caustic magnesite) + Cr,03 0.81+0.04
MgO (periclase) + Cr,0; 0.25+0.04
Mg(OH), + Cr,03 3.8+04

Mg(OH), + Cr(OH); 15+1
Mg(OH), + Cr(NO3)3 18+1
Mg(NO3), + Cr(NOs); 29+2

Oxides precursors react more slowly as
compared with hydroxides and salts. During hydroxides
and nitrates pyrolysis every substance is in an active
state because of incipient strains and following lattice
trnsformation (Hedwall effect). The lattice becomes
temporarily unstable that raises the reaction rate.
Thus, from now on, we used magnesium and chro-
mium hydroxides and nitrates for spinel synthesis.

XRD-patterns of burned product (800 °C)
from mixtures Mg(OH), and Cr(OH); obtained by a
simple mixing and after mechanical treatment in a
ball-ring mill and in a planetary mill are presented in
Fig. 1.

In all cases there was formed the desired
product (magnesiochromite MgCr,0,) in every
studied system but the content of initial oxide phases
(MgO, Cr,0O3) was large especially under a simple
mixing: 100% peak corrisponded to Cr,0; (Fig. 1, a).
After a mechanical pretreatment, maximum peak
belonged to the spinel (Fig 1, 6-6). The more
intensive influence in PM allowed the obtaining of
the greater product quantity. During a mechanical
treatment layer structures of hydrixides began to
destroy and form reactive oxides. Dependences (Fig
2) define the spinel accumulation in reaction mixtures
under various temperatures and treatment modes.
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Fig. 1. XRD-patterns of burned product (800 °C, 1 h) from
Mg(OH), and Cr(OH); mixtures, obtained with no mechanical
treatment (a), after treatment in BRM (b) and PM (c) + MgCr,0y;
A Cr203; 9 MgO
Puc. 1. Anudpakrorpammer mpoxykra ooxura (800 °C, 1 1) cme-
ceit Mg(OH); u Cr(OH)3, mony4ennsix 6e3 MO (a), 06paboTkoit
B IIIKM (b) u TIM (c¢) + MgCr,0,; A Cr,03; o MgO

The most positive MT influence in a plane-
tary mill (Fig. 2, curves 2) connected with Mg and Cr
compounds activation became apparent at rather low
temperatures (700-1100 °C). For example, at 1000 °C
magnesiochromite yield after the joint impact compo-
nent treatment was twice as much than under the sim-
ple mixing (Fig. 2, b). At the further temperature ris-
ing curves 1 and 2 (Fig. 2) approached each other, so
the influence of a pretreatment diminished, as the dif-
fusion coefficients which supported the rather fast
reaction also with no MT raised in these conditions.
The similar dependences character was received un-
der MgAl,O, synthesis investigation [18].

The joint mechanical treatment always accel-
erates the spinel formation. An appreciable reduction
of MgO reactivity in this reaction after a certain attri-
tion in a ball-ring mill that was described earlier [23, 24]
was linked to the plane sliding in cubic crystals and
resulted in the removing of the most disordered and
defective layer from grains and the plane surface un-
covering. AFM-images confirmed this character of
surface topography changes and its roughness after
various treatments. To estimate the roughness, we
eliminated the general background irregularity by

H.®. Kocenko, H.B. ®unarosa, A.A. EropoBa

means of the subtraction of the plane/surface (in this
case, a cubic surface). Such corrected images (Fig. 3)
showed that polycrystals after an attrition in ball-ring
mill had the minimal roughness (Fig. 3, b). After an
impact treatment (Fig. 3, ¢) the surface was obvious
irregular. Calculated summary roughness of MgO
particles diminished after an attrition: ~1 nm at the
distance 1.5 pm instead of 15 nm at the distance
8 um.

100 -

700 800 900 1000 1100 1200 1300
T, °C
a
100

80

60

Y, %

40

20

1000 1100 1200 1300 1400 1500
T,°C
b
Fig. 2. Influence of temperature and treatment mode of reaction
mixtures Mg(OH), + Cr(OH); (a), MgO + Cr,03 (b) upon the
spinel yield: 1 — simple component mixing; 2 — joint component
pretreatment in PM; 3 — joint component attrition in BRM;
4 — MgO attrition in BRM before components mixing
Puc. 2. BausiHue TemiiepaTypsl ¥ criocoda MorOTOBKH PEeaKI-
onnbIx cMmeceit Mg(OH), + Cr(OH); (a), MgO + Cr,05 (b) Ha
BBIXO/ HIITMHECIIN 1- IIPOCTOC CMEHICHUE KOMIIOHEHTOB;
2 — mpenBapUTeNbHAs COBMECTHas! 00paboTka KOMIIOHEHTOB B [TM;
3 — coBmecTHOE uctupanue kommnoHeHTos B LIIKM; 4 — uctupa-
ure MgO B IIIKM mnepen cMerieHueM KOMITIOHEHTOB

800 900

Mg(OH)z + Cr(OH)g, Mg(NO;;)Z + Cr(OH)g,
Mg(OH), + Cr(NOs); and Mg(NO3), + Cr(NOs); mix-
tures with stoichiometric relationships of components
were exposed to a microwave treatment (MWT).
XRD-patterns of products testified an amorphous
character of all treated mixtures. So, there were hap-
pened essential changes in compounds lattices during
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MWO which were accompanied with defect accumu-
lation. Indicated above precursor mixtures after MWT
were subjected to the traditional burning in a thermal ov-
en at 1000 °C. Fig. 4 shows XRD-patterns for products.

nm
400
200
urd

40
um 40 30 20 10 0

nm
400
200
urd

c

Fig. 3. AFM-images of MgO polycrystals (within one grain) with
no mechanical treatment (a), after treatment in BRM (b) and PM
(c); 1 —initial image, 2 — 3-order surface substracted
Puc. 3. ACM-u3o6paxenus noiukpucramuios MgO (B npenenax
OIIHOTO 3epHa): a — 6e3 06paboTku; b — moce 06paboTku B
HIKM; ¢ — nocnie o6pabotku B [IM; 1 — necxomHoe n3o0paxeHue,
2 — mocJie BRIYUTAHUS TIOBEPXHOCTH 3-TO TOpsAAKa

Flat areas kept this state also under high tem-
peratures. By this reason, MgCr,O, formation intensi-
ty after such treatment decreased in all temperature
range (Fig. 2, b, curve 4).

Findings testified MgCr,0, formation when
reaction mixtures were composed from all precursor
pairs. In all cases100% peaks corresponded to the
spinel. The burned product from Mg(OH);, + Cr(OH);
mixture was the least crystallized (Fig. 4, a). Besides,
it contained a considerable amount of Cr,0s. It is dif-
ficult to isolate MgO peaks because of their close ar-
rangement to spinel reflexes: interplanar spacings are
equal to 0.211 and 0.149 nm for MgO (100%); 0.209
and 0.147 nm (54 and 47% respectively) for
MgCr,04. The maximum peak (100%) for spinel re-
vealed independently (d = 0.251 nm). The burned
products from other mixtures were rather well crystal-
lized (Fig. 4, c-d). However, magnesiochromite was
practically single product only under the choice of Mg
and Cr nitrates as precursors. The last fact was also
confirmed by element analysis data.

100

The MgCr,0, yield values for various pre-
treatment modes of reaction mixtures before the burn-
ing are compared in Table 2. The maximum yield was
observed when Mg and Cr nitrates were used. Every
kind of their activation raised the spinel yield up to
92-100%. Evidently, it related to a high hydration
degree of initial nitrates, so MT and MWT lead to
considerable changes in compound structures during
the water elimination. The intensive mechanical
treatment in a planetary mill was the most effective
one for all mixtures. During an impact action, reagent
crystallites accumulated a big quantity of vacancies
including as the dehydration result. An attrition treat-
ment in a ball-ring mill was accompanied by substan-
tially smaller power inputs; it was too little effica-
cious.

‘ .
4
1 d
+
20 25 30 35 40 45 50 55 60 65
20

Fig. 4. XRD-patterns of mixtures subjected to the microwave treat-
ment and the burning in a thermal oven (1000 °C, 1 h): a - Mg(OH),
and Cr(OH); b - Mg(NO3), and Cr(OH)3; ¢ - Mg(OH), and
Cr(NO3)3; d - Mg(NO3), and Cr(NOs)3
Puc. 4. ludpakrorpaMmbl cMeceil, MOABEPTHYTHIX MHUKPOBOJI-
HOBOH 00paboTke u 00xkury B Tepmudeckoit meuu (1000 °C, 1 ):
a- Mg(OH)2 54 Cr(OH)g, b - Mg(NO3)2 54 Cr(OH)3, C- I\/Ig(OH)2
" CF(N03)3; d- Mg(N03)2 u CT(N03)3

The combined method consisting of a me-
chanical treatment of magnesium and chromium ni-
trates mixture in a planetary mill and the subsequent
burning in a thermal kiln (1000 °C) was considered as
the most effective as it resulted in practically single
product. The microwave treatment took up an inter-
mediate position by the effectiveness.
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Table 2
MgCr,0, yield from mixtures pretreated by microwave
and mechanical methods after the burning (1000 °C, 1 h)
Tabnuya 2. Beixog MgCr,0, u3 cmeceii, moABepruHyTHIX
NpeIBapUTeJbHOH MUKPOBOJIHOBOW N MeXaHHYeCKOi
odpadoTke, mociae ooxura (1000 °C, 1 v)

- ——
Spinel Spinel yield, %, after
. treatment
yield, %, ———
Precursors . in mi- .
with no crowave| .M |inPM
treatment BRM
oven
Mg(OH),+Cr(OH); | 44+3 | 58+3 |61+2|94+5
Mg(OH),+Cr(NO3); | 53+4 | 79+5 |58+3(97+6
Mg(NQO3),+Cr(OH); | 56+2 | 72+£8 |61+4|98+5
Mg(NO3),+Cr(NO3)3| 61+5 |100+3 [92+3(100+4

The burning temperature rising lead to some
healing of defects; crystallites sizes became bigger
(Table 3).

Table 3
Structural characteristics of magnesiochromite from
burned mixtures of Mg and Cr nitrates after treatment
in planetary mill
Tabnuya 3. CTpyKTypHbIe XapaKTepHCTUKH MarHe3no-
XpoMHTA H3 000:KeHHoi cMecH HuTpaToB Mg u Cr
nocjie 00padoTKH B MJIAHETAPHOI MeJIbLHHUIE

Burning tem-| Size of crys- | Cell parameter | Specific sur-

perature, °C | tallites, nm a, nm face, m2/g
800 17.7 0.8519 +£0.0003| 63.3+0.4
1000 23.9 0.8496 +0.0004| 51.6+0.3
1200 35.5 0.8484 +0.0004| 21.2+0.3
1400 51.0 0.8461 +£0.0005| 17.1+0.1

Some structural ordering brought to the cell
parameter diminution approaching to the theoretical
value (0.8329 nm). It was naturally followed by the
reduction of the product specific surface.

CONCLUSION

Reactive mixtures were activated by means of
a mechanical and microwave treatment to intensify
the magnesiochromite ceramic synthesis. The spinel
yield after burning under relatively low temperature
(1000 °C) increased up to 92-100%. The single-phase
MgCr,0, was synthesized from the mixture of Mg
and Cr nitrates. An attrition of the single MgO before
the spinel formation made the oxides interaction
slower that was confirmed with a lesser quantity of
the formed product. The reactivity of different precur-
sors (oxides, hydroxides, salts of Mg and Cr) during
the spinel formation was juxtaposed by means of ef-
fective rate constants.
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