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Представлены результаты синтеза и физико-химического исследования магний-

фосфатной связки, исходя из природного брусита Кульдурского месторождения, состоящего 

в основном из гидроксида магния Mg(OH)2, и 60 % раствора H3PO4. По данным термограви-

метрии установили, что все потери массы относились к многоступенчатому удалению 

воды. До 140 °С удалялась кристаллогидратная влага. В дальнейшем однозамещенный гидро-

фосфат магния превращался в MgH2P2O7 и Mg2P4O12, что не противоречит литературным 

данным. При нагревании бруситфосфатной связки (БФС) дегидратация сопровождалась эн-

дотермическими эффектами. В интервале 450-575 °С наблюдался слабый экзотермический 

эффект, который мог быть связан с перестройкой структуры (циклизацией) первичных ме-

тафосфатов магния и/или кристаллизацией безводных циклофосфатов из первично выделив-

шейся аморфной фазы, несвязанной с изменением массы. При 500–1000 °С фазовый состав 

оставался неизменным, что хорошо согласуется с данными, полученными другими мето-

дами. С помощью ИК спектроскопии подтверждено наличие в структуре циклов из фосфор-

кислородных тетраэдров. БФС достаточно устойчива; время живучести не менее года. Для 

определения кинетических параметров спекания периклаза с БФС была использована модель, 

учитывающая роль физического уплотнения и химического связывания в присутствии свя-

зующего в процессе нагревания. Анализ параметров показал, что прочность конгломерата 

обеспечивалась как за счет собственно спекания, так и за счет действия связующего; при 

этом предполагаемый вклад химического фактора максимален при низких температурах. 

При дальнейшем нагревании диффузионные процессы активизируются, и собственно спека-

ние активизируется. Определили эффективную энергию активации спекания периклаза: 

Еа=255±8 кДж/моль, которая совпадает с энергией активации диффузии кислорода в MgO 

(252,05 кДж/моль). 

Ключевые слова: магнийфосфатная связка, бруситфосфатная связка, брусит, фосфаты магния, 

термический анализ, периклаз, спекание, кинетика 
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Some results on magnesium phosphate binder obtained from natural brucite (mainly 
Mg(OH)2) and H3PO4 were discussed. Hereafter, it was named brucite phosphate (BPB). This 
binder then was used to the sintering of MgO (periclase). MgO is one of the most high-refractory 
materials and chemically stable to various aggressive mediums, so the aim was presented as actual. 
To determine the phase composition data on sample weight loss in different temperature intervals 
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were compared. All weight losses were related to the multistage water moving away. Up to 140 °С 
it was the removal of crystalline hydrate water. Then monosubstituted magnesium hydrophosphate 
transformed into MgH2P2O7 and Mg2P4O12, that in principle was in accordance with literature data. 
Dehydration was accompanied with appropriate endothermal effects. There was a slight exother-
mal effect which could relate to a structure rearrangement (cyclization) of primary magnesium 
metaphosphates and/or some crystallization of anhydrous cyclophosphates from primarily obtained 
amorphous phase non-connected with a weight loss in the interval of 450-575 °С. At 500–1000 °С 
the phase composition remained constant that was in a good accordance with data obtained by 
other methods. By means of IR-spectroscopy, it was confirmed the formation of structure cycles 
composed from oxygen-phosphor tetrahedrons. To determine kinetics parameters of periclase sin-
tering with BPB it was used a model being proposed that took the role of a physical consolidation 
and a chemical binding in the presence of binder into account under heating. The obtained param-
eters analysis showed that the forming conglomerate strength was provided with the sintering 
properly as well as with binder action; an estimated chemical factor contribution was maximal at 
low temperatures (1100-1200 °C). The activation energy value was practically identical to the acti-
vation energy of oxygen diffusion in MgO. 

Key words: magnesium phosphate binder, brucite phosphate binder, brucite, magnesium phosphates, 
thermal analysis, periclase, sintering, kinetics 
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INTRODUCTION 

The bonding properties of metal phosphates 

are recognized for numerous years [1]. Phosphate sub-

stances are of interest due to high melting points, hard-

ening of many compositions at ambient temperatures 

and considerable strength. Phosphate systems are ex-

ploited as dental cements [1], refractories [2], coatings 

[3], etc. Early works on phosphate materials were re-

viewed [4]. Many compositions of cold and thermal 

setting and hardening have been worked out. In recent 

years the interest to phosphate cements and binder be-

came stronger because of application field enhance-

ment. One of key position among them is taken by 

magnesium phosphates-based materials. They are the 

most readily available, harden rapidly, have a little 

shrinkage, high early strength at ambient temperatures 

that considerably increases under heating. These ad-

vantages have rendered magnesium phosphates ce-

ments (MPCs) popular in various applications includ-

ing fast-repair of civil structures [5], in refractories and 

coatings [6,7]. Several cements are used as biological 

material including orthopedic [8], dental [9], antibac-

terial preparations [10], for porous and foamed con-

cretes fabrication [11]. The important direction of 

MPCs applications is stabilization/solidification of 

hazardous substances, nuclear and wood wastes 

[12,13]. Recently, some new ways of MPCs use have 

been formed, such as thermal energy storage [14], 3D 

printing [15], etc.  

At present, magnesia is often mixed with one 

of hydrogen salts: ammonium NH4H2PO4 [16] or po-

tassium KH2PO4 [17, 18] instead of phosphoric acid. It 

allows decreasing the intensity of components interac-

tion and in some cases avoiding the necessity of MgO 

activity reduction to diminish heat release that hinders 

the strength structure forming. It is not a problem under 

a liquid binder preparation, as a binder is prepared in 

advance and used in the form of metastable solution of 

acid salts [1, 19]. Besides, an exothermic reaction al-

lows obtaining of a binder without heat.  

Whereas compositions, structure and proper-

ties of MPCs depending on many factors have been 

elaborated, it would not say about magnesium phos-

phate binders (MPBs). Since MPBs for the most part 

are used in refractories and high-temperature coatings, 

the presence of NH4
+, К+, Na+ ions is not desirable. An 

ammonium salt decomposes under heating and re-

leases unpleasant ammonia which aerates a green prod-

uct and restricts its outdoor applications. Alkaline ions 

are active fusing agents that reduce the refractoriness 

of a sintered material. 

Earlier thermal transformations of several 

phosphates have been investigated [20,21]. MgO is 

also of interest from the point of view of its reactivity [22]. 

MPBS are obtained on the base of reactive 

MgO or a technical product: caustic magnesite or per-

iclase. However, it is known [1], that binders could be 

also synthesized using any raw material of a natural 

origin (talc, mica, kaolin, etc.).  
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In the present work, we discuss some results 

on magnesium phosphate binder obtained on the base 
of natural brucite (mainly Mg(OH)2) and phosphoric 

acid. Hereafter, it was named brucite phosphate (BPB). 
This binder then was used to the sintering of MgO (per-

iclase). As MgO is one of the most high-refractory ma-
terials and stable to various aggressive mediums, the 

aim was presented as actual. 

EXPERIMENTAL PART 

A commercially available brucite of Kuldur 

mine (Jewish Autonomous Region) was used. Its 
chemical analysis reported MgO 96.7 wt%, CaO 

1.95%, SiO2 0.80%, Fe2O3 0.10%, loss on ignition 
32.4. When brucite powder was added to H3PO4, an ex-

othermic reaction was observed. The brucite powder 
was stirred in a 60 wt% thermal phosphoric acid (Rus-

sian National State Standard 10678) solution. The 

weight ratio of MgO and Н3РО4 ensured the acid neu-
tralization to monosubstituted Mg(H2PO4)2∙nH2O for-

mation (with 50% excess of H3PO4): 

MgO + 2H3PO4 + (n-1)H2O  Mg(H2PO4)2∙nH2O. 
Magnesium dihydrophosphate is a water-solu-

ble compound. The obtained binder contained undis-

solved suspended solids was filtered through a ceramic 
filter, and then was kept in a tightly closing vessel.  

Differential thermal analysis (DTA) and ther-
mogravimetry (TG) were recorded using a METTLER 

TOLEDO STARe System TGA/SDTA851e/LF/1600. 
In these tests, samples were heated up to 900 °C at a 

rate of 5 °C/min under an atmosphere of flowing air 
(50 mL/min) with α-alumina as reference substance. 

Infrared (IR) spectroscopy was conducted on KBr us-
ing Avatar 360-FT-IR.  

Sintered periclase (China) for high-tempera-
ture treatment with BPB was refractory grade; 70% of 

particles had a particle size 15-50 μm. Samples were 
cold-pressed under 200 MPa into tablets and were sub-

mitted to a thermal treatment 15-150 min at 1100-1600 °С 
in electric furnace in air atmosphere.  

RESULTS AND DISCUSSION 

TG and DTA were conducted for BPB samples 

partially pre-dried in a vacuum drying chamber (Fig. 1). 
To determine the phase composition experimental and 

calculated data on sample weight loss in different tem-
perature intervals were compared (Table 1). All weight 

losses were related to the multistage water moving 
away. Up to 140 оС it was the removal of crystalline 

hydrate water.  
Then monosubstituted magnesium hydrophos-

phate transformed into MgH2P2O7 and Mg2P4O12. De-
hydration was accompanied with appropriate endother-

mal effects. There was a slight exothermal effect which 

could relate to a structure rearrangement (cyclization) 

of primary magnesium metaphosphates and/or some 
crystallization anhydrous cyclophosphates from pri-

marily obtained amorphous phase non-connected with 
a weight loss in the interval of 450-575 °С. At 500-

1000 °С the phase composition remained constant that 
was in a good accordance with data obtained by other 

methods. It is well-known [20], that cyclotetraphos-
phates (CTPs) of different metals are stable in a wide 

temperature interval. At high temperature (> 1000 °С) 
P2O5 gradually removed, and magnesium pyro- and or-

thophosphate were formed. 
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Fig. 1. TG (1) and DTA (2) curves of brucite phosphate binder  

Рис. 1 Кривые ТГ (1) и ДТА (2) для бруситфосфатной связки 

 
Table 1 

Phase transformations of BPB under heating  

Таблица 1. Фазовые превращения БФС при нагре-

вании 

Temper-

ature in-

terval, °С 

Decomposition stage 

Weight loss, % 

Experi-

mental  

Calcu-

lated   

< 140 
Mg(H2PO4)2·2H2O  

Mg(H2PO4)2 + 2Н2О  
13.8 14.2 

180-260 
Mg(H2PO4)2  MgH2P2O7 + 

H2O  
7.9 7.1 

260-330 
MgH2P2O7  Mg2P4O12·H2O 

+ H2O  
3.9 3.5 

360-450 
Mg2P4O12·H2O  Mg2P4O12 + 

H2O 
3.5 3.5 

 Sum  29.1 28.3 

 

As an amorphous phase was presented in all 

temperature interval, and it was predominant at high 

and low temperatures, X-ray diffraction was not aт in-

fallible method for the phase constitution definition. 

So, X-ray pictures for the binder were not presented. 

We used IR-spectroscopy to confirm the BPB compo-

sition. After BPB burning at 900 °С and 1000 °С spec-

tra were practically identical, and magnesium CTP pre-

sented the only phase (Fig. 2). 
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Fig. 2. IR spectrum of brucite phosphate binder burned at 900 °С  

Рис. 2. ИК-спектр бруситфосфатной связки, обожженной при 900 °С 

 

In the wave number field of 1000-1200 and 

400-550 sm-1 a strong absorption was observed, be-

sides, bands had sufficiently complicated contour. 

Many CTP bands relate to the structure complexity 

[23]. Each of four valence vibration groups (νas и νs О-

РО- and νas и νs РОР) give two vibrations that are active 

in IR-spectra: νas О-РО- – three bands in the interval of 

1300-1400 sm-1, νs О-РО- – several joined bands at 

1000-1200 sm-1, νs РОР – three bands in the field of 

700-780 sm-1. Besides, cycles Р4О12 have the sym-

metry S4 in crystal; it complicates additionally the 

character of particle vibrations [23]. The characteristic 

bands at 700-770 sm-1 related to structure cycles com-

posed from bounded oxygen-phosphor tetrahedrons.  

Brucite phosphate binder was rather sable; its 

time of liveness was not less than 1 year, that was con-

venient for its use. 

Further, periclase sintering with BPB was 

studied. Earlier [24] a model for corundum materials 

sintering kinetics had been proposed; it took the role of 

a physical consolidation and a chemical binding in the 

presence of alumina-boron-phosphate binder into ac-

count under heating: 

σdestr = kτn + χτm, 

where σdestr is destruction strength (ultimate compres-

sive strength); k is an effective sintering rate constant, 

 is time, n is coefficient characterizing the sintering 

mechanism; χ и m are coefficients, defining a chemical 

factor contribution into strengthening of sintering ma-

terial (not are constants of chemical reaction).  

In this work, an attempt of treatment of exper-

imental data obtained for periclase strengthening in the 

presence of BPB using this model has been done. Com-

puter simulation was carried out by means of program 

package MathCad. Experimental and calculated pa-

rameters are given in Table 2.  

Table 2 

Sintering parameters of periclase with BPS 

Таблица 2. Параметры спекания периклаза с БФС 

Strength and kinetics parameters  
Burning temperature, °С 

1100 1200 1300 1400 1500 1600 

Compressive strength after burning 

(150 min) σ150, MPa 
18.9 ± 0.3 36.6 ± 0.6 53.9 ± 0.7 70.8 ± 0.9 94.9 ± 0.3 106 ± 2 

Effective rate constant k 4.06·10-5 1.87·10-4 5.78·10-4 1.49·10-3 5.17·10-3 1.02·10-2 

Chemical factor contribution χτm, %  70.2 35.5 21.7 11.0 7.3 5.1 

 

The obtained parameters analysis showed that 

the forming conglomerate strength was provided with 

the sintering properly as well as with binder action; an 

estimated chemical factor contribution was maximal at 

low temperatures (1100-1200 °C), as it could be ex-

pected. Under further heating, diffusive processes were 

activated, and sintering properly intensified. In MgO, 

diffusion coefficient of oxygen ions is considerably 

less than that for magnesium ions, so their diffusion 

was the limiting stage of the sintering. Arrhenius plot 

(Fig. 3) of periclase sintering with brucite phosphate 

binder (coefficient of linear approximation 0.997) al-

lowed determination of the effective activation energy, 

that was equal to (255±8) kJ/mole.  
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Fig. 3. Arrhenius plot of periclase sintering with brucite phos-

phate binder 

Рис. 3. Зависимость в координатах уравнения Аррениуса для 

спекания периклаза с бруситфосфатной связкой 

 

This value was practically identical to the 

activation energy of oxygen diffusion in MgO 

(252,05 kJ/mole [25]). Comparing obtained activa-

tion energy values, the MgO sintering could be consid-

ered from the position of dislocation-viscous flow [26]. 

Thus, the selected mathematic model described ade-

quately processes under periclase sintering with bru-

cite-phosphate binder. 

CONCLUSION 

Magnesium phosphate bonding agent based on 

a natural brucite (mainly Mg(OH)2) was synthesized 

by means of the brucite dissolution in 60% phosphoric 

acid solution. Obtained binder had a time of liveness 

was not less than 1 year. 

A physicochemical investigation (thermal 

analysis, IR spectroscopy) allowed to determine the 

phase composition based on sample weight loss in dif-

ferent temperature intervals. Some kinetics parameters 

(effective rate constants, activation energy) on peri-

clase sintering with brucite phosphate binder have been 

obtained. 
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