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Широкое промышленное применение растворов кислого фосфата алюминия как 
связующих для изготовления огнеупоров и других композиционных материалов зачастую 

ограничено их низкой стабильностью при хранении, особенно при молярном отношении 
Р2О5 /Al2O3 (P/Al) менее 3,0. Важнейшим фактором устойчивости фосфатных связок яв-
ляется степень их однородности, достигаемой в процессе синтеза. Внимание к степени 

прозрачности связок обусловлено тем, что взвешенные частицы твердой фазы, не полно-
стью растворившиеся в фосфорной кислоте, представляют собой зародыши для последу-
ющей спонтанной поликонденсации, а, следовательно, к нерегулируемому затвердеванию 

дисперсии при хранении. Нежелательным результатом такого процесса является значи-
тельное сокращение срока живучести связок. С помощью нефелометрического анализа 
показано, что при фиксированной длительности синтеза максимальную однородность 

имели связки, полученные при растворении гидроксида алюминия в виде гиббсита Al(OH)3 
после обработки при 200-250 °С (Г200, Г250) и гидроксида алюминия в форме байерита в 
ортофосфорной кислоте (ОФК). Методом ИК-спектрального анализа показано, что со-

ставы жидкой фазы и осадка, выделенных из алюмофосфатной связки, различались неза-
висимо от температуры термообработки гиббсита, а значит, фильтрация способна 
нарушить заданное молярное соотношение P/Al. Следовательно, в ходе синтеза связки 

целесообразно добиваться максимально полного растворения вещества, вводящего Al2O3, 
в том числе и за счет повышения реакционной способности последнего. Сравнительно 
быстрое растворение гиббсита, термообработанного при 200 и 250 °С (Г200, Г250), а 

также байерита в ортофосфорной кислоте могло свидетельствовать об их повышенной 
химической активности. 

Ключевые слова: фосфатные связующие, алюмофосфатная связка, дигидрофосфат алюминия, 
реакционная способность гидроксида алюминия, гиббсит, байерит, бёмит, однородность связки, отно-
шение P/Al 
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The wide industrial use of acid aluminum phosphate solutions as binders for refractories 

and other composites is often limited by their low storage stability, especially at the molar ratio Р2О5 / 

/Al2O3 (P/Al) < 3.0. The most important factor in the phosphate binder's stability is the degree of 

their homogeneity achieved in the process of synthesis. The attention to the degree of binder's 
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transparency is because suspended particles are nuclei for subsequent spontaneous polycondensa-

tion, and therefore too unregulated solidification of a dispersion during storage. An undesirable 

result of this is a significant reduction in the binder's survivability. The nephelometry showed that at a 

fixed synthesis duration, the binders obtained by dissolving gibbsite after treatment at 200-250 °C 

(G200, G250) and bayerite in orthophosphoric acid (OPA) had the maximum homogeneity. IR 

spectra showed that the compositions of the liquid phase and the precipitate differed regardless of 

the gibbsite heat treatment temperature, which means that filtration is able to violate the specified 

P/Al ratio. Therefore, during synthesis, it is advisable to achieve the most complete dissolution of 

the substance introducing Al2O3, including by increasing the reactivity of the latter. The relatively 

rapid dissolution of G200, G250 and bayerite in the OPA solutions could indicate their increased 

chemical activity. 

Key words: phosphate binders, aluminum phosphate binder, aluminum dihydrogen phosphate, alumi-

num hydroxide reactivity, gibbsite, bayerite, boehmite, binder homogeneity, P/Al ratio 
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INTRODUCTION 

For eight decades, inorganic phosphates have 

been known as chemical binders with increasing prac-

tical applications due to their resistance to high tem-

peratures, low-temperature curing, low production 

costs and ease of preparation [1], excellent adhesive 

strength [2], and increased resistance to chemical cor-

rosion [3] and oxidation [4]. Phosphate binders are of 

particular interest in the field of refractories due to their 

good adhesion and reduced risk of cracking at high 

heating rates after hardening [5, 6]. Phosphate-based 

refractories have great potential for use in the petro-

chemical industry, as they have the necessary proper-

ties in the temperature range used in catalytic cracking 

[7]. Phosphate bonded refractories can be used as re-

pair materials due to their short setting time and good 

thermomechanical properties [5]. Oxide-phosphates 

have good resistance to low temperatures [8]. 

Currently, there are many commercially avail-

able phosphate compounds based on aluminum (more 

than 50) [5]. They are used as flame retardant additives 

in adhesives, antifreezes, paints. Aluminum phos-

phates are mainly used, which provide good strength, 

stability at high temperatures, and abrasion resistance 

[9], low shrinkage during hardening, low cost and short 

production cycle [10]. Alumina phosphate binders 

(APBs) have good application prospects in fields such 

as aerospace, coatings, composites due to their high ad-

hesion strength, dielectric properties, structure design 

capabilities, and sintering temperature reduction. For 

example, composites with an alumina phosphate (AP) 

matrix reinforced with quartz fiber are expected to be-

come materials for the next generation of hypersonic 

fairings. AP coating provides excellent radiation 

cooling [11]. 

Among APBs, aluminum dihydrogen phos-

phate Al(H2PO4)3 (ADHP), also called monoalumin-

ium phosphate (MAP), stands out, which is recognized 

as one of the most effective binders due to its good me-

chanical and adhesive strength, high solubility in wa-

ter, abrasive and corrosion resistance, ability to react 

with basic and amphoteric raw materials at low tem-

peratures [5]. This non-toxic and environmentally 

friendly cementitious substance is widely used in high-

temperature adhesives, ceramics, refractories, compo-

site materials, and anti-corrosion coatings [12]. Chem-

ically bonded alumina phosphate ceramics offer vari-

ous benefits, including good corrosion resistance and 

strength at high temperatures. Composites based on 

ADHP and mullite with excellent mechanical and ther-

mal properties are promising for high-strength thermal 

insulation in chemical, metallurgical, pharmaceutical, 

aerospace, and other fields [12]. APBs also play an im-

portant role in such areas as the fairings manufacture, 

flame retardants, porous materials, inorganic mem-

branes, etc. [11]. Ceramics were obtained from porous 

silicon carbide (SiC) [13] and SiO2 [14] with ADHP. 

3D printing of Al2O3 ceramic structures with ultra-low 

shrinkage is realized through the introduction of 
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ADHP as a ceramic precursor [15]. The potential use 

of APBs in the processing of strontium-containing 

waste has been noted [16]. The flammability and 

spread of fire in a mixed geopolymer of fly ash and 

metakaolin with the addition of ADHP and aluminum 

phosphate AlPO4 have been evaluated [17]. ADHP is 

used for phosphate ceramic coatings on stainless steel 

[4, 18]. A porous foam made of carbon fiber with an 

aluminum phosphate has been proposed [19]. The pos-

sibility of improving the lubricity and wear resistance 

of graphite coating at elevated temperatures due to a 

phosphate binder has been noted [20]. A heat-resistant 

adhesive was obtained for the repair and bonding of ti-

tanium alloys [21]. A practical adhesive made of alu-

minum phosphates as a matrix and SiO2/B4C has been 

developed [1]. APBs are suitable for the manufacture 

of wood-based panels, as they can replace formalde-

hyde-based adhesives in the woodworking industry 

[22]. APs have been used to restore destroyed Terra-

cotta warriors and horses at the Xianyang Museum, 

fractured sandstone in the Yungang Grottoes in Da-

tong, and the Thousand Buddha Cliff in China. In [24], 

the potential of acidic solutions of aluminum phos-

phate to improve the characteristics of kaolin phos-

phate geopolymer binders obtained at room tempera-

ture was evaluated.  

The thermal evolution of aluminum phos-

phates has been repeatedly considered in the scientific 

literature [17, 25-29]. These compounds exhibit sev-

eral phase transitions when heated, which are mainly 

characterized by polymerization and condensation re-

actions to form tripoly- and metaphosphates. The heat-

ing to a temperature above 1200 °C causes the meta-

phosphates transition to AlPO4 with the simultaneous 

release of phosphorus oxide P2O5. The reaction pat-

terns of aluminum phosphates are highly dependent on 

the molar ratio of P2O5/Al2O3 (P/Al), heat treatment, 

reaction atmosphere, etc. [3]. 

There are many factors to consider when se-

lecting the P/Al ratio for the synthesis and study of 

APBs. For example, the lowest curing temperature was 

observed at P/Al ratio of 2.49 [2]. At P/Al = 3:1, the 

only reaction product was Al(H2PO4)3 [24, 25, 27, 28] 

with the best adhesion strength. With an increase in the 

concentration of phosphoric acid solution in the range 

of 60–80%, the viscosity increased due to a greater de-

gree of polymerization of phosphorus-oxygen tetrahe-

dra [27]. Industrial use of acid aluminum phosphate so-

lutions is often limited by their low storage stability, 

especially at P/Al < 3.0. A white sediment fell after a 

few days/weeks of APB storage with P/Al from 2 to 

3. A solution with P/Al ≥ 3 is stable for a long time 

[9, 11, 29]. The destabilization mechanism included 

polymerization with the formation of insoluble alumi-

num phosphate compounds, and a decrease in the solu-

tion concentration could improve its stability. Boron 

supplementation increased stability by reducing the 

number of active sites on the aluminum phosphate 

forms available for polymerization and by increasing 

the viscosity of the solution, which restricted the move-

ment of aluminum phosphate forms [11]. At the same 

time, it should be borne in mind that the adhesion char-

acteristics and heat resistance increased with a de-

crease in the P/Al ratio [10]. With a P/Al increase in 

the initial solution, the polymerization rate increased, 

so Al(PO3)3[A]  was formed at lower temperatures (al-

ready at 350 °C after heating the solution with a P/Al 

ratio of 3.5) [9]. If the P/Al ratio was greater than 3, 

then a solution contained residual phosphoric acids af-

ter heat treatment [29], which could be critical for some 

industrial applications (corrosion of furnaces with vol-

atile P2O5) [26]. The compressive strength of the sam-

ples increased with an increase in P/Al due to the for-

mation of Al-O-P bonds during dehydration when the 

temperature increased [28]. The main advantages (+) 

and disadvantages (-) of low and high P/Al values in 

APBs are summarized in Table.  

 
Table 

Influence of the P/Al ratio on the most important APBs 

characteristics  

Таблица. Влияние отношения Р/Al на важнейшие 

характеристики алюмофосфатного связующего 

(АФС) 

Р/Al < 3 Р/Al > 3 

(-) Low stability 

(+) Higher curing speed 

(+) Lower hygroscopicity 

(+) Fewer microcracks in the 

hardened binder 

(+) Better adhesion 

(+) Higher heat resistance 

(+) Higher stability 

(+) Strength increases 

(-) Hardening time in-

creases  

(-) Presence of residual 

phosphoric acids  

 

Aluminum hydroxide [9, 12, 28, 30] or Al2O3 

[9] was most often used as a source of alumina. Alu-

minum nitrate and chloride [30] and pseudo boehmite 

[31] were also tested. Orthophosphoric acid was usu-

ally diluted to 60-65% for synthesis, a 48% solution 

was only used to obtain self-flowing concretes [17]. 

In this paper, an attempt is made to compare 

the use of different forms of Al(OH)3: bayerite and 

gibbsite, which have different reactivity, in the synthe-

sis of APBs with a P/Al ratio of 3.0, as well as the be-

havior of prepared binders.  

MATERIALS AND EXPERIMENTS 

The following reagents were used: 85% ortho-

phosphoric acid (OPA) H3PO4, JSC "Khimreaktiv", 
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"pure", GOST 6552-80; aluminum hydroxide Al(OH)3 

(gibbsite), JSC "Khimreaktiv", "pure for analysis", 

GOST 11841-76, bayerite Al(OH)3, the synthesis and 

characteristics of which were described earlier [32]. 

Bayerite was used for the synthesis of APB without ad-

ditional processing, and gibbsite was subjected to heat 

treatment at 50, 100, 150, 200, 250, 300, 350, 400, 450, 

500 and 550 °C. Heat-treated samples were designated 

G50, G100, G150, G200, G250, G300, G350, G400, 

G450, G500 and G550, respectively. 

Thermal analysis (TG/DSC) was performed 

using a NETZSCH STA 449F5 Jupiter: heating rate of 

5 °C/min in a flowing air atmosphere (50 ml/min) with 

α-Al2O3 as the standard substance. IR spectra were ob-

tained on the Avatar 360-FT-IR spectrometer (Ni-

colet). X-ray phase analysis was carried out at the 

DRON-6 facility with a copper anode (λ = 1.54 Å, 40 kV, 

100 mA). The turbidity of the binders was assessed us-

ing a nephelometer 2100 AN (HACH). Specific elec-

trical conductivity was measured at 20 °C on a labora-

tory conductometer ANION 4120.  

To prepare APBs, the acid was diluted with 

distilled water up to 65 %, heated in a water bath to 

85 °C, and then, continuing heating and continuous 

mixing, Al hydroxide was added in portions in an 

amount that provided a molar ratio of P/Al 3.0. The 

synthesis duration was 1 h. Naturally cooled binders 

were stored in well-closed vessels. The density of bind-

ers was within 1.461.51 g/cm3; specific electrical 

conductivity 3.14.5 mS·cm-1; pH 0.971.02 (20 °C); 

viscosity 0.740.82 Pa·s (20 °C). 

RESULTS  

Aluminum oxide-hydroxide compounds have 

different reactivity, ranging from extremely low in co-

rundum α-Al2O3 to high in alumogel and bayerite. We 

compared the results of APB synthesis using a freshly 

precipitated and dried bayerite and gibbsite, which was 

subjected to heat pretreatment in the temperature range 

of 50-550 °C. 
By dissolving bayerite in OPA according to the 

above method, a viscous transparent liquid was ob-

tained, while the use of heat-treated gibbsite gave am-

biguous results. Under the same synthesis conditions, 

the original gibbsite and G50 formed turbid binders; 

G100 and G150 formed weakly turbid solutions, G200 

and G250 – transparent solutions; for G300G550, a 

more pronounced sediment release was observed. To 

quantify the degree of turbidity, nephelometric meas-

urements were carried out (Fig. 1). Attention to the 

binder transparency is due to the fact that suspended 

particles are nuclei for subsequent spontaneous poly-

condensation, and therefore to the unregulated disper-

sion solidification during storage. An undesirable re-

sult of this is a significant reduction in the binder's sur-

vivability, which sometimes makes it impossible to use 

them in practice.  
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Fig. 1. Relative nephelometer signal intensity for APBs obtained 

under comparable conditions using gibbsite processed at differ-

ent temperatures. In the lower left corner is a dot for bayerite-

based APB 

Рис. 1. Относительная интенсивность сигнала нефелометра 

для АФС, полученных в сопоставимых условиях с использо-

ванием гиббсита, обработанного при разных температурах. В 

левом нижнем углу точка для АФС на основе байерита 

 

The rapid solubility of bayerite in OPA can ap-

parently be explained by the high reactivity of the 

freshly precipitated reagent. 

For all synthesized binders, identical diffrac-

tograms were obtained, one of which is presented in 

Fig. 2. It shows that the binders with a molar ratio of 

P/Al = 3.0 are monophasic aluminum dihydrogen 

phosphate. 

 

 
Fig. 2. Diffractogram of APB obtained from gibbsite (1);  

a bar diagram of the ADHP standard Al(H2PO4)3 [27] is given (2) 

Рис. 2. Дифрактограмма АФС, полученной из гиббсита (1);  

приведена штрих-диаграмма эталона ДГФА Al(H2PO4)3 (2) [27]  

 

TG and DSC curves for gibbsite-based APB 

(Fig. 3) indicate stepwise transformations of aluminum 

dihydrogen phosphate.  
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Fig. 3. TG/DSC curves of gibbsite-derived APB 

Рис. 3. ТГ/ДСК кривые АФС, полученной из гиббсита 

 

The initial weight loss (up to 195-200 C) can 
be attributed to the smooth removal from the binder of 
adsorption water, which was present in some amount 
despite the preliminary drying of the substance, due 
to its strong hygroscopicity. With a further increase in 

temperature (up to ~345 C), a sharp drop in weight 
was observed (by 11.7% on dry matter) with a signif-

icant endothermic effect at 283.6 C. This corre-
sponded to the dehydration of dihydrogen phosphate 

Al(H2PO4)3 to tripolyphosphate AlH2P3O10. The next 
stage of dehydration (6.9%) occurred in the range of 

344-440 C (endo effect 400.3 °C), as a result of which 
the polyphosphate was transformed into low-temperature 

metaphosphate B-Al(PO3)3, stable up to 550-600 C. The 
blurred exothermal effect with a maximum of 584.1 °C 
without changing the substance mass corresponded to 
the polymorphic transformation of B-Al(PO3)3 (mono-
clinic) → A-Al(PO3)3 (cubic). The high-temperature 
metaphosphate existed up to 1000-1030 °C, after 
which it decomposed into aluminum orthophosphate 
AlPO4 and phosphoric anhydride P2O5. The nature of 
thermograms for binders obtained from gibbsite with 
different degrees of dehydration remained unchanged. 
The sequence of transformations obtained does not 
contradict the literature data. 

To explain the differences in the Al com-
pounds dissolution in OPA, a physicochemical analy-
sis of gibbsite and APB samples was performed. 

Fig. 4 shows the data of the original gibbsite 
thermal analysis. 

Dehydration occurred in the temperature range 
of 212-296 °C; the maximum endo effect was at 280 °C. 
Its presence and mass loss (26.7 %) indicated the hy-
droxide decomposition to form boehmite: Al(OH)3 →  
→ AlOOH + H2O. The estimated value of mass loss 
according to this equation is 23.1%. This was followed 
by an extended cleavage of water to form alumina, pre-
sumably in the form of γ-Al2O3. This process was ac-
companied by a small endo effect at 494 °C. The total 
mass loss was 34.7%, which was almost the same as 
the theoretical value (34.6%). 
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Fig. 4. TG/DSC curves for gibbsite 

Рис. 4. ТГ/ДСК кривые для гиббсита  

 

X-ray phase analysis (Fig. 5) showed that up to 

250 °C the main phase was gibbsite, at this temperature 

boehmite was added to it. Under these conditions, the 

hydroxide, although mostly retaining its chemical 

composition, underwent significant structural changes, 

which contributed to its increased reactivity. Appar-

ently, this is why it actively interacted with OPA, form-

ing an almost homogeneous binder. Boehmite existed 

up to 450 °C, at which time it began to dehydrate to  

γ-Al2O3. 

Based on the fact that the full-width-at-half-

maximum (FWHM) of boehmite diffraction peak, and 

consequently the size of its crystallites, changed by 

~17% during the transition from 300 °C to 450 °C, it 

can be assumed that the intensity of the boehmite reac-

tion with acid also changed.  

On the IR spectrum of the gibbsite (Fig. 6), a 

combination of narrow intense bands was observed at 

3629, 3624, 3450, and 3376 cm-1, which fully corre-

sponded to the characteristic valence oscillations of 

isolated OH-groups of the gibbsite [33]. The defor-

mation oscillations of the H-O-H were corresponded to 

the band of 1636 cm-1, and the δ(O-H) of the gibbsite 

– to bands of 1023 and 973 cm-1 [33]. This was fol-

lowed by bands for valence (800-650 cm-1) and defor-

mation (560-525 cm-1) octahedral oscillations of AlO6 

The IR spectra of the gibbsite after heat treat-

ment are shown in Fig. 7. The most significant changes 

were observed in the high-frequency region: well-re-

solved bands in the region of 3700-3370 cm-1 (Fig. 6) 

merged into wide bands (Fig. 7) corresponding to the 

valence oscillations of OH-groups coordinated around 

Al. Sharp bands of 1023 and 973 cm-1, corresponding 

to deformation oscillations δ(OH), were smoothed out; 

their intensity decreased. A band of approx. 490 cm-1 

appeared; it could be attributed to oscillations in AlIV 

[34], which intensified with an increase in the heat 

treatment temperature. 
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Fig. 5. Diffractograms of gibbsite heat-treated at different temper-

atures (1-6). Temperature, °C: 1 – 250, 2- 300, 3 – 400, 4 – 450,  

5 – 500, 6 – 550. A diagram of standard of gibbsite Al(OH)3 (a), 

boehmite AlO(OH) (b) and γ-Al2O3 (c) are given 

Рис. 5. Дифрактограммы гиббсита, термообработанного при 

различных температурах (1-6). Температура, °C: 1 – 250,  

2- 300, 3 – 400, 4 – 450, 5 – 500, 6 – 550. Приведены диа-

граммы эталонов гиббсита Al(OH)3 (a), бемита AlO(OH) (b) и 

γ-Al2O3 (c) 
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Fig. 6. IR spectrum of gibbsite 

Рис. 6. ИК спектр гиббсита 

 

 
Fig. 7. IR spectra of heat-treated gibbsite. Temperature, °C:  

1-200, 2-300, 3-350, 4-400 

Рис. 7. ИК спектры гиббсита, подвергнутого термообработке. 

Температура, °C: 1-200, 2-300, 3-350, 4-400 

 

The IR spectra of the binders obtained by dis-

solving heat-treated gibbsite in the OPA were taken. 

For this purpose, the binders were separated by filtra-

tion into liquid and solid phases, which were analyzed 

separately. Examples of spectra are presented in Fig. 8. 

The analysis of the spectra showed an identical pattern 

of bands distribution regardless of the gibbsite pro-

cessing temperature. The IR spectra of the liquid phase 

contained stretched unresolved bands in the range of 

3600-2200 cm-1 corresponding to the oscillations of 

OH groups connected by H-bonds, as well as coordinated 

around Al3+ ions: from asymmetric (3600-3520 cm-1) and 

symmetrical (3450-3440 cm-1) valence to total de-

formation and torsional oscillations of water (2300-

2100 cm-1), which were confirmed by the presence of 

deformation oscillations δ(OH) of free (liquid) water 

(1618-1655 cm-1). In the region of 2800-2300 cm-1, 

bands from OH groups valence oscillations of acid 
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phosphates were also superimposed [35]. Wide bands 

for dried precipitates in the region of high wave num-

bers did not merge to the same extent as for liquid bind-

ers; they also corresponded to oscillations of OH and 

HOH groups. Bands in the range of 1350-850 cm-1 

were caused by valence oscillations P-O in hydrated 

aluminum phosphates [36]. At the same time, in the 

liquid, the band ~1000 cm-1 corresponded to the va-

lence oscillations νs(P-OH), while in the solid phase 

the band was ~1070 cm-1 – presumably valence oscil-

lations of P-O-Al bonds [35]. This might indicate the 

presence of AlPO4 in the sediment. The latter was con-

firmed to a certain extent by a group of bands 511-503, 

634 and 738 cm-1, partially overlapped by bands for os-

cillations of Al-O bonds. The narrow band of ~490 cm-1 

could be due to the oscillations of AlIV-O and P-O in 

the PO4 group.  

 

 Liquid phase  Solid phase  

3 

 

5 

 
2 

 

4 

 
1 

 

 

There was no solid phase 

Fig. 8. IR spectra of liquid (1-3) and solid (4-5) fractions of APBs based on gibbsites G200, G300 and G550. Temperature, °C: 1-200;  

2, 4 – 300; 3, 5 – 550 

Рис. 8. ИК спектры жидкой (1-3) и твердой (4-5) фракций АФС на основе гиббсита Г200, Г300 и Г550. Температура, °C: 1-200; 

2, 4 – 300; 3, 5 – 550 

 
The resulting solid phase differed in composi-

tion from the liquid one, which meant that filtration 
was capable of violating the specified P/Al ratio, and 
the desired characteristics of a binder might not be 
achieved. Therefore, in the course of synthesis, it is ad-
visable to achieve the most complete dissolution of the 
substance introducing Al2O3, including by increasing 
the reactivity of the latter. Of the aluminum-containing 
components studied, the most active can be attributed 
to bayerite and gibbsite, previously subjected to heat 
treatment at 200-250 °C. 

CONCLUSION 

The effect of aluminum-containing component 
form used for the synthesis of the aluminum-phosphate 
binder: bayerite and gibbsite, previously heat-treated at 
50-550 °C, on the degree of homogeneity of the APB, 
on which its survivability largely depended, was stud-
ied. Using nephelometry, it was established that with a 

fixed synthesis duration, the minimum degree of tur-
bidity was achieved when gibbsite was dissolved after 
treatment at 200-250 °C as well as bayerite in ortho-
phosphoric acid.  By IR spectra analysis, it was shown 
that the compositions of the liquid phase and sediment 
differed regardless of the temperature of the gibbsite 
heat treatment, which meant that filtration was able to 
violate the specified P/Al ratio. 
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