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COMPOSITION OF PHOSPHATES FORMED BY THE INTERACTION
OF LIQUID GLASS WITH ORTHOPHOSPHORIC ACID SOLUTIONS

The chemical and phase composition of products formed by interaction of liquid glass with 20—
80% H;PO, is investigated. It is shown that the products of the synthesis include hydrated silicon and
phosphorus containing phases. The silicon containing phase is a mixture of amorphous silica gel and
nonstoichiometric sodium silicates. The phosphorus containing phase is sodium hydrophosphate
Na,HPO, - 12H,0. It is established that the crystalline phase is formed irrespective of a mixing method
and acid concentration. It is suggested that the cause of formation of acid salt of phosphoric acid even
at a large excess of water glass is replacement of protons H' of silanol =Si-OH-groups of silicic acid by
cations of Na" and formation of sodium silicates which act as a connecting bridge between adjacent

globules of the formed hydrogel.

Introduction. At present methods based on
mixing of chemically active reagents namely neu-
tralizing substances with liquid proton-containing
reagents are of special relevance in field of deter-
gent processing all over the world [1-3]. These
methods are less energy consuming in contrast to
a process comprising the drying of detergent slur-
ry in a boiling layer, and allow to synthesize nec-
essary components of detergents, especially sur-
face active, complex agents at the stage of mix-
ing. This excludes the need to enter the above
components in the detergent composition in a
form of individual compounds and can reduce the
product cost. Carbonates and alkali metal silicates
are used as neutralizing agents and organic and
inorganic acids are used as proton-containing rea-
gents. Among the great diversity of these reagents
liquid glass and orthophosphoric acid are of par-
ticular interest because the products of their inter-
action in combination with surface active agents
possess high detergent capacity as noted in sever-
al works [4-6]. Due to the lack of data on re-
search of physical and chemical transformations
that occur when mixing these reagents the pur-
pose of this work is investigation of products
composition in particular sodium phosphates
formed by reacting liquid glass with a solution
of H;PO,.

Main part. Thermal phosphoric acid and tech-
nical liquid glass with a molar ratio SiO, : Na,O,
equal to 3 (mass content SiO, is equal 31.1 wt%,
Na,O is equal 10.6 wt%, pH = 11) were used as the
starting reagents. Products of synthesis were ob-
tained in several ways:

1) phosphoric acid solution was poured into
liquid glass with continuous stirring — the direct
mixing;

2) liquid glass was added to phosphoric acid
solution — inverse mixing;

3) the reactants were simultaneously added into
the reaction vessel and their flow rate was being con-
trolled.

Changing the pH medium was recorded with a
HANNA HI 221 pH-meter. The concentration of
phosphoric acid and the molar ratio between the
reagents in terms of Na,O : P,Os were variable pa-
rameters. Synthesis was performed at room tem-
perature.

Composition of hardening products was calcu-
lated based on the material balance of the process
of obtaining and the phase composition was identi-
fied by X-ray phase analysis on a Bruker D8 Ad-
vance diffractometer (Germany).

Phase and colloid-chemical transformations
associated with formation of a supersaturated so-
lution of the sodium phosphates and their crystal-
lization, polymerization of silicic acid which
causes appearance of a sol and its transition into
gel occur when liquid glass and solution of phos-
phoric acid are mixed. It was established that by
direct mixing of reagents physicochemical trans-
formations occur at a constant pH value of 10.8-
10.9. This is probably due to ability of a sol of
poly-silicon acids to form buffer systems [7].
Hardening and forming of powder-like products
occurs at molar ratios of the reagents in terms of
Na,O : P,Os components (5-7): 1 and the content
of H3POy, in a solution of 20-80 wt %.

In the inverse mixing of reagents pH value is
gradually increased to 3.0 — 3.5 and then a jump
is observed (Fig. 1), which is probably related
with the formation of sodium dihydrogen phos-
phate. The system is coagulated into gel. Powder-
like product is formed by achieving a molar ratio
of reagents in terms of Na,O : P,Os equal to (1.0—
2.5):1.0.

In the case of simultaneous mixing of rea-
gents, the form of the final product depends on
the ratio of the starting reagents which is set by
the regulating their flow rates. It was determined
that the formation of sol, gel and hardening of
the system occurs at a molar ratio of Na,O : P,Os
corresponding both the direct and reverse
mixing.
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Fig.1. pH of the medium vs. the Na,O/P,05 molar ratio
in inverse mixing

Products of synthesis are wet powder of empir-
ical formula xNa,O - P,Os - ySiO, - nH,O where
X =2.5-7.25,y =7.5-21.7, n = 45.0-188.9 in the
direct mixing and x = 1.33-2.5, y = 4.0-7.5, n =
= 30.0-218.3 in the inverse. These products include
hydrated silicon- and phosphorus-containing phases
the ratio between, whose relative amounts depend on
the synthesis conditions. The hydrated silicon-
containing phase is X-ray amorphous silica gel, which
is a porous matrix with 15-75-um pores (Fig. 2). The
presence of a certain amount of non-stoichiometric
sodium silicates produced as a result of the partial hy-
drolysis of liquid glass is also possible.

50 um

Fig.2. Micrograph of powder-like product
obtained by reacting H;PO,4 with liquid glass

It was found that regardless of the mixing meth-
od and the ratio of the initial reagents acid salt of
orthophosphoric acid of Na,HPO, - 12H,0 (Fig. 3)
is formed. Diffractogram of hardening products ob-
tained both at a molar ratio of Na,O : P,Os= 3 and
at Na,O : P,Os = 6 are identical. As can be seen

from the electron microscopic studies (Fig. 2) the
crystalline phase of hydrophosphate dodecahydrate
sodium is formed on a porous matrix of silica gel in
the form of 20-50-um particles aggregates of ir-

A Na;HPO4 12H,0
regular shapes.

Fig. 3 X-ray diffraction pattern of the hardening products
obtained by mixing of liquid glass and H;PO,

Of particular interest is the formation of an ac-
id salt of orthophosphoric acid (hydro-phosphate
sodium) regardless of the mixing method and pro-
portions of starting reagents. It is known [8] 20

forys 20 25 30 35 40¢ly
Na3t'u4, NazPUy - V.OHV, NazPUy - 0HL, Nazﬂt’04,
Na; A —Na,HPO, - 12H,0 H0,
N32HP04 - 2H,0, Na,HPOy, - 7TH,0, NaH2PO4,

NazHPO4 . 8H20, N321‘1P04 . 12H20, NazHPO4 . NaH2P04,
NazHPO4 . 2N3H2PO4 . 2H20, NaH2PO4 . Hzo,
NaH,PO, - 2H,0, NaH;s(POy), is possible in Na,O —
P,0s5— H,O system. As can be seen from the phase
diagram [8] a salt with a different number of sub-
stituted protons H* by Na" depends on the molar
ratio of Na,O : P,Os and the number of moles of
crystalline hydrate water depends on the total water
content in the system. From the analysis of the phase
equilibria in the system that the formation of aver-
age salt of orthophosphoric acid is possible at molar
ratios Na,O : P,Os> 2.5, i.e. when there is large ex-
cess of alkali and equilibrium

HPO? + OH < PO +H,0

is shifted to the right. In this connection the pro-
duction of sodium orthophosphate is performed in
two stages: the first, orthophosphoric acid is neu-
tralized with sodium carbonate to sodium hydrogen
phosphate and the second it is neutralized with so-
lution NaOH. The excess alkali is 10-12% [9].

At the same time, as shown by the results of
studies of hardening products the di-substituted
sodium salt of orthophosphoric acid is crystal-
lized in the system of liquid glass — H;PO4 — H,O
even at ratios of reactants in terms of Na,O : P,Os
equal to 7.6. This fact can be explained on the
basis of the secondary colloid-chemical interac-
tions of the electrolyte (sodium phosphate solu-
tion) and polymers, in particular silicic acid di-
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mers. According to [10], liquid glass comprises
sol particles of polysilicic acid (3D structures),
sodium silicate chains (1D structures) and a
NaOH alkaline solution. Neutralization of NaOH,
formation the corresponding salt of the acid and
oligomers including dimers of silicic acid are oc-
cured when adding a solution of phosphoric acid
to liquid glass. Along with dissociation of sodium
salt incomplete dissociation of silicic acid is ob-
served. As a result of ion exchange the protons of
silanol groups —Si=O-H are partially replaced by
the cations of Na' by the following scheme

Cl)H+ OH"

HO—Si—O0—Si— OH + 3Na" —

OH" OH"

|ONa ONa
|
—» HO— Si—0—Si— OH"+3H"
| |

ONa ONa

This forms a dimer of sodium silicate which
acts as a connecting bridge between adjacent
globules of the forming gel. One can assume that
the larger ratio of the liquid glass to phosphoric
acid in the system the higher the content of the
resulting sodium silicate. As a result, the required
for the formation of sodium orthophosphate stoi-
chiometric ratio between Na,O and P,Os is not
reached and sodium hydrogen phosphate is crys-
tallized in the system. The occurring of similar
phenomena has also been noted in [11], however,
the authors consider the reduction of Na" concen-
tration in the liquid phase from the point of view
of the sorption by active hydrogel.

The formation of crystalline sodium hydrogen
phosphate with a number of moles of crystalline
hydrate water equal to 12 is due to the high con-
tent of water in the system. As calculations repre-
sented in the table have shown, hardening prod-

ucts obtained by mixing the liquid glass with 50—
80% solution H3PO,4 contain 55-60 wt % of water
and when using more dilute solutions of acids
(less 50 wt % of H3PO,) they contain about 65—
70 wt % of H,O.

The content of the silicon-containing phase
and dodecahydrate of sodium hydro-phosphate
in powder-like products depends upon the meth-
od of mixing. Thus, in the direct mixing the
mass fraction of silicon phase is 25-30 wt %
SiO, and 10-35 wt % Na,HPO, - 12H,0
whereas in the inverse mixing of reagents it is
15-25 wt% Si10, and and 20-55 wt %
Na,HPO, - 12H,0. The composition of the prod-
ucts of interaction of the liquid glass and ortho-
phosphoric acid obtained by simultaneous mix-
ing depends upon the molar ratio Na,O : P,0s
given by the flow of reactants. This allows to
adjust the ratio between the silicon phase and
Na,HPO, - 12H,0 within wide limits.

Conclusion.

1. The physicochemical and colloidal trans-
formations occurring in the interaction of liquid
glass with 20-80% H;PO, are investigated. Range
of Na,O : P,Os molar ratios when the system hard-
ens completely is founded.

2. It is shown that the hardening products are
crumbly powder composed of a porous matrix of
silica gel with 15-75-pum pores and on its surface
the irregularly shaped 20-50-um aggregates of
Na,HPO, - 12H,0 are located.

3. It was determined that the formation of
disodium salt of orthophosphoric acid regardless
of the mixing method of the reactants is due to
the fact that the molar ratio of Na,O : P,Os in a
liquid phase corresponding to the formation of
the average salt is not obtained. This is due to
substitution of protons H' of silanol =Si-OH-
groups of silicic acid by Na" cations and the
formation of sodium silicates which act as a
connecting bridge between adjacent globules of
the forming hydrogel.

Water content in products of interaction
of liquid glass and H;PO,

Composition of initial reactants wt %
Total water content *
orthophosphoric acid liquid glass in hardening products
H,PO, content total content of H,O in content ) obtained at molar ,
in solution | solution (including constitution) | Na,0 | SiO, | H,O ratio Na,O : P05 =3, wt %

80 42.1(22.1) 56.3
50 63.8 (13.8) 10.6 | 31.1 | 583 59.3
20 85.6 (5.6) 68.0
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«
Calculated on basis of mixing material balance of starting reactants.
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