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Basing on known experimental data, mathematical dependences have been derived for
determination of the solution compositions in the K,0-P,05~H,0 system. Equations have
been proposed to calculate the solubility and the density of the saturated KH,PO, solutions
within wide ranges of the solution pH and temperature. The ion equilibrium calculations
for KH,PO, phosphate solutions evidence the formation possibility of protonated phosphate
dimer forms that favor the KH,PO, solubility increase. The results obtained supply the
known literature data on the acidity effect on the composition and physicochemical prop-
erties of the K,;O-P,05—H,0 system solutions and could be applied to optimize the growing
conditions of KDP single crystals from aqueous solutions.

Ha ocHOBe M3BECTHBIX 9KCIEPUMEHTAJbHBIX NAHHBIX IOJYyYeHBl MATeMATUUYECKUE 3aBUCH-
MOCTH [JJIsi OTIpeJieJieHus cocTaBoB pacTBopos B cucteMe K,0-P,05,—H,0. IIpexnoxens! ypas-
HEeHHS pacyeTa PAaCTBOPHMMOCTH M ILIOTHOCTH HACHIIeHHBIX pacTBopoB KH,PO, B mwmporom
nuamnasone uaMeHeHusi pH um TemmepaTyphl pacTBopa. PacueThl MOHHOTO paBHOBecus B (hoc-
doprOKHCHEIX pacTBopax KH,PO, mokasanm BO3MOMKHOCTE 06Pa3OBaHMA IIPOTOHMPOBAHHBIX
dochar-guMepHEIX (HOPM, KOTOPEIE CIIOCOGCTBYIOT moBhImerHuio pacTsopumoctu KH,PO,. ITo-
JIy4eHHbIe Pe3yJbTATHI JOMOJHAIT M3BECTHLIE U3 JIUTEPATYPhl CBEAEHUA O BIUAHUU KUCJIOT-
HOCTH Ha cocTaB M (DMBWKO-XMMHUUeCKHe CcBoHcTBa pacTBopoB B cucreme K,0-P,0,~H,0 u
MOTYT HaiTH IpUMEHeHHe [JJA ONTUMU3ALUMY YCIOBUI BBIPAIMBAHUA MOHOKpUCTaaioB KDP
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U3 BOAHBIX PacTBOPOB.

The electrooptical and nonlinear KDP
single crystals grown from aqueous KH,PO,
solutions are used widely in modern engi-
neering to control the high-power laser ra-
diation. The solution acidity is among the
most important parameters defining the
KDP crystal growth and properties. The
acidity variations influence the ionic compo-
sition, solubility of the components, the
ortho-phosphate solution density, stability
and other characteristics. The growth kinet-
ics, morphology and physical properties of
KDP crystals depend heavily on the hydrogen
ion concentration in the working solution [1].

The acid-base equilibria in the ternary
K;0-P,05-H,0 system were studied by sev-
eral authors [2-5]. It follows from the
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phase diagram of the system (Fig. 1) that
KH,PO, is crystallized within a wide range of
P,O5 concentration (10 through 47 % mass).
The 0, 25, and 50°C isotherms show a pro-
nounced knee at the K;,0:P,0g = 1:1 composi-
tion axis with a minimum solubility in the
singular point. The KH,PO, solubility in-
creases when the composition is deviated to-
wards the acidic or basic region of the phase
equilibrium. In [6, 7], presented are empirical
temperature dependences of the KH,PO, solu-
bility. The saturated solution concentration
as the temperature function is calculated as

¢ = (aexp[Bt]) 0100, (1)
where ¢ is the KH,PO, concentration in

kg/kg of solution; ¢, temperature in °C; a
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Fig. 1. Solubility isotherms in the K,0-P,05—
H,0O system [2-4]; I — 0°C, 2 — 25°C, 3 — 50°C.

and [, coefficients in the saturation line
equation given in [6]. Eq.(1) is suitable only
for KH,PO, solutions in pure water. In [7],
data are presented characterizing the
KH,PQO, solubility in aqueous solutions con-
taining H3PO, or KOH admixtures at tempera-
tures of 20 to 60°C. For each polytherm stud-
ied, the integrating polynomial is calculated:

¢ =ay +aqt +ayt?, (2)

where the KH,PO, saturating concentration
in g per 100 g HyO; £, temperature in °C;
a;, the polynomial coefficients correspond-
ing to the solution composition [7]. The cal-
culations show, however, that for some so-
lution compositions, the data calculated
using Eq.(2) differ substantially from ex-
perimental ones.

The solubility variation depending on the
solution composition and temperature re-
sults in variations in its density. The den-
sity of multicomponent KH,PO,—H3;PO,—
H,O and KH,PO,—K3;PO,4— H,O solutions as
a function of temperature can be calculated
using the following equation proposed in [6]:

" 3)
lgp = lgpo + ZAici ’
i=1

where p and P, is the density of the multi-
component solution and water, respectively,
in kg/m3; c;, the component concentration,
kg/kg of solution; A;, the temperature de-
pendence of the component density calcula-
ble using the polynomial

A; = ag; +agt + agt?. “4)
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Fig. 2. KH,PO, solubility as a function of the
solution composition (pH < 4) at 25 (I) and
50°C (2).

The a; values for KH,PO, and K,HPO,
are given in [6]. There are no such data for
H;PO,, therefore, the density dependence
for H3PO, has been determined indirectly
from the correlation dependence between
H2804 and H3PO4 density [6].

To optimize the KDP crystal growing
technology, it is reasonable to establish a
correlation between the working solution
acidity and other properties thereof, such
as concentration, density, and ionic compo-
sition. To that end, this work summarizes
experimental data [3—-12] on the properties
of the K,0-P,05-H,O system within wide
ranges of pH (2.0 to 6.0) and temperature
(20 to 80°C) and proposes mathematical ex-
pressions for some physicochemical charac-
teristics of the solutions.

It is just the solubility isotherms in the
K;0-P5,05-H,0 system at 25 and 50°C that
have been studied most comprehensively.
These experimental data have been proc-
essed using the least square method and a
logarithmic dependence has been found to
exist between the solution composition and
the solubility at 25 and 50°C that is described
by the following expressions, respectively:

for solutions withpH < 4
InL = 0.520754 + 3.22963, (5)

InL = 0.441024 + 3.71768, (6)

for solutions with pH > 4
InL =2.12090B + 3.14704 , @)

InL = 2.13811B + 3.67186, (8)
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Fig. 3. KH,PO, solubility as a function of the
solution composition (pH > 4) at 25 (I) and
50°C (2).

Table 1. Coefficient values in (9)

Solution a b
composition, g per
100 g water [7]

No additives 2.74830 |1.8762210°2
1.72 H3PO, 2.78304 | 1.83622(1072
5.0 H;PO, 2.90321 | 1.7306300°2
10.0 H,PO, 3.07872 | 1.5598310 2
15.0 H3PO, 3.21340 |1.5011610°2
2.0 KOH 2.98356 |1.6287610°2
5.0 KOH 3.38789 1.25719000°2
10.0 KOH 3.80893 | 9.490481073
15.0 KOH 4.11919 | 7.6236110°3

where L is the KH,PO, solubility, g per
B = m(K,HPO,)/m(KH,PO,4); m is the mole
number per kg H,O. The L values calculated
according to (5)—(8) evidence that the solu-
bility is lowest at the stoichiometric compo-
sition of the solution, K,0: P,Og = 1:1. The
KH,PQO, solubility increases when the com-
position is deviated towards the acidic or
basic region (Figs. 2 and 3). According to
[9, 10], this phenomenon is due to forma-
tion of protonated phosphate associates in
the solution. Fig. 4(a, b) illustrates the cal-
culated data on the ionic composition of
saturated KH,PO, solutions as a function of
the medium pH. In the calculations, the
known formation constants of protonated
phosphate associates [13, 14] have been
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Fig. 4. Distribution of phosphate ion forms
as a function of KH,PO, solution pH at 25°C
(a) and 70°C (b); a is the mole fraction.
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Fig. 5. KH,PO, solubility isotherms in the
K;,0-P,05-H,0  system. A = m(H;PO,)/m
(KH,PO,); B = m(K,HPO,)/m (KH,PO,). Tem-
perature, °C: 20 (1); 30 (2); 40 (3); 50 (4); 60
(5); 70 (6); 80 (7).

used. The consideration of the results ob-
tained has shown that it is just the H,PO,~
and the dimers thereof H,(PO,4),2~ that pre-
dominate in aqueous KH,PO, solution at
pH = 4.0+0.2. As the solution temperature
rises up to 70°C, the dimer fraction in-

creases approximately thrice (Fig. 4b).
In acidic solutions, there are associates
H5(PO,4),~ along with monomeric H;PO,
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Fig. 6. KH,PO, solution density as a function
of temperature and pH. pH values: 4.0 (1),
5.0 (2), 5.5 (3). Light circles, experimental
data [16]; dark circles, calculated values.

ions. In the solutions containing KOH ad-
mixture (pH > 4), the formation of
H3(PO,4),3~ associate is typical. The anionic
phosphate associates have been found to
form stable neutral ion pairs with alkali
metal cations [15]. The associate formation
process is connected with water release
from the hydrate shells of H,PO,~ ions [7],
thus resulting in an increased solubility of
KH,PO, macroscale component. In the solu-
tions with KOH additive, a disubstituted po-
tassium phosphate admixture appears, that
acts as a salting-in agent and favors further
the KH,PO, solubility.

Basing on the experimental data pre-
sented in [7], we have derived an empirical
expression for the dependence of KH,PO,
solubility on the solution composition and
temperature:

InL = a + bt, 9)

where L is the KH,PO, solubility, g per
100 g H,0; t, the temperature, °C; a and b,
coefficients corresponding to the solution
composition (see Table 1). The KH,PO, solu-
bility isotherms calculated using (9) are pre-
sented in Fig. 5.

The density may provide an informative
index of the phosphate solution state. The
density is a function of the salt concentra-
tion, the solution temperature and acidity.
Using the experimental data on the density
of saturated KH,PO, solutions [16], we have
derived a logarithmic dependence of the
density on the solution temperature and
acidity:

Inp =k + qt, (10)
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Fig. 7. KH,PO, solution density isotherms in
the K,0-P,05-H,O system. Temperature, °C:
20 (1); 30 (2); 40 (3); 50 (4); 60 (5); 70 (6); 80 (7).

where p is the saturated KH,PO, solution
density, g/cm3; t, the temperature, °C; k
and ¢, coefficients corresponding to differ-
ent pH values (see Table 2). Fig. 6 presents
the experimental and calculated values of
the solution density at various pH values
within temperature range of 20 to 60°C.

The density variations of saturated
KH,PO, solutions within the pH range of
2.0 to 6.0 are characterized by isotherms
calculated using Eq.(10) and shown in Fig. 7.
To determine the KH,PO, solubility from
the saturated solution density, we have pro-
posed the equation

InL =m + np, (11)

that takes into account the dependence of
those quantities on the solution acidity (see
Table 2). The solubility and corresponding
density values of saturated KH,PO, solu-
tions calculated basing on (10), (11) within

Table 2. Coefficient values in (10), (11)

pH(+0.1) k g03 m n

2.0 0.26673 | 2.02772 |-3.38549| 5.28560
2.5 0.18312 | 2.05044 —4.01387| 5.91247
3.0 0.13477 | 2.14913 |-4.44516| 6.44372
3.5 0.09445 | 2.28754 |-4.36857| 6.51552
4.0 0.08646 | 2.30211 —-4.57585| 6.74086
4.5 0.11212 | 1.86460 |-5.07429| 7.21992
5.0 0.13586 | 1.87115 |-2.67755| 5.31836
5.5 1017097|1.91186 |-0.78119| 3.87988
6.0 0.20639 | 1.87119 | 0.39618 [3.03842
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Fig. 8. Solubility and density polytherms for
KH,PO, solutions. Temperature, °C: 20 (I);
30 (2); 40 (3); 50 (4); 60 (5); 70 (6); 80 (7).
pH values: 2.0 (I), 3.0 (II), 4.0 (III), 5.0 (IV).

temperature range of 20 to 60°C are pre-
sented in Table 3 and Fig. 8.

Thus, basing on the known experimental
data, mathematical expressions have been
derived to determine the solution composi-
tions in the K,0-P,05—H,0 system. Equa-
tions are proposed to calculate the KH,PO,
solubility and the saturated solution density
within wide ranges of the solution pH and
temperature. The ion equilibrium -calcula-
tions in KH,PO, phosphate solutions have
shown the formation possibility of pro-

tonated phosphate dimer forms favoring the
enhanced KH,PO, solubility. The results ob-
tained supply the literature data on the
acidity effect on the composition and physi-
cochemical properties of the K,O-P,05-H,0
system solutions and can be applied in opti-
mization of the growing conditions of KDP
single crystals from aqueous solutions.
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Di3uKo-xiMiuHi BJACTUBOCTI (POCHOPHOKUCINX PO3IUYUHIB,
[0 BUKOPHUCTOBYIOTHCH AJI1I BUPOUIYBAaHHS
moHOKpuctajgis KDP

P.I1.Ilanmanep, O.M.Cmipnosea, A.B.Brank

Ha ocHOBi BijoMuX eKCIepMMEHTAJbHUX NAaHUX OTPUMAHO MaTeMaTUYHi 3aJ€KHOCTI A
BHUBHAUEHHA CKJaAy posumHiB y cucremi K,0-P,0;—~H,O. 3ampomonoBano piBHAHHA poO3pa-
XYHKY POSUMHHOCTI Ta TycTMHM HacumdeHnx posumHiB KH,PO, y mwupoxomy niamasomi
amimenns pH i Temmeparypu posumHy. Po3paxyHKM ioHHOI piBHOBaAru y (pochOpPHOKUCIUX
posunHax KH,PO, moxasamum MOMJIWBiCTL yTBOPEHHA IPOTOHOBAHUX (ocdar-numMepHHX
dopm, aki cupusaiore migsumerHo posumHHOCTI KH,PO,. Omepsxanmi pesynapraTu nomoBHIO-
IOTh BifoMi 3 JiTepaTypu gaHi IIpO BIJIMB KUCJOTHOCTI Ha CcKJapa Ta (idmko-ximiuxi BiacTtu-
BocTi posumHiB y cueremi K,O0-P,05-H,0, a Takox MOMyTh BHKODHCTOBYBATHCH JJIA OII-
TUMi3arii yMoB BupoIyBaHHA MoHOKpucTaaiB KDP 3 BogHUX pPO3UMHIB.
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