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Solubility in the System CO(NH2)2-NH3-H3P04-H20 at 0, 25, 
and 50 OC 

Joseph W. Willlard," Yong K. Kim, Jack M. SulHvan, and D. Jean Ray 

Division of Chemical Development, National Fertilizer Development Center, Tennessee Valley Authority, Muscle Shoals, 
Alabama 35660 

The quaternary system CO(NH,),-NH8-H3P04-H,0 was 
studled at 0, 25, and 50 O C  to determine the soluMUty 
isotherms in the pH range 1-7. No Interaction occurred 
between urea and the ammonlum phosphates, but at low 
pH the urea-phosphoric acid adduct formed. The solid 
phase Contained urea and mono- or diammonlum 
phosphate throughout most of the pH range studled. An 
equation was developed to predlct P,O, and N solubllity 
over the pH range 2-5.5 and temperature range 0-50 O C .  

Introduction 

Several papers concerning the solubility of urea in ammonium 
orthophosphate solutions ( 7-4), as well as its solubility in am- 
monium polyphosphate solutions (5), have appeared in the 
literature. In  the present report the phase relationships in the 
system urea-ammonia-orthophosphoric acid-water at 0, 25, 
and 50 OC over a wide pH range (1-7) are reported. This 
system provides an excellent tiquid fertilizer with a high content 
of plant nutrients. 

Experlmental Section 

Reagent-grade mono- and diammonium phosphate and re- 
crystaked reagent urea were employed in the study. Saturated 
solutions of mono- and dhmmonium phosphate were prepared. 
The solutions were adjusted to the desired pH by adding H,PO, 
or anhydrous ammonia and then saturating with urea. This 
saturation was performed at 5 OC above the experimental 
temperature to assure that the solid phase contained well- 
fonned crystals when the solutions were adjusted to the desired 
temperature. The solutions (in plastic bottles) were rotated at 
4 rpm in a water bath at 25 f 0.05 OC. The approach to 
equilibrium was followed by periodic petrographic examination 
of the sol i  phase. When it was determined that a salt was 
absent, a few grams of the missing salt was added and 
equilibration continued. When all the expected solid phases 
were present, the liquid phase was sampled for composition 
and pH. This was repeated at 1-week intervals until two con- 
secutive samplings produced the same results. The 0 OC data 
were obtained from solutions stored in a cold room at 0.0 f 

Table I. 
Orthophosphate 

Solubility of Urea in Ammonium 

liquid-phase composition, % 

soh tion total urea NH, solid 
no. PH N N N P,O, phasesQ 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  

2.04 
2.21 
2.80 
3.15 
4.87 
5.42 
6.23 
7.24 

1.86 
2.17 
2.59 
3.08 
4.67 
5.24 
6.05 
7.02 

1.42 
1.93 
2.10 
2.45 
2.81 
3.22 
4.07 
4.96 
5.21 
5.35 
6.09 
7.09 

19.0 
19.7 
19.0 
19.0 
18.7 
18.5 
16.1 
17.4 

23.8 
24.2 
23.8 
23.9 
23.9 
23.7 
20.5 
23.1 

25.2 
27.1 
27.9 
28.1 
28.2 
28.8 
28.2 
29.1 
28.8 
28.9 
26.3 
30.1 

0 "C 
17.6 
18.4 
17.6 
17.5 
17.0 
16.4 
10.2 
13.6 

25 "C 
22.7 
22.6 
22.3 
22.1 
22.0 
21.7 
15.3 
19.4 

50 "C 
24.3 
25.6 
26.3 
26.1 
26.3 
26.9 
26.2 
26.9 
26.4 
26.6 
22.1 
28.4 

1.4 
1.3 
1.4 
1.5 
1.7 
2.1 
5.9 
3.8 

1.1 
1.6 
1.5 
1.8 
1.9 
2.0 
5.2 
3.7 

0.9 
1.5 
1.6 
2.0 
1.9 
1.9 
2.0 
2.2 
2.4 
2.3 
4.1 
1.7 

17.28 
17.12 
12.30 
10.55 

8.36 
9.14 

20.15 
11.16 

21.87 
19.01 
15.19 
11 .19  

9.13 
9.73 

18.90 
8.93 

25.76 
21.21 
19.03 
16.07 
13.29 
11.67 
10.23 

9.97 
10.53 
10.78 
16.52 

5.43 
a A = NH,H,PO,; B = (NH,),HPO,; C = CO(NH,),; 

D = CO(NH,),.H,PO,. 

0.5 OC and agitated manually at various intervals. The sampling 
at 50 f 0.1 OC was at 1-week intervals, except for those 
solutions at low pH (<3) where hydrolysis began to occur. 
Here, sampling was conducted daily until consecutive duplicate 
results were obtained. 

This article not subject to US. Copyright. Published 1984 by the American Chemical Society 
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Figure 1. Solubility diagram in urea-ammonium orthophosphate so- 
lutions. Saturating salts: A = NH4H2P04, B = (NH4),.HP04. C = 
CO(NH& D = CO(NH&*H3PO,. 

PH 

Figure 2. Solubility of P,05 in urea-ammonium phosphate. 

The phosphorus pentoxide content was determined gravi- 
metrically as quinolinium molybdophosphate (6); total nitrogen 
was determined by the Kjeidahl method; ammoniacal nitrogen 
was determined by the reduced-pressure method; urea nitrogen 
was calculated by difference; and pH was determined with a 
glass electrode. 

Results and Discussion 

Data in Table I show the composition of the solutions and 
the solid phases present. The composition of two invariant 
solutions of the system was determined at 0, 25, and 50 OC. 
The higher pH invariant solution contained NH,H,PO,, (NH4),H- 
PO,, and CqNH,), as soli phases, while the lower pH invariant 
solution contained solid NH,H2P04, CO(NH,),, and CO(NH,),. 
H,PO,. 

The coordinates of Figure 1 were chosen to demonstrate the 
total plant nutrient contents (total % N + PZO5) of the saturated 
solutions as a function of pH. The isotherms for the three 
temperatures show two branches. There is only a minor break 
in the isotherms at the low pH invariant point at 25 and 50 OC; 
however, there is a distinct downward break in the 0 O C  iso- 
therm at this point. The solution with the maximum total plant 
food in the high pH zone (>4) is at the invariant point. I n  the 
low pH zone (<4) the total plant food continues to increase with 
decreasing pH. 

I 6 I I I 
2 3 4 5 6 7 8 

Figure 3. Solubility of total nitrogen in urea-ammonium phosphate. 
PH 

Table 11. Coefficients of the Solubility Equation 

% 

a0 72.335 06 47.475 85 19.537 36 

a2 0 0 0.203 82 
a1 - 21.298 23 - 18.309 58 0 

a11 2.427 05 2.085 18 - 0.036 79 
a22 -0.000 761 -0.000 536 -0.001 276 
a12 0.129 16 0.028 39 0 
a112 -0.014 458 -0.003 085 0 

0.000 261 0 0 
0.994 0.988 0.996 

SEb 0.542 0.510 0.295 
a R2 = square of the multiple correlation coefficient. 
SE = standard error. 

From Table I it is noted that the total nitrogen in solution was 
almost constant at each temperature, the major exception 
being at the higher pH invariant point where the total nitrogen 
decrease was coupled with a P,Os increase. At this point the 
P,O, solubility varies inversely with temperature. The % P,O, 
in solution is 20.15, 18.90, and 16.52% at 0, 25, and 50 OC, 
respectively. Figures 2 and 3 show the solution P,O, and N 
concentration over the pH range 1-7. 

Since the isotherms for total plant food (N -t PZO5) concen- 
tration, P,05 concentration, and N concentration change 
smoothly in the pH range 2-5.5, stepwise regression analysis 
(7) was used to fit the data in terms of temperature and pH, 
according to the following equation: 

solubility, wt % = a + a ,(pH) + a ,T + a 11(pH)2 i- 

22% 

a 22T2 + a IP(PH)T + a 11~(~H)2T + a 122(~H)T2 (1) 

where Tis temperature of solution in degrees Celsius and a, is 
the coefficient of the term. The coefficients of the terms sig- 
nificant at the 90% confidence level are listed in Table 11. As 
demonstrated by a small difference between observed and 
predicted solubilily, the above equation can predict the solubility 
of total nitrogen, PzO5, and a combination of N and P205 over 
the pH range 2-5.5 and the temperature range 0-50 OC. The 
curves of Figures 1-3 were calculated from the above equation 
(except for data outside the pH range 2-55). 

These data show that it is possible to produce a plant food 
solution stable at 0 OC of 16-20-0 grade at pH 6 or a 19-17-0 
grade solution at pH 2. Solutions with pH between 2 and 6 
would contain less total plant food than these samples. 

Registry No. Urea, 57-13-6; ammonia, 7664-41-7; H,PO,, 7664-38-2. 
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Use of Mixing Rules in the Analysis 
Mixtures 

Tejraj All. Aminabhavl 

Department of Chemistry, Karnatak University, Dharwad-580003, 

The binary mlxture data of denslty and refractlve Index 
published earlier are further analyzed to test the valldlty 
of refractive index mlxlng rules. I t  Is found that the 
Lorentz-Lorenz (LL), Gladstone-Dale (GD), Welner, and 
Arago-Blot (AB) relatlons perform conslderably well wlthin 
the experimental preclslon. For the experimental systems 
studied here HeHer's relation proved unsatlsfactory. 

I ntroductlon 

The literature dealing with the study of binary liquid mixtures 
has been extensive since the development of refractive index 
mixing rules (7).  Among these, the most widely used relations 
are those of Lorentz-Lorenz (LL) and Galdstone-Dale (GD). 
These theoretical mixing rules have in common that they are 
based upon the electromagnetic theory of light wlth the implicit 
restriction that the molecules may be considered as dipoles or 
assemblies of dipoles induced by an external field. A series of 
failures of specific ones of these mixing rules reported in the 
literature is due to this restriction having been overlooked; 
others are due to the fact that other restrictions (homogeneous, 
undiitorted electromagnetic field) had not been considered. The 
details of the relative merits and interrelations of a few mixing 
rules have been elegantly discussed by Heller ( 7 ). 

One of the serious drawbacks of most of the mixing rules, 
however, is their inability to account for changes in volume and 
refractivity during mixing. A recent theory by Aminabhavi and 
Munk (2) provides an answer to this problem wherein the 
changes in volume and refractivity were adequately treated for 
six binary liquid mixtures from both density and refractive index 
data. In this work, as a part of the ongoing research program 
dealing with binary liquid mixtures, an attempt has been made 
to test several of the mixing rules using density and refractive 
index data published earlier (3). 

Mixing Rules 

One of the most frequently used mixing rules in the analysis 
of refractive index and density data of mixtures is due to Lor- 
entz-Lorenz 

n 122 - 1 

n122 + 2 
(1) 

Here, n, , ,  n , ,  and n 2  are the refractive indices of mixtures, 
solvent 1, and solvent 2 ,  respectively, and I$ and dJ are the 

___- 

of Data for Binary Liquid 

India 

volume fractions of the respective components in the mixture. 
The volume fraction 4, of the i-th component in the mixture is 
defined as 4, 3 C,/p, where C, is the concentration (g/mL) and 
pi is the density of the i-th component. Alternatively, 4, = 
wipi/ /pi ,  where w, is the weight fraction of the i-th component 
and p,, is the density of the mixture. 

The Gladstone-Dale (GD) relation has the following form: 

( 2 )  

Several altemative forms of eq 1 and 2 have been given in the 
literature. However, the most frequently used relations are in 
terms of specific refractins (mL/g). In such a case, eq 1 and 
2 take the following forms: 

n12 - 1 = 41m1 - 1) + 4 2 0 7 2  - 1) 

(3) 

- n12- 1 = [ qw, + [ ? I w 2  (4) 

P12 

Weiner's relation which applies to isotropic bodies of 
spherically symmetric shape and which presupposes volume 
additivity is given in the following form: 

n 122 - n 12 

n122 + 2 1 7 , ~  
= dJ2[ n 2 2 - n 1 2  ] ( 5 )  

n: + 2n ,2  

Heller's relation which assumes the equivalence of the light 
scattering equations of Debye and Rayleigh has the following 
form: 

n12 - n1 m 2 -  1 

where m = n ,/n ,. Eq 5 and 6 differ from others by the ab- 
sence of dJ in the formulation. They can therefore be strictly 
valid only in the case of volume additivity, i.e., if dJ = v l o / ( v l o  + v20), dJ2 = v:/(vlo + v:) where superscript zero refers to 
volume of the components before mixing. 

One other relation due to Arago and Biot (AB) has the fol- 
lowing form: 

(7) 

I t  should be noted that the fundamental difference between eq 

n12 = b l n l  + 42n2 
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