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EXECUTIVE SUMMARY 
 

A new solvent system is being evaluated for use in the Modular Caustic-Side Solvent Extraction 
Unit (MCU) and in the Salt Waste Processing Facility (SWPF).  The new system replaces the 
current dilute nitric acid strip solution with 0.01 M boric acid.  This literature study is performed 
to determine if there is a potential for boric acid to crystallize in the lines with emphasis on the 
transfer lines to the Defense Waste Processing Facility.  This report focuses on the aqueous phase 
chemistry of boric acid under conditions relevant to MCU and SWPF.  Operating and transfer 
conditions examined for the purpose of this review include temperatures between 13 ºC 
(McLeskey, 2008) and 45 ºC (Fondeur, 2007) and concentrations from 0 to 3M in nitric acid as 
well as exposure of small amounts of entrained boric acid in the organic phase to the sodium 
hydroxide caustic wash stream.  Experiments were also conducted to observe any chemical 
reactions and off-gas generation that could occur when 0.01 M boric acid solution mixes with 
3 M nitric acid solution and vice versa. 
 
Based on the low concentration (0.01M) of boric acid in the MCU/SWPF strip acid and the 
moderate operating temperatures (13 ºC to 45 ºC), it is unlikely that crystallization of boric acid 
will occur in the acid strip solution under process or transfer conditions.  Mixing experiments of 
boric and nitric acid show no measurable gas generation (< 1 cc of gas per liter of solution) under 
similar process conditions. 
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1.0 Introduction 
A new solvent system is being evaluated for use in the Modular Caustic-Side Solvent Extraction 
Unit (MCU) and in the Salt Waste Processing Facility (SWPF).  The new system replaces the 
current dilute nitric acid strip solution with 0.01 M boric acid.  This study is being performed to 
determine if there is a potential for boric acid to crystallize in the transfer lines to the Defense 
Waste Processing Facility (Deshpande, 2011; Newell, 2011).  This report focuses on the aqueous 
phase chemistry of boric acid under conditions relevant to MCU and SWPF.  Operating and 
transfer conditions are defined for the purpose of this review as temperatures between 13 ºC 
(McLeskey, 2008) and 45 ºC (Fondeur, 2007) and concentrations from 0 to 3M in nitric acid.  
Additionally, operating conditions involving the exposure of boric acid strip solution to sodium 
hydroxide are considered such as exposure of the boric acid strip solution to small amounts of 
entrained 0.025 M NaOH scrub feed in the organic phase or small amounts of entrained boric 
acid in the organic phase to the 0.01 M sodium hydroxide caustic wash stream.  Also, 
experiments to evaluate mixing of boric acid and nitric acid were conducted to determine if any 
gas is generated upon mixing the boric and nitric acids. 

1.1 Boric Acid Acidity 

 
Boric acid is a very weak acid that acts as a Lewis acid accepting OH- rather than as a proton 
donor (eq 1, Cotton and Wilkinson, 1972).  At concentrations less than or equal to 0.025M, only 
 

B(OH)3 + H2O Ö  B(OH)4
- + H+  pK = 9.00   eq 1 

 
monomeric species B(OH)3 and B(OH)4

- exist..  At higher concentrations (greater than 0.025 M) 
the formation of polyborates are indicated by an increase in acidity (eq 2).  These polyborates are 
typically ring structures or chains. 
 

3B(OH)3 Ö  B3O3(OH)4
- + H+ + 2H2O    pK = 6.84 eq 2 

 
Hydrated borates can crystallize from aqueous solutions.  Borax, Na2[B4O5(OH)4]

.8H2O, the 
tetraborate anion, is an example of a polyborate anion.  Addition of acid, such as HCl, readily 
converts borax to boric acid.  Rapid exchange between boric acid labeled with 18O and borates 
indicates that equilibrium in solution is rapidly reached (Cotton and Wilkinson, 1972). 
 
Although polyborates can be formed at higher concentrations, only mononuclear B(OH)3 and 
B(OH)4

- should be present under expected process operating conditions (i.e., boron 
concentrations should be 0.01M which is less than 0.025 M).  The potential solubility effects of 
borates on MCU/SWPF process conditions are discussed in Section 2.4 below. 
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2.0 Boric Acid Solubility 

2.1 Water  

 
Boric acid, H3BO3, is moderately soluble in water (roughly 0.4 M at 0 ºC, 0.9 M at 25 ºC and 3 M 
at 80 ºC).  Due to its negative heat of solution, the solubility of boric acid in water increases with 
temperature.  Solubility data reported from several sources (Linke, 1958, Perry, 1997, Lange, 
1992) is plotted in Figure 1.  Appendix A includes boric acid solubility in water data.  The 
primary reference (either directly or indirectly) for these compilations of solubility data is 
Blasdale and Slansky, 1939.  There is some variability in these compilations even in different 
editions for the same source including both the data itself and the temperatures at which the data 
is reported.  For comparison since the available data is reported in a variety of units, Figure 1 
plots solubility data converted to molarity (assuming a solution density of 1 g/mL for either water 
or boric acid for simplicity).  Limited density data has been reported for boric acid solutions in 
water at 25 °C and was found to range from 0.9992 for 0.08 M boric acid solutions to 
1.0110 g/mL for 0.6 M boric acid (Holcomb, 1983a). 
 
 

 

Figure 1.  Boric Acid Solubility in Water. 
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Thermodynamic models for aqueous solutions of boric acid (Di Giacomo, 1988) have also been 
reported that predict boric acid activity coefficients using experimental solubility and vapor 
pressure data. 
 
Boric acid is soluble in water to greater than 0.4 M at 0 °C (Figure 1) which is a lower 
temperature than process conditions expected in underground transfer lines.  Therefore, no 
precipitation potential of 0.01 M boric acid process solution is expected. 

2.2 Nitric Acid and Other Mineral Acids 

 
Nitric acid and other mineral acids (hydrochloric, sulfuric) are reported to decrease the solubility 
of boric acid (Linke, 1958).  Figure 2 compares data for nitric acid (Holcomb, 1983) with a fit of 
the boric acid solubility in water.  Nitric acid solubility data is included in Appendix A.  At dilute 
concentrations of nitric acid (< 1 M), there is little effect on the solubility at 25 ºC.  At 25 ºC and 
less than 3 M nitric acid, the solubility of boric acid is still greater than 0.5 M which is more than 
an order of magnitude higher than the expected MCU/SWPF operating boric acid concentration 
(0.01 M).  Although literature data below 25 ºC was not found, data from 25 ºC to 75 ºC indicate 
that the effect of nitric acid on the solubility is greater with increasing temperature.  Making the 
assumption that this observed trend is valid for temperatures between 10 ºC and 25 ºC, the 
solubility of boric acid in 3 M nitric at 13 ºC can be estimated to be greater than 0.235 M.1  Based  
 

 

Figure 2.  Boric Acid Solubility in Water versus Nitric Acid. 

 

                                                      
1 At 25 ºC boric acid solubility decreases from 0.878 M in water to 0.544 M in 3.1 M nitric acid,  Using available data 
for the solubility of boric acid in water at 10 ºC (0.569 M; a conservative assumption because the solubility of boric 
acid in water is greater at 13 ºC) and assuming the same magnitude of decrease in solubility reported at 25 ºC (a 
conservative assumption because the magnitude of the decrease in solubility at 13 ºC should be smaller), the solubility 
of boric acid is estimated to decrease to no lower than 0.235 M in 3.1 M nitric acid at 13 ºC. 
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on this estimate, no precipitation of 0.01 M boric acid in nitric acid would be expected under 
MCU/SWPF processing conditions (0 to 3 M nitric acid, and 13 ºC to 45 ºC) 

2.3 Effect of Other Ions 

 
The solubility of boric acid in LiCl, NaCl, KCl, RbCl, and CsCl salt solutions has been 
determined as a function of ionic strength (0-6 mol/kg) at 25 ºC (Figure 3) (Chanson, 2006). 
 

 
 

Figure 3.  Boric Acid Solubility at 25 ºC in LiCl, NaCl, RbCl, and CsCl Solutions as a 
Function of Molality. 

These results along with literature data in terms of molal solubilities were fit to the second degree 
equation (eq 3) 

ln{[B]0/[B]} = lnB = am + bm2  eq 3 
 

where [B]0 is the concentration of boric acid in water and [B] in solution, B is the activity 
coefficient, and m is the salt molality.  This equation is in the form of the Pitzer equation.  The 
coefficients are related to Pitzer parameters by:  a = ks= 2cBc + 2aBa where ks is the salting 
coefficient and i is the number of ions (i), and Ba and Bc are parameters related to the 
interaction of boric acid with cation (c) and anion (a), and b = caB-a-c where B-a-c is related to 
the interaction of boric acid with both cation and anion.  For 1-1 electrolytes B-a-c is equal to b.  
For 1-2 electrolytes B-a-c is b/2.  Appendix B gives detailed tables of experimental data for boric 
acid solubility in LiCl, NaCl, KCl, RbCl, CsCl, and NaCl-MgCl2 solutions at 25 ºC, fitting 
parameters a and b (eq 3), ks as a function of temperature and associated adjustable parameters, 
and Pitzer Parameters B-i and B-a-c.  Although the Chanson modeling was directed at chloride 
systems, parameters are also provided for the effects of common nitrate salts.  (The original 
papers should be consulted for additional detail prior to use of this model.) 
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The solubility of boric acid in lithium, sodium, and potassium chloride solutions is not a strong 
function of temperature.  Chanson (2006) recommends that salting coefficients and other 
parameters derived in their study can be used over the temperature range 5-35 ºC because 
temperature appears to have little effect on LiCl, NaCl, and KCl solutions.  Figure 5 in Appendix 
B shows literature data from Linke (1958) used to plot salting coefficients as a function of 
temperature (Chanson, 2006).  Boric acid is soluble in the order:  cesium > rubidium > potassium 
> sodium > lithium > hydrogen and barium > strontium > calcium > magnesium in common 
anion salt solutions (Chanson, 2006).  Boric acid is soluble in the order: sulfate > nitrate > and 
fluoride > chloride > bromide > iodide in common cation solutions (Chanson, 2006). 
 
Thermodynamic modeling has been reported for sodium and potassium chloride solutions with 
boric acid in the temperature range 30-100 ºC (Di Giacomo, 1993) as well as sodium and 
potassium sulfate (Di Giacomo, 1992).  Sodium chloride appears to have little effect on the 
solubility of boric acid in the 30-100 ºC range while potassium chloride and sodium and 
potassium sulfate increase solubility of boric acid and the effect increases with increasing 
temperature in the same range (30-100 ºC). 
 

2.4 Relevance of Borates 

 
The formation of borates may occur on exposure of the boric acid strip solution to dilute basic 
solutions such as exposure of small amounts of entrained boric acid solution in the organic phase 
to 0.01 M sodium hydroxide caustic wash or exposure of the boric acid strip solution to small 
amounts of entrained 0.025 M NaOH scrub in the organic phase.  Borates, such as borax, are 
typically more soluble in water than boric acid (Holcomb, 1983).  The system Na2O/B2O3/H2O 
has been well studied (Blasdale and Slansky, 1939; Nies and Hulbert, 1967, Rothbaum et al. 
1956).  Appendix C includes solubility data for sodium borates (Blasdale and Slansky, 1939; Nies 
and Hulbert, 1967).  The presence of borax has been reported to increase the solubility of more 
concentrated boric acid solutions presumably by the formation of polyborates (Tuunanen, 1994) 
even under conditions known to favor boric acid crystallization, such as high temperature 
sufficient to vaporize boric acid (100 ºC), heating/cooling cycles, and evaporative loss of aqueous 
phase. 
 
The presence of borates would be expected to increase the overall solubility of boron-containing 
species in the acid strip solution.  At these dilute boric acid concentrations this increased 
solubility effect would only be appreciable if the MCU/SWPF process strip acid solution was 
concentrated to greater than or equal to 0.025M in boron.  At the planned low initial boric acid 
concentrations (0.01 M in the acid strip solution), only monomeric species are expected and little 
effect would be observed on the overall solubility of all boron containing species in an acid strip 
solution that has been partially neutralized by mixing with caustic solution. 



SRNL-STI-2011-00578 
Revision 0 

6 

 

Figure 4.  Apparatus for Measurement of Mixing 
Effects. 

 

3.0 Reactivity of Boric Acid with Nitric Acid 
 
Transfer lines containing 0.01 M boric acid solution may alternatively contain 3 M nitric acid 
solution.  Without flushing, boric acid solution may mix in the transfer line with nitric acid and 
vice versa.  Several experiments were performed to observe any chemical reactions and off-gas 
generation that could occur when these solutions are mixed. 

3.1 Experimental 

 
The experimental setup consisted of a 100 mL 3-port boiling flask fitted with a small condenser 
(shown in Figure 4).  A 12 mL graduated addition funnel with gas by-pass allowed addition of 
boric acid to nitric acid without venting the system.  Stirring was provided by a Teflon® stirring 
bar and hotplate with measurement of both the pressure and the solution temperature.  Nitric acid 
was also added to boric acid.  A digital manometer (with 0.01 psig resolution) was used to 
measure the pressure in the system.  A K-type Teflon® coated thermocouple and hotplate display 
was used to monitor the solution temperature (with 0.1 C resolution). 

3.2 Results 

 
The addition of 12 mL of 0.01 M boric acid to 50 mL of 3.16 M nitric acid did not result in any 
detectable pressure or temperature rise.  Some light refraction was noted as the solutions mixed 

but this quickly dissipated.  There was 
no visible evidence of any NOx 
evolution.  The addition of 12 mL of 
nitric acid to 50 mL of boric acid 
(same concentrations as before) gave 
identical result.  For a test of the 
sensitivity, 1 cc of air at ambient 
temperature and pressure was injected 
into the system via a gas syringe 
connected to the manometer line 
which resulted in a pressure increase 
of 0.14 psig.  Consequently, for this 
experimental setup, a detectable 
pressure rise of 0.01 psig (digital 
manometer has 0.01 psig resolution) 
corresponds to 0.07 cc of gas 
generated.  Based on this result, the 
sensitivity of this test for gas 
generation is estimated to be < 0.07 cc 
(@18 C) or < 0.1 vol %, for the 
volumes of solution that were mixed. 
 
The mixing of solutions of 3.16 M 
nitric acid and 0.01 M boric acid did 
not show any evidence of significant 
gas generation (< 1 cc of gas per liter 
of solution). 
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4.0 Conclusions 
 
Based on the expected low concentration (0.01 M) of boric acid in in the MCU/SWPF process 
strip acid and the moderate operating temperatures (13 ºC - 45 ºC), it is unlikely that 
crystallization of boric acid will occur in the acid strip solution under process conditions.  If the 
boric acid in the strip acid is exposed to neutralizing conditions, it is unlikely that these 
conditions will cause the boric acid to crystallize.  Rather, the formation of borates would be 
expected to increase the overall solubility of boron containing species in the solution.  Contact of 
the boric acid strip solution with nitric acid solutions would be expected to reduce the solubility 
of boric acid.  At concentrations of nitric acid less than 3 M after mixing, the solubility of boric 
acid remains greater than an order of magnitude higher than the expected boric acid concentration 
in the acid strip solution at 25 ºC.  The greatest uncertainty for results of mixing nitric acid 
solutions and boric acid would be in the temperature range less than 25 ºC where literature data 
was not available.  Based on estimates from available data, the solubility of boric acid between 
13 ºC and 25 ºC is estimated as more than an order of magnitude higher than 0.01 M.  
Furthermore, conditions known to favor the formation of solids from aqueous solutions of boric 
acid such as elevated temperatures (100 ºC), evaporative concentration due to breach of 
containment in the process lines, and heating cooling cycles are unlikely to be encountered under 
normal MCU/SWPF process conditions.  Additionally, the mixing of 3.16 M nitric acid and 
0.01 M boric acid do not show any evidence of significant gas generation (< 1 cc of gas per liter 
of solution). 
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Table 1.  Solubility of Boric Acid in Water. 

Temperature (ºC) 

g H3BO3/ 
100g sat sol w/ H2O 

(Linke, 1958) 

g H3BO3/ 
100g H2O 

(Perry, 1997) 

g H3BO3/ 
100g H2O 

(Lange, 1992) 
0 2.70 2.66 2.67 
5 3.14 - - 
10 3.52 3.57 3.73 
15 4.17 - - 
20 4.65 5.04 5.04 
25 5.43 - - 
30 6.34 6.60 6.72 
35 7.19 - - 
40 8.17 8.72 8.72 
45 9.32 - - 
50 10.23 11.54 - 
55 11.54 - - 
60 12.96 14.81 14.81 
65 14.42 - - 
70 15.75 16.73 - 
75 17.40 - - 
80 19.06 23.75 23.62 
85 21.01 - - 
90 23.27 30.38 30.38 
95 25.22 - - 

100 27.53 40.25 40.25 
- Indicates no data available at this temperature. 
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Table 2.  Solubility of Boric Acid as a Function of Nitric Acid Concentration at 25 ºC 
(Holcomb, 1983) 

HNO3 
(moles/Liter) 

moles 
H3BO3/ 

Liter 
saturated 
solution 

0.0779 0.8820 
0.1951 0.8610 
0.5337 0.8028 
0.9890 0.7361 
1.580 0.6685 
2.372 0.5493 
3.118 0.5444 
3.806 0.4977 
4.698 0.4471 
8.410 0.2963 

 
 

Table 3.  Solubility of Boric Acid in 50 % Nitric Acid as a Function of Temperature 
(Holcomb, 1983) 

Temperature ºC 

moles 
H3BO3/ 

Liter 
saturated 
solution 

23 0.22 
54 0.80 
75 1.36 
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Table 4.  Boric Acid Solubility in LiCl, NaCl, KCl, RbCl, CsCl , and NaCl-MgCl2 Solutions 
at 25 ºC (Chanson, 2006). 
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Table 4.  (Continued). 

 
Eq 27 available in the original paper by Chanson (2006). 
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Table 5.  Fitting Parameters a and b for Equation 3 (Chanson, 2006).  

 

 
(3) (Linke, 1958) 

Note 1.  See Figure 5 of this report for an explanation of the fitting parameters a0 and a1.  
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Note 1.  See Table 5 for actual values of associated adjustable parameters a0 and a1 used. 

Figure 5.  The Salting Coefficients, ks, of Boric Acid in HCl, LiCl, NaCl, KCl, and RbCl as a 
Function of Temperature (t in °C) (Chanson, 2006). 
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Table 6.  Pitzer Parameters B-i and B-a-c for the Solubility of Boric Acid (Chanson, 2006). 

 
 

a
Values at 18 C. 

 
b
Calculated from Ks(SrCl2) in Table 7. 

 
c
Values at 30 C. 

 
d
Calculated from Ks(KBr) in Table 7. 

 
e
-0.029 from H+, -0.045 from Na+, and -0.035 from K+. 

 f
-0.199 from Na+ and -0.205 from K+. 
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Table 7.  Partial Molal Volume of the Salts and the Best Current Estimated Salting 
Coefficients and Pitzer Parameter B-a-c (Chanson, 2006). 
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Table 7.  (Continued). 
 

 
Note:  The equation numbers in notes b, c, and d refer to equations in the original reference by Chanson (2006). 
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Appendix C 
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Table 8.  Solubility Data in the System Na2O-B2O3-H2O (Nies and Hulbert, 1967). 
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Table 8.  (Continued). 
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Table 8.  (Continued). 
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Figure 6. Solubility of Sodium Borates as Compared to Boric Acid ((Blasdale and Slansky, 
1939). 
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