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Executive Summary

Long-term aluminum hydroxide [Al(OH)3"] solubility tests were conducted in solutions
containing 2500 parts per million (ppm) boron (B), and an aluminum concentration ranging
from 40-98 ppm using aluminum nitrate or sodium aluminate as the aluminum (Al) source.
The solution pH values were adjusted to achieve target pH ranging from 7.0 to 8.5. The
solution temperature was cycled to obtain a temperature history more representative of
Emergency Core Cooling System (ECCS) temperatures during operation in the recirculation
mode after a loss-of-coolant accident (LOCA) in a pressurized water reactor (PWR). The
observed Al solubility as a function of temperature and pH was close to predicted results for
amorphous precipitates in a borated environment, which are higher than the solubility
expected for crystalline forms of aluminum hydroxide. Precipitates were observed to form
either as fine, cloudy suspensions, which showed very little tendency to settle, or under certain
conditions, as flocculated precipitates, which were formed at the inner surface of the test flasks.
The flocculated precipitates have an average diameter of 4-6 yum. Based on prior Argonne
National Laboratory (ANL) head loss tests with surrogates!, they would be expected to cause
significant increases in head loss in glass fiber beds. Very fine precipitates associated with the
cloudy solutions were less effective at causing head loss in the ANL vertical loop with a
fiberglass-only bed, but could cause a different head loss response given different bed
conditions, e.g., in cases where pore sizes are smaller than in fiberglass-only beds. The
flocculation tendency of the precipitates can be qualitatively explained in terms of ionic
strength or solution pH based on a colloidal stability theory referred as the Derjaguin, Landau,
Verwey and Overbeek (DLVO) theory. The effect of solution pH is related to the zeta potential
change on the particle surface according to this theory, and the effect of the total Al
concentration is related the resulting increased particle concentration, which tends to increase
flocculation.

Westinghouse report WCAP-16785-NP? also provides 30-day solubility data at 140 and
200°F for Al(OH)3. The Westinghouse report estimated that Al hydroxide solubility at 140 and

200°F is 40 and 98 ppm, respectively, for pH=8.0. The Westinghouse tests considered limited
temperature perturbations, but based on the results in this report from tests with increased
thermal cycling, these limits still appear to be reasonable. WCAP-16785-NP also states that
perturbations in pH down to 7.0 did not affect these results. However, those tests in which the
pH was decreased to 7.0 appear to be very short term and were only performed at 200°F with
40 ppm Al. The current results suggest that the solubility limit at pH =7.0 is less than 40 ppm,
even at 200°F.

Background

The Nuclear Regulatory Commission (NRC) requested technical assistance from ANL to
investigate certain aspects of GSI-191 chemical effects in order to support the NRC staff review
of licensee supplemental responses to Generic Letter 2004-02. A previous technical letter
report! provided results from ANL head loss testing of chemical precipitates used in industry
sump strainer head loss tests. The objective of the current work was to assess solubility of
aluminum in borated water for a typical plant ECCS mission time, including the Al
concentrations reported in WCAP-16785-NP. The solubility tests were performed with thermal
cycling and with fiberglass insulation in the test flasks. The thermal cycling was not intended
to exactly match the thermal cycles experienced in the ECCS during recirculation but to

“In this report, Al(OH)3 is used a short-hand for a family of aluminum oxyhydroxides that could form in a
variety of crystalline and amorphous forms.



evaluate the effect on solubility of thermal cycling superposed on a reasonably representative
long-term cooling profile.

Test Procedures

The long-term aluminum solubility tests were conducted in 250-mL flasks without
agitation. The test solutions contained 2500 ppm B and Al ranging from 40-98 ppm using
aluminum nitrate or sodium aluminate as the Al source. The solution pH was adjusted to
achieve target pH values ranging from 7.0 to 8.5. The solution temperature history was varied
to obtain a time-temperature history reasonably representative of that seen by the reactor
coolant in the case of LOCA. Thermal cycling of the solution was performed to simulate the
transit of the coolant through the RHR heat exchanger (cool down) and reactor core (heat up).
A representative history of the temperature is shown in Figure 1.

Figure 2 shows the long-term Al solubility test apparatus setup. In Figure 2, each
combination of condenser, flask, beaker, and heater represents an independent long-term
solubility test. The 2500 ppm boron test solution is prepared by adding 3.572 g boric acid
[H3BOg3, Fisher Scientific] to about 200 mL of deionized water. The solution pH is then adjusted
using sodium hydroxide [NaOH, Fisher Scientific] to a target pH ranging from 7.0 to 8.5, and
the final solution volume is adjusted to 250 mL. The final solution pH and conductivity are
measured and recorded. The 250-mL pH-adjusted borated solution is transferred to a
designated Pyrex flask. A condenser is mounted on each flask to minimize the water loss by
evaporation at high temperature. A thermocouple is mounted on the flask. The flask is
submerged in a 2000-mL Pyrex beaker filled with deionized water. The beaker is placed on an
electric heater. As shown in Figure 2, the open top of the 2000-mL beaker is covered with
plastic transparent film and aluminum thin foil to minimize evaporative loss of water from the
beaker. The solution temperature is raised up to 200°F. Once the solution temperature
reaches 200°F, sufficient concentrated aluminum nitrate or sodium aluminate solution is
added to obtain a target Al concentration ranging from 40 to 98 ppm. For example, a
concentrated 10,000 ppm Al solution would be prepared by adding 3.038 g of sodium
aluminate powder [NaAlO,, Alfa],to 100 mL high purity water. No precipitate should be present
in this solution. To obtain a 98 ppm Al concentration test solution, 2.45 mL of the
concentrated Al solution is added into the test flask. Twenty-four mg of NUKON glass fiber is
added to maintain the same mass ratio between NUKON and total test solution as in the ANL
loop tests. Final solution pH at 200°F is measured. The solution temperature is then cycled
following a target schedule such as that shown in Figure 1. To achieve faster cooling, hot
water is drained from the 2000-mL beaker and chilled water (2-3°C) is added. As soon as the
solution temperature reaches the target temperature, the chilled water is drained, hot water is
added, and the electric heater is turned on again. The actual solution temperature variations
during heating and cooling cycles are shown in Figure 3. Cooling to the target temperature
was achieved within 10 minutes; bringing the temperature back to the original value took more
time than cooling.

The solution is observed daily to determine if any precipitate has formed in the solution.
After 30 days, pH and conductivity are measured and solution samples are taken for chemical
composition analysis by Inductively Coupled Plasma/Optical Emission Spectroscopy (ICP/OES).
The particle size distributions of the post-test solution were also measured using a laser
granulometry technique (CILAS 1064 laser particle size analyzer). The minimum particle size
that can be recognized by visual observation is around 100 nm based on previous and current
bench top test experience.
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Figure 1.  Typical solution temperature history for the long-term 30 day Al solubility tests.

Figure 2.

The long-term Al
solubility test facility
setup.




160

LA AL L BRI DL R L AL B ENL LN BN B
150 | T e . ]
L - e ’--~—--_
o 140 i
< H ]
e [ ]
= ) 4
® 130 & -
3 [1 a7 ]
g . " : .
= o120 | " sgppm p70] 1 (a) 140 to 100 F thermal cycling
£ A L A R [ 98ppm, pH=7.5 1
g m W A0 5T 98ppm, pH=8.0 | 1
100 | .
90 :....J....J,...|,..,1;...1,...[.,..;.,..'
0 10 20 30 40 50 60 70 80
Time {min)
130_""I""l""I""I""I""I""I""_
120 ' el E
' / O T TP
™ £ ’ ]
I sy
c -
g Mo )
2
= -l (b) 120 to 90 F thermal cycling
§ 100 3% f ——— 40 ppm, pH=7 .5
E r F | 40 ppm, pH=8.0 1
e I f === 40 ppm, pH=8.5 |
90 F VW ]
" J
80 [ i PR I S S T [ SN T T TR N TN T TR T N S S T T [N ST SO T T N S SO T T N SN SO B 1
0 10 20 30 40 50 60 70 80
Time (min)
110 [ 1 T T T T T T
105 ". - ]
:jl " :"'-‘?Jlm,‘ ‘-;
© 100 ]
e I ]
3 L o
T 95 F ]
a L ]
= : ] .
E %0 [ 3 (c) 100 to 80 F thermal cycling
2
E 40 ppm, pH=7.5
& 8 [ 40 ppm, pH=8.0 |
L 40 ppm, pH=8.5 ]
80 [ ]
-3 PP EPEPEPEE EFEFEPEPE EPEPEPEE SRR S SRR R
0 10 20 30 40 50 60 70 80
Time (min)
Figure 3. Examples of temperature history during thermal cycling for (a) 140 to 100 F, (b) 120 to 90 F,

and (c) 100 to 80 F.



Test Results

Aluminum Nitrate Tests

Initially aluminum nitrate powder [Al(NO3)-9H,0, Alfa, 99.9%]| was used as the Al source.
Adding 40 ppm Al as concentrated aluminum nitrate solution caused the pH decrease of 0.2-
0.3 in the initial pH before adding Al solution. However, adding 98 ppm Al caused much larger
pH decrease: around 0.5 for pH=8.0 and 7.5 solutions and 3.3 for pH=7.0 solution. It appears
that nitrate ions from 98 ppm Al solution cannot be adequately buffered with 2500 ppm B
solution.* Because the pH control was inadequate, the bench top tests were terminated before
the 30-day test schedule. Actual daily test observation results are summarized in Table A1-A3
for 98 ppm Al tests and Table A4-A6 for 40 ppm Al tests. The Westinghouse report WCAP-
16785-NP also noted that adequate control of pH could not be maintained using aluminum
nitrate.?2 Their subsequent tests used sodium aluminate as the Al source as was also done in
the ANL tests. Since nitrate ions are not likely to be present in recirculating water of the ECCS,
using sodium aluminate can exclude any non-representative effects that might be caused by
nitrate ions.

Sodium Aluminate Tests

Figure Al in Appendix A shows the long-term solubility test schedule in calendar form.
Four different Al concentrations, 98, 70, 55, and 40 ppm, were explored over a pH range of 7.0-
8.5. The results of the 30 day tests are summarized in Table 1. The daily test observation
results are given in Table A7-A9 for 98 ppm, Table A13-A14 for 70 ppm, Table A15-A16 for 55
ppm, and Table A10-A12 for 40 ppm.

Figures 4-7 show long-term Al solubility test results as a function of temperature for 98,
70, 55, and 40 ppm Al solutions, respectively. In the figures, an open circle means no
precipitate was observed during the observation time period at the conditions of interest and a
solid circle indicates precipitates were formed during the observation time period regardless of
whether the precipitates became flocculated or remained as a very fine suspension. In Figure 4
the solid curve represents the predicted contour line for an Al solubility of 98 ppm in the pH-
temperature domain. The curve is based on a solubility equation for amorphous Al(OH)4™ as a
function of temperature and pH taken from a previous ANL technical letter report.3 In that

report, a value for the solubility constant log K of -12.2 at 25 °C was estimated from literature
and test data. An activation energy for the solubility constant was estimated from the work of

2

Benezeth et al.* on crystalline boehmite (y -AIOOH, aluminum oxyhydroxide or Al,O3-H50,
alumina monohydrate)and assumed to be applicable to amorphous Al(OH)3. The dashed lines
represent predictions of contour lines for Al solubilities of 98, 40, and 10 ppm in the pH-
temperature domain based directly on Benezth’s data for the crystalline forms. Comparison
with the test results following the prototypic temperature variation shown in Figure 1, shows
the prediction based on the ANL technical letter report expression for K is more consistent with
the observed results than the predictions based on Benezeth’s results. This is not unexpected
since Benezeth’s experimental data are for crystalline boehmite ( y -AIOOH, aluminum
oxyhydroxide or Al,O3-H,O, alumina monohydrate) in an environment with no boron. Under
the current experimental conditions the precipitates are expected to be amorphous aluminum
hydroxide, which has a higher solubility than the crystalline forms. It should be noted that the

* Al(NOs3)s solutions are acidic because it is the salt of a weak base and a strong acid. Boric acid
solutions can buffer against strong base additions as most of the boron is present as neutral boric acid.
However it has very little acid buffering capacity.



dwell time above 140°F at each temperature was limited, because the test temperature profiles,
however, were intended to be reasonably representative of post-LOCA conditions in a PWR.
The precipitation of Al hydroxide from the supersaturated state typically has an incubation
time of less than an hour at 50°C, while the phase transformation from amorphous or pseudo-
boehmite to thermodynamically more stable form, bayerite occurs over a few weeks®. Thus, if
the solutions were held at a higher temperature for longer times before cooling, we might
obtain solubility results closer to Benezeth’s results.

Westinghouse estimated that the 30-day Al solubilities in pH=8.0 borated solution at 200
and 140°F are 98 and 40 ppm, respectively. The estimated Al solubility at pH=8.0 and 200°F
from the current tests appears to be higher than 98 ppm, as shown in Figure 4. The estimated
Al solubility at pH=8.0 and 140°F appears to be between 98 and 40 ppm, as shown in Figures
4-7. WCAP-16785-NP also states that perturbations in pH down to 7.0 did not affect these
results. However, those tests in which the pH was decreased to 7.0 appear to be very short
term and were only performed at 200°F with 40 ppm Al. Even at 200°F, the current results
suggest that the solubility limit at pH =7.0 is less than 40 ppm.

Table 1. Indication of precipitate formation as either a cloudy suspension or a flocculate in test
solutions upon cooling solutions from 200 to 80 °F.

Total Al Initial Solution pH at Room Temperature Before Adding Al Solution
Concentration
(ppm) 7.0 7.5 8.0 8.5
98 [ E o Ab ND¢
70 [ ) [ ) ND ND
55 (] A ND ND
40 ND AN A Ad

2 Solid symbols indicate precipitates were flocculated.

b Open symbols indicate precipitate was a cloudy suspension and not flocculated.
¢ ND indicates no test data are available.

d Solution became cloudy after cooling down from 100 to 80 F.
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Figure 4.

Long-term aluminum solubility
test results for 98 ppm Al
solution as a function of
solution temperature
compared with predicted Al
solubility data (solid line:
previous ANL’s technical
letter report3, dashed lines:
Benezeth’'s data).

Figure 5.

Long-term aluminum solubility
test results for 70 ppm Al
solution as a function of
solution temperature
compared with predicted Al
solubility data (solid line:
previous ANL's technical letter
report3, dashed lines:
Benezeth’'s data).
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Figure 7.

Long-term aluminum solubility
test results for 40 ppm Al
solution as a function of
solution temperature
compared with predicted Al
solubility data (solid line:
previous ANL's technical letter

report3, dashed lines:
Benezeth’'s data).



Two different types of precipitates were observed. In some cases, flocculated, cottony
precipitates were formed on inner surface of the flask and on the surfaces of the thermocouple
and glass fibers, and slid down and accumulated at the bottom of the flask; in other cases, the
precipitates formed as a very fine suspension with a slightly milky appearance and settled
extremely slowly. It should be noted that these tests were static and that shear stresses from
flow could affect the flocculation tendency and settling behavior. Figure 8 shows photographs
of the flasks after 30 days containing flocculated or very fine precipitates with 98 ppm Al
contrasting the two different precipitates characteristics. The small yellow ball at the bottom of
the flask is the 24-mg cluster of NUKON fibers. Figure 9 shows additional photographs of the
flasks contrasting the different behaviors. The 40 ppm Al test solution shown in Figure 9d is
slightly cloudy at 120°F. In the cases where a milky solution formed at a higher temperature,
simply lowering the temperature was not sufficient to cause flocculation, although an increase
in cloudiness could be observed. There was no case where the test solution kept clear until
cooled down to 80 F. When the solution was clear at higher temperature, any sign of
preferential precipitation on the glass fibers was not notified with naked eyes.

At constant Al concentration, the flocculation tendency of precipitates is dependent on
the solution pH as shown in Table 1. This behavior may be explained by the variation in zeta
potential with the solution pH. Table 1 also shows that at constant solution pH, the
flocculation tendency of Al hydroxide precipitates is dependent on total Al concentration. A
possible mechanism explaining both of these effects on flocculation tendency is discussed in a
later section.

The particle size distributions of the post-test solutions were measured using a laser
granulometry technique (CILAS 1064 laser particle size analyzer). Figure 10 shows the particle
size distributions of 98 ppm Al test solutions. Figure 10a shows the effect of the solution pH.
As shown in Figures 8a and 8b, the pH=7.0 test solution appeared to have slightly larger
volume of precipitates than the pH=7.5 test solution, but the average particle size of pH=7.0
solution is slightly smaller than pH=7.5 solution. Since the maximum particle size of pH=7.0 is
larger than that of pH=7.5 and flocculated precipitates are easily breakable as shown in Figure
10D, it can’t be concluded that lower pH solutions have smaller Al hydroxide particle sizes. It
is appropriate to conclude that Al hydroxide precipitates are flocculated at pH=7 and 7.5 with
98 ppm Al concentration and the particle size distribution measurements clearly indicate that
there is no significant difference in these size distributions. The overall shape of size
distributions is very similar to that of Al hydroxide precipitates reported in an earlier ANL

study!. In that report, the average particle size of flocculated Al hydroxides in borated tap
water was observed to be 7 gm.
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(a) pH=7.0 with 98 ppm Al

(b) pH=7.5 with 98 ppm Al

(c) pH=8.0 with 98 ppm Al

Figure 8.  Photographs of the test flasks after 30 days containing 2500 ppm B, 98 ppm Al, and three
different NaOH concentrations to adjust the solution pH: (a) pH=7.0, (b) pH=7.5, and (c)
pH=8.0. Note yellow fiberglass at the bottom of the flask.
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()55 ppm @ 120 F (d) 40 ppm @ 120 F

Figure 9.  Photographs of the flasks in which test solutions at constant pH of 7.5 contain 2500 ppm B
and four different Al concentrations: (a) 98, (b) 70, (c) 55, and (d) 40 ppm. Note yellow
fiberglass at the bottom of the flask.

Chemical composition analyses by ICP/OES were performed for the post-test solutions.
The results for all solution samples are summarized in Table B1. The Al concentrations of the
supernates of the flocculated solutions before and after filtering by 20-nm size filters are almost
the same. For example, the supernate of ‘98 ppm Al and pH=7.0’ test solution has only 2 ppm
Al regardless of filtering. The unfiltered supernate samples of the cloudy solutions have much
higher Al concentrations than those of the flocculated solutions. However, the Al
concentrations decrease drastically after filtering. For example, the sample of 40 ppm Al and
pH=7.5" test solution had 33 ppm Al before filtering but after filtering by 20-nm size filter the
concentration dropped down to 4 ppm Al. This suggests that most of the particles in the

cloudy solutions are larger than 20 nm, which is consistent with earlier ANL’s analysis!, the
particle sizes in cloudy Al solutions with boron ranges from 100 to 500 nm depending on the

12



turbidity. In most cases, the concentrations of Al in the supernates of both types of solutions

after filtering are similar when compared at comparable pH values. This suggests the
differences in the precipitate characteristics due to flocculation do not indicate an actual
difference in solubility.
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Particle size distributions of 98 ppm Al post-test solutions showing the effect of (a) pH
variation and (b) ultrasonic deflocculation.
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Discussion

Colloid Stability: DLVO Theory

The discussion in this section is mainly taken from Ref. 6, a handbook of colloid
chemistry. Colloidal particles in a dispersion medium are always subjected to Brownian motion
with frequent collisions between them. Stability is thus determined by the nature of the
interactions between the particles during such collisions. The first quantitative theory of
interactions is referred to as the DLVO theory called after the names of the authors: Derjaguin,
Landau, Verwey, and Overbeek. In this theory, the total interaction is assumed to be due to
superposition of the van der Waals and double layer interactions. The total interaction energy
is presented in the form:

V =V + Vi - (1)

Typical curves of potential energy vs. inter-particle distance, as shown in Figure 11,
exhibit an energy barrier against coagulation, and two potential minima, called the primary
and secondary minimum. The primary minimum appears if strong short-range repulsive forces
are present. If the particles cannot overcome the energy barrier, coagulation (flocculation) does
not take place (See Figure 11a). This case usually occurs when the surface potential is high
and/or ionic strength is low. With larger particles, the secondary minimum could be deep
enough to cause flocculation (See Figure 11b). This case can happen when the surface
potential is low and/or ionic strength is high. By addition of electrolyte or by decreasing the
surface potential of the particles, we can suppress the electrostatic repulsion and thus
decrease the height of the barrier and generate the secondary energy minimum that causes
flocculation of colloidal particles. Interaction at this state is so weak that the flocculated state
can be reversed if external energy is applied like a shear force due to flow.

Application of the DLVO Theory to the Test Results

The conventional DLVO theory discussed in the previous section was used to explain the
flocculation tendency observed in the bench top tests. The electrostatic interaction energy is
simply formulated in the case that two particles are identically charged particles of equal
radius R and zeta potential { at a distance of separationd :7

Velec = %nsRCZ In [1 +ed J . (2)
In Eq. (2) erepresents the electric permittivity of the surrounding medium, which is given
by the product of relative and absolute permittivity. The relative permittivity of water is known

as a function of temperature.8 The zeta potential, which is the potential at the shear plane
close to the Stern plane, can be experimentally measured and is often used as a measure of the
surface potential. In Eq. (2) x is known as the reciprocal Debye length, often referred to as the
double layer thickness, which can be calculated from

2
2 - 2F
eR,T

| (3)

where F is Faraday’s constant, R is universal gas constant, Tis temperature in Kelvin scale,
and | is ionic strength, which is defined by

14
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Figure 11. Schematics of net potential energy between two colloidal particles for the cases of (a) higher

surface charge and/or lower ionic strength and (b) lower surface charge and/or higher ionic
strength.
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| = %ZZ'ZQ : (4)

In Eq. (4) z; and c; represent the valency and molar concentration of the ith ion,
respectively.

For two spherical particles suspended in a liquid medium, the potential energy due to the
van der Waals interaction can be calculated approximately using the following equation:”

v =- R ord<<R, (5)
12d

ww

where A is the combined Hamaker constant for the particle in the liquid; for alumina (Al,Og)

particles this value is estimated as 3.9 kgT in water,” and kg is the Boltzmann constant. The
Hamaker constant is dependent on the liquid medium and particle characteristic itself.

Figure 12 shows the effect of ionic strength on the total interaction energy between
colloidal particles. As discussed in the previous ANL technical letter report,! tap water
enhances the flocculation of aluminum hydroxide or any other surrogates as compared with
high purity water. As shown in Figure 12, the total interaction energy profile, especially the
depth of the secondary energy minimum is strongly dependent on the ionic strength. The van
der Waals attractive force is not affected by the ionic strength change, but the electrostatic
energy is drastically reduced as the ionic strength increases because the electric double layer
around the particle is suppressed by the screening effect of dissolved ions. Figure 13 shows
the effect of particle size on the total interaction energy. The electrostatic energy is not
significantly affected by the increase of particle size, but the van der Waals attraction energy is
significantly increased by the increase of the particle size. Once the particles start to grow, it is
expected that the particle growth will be accelerated due to the deeper secondary potential
minimum with bigger particle size. Figure 14 shows the effect of the zeta potential on the total
interaction energy. Like the effect of ionic strength, the zeta potential does not affect the van
der Waals force but the electrostatic force is increased by the increase of the zeta potential.

The zeta potential is affected by the ionic strength, but is primarily dependent on the
solution pH. Typically the zeta potential is positive at acidic solution due to H* adsorption and
becomes negative as the solution pH increases. At somewhere between acidic and alkaline pH
the zeta potential is zero, which means the surface charge on a particle is neutral. The
solution pH where the zeta potential is zero is called the point of zero charge (PZC). PZC can be
varied by the presence of specific ions having strong adsorption tendency like SO4%~ and
H,PO4. Ions such as ClI” and NOjz™ usually do not modify the PZC. Since the zeta potential
becomes less as the solution pH approaches the PZC, it is expected that rapid coagulation
would occur near the PZC.

In the bench top tests, since Al hydroxide is of interest, the PZC and the effect of specific
ions on the PZC of Al hydroxide are needed to calculate the total interaction energy using
DLVO theory. The PZC for pseudo-boehmite®, gibbsite (Al(OH)3, crystalline aluminum
hydroxide or Al;03-3H50)10, and aluminall are available. All three Al oxide forms have very
similar PZC value ranging from 8.9 to 9.2 in 0.01 M NaCl or NaNOj solution. Beyrouty et al.12
reported that the PZC for amorphous Al(OH)3 free of any specifically adsorbed anions was 9.72,
which is slightly higher than other crystalline Al hydroxides. In these bench top tests, 2500
ppm boron as boric acid, less than 100 ppm of Al, and several hundreds ppm of Na were

introduced in high purity water. There is no SO42~ or HoPO4~ in solution, but any dissolved

16



ions from boric acid may affect the surface charge property of Al hydroxide particles. Alwitt?
reported that the PZC of pseudo-boehmite is decreased to less than 6 in solutions with 0.3 M of

boric acid. Goldberg!3 stated that boron adsorption on both crystalline and amorphous Al
oxides has a maximum at pH 6 to 8. This specific adsorption of borate anions produces a shift
in the PZC of Al oxides to a more acidic pH value. Interpolating the experimental data with 0.3
and 0.1 M boric acid by Alwitt and combining the PZC data by Beyrouty, we can estimate the
PZC of amorphous Al hydroxide in solutions with 2500 ppm as 6.8. In addition to the PZC
value, the zeta potential profile as a function of pH for Al hydroxide precipitates is needed.
Since the zeta potential profile of amorphous Al hydroxide in 2500 ppm B solution is not

available, the zeta potential profile of gibbsite in 0.01 M NaCl solution by Rowlands et al.10 is
introduced instead. However, the profile is shifted to more acidic direction and it has a new
PZC value of 6.8 to reflect the effect of boron adsorption. The estimated zeta potentials at
pH=7.0, 7.5, 8.0, and 8.5 in 2500 ppm B solution are -4, -8, —13, and -19 mV, respectively.
The Na ion, which is used to adjust the solution pH, and borate ion (B(OH); , B3O3(OH)4 ,
B4O5(0OH)42%", etc.) are main elements to determine the ionic strength. The estimated ionic
strength at pH=7.0, 7.5, 8.0, and 8.5 in 2500 ppm B are 0.015, 0.03, 0.045, and 0.06 M*.

As shown in Table 1, the tendency for flocculation decreased with the increase of solution
pH at 98 ppm Al. The calculated total interaction energy for three different pH test solutions of
98 ppm Al predicted that pH=8.0 test solution has higher secondary potential minimum than
pH=7.0 or 7.5 solutions, which suggests that the pH=8.0 solution should have a greater
tendency for flocculation, but this prediction is not consistent with the observed results.
However, Wiese and Healy!! experimentally showed that rapid coagulation of alumina particles,

whether induced by pH or KNOj3 concentration changes, occurs at |C| < 14 mV. This result
appears to be consistent with the observed results in the 98 ppm Al tests, because the

estimated zeta potential of pH=7.5 solution is -8 mV and that of pH=8.0 solution is -13 mV,
which is close to the critical zeta potential of 14 mV. Quantitative comparisons may be difficult,
since Eq. (2) may overestimate the effect of ionic strength and/or underestimate the zeta
potential effect. It is noted that Eq. (2) is the simplest form that can calculate the electrostatic
energy between colloidal particles, and the conventional DLVO theory does not include other
interaction forces like steric interaction, hydration interaction, polymeric bridging, and
hydrophobic interaction.

In Table 1, at pH=7.5 the flocculation tendency of Al hydroxide depends on the total Al
concentration; at 55 and 40 ppm Al the solution became cloudy but at 70 and 98 ppm Al the
solution became flocculated. A change in Al concentration within the range in the tests does
not significantly affect either the ionic strength change or zeta potential. Therefore, this
specific observation cannot be explained by the conventional DLVO theory, but our results are
consistent with the experimental results of Wiese and Healy!! who showed that at the same pH
value the stability of particles is a function of the particle concentration; higher particle
concentration causes easier flocculation. It is expected that higher particle concentration has a
higher frequency of inter-particle collision. The flocculation tendency difference at pH=7.5 may
be attributed to the difference of particle concentration. In addition, at lower particle
concentrations where the B/Al molar ratio becomes high, it may be more efficient for borate

4 The ionic strength was estimated using ICP data for Na concentrations: 250, 500, 800, and 1250 ppm
at pH=7.0, 7.5, 8.0, and 8.5, respectively. MULTEQ indicated that divalent polyborate ion became
significant with 2500 ppm B so that the estimated ionic strength was adjusted. These estimated values
should be used as only reference due to the uncertainty of divalent polyborate ion concentration.
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ions to cover the surface of particles and increase the resistance to flocculation at the given
total boron concentration.
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Figure 12.

Total interaction energy
between colloidal particles
calculated by DLVO theory as
a function of ionic strength at
constant particle size and zeta
potential.

Figure 13.

Total interaction energy
between colloidal particles
calculated by DLVO theory as
a function of particle size at
constant ionic strength and
Zeta potential.
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Interaction between Particles and Glass Fiber Bed

The potential increase of head loss in a glass fiber bed due to chemical effects is related to
how colloidal particles and glass fibers interact with each other. Imdakm and Sahimil4
investigated the reduction in permeability in a porous medium due to the transport of particles
using Monte Carlo simulation. If the particle size is comparable to or larger than the pore size
in the porous medium, “size exclusion,” in which large particles block smaller pores, is the
dominant mechanism of the reduction of permeability of the porous medium. This kind of
phenomenon is called a percolation process. Their results show that with this mechanism, the
permeability of the porous medium can drop down to zero even if unplugged pore volume ratio
still remains higher than 0.9. Such results are consistent with results from ANL head loss
tests! that show in some cases only a volume of precipitate equivalent to the removal of 1.5
ppm Al from solution is needed to completely plug the glass fiber bed. These tests suggest that
if the average particle size is larger than about 10 #m, which is an estimated pore size of the
fiberglass-only bed, a rapid increase of head loss occurred with particle additions. The rapid
increase in these cases appears to be dominated by the size exclusion mechanism, but the

relatively slow and continuous increase of head loss observed in other tests needs to be
explained by another mechanism.

If the particle size is less than the pore size, size exclusion may not be sufficient to
explain increases in head loss. Since the particle size is small enough to pass through the
porous medium without restriction unless there is interaction between the particle and the
porous medium, the interaction energy should be considered. Torkzaban et al.15 simulated the
colloidal particle attachment in porous media. They showed that colloidal attachment was only
possible on regions of the collector where the torque from hydrodynamic shear acting on
colloids adjacent to collector surfaces was less than the adhesive (DLVO) torque that resists
detachment. The fraction of the porous media surface area on which attachment was possible
increased with solution ionic strength, collector size, and decreasing flow velocity, as expected.
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The flocculated Al hydroxide precipitates observed in these bench top tests in which the
average particle size is 4-6 u m are expected to result in head loss by both plugging
mechanisms described above because their particle size is slightly less than the pore size of the
fiberglass-only bed. The non-flocculated and very fine Al hydroxide precipitates will be
dominated solely by the hydrodynamic and DLVO forces.

Major Findings and Summary

R/
0.0

7
0

The bench top Al solubility test results fit reasonably well, especially near room
temperature, with the earlier ANL prediction results based on amorphous Al
hydroxides in boron environment but differs from other literature data based on
crystalline boehmite in environments without boron.

These results did not contradict the 30-day solubility data at 140 and 200°F for
Al(OH)3 in WCAP-16785-NP? for solutions with pH 8.0 or greater. WCAP-16785-NP
also states that perturbations in pH down to 7.0 did not affect these results. The test
results reported here, that were based on longer term tests, show that the WCAP
limits are not conservative for pH values as low as 7.0.

Aluminum hydroxide precipitates showed two different types of behavior under the
solubility limit depending on the solution pH and total Al concentration; the
precipitates become flocculated (low pH and high Al concentration) or the solution
becomes just cloudy (high pH and low Al concentration). Flocculated precipitates
have the average particle diameter of 4-6 um (98 ppm Al at pH=7.0 and 7.5) and
these flocculated precipitates will cause significant head loss in a fiberglass-only bed
while solutions that were only visibly cloudy will not cause significant head loss, but
may cause a different head loss response given different bed conditions where their
pore sizes are smaller than the fiberglass-only bed.

Most of the particles in the cloudy solutions are larger than 20 nm, which is

consistent with earlier ANL results!. The differences in the precipitate characteristics
due to flocculation do not indicate an actual difference in solubility.

A colloidal stability theory called DLVO theory can qualitatively explain the ionic
strength or solution pH effect on the flocculation tendency of the precipitates. In
particular, solutions of high ionic strength will yield precipitates that are more likely
to agglomerate and settle.

At constant Al concentration, the flocculation tendency is dependent on the solution
pH. This may be attributed to the zeta potential change according to the solution pH,
which is consistent with earlier literature data.

At constant pH, the flocculation tendency is dependent on total Al concentration;
higher Al concentration tends to have a higher tendency of flocculation. Based on
earlier literature data, it seems that particle concentration affects the flocculation
tendency. It is expected that at a higher particle concentration, the frequency of
inter-particle collision will be higher.
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Appendix A: Full Test History (Daily Observation Results)
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Sun | Mon | Tue | Wad | Thu | Fri | Sat
T i 13 7 7 5 7
| Test Systom Setup | [ 98 ppro: 2005180 F gy | [ 08 ppm: 2005180 F 34y | [ 98 pprn 10 te0F ||| 9B ppm ts0sa0F |
[0 pom: 2005180 F oy | [ a0 pprmtensien e ||| aopom te0stanF || a0 pem tas120F |
18 g 20 24 % % 24
[ 8 pom. 140100140 F | [ 98 ppm: 140-5100-5140 F
98 ppim: 140> 120 F
a0 pprn 2005180 F (52 ||| a0 ppm tmot0F ||| a0 g 10 ¢
% % % % 5 i i
| 98 ppr: 1205005120 F ||| 98 ppm: ot phi=7 275 | [ 98 ppm 1205605120 F | [ 98 pprm 120100 F
40 ppm 140->100->140 F [ aoppransiz0r || a0 ppr 120sm0s 1 E |
[ 70 ppm: 2005180 F (54 | [ 70 pprmte0>160F ||| 70 pp tE0 5140 F
02 03 04 05 0 o7 08
98 pprm: 100-580->100 F 98 ppm: 100-560->100 F
40 pprm: 120-300-3120 F 40 pprm: 1205003120 F
40 ppm: 120->100 F
| 70 pam Test Termination | | 55 ppm: 200180 F (54 | | s5 pprtenst80F | [ g5 ppm te0ota0F 55 pprn: 140->100->140 F
i) it i i 14 14 i
98 ppr: 100-=80 F 98 ppr: Test Termination
40 pprn: 100--60-=100 F [ 40 ppr 1002805100 F ||| a0 ppmc t00sm0F |
85 ppm: 140-5100-5140 F | [ 85 ppm: 1205902120 F | [ 85 ppm 1205005120 F ||| 65 ppm: 120580120 F | | 5ppm: 100-580. 2100 F |
55 ppm: 140-=120 F 55 ppm: 120->100 F
i i is ig 5 5 5

Figure Al. Long-term solubility test schedule from November 12 to December 19, 2007 (‘AN’ means

aluminum nitrate and ‘SA’ means sodium aluminate as the Al source).
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Table Al.

Daily observation history for ‘98 ppm & pH=7.0’ test solution using aluminum nitrate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 3.65@ 185 F 200->180 F Solution was cloudy initially but
becomes clear.
2 180 The test was terminated.
Table A2. Daily observation history for '98 ppm & pH=7.5’ test solution using aluminum nitrate.
Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 6.85@ 194 F 200->180 F Precipitates were formed and
flocculated.
2 180 The test was terminated.
Table A3. Daily observation history for '98 ppm & pH=8.0’ test solution using aluminum nitrate.
Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 7.45 @ 194 F 200->180 F Cloudy precipitates were not readily
dissolved.
2 180 The test was terminated.
Table A4. Daily observation history for ‘40 ppm & pH=7.5’ test solution using aluminum nitrate.
Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 200->180 F Solution was clear but small cloudy
precipitates were present at the
bottom.
2 180 180->160 F Solution was clear but small cloudy
precipitates were present at the
bottom.
3 160 729 @ 160 F 160->140 F Solution became slightly cloudy and
small cloudy precipitates were still
present at the bottom.
4 140 140->120 F Solution became cloudier than
yesterday.
5 120 Not observed
6 120 Not observed
7 120 725@ 119 F The test was terminated.
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Table A5.

Daily observation history for '40 ppm & pH=8.0’ test solution using aluminum nitrate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 200->180 F Solution was clear.

2 180 180->160 F Solution was clear.

3 160 7.78 @ 159 F 160->140 F Solution was clear.

4 140 140->120 F Solution was clear

S 120 Not observed

6 120 Not observed

7 120 7.79@ 116 F Solution became slightly cloudy.

The test was terminated.
Table A6. Daily observation history for ‘40 ppm & pH=8.5" test solution using aluminum nitrate.
Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 82@ 194 F 200->180 F Solution was clear.

2 180 180->160 F Solution was clear.

3 160 8.24 @ 161 F 160->140 F Solution was clear.

4 140 140->120 F Solution was clear.

S 120 Not observed

6 120 Not observed

7 120 Solution was clear.

The test was terminated.
Table A7. Daily observation history for ‘98 ppm & pH=7.0’ test solution using sodium aluminate.
Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 7.15@ 199 F 200->180 F Solution was cloudy and small

precipitates are at the bottom.

2 180 722 @ 179 F 180->160 F Flocculation occurred at the inner
surfaces of the flask. Precipitates
slid down by slight agitation and

accumulated at the bottom.

3 160 7.24 @ 160 F 160->140 F Flocculated precipitates were at

bottom.

4 140 Not observed

S 140 Not observed

6 140 724 @ 140 F Flocculated precipitates were at

bottom.

7 140 140->100->140 F Flocculated precipitates were at

bottom. It looked same as yesterday.

8 140 140->100->140 F Flocculated precipitates were at

140->120 F bottom.

9 120 Not observed

10 120 Not observed
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11 120 Not observed

12 120 Not observed

13 120 726 @ 118 F | 120->90->120 F Flocculated precipitates were at

bottom.

14 120 Test was terminated.

Table A8. Daily observation history for ‘98 ppm & pH=7.5’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 7.55 @201 F 200->180 F Solution was clear.

2 180 7.60@ 179 F 180->160 F Flocculation occurred at the inner
surfaces of the flask. Precipitates
slid down by slight agitation and

accumulated at the bottom.

3 160 7.59 @ 160 F 160->140 F Flocculated precipitates were at the

bottom.

4 140 Not observed

S 140 Not observed

6 140 7.62 @ 138 F Flocculated precipitates were at the

bottom.

7 140 140->100->140 F | Flocculated precipitates were at the

bottom. It looked same as yesterday.

8 140 140->100->140 F | Flocculated precipitates were at the

140->120 F bottom.

9 120 Not observed

10 120 Not observed

11 120 Not observed

12 120 Not observed

13 120 7.64@ 120 F | 120->90->120 F Flocculated precipitates were at the

bottom.

14 Test was terminated.

Table A9. Daily observation history for ‘98 ppm & pH=8.0’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 7.88 @202 F 200->180 F Solution was clear.

2 180 794 @ 180 F 180->160 F Solution was clear.

3 160 792 @ 159 F 160->140 F Solution was clear.

4 140 Not observed

S 140 Not observed

6 140 7.99 @ 138 F Solution became very slightly cloudy

but no flocculation and did not
settle down.

7 140 140->100->140 F Solution became cloudier than

yesterday.

8 140 140->100->140 F Solution was cloudy.

140->120 F
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9 120 Not observed

10 120 Not observed

11 120 Not observed

12 120 Not observed

13 120 8.04 @ 124 F | 120->90->120 F Solution was cloudy.

14 120 Solution was cloudy.

15 120 Solution was cloudy.

16 120 120->90->120 F Solution was cloudy.

17 120 120->100 F Solution was cloudy.

18 100 Not observed

19 100 Not observed

20 100 100->80->100 F Solution was cloudy but white fine

precipitates settled at the bottom.

21 100 8.09@96 F Solution was cloudy and white
precipitates were at the bottom.

22 100 Solution was cloudy and white
precipitates were at the bottom.

23 100 100->80->100 F Solution was cloudy and white
precipitates were at the bottom.

24 100 Solution was cloudy and white
precipitates were at the bottom.

25 100 Not observed

26 100 Not observed

27 100 100->80 F Solution was cloudy and white
precipitates were at the bottom.

28 80 Solution was cloudy and white
precipitates were at the bottom.

29 80 8.18@77F About 1/8” deep region from the top

water level was clear. It appeared to
start settling. Test was terminated.

Table A10. Daily observation history for 40 ppm & pH=7.5’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description

Solution Change or
Temp. (F) Cycling

1 200 7.45 @ 196 F 200->180 F Solution was clear.

2 180 747 @ 177 F 180->160 F Solution was clear.

3 160 7.46 @ 160 F 160->140 F Solution was clear.

4 140 Not observed

5 140 Not observed

6 140 Not observed

7 140 Not observed

8 140 7.50 @ 141 F | 140->100->140 F Solution was clear.

9 120 Solution was clear.

10 120 140->120 F Solution was clear.

11 120 7.55@ 117 F | 120->90->120 F Solution became very slightly

cloudy.

12 120 Solution was very slightly cloudy.

13 120 Not observed

14 120 Not observed

15 120 120->90->120 F Solution was slightly cloudy.
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16 120 Solution was slightly cloudy.

17 120 Solution was slightly cloudy.

18 100 120->90->120 F Solution was slightly cloudy.

120->100 F

19 100 7.57 @ 102 F Solution was slightly cloudy.

20 100 Not observed

21 100 Not observed

22 100 100->80->100 F Solution became cloudier.

23 100 Solution was cloudy.

24 100 Solution was cloudy.

25 100 100->80->100 F Solution was cloudy.

26 100 100->80 F Solution was cloudy.

27 100 Not observed

28 80 Not observed

29 80 Solution was cloudy but cloudier
than the solution of pH=8.0.

30 80 7.56 @ 84 F Test was terminated.

Table A11. Daily observation history for '40 ppm & pH=8.0’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 7.88 @ 200 F 200->180 F Solution was clear.

2 180 791 @ 182 F 180->160 F Solution was clear.

3 160 791 @ 160 F 160->140 F Solution was clear.

4 140 Not observed

S 140 Not observed

6 140 Not observed

7 140 Not observed

8 140 7.92 @ 141 F | 140->100->140 F Solution was clear.

9 120 Solution was clear.

10 120 140->120 F Solution was clear.

11 120 798 @ 118 F | 120->90->120 F Solution was clear.

12 120 Solution was clear.

13 120 Not observed

14 120 Not observed

15 120 120->90->120 F Solution became very slightly

cloudy.
16 120 Solution was slightly cloudy.
17 120 Solution was slightly cloudy.
18 100 120->90->120 F Solution was slightly cloudy.
120->100 F

19 100 8.03@95 F Solution was slightly cloudy.
20 100 Not observed
21 100 Not observed
22 100 100->80->100 F Solution became cloudier.
23 100 Solution was cloudy.
24 100 Solution was cloudy.
25 100 100->80->100 F Solution was cloudy.
26 100 100->80 F Solution was cloudy.
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27 100 Not observed

28 80 Not observed

29 80 Solution was cloudy but less cloudy
than the solution of pH=7.5.

30 80 8.02 @82 F Test was terminated.

Table A12. Daily observation history for '40 ppm & pH=8.5’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 8283 @ 197F 200->180 F Solution was clear.
2 180 829 @ 180 F 180->160 F Solution was clear.
3 160 8.33@ 156 F 160->140 F Solution was clear.
4 140 Not observed

5 140 Not observed

6 140 Not observed

7 140 Not observed

8 140 8.35@ 139 F | 140->100->140 F Solution was clear.
9 120 Solution was clear.
10 120 140->120 F Solution was clear.
11 120 842 @ 118 F | 120->90->120 F Solution was clear.
12 120 Solution was clear.
13 120 Not observed

14 120 Not observed

15 120 120->90->120 F Solution was clear.
16 120 Solution was clear.
17 120 Solution was clear.
18 100 120->90->120 F Solution was clear.

120->100 F
19 100 8.43 @ 104 F Solution was clear.
20 100 Not observed
21 100 Not observed
22 100 100->80->100 F Solution was clear.
23 100 Solution was clear.
24 100 Solution was clear.
25 100 100->80->100 F Solution was clear.
26 100 100->80 F Solution was clear.
27 100 Not observed
28 80 Not observed
29 80 Solution became very slightly
cloudy.

30 80 851 @85 F Test was terminated.

Table A13. Daily observation history for 70 ppm & pH=7.0’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 7.10 @200 F 200->180 F Solution was clear.
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2 180 7.16 @ 180 F 180->160 F Al precipitates flocculation occurred

at the inner surface of the flask.
They slid down by slight agitation

and accumulated at the bottom.

3 160 7.18 @ 163 F 160->140 F Flocculated precipitates were at the

bottom.

4 140 Not observed

S 140 Not observed

6 140 7.19@ 133 F Flocculated precipitates were at the

bottom.
The test was terminated.

Table A14. Daily observation history for '70 ppm & pH=7.5’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 7.53 @ 199 F 200->180 F Solution was clear.
2 180 7.52 @ 183 F 180->160 F Al precipitates flocculation occurred
at the inner surface of the flask.
Precipitates slid down by slight
agitation and accumulated at the
bottom. Total volume looked less
than pH=7.0.
3 160 7.55@ 163 F 160->140 F Flocculated precipitates were at the
bottom.
4 140 Not observed
S 140 Not observed
6 140 7.58 @ 135 F Flocculated precipitates were at the

bottom.
The test was terminated.

Table A15. Daily observation history for '55 ppm & pH=7.0’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling
1 200 7.14 @ 199 F 200->180 F Solution was clear.
2 180 7.14 @ 179 F 180->160 F Al flocculation occurred at the inner
surface of the flask. Precipitates slid
down by slight agitation and
accumulated at the bottom.
3 160 7.14 @ 156 F 160->140 F Flocculated precipitates were at the
bottom.
4 140 7.16 @ 137 F | 140->100->140 F | Flocculated precipitates were at the
bottom.
S 140 Not measured
6 140 Not measured
7 140 140->100->140 F | Flocculated precipitates were at the
140->120 F bottom.
8 120 7.17 @ 122 F | 120->90->120 F Flocculated precipitates were at the
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bottom.

9 120 120->90->120 F Flocculated precipitates were at the
bottom.

10 120 120->90->120 F Flocculated precipitates were at the

120->100 F bottom.

11 100 7.17 @ 104 F | 100->80->100 F Flocculated precipitates were at the
bottom.

12 100 Not measured

13 100 Not measured

14 100 100->80->100 F Flocculated precipitates were at the
bottom.

15 100 100->80 F Flocculated precipitates were at the
bottom.

16 80 7.22 @ 82 F Test was terminated.

Table A16. Daily observation history for '55 ppm & pH=7.5’ test solution using sodium aluminate.

Day Nominal Solution pH Temperature Observation & Action Description
Solution Change or
Temp. (F) Cycling

1 200 7.50 @ 198 F 200->180 F Solution was clear.

2 180 749 @ 176 F 180->160 F Solution was clear.

3 160 7.54 @ 156 F 160->140 F Solution became slightly cloudy.

4 140 7.56 @ 138 F | 140->100->140 F Solution became cloudier than

yesterday.

S 140 Not measured

6 140 Not measured

7 140 140->100->140 F Solution was cloudy.
140->120 F

8 120 7.58 @ 124 F | 120->90->120 F Solution was cloudy.

9 120 120->90->120 F Solution was cloudy.

10 120 120->90->120 F Solution was cloudy.
120->100 F

11 100 7.60 @ 103 F | 100->80->100 F Solution was cloudy.

12 100 Not measured

13 100 Not measured

14 100 100->80->100 F Solution was cloudy.

15 100 100->80 F Solution was cloudy.

16 80 7.59 @85 F Test was terminated.
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Appendix B: Summary of ICP Analyses for the Post-test Solution Samples

Table B1. Summary of ICP analyses for the post-test solution samples.
Sample No. Sample Identification Chemical Composition (F)pm)
Al B Ca Si Na

98 ppm, pH=7.0

SOL-01 Meas. pH=7.30 @ 76.3 F 2.12 2390 0.62 251 287
Unfiltered

98 ppm, pH=7.0
SOL-02 Meas. pH=7.30 @ 76.3 F 2.19 2390 0.56 2.45 287

0.02 um Filtrate

98 ppm, pH=7.5
SOL-03 Meas. pH=7.68 @ 74.6 F 8.63 2480 0.51 1.68 498

Unfiltered

98 ppm, pH=7.5
SOL-04 Meas. pH=7.68 @ 74.6 F 8.92 2470 <0.5 1.68 496

0.02 um Filtrate
SOL-05 70 ppm, pH=7.0, unfiltered 4.46 2480 <0.5 0.99 271
SOL-06 70 ppm, pH=7.0, 0.02um filtrate 4.42 2440 <0.5 1.02 270
SOL-07 70 ppm,pH=7.5, unfiltered 19.1 2480 <0.5 1.26 476
SOL-08 70 ppm,pH=7.5, 0.02um filtrate 19.0 2500 <0.5 1.28 482
SOL-09 98ppm, pH=8.0, unfiltered 56.1 1930 0.89 2.24 630
SOL-10 98ppm, pH=8.0, 0.02um filtrate 6.29 1900 <0.5 0.72 616
SOL-11 40 ppm,pH=7.5, unfiltered 33.2 2540 0.70 1.87 451
SOL-12 40ppm, pH=7.5,0.02um filtrate 3.63 2540 <0.5 1.18 463
SOL-13 40ppm,pH=8.0, unfiltered 23.5 2590 0.92 3.40 778
SOL-14 40 ppm,pH=8.0, 0.02um filtrate 7.47 2560 <0.5 2.16 773
SOL-15 40ppm,pH=8.5, unfiltered 33.6 2470 0.60 3.42 1230
SOL-16 40ppm,pH=8.5,0.02um filtrate 20.4 2420 <0.5 2.42 1200
SOL-17 55ppm,pH=7.0, unfiltered 2.62 2480 <0.5 1.06 255
SOL-18 55ppm,pH=7.0, 0.02 um filtrate 2.94 2400 0.53 1.08 253
SOL-19 55ppm,pH=7.5, unfiltered 35.7 2530 0.71 1.68 473
SOL-20 55ppm, pH=7.5, 0.02um filtrate 4.44 2540 <0.5 1.04 462

31



	Executive Summary
	Background
	Test Procedures 
	Figure . Typical solution temperature history for the long-term 30 day Al solubility tests.
	Figure . The long-term Al solubility test facility setup.
	Figure . Examples of temperature history during thermal cycling for (a) 140 to 100 F, (b) 120 to 90 F, and (c) 100 to 80 F.



	Test Results
	Aluminum Nitrate Tests
	Sodium Aluminate Tests
	Table . Indication of precipitate formation as either a cloudy suspension or a flocculate in test solutions upon cooling solutions from 200 to 80 oF.
	Figure . Long-term aluminum solubility test results for 98 ppm Al solution as a function of solution temperature compared with predicted Al solubility data (solid line: previous ANL’s technical letter report, dashed lines: Benezeth’s data).
	Figure . Long-term aluminum solubility test results for 70 ppm Al solution as a function of solution temperature compared with predicted Al solubility data (solid line: previous ANL’s technical letter report, dashed lines: Benezeth’s data).
	Figure . Long-term aluminum solubility test results for 55 ppm Al solution as a function of solution temperature compared with predicted Al solubility data (solid line: previous ANL’s technical letter report, dashed lines: Benezeth’s data).
	Figure . Long-term aluminum solubility test results for 40 ppm Al solution as a function of solution temperature compared with predicted Al solubility data (solid line: previous ANL’s technical letter report, dashed lines: Benezeth’s data).
	Figure . Photographs of the test flasks after 30 days containing 2500 ppm B, 98 ppm Al, and three different NaOH concentrations to adjust the solution pH: (a) pH=7.0, (b) pH=7.5, and (c) pH=8.0. Note yellow fiberglass at the bottom of the flask.
	Figure . Photographs of the flasks in which test solutions at constant pH of 7.5 contain 2500 ppm B and four different Al concentrations: (a) 98, (b) 70, (c) 55, and (d) 40 ppm.  Note yellow fiberglass at the bottom of the flask.
	Figure . Particle size distributions of 98 ppm Al post-test solutions showing the effect of (a) pH variation and (b) ultrasonic deflocculation.




	Discussion
	Colloid Stability: DLVO Theory
	. (1)

	Application of the DLVO Theory to the Test Results
	. (2)
	 (3)
	Figure . Schematics of net potential energy between two colloidal particles for the cases of (a) higher surface charge and/or lower ionic strength and (b) lower surface charge and/or higher ionic strength.
	. (4)
	, (5)
	Figure . Total interaction energy between colloidal particles calculated by DLVO theory as a function of ionic strength at constant particle size and zeta potential.
	Figure . Total interaction energy between colloidal particles calculated by DLVO theory as a function of particle size at constant ionic strength and zeta potential.
	Figure . Total interaction energy between colloidal particles calculated by DLVO theory as a function of zeta potential at constant particle size and ionic strength.




	Interaction between Particles and Glass Fiber Bed

	Major Findings and Summary
	References
	Appendix A: Full Test History (Daily Observation Results)
	Figure A. Long-term solubility test schedule from November 12 to December 19, 2007 (‘AN’ means aluminum nitrate and ‘SA’ means sodium aluminate as the Al source).
	Table A.  Daily observation history for ’98 ppm & pH=7.0’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’98 ppm & pH=7.5’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’98 ppm & pH=8.0’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’40 ppm & pH=7.5’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’40 ppm & pH=8.0’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’40 ppm & pH=8.5’ test solution using aluminum nitrate.
	Table A.  Daily observation history for ’98 ppm & pH=7.0’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’98 ppm & pH=7.5’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’98 ppm & pH=8.0’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’40 ppm & pH=7.5’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’40 ppm & pH=8.0’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’40 ppm & pH=8.5’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’70 ppm & pH=7.0’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’70 ppm & pH=7.5’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’55 ppm & pH=7.0’ test solution using sodium aluminate.
	Table A.  Daily observation history for ’55 ppm & pH=7.5’ test solution using sodium aluminate.

	Appendix B: Summary of ICP Analyses for the Post-test Solution Samples
	Table B. Summary of ICP analyses for the post-test solution samples.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


