
PNWD-3036
BNFL-RPT-018, Rev. 0

Removal of Sulfate Ion From AN -107
by Evaporation

G. J. Lumetta
G. S. Klinger
D. E. Kurath
R. L. Sell
L. P. Darnell

L. R. Greenwood
C. Z. Soderquist
M. J. Steele
M.W. Urie
J. J. Wagner

July 2000

Prepared for British Nuclear Fuels Ltd., Inc.
Under contract W375-LC-98-4168



LEGAL NOTICE

This report was prepared by Battelle Memorial Institute (Battelle) as an account 
of sponsored research activities.  Neither Client nor Battelle nor any person
acting on behalf of either:
MAKES ANY WARRANTY OR REPRESENTATION, EXPRESS OR
IMPLIED, with respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any information,
apparatus, process, or composition disclosed in this report may not infringe
privately owned rights; or

Assumes any liabilities with respect to the use of, or for damages resulting from 
the use of, any information, apparatus, process, or composition disclosed in this 
report.

References herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by Battelle.
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of Battelle.



PNWD-3036
BNFL-RPT-018, Rev. 0

Removal of Sulfate Ion From AN -107
by Evaporation

G. J. Lumetta L. R. Greenwood
G. S. Klinger C. Z. Soderquist
D. E. Kurath M. J. Steele
R. L. Sell M.W. Urie
L. P. Darnell J. J. Wagner

July 2000

Prepared for
British Nuclear Fuels Ltd., Inc.
Under contract W375-LC-98-4168

Battelle, Pacific Northwest Division
Richland, Washington  99352



iiiiii

Summary

Hanford low-activity waste solutions contain sulfate, which can cause accelerated corrosion of the 
vitrification melter and unacceptable operating conditions.  A method is needed to selectively separate 
sulfate from the waste.  An experiment was conducted to evaluate evaporation for removing sulfate ion 
from Tank AN-107 low-activity waste.  Two evaporation steps were performed.  In the first step, the 
volume was reduced by 55% while in the second step, the liquid volume was reduced another 22%.
Analysis of the solids precipitated during these evaporations revealed that large amounts of sodium nitrate 
and nitrite co-precipitated with sodium sulfate.  Many other waste components precipitated as well.  It can 
be concluded that sulfate removal by precipitation is not selective, and thus, evaporation is not a viable 
option for removing sulfate from the AN-107 liquid.
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Acronyms

BNFL British Nuclear Fuels, Ltd.

GEA gamma energy analysis

IC ion chromatography

ICP inductively coupled plasma

ICP/AES inductively coupled plasma/atomic emission spectroscopy

LAW low-activity waste

MRQ Minimum reportable quantity

SRTC Savannah River Technology Center

TRU transuranic

VSL Vitreous States Laboratory
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1.1

1.0 Introduction

The presence of sulfate ion in the Hanford low-activity waste (LAW) solutions at up to 0.07 mole per 
mole sodium (Contract number DE-AC27-96RL13308, Modification 14, Specification 7) generates 
several potential processing difficulties.  Preliminary testing of the LAW vitrification system at the 
Vitreous States Laboratory (VSL) indicates that a separate molten sulfur layer will form in the melter 
(nominally at 1150°C) at sufficiently high sulfate concentrations.  A molten sulfur layer in the LAW 
melter can lead to accelerated corrosion of the melter and unacceptable operating conditions (e.g., steam
explosion).

BNFL Inc. (BNFL) has been evaluating several methods to mitigate the impacts of sulfate on the 
LAW vitrification system, including pretreatment technologies, blending of high and low sulfate LAW 
solutions, modification to the LAW glass formulations, and volatilization of sulfur in the LAW melter as 
SO2 or SO3.  BNFL is evaluating four pretreatment technologies for separating sulfate from LAW 
solutions:

• Ion Exchange (SuperLig 655)

• Evaporation

• Precipitation

• Low-temperature crystallization

Savannah River Technology Center (SRTC) personnel have conducted tests with LAW Envelope B 
simulant to demonstrate sulfate separation using evaporation, precipitation, and low-temperature
crystallization.  IBC Technologies personnel have conducted tests with a range of simulants to 
demonstrate sulfate separation using SuperLig 655 resin.  Additional tests are required with radioactive 
and other simulated LAW solutions to evaluate these sulfate pretreatment technologies.

This report describes the results of an experiment using actual AN-107 waste to evaluate evaporation 
for removal of sulfate ion from the Tank AN-107 LAW (Envelope C) fraction.  The test also provides 
information on the degree to which AN-107 can be concentrated without solids formation.  Information 
on the evaporation of the pretreated AN-107 waste is valuable for understanding storage conditions for 
the pretreated waste.
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2.0 Experimental

Sample Description.  The sample used in this test was derived from an AN-107 archive sample.  This 
material was collected and processed to remove cesium before its use for the BNFL project 
(Hendrickson 1997).  It was collected as 45 grab samples in 125-mL bottles taken during January 1997.
Approximately 5.4 L of in-tank material was transferred to the 222-S laboratory and 0.53 M sodium 
hydroxide was added to dilute the waste to 5 M sodium and adjust the free hydroxide concentration to 
0.24 M.  Solids were separated from the supernatant by settling.  The supernatant was decanted and 
passed through small columns containing cesium-selective crystalline silicotitanate material.  Analysis of 
the waste after cesium removal indicated the free hydroxide concentration to be 0.126 M.  Following
cesium removal, the sample was transferred to the Pacific Northwest National Laboratory in five 1-L poly 
bottles where it has been stored in the Shielded Analytical Laboratory hot cells in the Radiochemical 
Processing Laboratory.

As part of an effort to prepare feed for sulfate-removal tests, a subsample of the AN-107 archive 
sample was further treated to remove Sr/transuranic (TRU) components (Hallen et al. 2000) by 
precipitation.  This activity involved adjusting the subsample to a hydroxide concentration of 0.8 M with 
the addition of 19 M NaOH.  A solution of 1 M strontium nitrate was added to provide a Sr concentration 
of 0.05 M, and a solution of 1 M sodium permanganate was added to provide a permanganate 
concentration of 0.03 M.  The precipitated solids were separated using a 0.45-micron dead-end filter.  The 
clarified liquid was used for the tests described in this report.

Apparatus.  The apparatus used consisted of a Dataplate Digital Hot Plate/Stirrer Series 710 coupled to 
a Dataplate Multi-Controller Model 740 (PMC Industries, San Diego, California).

Procedure.(a)  An aliquot (20 mL) of the pretreated AN-107 sample was set aside for analysis.  The rest of 
the sample (101 mL, 122.2 g) was placed into a 500-mL beaker equipped with a stir bar and marked at the 
45-mL level (this was the target volume for the first evaporation step).  The beaker was placed on the hot 
plate/stirrer and stirring was begun.  The hot-plate temperature was ramped up to 115°C over a period of 
~1 h.  (Note:  The temperature of the solution in the beaker was not measured, but was likely ~20 to 30°C 
less than the plate temperature.)  The solution was evaporated to a volume of 45 mL; this process took 2.5 
to 3 h. The evaporation proceeded smoothly with no foaming.  No solids were observed to form as the 
volume was reduced to about 50 mL.  Precipitation of solids occurred as the volume was further reduced 
to 45 mL.

The concentrated slurry was stirred at ambient temperature (~23°C) for about 20 h, and the weight 
was then determined to be 59.6 g.  The concentrated slurry was filtered through a 0.45-µm-nylon
membrane.  The filtration proceeded very slowly, with 45 to 60 min required to filter the entire slurry. 

(a) The test instruction and the associated procedural notes are included as Appendix A to this report.  These tests 
were conducted per the instructions provided in Test Specification TSP-W375-99-00012 Rev 0, Test Specification
for Evaluating Sulfate Separation from LAW Solutions, September 13, 1999.
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Since a significant amount of the solids remained in the 500-mL beaker, the filtrate was used to rinse the 
beaker.  The resulting rinse slurry was passed through the same filter membrane to collect additional 
solids and the clarified liquid.  Because the concentrated sample was very viscous, weight losses occurred 
during the filtration process.  The weight of slurry actually filtered was 57.6 g (compared to 59.6 g total), 
and the loss of material can be attributed to the residual remaining in the beaker.  The weight of the 
clarified liquid was 32.3 g while that of the filtered solids was 25.2 g. 

The solids were divided between two 20-mL glass vials (the volume of solids was too great to fit into 
one vial) and dried overnight at 105°C.  The solids in one of the vials (AN107-Solid1) did not appear 
(visually) to be completely dry.  This was supported by the fact that only a 24.6 wt% loss was measured 
for vial AN107-Solid1 compared to a 33.6 wt% loss for the other vial (AN107-Solid1B).  The amount of 
material in AN107-Solid1B was less than in AN107-Solid1, and consequently, drying occurred more 
rapidly.  Using the larger water loss value of 33.6 wt%, the total weight of dried solids was determined to 
be 16.7 g.  Because it was more thoroughly dried, an aliquot (0.189 g) was taken from Vial AN107-
Solid1B for analysis.  The aliquot of solid was rapidly dissolved in 20 mL of deionized water at room 
temperature.

The clarified liquid concentrate was transferred to a graduated cylinder, and the volume was 
determined to be 22 mL.  The liquid was then returned to the filter flask.  A 10-mL aliquot of the liquid in 
the filter flask was set aside for analysis.  The remaining 12 mL was transferred to a 100-mL beaker 
equipped with a stir bar and marked at the 9-mL level (this was the target volume for the second 
evaporation step).  The sample was evaporated to 9-mL (12.5 g) and filtered in a manner similar to that 
described above.  The clarified liquid weighed 5.0 g and had a volume of 3 mL.  The wet solids were 
dried overnight at 105°C (4.2 g of dried solids recovered; 20.2 wt% loss on drying).  A 0.242-g aliquot of 
the dried solids was dissolved for analysis in 20 mL of deionized water at room temperature.

The untreated sample, the first and second concentrated slurries, and the first and second precipitates 
were subjected to the following analytical procedures: ion chromatography (IC) (anions), acid digestion, 
inductively coupled plasma/atomic emission spectroscopy (ICP/AES), 90Sr, total alpha, and gamma 
energy analysis (GEA).
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3.0 Results and Discussion

The process steps used in the evaporation tests are summarized in Figure 3.1.  The actual sample 
volumes and masses are provided along with values corrected for holdup losses and sampling.  The 
corrected values are provided to more accurately calculate a mass balance and represent an actual process
flowsheet.  Details of these calculations and the assumptions may be found in Appendix C.

The concentrations of the analytes in the starting archive AN-107 sample, the liquid concentrates, and 
the solid precipitates are shown in Table 3.1 along with the BNFL-specified minimum reportable 
quantities (MRQs).  The concentrations in the solids are given as µg/g of solid precipitate on a dry basis 
(i.e., dried at 105oC).  The boron and silicon found in the samples are believed to be due primarily to 
contamination from the borosilicate glass used for sample storage and handling.  Some of the zinc and 
calcium found in the samples is believed to be due to laboratory contamination during sample preparation 
since both of these analytes were detected in the preparatory blank.  The values reported for the metals 
determined by ICP appear low for the second filtered concentrate.  A review of the sample preparation 
bench sheets indicates this is likely because of a mass or volume recording error.  Fluoride reported in the
samples is likely due to organic anion interference.  A high probability exists that there is no fluoride in 
the samples.  All specified MRQs, except those for chloride and phosphate, were readily met.

A comparison of the solids compositions indicates that there is little, if any, selective precipitation of 
sulfate.  As seen in Table 3.1, this is indicated by the similarity of the two solids compositions.  Although 
the sulfate concentration does increase in the solids from the second evaporation, it is still a relatively 
small fraction of the total precipitated salts.  An examination of the major components in the solids 
indicates that the precipitate consists largely of sodium nitrate, nitrite, and sulfate salts.

The mass balances for each analyte, corrected for holdup and subsampling, are summarized in 
Table 3.2.  The sulfate mass balance for the first concentration step is very good and is reasonably good 
for the second concentration step.  Approximately 2/3 of the sulfate remained in the filtrate after the first 
concentration step.  The analytical results only accounted for ~91% of the sulfate in the second 
concentration step; normalizing the results to 100% gives 15% in the remaining liquid and 85% in the 
solids for a total removal of 86% for the 93% volume reduction.(b)

The nitrate mass balance for the first concentration step was excellent, and the mass recovery was 
somewhat high for the second concentration step.  The first concentration produced a solid that contains 
approximately 60% of the nitrate of the pretreated AN-107 archive sample.  The second concentration 
step produced a solid that contains approximately 80% of the remaining nitrate or approximately 32% of 
the nitrate originally present in the pretreated AN-107 archive sample.  The two steps removed 92% of the 
nitrate for a 93% sample-volume reduction.(b)

(b) The removal values should be viewed as maximum values, since they do not take into account any material 
dissolved in the interstitial liquid of the wet solids.
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Table 3.1. Analyte Concentrations in Starting Archive AN-107 Sample, Evaporation Concentrates, 
and Precipitate

Analyte
Initial

Sample

Filtered
Concentrate,

First
Evaporation

Filtered
Concentrate,

Second
Evaporation

Solids, First 
Evaporation

Solids,
Second

Evaporation MRQs
Metals Determined by ICP 

µµg/mL µµg/mL µµg/mL µµg/g µµg/g µµg/mL
Al 132 412 346 236 223 75
Ba <0.082 <0.36 <0.38 <2 2.8 78
Ca 161 507 372 460 503 150
Cd 26.3 81 76.2 48.6 49.6 7.5
Co 2.06 6.57 6.02 <10.6 <8.3 30
Cr 13.1 41.4 38.4 23.5 24.9 15
Cu 17.8 53.3 47.6 32.1 29.1 17
Fe 3.11 9.29 7.13 <5.3 4.73 150
K 718 2,230 2,140 1,180 1,250 75
La <0.41 <1.8 <1.9 <10.6 <8.3 35
Mn 2.06 2.86 <1.9 <10.6 <8.3 150
Na 113,000 256,000 139,000 320,000 297,000 75
Ni 220 702 656 435 432 30
Pb 76.1 240 227 139 150 300
Si 100 340 190 1960 1550 170
Sn <12 <55 <57 <320 <250 1,500
Ti <0.21 <0.91 <0.95 <5.3 <4.1 17
U 41.1 123 <76 <420 <330 600
Zn 5.72 22.9 17.4 56.6 19.9 165

B 20.9 73.5 55.8 586 422 --
Mo 15 47.6 43.7 26.7 28.2 --
Nd 1.33 <3.6 <3.8 <21 <17 --
P 201 604 372 333 453 --
Sr 90.5 273 170 174 286 --
W 72.6 229 222 <420 <330 --
Zr 1.21 5.43 4.44 <10.6 <8.3 --

Anions
Cl- 930 2,100 5,600 <2,600 <2,100 3
F- 3,600 9,500 19,000 8,600 7,500 150

NO2
- 28,000 81,000 151,000 57,700 50,700 --

NO3
- 111,000 208,000 170,000 385,000 482,000 3,000

SO4
- 4,000 11,000 5,200 7,700 19,100 2,300

PO4
- 1,400 2,100 3,300 <5,300 <4,100 2,500



3.4

Table 3.1.  Continued

Radionuclides
µµCi/mL µµCi/mL µµCi/mL µµCi/g µµCi/g

90Sr 7.165E-01 1.88 2.16 1.27 2.23 1.5E-01
137Cs 2.67E-02 7.74E-02 1.49E-02 4.87E-02 5.04E-02 9E+00

241Am 4.52E-03 1.11E-02 1.92E-02 1.04E-02 9.8E-03 7.2E-04
total
alpha

5.2E-03 8.7E-03 1.66E-02 1.19E-2 1.5E-02 2.3E-01

60Co 5.72E-02 1.63E-01 3.07E-01 1.1E-01 1.1E-01 --
125Sb 5.62E-04 9.54E-04 1.32E-03 <3.2E-03 <1.7E-03 --

126SnSb 2.87E-04 6.56E-04 1.51E-03 <1E-03 6E-04 --
154Eu 1.1E-02 2.42E-02 3.62E-02 2.89E-02 2.35E-02 --
155Eu 7.95E-03 1.75E-02 2.66E-02 2.24E-02 1.71E-02 --

The nitrite mass balance for the first concentration was excellent, and the mass recovery was 
somewhat low for the second concentration step.  Approximately 2/3 of the nitrite remained in the filtered 
liquid after the first concentration step.  The analytical results only accounted for ~65% of the nitrite in 
the second concentration step; normalizing the results gives 15% in the remaining liquid and 85% in the 
solids for a total removal of 86% for the 93% volume reduction. 

Chloride and phosphate were detected only in the liquid fractions of both concentrates, so no mass 
balance could be made.

The mass balance for both the metals and the radionuclides was excellent for the first concentration 
steps, but the mass recovery was low for the second concentration step.  This is attributed to a mass or 
volume recording error during sample preparation resulting in apparently low concentrations for the 
filtered concentrate from the second evaporation.(a)
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Table 3.2.  Mass Balances for Detected Analytes

AN107-1
Filtered

Liquid (%)

AN107-PPT1
Dry solids 

(%)

Total Recovery 1st

Volume
Reduction (%)

AN107-2
Filtered

Liquid (%)
AN107-PPT2

Dry Solids (%)

Total recovery 
2nd Volume 

Reduction (%)
Cl- 50.9 (a) (a) 77.2 (a) (a)

SO4
-2 61.9 33.1 95.0 13.7 77.4 91.1

NO3
- 42.2 59.6 101.8 23.7 103.2 126.9

NO2
- 65.2 35.4 100.6 54.0 27.9 81.9

PO4
-3 47.8 (a) (a) 21.8 (a) (a)

60Co 64.2 32.8 97.0 54.6 29.7 84.3
125Sb 38.2 (a) (a) 40.1 (a) (a)
126Sn & 
126Sb

51.5 (a) (a) 66.7 41.3 108.0

137Cs 65.3 31.4 96.7 55.8 29.0 84.8
154Eu 49.6 45.1 94.7 43.3 43.3 86.6
155Eu 49.6 48.5 98.1 44.0 43.6 87.6
241Am 55.3 39.5 94.8 50.1 39.3 89.5

Total α 37.7 39.3 77.0 55.3 77.0 132.3
90Sr 59.1 30.5 89.6 33.3 52.8 86.0
Al 70.3 30.9 101.2 29.2 24.1 53.3
Ca 71.0 49.1 120.1(b) 25.5 44.3 69.8
Cd 69.5 32.0 101.5 32.7 27.3 60.0
Cr 71.4 30.9 102.4 32.2 26.8 58.9
Cu 67.5 31.0 98.5 31.0 24.3 55.3
Fe(c) 67.3 0–29.5 67.3–96.8 26.7 22.7 49.4
K 70.0 28.2 98.2 33.3 24.9 58.2
Mn(c) 31.3 0–89.3 31.3–120.6 0–30.4 0–129.5 0–159.9
Mo 71.4 30.6 102.1 31.9 26.4 58.4
Na 50.9 48.5 99.4 18.9 51.8 70.7
Ni 71.8 34.1 105.9 32.5 27.5 60.0
P 67.8 28.7 96.5 21.4 33.5 54.9
Pb 71.1 33.8 104.9 32.8 27.7 60.5
Sr 67.9 33.3 101.2 21.6 46.8 68.4
U(c) 67.3 0–178.7 67.3–246.0 0–28.3 0–120.5 0–148.7
Zn 90.0 173.4 263.4(b) 26.5 38.8 65.3

(a) Analyte was not detected in one or more fractions; thus a mass balance could not be made.
(b) High calcium and zinc mass balances are attributed to laboratory contamination, as these elements were found 

in the analytical blank.
(c) Iron, manganese, and uranium results were below the analytical detection limit for the first precipitated solids, 

so a true mass balance could not be made.  The values given in italics are a range of recoveries based on the 
detection limit and the factors given in Equations 1 through 4.



4.1

4.0 Conclusion

Although sulfate can be partially precipitated from the AN-107 liquid after concentration by
evaporation, the separation is not selective.  When the liquid is concentrated by more than 50%, a large 
amount of sodium nitrate and nitrite precipitated along with the sulfate.  As seen in Table 3.2, many other 
species are also precipitated in approximately the same ratio along with sulfate.  The first precipitated 
solids, which are 21.4% of the mass of the starting material, contain only 33.1% of the sulfate.  Selective 
removal of sulfate by precipitation after liquid concentration by evaporation does not appear to be an 
attractive option.
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Appendix A:  Test Instruction
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Appendix B:  Raw Data

Discussion of the Analytical Results and Quality Assurance

Fluoride was reported in the anion analytical data; however, the report included the notation that the 
positive fluoride values were likely due to interference from organic anions; therefore, fluoride is not 
included in the mass-balance calculations.  The sulfate measurements for both sets of precipitated solids 
were measured at the lower end of the calibration curve, near the method detection limit.  The replicate 
for the first precipitated solid had poor agreement with the sample (>240% relative percent difference 
[RPD]).  Since the sample and duplicate were done at different dilutions and injection sizes, the data used 
for the sulfate mass balance use the least diluted sample-injection result.  Both nitrate and nitrite were 
measured in the filtrates at concentrations near or slightly above the calibration curve; however, the data 
were reported with the notation that good linearity had been demonstrated for sample concentrations at up 
to twice the concentration of the highest standard.  All the reported data were less than this concentration.

The radionuclide data had relatively low uncertainties for 60Co, 137Cs, 154Eu, 155Eu, and 90Sr for all 
samples.  However, the 241Am results for both precipitated solids had high uncertainties, 22% and 15%, 
respectively.  Antimony-125 had high uncertainties for the original sample and each of the filtered 
concentrates, 19%, 30%, and 27%, respectively.  Antimony-126 and 126Sn total results had a high 
uncertainty for the second precipitated solid (17%).  Total Alpha measurements had high uncertainties for 
both precipitated solids, 24% and 19%, respectively.

The metals data had results for some fractions that were below the detection limits for copper, iron, 
manganese, neodymium, rhodium, rhenium, uranium, and zirconium.  Both boron and silicone had very 
high recoveries, which are attributed to the use of borosilicate glass for sample handling.  The process 
blank for the metals analysis contained traces of calcium, nickel, and zinc.  The levels of nickel detected 
in the samples were many orders of magnitude greater than the levels found in the blank; consequently, 
there was no impact to the data.  The levels of both calcium and zinc detected in the samples were much 
lower relative to those detected in the blank.

A single acid-digestion preparation was performed for the ICP metalsanalysis.  In the case of the 
second concentrate (AN-107-2), the weight and volume used for this preparation did not give a density 
that matched the density determined in the precipitation experiment.  Additionally, upon investigation, it 
was determined that the volume entered on the acid digestion benchsheet did not include an aliquot 
removed for 90Sr testing.  A correction for this was made to the mass-balance data, but this did not 
entirely resolve the discrepancy.

The total carbon, total organic carbon, and 99Tc tests were cancelled for logistical and financial 
reasons.
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Appendix C:  Calculations

The holdup quantities were calculated using the following corrections.  The holdup upon transfer of 
the 45-mL concentrate to the filter apparatus was 2 g.  Of this, 2 g held up in the beaker, 1.12 g was 
assigned to the liquid fraction, and 0.88 g was assigned to the wet solid fraction, based on the ratio of 
liquid and solids recovered.  The density of the liquid fraction was determined to be 1.43 g/mL, based on 
the weight of the 10-mL aliquot of the filtered concentrate set aside for analytical work.  This gives a 
liquid holdup volume of 0.78 mL for the transfer step to the filter apparatus, based on the weight 
measured for this step.  The filtrate was then transferred to a graduated cylinder to measure the volume, 
which was 22 mL. The holdup on transfer to the graduated cylinder was estimated to be 0.75 mL, based 
on the density of the liquid (1.43 g/mL) and the sample weight before the transfer (32.3 g) to the graduate.
The difference in the sample weight transferred from the graduated cylinder (16.7 g [further processing] + 
14.3 g[analytical sample]) account for an additional holdup of 1.3 g (0.91 mL) on the graduated cylinder 
and filter flask.

Using the same approach, the volume of filtrate transferred to the 100-mL beaker for the second 
concentration was estimated to be 11.6 mL (16.7 g ÷ 1.43 g/mL).  The second concentrate was transferred 
to a filtration apparatus.  The holdup on this transfer was found to be 1.4 g, of which 0.63 g was assigned 
to the liquid fraction and 0.77 g was assigned to the wet solids, based on the ratio of the recovered 
amounts.  The weight of the filtered liquid was found to be 4.98.  The liquid was transferred to a 
graduated cylinder.  The measured volume of the filtrate in the graduated cylinder was 3.0 mL.  It was 
then transferred to a vial and weighed again.  The weight after the transfer was found to be 4.53 g.  The 
combined holdup for both these transfers was 0.46 g.  Assuming that an equal holdup of filtrate occurred 
in the transfer from the filtrate receiving vessel to the graduated cylinder and the transfer from the 
graduated cylinder to the vial, the weight of the liquid in the graduate (3.0 mL) can be estimated to be 
4.755, yielding an estimated density of 1.585 g/mL.  Using this density, the total volume of the liquid 
fraction of the concentrate, corrected for holdup, is estimated to be 3.6 mL ([4.98 g ÷ 1.585 g/mL] + [0.63 
g ÷ 1.585 g/mL]).

As discussed in the experimental section, the solids from the first concentration step were split among 
two vials, and the dry weight was normalized to the driest sample (AN107 Solids1B).  The holdup 
amount assigned to the transfer of the wet solids to the filtration apparatus was 0.88 g.  An additional 
0.9-g holdup was assigned to the transfer of the wet solids from the filter to the two vials.  The holdup 
corrections for the second precipitation include the holdup on transfer of the filtrate to the graduated 
cylinder (0.45 mL), the holdup for the transfer of the second concentrated slurry to the filter apparatus 
(0.77 g), and the transfer of the solids from the filter to the vial for drying (0.56 g).

The equations used to calculate the volumetric factors applied to the analytical results are given 
below:
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××+ (1:  AN107-1)



where:
 22.0 mL is the isolated liquid volume,
 32.3 g ÷ 59.6 g is the fraction of holdup mass as liquid,
 10.0 mL ÷ 14.3 g is the liquid density,
 2 g is the holdup mass,
 22.8 is the total volume of the liquid.
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(2:  AN107-PPT1)

where:
 26.1 g is the corrected solid mass from the first precipitation,
 16.2 g ÷ 24.3 g is the weight fraction of dry solids,
 0.189 g is the analysis sample mass,
 20.2 mL is the analysis sample volume,
 1860 mL is the total volume if all the solids were used to prepare the sample.
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××+× (3:  AN107-2)

where:
 22.8 mL ÷ 11.6 mL is the fraction of the first concentrated liquid used in the 
second precipitation,
 3 mL is the isolated volume of the second evaporated liquid,
 4.98 g ÷ 12.5 g is the liquid fraction from the second evaporation,
 3.0 mL ÷ 4.775 g is the density of the second evaporated liquid,
 1.4 g is the holdup mass,
 6.59 mL is the total volume of the liquid.
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× (4:  AN107-PPT2)

where:
 22.8 mL ÷ 11.6 mL is the fraction of the first concentrated liquid used in the 
second precipitation,
 6.85 g is the corrected solid mass from the second precipitation,
 4.16 g ÷ 5.52 g is the weight fraction of dry solids,



 0.242 g is the analysis sample mass,
 20.1 mL is the analysis sample volume,
 842 mL is the total volume if all the solids were used to prepare the sample.

The volumetric factor applied to the starting material sample (AN107-Start) results was 101 mL.  The 
second-step evaporation results are corrected for the quantity of sample removed from the first filtrate.

The initial density of the AN-107 starting material was 1.210 g/mL.  Evaporation of the sample to a 
volume of 45 mL resulted in a slurry with a density of 1.324 g/mL and a filtered liquid with a density of 
1.429 g/mL.  The slurry resulting from the second concentration step had a density of 1.393 g/mL.  As 
described above, the estimated density of the second filtrate was 1.585 g/mL.  Since the analytical results 
were provided in volumetric units, the mass balance was calculated using corrected volumes.

The following is a sample calculation for sulfate and shows how the values in Table 3.2 were 
obtained for each analyte.  The mass balances for each analyte, corrected for holdup and subsampling, are 
summarized in Table 3.2.

AN107 Start:  The SO4
–2 concentration reported for this sample was 4000 ppm.  The total sulfate in the 

starting AN107 material was determined as follows: 
4000 mg/L × 0.101 L = 404 mg

AN107-1 (filtered liquid):  The SO4
–2 concentration reported for this sample was 11000 ppm.  The

quantity of sulfate in the filtered liquid was determined as follows:
11000 mg/L × 0.0228 L = 250.3 mg

The percentage left in solution was found to be 
100 × 250.3 mg ÷ 404 mg = 61.9%

AN107-PPT1 (precipitated solids):  The SO4
–2 concentration reported for this sample was 72 ppm.  The 

quantity of sulfate in the precipitated solids were determined as follows: 
72 mg/L × 1.860 L = 133.6 mg

The percentage precipitated from the solution was found to be 
100 × 133.6 mg ÷ 404 mg = 33.1%

The quantities of sulfate in the concentrated liquid and the precipitate account for 95% of the original 
sulfate in the AN107-Start sample.

AN107-2 (filtered liquid):  The SO4
–2 concentration reported for this sample was 5200 ppm.

The quantity of sulfate in the filtered liquid was determined as follows:
5200 mg/L × 0.00659 L = 34.2 mg



The percentage left in solution was found to be 
100 × 34.2 mg ÷ 250.3 mg = 13.7%

AN107-PPT2 (precipitated solids):  The SO4
–2 concentration reported for this sample was 230 ppm.  The 

quantity of sulfate in the precipitated solids was determined as follows: 
230 mg/L × 0.842 L = 193.66 mg

The percentage precipitated from the solution was found to be
100 × 98.4 mg ÷ 250.3 mg = 77.4%

The quantities of sulfate in the concentrated liquid and the precipitate accounts for 91% of the 
original sulfate in the AN107-1 sample.

The values given in Table 3.2 were calculated from the analytical data in the same way.  Where only 
the method detection limit was provided, a calculated range of the lower boundary is given in the table.
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