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Figure I.18. (a) Aqueous Sr (in μg/L) during loading and leaching and (b) Sr distribution (in μg/g) across 

columns based on 8 M HNO3 extractions with CCug sediment without and with treatment 
(with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in the 
absence of oxygen. Note: “Dup” stands for duplicate. 
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Figure I.19. Aqueous nitrate (in mg/L) during loading and leaching with CCug sediment without and with 

treatment (with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in 
the absence of oxygen. Note: “Dup” stands for duplicate. 

I.3.2 Perched Water Table Conditions 

 
Figure I.20. Aqueous nitrate (in mg/L) during leaching with PZsd sediment without and with treatment 

(with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in the 
absence of oxygen. Note: “Dup” stands for duplicate; “F” delineates treatment occurred after 
column packing via injection; “S” delineates treatment occurred prior to column packing in a 
batch setup. 
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I.4 Saturated Column Geochemical Monitoring 

I.4.1 pH Monitoring 

 
Figure I.21. Fluctuation of pH over time during leaching with CCug sediment without and with treatment 

(with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in the 
absence of oxygen. Note: “Dup” stands for duplicate. Ca-Cit-PO4 treatment was conducted 
via injection of amendments into columns under flowing conditions. 
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Figure I.22. Fluctuation of pH over time during leaching with PZsd sediment without and with treatment 

(with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in the 
absence of oxygen. Note: “S” delineates treatment occurred prior to column packing in a 
batch setup. 

I.4.2 Amendment Monitoring Data 

For both BY Cribs groundwater and perched water conditions, there was less P measured in the sediments 
in the BY Cribs groundwater condition and significant P was leached for treated columns (Figure I.23). It 
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during the loading of contaminants and subsequent leach, which occurred over hundreds of PVs. Similar 
results were observed under perched water conditions (Figure I.24). These results confirm that calcium 
phosphate precipitates will leach over time, though predictions could be projected based on solubility and 
groundwater chemistry and flow rates, if specific phases are identified. It is possible that carbonated 
apatites or other substitutions occurred during precipitation, leading to more soluble phases. The presence 
of high ionic strength (especially under perched water conditions), high metals (especially with CoCOIs 
in BY Cribs groundwater conditions), and alkalinity may have led to formation of lower solubility 
calcium phosphate phases (e.g., orthophosphates) as opposed to apatite (Rakovan 2002). If formed, many 
heavy metal phosphates have a higher solubility than apatite, though their solubility tends to decrease 
with increasing calcium substitution (Ayati and Madsen 2000). In addition, carbonated apatites have been 
shown to form previously in the presence of elevated carbonate concentrations, exhibiting lower 
crystallinity and higher solubility (Hughes and Rakovan 2015; Heslop et al. 2005). 
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I.4.2.1 BY Cribs Groundwater Conditions 

 

 
Figure I.23. (a) Effluent P (in μg/L) during loading and leaching and (b) P distribution (in μg/g) across 

columns based on 8 M HNO3 extractions with CCug sediment without and with treatment 
(with Ca-Cit-PO4) after equilibration of amendments for approximately 6 weeks in the 
absence of oxygen. Note: “Dup” stands for duplicate. 
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I.4.2.2 Perched Water Conditions 

 
Figure I.24. (a) Effluent P (in μg/L) during leaching and (b) P distribution (in μg/g) across columns based 

on 8 M HNO3 extractions with PZsd sediment without and with treatment (with Ca-Cit-PO4) 
after equilibration of amendments for approximately 6 weeks in the absence of oxygen. Note: 
“F” delineates treatment occurred after column packing via injection; “S” delineates 
treatment occurred prior to column packing in a batch setup. 
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I.4.3 Bromide Tracer Breakthrough 

Results are summarized here for bromide breakthrough curves collected at the end of experiments, after 
the approximately 100-PV leaching step. Bromide curves are similar and repeatable, suggesting that the 
amendments (Ca-Cit-PO4) did not have a significant impact on the flow of water through the CCug 
columns (Figure I.25). There was a small difference between the two no-treatment columns with and 
without aging for PZsd sediments as shown in Figure I.26. However, this was more likely a fluctuation in 
flow rates from syringe pumps as each column received solution via its own syringe pump. Occasional 
fluctuations in flow rates occurred, especially for PZsd sediments due to its finer size fractions as 
compared to CCug (Appendix B, Section B.5), which led to slightly elevated back pressure during 
injection. Moreover, differences were not observed in the PZsd sediments between the treated and 
untreated columns (Appendix J, Figure J.45). Bromide breakthrough curves are fit for dispersion and 
compared across all technologies in Appendix A, Section A.3.2. 

 
Figure I.25. Effluent Br (in mg/L) during and after tracer injection at 80 mg/L Br into columns with CCug 

sediment without and with treatment (with Ca-Cit-PO4). Note: “Dup” stands for duplicate. 
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Figure I.26. Effluent Br (in mg/L) during and after tracer injection at 80 mg/L Br into columns with PZsd 

sediment without and with treatment (with Ca-Cit-PO4).  Note: “Dup” stands for duplicate; 
“F” delineates treatment occurred after column packing via injection. 

I.5 Summary of Performance of Calcium Citrate Phosphate for 
Groundwater 
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but it is not recommended for Tc. For the perched water conditions, Ca-Cit-PO4 is not recommended for 
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reduced to Cr(III). Therefore, conditions were relatively reducing but not sufficient for complete 
reduction of Tc-99 and U. 

Significant loading of Sr was also observed. However, significant release of Sr also occurred during the 
leaching phase. It is possible that Sr was desorbed due to insufficient time for slower incorporation 
mechanisms to occur (Szecsody et al. 2014; Janusz and Skwarek 2016; Nishiyama et al. 2016) or apatite 
was dissolving and concurrently releasing Sr. Because there was a concurrent increase in aqueous P in 
effluent during leaching, it is likely dissolution of apatite with concurrent release of adsorbed or 
incorporated Sr. Exchange of adsorbed Sr would also be encouraged due to the elevated Ca and Mg 
concentrations in synthetic perched water during leaching (0.56 and 2.7 mM, respectively, Table 2.6). 

For the perched water conditions, sequestration of U and Tc-99 was not significant as compared to 
without treatment, likely due to the impact of high ionic strength and nitrate competing for reduction 
capacity and potentially leading to precipitation of more soluble calcium phosphate phases. Therefore, 
this technology is not recommended for Tc-99 and U for conditions where there are high ionic strength 
plumes with NO3

- as the amount of reductant needed would have to be scaled to reduce the NO3
- prior to 

reduction of Tc. However, it may treat PCOIs and CoCOIs that are more readily reduced (e.g., nitrate and 
Cr). 
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Appendix J – Liquid-Phase Chemical Reduction & 
Sequestration: Calcium Polysulfide & Polyphosphate 

The purpose of this task is the sequestration of U and Tc-99 (primary contaminants of interest, PCOIs) in 
the presence of I-129 as iodate, nitrate, Cr, and Sr (co-contaminants of interest, CoCOIs) in water-
saturated zones using a liquid phase reductant (calcium polysulfide, CPS) followed by a polyphosphate 
(Poly-PO4) solution to precipitate apatite. This technology functions via injection of CPS to reductively 
precipitate contaminants, followed by injection of Poly-PO4 to precipitate apatite that may either 
incorporate contaminants (i.e., U) or coat reduced/precipitated contaminants (i.e., Tc).  

This combined treatment is targeting contamination in perched water and BY Cribs as the primary 
treatment zones, with treatment via formation of a permeable reactive barrier in groundwater under BY 
Cribs. Potential secondary treatment zones include 216-U-1 and -2, S-SX tanks, S and T Cribs, C tanks, 
and BC Cribs.  

The specific objectives of this technology are as follows: 

1. Quantify the decrease in Tc-99 and U mass and order of magnitude removal rate in various 
combinations: (1) with/without sediment, (2) with/without delivery fluid, (3) with/without 
co-contaminants, and (4) with zero valent iron or sulfur modified iron [described in the Phase 1 
report (PNNL-35432)].  

2. Determine the immobilization rates for U and Tc-99 with/without co-contaminants for 
(1) perched water and (2) BY Crib application (in groundwater). 

3. Quantify the longevity of U and Tc-99 with/without co-contaminants for (1) perched water and 
(2) BY Crib application. 

Objectives 2 and 3 were tested in 1-D leach columns as described in Sections J.3.2 and J.3.1 for perched 
water conditions and BY Cribs groundwater conditions, respectively, based on the batch experiments 
described in Section J.2. 

J.1 Supplemental Methods 

For the BY Cribs groundwater conditions, amendments were delivered in a stepwise fashion with 
injection of approximately 1 pore volume (PV) of each amendment sequentially (CPS and then Poly-PO4) 
followed by one repeat injection of both amendments. These conditions are similar to previous testing on 
delivery of calcium and phosphate solutions (Wellman et al. 2011). However, amendment delivery will 
likely need further testing and optimization due to the expected challenges of scaling to a large-scale field 
scenario. 

Additional column tests were conducted with and without Poly-PO4 to quantify the performance of 
treatment with CPS only as compared to the two-step approach with CPS+Poly-PO4. These experiments 
were conducted as described in Section 2.4. However, testing was only conducted for conditions with 
CoCOIs.  

These data are summarized within this appendix. 
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J.2 Long-Term Batch Results 

J.2.1 Tc and U Sequestration with CPS+Poly-PO4 

Tc sequestration for the BY Cribs groundwater conditions was similar for no treatment [i.e., addition of 
only synthetic groundwater (SGW)] and only Poly-PO4 treatment (~10%), highlighting the importance of 
reduction of TcO4

- to Tc+4 for immobilization. When CPS is added to the system, sequestration increases 
significantly, from 10% to > 50% in the immobile fractions (Extractions 4 and 5). Moreover, the addition 
of Poly-PO4 further increases sequestration based on results at 230 and 270 days (as shown in Figure J.1 
and Figure J.2).  

For the perched water conditions, Tc-99 sequestration was similarly increased with CPS treatment; 
however, the increase in sequestration with the sequential treatment with Poly-PO4 was not observed (as 
shown in Figure J.5 to Figure J.8). Although there was more variability in results and recoveries, these 
data suggest that the relatively high ionic strength conditions of the perched water may impact 
precipitation of apatite from Poly-PO4 solutions and/or consume reduction capacity. 

U sequestration was significantly increased with Poly-PO4 treatment with and without CPS for the BY 
Cribs groundwater conditions at 230 and 270 days, respectively (Figure J.3 and Figure J.4). However, 
results for the CPS treatment alone were similar, suggesting that redox conditions were not adequate for 
U reduction and subsequent precipitation in this batch system. Results for the perched water conditions 
show similar trends from 5 to 270 days, albeit with an overall decrease in sequestration for all conditions, 
although results and recoveries exhibited high variability (Figure J.9 and Figure J.10). 

These results extend those reported in Sections 4.7 and 4.8 of the Phase 1 report (PNNL-35432), as the 
experiments were conducted over longer periods (i.e., 42 vs. 270 days) and under more realistic sediment-
to-water ratios (i.e., 1:2 vs. 5:1). Overall, the observed trends were similar. However, contaminant 
sequestration was increased under the more field-relevant sediment-to-water ratio in the BY Cribs 
groundwater and the perched water conditions. 
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J.2.1.1 BY Cribs Groundwater Conditions 

 
Figure J.1. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked Cold 

Creek Unit gravel (CCug) sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 
via sequential extractions after 230 days compared to controls without treatment. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. 

 
Figure J.2. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via sequential extractions 
after 270 days compared to controls without treatment. Note: The left side of the figure shows 
the normalized fraction recovered in each sequential extraction while the right side of the 
figure shows the solid phase concentration (in μg/g) recovered in each sequential extraction. 
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Figure J.3. Changes in U sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment (with CoCOIs) in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via 
sequential extractions after 230 days compared to controls without treatment. Note: The left 
side of the figure shows the normalized fraction recovered in each sequential extraction while 
the right side of the figure shows the solid phase concentration (in μg/g) recovered in each 
sequential extraction. 

 
Figure J.4. Changes in U sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment (with CoCOIs) in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via 
sequential extractions after 270 days compared to controls without treatment. Note: The left 
side of the figure shows the normalized fraction recovered in each sequential extraction while 
the right side of the figure shows the solid phase concentration (in μg/g) recovered in each 
sequential extraction. 
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J.2.1.2 Perched Water Conditions 

 
Figure J.5. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked perching 

zone sand (PZsd) sediment in synthetic perched water (SPW) via sequential extractions up to 
270 days. Note: The left side of the figure shows the normalized fraction recovered in each 
sequential extraction while the right side of the figure shows the solid phase concentration (in 
μg/g) recovered in each sequential extraction. For 90-day results, Extraction 5 could not be 
analyzed. 

 
Figure J.6. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment in SPW with CPS via sequential extractions up to 270 days. Note: The left side of 
the figure shows the normalized fraction recovered in each sequential extraction while the 
right side of the figure shows the solid phase concentration (in μg/g) recovered in each 
sequential extraction. For 90-day results, Extraction 5 could not be analyzed. 

"C 
a, 
ti 1.0 

~ -)( a, 

m o.8 

~ 
0 06 C • 
0 

n 
£ 0.4 
"C 
a, 
-~ 
Ill 
E 0.2 ... 
0 
z 

0.0 

"C 
a, 
ti 1.0 
~ -)( a, m o.8 

~ 
0 06 C • 
0 

n 
£ 0.4 
"C 
a, 
-~ 
Ill 
E 0.2 ... 
0 
z 

0.0 

.------------------------.- 0.9 
PZSd-SPW CJ Aqueous 

C)Ext1.SGW 
- Ext 2. Mg(N03) 2 No 0 2 

D Ext 3. Mg(N03)2 0 2 

D Ext 4. CH,COOH 

- Ext 5. HN03 

0.8 

0.7 
-I 
0 

o.s CD 
CD 
(D 

0.5 ~ 
iil 
0 

0.4 co 
0.. 

~ 0.3cc 
§: 

0.2 

0.1 

.------------------------.- 0.6 
PZSd-CPS C]Aqueous 

c:J Ext1.SGW 
- Ext 2. Mg(N03), No 0 2 

D Ext 3. Mg(N03), 0 2 

D Ext 4. CH3COOH 

- Ext5.HN03 

0.5 

-I 
0 

0.4 CD 
CD 
(D 

~ 
0.3 ~ 

(D 
0.. 

~ 0.2cc 
§: 

0.1 

0.0 



PNNL-38530, Rev. 0  
DVZ-RPT-118, Rev. 0 

Appendix J J.6 
 

 

 
Figure J.7. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment in SPW with CPS+Poly-PO4 via sequential extractions up to 270 days. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. For 90-day results, Extraction 5 could not be analyzed. 

 
Figure J.8. Changes in U sequestration from liquid-phase treatment of contaminant-spiked PZsd sediment 

in SPW via sequential extractions up to 270 days. Note: The left side of the figure shows the 
normalized fraction recovered in each sequential extraction while the right side of the figure 
shows the solid phase concentration (in μg/g) recovered in each sequential extraction. For 
90-day results, Extraction 5 was unable to be analyzed. 
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Figure J.9. Changes in U sequestration from liquid-phase treatment of contaminant-spiked PZsd sediment 

in SPW with CPS via sequential extractions up to 270 days. Note: The left side of the figure 
shows the normalized fraction recovered in each sequential extraction while the right side of 
the figure shows the solid phase concentration (in μg/g) recovered in each sequential 
extraction. For 90-day results, Extractions 4 and 5 could not be analyzed. 

 
Figure J.10. Changes in U sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment in SPW with CPS+Poly-PO4 via sequential extractions up to 270 days. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. For 90-day results, Extraction 5 could not be analyzed. 
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J.2.2 Supplemental Results for BY Cribs Groundwater Conditions 

J.2.2.1 CoCOI Results 

The sequestration of CoCOIs was also monitored via sequential extractions, including Cr and Sr. 
However, nitrate and I were not routinely monitored in sequential extractions due to instabilities in acidic 
solutions. For Cr, similar behavior to Tc was observed, likely because Cr and Tc are impacted by similar 
reductive precipitation processes (Figure J.11). Cr behavior was similar for the control and 
Poly-PO4-treated sediments (~60% present in the immobile Extractions 4 and 5), while sequestration was 
significantly increased when the CPS reductant was present (> 95% in Extractions 4 and 5). These results 
are consistent with previous research using reductants for immobilization of Cr, including CPS 
(Chrysochoou et al. 2010; Williams and Scherer 2001; Alowitz and Scherer 2002; Yang et al. 2007; 
Zhong et al. 2009). For Sr, a small decrease in sequestration was observed with CPS treatment as 
compared to the control (Figure J.12), while a small increase in sequestration was observed when 
Poly-PO4 was present (with or without CPS, results were similar). Previous work showed significant 
sequestration of Sr with Ca-Cit-PO4 (PNNL-18303). 

 
Figure J.11. Change in Cr sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via sequential extractions 
after (left) 230 days and (right) 270 days compared to controls without treatment. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. 
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Figure J.12. Change in Sr sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via sequential extractions 
after (left) 230 days and (right) 270 days compared to controls without treatment. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. 
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Phosphorus (P) and sulfur (S) were also monitored in sequential extractions to understand the changes in 
total and sequestered P and S. Because the extractions included strong acids, species were not measured, 
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expected, with a small shift in mobility with time (as compared at 230 and 270 days) (Figure J.13). For S, 
the distribution under natural conditions was relatively similar across each of the extraction solutions, 
suggesting a wide variability in S-containing phases. Moreover, the mobility of natural S was not 
significantly impacted by the Poly-PO4 treatments. However, the CPS amendments added nearly all 
mobile S phases that were readily dissolved in the first extraction. These results are consistent with 
expectations as most of the S was added as sulfide, S2-, though it is notable that the S remained relatively 
mobile over longer periods based on these extraction results at 230 and 270 days (Figure J.14). These 
results may have implications for future treatment at the field scale as the S would be significantly more 
mobile than P in the subsurface in the long-term. 
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Figure J.13. Change in P sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via sequential extractions  
after (left) 230 days and (right) 270 days compared to controls without treatment. Note: The 
left side of the figure shows the solid phase concentration (in μg/g) recovered in each 
sequential extraction while the right side of the figure shows the total recovery in each 
sequential extraction. 

 
Figure J.14. Change in S sequestration from liquid-phase treatment of contaminant-spiked CCug 

sediment in SGW reacted with CPS, Poly-PO4, or CPS+Poly-PO4 via sequential extractions 
after (left) 230 days and (right) 270 days compared to controls without treatment. Note: The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. 
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For the perched water conditions, P is naturally relatively immobile as shown in Figure J.15 and remained 
immobile with addition of Poly-PO4 (with or without CPS), likely due to apatite precipitation. This result 
was similar to observations in the BY Cribs groundwater conditions (Figure J.13). In addition, S mobility 
was similar in both perched water conditions (Figure J.16) and BY Cribs groundwater conditions (Figure 
J.14), with a significant fraction of S measured in each extraction under natural conditions and a 
significant increase in mobile S in the first extraction with addition of CPS. Significant changes with time 
up to 270 days were not observed, although there was some variability in the results. 
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Figure J.15. Change in P sequestration from liquid-phase treatment of contaminant-spiked PZsd sediment 

in (left) SPW, (middle) CPS, and (right) CPS+Poly-PO4 via sequential extractions up to 
270 days. Note: The left side of the figure shows the solid phase concentration (in μg/g) 
recovered in each sequential extraction while the right side of the figure shows the total 
recovery in each sequential extraction. At 5 days, only “Aqueous” fractions were analyzed, 
and at 90 days, Extraction 5 could not be analyzed. 

 
Figure J.16. Change in S sequestration from liquid-phase treatment of contaminant-spiked PZsd sediment 

in SPW via sequential extractions up to 270 days. Note: The left side of the figure shows the 
solid phase concentration (in μg/g) recovered in each sequential extraction while the right 
side of the figure shows the total recovery in each sequential extraction. At 5 days, only 
“Aqueous” fractions were analyzed, and at 90 days, Extraction 5 could not be analyzed. 

0 m
 

~
 

"' 0 0 

0 0 :!
 

S
 e

xt
ra

ct
e

d
 (

µ
g

/g
] 

,. 
a

, 
co

 
0 

0 
0 

0 
0 

0 

♦
 

♦
 

♦
 

♦
 

0 ~
 

? .... 

,lH
M

O
::>

aJ
 S

 1
1:

!lO
.l 

.... 
.... 

0 
N

 
0 

0 
0 

0 

ID
DI

DD
 

m
m

m
m

m
l>

 
)
(
 

)
(
 

)C
 

)C
 

)
(
 
.0

 
,.

..
 

,.
. 

,..
. 

,..
.. 

,..
. 

C
 

0
1

 
,J

I,.
 

W
 

ft.
> 

-
<D

 
.
.
.
.

. 
0 

:C
O

!
:
!
:

C
l>

C
 

Z
:
C

"
'(

O
(j

')
U

>
 

wo
w8

~
~

~
 

0 
"
-

"
-

.... 0 

:C
 N

 
N

 

0 
z 

N
 

0 No
 .... 0 0 

en
 

"t
i :E
 

0 "t
i cn
 

0 "t
i en
 

+
 

"t
i 

0 
~
 

.... 0 0 0 

u
, 

0 
0 

0 

0 0 
? u

, 

P
 e

xt
ra

ct
e

d
 [

µg
/g

] 
.... 

.... 
0 

u
, 

0 
0 

0 
0 

N
 

0 0 0 

I
D
O
i□

□ 
m

m
m

m
m

>
 

~
 
~
 
~
 
~
 ?

S.-
g 

0
1

 
,I

I,
. 

W
 

l\
l.

..
.,

 
<D

 
' 

•
•
 

' 
• 

0 

:c
 n

 
!:

 
.:

:e
n

c 
IC

/)
 

~
 ..

.. J
: 
~
 !:

2.. 
C'

) 
(I

) 
""1

J 
w

 
8
~
~
~
 

:E
 

O
'<

-'
<

-
:c

 N
 

N
 

O
 

Z
 

N
 

0 N
o

 

0 "t
i cn
 

0 "t
i en
 

+
 

"t
i 

0 
~
 

...
...

 
~
 

f\
) 

f\
,)

 
c
.)

 

0 
UI

 
O

 
U'

I 
0 

A
la

A
o:

:>
aJ

 d
 1

et
o.

1 



PNNL-38530, Rev. 0  
DVZ-RPT-118, Rev. 0 

Appendix J J.12 
 

 

J.3 Saturated Column Results for Tc-99 and U 

This section presents results for monitoring the PCOIs (Tc and U) during loading (for the BY Cribs 
groundwater condition only) and leaching (for both BY Cribs groundwater and perched water conditions). 
Because contaminants of interest were added directly to sediments, a loading phase was not conducted for 
the perched water conditions, while the BY Cribs groundwater experiments simulated the flow of 
contaminants into a potential permeable reactive barrier. Data are summarized, including all column 
results based on the total accumulation within the column (the amount sequestered in μg/g), the effluent 
concentration (in μg/L), the rate of release from sediments as normalized to the solid phase concentration 
both prior to stop flow events and during stop flow events (in day-1), and distribution across the column as 
determined by extraction with 8 M HNO3. These different results highlight the potential for amendments 
to sequester PCOIs and CoCOIs based on the total quantity taken up into columns and rates of release at 
different points in experiments. 

J.3.1  BY Cribs Groundwater Conditions 

For the BY Cribs groundwater conditions, U uptake was significant in the absence and presence of 
CoCOIs, as shown in Figure J.17. For the no-treatment scenario or with CPS treatment, the contaminant 
effluent concentrations reached the influent concentrations (breakthrough) by 100 PVs. Moreover, the 
maximum loading of U without treatment was higher in the presence of CoCOIs (as shown in Figure 
J.17), although a similar amount remained with or without CoCOIs after the leaching phase of the 
experiments, suggesting greater mobility of U initially retained in the presence of CoCOIs. During the 
first two stop flow events, which occurred shortly after switching to leaching in SGW, significant 
adsorption and desorption were likely occurring simultaneously (a lack of equilibrium) as the normalized 
release rates were highly variable before and during stop flows (Figure J.18). However, there was greater 
release of U during stop flows when CoCOIs were present. By the third stop flow, at around 100 PVs of 
leaching, leaching rates before and during the stop flow had decreased significantly. 

When treated with CPS, there was a small increase in removal of U as compared to the control (> 11 vs. 
4 μg/g after the loading phase, as shown in Figure J.17 and Table J.1), indicating potential for some 
enhanced removal of U due to either reductive precipitation or shifts in the pH caused by CPS reacting in 
the system. However, more than 70% of the U was mobilized out of the column during the leaching 
phase, suggesting that U did not remain reduced. While dissolved oxygen remained below detection limits 
during the initial treatment phase of experiments, oxygen increased during contaminant loading and 
leaching, indicating that some oxygen was present during loading even after degassing solutions and 
attaching N2 gas bag onto bottles as well as during the leaching phase with SGW equilibrated with air. 
During stop flow events, however, dissolved oxygen decreased over time (Figure J.38). Therefore, while 
there was likely some initial reduction of U, it would be expected to re-oxidize. Moreover, the pH did not 
fluctuate significantly and remained near 8.5 (Figure J.37) except during the first 50 PVs of injection and 
after the last stop flow near 300 PVs. In the first 50 PVs, there were likely significant reactions taking 
place as the system re-equilibrated with fresh SGW, PCOIs, and CoCOIs. However, the pH increase near 
300 PVs for CPS+Poly-PO4 treatment may indicate significant dissolution of apatite with the longer stop 
flow (~500 hours) (Dorozhkin 1997).  

For treatment with both CPS+Poly-PO4, there was a significant delay in breakthrough of U, which never 
reached more than 50% of the influent concentrations. This result was consistent with the significant 
potential for uptake of U in apatite as shown in Figure J.17 and previous research with apatite-forming 
solutions (Fuller et al. 2003; SGW-47062; Lammers et al. 2017; PNNL-25303; PNNL-29650). Overall, 
loading of U reached a maximum of approximately 40 μg/g, as shown in Table J.1; however, more U 
likely could have been loaded since complete breakthrough was not reached after more than 200 PVs of 
injection. Moreover, uptake was significant with and without CoCOIs, including Sr. Breakthrough results 
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(Figure J.17) were also consistent with sectioning and acid leaching (Table J.1) with a relatively 
consistent U distribution across the column for the untreated and CPS-treated columns as the maximum 
loading capacity was achieved under these conditions (i.e., complete breakthrough). However, for the 
CPS+Poly-PO4-treated columns where breakthrough was incomplete, the concentration was highest near 
the inlet and then decreased across the column where maximum uptake had not yet been reached. 

 
Figure J.17. U during loading and leaching with CCug sediment without and with treatment (with CPS or 

CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks in the absence 
of oxygen: (a) accumulation of U (in μg/g) in the solid phase and (b) aqueous effluent 
concentrations of U (in μg/L). Note: “Dup” stands for duplicate. Filled symbols indicate 
loading phase while open symbols represent the leaching phase with SGW. 

 
Figure J.18. U normalized release rates during leaching from columns with CCug sediment without and 

with treatment (with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions: (a) estimated 
leaching rate (day-1) prior to each stop flow and (b) estimated leaching rate (day-1) during 
each stop flow. Note: “Dup” stands for duplicate. 
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Figure J.19. U distribution (in μg/g) across columns with CCug sediment without and with treatment 

(with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions. Note: “Dup” stands for 
duplicate. 

Table J.1. U estimated recovery after loading and leaching in CCug sediments without and with treatment 
(CPS or CPS+Poly-PO4) after equilibrium of amendments for approximately 6 weeks in the 
absence of oxygen. 

Conditions 
Loading  
(μg/g) 

Leaching  
(μg/g) 

No treatment, PCOIs 4.4 1.7 
No treatment, PCOIs + CoCOIs 0.4 1.7 
CPS, PCOIs + CoCOIs 14.0 4.3 
CPS, PCOIs + CoCOIs, dup 11.7 2.8 
CPS+Poly-PO4, PCOIs 37.8 16.9 
CPS+Poly-PO4, PCOIs, dup 41.9 17.5 
CPS+Poly-PO4, PCOIs + CoCOIs 35.7 11.7 
CPS+Poly-PO4, PCOIs + CoCOIs, dup 34.6 12.7 

For the BY Cribs groundwater conditions, Tc-99 uptake was insignificant in the absence and presence of 
CoCOIs without treatment, as shown in Figure J.20. Moreover, the highest relative release rate, as 
measured just before stop flow events, was measured for the no-treatment column with CoCOIs, as shown 
in Figure J.21. For the CPS treatment with CoCOIs, contaminant effluent concentrations reached the 
influent concentrations (breakthrough) within a few PVs, likely due to relatively fast consumption of 
reduction capacity by dissolved O2, Tc, Cr, and NO3

-. This resulted in < 0.7 μg/g of Tc-99 initially 
sequestered after loading, as shown in Table J.2.  

Similar results were observed with CPS+Poly-PO4 with CoCOIs present. This result was expected as the 
Poly-PO4 treatment should not significantly consume reduction capacity. However, the maximum loading 
of Tc-99 with treatment when CoCOIs were not present was significantly higher than in the presence of 
CoCOIs (as shown in Figure J.21 and Table J.2 with > 3.2 μg/g of Tc-99 sequestered in the absence of 
CoCOIs). Therefore, competing CoCOIs likely consumed the majority of the reduction capacity rather 
than the low dissolved O2 during solution injection (as loading solutions with contaminants were de-
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gassed to remove air and O2). The trends observed here are consistent with batch testing (Section J.2) at 
field-relevant solid to liquid ratios and previous batch testing Phase 1 at 1:2 solid to liquid ratios (PNNL-
35432); however, reduction capacity was consumed more quickly in the column system due to the 
continuous flow and introduction of more reducible contaminants. 

 
Figure J.20. Tc-99 accumulation in CCug sediment without and with treatment (with CPS or 

CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks in the absence 
of oxygen: (a) accumulation of Tc-99 (in μg/g) in the solid phase and (b) aqueous 
concentrations of Tc-99 (in μg/L) in effluent. Note: “Dup” stands for duplicate. Filled 
symbols indicate loading phase while open symbols represent the leaching phase with SGW. 

  
Figure J.21. Tc-99 normalized release rates during leaching from columns with CCug sediment without 

and with treatment (with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions: 
(a) estimated leaching rate (day-1) prior to each stop flow and (b) estimated leaching rate 
(day-1) during each stop flow. Note: “Dup” stands for duplicate. 
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Figure J.22. Tc-99 distribution (in μg/g) across columns with CCug sediment without and with treatment 

(with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions. Note: “Dup” stands for 
duplicate. 

Table J.2. Tc-99 estimated recovery after loading and leaching in CCug sediments without and with 
treatment (CPS or CPS+Poly-PO4) after equilibrium of amendments for approximately 
6 weeks in the absence of oxygen. 

Conditions 
Loading  
(μg/g) 

Leaching  
(μg/g) 

No treatment, PCOIs 0 0 
No treatment, PCOIs + CoCOIs 0.03 0 
CPS, PCOIs + CoCOIs 0.6 0.7 
CPS, PCOIs + CoCOIs, dup 0.2 0.2 
CPS+Poly-PO4, PCOIs 3.2 1.6 
CPS Poly-PO4, PCOIs, dup 3.9 2.4 
CPS+Poly-PO4, PCOIs + CoCOIs 0.7 0.3 
CPS+Poly-PO4, PCOIs + CoCOIs, dup 0.3 0.0 

J.3.2 Perched Water Conditions 

For the perched water conditions, initial concentrations of U in the effluent of the untreated columns and 
release rates were significant (Figure J.23b), based on the relative release rate both prior to and during the 
first stop flow event during the first few PVs of leaching (Figure J.24). Moreover, the amount of U 
sequestered in the sediments decreased significantly during leaching (Figure J.23a), ending with only 
about 4 μg/g of U sequestered based on 8 M HNO3 extractions after sectioning the columns (Figure J.25 
and Table J.3). During estimation of sequestered U in μg/g shown in Figure J.23a, there were negative 
values reported, likely due to heterogeneity of U in the composite sediments and fluctuation in effluent U 
during experiments. (Not every sample could be analyzed in the breakthrough curves.) While the 
background U was accounted for in estimates based on an average of U recovered in digestions, there was 
variability, which is difficult to account for during leaching. Hence, the U remaining after leaching was 
estimated from 8 M HNO3 extractions of sediments after sectioning instead of effluent monitoring. 
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For treatment with both CPS+Poly-PO4, there was a significant delay in release as compared to without 
treatment (Figure J.23); however, more than 85% of U was leached over 80 to 90 PVs (Figure J.24). After 
sectioning, there was a clear trend of increasing concentration of U remaining in sediments with distance 
from the inlet (Figure J.25). This result suggests that release of U under the conditions in these columns 
may be solubility controlled (Wellman et al. 2006, 2007). Once aqueous concentrations and solid phase 
species of U are better understood in the perched water, additional experiments may be necessary to 
understand the potential use of this technology. However, results showed a significant delay in release of 
U with treatment. 

Release of Tc-99 under the perched water conditions was significant with and without treatment. The 
treatment with CPS+Poly-PO4 only marginally reduced the release of Tc-99 in this system (Table J.3, 
Figure J.25 through Figure J.28), likely due to the significant NO3

- present, which consumed the reduction 
capacity. Therefore, this technology is not recommended for conditions where there are high ionic 
strength plumes with NO3

- as the amount of reductant needed would have to be scaled to reduce the NO3
- 

prior to reduction of Tc. 

 
Figure J.23. U remaining during leaching with PZsd sediment without and with treatment (with CPS or 

CPS+Poly-PO4) after equilibration of amendments for approximately six weeks in the 
absence of oxygen, (a) accumulation of U in sediments (in μg/g) in sediments and (b) 
aqueous concentrations of U (in μg/L) in effluent. Note: “Dup” stands for duplicate. Filled 
samples indicate loading phase while open symbols represent the leaching phase with SPW. 
Negative values for U loaded in “a” are likely due to fluctuation in background U in 
sediments. 
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Figure J.24. U normalized release rates during leaching from columns with PZsd sediment without and 

with treatment (with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions: (a) estimated 
leaching rate (day-1) prior to each stop flow and (b) estimated leaching rate (day-1) during 
each stop flow. Note: “Dup” stands for duplicate. 

 
Figure J.25. U distribution (in μg/g) across columns with PZsd sediment without and with treatment (with 

CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions. Note: “Dup” stands for duplicate. 
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Table J.3. U and Tc-99 estimated recovery after leaching in PZsd sediments without and with treatment 
(CPS or CPS+Poly-PO4) after equilibrium of amendments for approximately 6 weeks in the 
absence of oxygen. Note: Initial U and Tc-99 were estimated to be 109 and 0.27 μg/g, 
respectively. 

Conditions 
U  

(μg/g) 
Tc  

(μg/g) 
No treatment 4.1 0.02 
CPS+Poly-PO4 16.2 0.09 
CPS+Poly-PO4, dup 14.5 0.09 

 
Figure J.26. Tc remaining during leaching with PZsd sediment without and with treatment (with CPS or 

CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks in the absence 
of oxygen: (a) accumulation of Tc-99 in sediments (in μg/g) in solid phase and (b) aqueous 
concentrations of Tc-99 (in μg/L) in effluent. Note: “Dup” stands for duplicate. Filled 
samples indicate loading phase while open symbols represent the leaching phase with SPW. 
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Figure J.27. Tc normalized release rates during leaching from columns with PZsd sediment without and 

with treatment (with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions: (a) estimated 
leaching rate (day-1) prior to each stop flow and (b) estimated leaching rate (day-1) during 
each stop flow. Note: “Dup” stands for duplicate. 

 
Figure J.28. Tc-99 distribution (in μg/g) across columns with PZsd sediment without and with treatment 

(with CPS or CPS+Poly-PO4) based on 8 M HNO3 extractions. Note: “Dup” stands for 
duplicate. 
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shown for BY Cribs groundwater conditions based on batch and column samples prepared after reaction 
with amendments. Data could not be collected for U due to detection limitations, interferences, and 
configuration challenges. However, data were collected for select samples with Tc, including batch 
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samples treated with CPS or CPS+Poly-PO4 and column sediments with CPS+Poly-PO4 after loading and 
leaching.  

First, with reaction with only CPS in batch experiments, Tc-99 was present as 100% Tc2S7 with Tc-99 
present as the +4 oxidation state (reduced) based on bulk extended X-ray absorption spectroscopy 
(EXAFS) results, as shown in Figure J.29. Then, after subsequent treatment with Poly-PO4 in batch 
experiments, XRF mapping showed clear correlations between Tc, Ca, S, and P (Figure J.30), potentially 
due to precipitation of sulfides and subsequent formation and coating with apatite. However, it is unclear 
if the P was associated with apatite mineral phases and whether apatite (if present) was coating the 
sulfides. Finally, post-leaching XAS [including both X-ray absorption near edge structure (XANES) and 
EXAFS, Figure J.31] characterization of sediments from columns with CCug sediments treated with 
CPS+Poly-PO4 showed that the majority of Tc-99 in the solid phase was still Tc(IV). Linear combination 
fitting of results showed 0.92 ± 0.02 Tc(IV) and 0.08 ± 0.02 Tc(VII). 

For U, there was a correlation between Fe and U (Figure J.32), potentially indicating reductive 
precipitation by or with iron, following batch treatment of CCug sediments with CPS+Poly-PO4. 
Moreover, there was a relatively homogenous distribution of Ca, suggesting precipitation of calcium 
phosphate phases. In addition, XANES results (Figure J.33) were inconclusive from the microprobe but 
suggested a mixture of U(IV) and U(VI), which indicates that some U reduction occurred. Similar results 
were observed post-leaching in sediments from columns, confirming that there was likely a mixture of U 
oxidation states in precipitates (Figure J.34 and Figure J.35). 

 
Figure J.29. EXAFS results for Tc-99 for batch samples where CCug sediments were reacted with CPS 

for approximately 1 week prior to washing and preparation for analysis. Linear combination 
fitting with Tc2S7 standard (left) and comparison of Tc-99 K-edge EXAFS oscillations of the 
sample with the Tc2S7 standard (right), highlighting the sample and standard agreement.  
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Figure J.30. XRF mapping results for pre-leach CCug sediments treated with CPS+Poly-PO4 in a batch 

highlighting strong correlations of Tc, Ca, S, and P potentially correlation of sulfide phases 
with apatite.  

 
Figure J.31. Tc-99 K-edge XANES data with corresponding linear combination fit (LCF) for post-leach 

for CCug sediments from columns treated with CPS+Poly-PO4.  Note: Data – black and fit – 
red lines. The LCF range is from -43 to 97 eV below and above the edge.   
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Figure J.32. XRF for Fe, Ca, and U collected on the microprobe with coarse (top) and fine (bottom) maps 

showing areas of interest for U for pre-leach CCug sediments treated in a batch with 
CPS+Poly-PO4. Note: The white arrow points to the spot selected for U L3-edge XANES, 
S3.  

 
Figure J.33. XANES results for U L3-edge on pre-leach CCug sediments treated in a batch with 

CPS+Poly-PO4 showing a mixture of U(IV) and U(VI). Note: Spot (S3) chosen on the fine 
map (on Figure J.31).  
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Figure J.34. XRF for Fe, S, and U collected on the microprobe with coarse (top) and fine (bottom) maps 

showing areas of interest for U for post-leach of CCug sediments treated with CPS+Poly-PO4 
in columns. Note: The white arrow points to the spots selected for U L3-edge XANES, S1. 

 
Figure J.35. XANES results for U L3-edge on post-leach CCug sediments from columns treated with 

CPS+Poly-PO4 that are inconclusive but likely predominantly U(IV). Note: Spot (S3) chosen 
on the fine map (on Figure J.33). U L3-edge XANES on the spot S1 chosen on fine map (on 
Figure J.33) of the column sediment.  
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J.4 Saturated Column Results for Co-contaminants for BY Cribs 
Groundwater  

For CoCOIs, including I, Cr, and Sr, data were collected for monitoring effluent concentrations and 
distribution in sediments post-leaching (only for Cr and Sr). These results showed that the mobility of I 
was significantly decreased with Poly-PO4 treatment (Figure J.36). However, loadings into sediments 
cannot be confirmed based on post-leaching column sectioning, as acidic conditions were used for 
leaching to target PCOIs but likely volatilized iodine. Regardless, the potential for uptake of I in apatite is 
promising, though there was measurable release during stop flows based on I spikes during leaching.  

For Cr, there was a significant increase in loading of Cr in sediments (Figure J.30) based on post-leach 
sectioning and extraction in 8 M HNO3. Though there was fluctuation across the column and with CPS 
vs. CPS+Poly-PO4, this was likely due to heterogeneity of the CPS reductant across the column. In 
addition, significant leaching of Cr after the loading phase was not observed, consistent with Cr 
remaining reduced even after the reduction capacity was consumed (Rai et al. 1989; Chrysochoou et al. 
2010; Zhang et al. 2020).  

In the first 50 PVs of loading into these columns, there was a clear decrease in effluent Sr for columns 
with and without CPS+Poly-PO4. It is likely that the reaction times did not allow for incorporation of Sr 
into apatite over time. Therefore, the points where effluent Sr increased during leaching in columns 
treated with CPS+Poly-PO4 may indicate the point where adsorption sites are saturated with respect to Sr, 
potentially due to the slower incorporation mechanisms (PNNL-23367; Janusz and Skwarek 2016; 
Nishiyama et al. 2016), though researchers have also reported significant release depending on the 
conditions of adsorption (Dahl et al. 2001). Moreover, there was a significant release of Sr at the last stop 
flow around 300 PVs for columns with and without treatment, suggesting dissolution of a precipitate. For 
CPS+Poly-PO4, significantly greater release of Sr was observed. It may be that the apatite was beginning 
to release surface Sr or another precipitate (e.g., SrCO3 as was thermodynamically favorable in speciation 
modeling, Appendix A, Section A.3.1). There was also a concurrent increase in pH near this point, which 
could be indicative of apatite and/or hydroxyapatite dissolution (Dorozhkin 1997), and an increase in 
aqueous P in effluent was also observed (Figure J.43). Because the loading phase continued for longer for 
treated columns, it is unlikely that the differences in Sr leaching were due to the amendment and more 
likely that they represent precipitation of Sr under conditions with and without treatment. 
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Figure J.36. Aqueous I (in μg/L) during loading and leaching with CCug sediment without and with 

treatment (with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 
6 weeks in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate 
loading phase while open symbols represent the leaching phase with SGW. 

 
Figure J.37. (a) Aqueous Cr (in μg/L) during loading and leaching and (b) Cr distribution (in μg/g) across 

columns based on 8 M HNO3 extractions with CCug sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 
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Figure J.38. (a) Aqueous Sr (in μg/L) during loading and leaching and (b) Sr distribution (in μg/g) across 

columns based on 8 M HNO3 extractions with CCug sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 

J.5 Saturated Column Geochemical Monitoring 

J.5.1 pH and Dissolved Oxygen Data 

 
Figure J.39. Fluctuation of pH over time during loading and leaching with CCug sediment without and 

with treatment (with CPS or CPS+Poly-PO4) after equilibration of amendments for 
approximately 6 weeks in the absence of oxygen. Note: “Dup” stands for duplicate. 
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Figure J.40. Fluctuation of dissolved oxygen over time during (a) loading and (b) leaching with CCug 

sediment without and with treatment (with CPS or CPS+Poly-PO4)w after equilibration of 
amendments for approximately 6 weeks in the absence of oxygen. Note: “Dup” stands for 
duplicate. Results are For Information Only. 

 
Figure J.41. Fluctuation of pH over time during leaching with PZsd sediment without and with treatment 

(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. 
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J.5.2 Amendment Monitoring Data 

For both BY Cribs water table and perched water conditions, there was a significant loading of S 
observed, even after 100 PVs of leaching, as shown in Figure J.42 and Figure J.44. There was a greater 
loading of S into the sediments for the perched water conditions, likely due to its addition in a batch 
configuration as opposed to direct injection into the columns and less injection of water over the course of 
the experiments. This suggests that a significant amount of the S could advect out of treatment zones in 
the field, depending on groundwater flow rates and targeted zone of treatment. There was also less P 
measured in the sediments in the BY Cribs groundwater condition, which was not readily discernible as 
increased when compared to the untreated columns (Figure J.43). Therefore, it is likely that much of the 
apatite precipitated initially from Poly-PO4 was leached during the loading of contaminants and 
subsequent leach, which occurred over hundreds of PVs. It is possible that Ca:P ratios were not sufficient 
for formation of apatite. Future work could consider using a combination of sodium polysulfide and CPS 
to generate the best conditions for apatite formation in the presence of sulfide. For the perched water 
conditions, similar to observations for S, there was more P measured post-leaching with column 
sectioning as compared to BY Cribs groundwater conditions. These results confirm that apatite will also 
leach over time, though predictions could be projected based on solubility and groundwater chemistry and 
flow rates. 

J.5.2.1 BY Cribs Groundwater Conditions 

 
Figure J.42. (a) Effluent S (in μg/L) during loading and leaching and (b) S distribution (in μg/g) across 

columns based pm 8 M HNO3 extractions with CCug sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 
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Figure J.43. (a) Effluent P (in μg/L) during loading and leaching and (b) P distribution (in μg/g) across 

columns based on 8 M HNO3 extractions with CCug sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 

J.5.2.2 Perched Water Conditions 

 
Figure J.44. (a) Aqueous S (in μg/L) during leaching and (b) S distribution (in μg/g) across columns post-

leaching based on 8 M HNO3 extractions with PZsd sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 

100000 ..-------------------

:i' 

1 
5 10000 
:;::; 
E 
c 
Q> 

" C: 
0 

" [I. 

-.6 CPS, PCOI/CoCOls 
e CPS, PCOI/CoCOls - dup 

-.6 No treatment, PCOI only 
e No treatment, PCOI/CoCOls 

-.6 CPS+PolyP04, PCOI only 

-• CPS+PolyP04, PCOI only - dup 

(a) 

-A CPS+PolyP04, PCOI/CoCOls 9 L::,. 

-• CPS+PolyP04 , PCOI/CoCOls - dup ,!~,' ,: 
* Open symbol leaching 

···• ·•.t:'-~ 

l 
'. /+ •! 
,(~_\ ,~.& 

1000 • 

50 100 150 200 250 300 350 

Pore Volumes 

1E+7"T"T_....,. ________________ _ 

:i' 

1 
C: 
0 
~ 1E+6 

c 
Q> 

" C: 
0 

" 1/) 

1E+5 

(a) 

t:,. 

6 Control 
• £:,.. CPS+PolyPO, 

CPS+PolyPO, • dup 

A . -.c,, . :~----~ .·-·.·.·.·· ·-·· ········-···.· .. . ,·.~·-·~ "-$~ 

0 10 20 30 40 50 60 70 80 90 

Pore Volumes 

1200T""-------------------.-

1000 

800 

cl 
ci 600 .=, 
[I. 

400 

200 

0 

2500 

2000 

~1500 
C) 

.=, 
1/) 

1000 

500 

- CPS, PCOI/CoCOls - CPS+PolyP04, PCOI only 
D CPS, PCOI/CoCOls - dup D CPS+PolyP04, PCOI only - dup 

- No treatment, PCOI only - CPS+PolyP04 , PCOI/CoCOls 
0 No treatment, PCOI/CoCOls - CPS+PolyP04, PCOI/CoCOls - dup 

(b) 

7 

4 5 

Distance from influent [inch] 

- Control (b) 
- CPS+PolyPO, 
D CPS+PolyPO4 - dup 

-

-- '- f--

,_ 

4 

Distance from influent [inch] 



PNNL-38530, Rev. 0  
DVZ-RPT-118, Rev. 0 

Appendix J J.31 
 

 

 
Figure J.45. (a) Aqueous P (in μg/L) during leaching and (b) P distribution (in μg/g) across columns post-

leaching based on 8 M HNO3 extractions with PZsd sediment without and with treatment 
(with CPS or CPS+Poly-PO4) after equilibration of amendments for approximately 6 weeks 
in the absence of oxygen. Note: “Dup” stands for duplicate. Filled samples indicate loading 
phase while open symbols represent the leaching phase with SGW. 

J.5.3 Bromide Tracer Breakthrough 

Results are summarized here for bromide breakthrough curves collected at the end of experiments, after 
the approximately 100-PV leaching step. Bromide curves were similar and repeatable, suggesting that the 
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PO4 breakthrough curves for the CCug sediments, as shown in Figure J.44; however, this was more likely 
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four columns (all no treatment and CPS for one group and CPS+Poly-PO4 conditions for the second 
group). Moreover, differences were not observed in the PZsd sediments between the treated and untreated 
columns (Figure J.45). Bromide breakthrough curves are fit for dispersion and compared across all 
technologies in Appendix A, Section A.3.2. 
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Figure J.46. Effluent Br (in μg/L) during and after tracer injection at 80 mg/L Br into columns with CCug 

sediment without and with treatment (with CPS or CPS+Poly-PO4). Note: “Dup” stands for 
duplicate. Br tracer injections conducted after leaching step in columns. 

 
Figure J.47. Effluent Br (in μg/L) during and after tracer injection at 80 mg/L Br into columns with PZsd 

sediment without and with treatment (with CPS or CPS+Poly-PO4). Note: “Dup” stands for 
duplicate. Br tracer injections conducted after leaching step in columns. 
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J.6 Summary of Performance of Calcium Polysulfide and 
Polyphosphate for Groundwater 

For the BY Cribs groundwater conditions, U and Tc-99 sequestration was significant with CPS+Poly-PO4 
treatment, with CPS facilitating the reduction of Tc-99 and Poly-PO4 sequestering U based on both batch 
experiments up to 270 days and column leaching experiments over 300 PVs. Poly-PO4 treatment alone 
did not sequester Tc. However, it performs well for U based on previous injections at the Hanford Site 
and batch experiments presented here and previously (PNNL-35432). In addition, some sequestration of 
potential CoCOIs was observed, including I and Sr via Poly-PO4 and Cr via CPS. 

For the perched water conditions, sequestration of Tc-99 was not significantly greater with treatment as 
compared to without treatment, likely due to the impact of high ionic strength and nitrate competing for 
reduction capacity. Leaching of U was significant both with and without treatment. However, with 
CPS+Poly-PO4 treatment, U release was significantly delayed, likely due to solubility controls. These 
results highlight the challenges of treatment within the perched water zone. Depending on the amount of 
nitrate that may be present, this technology may not be appropriate for Tc-99 treatment. However, 
Poly-PO4 may still perform well for U under these conditions, depending on flow rates and reaction times. 
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Appendix K – Liquid-Phase Bioreduction & Sequestration: 
Molasses & Polyphosphate 

The purpose of this task is sequestration of U and Tc-99 (primary contaminants of interest, PCOIs) in the 
presence of I-129 as iodate (IO3

-), nitrate (NO3
-), Cr, and Sr (co-contaminants of interest, CoCOIs) in 

water-saturated zones using food-grade black strap unsulfured molasses and a polyphosphate (Poly-PO4) 
solution. Molasses is an organic amendment used to stimulate the native microbial community in 
sediments to bioreduce contaminants to less mobile forms such as for Tc, U, and Cr. It is also used for 
wastewater treatment and groundwater remediation of nitrate via reduction to nitrite (NO2

-) and then to 
nitrogen gas (N2) to decrease nitrate concentration in water. Poly-PO4 is added to precipitate apatite that 
may either incorporate contaminants like U or coat reduced/precipitated contaminants such as Tc.  

This combined treatment is targeting contamination in perched water and BY Cribs as the primary 
treatment zones, with treatment via formation of a permeable reactive barrier in groundwater under BY 
Cribs. Potential secondary treatment zones include 216-U-1 and -2, S-SX tanks, S and T Cribs, C tanks, 
and BC Cribs. Note that the amount of molasses added is different from previous batch experiments in the 
Phase 1 report (PNNL-35432). Molasses was added to Phase 1 batch experiments at 0.39 g/L total 
organic carbon (TOC). For perched water-saturated batch and 1-D column experiments, molasses was 
added at 1.09 g/L TOC for both. For BY Cribs water-saturated 1-D column studies, molasses was added 
at TOC of 26 g/L.  

The specific objectives of this technology are as follows: 

1. Quantify the decrease in Tc-99 and U mass and order of magnitude removal rate in various 
combinations: (1) with/without sediment, (2) with/without co-contaminants, and (3) with/without 
treatment [described in the Phase 1 report (PNNL-35432)].  

2. Determine the immobilization rates for U and Tc-99 with/without co-contaminants for 
(1) perched water and (2) BY Crib application (in groundwater). 

3. Quantify the longevity of U and Tc-99 with/without co-contaminants for (1) perched water and 
(2) BY Crib application. 

Objectives 2 and 3 were tested in 1-D leach columns as described in Section K.3 for perched water 
conditions, based on the batch experiments described in Section K.2. Objectives 2 and 3 were also tested 
in 1-D load/leach columns as described in Section K.4 for BY Cribs groundwater conditions.  

K.1 Supplemental Methods 

K.1.1 Long-Term Static Batch Studies  

Water-saturated batch experiments with treatment using molasses+Poly-PO4 were performed following 
experimental procedures described in Appendix A, Section A.2.1 and in Section A.2.3. (for sequential 
extractions). Batch experiments were conducted in packed porous media using a sediment-to-water ratio 
of 5g:1 mL and kept in an MBraun anoxic chamber (100% N2, O2 < 0.1 ppm) to evaluate changes in 
sequestration rate for PCOIs (nitrate, Tc, and U). Perching zone sand (PZsd) sediments were first 
artificially contaminated with PCOIs, then amended with molasses (indicating the start of the experiment 
at time zero) and subsampled at time points 0, 6, 38, and 75 days. Then, a 35-mM Poly-PO4 solution was 
added to the remaining sediment and subsampled at time points 83, 104, and 138 days. The addition of 
molasses+Poly-PO4 was spaced out by 75 days to allow the microbes to generate reducing conditions 
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needed to sequester the PCOIs. Sequential extractions to evaluate the mobility of Tc-99 and U with 
treatment were performed on sediments from time points 83, 104, and 138 days.  

K.1.2 Perched Water Column Conditions 

PZsd sediments used in perched water columns (Table K.1) were artificially contaminated with PCOIs 
(nitrate, Tc, and U), amended with molasses and then with a 35-mM Poly-PO4 solution. Sediments were 
kept in an MBraun anoxic chamber, where they equilibrated for 75 days with molasses and then 30 days 
with Poly-PO4 (for a total of 105 days) prior to the start of column leaching studies with oxic synthetic 
perched water (SPW). 

Table K.1. Perched water columns and conditions tested. 

Column Test Name PCOIs Molasses Poly-PO4 
Mol+Poly-PO4 treatment, PCOIs(a) 

Tc, U, and NO3
- Y Y 

No treatment, PCOIs(b) N N 
(a) Performed in duplicate. 
(b) Performed as a single column. 

K.1.3 BY Cribs Groundwater Column Conditions 

Cold Creek Unit gravel (CCug) sediments used in BY Cribs groundwater columns (Table K.2) were 
amended with molasses first and then with a 35-mM Poly-PO4 solution. The addition of molasses and 
then Poly-PO4 was spaced 21 days to allow the microbes to generate reducing conditions needed to 
sequester PCOIs (Tc and U). After Poly-PO4 was added, sediments were equilibrated inside the MBraun 
anoxic chamber for an additional 30 days before packing into columns and injecting them synthetic 
groundwater (SGW) with PCOIs or PCOIs+CoCOIs (Sr, Cr, IO3

-, NO3
-) for up to 100 pore volumes 

(PVs). 

Table K.2. BY Cribs groundwater columns and conditions tested. 

Column Test Name 
Contaminants of 

Interest Molasses Poly-PO4 
Mol+Poly-PO4 treatment, PCOIs(b) 

Tc and U Y Y 
No treatment, PCOIs(b) N N 
Mol+Poly-PO4 treatment, PCOIs+CoCOIs(a) Tc, U, NO3

-, 
Cr, Sr, and I 

Y Y 
No treatment, PCOIs+CoCOIs(b) N N 
(a) Performed in duplicate.  
(b) Performed as a single column. 

K.2 Long-Term Batch Results 

Static long-term batch experiments were conducted at a solid-to-solution ratio of 5 g:1 mL to evaluate 
changes in sequestration rates for nitrate, Tc, and U as PCOIs with treatment. Aqueous subsamples 
collected from time points 0, 6, 38, and 75 days were used to evaluate sequestration rates with molasses, 
while subsamples collected at time points 83, 104, and 138 days were used to evaluate sequestration rates 
and contaminant mobility with Poly-PO4 (75 days after molasses treatment).  
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Results for batch studies showed that the amount of molasses added to PZsd sediments significantly 
reduced the starting nitrate concentration (Figure K.1). Nitrate reduction in PZsd sediments without the 
addition of molasses was observed to be minimal. For instance, the aqueous concentration of nitrate was 
decreased from ≈10,000 mg/L at 0 days to ≈4,000 mg/L at 6 days post molasses treatment and was 
consistent with Phase 1 batch testing results (PNNL-35432). After 6 days, the aqueous nitrate 
concentration increased to ≈7,700 mg/L but remained lower compared to the no-treatment control, which 
had nitrate concentrations > 8,000 mg/L for the entire testing. The addition of Poly-PO4 at 75 days post 
molasses treatment significantly decreased the concentration of nitrate to ≈2,600 mg/L and increased the 
concentration of nitrite to 235 mg/L at 83 days. The concentration of aqueous nitrate and nitrite continued 
to fluctuate through 138 days of testing. Unlike the results from Phase 1 batch studies, which showed no 
nitrate remaining in the aqueous phase beyond 7 days, nitrate was still present at 138 days. In theory, 
adding more molasses would yield to more nitrate reduction, as nitrate reduction is limited based on 
carbon availability as an electron source. The remaining nitrate, which serves as a competing and more 
favorable electron donor (Istok et al. 2004), has important implications for Tc-99 and U sequestration 
rates as explained below.  

 
Figure K.1. Effluent concentration of nitrate, NO3

- (a) and nitrite, NO2
- (b) in long-term static batch 

studies treated with (triangles) or without (circles) molasses from 0 to 75 days (solid-filled 
symbols) followed by Poly-PO4 (open symbols, 83 to 138 days). Note: Errors bars represent 
one standard deviation of duplicate samples. The “No treatment” control did not receive 
amendment at any time; pore water was balanced with SPW. 

For Tc, the addition of molasses slightly increased the rate of Tc-99 sequestration between 38 to 75 days 
(Figure K.2). The addition of Poly-PO4 at 75 days further increased the rate of Tc-99 sequestration 
compared with molasses alone. Sequential extraction results for Tc-99 are shown in Figure K.3 for time 
points 83 to 138 days. The results show Tc-99 to be more mobile with treatment, possibly due to the high 
ionic strength of the Poly-PO4 solution added after 75 days. 

The rate of U sequestration was not improved with the addition of molasses and Poly-PO4 relative to the 
no-treatment control (Figure K.4). In addition, the mobility of U appeared to increase slightly with 
treatment, possibly due to the high ionic strength of the Poly-PO4 (Figure K.5).  

In the Phase 1 batch studies with molasses treatment, nitrate was mostly reduced by 7 days of testing, 
Tc-99 was mostly reduced by 14 days, and U was mostly reduced by 91 days. Given that nitrate is a 
preferred electron donor over Tc-99 and U by most bacteria (Istock et al. 2004) and that the reduction of 
nitrate, Tc, and U happened in a stepwise order in the Phase 1 batch studies, the current studies could 
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have added more molasses than was added in Phase 1 to completely reduce all of the nitrate and increase 
the reduction rate of Tc-99 and U.  

  
Figure K.2. Mass fraction of Tc-99 (in μg/g) sequestered in long-term static batch studies treated with 

(triangles) or without (circles) molasses from 0 to 75 days (solid-filled symbols) followed by 
Poly-PO4 (open symbols, 83 to 138 days). Note: Errors bars represent one standard deviation 
of duplicate samples. The “No treatment” control did not receive amendment at any time; 
pore water was balanced with SPW. The dotted red line indicates the measured Tc-99 mass 
fraction in sediment prior to treatment. 
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Figure K.3. Changes in Tc-99 sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment reacted with molasses+Poly-PO4 for time points 83, 104, and 138 days (for 
“treatment” sample names). Note: Treatment with Poly-PO4 occurred after 75 days in 
“treatment” sample names only. The left side of the figure shows the normalized fraction 
recovered in each sequential extraction while the right side of the figure shows the solid phase 
concentration (in μg/g) recovered in each sequential extraction. 
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Figure K.4. Changes in U sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment reacted with molasses+Poly-PO4 for time points 83, 104, and 138 days (for 
“treatment” sample names). Note: Treatment with Poly-PO4 occurred after 75 days in 
“treatment” sample names only. The left side of the figure shows the normalized fraction 
recovered in each sequential extraction while the right side of the figure shows the solid phase 
concentration (in μg/g) recovered in each sequential extraction. 
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Figure K.5. Changes in U sequestration from liquid-phase treatment of contaminant-spiked PZsd 

sediment reacted with molasses+Poly-PO4 for time points 83, 104, and 138 days. 
Note: Treatment with Poly-PO4 occurred after 75 days in “treatment” sample names only. The 
left side of the figure shows the normalized fraction recovered in each sequential extraction 
while the right side of the figure shows the solid phase concentration (in μg/g) recovered in 
each sequential extraction. 

K.3 Saturated Column Results for Perched Water Conditions 

Saturated columns for perched water conditions were prepared by artificially contaminating PZsd 
sediments with PCOIs (Tc, U, and nitrate), followed by treatment with molasses (added to a TOC of 
1.09 g/L) and then Poly-PO4. After a 105-day equilibration period with treatment, sediments were packed 
into columns and then injected with aerated SPW for up to ≈130 PVs with stop flows at 2, 10, and 
100 PVs.  

K.3.1 Tc and U Sequestration 

Treatment with molasses+Poly-PO4 resulted in significantly greater nitrate reduction when compared to 
the untreated sediment column, and as a result less nitrate was leached after treatment. The concentration 
of nitrate measured in the column effluent during leaching (Figure K.6a) was used as an indication of 
nitrate reduction, where a lower nitrate concentration in the aqueous phase means more nitrate was 
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reduced during the 105-day equilibration period. As noted in Figure K.6, a higher concentration of nitrate 
was leached from the no-treatment sediment column compared to treatment with molasses+Poly-PO4. 
This means that 88% of the nitrate was leachable without treatment in comparison to 52% to 56% with 
molasses+Poly-PO4 treatment. For treated sediment columns, this is likely the portion of nitrate that was 
not microbially reduced during the equilibration period and indicates that the microbial community had 
not shifted from nitrate reduction yet. For all testing conditions, a majority of the nitrate was leached 
within 5 PVs of testing (Figure K.6a inset). Detectable nitrite concentrations measured in the no-treatment 
sediment column indicate that the PZsd sediment has some reduction capacity (Figure K.6b inset). 

The amount of molasses used in sediment columns did not result in significant differences in Tc-99 and U 
sequestration, since the amount added did not result in the complete reduction of nitrate during the 
equilibration period. Both Tc-99 and U were leached within 5 PVs of injecting oxic SPW regardless of 
treatment and could indicate that these were not reduced during the equilibration period and remained 
soluble (Figure K.7c and a, respectively). U and Tc-99 sequestration rates (irrespective of the treatment) 
were both < 0 μg/g by then end of leaching (Figure K.7d and b, respectively). 

The calculated normalized relative release rates for Tc-99 and U before stop flow (pre stop flow) and 
during stop flow events were used to quantify the longevity of contaminant sequestration with 
molasses+Poly-PO4 treatment. As shown in Figure K.8a, the Tc-99 release rates calculated with Tc-99 
concentrations before stop flow 1 were < 0 μg/kg/day and indicated Tc-99 uptake. Also, the pre-stop flow 
1 release rates were more negative with treatment using molasses+Poly-PO4 and indicated a greater extent 
of Tc-99 uptake with treatment as well. The same observation with respect to Tc-99 uptake was also 
noted during stop flow 1 (Figure K.8b). For U, treatment with molasses+Poly-PO4 increased the relative 
release rate as seen in Figure K.9a (calculated using U concentrations before the stop flow) and Figure 
K.9b (during stop flow).  

 
Figure K.6. Effluent concentration of nitrate, NO3

- (a) and nitrite, NO2
- (b) in saturated columns for 

perched water conditions with (triangles) and without (circles) molasses+Poly-PO4 treatment. 
The inset in the upper right corner shows a snapshot of first 5 PVs of leach testing. 

a) b) 

10000 600 10000 • :'\ : 8000 It • ~ 600 : . 
::::i' ...I 

,, 
I 

°' 8000 • 6000 ·~ ·,. °' t 400 s ~':. s ,, ::; 

C 4000 C 
,, 

~ • • ,, 
0 

L 
'·\ 

0 
400 

,, 200 -~ 6000 ~ 
,, 

2000 •\ 
,, .,.:..r,,,,,r,.•-. ,, ,, 

~~ C 
0 

~ ... ;_~ :::::,~ .,,.- c,.c C ,, 
0 '""--•u• >J,...;.... ,., - -..~ -- , ., ., '· 0 

4000 0 2 0 

~ 0 2 4 C C 
0 0 
u -•- No treatment, PCOls u 200 • 
0 2000 

-..t.- Mol+Poly-PO, treatment, PCOls 
0 ~ z -..t.- Mol+Poly-PO, treatment, PCOls z 

• . .. ... ,&. 
l.t; 

A ·-
20 40 60 80 100 120 140 20 40 60 80 100 120 140 

Pore Volum es Pore Volum es 



PNNL-38530, Rev. 0  
DVZ-RPT-118, Rev. 0 

Appendix K K.9 
 

 

 
Figure K.7. Effluent concentration (left) and mass fraction sequestered in sediment (right) of uranium, U 

(a and b) and technetium-99, Tc-99 (c and d) in saturated columns for perched water 
conditions with (triangles) and without (circles) molasses+Poly-PO4 treatment. 

 
Figure K.8. Tc normalized release rates in saturated columns for perched water conditions with and 

without molasses+Poly-PO4 treatment: (a) estimated leaching rate (day-1) prior to each stop 
flow and (b) estimated leaching rate (day-1) during each stop flow.  
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Figure K.9. U normalized release rates in saturated columns for perched water conditions with and 

without molasses+Poly-PO4 treatment: (a) estimated leaching rate (day-1) prior to each stop 
flow and (b) estimated leaching rate (day-1) during each stop flow.  

K.3.2 Geochemical Monitoring 

Measurements were also taken on effluent samples collected from water-saturated column studies for 
perched water conditions throughout the leaching phase to monitor pH (Figure K.10). Treatment with 
molasses+Poly-PO4 did not appear to drastically change the pH in PZsd sediments, even though the 
addition of molasses was expected to indirectly decrease the pH due to its impact on the microbial 
community (i.e., the production of organic acids from metabolic processes). It could be that the high 
bicarbonate (HCO3

-) in SPW was buffering the pH. 

 
Figure K.10. Effluent pH in saturated columns for perched water conditions with (triangles) and without 

(circles) molasses+Poly-PO4 treatment.  
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