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Objective: Demonstrate (i) remediation technologies for contaminant
sequestration and/or transformation and (ii) spectral induced polarization for
monitoring at the Hanford Site

1. Remediation technologies for
contaminant
sequestration/transformation
» Testing Approach
= Technology Performance

2. Spectral induced polarization
(SIP) for subsurface remediatiof’
monitoring |
= Calcium phosphate formation from

liquid phosphate solutions

= Consumption of zero valent iron
reduction capacity

The extent O

the subsurface is

dramatized for this
visualization.




o

Pacific

Northwest  Tiered Laboratory Approach for Treatability Testing

NATIONAL LABORATORY

Technology recommendations for
field-scale treatability study

Laboratory
Treatability Study

Determine the bulk
effectiveness of all
technologies

. Evaluate process-specific
Transformation rates and the extent of

Evaluation * transformation, and assess
immobilization/remobilization

TF Quantify immobilized end-
End Product Stability o oroduct stability

DOE/RL-2017-28
DOE/RL-2019-58
Emerson et al. PNNL-35432
Emerson et al. PNNL-38530
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Laboratory
Approach for
Treatability Testing

* Phase 1 — “Proof of
Principle” primarily via
batch testing

 Phase 2/3 — “Rate,
extent, and stability”
primarily via column
testing with flow

Effluent fraction
collector
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Reduction Sequestration

Tc'u'll Polyphosphate
ZVI| or SMI e
_ . Water filled Water filled
pores pores

Zero Valent Iron

Reduction — targeting reductive precipitation or transformation

DOE/RL-2017-28

Sequestration — targeting adsorption, (co)precipitation, and coating DOE/RL-2019-58
Emerson et al. PNNL-35432

Emerson et al. PNNL-38530
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What is Spectral
Induced Polarization?

A geophysical technique that
applies low alternating Potential
electrical current across a pair electrodes’
of electrodes (current) and |
measures a response across
sensing (potential) electrodes
iIn-between the current
electrodes

£

Collects both resistivity
(inverse is conductivity) and
phase sShift Four electrodes, two potential (sensing) and two current (injection)
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= Commonly used in the field @

¢
» ER does not allow separation of
electrolytic (1 — via the fluid-filled
pores) and interfacial (2 — via the Complex = Real + [i x Imaginary]
EDL) charge transport processes

. L o =0 +io’ =|ole”'?
» Spectral induced polarization, SIP N
com’plex\/

Measured voltage

 Electrical resistivity, ER Y N N R A N VO

= Being developed for field, limited phase
use to date COndUCtiVity Applied
current
= SIP measures complex conductivity
and phase, ¢

= Allows separation and provides
high sensitivity to processes
iImpacting interfacial charge
transport mechanisms

*Measured values in orange and green



~_  Conceptual Model of SIP

Pacific S oS
Northwest ey
Mineral § e @/%e‘ @
Electrolyte é G;S/ & ¢
 Significantly different . tg 9% @
] M a s)—€s wze*-
response for insulating (i) oL e PC / :
@ @ > @
versus electron Pyrte (s . Sh Homogeneous (i)
& redox reaction

ng mi ® 5 &)°
conducting minerals ¢ \JJ& ¢ Electron
* |nsulating minerals — € Conducting
polarization is primarily (ii) Minerals

on surface and EDL
« Shifts expected in both

Inner-sphere

Pore network i
ore netwo complexation

-
D

Mineral v Si)g (Na @
freque.ncy and Electrolyte 5 kiq’ @
maghnitude of response T £ e ¢

. . ‘:f_w e O O N . 0 —Ls @
* Physical and ) / g Y R“*}i
. Calcite (CaCOs) L8 LS Outerl-srnhtgre (jii)
geOChemlCa/_ChangeS precipitate T = o Calcite complexation
impact response Y 8 e
imp P o e 0 =/ Insulating
e Minerals

(ii)
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Objective: Evaluate SIP response for non-intrusively monitoring remediation in
the subsurface (including both delivery and subsequent transformations)

Sampling / Effluent Port \
1.Determine SIP response during L
remediation

« During treatment with particulate zero
valent iron or liquid apatite-forming

Saturated Synthetic
Sponge

Ag/AgCl
Sintered Disk

Current Electrode

amendments
° ::r]cj)élggldngog]{j%lérr]]zwater ﬂUShing Of I Eﬁlg?dseséﬁr fosl-ar:::;:gﬁ(jsgl;rr‘rfrz:: Potential Electrodes
. , . . : -~ Synthetic ¢ 'S b2
2.ldentify signatures associated with E sponge ~
. . E ip with center
SIP response, if possible e Glear PVC
« Characterize column sediments to SIP potential electrode Current Electrode
quantify physical and geochemical
ChangeS Injection Port

Injection Tubing

Experimental scale — one-dimensional columns
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Conceptual diagram of delivery of calcium citrate PO, solutions into
pore space with subsequent precipitation of apatite and

contaminant-specific precipitates (e.g., autunite)

High ionic strength

injection solution fills pore
spaces

Citrate

UVI
. Ca,o

PO4>-

- = Q Water filled
/ pores
‘/ Autunite
+« Apatite

Can we identify when and where apatite is forming?

Ca*? and PO, become
available in solution

Apatite Ca,,(PO,)s;(OH),
precipitates on sediment
particles
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* Initial injection

= 1 o, contributesto T ¢’ and | ¢

= 1 6" from surface alteration [ion
exchange, adsorption, and/or initial
Ca-PO, precipitation]

* Post injection

= | o, back to natural conditions 1 ¢
= 1 ¢" from surface alteration

= Shift in peak frequency due to
particle size/distribution changes

ptual Model of

PO, for SIP

Pore network

Inner-sphere

complexation RS
,@»\@

Lo Lo
RN

Mineral . 5 Cs
U (S Na b
5
Electrolyte = (<)
)
il e E S o )
(i 0=C =
(i) - . =
I OQI.QQ tt btl:‘
Calcite (CaCOs) SL & e Outer-sphere (iii)
S & . 9 complexation L
precipitate A P Calcite P
+ grain ©
EDL & ¢ e
:-- Diffuse Iayer/) - © (=)
i s Stern layer ¢ @
(Xl b
(ii)
Changes in oo Change in mean

A surfaces

particle size

Low

Frequency High



Thomle et al. 2026. In prep.
7 Results: Liquid PO, Amendments
Northwest ~ Column Testing

Calcium Phosphate Precipitation in Hanford sediment

Significant m_c_reas’e In 10000 - | |
rea! conductivity, G only = 1,0 Ma a ! Aa
during treatment with S ] ! !
apatite-forming solutions ‘4 1000 + | | .
= Similar to ER response o ] : N | : A
= Correlates with Z | 0aa® o0 b e e
solution conductivity S 100 % e |
Increases (:'5, - : Treat- |
__ 5000 : -8 . Treatment : ment :
S | enomeament : S 10 - Phase | Phase |
= —otesm BT © : ® No Treatment
3 3000 R?=0.8151 DG:) — . )
= . A Calcium Citrate Phosphate
g 2000 + 1 | I : I _ I
000 + 0 50 100 150 200 250
& olet — Reaction Time (days)
0 5000 10000 15000 20000 25000

Solution Conductivity, o, (LS/cm)
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7 Results: Liquid PO, Amendments
Northwest ~ Column Testing

Calcium Phosphate Precipitation in Hanford sediment

Increase in imaginary b Treatment Treatment:
conductivity (at 0.005 Hz), - Phase Phase |
c”, following treatment and > - :
after flushing A A

| )
4 |
A A I +A

~
|

= |ncrease consistent after - A
flushing, not impacted by M 'Y
solution

* Frequency-specific i

response (at 0.005 Hz)

Y- ————————————

----=5

Imaginary Conductivity, o
(uS/cm)
(08

2 |
» Suggests impacts to +ﬁ+ 19® @ o ®
particle surfaces and ] : '
interface ® No Treatment
= SIP provides additional A Calcium Citrate Phosphate
information not possible 0 I — T '
with ER 0 50 100 150 200 250

Reaction Time (days)
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7 Results: Liquid PO, Amendments
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250 > Electron Inege EDS Layered Image
= @] e TR :
- 150 + + 35
kS o IN&E 1
= 100 —+ + 2 S P i i
g 50 1 R 3 00 B » BE!E!‘

0 0 Nl
Control (No oo g g

Treatment) Treatment, Treatment, Treatment; Note: Co-association of Ca and P, potentially
Pre-Flush  Post-Flush Post-Flush Ca,;o(PO,)s(OH),

Phosphorus mmCalcium Sodium Ca:P

 Significant increase in solid phase phosphorus

 Ca:P ratio moving closer to hydroxyapatite (1.25), likely significant CaCO; in
sediments
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Real conductivity, ¢’ (similar to ER, delivery
indicator)

* Dominated by changes in fluid conductivity

= Results show where liquid PO, was delivered

Imaginary conductivity, ¢” (apatite formation
indicator)

= 1 as surface of minerals changed, independent of
solution conductivity

= Alikely due to ion exchange, adsorption, apatite
precipitation, and coating

Results show promise for SIP to monitor both
delivery of solutions and formation of apatite

coatings

Ongoing work: Decrease scale to confirm
controlling mechanisms via microfluidics

Signal (Counts)

Conclusions and Future Work

3000 1— Apatite on "Ridge"

[ — After Subtracting PDMS Reference
2500 |- g

2000 -
1500 |
1000 [

500 -

500

1000 1500 2000 2500 3000 3500 4000
Frequency (cm™)
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Conceptual diagram of delivery of zero valent iron (ZVI) or sulfur

H:QP iﬁr;_iﬁ Strepgth injeCt\i/(v)i?h modified iron (SMI) into pore space with subsequent reductive
>OF ?\” grsspﬁlepgﬁiacﬁgz precipitation of contaminants (e.g., TcO,).
Vil
Tc
Reducing conditions generated
impacting mobility of _
contaminants ZV| or SMI e
K ) Water filled
pores

Z\V| or SMI corrosion:
reduction capacity consumed,
iron dissolution, and secondary
precipitation

Can we predict the point of failure (consumption of
reduction capacity) for iron amendments?
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Pore network Heterogenegus ’é’}(\e} "\{‘&i}
redox reaction \‘:\qﬁ AN
e |nitial injection Minera g Ko g% €
. r . . Electrolyte "g @'/ Q_ej+ @.‘f
= 1 g, contributes to 1 ¢’ and shift in ffo ¥ g
¢ peak ¥ Q.
. . . (I) EDL EDL @/'0 @
= 1 ¢ coincident with 1 volume e ¢ g w© cr— Gi
fraction of ZVI or SMI delivered e ¢ pre (e e e !
. . . ¢ grain b s
* Post injection eI e
= | 0, back to natural conditions (i)
= A@ primarily dependent on
volume content of secondary "2 Changein 2 Change in mineralogy,
. . % concentration particle size, and/or salinity
minerals that are polarizable (e.g.,
magnetite)
= Shifts in ¢ peak due to particle
size/distribution, material (c,), or
o, changes

High

Frequency
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Northwest Column Testin g ZVI in Accusand

Accusand Columns

i H 0.34 vol.%
60 A 361v0l% SMI |4 Aa,,
Ay

* Volume content strongly
correlated with ¢ and
chargeability (m)

= Well-studied concept

= Background sediment
polarization corrected based
on previous literature

= Some impacts from particle

Frequency (Hz)

size and distribution
— i A SMI
S ] —QGurin et al. 2015 A
:;a 4
2(1 — U)z Fo) 01 - /
m=1—(1—-m S A
( b) 2+ v)(1+ 2v) S :
= i
o ZV1 in Hanford
sediment
Gurin et al. (2015) Geophys J Int 200 0.01 —
Emerson et al. (2024) J Contam Hydrol 264 0.01 0.1 1 10 100

SMI (wt.%)
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: : 1072
» Sieved ZVI materials to + Bulk (As-received, Alfa Acsan)
isolate different size " 665 mr{!féﬁr}é;e'%g, ’ﬁ:;aaﬁeggf)r)
. 4 i ,
fractions © 346 mioron §sIZ¥§d Alfa A§§§3
* Particle size strongly g = n A
correlated with t 3 107
. . . O 2
= Consistent with literature, % ©
though not previously _ 1995 r*
studied systematically ' Cu
= Mineral-dependent, R*= 0.796
correlated with Fe(ll/1ll) 4] ZVIin Accusand
surface ratios

4%10°8 8x 107 1.2x10°7 1.6x1077
*/ 6, (M°/s)

What about changes over
time due to corrosion?

Vincent et al. 2026. In prep.
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200
2V corrosion in siica sand -
14 days s
» Significant shifts in T over €. 2VI corrosion RYTICLLE
time and 1 in normalized < | inAccusand % fa, B
chargeability . (8008070, Ral,
= Ain particle size (via BET) %f%% ,5° @%%ng‘
= Ain Fe*?*3 solid phase ratios 0%%%. T ®ol
(surface redox reactions) o " requency (Hz) = 1o’
* What about long(er)-term ™| |t SR R R
impacts?
- Surface passivation o t———
= Reduction capacity h
consumption

Days Days



\%/ Results: ZVI Amendments

Pacific X-ray diff.raction identified:
Northwest  [ron Corrosion Testlng - magneite
zero valent iron
o g ] SMicorrosionin | [ ] T
SMI corrosion in silica sand — . J|8%sadi - Accusand o
77 days o JLM z
. . . . E %01 § 8:0:10‘— | # " )
 Significant shifts in peak - AN sl o A
frequency over time, T
multiple mechanisms ) S T \ T
controlling response el TR e e e e e
= Ain particle size (via BET),
mineralogy, (via XRD), - o g
Fe*2*3 solid phase ratios 0 |Rgge s
* No change in the
magnitude of @ s
* No significant A in volume
content I R
0.00- © ®

Emerson et al. (2024) J Contam Hydrol 264 Days
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SMI corrosion in Hanford
formation sediments

 Significant shifts in T over
time
= Ain particle size (via BET),
solution conductivity (Fe*%/*3
dissolution)*

 Significant shift in the
magnitude of ¢

= Surface passivation during
corrosion in complex
sediments

Emerson et al. (2024) J Contam Hydrol 264

100+

¢ (mrad)

501

Time of Reaction

SMI corrosion in
Hanford sediment

0.401

0.351

0.301

0.251

0.20

0.151

| | | 1 |
10° 10" 102

Frequency (Hz)
<
A
o
[
X
0 20 40 60 80
Days
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* Real conductivity,

= Dominated by changes in fluid
conductivity

= Results show where ZVI was delivered

* Phase, ¢ or Chargeability, m or m_
= 1 with volume content

= Shifts in peak frequency due to Ain
mineralogy, c,,, particle size, and surface
chemistry

» Results show promise for SIP for
monitoring both delivery of
suspensions and corrosion of ZVI

Future work: Detection of anomalies
over time with machine learning

0.01 Hz

0.1 Hz

1.0 Hz

10 Hz

E4D
inversion for
SMI using
two blocks
model

100 Hz

S;‘m
l-l.l E
0.003 0.0042 0.006

2

¢ mrad
Il 5 W

38.5

75
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Microscale Mesoscale Macroscale >

2D p
Or
"ethory .. oMM scale Fle
S Ctroge
.__ . ’_-“." | ".
Fectroge it \ "
Sensing 2.
Nsing region Sensing .'E’eCtrode iR
region : : W.
SeNnsing rac: tablg
‘ €gion e
\ Dissolution Grain N Reducesi pocket
= ,_:-:"" Eez;- e Oxidizing
= W W | | A Pore Zone
P Y . 2 e clogging
O, | Diffusion f ' Reducing .
Precipitation zone : L =
Oxidized pocket Q=

Environmental Significance
Progress in laboratory-scale development of technologies for in situ remediation and monitoring
under site-specific conditions for the Hanford Site improves our conceptual site model.
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Thank you

Questions?
Email: hilary.emerson@pnnl.gov
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Technologies for Unsaturated Zone Applications in S and T Complex

Gas-phase combined bioreduction and chemical Tc-99, U, 1-129, Cr(VI), Organic gases: ethane, butane, and butyl acetate for
sequestration CN’, nitrate bioreduction + CO, for sequestration
Gas-phase bioreduction Nitrate, Cr Organic gases: pentane, butyrate, ethane, and butane
Gas-phase chemical sequestration I-129, U, Tc-99, Sr, Cr(VI) CO; gas

Technologies for Saturated Zone Applications at BY Cribs Water Table or Perched Water
U, Tc-99, Sr-90, Cr(VI),

Particulate-phase chemical sequestration Tin(Il)-substituted apatite

1-129, nitrate
Particulate-phase chemical sequestration o4 Tcﬁ%;:ﬁ?ﬁ;tgr(v')’ Bismuth oxyhydroxide and bismuth subnitrate
Particulate-phase combined chemical reduction and U, Tc-99, Sr-90, Cr(VI), Zero valent iron and sulfur-modified iron +
sequestration [-129, nitrate polyphosphate
Liquid-phase chemical sequestration 2 Tcl-ﬂ%QSrr;i?a,tgr(Vl), Polyphosphate and citrate phosphate solutions
Liquid-phase corr;t;zl:aedsfrr:ir;\ri]cal reduction and U, Tc;ﬂ%;:g?@;tgr(v'), Calcium polysulfide + polyphosphate

Liquid-phase combined bioreduction and chemical U, Tc-99, nitrate, Sr-90, Organic liquids: emulsified vegetable oil and blackstrap
sequestration Cr(Vl1), 1-129 molasses + polyphosphate




o

Pacific
Northwest

NATIONAL LABORATORY

Water Table Condition

Add Amendments*®
to CCUg sediment

Leaching of

COils COils

Injection of

Add CPS + U & Tc-99 U & Tc-99
Poly-PO, Injection Leaching

B e e ——

U&Tc
Injection

Leach:
Groundwater
Injection

S

Sequestration + Leach

Cumulative COI (ug/g)
PRB

Simulate long-term flow of COls across barrier at 2
ft/day in a column with measurement of sequestration

Laboratory Approach for Testing

rate and capacity followed by leaching rates.

Perched Water Condition

Addpggés 0 Add Amendments™ Leaching of
sediment to sediment COls

Add Add CPS + U & Tc-99
COls  Poly-PO, Leaching

+—r+r—r¢——>

Leach:
Groundwater
Injection

Remaining COI (ug/g)
Direct Treat

Add COls to Sediment

Sequestration + Leach

Simulate leaching of contaminants in a column
following direct treatment (batch). Additional batch
experiments to measure sequestration with shorter
and longer reactions (up to 300 d).



% CERCLA Remedy Screening/Treatability Study:
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=N

@% .

REMEDIAL
INVESTIGATION REMEDIAL
AND RECORD OF DESIGN

AND REMEDIAL
ACTION

SCOPING

FEASIBILITY
STUDY

DECISION

Site Characterization and Technology Pre- Identification of Evaluation of : .
. . . . Remedy Selection Remedy Implementation
screening/Screening Alternatives Alternatives
Remedy Screening
Treatabil Ity Treatabil Ity DOE/RL-2017-58 DOE/RL2016.28
. . . DraftA | . Revision
Study Scoping (To determine potential
feasibility) TECHNOLOGY EVALUATION AND 200-DV-1 OPERABLE UNIT LABORATORY

TREATABILITY STUDIES ASSESSMENT FOR THE TREATABILITY STUDY TEST PLAN
HANFORD CENTRAL PLATEAU DEEP VADOSE
ZONE

DV-1
Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management I a b o rato ry
Pre epared for the U.S. Department of Energy 43 omasruesor Richiand Operations
Assistant Secretary for Envi tal Management oENERGY Siea™ " mpgm
[reatability

et Richland, Washington 99352
@kiiErsy o

2T - Study
(2018) (2019)

Approved for Public Release:
ppm wved for Public Release; Further Dissemination Unlimited
Dissemination Unlimited
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Reduction
9

ZVI| or SMI e-
@

Water filled
pores

Sulfur modified Iron

Reduction — targeting reductive
precipitation or transformation

Sequestration — targeting
adsorption, (co)precipitation,

and coating

Reduction + Sequestration
Step 1

. Organic
liquid

(i

Water filled
pores

«— Apatite

Water filled
pores

Polyphosphate

Treatability Testing Technologies

Sequestration

Poly POy4
o o
_n no

0-P-0-P-0
o- o-

. UVI

Water filled
pores

<« Apatite ‘

Polyphosphate

BSN/BOH °
Vi
. mé"
Bismutite
Carbonate

Water filled
pores
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—
=V
=v
=v

=Y

REMEDIAL
INVESTIGATION

* Ongoing laboratory-scale testing:
» Long-term (2-10 years) sequestration

RIFS
SCOPING

AND
FEASIBILITY

measurements
= Delivery and injection protocol e
development e e
= Site-specific conditions (once locations e ne =R
are chosen) s M - b e
71 %ﬁﬁ\* s
: : : : process Tances T oy R neroces pond
* Pilot scale testing in the field i
= For top-performing technologies \ o R o B
= Demonstrate new monitoring Y N v
approaches NS
= Model after 300 Area Stage A/B Poly- 300 Area 44 Iszmplisé
. : _ _ Jncluding 19 pre
phosphate injections Stage B Injections and post pairs

Szecsody et al. PNNL-29650;
CHPRC. SGW-63113



~7"  Next Steps: 300 Area Polyphosphate Example

IF\’IaCiﬁC pre- post
Northwest 60% less U mass leached in 1 o _injection injection
o . . 1-D columns - !
* 48 |nJeCt|On +19 monltOrlng 2001 P04 Treatment ang Leached U |
Wel IS | B untreated ] T
. —_ | B PO4 treated 0.8 1
« Samples collected prior to ¥150 SR
AN o
and 6 months after = 5
treatment § 100 S T
. . - < 06
» 44 samples, including 19 pre = | o 06 1
and post pairs of sediments 5.0 2
Laborat lysi | =
. * ]
aboratory analysis | oo i) 0| I R I =T
= Sequential batch extractions NNER B SRR aEnRENE & I extract:
: B me e BN S e S nh o R PR R CO3
= 1-D column leaching R o R .
" Solid phase characterization Sequential Extractions 0.0 | =12 o
— elemental associations, - 50% less aq. and ads. U 3, pH5
oxidation state, coordination (precipitated with PO, ?) 4, pH2
5, oxal.
. . Ml 6, HNO3
(uranophane dissolving?) 0.0 -

extractions: 19 pre/post pairs

* 35% increase in HNOj-extract U _
1-D leach: 10 pre/post pairs

(autunite, apatite coating?)

Szecsody et al. PNNL-29650
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