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Instrum
entation and C

ontrols needs 
w

ithin M
R

W
FD

�
A

dvanced fuel cycles, if deployed, w
ill likely be im

plem
ented in 

2-3 decades
�

There is a need for m
onitoring process operation in near real 

tim
e

•
C

urrently, only tank volum
es, tem

peratures, pressures, etc. are 
m

onitored, chem
ical analysis of the process is obtained, via sam

pling, 
w

hich has a lag tim
e of several hours from

 the tim
e the sam

ple is taken 
until the operators know

 the results of the analysis
�

C
hem

ical perform
ance data (i.e. concentrations of key chem

ical 
species at any given tim

e) w
ould greatly im

prove operations and 
reduce the need for taking and analyzing sam

ples
�

Separation process operation w
ould benefit from

 the near-real-
tim

e analysis of a num
ber of chem

ical species
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O
n-line M

onitoring D
em

onstration 
w

ithin M
R

W
FD

 C
am

paign 

�
The M

R
W

FD
 cam

paign has been developing m
ethods to m

onitor 
key chem

ical com
ponents of a separation process, in near real 

tim
e

�
O

n-line Process M
onitoring project

•
D

evelopm
ent of m

onitoring equipm
ent to be utilized in future fuel cycle 

�
C

oD
C

on
(co-decontam

ination) project 
•

D
em

onstrate, a separation process producing 70%
 uranium

 / 30%
 

plutonium
 m

ixed oxide, at a scale of ~1 kg U
ranium

/test
•

D
em

onstration of A
dvanced on-line spectroscopic tools
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C
oD

C
on

project: M
otivation

�
Separation of pure Pu presents a proliferation risk
•

R
igorous safeguarding of P

U
R

E
X

-based fuel recycling facilities is required
�

O
ptions for used nuclear fuel recycling have been proposed that do not 

separate pure Pu
•

S
om

e level of U
 (and perhaps N

p) are m
aintained in the P

u-containing process 
stream

s and m
ixed oxide (M

O
X

) product
�

B
ut these questions arise:
•

H
ow

 accurately can the U
/P

u ratio be controlled?
•

H
ow

 can the international safeguards com
m

unity verify that the U
/P

u ratio is 
indeed w

hat has been declared by the plant operators?
�

The C
oD

C
on

project seeks to generate technical data to help answ
er 

these questions.
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C
oD

C
on

project: O
bjectives

�
Q

uantify the accuracy and precision to w
hich a specific 

uranium
-to-plutonium

 (U
/Pu) ratio can be achieved in TB

P-based 
solvent extraction flow

sheet
•

The target is a U
 m

ass fraction = 0.70 based on the sum
 m

asses of U
 + 

P
u

•
U

sing laboratory-scale equipm
ent

•
D

evelop dynam
ic m

odel to quantify m
easurem

ent uncertainties and 
exam

ine process control for a w
ider variety of process conditions

�
D

em
onstration of optical spectroscopic techniques for real-tim

e 
m

onitoring of key com
ponents (e.g., Pu, U

, and H
N

O
3

concentrations) in the process solutions
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C
oD

C
on flow

sheet

N
ote

E
xact flow

 rates and 
reagent concentrations 
w

ill be determ
ined through 

a com
bination of A

M
U

S
E

 
m

odeling and prelim
inary 

flow
 tests.
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C
oD

C
on flow

sheet

P
lanning to control the 

U
/P

u ratio by adjusting 
the flow

 rate of this 
solvent stream

.
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C
oD

C
on flow
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G
oals of O

n-Line M
onitoring

�
Process control
•

M
aintain optim

al operating 
conditions

•
E

fficient developm
ent of new

 
flow

sheets

�
Safeguard verification (IAEA

)

A
dvancem

ent of on-line m
onitoring system

s that provide real-tim
e 

quantification of solution species and physical property 
m

easurem
ents during process operations in nuclear fuel 

reprocessing applications 

9
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A
pproach: 

O
n-line Spectroscopic M

easurem
ents

�
Actinide oxide ions 
(U

O
2 2+)

�
O

rganics: solvent 
com

ponents and 
com

plexants
�

Inorganic oxo-anions 
(N

O
3 -, C

O
3 2-, O

H
-, SO

4 2-)
�

W
ater, acid (H

+), base 
(O

H
-)

�
pH

 of w
eak acid buffer 

system
s

R
am

an 
spectroscopy

U
V-vis-N

IR
 

absorption
S

everal other 
options

�
Actinides and 
lanthanides in m

ultiple 
oxidation states

–
P

u (III/IV
/V

I)
–

N
p (III/IV

/V
/V

I)
�

Various m
etal-ligand 

com
plexes

�
FTIR

–
O

rganic com
plexants

�
Light scatter

–
turbidity

�
O

ptical density
–

Form
ation of com

plexes
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Process M
onitoring C

an B
e A

chieved 
Through M

ultiple Flow
sheets

G
lobal vision:

Process m
onitoring/control 

at various points in 
flow

sheet

Every flow
sheet contains 

R
am

an and/or U
V-vis-N

IR
 

active species

Spectroscopic and physical 
property m

easurem
ents 

can be coupled

M
onitoring Is N

ot Flow
sheet Specific

C
oD

C
on

TR
U

E
X

TA
LS

P
E

A
KP

U
R

E
X

M
olten S

alt
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M
icrofluidic channel 

edges
C

hannel w
idth: 300 µm

C
hannel depth: 250 µm

Focused laser 
point

Laser point size: 
~70 µm

A
pplication of technique across w

ide 
range of process scales

C
om

m
ercial scale:

H
anford w

aste tank
100 L/m

in

Lab scale:
C

entrifugal contactors 
10 m

L/m
in

M
icroscale:

M
icrofluidic devices

0.1 m
L/m

in
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N
p(VI)

N
p(V)

relative

M
ethodology for on-line process m

onitor 
developm

ent: from
 proof-of-concept to 

final output
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M
odel training database 

C
hem

om
etric m

odel 
developm

ent
O

n-line m
odel verification 

and translation 

Integrated softw
are for data collection, 

processing, storage and archiving

R
eal-tim

e on-line concentration data display
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A
pplication to C

oD
C

on

�
Several points throughout 
the process w

ere identified 
as key locations w

here Pu/U
 

concentrations need to be 
m

onitored

�
U

ltim
ate G

oal: develop and 
deploy an on-line m

onitoring 
system

 capable of providing 
real tim

e analysis of species 
in solution 

�
O

n-line m
onitoring 

objectives include:
•

S
ystem

 design
•

Training set collection
•

C
hem

om
etric m

odel 
developm

ent
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C
oD

C
on:

Training set C
ollection and C

om
pletion

�
C

oD
C

on and PuO
x

flow
sheets contain a com

plex 
m

ixture of species
�

M
any species show

 spectral 
dependencies on system

 
conditions
•

A
cid concentration

�
B

oth organic and aqueous 
stream

s w
ill be m

onitored
•

For C
oD

C
on

�
Spectral training sets m

ust 
capture all system

 variation 
to allow

 for robust and 
accurate chem

om
etric 

m
odeling

15

D
ata set

H
N

O
3 range 

covered
Prim

ary
m

ethod
Aqueous sets:

P
ure P

u(IV
)
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U
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M
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u(IV
)/P
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U
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P
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u(V
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B

oth  

P
ure U

(IV
)
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U
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P
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R

am
an 

M
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(IV
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B
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M
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P
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B
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M
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(V
I)

0.5-6 M
B
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O
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O
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N
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R
am
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O
rganic
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P
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N
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R
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P
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P
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ith U
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R
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P
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)
1

M
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P
ost contactw

ith P
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)
3 M

U
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Spectral Training Sets

�
M

any of the m
etal species of interest display som

e spectral 
variations w

ithin the anticipated acid concentration range
�

U
V-vis and R

am
an collected for every sam

ple

16
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C
hem

om
etric M

odeling:
Identifying K

ey Spectral regions

�
Spectral data is sim

plified by 
representing variables (e.g. 
spectral data) as vectors w

ithin 
a 3D

 space

�
N

ew
 vectors (PC

’s or loadings) 
that capture prim

ary spectral 
variance are captured

�
Pu(IV) system

 show
s heavy 

w
eighting of variables around 

the bands in the 460-500 nm
 

region

�
This has chem

ical significance 
in that it can be related back to 
the Pu-nitrate speciation
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H
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C
hem

om
etric M

odeling of Pu(IV):
D

eterm
ining accuracy of m

odeling

�
Initial m

odeling of Pu(IV) system
 across a range of H

N
O

3
concentrations

0
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Spectral Training Sets

�
M

ultiple oxidation states of Pu and U
 are expected throughout the 

process
�

Spectroelectrochem
istry w

as utilized to build spectral data sets of Pu 
solutions to reduce the total am

ount of Pu required for training set 
developm

ent

19
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Spectral Training Sets

�
Spectral changes w

ith 
species concentration w

ere 
explored over a range of 
H

N
O

3 for all species of 
interest, including U

(IV) and 
U

(VI)

�
In the case of U

(VI) and 
H

N
O

3
R

am
an spectroscopy 

w
ill be the prim

ary tool 
used for 
identification/quantification
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Spectral Training Sets

�
C

om
plexity of system

 
captured in the training set

�
Pu and U

 have num
erous 

overlapping bands in the 
U

V-vis range

�
Titration of U

(IV) into Pu(IV) 
dem

onstrates the 
com

plexity of the spectra

�
This data collected at 6 M

 
H

N
O

3 , experim
ent w

as 
repeated at 0.5-6 M
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hem
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odeling Exam
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C
onclusion

�
O

n-line m
onitoring w

ith real-tim
e analysis can provide essential 

inform
ation quickly

•
Q

uantification of m
ultiple analytes [P

u(III), P
u(IV

), P
u(V

I), U
(IV

), U
(V

I), 
H

N
O

3, etc.]
•

Flexibility w
ith solution phase (O

rganic vs. A
queous) and process scale

•
Facilitates process control and safeguards

�
A

pplication of chem
om

etric analysis allow
s for accurate 

quantification in com
plex system

s
•

M
atrix effects

•
C

onfounding bands
•

B
aseline shifts

�
C

urrent projects are seeing excellent progress in the 
developm

ent of their on-line m
onitoring system

s
•

C
oD

C
on

•
P

uO
x


