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A calculation model for liquid-liquid
extraction of protactinium
by 2,6-dimethyl-4-heptanol
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Abstract. Reprocessing of spent nuclear fuel usually employs the solvent extraction technique to recover fissile
material, isolate other valuable radionuclides, recover precious metals, and remove contaminants. Efficient recovery
of these species from highly radioactive solutions requires a detailed understanding of reaction conditions and
metal speciation that leads to their isolation in pure forms. Due to the complex nature of these systems, identi-
fication of ideal reaction conditions for the efficient extraction of specific metals can be challenging. Thus, the
development of experimental approaches that have the potential to reduce the number of experiments required
to identify ideal conditions are desirable. In this study, a full-factorial experimental design was used to identify
the main effects and variable interactions of three chemical parameters on the extraction of protactinium (Pa).
Specifically we investigated the main effects of the anion concentration (NOj, Cl) extractant concentration, and
solution acidity on the overall extraction of protactinium by 2,6-dimethyl-4-heptanol (diisobutylcarbinol; DIBC)
from both HCI and HNO;s solutions. Our results indicate that in HCI, the extraction of protactinium was domi-
nated by the solution acidity, while in nitric acid the extraction was strongly effected by the [DIBC]. Based on
our results, a mathematical model was derived, that describes the relationship between concentrations of anions,
extractant, and solution acidity and the expected values of Pa distribution coefficients in both HCl and HNO:s.
This study demonstrates the potential to predict the distribution coefficient values, based upon a mathematical
model generated by a full-factorial experimental design.
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Introduction

Separation and isolation of long-lived radionuclides
from aqueous solutions is critical to efficient high-
-level nuclear-waste management [1]. Due to the
nature of nuclear-fission energy production, waste
products contain a wide range of radionuclides
including: fission products, actinides, and their
radioactive decay products [1, 2]. Separation and
isolation of various elements from the nuclear waste
are performed to improve the long-term stability
of the waste [2]; recycle unused fuel, and recover
precious metals contained in the waste stream [3,
4]. Since this process is performed on an industrial
scale —and the material is highly radioactive - radio-
nuclide separations that are reproducible, predict-
able, simple and amendable to safe operations are
desirable [2, 3].

One of the most common techniques employed
for this application is liquid-liquid extraction.
Liquid-liquid extraction utilizes a biphasic reaction
system comprising an aqueous phase (acidic or ba-
sic, to insure the metal solubility), and an immiscible
organic phase containing an organic-soluble extract-
ant, which displays affinity toward the specific metal
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or radiometal of interest [5-7]. Final isolation of
radionuclides and non-radioactive metals may also
involve a ‘back extraction’ (stripping) from the ini-
tial organic phase to an aqueous phase by use of a
water-soluble extractant [7]. Thus, by utilizing rules
of solubility and chemical speciation, solvent extrac-
tion parameters can be adjusted to extract particular
metals and radiometals from the bulk liquid-waste
[4]. To the first approximation, the most important
parameters for an efficient separation and isolation
of a desired radionuclide or stable metal are the pH,
the concentration and properties of the counter-ion
(i.e. CI5, NOs), and the identity of the extractant (i.e.
2,6-dimethyl-4-heptanol) [8].

One element of particular interest to the nuclear
fuel cycle is protactinium (Pa) [9, 10]. Although the
molar concentration of Pa in nuclear fuel is generally
low, two isotopes have sufficiently long half-lives
to be present in appreciable quantities (in terms of
radioactivity) in nuclear materials: %'Pa (¢,, = 3.28
x 10* years) and **Pa (t,,, = 26.98 days) [11]. For
example, in the production of conventional %°U fuel,
uranium ore (0.7% **°U, 99.3% 238U) is isotopically
enriched in *°U up to 5% [2]. Because #'Pa is the
direct (and longest lived) decay product of >°U, the
enrichment process can result in enhanced %*'Pa
radioactivity in waste streams as a result of chemical
preconcentration, and its decrease in the 2*°U fuel,
followed by a slow ingrowth of the radioactivity
over a long periods of time [12]. While #*'Pa is not
likely to exist in significant mass quantities in the
nuclear fuel, #'Pa plays unique roles in the nuclear
fuel cycle. Due to its relatively high neutron cross
section, ?'Pa can generate fissile isotopes 2*U and
25U, which can improve core performance and
longevity [13-15]. Also, in considering long-term
geological repository for spent nuclear fuel, *'Pa
and its shorter-lived daughters (i.e. *’Ac) will be
major contributors to the total radioactivity after
10° years [16, 17]. Likewise, the shorter-lived iso-
tope, Z3Pa, will be present in the nuclear fuel cycle
as an immediate decay product of neptunium-237
(*"Np), which can originate from several neutron
capture and radioactive decay pathways [18].
Furthermore, 3Pa has a unique role in alternative
fuels cycles, specifically the thorium (Th) fuel cycle
[9, 19]. In the Th fuel cycle, natural, fertile »*Th
is neutron--irradiated to form the fissile 23U fuel.
In this process #*°Pa is an intermediate, formed by
neutron capture, 2?Th(n,y)?**Th, and subsequent
B~ decay of 2*Th. The isolation of %3Pa from other
products formed during the irradiation of #2Th,
could provide near isotopically pure 23U [9, 19].

While these examples demonstrate the need
for an understanding of Pa extraction from spent
nuclear fuel, relatively little is known about the
chemistry of Pa, and hence its neglect in most (if
not all) industrial separation schemes [8]. Research
to understand the chemistry of Pa has traditionally
been limited due to challenges in obtaining sufficient
quantities of Pa to perform spectroscopy. However,
much can be learned about the chemical behavior of
Pa through observation of its behavior in chemical
extraction systems at trace levels [5, 9, 20, 21]. Pre-
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Fig. 1. Structure of 2,6-dimethyl-4-heptanol, common
name diisobutylcarbinol or DIBC.

3

vious research has suggested that aliphatic alcohols
can effectively extract and separate Pa from the other
actinides and fission products [5, 21]. Interestingly,
an aliphatic alcohol (octanol) is used as a diluent in
some separation and extraction systems, suggesting
that Pa might be unintentionally extracted at various
separation steps [22].

Whether research is occurring in industry, aca-
demia, or government, the experimental efficiency
and careful planning are essential to ensure safe
operations, while meeting financial and extrac-
tion objectives. Thus, identifying the ideal param-
eter settings for a given radiometal extraction in a
minimum number of experimental runs is desirable.
One approach to experimental design that is used
often to improve the efficiency in data collection
and interpretation is referred to as the full-factorial
design. Full-factorial experimental designs can be
developed to maximize experimental information
obtained, while minimizing the number of experi-
mental runs required to obtain that information [23,
24]. In addition to identifying the main effects of
changes in important experimental parameters, the
approach also allows for the identification of effects
of two-way and three-way interactions between the
reactants. This study aims to apply a full-factorial
design to broaden the understanding of the behav-
ior of Pa in a liquid-liquid extraction system with
2,6-dimethyl-4-heptanol (diisobutylcarbinol; DIBC;
Fig. 1) as the extractant in both hydrochloric (HCI)
and nitric acid (HNO;) systems. To achieve this
aim, we investigated this system based upon three
extraction parameters: [H*], [DIBC], and [anion
(A"); CI or NOs5]. We further aimed to develop the
understanding of the effect of two-way and three-
-way interactions between [DIBC], [H*], and [A]
on the extraction of Pa into the organic phase. In
addition, our studies were conducted to use the
statistical data generated from these experiments
to create a mathematical model for the extraction
system that can be used to predict Pa extraction
using the DIBC/acid liquid-liquid extraction system.

Experimental
General

All chemical regents were ACS Reagent grade (Fisher
Scientific, Pittsburg, PA) or higher. These reagents
included HCl, HNOs, sodium chloride (NaCl), and
sodium nitrate (NaNQO;). The organic solvents, do-
decane and DIBC, were Sigma-Aldrich (St. Louis,
MO). Radioactivity standards of »*Pa were prepared
using ultra-pure HCI (Fisher Scientific) and diluted
using ultra-pure distilled deionized water (Baseline®,
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Seastar Chemicals, British Columbia, Canada), both
were certified to parts-per-trillion metals content.
Half-lives and gamma-ray energies values were ob-
tained from the Evaluated Nuclear Structure Data
File (ENSDF) through the United States National
Nuclear Data Center (NNDC, Brookhaven National
Laboratory, US Department of Energy) [11]. All
statistical information was generated by Design-
-Expert® software (Stat-Ease, Inc., Minneapolis,
MN). Stated uncertainties are ‘standard uncertain-
ties’, corresponding to a coverage factor k = 1 (un-
less explicitly stated otherwise) and are estimated
based on methodologies adherent to national and
international standards bodies [25].

Safety considerations

Radioactive materials are potentially hazardous.
Appropriate ALARA principles should be consid-
ered prior to conducting experiments with radioac-
tive materials. >*Pa and »’Np are radioactive and
should only be used in facilities designed to handle
radioactivity.

Protactinium-233 standard source

Since ?*°Pa has a relatively short ¢,,,, activity stan-
dards must be prepared from a %’Np standard solu-
tion via ingrowth of *3Pa [21, 26, 27]. A nominal
standard solution of containing 37 kBq of #’Np (Lot
#1760-91) used for this study was purchased from
the Eckert and Ziegler Radioisotopes (Atlanta, GA,
USA) and diluted to working solutions as described
by us previously [21, 28].

For these studies, 2*Pa was extracted from the
working solution of #’Np using a method described
by us previously, which employs an extraction
chromatographic resin (Amberchrom CG-71ms,
50-100 um) impregnated with of 1-octanol [21].
Briefly, a slurry was prepared of the 1-octanol resin
beads (0.66 g/5 mL H,0), then a column was pre-
pared by transferring the resin slurry (5 mL) to an
empty plastic column (0.8 cm inner diameter). Prior
to isolation of #3Pa from *’Np, the column was pre-
conditioned (6 M HCI) with several column volumes.
Following the column preparation, the *’Np solution
(15 mL; containing **3Pa) was added to the column,
and the eluent containing *’Np was collected for
future use. Additional rinses (2 x 15 mL 6 M HCI)
were also collected and combined for future use of
the #’Np. **Pa was next eluted from the column
(15 mL of 1 M HCI) and collected in a separate Teflon
beaker. The final activity of the #*Pa solution was
~0.75 kBg/mL™.

Experimental engineering and solvent extraction

The design of experiments was based upon the
mathematical principle for maximizing informa-
tion while minimizing the number of individual
experiments by a full factorial design [23, 24]. The

computer software Design-Expert® was used to
design experiments, and the range of experimental
parameters were based upon a linear approximation
in design space of the extraction of Pa by DIBC at
a range of concentrations [5, 29]. The goal was to
determine the main effects of changes in [H*], [A-,
CI- or NOj;], and [DIBC], as well as the effect of
two-way and three-way interactions between the
reactants on extraction of Pa into the organic phase,
and finally, develop a predictive mathematical model
of the extraction of Pa. The resulting full factorial
design provides an estimation of these effects on the
distribution coefficient (D) of Pa (Eq. (1)). Each
parameter was assigned a low setting (=), a high
setting (+), and a midpoint that exists between the
—and + to account for curvature in response. The
settings chosen for each parameter were determined
based upon previous experiments [5, 9]. Based upon
these results, a linear approximation was applied, in
which the region of interest selected represented the
section of the extraction line where the slope was
considered steep, linear and where the end points
represented the change from poor to satisfactory
extraction of Pa into the organic phase. In HCI, the
parameters were [H*] 4-5M, [Cl] 5-5.5 M, [DIBC]
0.5-1 M. In HNOs, [H*] 1-3 M, [NO;] 3-4 M, and
[DIBC] 0.5-1 M (Fig. 2).

Each solvent extraction system consisted of 5 mL
aqueous phase and 5 mL organic phase in a 15 mL
plastic conical centrifuge tube. The aqueous phase
consisted of the appropriate [H*] from acid (HCI or
HNO:s) and [A~] by the addition of NaCl or NaNO:s.
The organic phase contained the appropriate [ DIBC]
in a dodecane diluent. To the system, 100 uL of
Z5pa standard solution (~75 Bq) was added, and
the contents were mixed for 1 hour and allowed to
stand for 10 minutes or until the phases separated.
Once biphasic conditions were reached, 4 mL of the
organic phase and 4 mL of the aqueous phase were
carefully withdrawn and transferred to separate vials
and analyzed by gamma spectroscopy for the activ-
ity in the organic and aqueous phases, respectively.
The D values were calculated (Eq. (1)) and served
as response inputs to the Design-Expert 9 software
for further statistical analysis and model generation.

activity Pa
(1) =

organic

~ activity Pa

aqueous

Gamma spectrometry

The organic and aqueous phases were analyzed sepa-
rately by gamma-ray spectrometry with a well-type
sodium iodide (Nal) detector and spectra were ob-
tained using the gamma spectrometry multi-channel
analysis software Maestro (ORTEC, Oak Ridge, TN).
Each sample was counted (500 s) and normalized
with a match-count-time background spectrum. The
count-rate of the sample was calculated by divid-
ing the background-corrected total counts by the
dead-time adjusted count-time (500 s). The region
of interest for the %3Pa activity was centered around
the 311 keV gamma emission [11]. Activity balance
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verification was performed with a vial containing S
the #3Pa standard (100 pL in 4 mL) of an aqueous 3 ) 3
phase and an organic phase. The geometry of each S + n ol F <
sample remained identical; resulting in identical T I o I —osd
detector efficiency for all samples to determine D g N Sl
values. For each sample, both phases were counted = 0 -
sequentially to minimize the effect of radioactive £
decay of ***Pa. In the time required to count both =) © ®
phases, only 0.04% of **Pa would have decayed. = ! 3| 1 S
Thus, decay during counting corrections are con- = T lmovow 4 = mm 4
sidered negligible and were not applied. ~ |7 5t .@
~ N o
Q
=}
Results and discussion E — -
(=) (e}
2 S o
General _EU i 2 g 2 + I 4
s I o + o~
Extraction of 2*Pa by DIBC in both HCl and HNOs S = 2
was performed based on a full-factorial design to 8
generate a model that describes the effect of changes 5
in [H*], [DIBC], and [A"] on the extraction of Pa o = 3 3
(Fig. 2, Table 1). Previous studies have summarized ° S [eawrl | <
the extraction of Pa by DIBC by sweeping the [HCI] & T |S <15 :ol + |70 ;,'
and [HNOs] to gain an applied understanding of the 5 £ ) =
behavior of Pa in extraction systems [5, 9], this study % ° e
aims to understand the effects of the experimental T
parameters and the development of a mathematical k= 3 e
model. = ¥ v S| + | S
Results of the experiments were recorded by the % I [mwH + oo+
coded independent variable identity (+ or —) and g + 2! 3
the response (D value). With three independent Q e o
variables, there were 9 experimental runs (2° + 1 = =)
9 combinations including the midpoint). Each set a . —
of experiments was performed in duplicate to obtain - ! 2l E | 2
an experimental estimate of the reproducibility of the A I R B R R Y
experiments and increase the power of the model. ° + 3 -”g o o
The results of each of the experimental scenario are S S o
summarized in Table 1, where the coded setting (- or 8
+) is shown with the experimental concentration 3
values and the response D values. The midpoint 2 = S
values were included as well to identify curvature S J'r 2 e ‘3 g ‘fl
that exists with the D values and each of the inde- 2=l ] al o
pendent parameters, as described previously [24]. B % p =
© 5
Q |
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The D values were determined at each point of the Sl [erv b+ [Smm
experimental cube (Table 1), where the ID represents 5[ g ! =
the experimental concentrations of each parameter. S e e
In the chloride scenario, D increases as the param- BT
eters shift from low to high concentrations settings, S _- — o
where the average D values range from 0.18 + 0.01 53 s = I 2
at (---) to 5.21 = 0.62 at (+ + +). In the nitrate SRl 1 [sxwHl | [8—=mH
scenario, D generally increases as the experimental =] wof | a
parameters shift from low to high concentrations, 59 IS S
but the effects are not as dramatic as those in the 5 2
chloride system. The D values range from 0.12 + = £
0.00 at (- --) to 1.20 = 0.04 at (+ + +) experi- & &
mental conditions. While the extraction of Pa into R
the organic phase (D > 1) in HNOs; occurs from =8 2 _ 2 _
less concentrated solutions (~2-3 M HNOs) than 5 § 2 Qe _=
HCI (~4-5 M HCl), the extent of the extraction in = ;& = Eg = E %
HCl results in much larger D, which corresponds to =g — = —==
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Fig. 2. (A) Full factorial experimental design measuring the D as a function of [H*], [DIBC], and [Cl"]. The parameter
ranges in chloride system were: [H*] = 4-5 M, [DIBC] = 0.5-1 M, and [Cl'] = 5-5.5 M. (B) The same for nitrate
system: [H*] = 1-3 M, [DIBC] = 0.5-1 M, and [NOs ] = 3-4 M. Each solid black dot represents an experimental data
point performed in duplicate; were each vertex was measured as well as a center point to gain information regarding

the curvature of the model.

the stronger complexing tendency with C than with
nitratewith respect to Pa [5]. Furthermore, while the
extracted species of Pa are not fully agreed upon,
research suggests that under the conditions explored
here, the Pa-chloro complexes extracted into the
organic phase have been identified as cations; PaO3*
[30], Pa(OH);* [30], Pa(OH)CI; [31], neutral com-
plexes; Pa(OH)Cl, [31], Pa(OH).Cl; [31] or anions;
PaOCl; [30, 32], Pa(OH),Cl; [30]. And in nitrate
media, neutral complexes; Pa(OH),(NO;)5 [33], or
anions; (Pa(OH),(NOs);) [9, 33, 34]. Future work
in our laboratory aims to identify the extracted spe-
cies of Pa by aliphatic alcohols extractants in both
HCI and HNO:s.

Data transformation and main effects

For further statistical analysis to be performed by the
software engine, a log,, transformation was neces-
sary because the max/min >10 of D responses. The
Pereto chart (Fig. 3) summarizes the main effects
that each independent variable has on D.
Interestingly, in chloride medium, in addition
to the main effect of each experimental parameter,
there were variable-interaction effects (three two-
-variable and a three-variable interaction), which
were statistically significant (Bonferroni limit and
t value significance levels were 3.46 and 2.26, respec-
tively). Note, for this experiment, interactions were
considered significant when the ¢ value effect was
larger than the Bonferroni limit [35]. The largest ef-
fect on D resulted from the [H*] followed by [DIBC]
and [CI7]. This suggests that the formation dominant
extracted species of Pa was most strongly dependent
on the acidity of the solution and not the counterion
concentration. These findings correspond with pre-
vious investigations, in which it was demonstrated
that the extracted species, PaOCl; by DIBC becomes
the dominant species as [HCl] is increased from 3 to
6 M [32], however it was unclear from this study if
the formation of PaOCIl; was more strongly depen-
dent on [CI] or [H*]. Interestingly, our findings

would suggest that the formation of the extractable
species of Pa can be controlled, given sufficient [Cl]
and [DIBC], by solution acidity. Furthermore, the
small, but statistically significant, effects of the 2-
and 3-variable terms appear to contribute synergistic
(or anti-synergistic) effects between the DIBC, CI,
and H*; all having a fairly equal contribution to D.
The Pereto chart of the model suggests that the ef-
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Fig. 3. (A) The Pereto chart demonstrates the main effects
on the Pa extraction by DIBC in chloride. In chloride all
three main effects, all three 2-factor interactions, and the
3-factor interaction were greater than the Bonferroni mean-
ing they are statistically significant and affect D. The most
significant effect was [H*] suggesting that the dominant
extracted species forms when solution is acidic enough. (B)
The Pereto chart of the main effects on the Pa extraction
by DIBC in nitrate. In nitrate, the three main effects, and
two 2-factor interactions were greater than the Bonferroni
limit and meaning they are statistically significant. The
parameter with the largest effect on D was [DIBC].
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fect of a small change in one experimental parameter
cannot be fully predicted without propagating that
change through the combination effects.

In the nitrate, the main effects on D were
caused by the [DIBC] followed by the [H*] then
[NOs]. The 2- and 3-variable interactions were much
weaker than in the chloride system, and only two
2-variable interaction were statistically significant,
[H*]+[NOs] and [H*]+[DIBC]. The remaining
2-variable interaction and 3-variable interaction ef-
fects were below the Bonferroni limit and the ¢ value
limit of 3.46 and 2.26, respectively; meaning their
effect on the system was not statistically significant.
Unlike chloride, in which the main effect on D was
most significantly determined by [H*], in the nitrate
scenario, the main effect was determined by [ DIBC].
Therefore, we believe that under the conditions
evaluated, the extractable species of Pa was already
the dominant species and D was largely enhanced
by the additional of more DIBC to coordinate with
the Pa species [9, 33]. This assertion is supported
by previous studies, in which it was demonstrated
that the extractable species Pa(OH),(NOs); formed
as the dominant species when the [HNO;] > 1 M
[36]. These results point to future studies to develop
a more detailed understanding of the dominant ex-
tractable species of Pa and conditions under which
these species were formed.

Statistical quality of the model

The data was fit to an unadjusted model (includes
the midpoint) to develop the model coefficients.
The statistics of the model (Table 2) in chloride
(model F value = 540.5, p < 0.0001) and in ni-
trate (model F value = 195.2, p < 0.0001) show
the overall F value for the models were statisti-
cally significant. With these model F values, there is
<0.01% chance that this could have resulted due to
background variation. Therefore, the effect that the
variables had on D, and the ability of the model to
represent the experimental D are likely to be a true,
and not variations in signal to noise.

The quality of the model was quantified with a
lack of fit F value (F*), which provides the statistical
power to reject the null hypothesis for an alternative
one. In chloride system, the model fit the data well
(F* = 2.43, p = 0.153), as F* was not significant.
This implies that the uncertainty associated with
the model fit was not significant relative to the pure
uncertainty, and that there is a 15.3% chance that
the F* could be produced by variations in the back-

Table 2. Summary of the statistical values describing the
quality of the model to reflect the experimental data of the
extraction of Pa by DIBC in both HCl and HNO;

Statistical value HCl HNO;
Model F value 540.5 195.2
Lack of fit F value 243 9.64
R? 0.9974 0.9910
Adjusted R? 0.9955 0.9828
Predicted R? 0.9923 0.9873

ground measurements. Therefore, H, can be rejected
and the model can be used to evaluate D of Pa by
DIBC in HCI. While the F* value is not significant
in chloride system, in the nitrate one (F* = 9.64,
p = 0.0036) F* was statistically significant. Where
the p value implies that there is only a 0.36% chance
that this F* could be due to variations in the noise
or background of the measurement, which means
that the model could fail to successfully represent
D based upon input parameters. However, F* values
presented here are calculated directly by the software,
which does not take into account the experimental
uncertainty. With the experimental uncertainty taken
into account, the F* would likely decrease. Addition-
ally, the range of D in nitrate system was smaller than
in chloride, the system as a whole is less dynamic;
therefore equal deviations about the linear regression
due to experimental uncertainty will have a much
larger effect in nitrate than chloride.

Data correlation and predictability

The overall goodness of fit of the model to represent
the data can be summed up in the R? values. The
values predicted by the model strongly correlate
with those in the chloride (R? = 0.9974) and nitrate
systems (R? = 0.9910). A plot (Fig. 4) demonstrating
the correlation between the models and experiments
in which predicted D (calculated from the model) are
plotted vs. the experimental D. Because R? is close
to 1, we can be confident in the ability of the model
to be effectively used to understand the extraction
of Pa from DIBC within the range of experimental
concentrations studied. However, due to the nature of
the mathematical determination of R?, as the number
of data points increases, R may erroneously increase
by chance alone, therefore we need to further assess
the quality R? [37].

To better understand how the model fits the
experimental results as additional data points are
added, the adjusted-R? (R3%g) can be evaluated [37,
38]. The R?q values are calculated from the R? but
also include terms of sample size (n = 18 data
points; degrees of freedom = 17) and number of
regressors (p = 3 independent variables), therefore
R%q; only increases if the new observations improve
R? more than would be expected by chance [37].
After the adjustment, the correlation in chloride
(R%g = 0.9955) and nitrate (R34 = 0.9847) changed
very little, which strongly suggest that the quality
of the correlation did not increase from additional
data points alone, suggesting that there is a true
correlation between predicted and experimental data
points within the modeled region.

An important property of models is the ability
to predict future results. While R? and R%4 measure
correlation, a predicted-R? (R%.q) quantifies the
models ability to predict [39]. To calculate a R34,
the individual data points are systematically re-
moved, and the regression line is re-determined
to assess how well the model fit the removed data
point [39]. In the current study, the R?..q values for
the chloride (R%.q = 0.9923) and nitrate (R%.q =



A calculation model for liquid-liquid extraction of protactinium by 2,6-dimethyl-4-heptanol

843

A.HCI

6]

a 54 #;//
S 4
E z
33 {ff/
nl-. 2 /
& »
I_d;#{ R’=0.99
0
— T T T T T T
0 1 2 3 4 5 6

Actual D

B. HNO;

14 P
12 s
a /
E o~
S 08 e
gﬂ.ﬁ—c ".-//
& 04 pd®
02 R=099
~
04 ~
0 02 04 06 08 1 12 14
Actual D

Fig. 4. Plot of the of predicted D vs. the experimental D values for Pa extraction by DIBC. Plot (A) is in HCI and (B)
is in HNOs systems. In both cases there is a strong correlation (R?> = 0.99) between predicted and the actual values.

0.9973) are in agreement with the other calculated
correlation coefficients (R? and R?4) and the R is in
reasonable agreement (| R%g— R%.eq| < 0.2). Thus, it
is reasonable to conclude that the model sufficiently
predicts extraction of Pa by DIBC in HCl and HNOs
systems when the experimental concentrations of
each parameter are within the range of the model.

Mathematical equation of the model
The model for the extraction of Pa as a function of

the experimental [DIBC], [H*], and [AT] is repre-
sented with respect to log;,D (Egs. (2) and (3)).

A.

SMCr

§ = =
48 - =09
a6 - =[]

'|. -
t A0S

525MCI

B -
6 7 DIBC) Ly A .
405 Todns

(2)  logD = -16.182 + 23.041 [DIBC]
+2.255 [H*] + 2.578 [CL]
~4.237 [DIBC][H"] - 4.440 [DIBC][CL]
~0.351 [H*][CI] + 0.860 [DIBC][H*][Cl]

(3)  log,D = —2.487 + 0.968 [DIBC]
+2.277 [H*] + 0.306 [NOs]
~0.056 [DIBC][H*] - 0.054 [H*][NO5]

A graphical representation of these equations
(Fig. 5) shows the D values plotted as a function of
the true concentrations, [DIBC] and [H*], at dif-
ferent [A-]. This representation demonstrates the
effect of increasing the [A7].
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Fig. 5. (A) 3D surface graph plotting the [H*] and [DIBC] as a function of D at three different [Cl-]. (B) shows a 3D
surface graph plotting [H*] and [DIBC] as a function of D at three different [NOs]. The 3D surface was generated
as an extraction model and the dots are the experimental data points.
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While the values of the coefficient cannot be
directly correlated to the extracted species stoi-
chiometric relationship to Pa, they can provide an
estimation of a quantitative effect of a change to the
extraction system. To compare, the coefficients in
the chloride are an order of magnitude larger than
those in the NOs, reflecting the range of D in chlo-
ride being larger than D in NOs. Additionally, with
regards to the y-intercepts; these values represent
a control experiment for the extraction of Pa when
[DIBC], [H*], and [A~] are all approximately 0. In
this case, the extraction system contains 5 mL H,O
(1 x 107" M of H*) and 5 mL dodecane. Experi-
mentally, Pa remains fully in the aqueous phase, D
<0.0005. We would expect that the y-intercept val-
ues be near 0, because the equation is represented
in a logy, transformation, the y-intercept values for
chloride (6.58 x 107'7) and NO;5 (3.26 x 107°). In
the chloride the y-intercept can be considered 0
and therefore the extraction model agrees with the
experimental data. In the NOj, the y-intercept calcu-
lated from the model is an order of magnitude larger
than the experimentally determined value. While
the calculated initial D is near 0, the model does
not appear to fit the data perfect, as we described
earlier from a statistically significant F*.

Conclusions and future experiments

A full-factorial experimental design has been con-
ducted to model the extraction of Pa by DIBC from
HCI and HNO;. The resulting model predicts D
of Pa extraction from these solutions within the
range of parameters examined. Using this model,
we gain an understanding of how changes in the
[DIBC], [H*], and [A-] effect extraction of Pa
individually, and gain insight on the effect of two-
-way and three-way variable-interactions. Statistical
analysis of the model, suggests that the model may
be used to predict future experimental observations
that occur within the experimental variable range
(Fig. 2). This approach is considered a first step
towards a better model of Pa extraction systems.
Future experiments will investigate the identity of
the species of Pa extracted by DIBC to gain a more
detailed understanding of the chemistry of this
extraction system. Based on experimental results
presented here, the most effective extraction of Pa by
DIBC can be achieved using the following settings:
in HCl (1 M DIBC,5 M H*,5.5MCl; D =521 +
0.62); and in HNO; (1 M DIBC, 3 M H*, and 4 M
NOj;; D = 1.20 = 0.04) occur at the high values of
each parameter (+ + +). These results provide a
baseline of experimental conditions, which can be
used to guide a further optimization of the extrac-
tion of Pa from DIBC in HCI and HNOs. Important
parameters that are expected to be included in this
future work include reaction time, analyte concentra-
tion, radiolytic effects, effect of hydrolysis and others.
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