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This work reports on the chemical isotope fractionation of Fe(lll) by a solvent extraction method with a
crown ether of dicyclohexano-18-crown-6. TPREeP*Fe and®>FeP*Fe ratios were analyzed by multiple-
collector inductively coupled plasma mass spectrometry. We determined the dependence of the isotope
enrichment factorsej on the strength of HCI. The relative deviation of t#€eP*Fe ratios relative to the
unprocessed material (16s¢) increases from-15.3 to—6.3 with [HCI] increasing from 1.6 to 3.5 mol/L.
Likewise, 10 ¢s7 increases from-22.8 t0—9.6 under the same conditions. The correlation betweggand

€s7 IS mass dependent within the errors. The observed fractionation was broken down into the effects of
competing extraction reactions and of a reaction between Fe(lll) species{Fe@l FeCJ) in the aqueous

phase. We found that the isotope fractionation between the Fe(lll) species is mass dependent, which we
confirmed by calculating the reduced partition function ratios.

Introduction exist in the literaturé; 11 we found it useful to complement the
existing models with a simulation based on the Hartriéeck
approximation that would substantiate mass-dependent effects
and therefore place the non-mass-dependent fractionation
contribution on solid ground.

Mass-dependent fractionation on ion-exchange columns is a
well-known process (e.g., for CA)Chemical isotope fraction-
ation of Fe(lll) has been studied by liquid chromatography,
and this study was expanded by Roe ét (#he issue of Fe
isotope fractionation in nature has recently been reviewed by
Dauphas and Rouxet)Precise analyses of iron isotope ratios
are now routinely permitted by multiple-collector inductively We used dicyclohexano-18-crown-6 (DC18C6) (over 97%
coupled plasma mass spectrometry (MC-ICP-MS). So far, mass-purity) and 1,2-dichloroethane (over 99.8% purity) from Fluka
independent isotope fractionation of Fe has not been observedChemie GmbH and a standard solution of 1000 ppm FefMO
in nature? In contrast, for other elements, a number of mass- 9H,0 in 0.5 mol/L (M) HNG; from Merck KGaA. Hydrochloric
independent isotope fractionations, which are explained by and nitric acids (Merck KGaA, analytical grade) were purified
Bigeleisen’s nuclear field shift theoPyhave been found using by sub-boiling distillation. The other chemicals were reagent
chemical-exchange methods (mainly solvent extraction methodsgrade from Sigma-Aldrich Co.
and liquid chromatography) (see references in ref 6). In a Two milliliters of Fe standard solution were evaporated in a
preliminary study, we investigated chemical isotope fraction- Teflon beaker on a hot plate, and the chemical form was
ation of Fe(lll) during liquid extraction experiments with crown converted to chloride by repeatedly dissolving the residue in
ethers, in which the isotopic compositions were analyzed by concentrated HCI and evaporating the liquid. The final solid
thermal-ionization mass spectrometry (TIMS). We used a single was redissolved in HCI to obtain 0.018 M Fe(lll) solutions of
collector (the Faraday collector could be switched with a various HCI molalities (1.64.0 M). We will refer to these
secondary electron collector) with analogue output. Although solutions as the aqueous phase. The organic phase was a solution
we showed that isotope fractionation was present, the precisionof 0.1 M DC18C6 in 1,2-dichloroethane. The experiments were
and accuracy of the data were inadequate for discussing massearried out at room temperature (2950.5) K.
independent isotope effects. The experiments were therefore Two milliliters of the aqueous solution and 2 mL of the
repeated with the more precise method of MC-ICP-MS. Iron organic solution were poured into a glass vial with a Teflon-
isotopes were fractionated by the solvent extraction technique coated magnetic bar, and the glass vial was sealed with a
with a macrocyclic compound (the so-called crown ether), which stopcock. The two phases were agitated with a magnetic stirrer
is effective for separating isotop&3he interpretation separates  for 30 min. In our previous experimentsye recognized that
non-mass-dependent from mass-dependent effects using quarextraction equilibrium is attained at this point, and the two
tum mechanics simulations of the vibrational energy levels of phases were then separated by centrifugation (2000 rpm, 1 min).
the coexisting compounds. Although similar previous attempts An aliquot of the aqueous supernatant was taken for analysis.
PE— p — p " i The iron concentrations in the equilibrated aqueous phase were
e e Ty S e, 7 sy 1© analyzed by ICP-QUIS (Thermo Elemental X7).

T Kyoto University. To minimize matrix effects, possible traces of organic material

* Ecole Normale Supeeure de Lyon. from DC18C6 were removed by ashing. The aqueous phase was
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transferred into a quartz crucible and dried on a hot plate. The 100

chloride was converted back to nitrate by evaporation in — _F .

concentrated nitric acid. The crucible was then heated at 1073 ) 80;_ Fecl, FeCl

K in an electric furnace for 8 h, which turns Fe into iron oxide. § ol °

This in turn was dissolvedi6 M HCI by gentle heating of the El F

crucible on a hot plate for 24 h. No substantial loss of Fe could ﬁ 40

be observed from this procedure. The HCI solution was dried o ‘

on a hot plate, and again, the chloride was converted back to = 2

nitrate by evaporation in concentrated nitric acid. 0 = ol
A 500 ppb solution of Fe in 0.05 M HNfwas prepared for 0 ! 2 3 4 S 6

isotopic analysis and introduced into the Nu Plasma 500 HR (HCIT [M]

via a desolvating nebulizer Nu DSN-100. The mass spectrometerFigure 1. Formations of the Fe(lll) species in HCI solutions. The mole
was operated in pseudo-high-resolution mode (closed sourcefractions were calculated from the reported stability constéuatsd
slits and open collector slits), which allows interferences, notably the mean activity of HCI. The mean activity of HCI was calculated
4ArN at mass 54 and°Ari60 at mass 56, to be resolved. oM the semiempirical theor.

Forty ratios in 2 blocks of 20 ratios each, for which the

3
integration time of each scan was 10 s, were measured for each "
sample. The instrumental mass bias was controlled by bracketing 102 r ___________________________ ®
each sample with standards. For the present experiment, the °
choice of standard is immaterial to the results. We confirmed T ] IS ® )
that the potential interferences with Cr at mass 54 remained *
below detection levels. The uncertainties eiref*Fe and ol . ' _____________________________
5"FeP%Fe are 0.10 and 0.19%., respectively, at thel@vel. 10 ? 7’
Because of the very low abundance@fe (0.282%), we could 4L ® ) L
not obtain precise enougtFeP*Fe data for assessment of 107 HCI VI 10

isotope fractionation.

Figure 2. Distribution ratio of Fe(lll).D = [Fe(lll)]org/[Fe(l1)] ag iN

Computational Details which [Fe(Ill)]org Was determined as [Fe(llI)]—[Fe(lll)]ag.

~We calculated the orbital geometries and vibrational frequen- steeply increases with acid strength. Since DC18C6 is a neutral
cies of aqueous Fe(lll) chlorides using the conventional Har- jigand, which preceeds ion association extraction, the extraction

tree-Fock (HF) approximation and density functional theory  reaction of Fe(lll) in the crown ether system may be written as
(DFT) as implemented by the Gaussian 03 c&d&he DFT

method employed here is a hybrid density functional consisting FSt +3C + L < FeLCl, (5)
of Becke’d3 three-parameter nonlocal hybrid exchange potential

(B3) with Lee, Yang, and Parr (LYP)nonlocal functionals. \yhere | stands for DC18C6. This equation predicts that the

The ++6-31G** basis set was chosen for H, O, and Cl, and g|ope of logD versus log [HCI] should be 3, but the observed
LanL2DZ'>"*®was chosen for iron. The former is an all-electron  gjone exceeds this value and thus requiring a different explana-
basis set, while the latter is an effective-core potential basis set.tio An association of FeLGt with FeCl~ in the organic phase
has been suggestéH,but the extraction stoichiometry of
Results and Discussion FeLChL*—FeCl,~ does not result in this slope. We instead
suggest that the strong dependencé®abn acid strength can
be attributed to a simultaneous extraction of the iron compounds
and HCI, a phenomenon which will be referred to as coextrac-
tion. To describe this process, the extraction reaction can be
rewritten as

Extraction Reactions for the Fe(lll) —Crown Ether Sys-
tem. The species of Fe(lll) in HCI media considered here are
Fe3*, FeCPt, FeCht, FeCk, and FedJ, which are related
through the following set of reactions

Fe'" + CI” < FeCF" €Y nH* + FeCl, + nCl™ + L < FeLCL-nHCl  (6)
+ - - +
FeCF" +Cl FeCh 2) With the stability constant of reaction 6 defined l&s the
FeClL" + CI~ < FeCl, (3) equilibrium equation now reads
FeCl + CI~ < FeCl,” 4 [FeLClynHCI]
b L ) KK KK, = (7

[H]"Fe™I[CI 1™ (L]
The apparent stability constants of equilibriadareK; =
30, K, = 4.5,K3 = 0.15, andK4 = 0.0078, respectivel} in where [FeLC4-nHCI] = [Fe(ll)]org The total concentration of
which the mean activity of HCl is treated as the activity of CI  all Fe(lll) species in the aqueous phase is
and the activity coefficients of Fe species are set to unity. From
theseK values and the mean activity of H&lthe mole fractions z[Fe(III)] aq™ [Fe*] + [FeCF] + [FeCV] +
of the Fe species can be estimated (Figure 1). In the concentra- [FeCL] + [FeCl, ]
tion domain considered in the present work ([HE]1.6—4.0 4
M), the major spe(_:ie_s are FQC_Iand Fedl. — [Fe3+](1 + K [CIT]+ KlKZ[le]z +
The measured distribution ratids= ) [Fe(lll)] o> [Fe(Il)] aq 3 4
are shown in Figure 2 as a function of [HCI]. T value K{KKS[Cl T+ K KKK CHTY) (8)
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TABLE 1: Isotope Enrichment Factors (in 107 or e units)?2 oF
[HCI] (M) D 10 €56 100 €57 -5;—
1.6 0.263 -15.3 —22.8 _10F 35M
2.0 0.855 -11.2 —-18.7 b E a0M
2.1 1.16 —12.6 —-18.7 w -15F '
2.7 6.44 —-10.2 —-16.9 ~ 20 27M
3.0 13.7 —6.9 -11.9 3 20m 1M
35 45.2 —6.3 —9.6 251
E [HC=1.6 M
aThe 2 uncertainties are 1.0 for 1@se and 1.9 for 16 5. 30— L b Ly
20 -15 -10 5 0
4
10 €eq

and the distribution coefficien ~D
Ko (~D) Figure 3. Isotope enrichment factor of Fe(lll).e)/[>*Fe])g Was

Kp = determined from (fFe]/P*Fel)ni, (["Fel/[>*Felke andD. The linear
A~ —1r3 line is a correlation of the mass dependent laWiVmim), es¢(56 —
K KKK HTTCH T L] 54/56 x 541 vs esA57 — 54/57 x 54) L.
- -2 -3 —4
1+ K[CH T + KyKG[CI T + K KKG[CI T K KK gK,[C S]J TABLE 2: Isotope Enrichment Factors, €(3)n and (L) 2
( ) 10 6(3)56 —31.6 10 E(L)se 11.4
With the use of Bjerrum® K values and the assumption 1034 6(/3)533 Ijg-?? 1(2 6('/-)5|z 153;22

that [H"] & [CI7], the values oK andn can be calculated by €(3)s7/€(3)ss - €(L)s7le(L)ss -
regression oKp against [HCI] aK, = 1.26 andn = 1.7 with 2The slope of the mass-dependent correlation is{%#4/54 x 57)/
a squared correlation coefficient B2 = 0.9997. The valua (56 — 54/54 x 56) = 1.474.
= 1.7 suggests that one or two HCI molecules patrticipate in or
extraction reaction 6. Bjerrum et Hl.reported that, upon E
extraction from HCI solutions by ethers, Fe(lll) is accompanied '55'
by one HCI molecule. We speculate that Fe(lll) is extracted as -10F
HFeCl, likely as an ion pair of HO™ (or H') and FeCJ~.1921 & _155_
The following extraction may therefore compete with reaction 2 E
6 20

. - 25E

H" + FeCl, + L < HFeLCl, (20) E | | | | |
] T N P P T BT
15 2 25 3 35 4
Isotope Fractionation during Extraction. The isotope HCI [M]

separation faptoram, between the aqueous and the organic Figure 4. Acidity dependence of the isotope enrichment factor. Solid
phases is defined as lines are calculated with eq 18. Determination factors of the analysis

wereR? = 0.91 foresg and R?2 = 0.96 foresy.

o= O [y el
T QIMFely el

where the subscriphindicates the mass of a particular isotope

(11)

isotopem is

_ KK [HCI] L]

m
(m= 56 or 57) and {["Fe}/5 [>*Fe]kg and (5 ["Fe}/5 [>Fe]hq o 1+ ™K [CI] )
are the isotopic ratios e relative t®*Fe found in the organic 3
and aqueous phases, respectively, summed over all the specie : . :
present in each phase. The isotope enrichment faetpris and the isotope separation facto is
defined as % m M 1+ 5K [CI]
D 3 "ML 3
em = am - 1 (12) m 54KD 54K354KL 1 + mK3[CI—] ( )

Sincea is close to one, we will repeatedly use the approximation We further define the new fractionation factoog3)m = ™Ky

a—1~Ina. 54K _ 54 : H
. . anda(L)n = MK /%K, and substitute the values into e
The experimental values af, are shown in Table 1 and 4, ?50 that( Jm ot g

Figure 3, which shows the line of mass-dependent fractionation

(e is defined as 10* units). In the standard mass-dependent

theory2223the isotope enrichment factor is proportionato/ o, = a(3),(L),

mmi, wherem' stands for the light isotopem for the heavy

isotope, andm for the differencem — m'. The straight-line in

Figure 3 shows the theoretical mass-dependent correlatidmy( We set the value of*K3 at 0.15, here reported d&,!° and

mmi) betweenesg and €57. The ey, values plot on the mass treato(3)m anda(L)m as unknown parameters. The values of

fractionation line within experimental errors and increase with o(3)m and o(L)m can be calculated by regressing, against

acid strength from-15.3 to—6.3 for 10 €56 and from—22.8 [CI7] (approximated by the concentration of HCI). By using

to —9.6 for 10 e57. the analytical results of Table 2, we can successfully estimate
Since FeGI™ and Fed are the dominant species at the HCI the values ofsg andes; and their dependence on acid strength

molarities used in this work (1.6 to 3.5 M), we will assume (Figure 4).

that reaction 3 is the only significant reaction taking place in  The ratiose(3)s7¢(3)s6 and €(L)s7€(L)s6, in which €(3) =

the aqueous phase. The distribution coeffici®Kp for the o(3)m — 1 ande(L) = a(L)m — 1, are also shown in Table 2.

1+ K, [CI7] 15
1+ a(3),>K,[CI ] (13)
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TABLE 3: Bond Length (A) Determined for FeCl »(H,0)4*
and FeCl,~
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TABLE 4: Logarithm of the Reduced Partition Function,
In(S/s)f2

species bond HF B3LYP literature value
FeCb(HO),¥ Fe-O  2.104 2.129 2.022.079, 2.0F
Fe-Cl 2.307 2.267 2.392.299, 2.30
FeCl~ Fe-Cl 2.289 2.259 2.222.26%

2EXAFS3! b XRD.%° We use the Fe-water molecule distance as a
proxy for the length of the FeO bond.¢ X-ray scattering® We use
the Fe-water molecule distance as a proxy for the length of theOFe
bond.

It is known that the crown ether system is efficient at revealing

mass-independent isotope effects (see references in ref 6). The

ratio e(L)s7/¢(L)s6 (1.342) shows about 10% deviation from the
mass-dependent correlationdh/mm (i.e., (57— 54/54 x 57)/
(56 — 54/54 x 56) = 1.474). If the experimental uncertainty
on ¢(L) is similar to that one, a 10% deviation of the(L)s7/

HF B3LYP
*Fe 5Fe *Fe 5Fe
In(s/s)f, FeCl~ 0.00728 0.01074 0.00619 0.00913
In(s/9)f, FeCh(H.0O),© 0.00858 0.01266 0.00673 0.00994
difference [104] —13.0 —19.2 —5.4 -8.1

@ The difference In§/S)frecy,- — IN(S/S)frech.0),* IS treated ag(3)
via the molecular vibrationT=295 K.

from the reduced partition functiot,(s/s)f,

In (g)f =3 [In b(y’) — In b(uy)] (16)

Inb(u)=—Inu +u/2+In1—e" (17)

whereu = hvi/kT. The subscript stands for theth molecular

€(L)se ratio with respect to the value expected from mass- vibrational level with primed variables referring to the light
dependent effects alone is not enough to reach conclusions abouisotopomer. The isotope enrichment factor resulting from the
mass-independent effects. It should be noted that if the mass-molecular vibration can be evaluated from the frequenaigs (

independent isotope effect reported by Bigeléisedominating,
the es7lesg ratio can be approximated byin2(d-/0H2ds with
o2y, = 2L, — 244 (m = 56 or 57) standing for the isotopic

summed over all the different modes. For example, we can
estimatesse(3) as{ 3 [In b(>*u;) — In 58b(U)]recy,™ — S[IN b(>*u;)
— In 5%(ui)] recyr,0),*} - The logarithm of the reduced partition

change in the mean-square radius of nuclear charge distributionfunction for each isotopomer is shown in Table 4. The

For 0123 = 0.327 fn? and 0M2d; = 0.447 fn?,2* we obtain
657/656 ~ 1.367.

calculation results show negati¥€3) values, which conform
to our experimental values (Table 2). The absolute values of

To further evaluate the respective strengths of the mass-€(3) calculated using HF are larger than those calculated using
dependent and mass-independent effects, we performed som&3LYP (see Computational Details). Reduced partition functions
quantum chemical analysis calculations of the vibrational have been calculated previouSiyor various iron complexes
energies of the aqueous Fe(lll) chloride speéfealthough in aqueous solution using a combination of force-field modeling
literature data exist;1! we reiterated the calculations using and literature vibrational frequencies. These authors reported
conditions close to those of our experiments. The aqueous Fe-hat theiiocalculations agree with predictions based Gss@auer
(Ill) chloride species are generally thought to be present as SPectré&® and experimental da?a.Trle isotope fractionation
octahedral FeG{H20)s—x (x = 0 4)3 For example, FeGl is factor (10 ese) between FeG(H:0)s" and FeCJ™ at 298 K
known to have the configuration FeQ#,0),".25 Different reported by Schauble et Hlis —13. This value is identical to
structures have been suggested for Gelither the octahedral 1€ €(3)ss calculated using HF (Table 4). The absolute values
anion FeCi(H,0),~% or the tetrahedral Fegl27-31 The of both Schauble et al*$and the present results are still smaller

tetrahedral FeGl is considered to be the dominant species. than those o&(3)ss shown in Tag)le 2. This may bf the result
For FeC} in aqueous solutions, there is no structural data. A of the small fractions of Fe(}0)s*" and FeCI(HO)s" present

trigonal bipyramidal geometry has been suggested for FeCl in our aqueous solutions. For exiinple, the isgtope fractio_nation
(H20)2,%2 but the coordination number of FeChas been factor (10 eso) beltlween Fe(kD)e™" and Fed]™ at 298 K is
reported to be fout? Both the coordination number of four and quite large, —44.% If such a strong fractionation actually
our extraction results (reaction 10) suggest that Fe@ly rather occurred, the observed 18(3)ss should be<_< 13, O_ur 10

be present as H-FeCl. If the core structure of HFegis €(3)s = —31.6 value (Table 2) shows an intermediate value
FeCl, the isotope fractionation factor between FgCand between—13 and —44, and we therefore consider that our

FeCl can be estimated through the fractionation betweengeCl simplified speciation and vibrational model provides a reason-
(H,0)s" and FeCl- able prediction of the magnitude &f3). The calculation results

support that the isotope fractionation corresponding to the
. The calculated bond lengths OH:_@ and Fe-Cl are shown . aqueous Fe(lll) chlorides is mainly the mass-dependent isotope
in Table 3. All calculated geometries were optimized within

. ) i fractionation resulting from the molecular vibration.

appropriate symmetries (i.e., octahedral symmetry for $eCl
(H20)4™ and tetrahedral symmetry for FeC). The bond lengths
determined by X-ray spectroscapy’3lare also shown. Our
calculations correctly reproduce the literature values ef€ke Iron isotopes were fractionated in the chemical exchange
bond lengthg>=%=In contrast, the calculated F€© bond reaction with DC18C6. The resulting observed isotope enrich-
lengths are slightly, though marginally longer than literature ment factors show no clear departure from the mass-dependent
values?>**3!We speculate that including the second coordina- correlation within analytical and theoretical uncertainties. From
tion sphere may have improved the agreement. The vibrationalthe dependence of mass fractionation on acid strength, the
frequencies of the FegH,0)" and FeCJ” isotopomers were  jsotope fractionation factors for the extraction reaction and the
calculated for each of the three Fe iSOtOpeS 54, 56, and 57. reaction between Fegl and Fecd were determined. The mass-

The mass-dependent isotope effect is the result of the isotopicdependent isotope fractionation from the reaction between
difference in the vibrational energies of isotoponf@r& The FeCbt and FeC further was modeled successfully by the
isotope enrichment factor due to this effect can be evaluatedvibrational partition functions of the related molecules.

Conclusions
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