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.‘ABSTRACT
:In thie paper it 1s shomn'that the-extractionbof medelevium into sodium
amalgam from sodium acetate'eoldfions results in about'a ten fold enrichment
relatlve to the llghter actlnldes (Pu, Am, Cm, Bk).
Separatlon of Md frOm the heavier actlnldes may‘be accompllshed by elther

of two methods' l) an amalgam contalnlng Md, Fm, Es, and Cf can be decomposed

vlkln cold concentrated HCl and then the Md may be c0prec1p1tated w1th EuCl2 with

one order of.magnltude enrlchment from Fm; 2) Md can be separated by electrol-
ysis in aCetape or'citrate—acetate'solution on ‘an electrode of mercury amalga-
mated with eodium{ In the lanthanide'series method 2) is dsed to separate Eu
or. Sm from the other rare-earths. The sequenceuof.electrodepositiom of actinides
in acetate—citrafe soiution is Md > Fm >:Es > Cf.

These separatlon methods probably depend on the formatlon of stable
Md2+.' The potentlal of the Md5 + e - Md? couple was estlmated by a series

of reductlons, u51ng YbClE, Zn, EuCl2, CrCl VClE, and TiCl,_, all in 2 M HCIL.

2’ 3

3. appear to reduce Md5 to Md ; which can then be coprecipitated

with EuSQu or BaSOh, Md 1s.thereby enrlched 10-30 X in the precepitate, relative

‘to the daughter isotope -~ Fm in solution.
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of ¥4 and Fm from Bs. This‘?) and a subsequént publication

. Fu and Sm carried out earlier by a number of workers.
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~ INTRODUCTION

(1)

A previous communication reported preliminary results concerning the

possible separation of Md from higher actinides by extraction into sodium

amalgam from sodium acetate solutions, or by an electrolytic one step separation

(2)

reported the

s - O+
first experimental evidence of the Md2 state, an oxidation state which now

 appears to exist for other heavy actinides as well. This paper presents a more

. : +
detailed study of Md2 .

Because of the relatively short half 1life of the‘255Es target used for
253

Md production (T = 20 days for ‘Es) expefiments were limited to a period

1/2

of about 1.5 months. Some experiments could not be repeated more than twice,

and consequently the results are of low statistical accuracy. The present

experiments on Md and other heavier actinides were done in an attempt to repeat

the more interesting experiments oh:elect:olysis, extraction and reduction of

(3-10)
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-target, cons1st1ng of = 5 Eg

vbelng in equlllbrium w1th

'Md" solution .is shown in flgure 1. A.typlcal decay curve_of

-2- . ' UCRL-18046

EXPERIMENTAIL PROCEDURE

_ Isotopes of Md, Fm, and Es Produced by Irradiation

256Md,vproduced by irradiation with zeﬁ6 MeV He ions of an einsteinium

253

Es mounted on hlgg/cmg Be foil was used for the

~-work reported here. _The Es.target contaihedu“ 1% of QSMES and 25.5Es,'the'latter

2.

Irradiation for- 50 min w1th a beam current of 50 - lOO uA/cm lO to

> 256

20 A through the target) ylelded approxlmately 107 atoms of Md (and also

some 51Fm 252 ‘255Fm, 251"Fm, 55Fm, and 56Fm 1sot0pes) which were collected

‘on a Be,catcher foil, alohg:with about‘lbs'to 107 o d/m of 253Es,'knocked out

~from the target. The catcher f01l was dlssolved iné6 M HCl, contalnlng 500 pg

PN This solution was treated w1th an excess of KOH‘to form’La(OH) whlch
co-precepltated Md Fm, and Es.. The La(OH) pre01p1tate, washed w1th 6 M KOH
and water, was usually dlSSOlVed in 200 X of 2 M HCL, to form a "stock Md"

solution.

The isotopes 252_Md, 255Md, ?5uMd which also were produced during

irradiation by (He'xn)-reactions, could'not’be'detected, They are short lived

and decayed by K- capture to their Fm 1sotopes A”few'7.54~MeV a-particles were

255

observed in the o spectrum due to. Md (T = 30 min) However thls isotope

1/2

 was observed malnly after K- capture as v?5Fm A.typlcal a- spectrum of "stock

256Md, measured by

256

spontaneous_fiSSion of the ~“ Fm daughter isotope - is shown in figure 2.

“
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Radioactive Tracers

b+

7Np (as Np ), 23%,,

o R 1 . + :
The tracer isotopes 258U (in the U'lL - state), 23

(Pu4+), 2LylAm,gm-LCm, 249Bk, 2520f, 25535, 152Eu,‘ahd'15uﬁﬁ‘(ali 3+) were used in

-~ 0.5 M HCL solution.

'252Fm,»255FM, and 2'5LLFm were used for measurement of the yield of Fm

25

in chemical Operatibns. In the case of 2Fm‘its yield was corrected for the

255 255

growth of Fm from Es’(mEasuréd 40 days after bombardment and compared

with the original 55Es present in the target) and for growth from 255Md (de-

255 . ts 7.5k :
Md as measured by it's T.354% & energy and 30 min

half life). A known amouht'ofﬁthe "gtock Md" solution was used for the chemical

separation procedures (extraction, electrolysis, reduction, and coprecipitation),

< and at the end of a particular procedure a part of each separate fraction was

electrOpiated-and then'countéd by « puise analysis as described in references

11 and 1. The_amount of-256meactivity-wasvdetefmined for each fraction either

by measuring'the decay curve for spOntanéous'fission along with its & spectrum,
or byvutilizing'a separate Q chamber and a surface barrier Si-Au detector
employing a discriminator for SF counts. ' At the‘same time SF and & decay curves

werezmeasured for a known amount of the stock Sblution in order to calculate

the yield_of separéted isotqpes in each fraction.

Chemicals
Chémicéls_usedawere ofieagentfgrade. The sodium amalgam was prepared

by dissolving freshly cut sodiumvmétél‘in hot mercury.
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Czlculation of Md Yield

A) Yield from decay curves.

The growth and decay curve of the SF act1v1ty (flgure 2) is descrlbed
by the formula

| oot '-x.mt At
- L Fm~ . Md
= + -

Fm(t) Fmo e BMdeo(e e )

where _ - L o . E o (1)
. Ma

RMd )‘Md Fm |
Thé.time t is measured from the eéend of bombardment, when Fm ahd'Md are-FmO
and Mdo respectively. ',Be'causve de> }\Fm’ for largé- vaiues of t ‘the curve in
figure 2 becomes a fermium decay curve described by:

—kaﬁ i _
+ e ) .

Fm(t) [(Fm RMd e 1 @

The yield of»Md was calculated from the'difference:between the growth
curve for Fm descrlbed by equatlon (l) and the- decay curve [equatlon (2)]
'extrapolated to the tlme of separatlon For thls dlfference.

v _KFm sep
= - + .
Am<tsep> - Faltyg) [(Fm Rygdidy)e
| S - , - (3) |
: -kfmt, = S _ . _ T
= R,.Md e S€ep o ' N

RMd_ o ' S S ' ' ‘ R -7
A Fm(ﬁceé) represents the différénce between tdtal’fermium after decay of M4,
. and fermium before Md decay. Hence'the difference may be used to calculate the o

-¥ield of Md.
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256

' ' 2
B) Calculation'of yield from the ratio SF of 7 Fm:C activity of 3

Hs

-In the case of electroly81s, when the SF activity was too low to give

253

a good growth curve the activity ratio SF/a Es was followed for 3 to 6 hours,

after the end of the bombardment

256Fm. From this

after waiting more than 15 hours (t long = tL)

when essentialiy all ?56Md present at tsep’ had decayed to

255

ratio of SF/a Es in the original solution and in the separated fraction and
with the aid of ?55Es yield, the yield of SF in the fraction (%‘SF(tL)) was
caleulated. For the‘calCulation of the yield of Md separated at tsep’ we used

the formula:

# () -%"“5%(1: o6 PO ) A= ()

sep) A+1 : sep’ A+l

RM d(t

sep

“PIH:

and for % Fm(t ) we used the yield %255Fm(tsep), measured in a given frac-

tion and in the unseparated mixture. - The value of the factor A 1is read from

3figure 2, a standard decay curve for the wiseparated mixture, at t .

- t : Sep
In the above equatlons, RM Md e is equal to that part of the SF

56Fm contributed by the decay of 256Md at t sep’ while 2 Fu(t )

activity of sep

in (h) represents that part comlng from Fm present in the fraction at t 1/A;

sep’

~is the ratio of SF act1v1ty from Fm produced by mendeleVium decay to Fm produced
vdirectly.v»A/A+l is ‘the fraction of SF act1v1ty_from Fm produced directly. Multi-

. plication. by lOO'gives'the % of total SF activity originating from this source.

Measurement of & activity from._55Es permitted a check on the yield of

" total @'s and consequently of total SF's through the chemical procedure.
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Extraction Procedure

" The extraction experimentavusually were -carried out from a mixture of
20 A of the "stock MA" sAolntionvin 0.15 M HCL, 25 _x of tracers in 1 M HCL, 9 A .
of 1 M HC1 containing 120 ug of Sw> and 150 g each of Euo' and w2, 150 » of
7 M sodium acetate, 5 x oTISIM;ammoninm acetate, andieelected amounts ovaCl, |
' aS_ahown later in_tahle-l;' | | | N |
| The extractions were performed'in a Bﬂﬂl conelvuaing 256'X'of sodium
amalgam, contalnlng 2=3 5nnlllequ1valentsNa/ml | Thebactlnide’elements Were _V
back-extracted from part of the amalgam with 6 M HCL, the extract neutrallzed
by NHMOH and then electrOplated on a Pt dlSC.: Detalls of the extractlon-pro—d
cedure are descrlbed in reference (ll) | o :

The remalnlng portlon of the amalgam,iafter wash1ng with H20; was de—'

5 were'

centrlfuged out washed with concentrated HCl d1ssolved in l ml of HQO and

an aliquot was electroplated on a platlnum plate, after neutrallzatlon with

composed by ice- cold concentrated HCl, NaCl crystals together w1th EuCl

The combined HCl supernatants were diluted to 2_ml; 'A‘known'fractioniu

'of'this'solution was neutralized.and electroplated as_before.

Electrolytic Procedure ;‘ . . e iA-i‘ S R r . o o,

The'compositiona.of the solutions used in electrolysis Were)similar to
thoSe‘used for,amalgam extractions: 150 N "stock Md" in 1 M_HCl, (containing
= 200 ug Ia® ) 600 A of T. M sodium acetate, 20 A of 8 M ammonium acetate, and
100 N of 0.5 M HCL in the first experlment, and 200 A of "stock Md" in 3 M HCL,

25 N of 0.5 M sodium c1trate,§00 A of ™™ sodlum acetate, and 50 A of 0.5 M.HCI
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in the second In the first experlment 110 \ of tracer solutlon in 0.5 M HC1,
' 238

contalnlng l mg U was also present.

The electrolyses were performed in the ‘open air using 900 N and 300 A

‘vof pure mercury in the flrst and second experlments, reSpectlvely =The anode

~ congisted of a platlnum. spiral, held at the surface of the electrolyte. The

Md-rich fractlon from - electroly51s was subsequently used for experlments on
the reduction of Md5 to Md2 . |

| The electrolyses were.carried out for 35 min, with periodic interf
ruption at 5 min intervals for'sampling the mercury phase. Following any 5—min
period of electrolysis, thevcurrent was stopped,wandvafter 1 min- of mixing 5f'

both phases;-B x'of»mercury were withdrawn.by pipeting. This sample was washed

. threé'times with-water; transferred to a platinium disc, the mercury driven off

by_heating, and the residue counted for Md'and Es asg in the extraction experiments.

Reduction Procedure

The Md ”stock" solutlon was reduced by addlng - 5 mg of YbCl or EuClg,

or else w1th amalgamated zinc in the presence of = 5 mg EuCl3 In,other experi-
SO+

+ +
~ ments solutions of Cr Ty V? and Tl5 were prepared by reductlon with amalgamated
B zinc._ In a typlcal experlment the reduc1ng solutlon was prepared by addlng a
0.1 M solutlon of the ox1dlzed spec1es in 2 M HC1 to > 0. 5 gm of amalgamated

,z1nc (20 mesh); contalned in a 1-ml cone. The solution was heated and repeatedly

: : . ‘ , >+
mlxed by plpetlng for 5 mln The concentration of HCL after'reduction to Cr2 R

-z +
'V? » or,le» was about 1 M because of the Zn dlssolutlon durlng reduction.

One ml of this freshly prepared reduc1ng solutlon was ‘added to a 2 ml cone

containing 50 x of "stock Md", 6 ngu3 , and 500 ug of Ba in 100 N
of 0.5 MvHCl. After 1 to 2 min of reductlon, BaSOu was prec1p1tated by the
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~ ture. The distrlbution of Es,
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For a comparlson w1th other data reported in the llterature, we recal—

culated the data of flgure 4 to obtaln the - amount left in solutlon,' shown in -

figure 6 ' After flnlshlng the. second electrolys1s we replaced the mercury phase

253

Es and

255,

by 300 N of fresh Hg and proceeded in the electrolysls of Fm with

50 mA/cm current den51ty, with results shown in flgure 7. . Both figures 6 and o

(13,14)

between these quantltles. One-can ‘read from'these curves the "periods of amal-

(13)

gamatlon '1ntroduced by Boussieres et al. The results are z'lOO mA'min for

Md from flgure 6 and 300 mA mm for an and =~ 800 mA min for Es from flgure
256

7. The curves for Md in flgure 6 and 55Fm in flgure 7 show dev1at10ns

- from a stralght llne (dropplng faster when more charge is passed .as observed

(8)

by Onstott in the case of rare earths electrolyses

. . 2
Potentlal of the Md5 - Md Couple _

Although a correlatlon between the amountvof extractron 1nto.sod1wn
amalgam and the formatlon of a chemlcally stable +2 state has been establlshed
for the Lf elements (5’ 5) a s1m11ar correlatlon has not been demonstrated for
the 5f serles | | .V |

The expected analogy between Tm and Md led Seaborg (;6? in 1949 to pre-

.dlct that Md mlght have a +2 state

Accordlngly, we sought dlrect;ewidencevfor a dipositive state_ofrmen-

delevium, and have_attempted to establish'rough'limits for the potential of

3+

' : et
-the MA® + e = Md couple. To thls end, various reduc1ng agents were added

to the "stock Ma" solutlon, and BaSOu or EuSOh was prec1p1tated from the mix-
253 2565 g 26

Md act1v1t1es between the pre—

cipitate and supernatant was then-determined.

an approx1mately llnear relat10n4'

X

._‘:
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Typical deeay curves of the original solution and the EuSOu or BaSOu

'fractions;'are shown in figure 8.(for reduction by amalgamated zinc - in the

_ ' T o4 . . ' : +
presence of Eu2 )3_figure 9 (reduction with Cr® ), figure 10 (reduction with

4.

The curves in figures

256

), and figure 11 (attempt at reduction with Ti

Md separated in
256

8, 9, lOvshow good evidence of growth of SF activity from

5+ T

the EuSOLF or BeSOu fractibnS. For the case of Ti only slight growth of

was observed relative to theeoriginal sblution, which indicated incomplete
‘ ) 3 o+ B+

reduction of Md~™ to Md by Ti” .

The reduction data are collected in table 2. .The enriehment factor

Qf Md in the EuSO&-or'BaSOu fraction [defined as the ratio

RM Ma(t

e ppt fraction
o sep : :

Rug(t o)

e : original solution]

sep’

2+

in all reduction runs with Zn, Bu ,.Cr2 5 and'V2 was between 10 and 90, as shown.

o + . . : ) ) .
The yield of Md2 coprecipitated with BaSOu‘was from 50-100%, but with EuSOLL

the yield”ﬁas only ~ 5-10% when the'EuSOu'yield was also 5-10%. The reduction

. with‘YbClz,gave_the same result as with EuCle, with an enrichment factor ~ 20.

. : PR 2t 2% e+ | 2+
These results show that Md~ . wa's reduced toMd”~ by Yo , Zn, Bu , Cr and
o+ -

V™, but w1th T15 the reductlon was low. Since partial reduction occurred
with 712" (£° = - o. 09 V( 7)1n 1M HCl) the Md5 f e MaoT reduction poten-

‘tial apparently is about O l V.
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CONCLUSION
The results presented in table 1 indicate that Md is extracted by

sodium amalgam somewhat more readily than is einsteinium, and on comparison

(1)

with results preSented previouSly, it appears that Ma is extracted more

: . . L o4 o
- readily than californium.  This suggests that Md is more stable than Cf or
Es°'. Additional data in teble 1 show that in the separation of EuCl, from

SmCl,, by treating these'amalgams'with ioe cold concentrated HC1 all of the Md

2,

is carried hy the solid EuClé'fraction ‘' This suggests the existence of a

solid, slightly soluble MdCl, (1n conc. HCl), 1sostructural with EuCl
Flgures 4 and 5 demonstrate a very substantial separation of Md from
Es and Fm by electrolys1s The max1mum separation observed was 0.8% Es: h%

90% Md by electrodep051tion in mercury during the first electrolySis (figure h)
256

The" maXimum ratio of spontaneous flss1on act1v1ty due to Fm, to o

activity of 253Es and 255Fm was reached after.passage of 9 C of electric -

256Fm-in the-merCury phase by a factor:%.BO is due’

256

to preferential electrodepos1tion of Md on the cathode, while Es and also

charge.. The enrichment of

Fm remain mostly in solution. - This result is similar to thevwell-known electro—.

lytic separation of Eu and Sm from other rare earths on a lithium-amalgamated

(8,9,10)

cathode The observed large separation of Es from Md by electroly51s

. suggests that a- substantial difference ex1sts 1n the potentials of ‘their 3+ -
2+ eouples. To. prove this differenee,vthe reduction'experiments summarized in
table 2 were carriedpoth 'These.data’indieate that Md3+ can be reduced to Ma-"
“and then preoipitated with EuSOu~or BaSOh, usually ﬁith an enrichment factor . .
> 10 (in eomparison tOFEs) withiany'of'the following reducing agents: YbClQ, Zn

2+

. . - ’ R
(Jones' Reductor in the presence of.Eu5 ), Eu ,pCr2+, or V2+ in 2 M in HC1

solution.

=4



-13- UCRL~18046

- o ' - . o . ‘ + +
I%afollows that the reduction potential for the Es3 - E52 couple

- ' . ) + + '
must be more negative than for the Md5 - Md2 couple by = 1 V.or more.

: » 3+ +
The oxidation potential of Md5 - Md2_ couple is close to the oxidation

potential of T1' - i in 1 M HC1, about -0.1 V.

Thé results suggesfbthét the'+2 state of,mendeleviﬁm is more gtable
than the dipOSitivevstafe of yfterbium; and even of europium} The substantially
gregter eaéé of redgétion of Md as Compared to Es afférds a baéis for a rapid
and efficient separation»of the elements as shown by the reduction experiments.

ks

The Md can be separately reduced, for instance by zinc using a Jones'

: . ' + .
Reductor, to Md2 , while Es and Fm remain in the 3+ state.
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Téblevl;' SODIUM AMALGAM EXTRACTION OF ACTINIDES AND SEPARATION WITH EuCl
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Table 2. RESULTS OF REDUCTION OF Md

Reducing Précipi— Reduction Corrésponding Experi- RMde(tse ) Enriching
Ion _tate Potential Reaction “ ment —jﬁarg——4§— ~factor in
' . ' : A (volts) - No. sep precipi-
: tate
of of
input reduc-
_ tion
5+ o - 2t o 0.6 ‘
Zn + Eu EuS0,, - -0.763 Zn- +2e -»Zn 1.  O. 19.0 31.7
(Jones* o o : . .
Reductor) - R 2. 0.22 ko 18.2
3., . 1.00 90.0 90.0
" Euso, . <043 ECT+eoEBST 1. 0 0.21 5.5 25.0
2. 0.25 5.0  20.0
3. 2.00 35.0 - - 17.5
et Baso), -0k .cr3+ resoret 1. 0.15 ~ 1.54 10.3
2. 0.08 3.0 34.8
v BaSo,  -0.255 - V' +e oV 1. 0.07 2.0  18.6
| 2. 0.67 9.0  13.4
3. 0.28 5.7 - - 20.h
oy Baso,  -0.09  TioCl' + 28’ 1. 0.26 0.8 5.1
+3CL + e . S
- Ticy +HO 2. - 0.2k 15 - L8
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FIGURE CAPTIONS

Fig. 1. Typical Q pulse height analysis spectra of "stock Md" solution.
. 056 ,

Fig. 2. Typical decay curves of Md measured by the spontaneous fission of

.256Fm'daughter,isotope.(l8)

the
Fig. 3. Spontaneous.fisSibn_activity present in the EuCl, fraction (precipitate)
and ‘the SmCl5 fraction (supernatant). The SF data for the EuCl, fraction

5 fraction by AA4, the SmCl, date

corrected for background by coc. A small amount of the "stock Md" solution

represented by eee; the data for the SmCl

is represented by AAA.
Fig. 4. Percentage of actinide tracers eiectrodeposited in mercury as a function
of time ahd‘passed qharge. 'Currénﬁ density used 4in this experiment was 5 mA/cm?.
Fig. 5. Peréentage of agtinide tfacers electrodeposited in mercury as a function
‘.of time.and_paSSed charge..’Current density used in this eiperiment was
10 mA/cme. |
Fig. 6. Percentage of.éctinide.tra¢ers left in-soiution as é {pnction of time
and passed chargé:(5"mA/cm2).
Fig.b7.b Peréenfége ofraéfinide tracers left in solution as a function of time
and'passed'charge. Current denéity used ih this experiment was 30 mA/cmg.
Fig.'g. .Decay.curveg for the Qriginal solutionaand the EuSOu fraction o. The

reducing agént used was amalgamaﬁed zinc.

'Fig._9. Decay cuf#es for the original‘solution o and the BaSOh'fraétion v, .

The reduciné agént used was'Cf2+

Fig. 10. ﬁepay;curves for ‘the ofiginal'solution o and the BaSOu fraction 4,
‘o . The reducing agent used was V2+.

Fig. 11. Décay curves for the original solution A and the BaSOﬁ fraction O.

35+

The reducing agent used was Ti” .
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Spontaneous fission (counts /10 min)
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Sponfoneous fission (counts /15 min)
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Spontaneous fission (counts/ 10 min)
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This report was prepared as an account of Government

\ sponsored work. Neither the United States, nor the Com-
" mission, nor any person actling on behalf of the Commission:
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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