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ABSTRACT

Studies of the three solvent extraction steps
involving a chloride matrix and of the americlum-
curium hydroxide precipitation step of the Savannah
River 2%%Cm process show that no hazards exist from
the formation and accumulation of chloramines. Both
alkyl and Ilnorganlc chloramlnes are unstable under
process conditions, and were not detected in process

solutions.



FOREWORD

This report is one in a series that describes the
development of separatlons processes for purifying #44Cm
produced in Savannah River reactors. The serles is being
issued under the general title Curium Process Development.
Following the generasl title, a roman numeral deslgnates
the subject area of the report, and an arablc numeral
designates the serles report number in that subject area.
A subtltle describes the content of each report. Subject
areas foreseen for thls serles are:

1. General Process Descriptlon
IT. Chemical Processing Steps
IIT., Analytical Chemistry Support

Reports l1ssued in thls series include:

I. General Process Description by I. D. Eubanks
and G. A. Burney (USAEC Report DP-1009).

II-1. Separation of Americium from Curium by
Precipltation of KaAmO,(COg)z DY
G. A. Burney (USAEC Report DP-1109).

III-1. Analytical Technlques for Characterizing
Solvent by R. Narvaez (USAEC Report DP-1010).

III-2. Identifilcation of Solvent Degradation
Products by D. L. West and R. Narvaez
(USAEC Report DP-1016).

III-3. Anslytical Control by E. K. Dukes (USAEC
Report DP-1039).
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INTRODUCTION

The Savannsh River program for producing #*#*Cm includes the
development of separatlons processes for the purificatlon of the
2440y produced in Savannah River reactors. 1) The process, which
is described in Appendix A, Includes three cycles of solvent
extraction in a chlorlde system to separate mlixed americium-curium
from flssion products and 252Cf, and alego precipitation and cal-
clnation steps to separate amerlclum from curium and to form
americium andé curlum oxldes.

A test tube explosion in the course of process development
prompted a study of the posslble hazards from chlorination of
nitrogen compounds durlng the solvent extraction and the hydroxide
precipitation steps. The explosion and 1lts probable cause are
described In Appencilx B,

In the solvent extraction steps, the organic solvent (a 30
vol % tertiary octyl and decyl amine mixture in diethylbenzene)
is contacted with concentrated agueous chloride solutlen. The
process solutlons are subjected unavoidably to lntense alpha
radlation (up to ~5 x 10! dis/min/ml) emitted by curium and other
radioactive elements. Radlolytically generated chlorine could
react with the tertiary smine or the amlne degradatlon producte
to form alkylchloramines.{a) Although llttle Information on the
properties of alkylchloramines ls reported, all compounds con-
talning a nitrogen~chlorine bond are guite reactive, and alkyl-
chloramines may react wilith explosive vlolence under some condl-
tions, ®2%

In the hydroxlde precipitation step, in which americlum and
eurium are precipltated from a chloride solution by ammonium
hydroxide, radiolytically generated Clp,, Cl atoms, or O0Cl™ could
possibly react with the NHg or NH," to form the inorganic chlor-
amlnes, HpNCl, HNCls, or NCls. These chloramlne compounds are
highly reactlve, and NCl, is a powerful and unpredlctable explo-
give.

SUMMARY

Studies of the Savannah River 244Cm process showed that no
hazards exist from the formatlon or accumulation of chloramlnes.
The three solvent extractlon steps take place 1n an acldle medium
in which chloramines form slowly and rapldly decompose. In two
of the solvent extraction steps (lanthanlde removal and califor-
nium rejection), the medium 1ls also reducing which further
prohibits the formation and accumulatlon of chloramlnes. Further-
more, no evidence was found that elther N,N-dlchloro-n-octylamine
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or N-chloro-di-n-octylamine {(two of the compounds most llkely to
be formed) is explosive under the condltions required for solvent
extraction. In the ammonium hydroxide preclpltatlon step,
inorganic chloramines were not detected. Apparently, no gsignifi-
cant quantity of chloramlne precursors (Cl,, €1 atoms, or OC1™)
are produced in the alkaline solutlon during preclpitation of the
actinide hydroxldes.

DISCUSSION

CHLORINATION OF AMINES

The solvent in the curium process conslsts of 30 vol % ter-
tiary amine (mainly tri-n-octyl and tri-n-decyl smines) in a ‘
diethylbenzene diluent. N,N-dichloro-n~octylamine and N-chloro-
di-n-octylamine are representative of the chloramines that might
be produced from this solvent and were studied to evaluate
potentlal hazards.

The propertles of octylchloramlnes were not found described
in the literature, but the propertles of other alkylchloramlnes
are expected to apply as follows. ®"20) 1p general, alkylchlor-
amines are strong oxldants and in pure form decompose spontaneously
{but not violently) between 25 and 40°C. Above 40°C, decomposition
1s more rapid and may be violent, especlally In relatlvely closed
systems ag Iin distillation. In the presence of aclds, decomposi-
tion 1s accelerated and ylelds a varlety of products including
chlorinated and cyclic compounds. Chloramines are also unstable
in the presence of strong bases and undergo rearrangements into
such products as nitrites, amides, and aclds.

The N,N-dichloro-n-octylamine of B&% purilty prepared for this
gtudy, as described in Appendix C, was a yellow liquid (d2g = 1.1)
miscible with common organiec solvents but insoluble iIn water.
Analytical methods used in these studles are described in
Appendix D. The absorption spectrum of the materlal in lscoctane
exhiblited a maximum at 3060& with a molar extinctlon coefficient
of 290. These values are 1ln reasonable agreement with the data
reported by Metcalf'®' for ¢, alkylchloramines in water. Differ-
ential thermal analysis of the compound showed an exothermlc
resction at 145°¢. However, the exotherm deoes not necessarlly
indicate a violent reactlon and can be explained ag & cyclization
reaction of the Hofmann-ILoffler type.(a) The compound decomposed
slowly in unacidified process solvent, but decomposed completely
(but not violently) within ten seconds in acidified solvent. The
decomposition products were not identified, but no compounds
containing positive chlorine (e.g., other alkylchloramines or
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NC1ls) were detected in the organlc or agueous phases after
decomposition.

The pure N-chloro-di-n-octylamine obtalned from Chemlcal
Samples Company, as described in Appendix C, was a yellow liquid
(422 = 0.86) miscible with orgenic solvents but insoluble in
Wateg. The absorption spectrum In isococtane showed a‘maximum_at
2T750A with a molar extinction coeffilcient of 370, in agreement
with data by Metcalf.!®) The gifferential thermal analysis of
the compound showed an exothermlc reactlon at 155°%¢, which can
be explalned in the same manner as for the dichloramine. The
monochloramine 1s more stable than the dichloramine; decomposltlion
in unacidified process solvent was very slow, and only E0% was
decomposed In 24 hours In acidifled solvent. The decomposition
products were not identifled, but no evidence was found for any
new positlve chlorine compounds. However, decomposition 1n
aclidified solvent was complete within ten seconds 1ln the presence
of stannous ion, which is added to the curium process to malntaln
reducing conditions for lanthanlde removal and californium
rejection.

Alkylehloramines are concluded not to constltute a hazard In
the solvent extraction steps. The acidlc and reduclng condltiocns
required for lanthanide removal and californium rejectlion prevent
the formation and accumulatlon of these compounds. Analyses of
process solutions from development tests with the miniature mixer-
settlers verified the absence of alkylchloramlnes 1n these steps
under normal conditiona. In the nitrate-to-chloride conversilon,
solvent 1s contacted with 8M HC1 in the absence of a reductant.
Assuming a 1-g 244Cm/1 feed, a G-value (G = molecules per 100 ev
absorbed energy) for Cl, generation of 2.5 molecules/100 ev, and
the same G-value for alkylchloramine production (by 100% conver-
sion of the Cl, to chloramines), the maximum alkylchloramine
concentration possible under normal operating condltlions is 0.01M.
Because condltions are unfavorable for formation of alkylchlor-
amines and even less favorable (high acidity) for stability, no
glgnificant bulldup of alkylchloramines ig expected in the nitrate-
to-chloride conversion. A process upset resulting In oxldizing
conditions in a static system would permit formation of alkyl-
chloramines; the consequences, however, should not be serlous
because the compounds, although reactive, on the basls of experi-
mental evidence do not appear to be explosive, Furthermore, any
sccumulation of chloramines can be destroyed by addition of a
sultable reductant.

By
5
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CHLORINATION OF AMMONIA

In the hydroxide precipitation step of the curium process,
a solution of americilum and curium in hydrochlorlc acid is added
to an excess of concentrated (15M) ammonium hydroxide. Inorganic
chloramines could possibly be formed In this step i1f Cl,, Cl atoms,
or 0C1~ lone were generated radlolytically and reacted with NH,
or NH4+. The main product of thls reaction sequence 1s reported
to be NHoCl at pH >5; NHClp 1s formed between pH 3 and 8 but is
unstable in aqueous solutions; and NCls ls formed only in acid
solutions (pH <3)./*! 4 precipitation test at 3% of process
scale was conducted to evaluate the potentlal hazards of these
chloramines.

Tn the test precipitation, a solution contalning 10 g
243,p5% /1 and 10 g 24%Cm®"/1 in €M HCI was added during ~30 mlnutes
to an excess of 14.8M NH,OH at 35°C. (The feed solution had been
aged for three days before the test to accumulate radlolysis
products.) The supernatant solutlon from the precipitation
(~1.4M NH,OH and ~3.7M NH,C1) was sampled for analysis at inter~
vals of 15 minutes, one hour, and four hours after precipitation,
and then irregularly during the next eight days. The rate of gas
evolution from the slurry of precipltate was measured, and the
gas composltion was analyzed 40 hours after precipltation, when
the solution contalned IM NH,OH. On the ninth day after precipi-
tation, hydrochloric acid was added to dlssolve the slurry and to
adjust the HC1l concentration to 0.1M; the rate of gas evolution
and the geas composition were then determined agaln.

No NH,Cl, NHCl,, or NCls was detected by ultraviolet spec-
trometry in any of the test samples (1imit of detectlon, ~0,001M).
However, an unidentified oxidizing substance was formed in the
supernatant solution during the flrst two days after precipltation;
its oxldizing strength reached a peak of 0.23N one hour after
preclipitation and decreased to zero after two days. This substance
may have been derived from the <0.01M concentration of nltrate
present as an impurity, since the oxldant disappeared when the
nitrate was depleted. Ultraviclet spectrometry showed that the
oxldant was not Hs0p, N0, or 0C1™.

Ammonium hydroxide was depleted radliolytlcally from the
slurry at ~0.15M per day In the 1.4 to 0.15M concentratlon range,
except that the rate was about 304 lower during the first day
after preciplitation. Control experiments showed that the evapo-
rative loss of NH,OH was <0.03M per day.

The rate of gas evolution was ~270 cc/(hr)(liter of solution)

for both the alkaline slurry and the acldifled solutlon. The gas
from the slurry contained 84% H,, 15% Np, 0.4% COp, <0.5% N0,
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<0.5% NHg, and <0.1% Op; that from the solution contalned 83% H,,
8% N, 7.5% 05, 1.4% Np0, and 0.3% CO,. The radiolysis yleld for
hydrogen, G(Hz), was 1.3, a value typlcal of dilute agqueous solu-
tions, indilcating that most of the radiation interacted with the
solution rather than with the precipitate. In the slurry, the
loss of hydroxyl lon a{-0H") was 0.84%, and the yield of nitrogen
G(N,) was 0.23. If the loss of hydroxyl ion 1s ascribed to
ammonia decomposition, the materlal and redox balances Indicate
formation of oxldized niltrogenous products., Hydroxylamine and
hyponitrite ion are reported as intermediates In the oxldatlon
of ammonia in basic solution, (2! and could be involved.

The precipitation of americium and curium hydroxides wilth
ammonium hydroxide 1s concluded to involve no hazards due to
chloramine formation. The absence of chloramines 1n the process
solutions is consistent with gamma radiolysis stiidles that estab-
lished that an acidic medium is required for C1l to be oxidized
to Cl atoms by radiolytically produced OH radicals. (12!
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APPENDIX A
THE CURIUM PROCESS

The process for separation of **3Am and 2**Cm from rare
earths conslgts of three simllar solvent extractlon cycles. The
first cycle converts from a nitrate system to a chloride system,
and the second cycle separates “*2Am and ®*“Cm from rare earths
and californium. A third cycle, ldentlical wlth the second cycle,
provides addlitional decontamlnetion from flsslon products.

Conditions for the first cycle {(conversion cycle) are
deslgned to recover 99.9% of the trivalent actinldes and lantha-
nides in a nitrate-free (<0.01M NO5) solution of hydrochloric
acld (FPilgure A-1)., Trivalent actinides and lanthanldes are
extracted from an AI(NOs;)s solutlon into tertlary amine~HNOg-
diethylbenzene. Good extraction 1s ensured by controlling the
concentrations of A13+, H+, and amine. The extract is scrubbed
with LiNO, to remove some of the ?5Zr-®5Nb and the monovalent
and divalent fission products. The actlnides and lanthanldes
are then separated from nitrate by re-extraction Into hydro-
chlorie acid. Finally, the hydrcchloric acid solution 1s
scrubbed with tertlary amine-HCl-dlethylbenzene to remove any
resldual NO5, Zr, Nb, and ERu.

Am, Cm, Cf, Lanthanide,
106Ry - 106Rp, ond
957 -9SNp Nitrates

o Am, Cm, Cf, Lonthonide,
106Ry, - 106RN, and
957, -95Np Nitrates

Li, Al, and
957,-95Nb Nitrates

The scivent is 0
mixturs of

n-octy! ond
n-decyl tertiary
amines in b 4 106R,- 196Rh and
diethylbenzene. Am,Cm,CY, and Spent Sslvent as
' iianthnnida Chiorides HNO3 ond HC! Salts)

FIG. A-1 NITRATE - TO - CHLORIDE CONVERSION
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Conditions for the first extraction of the second cycle are
deslgned to obtain ylelds of at least 99.9% of all transplutonium
actinides with decontamination factors greater than 10* for
removael of the rare earths (Flgure A-2). ‘The conditlons for the
second extractlon are deslgned to provide adequate separation
from all fissjion products that are extracted wlth americium and
curium in the first extraction. The product solution from the
first cycle 1s adjusted with lithium chloride and fed to the
second cycle. Americium and curium are extracted lnto tertiary
amine-HC1l-diethylbenzene, and the rare earths and residual fis-
sion products remain in the agueous stream. The organic extract
is scrubbed wilth lithium chloride solution to further decontami-
nate from rare earths. Americium and curium are re-extracted
inte hydrochlorlc acld solution, and thls solution 1s scrubbed
wlth tertiary amine-dlethylbenzene. Americium and curlum are
scrubbed in the product stream whilch 1s then adjusted for the
third cycle. The second cycle can be used to separate califor-
nium from americium and curium., If lithium chlorilde 1is used
instead of hydrochloric acid in the strip solutlon, callfornium
stays with the fission products in the organlc waste.

The third cycle 1s identical with the second cycle and is
necegsary to give additional Gecontamlnation from cerium.

Am,Cm,Cf,
and
Lanthonide
Chlorides
Am,Cm, Cf,
Lanthanide,
and
Li Ghlorides

Solvent as | .
HCI| Salt

Lanthanide and Li
Chlorides

[Selvent as
[ HC{ Salt -0

The solvent is o
mixture of
n-octyl and
n-decyl tertiary
amines in
diethyibenzene. Colifornium and

Am ond Cm Spent Solvent as
Chlorides HCI Salt

FIG. A-2 LANTHANIDE REMOVAL

Countergurrent
oly i
i

l = =
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The finishing operation (Figure A-3) is designed to yield
Am0, containing less than 0.5 wt 4 Cm, and Cm0, contalning less
than 0.5 wt % Am. Americilum and curium chiorides from the third
extraction cycle are concentrated, and amerlcium arndé curium are
precipitated as hydroxides to remove lithlum. The precipitate is

dissolved to yleld a solutlon contalning 50 g/1 each of americium
and curium in 0,25M HNC,. After a valence adjustment, potasslum

carbonate i1s added to precipitate Am(V). The curium in the super-
nate then contsins less than 0.5 wt % Am. Curium is precipitated
as the hydroxide to remove potassium; the hydroxide 1s dissolved,
precipitated as the oxalate, and calcined to CmO,.

After the carbonate precipitatlon, the amerlcium precipltate
containg 3-5 wt % Cm. A second carbonate precipltation ls required
to produce americium containing less than 0.5 wt % Cm. The final
carbonate precipitate 1s dissolved and precilpitated as hydroxide
to remove potassium. The hydroxide 1s dissolved, precipitated as
oxalate, and calcined to AmO,.

IAm and Cm |

Chiorides

(1] nos 2][2C03]
h

Filtration Am (OH)3
| Filtration Lt AT {SH52 3 Oxidont]

Filtration
o R R R R R

Qe

il
1]Hnos | | [1.] Hnos 2] kot |

el |

Crm(OH)3 Filtration

Filtration

b oo e

Dissolution
and

Adjusimleni Preci plm‘rion

e
Precipitation

Am2{C204)3

“
Coleination ‘3
¥ -3

4

T e
" Elltrﬂllonw I:A ijg

Cma{Ca04)3 CmQp

Calcination

FIG. A-3 REMOVAL OF AMERICIUM AND PREPARATION OF OXIDES
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APPENDIX B
EXPLOSION INVOLVING PROCESS SOLVENT

During a weekend, 7 to 10 days after tests of solvent washing
procedures, the contents of one stored and capped test tube
exploded unexpectedly and damaged three others. The tube 1n which
the explosion cccurred contained solvent that had been washed
sequentlally wlth aqueous solutions of (1) HC1-8n(IT), (2) HC1-
¥a0Cl, and (3) Na0OH; the solvent was stored over the final NaOH
solution. The explosion was vlolent for the relatively small
amount of solvent involved (6 ml), but was not a detonatlon as
indicated by the presence of some unpulverlzed pleces of glass
and cap. FExplosives experts at Du Pont's Eastern Laboratory
advised that the debrls was typlcal of that produced by an over-
pressurization or exploslon in the gas phase.

Several repetitions of the solvent washlng tests that led to
the explosion were performed under controlled conditions to test
for formation or bulldup of chloramines or other potentially
hazardous compounds. No explosion or other unusual behavior was
observed durlng these experiments, the vessels were not pressur-
ized, and no chloramine compounds accumulated on standing.

Although the actual cause of the explosion remains unknown,
the possible involvement of chlorine monoxlde ls suggested. This
compound, which 1s a gas at room temperature, ls a powerful
oxidant that may explode spontanecusly 1ln the presence of organlc
materials or when heated or exposed to light.*4) It could be formed
by known reactlons from chemicals present in the solvent washing
system. Hypochlorlte lon and gaseous chlorine are related by the
acid-base equillbrium

ocl™ + C1™ + 28T = ¢l, + HO

Chlorine monoxide can be formed at an intermediate stage in this
equilibrium by the reaction:(t4)

¢l0™ + Clp + C1™ + C1g0

In the laboratory incident, the intermedlate stage of the
acid-base equilibrium was present at some time during the washing
process, and formation of €10 was thus possible. The Clp0 would
tend to escape from solutlon and accumulate in the gas phase,
where it would be protected by the intervening organlc phase from
destructive hydrolysis. It should eventually disappear by
reaction with organic materials or by decompositlon to the elements.
The fallure to reproduce the explosion in the repeat experiments
could perhaps be due to the rather special condltlons requlred to
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form C1,0 and to the many complex reactlons that lead to 1ts
destruction.

C1,0 concelvably could be formed In curium solutliens where
strong radlation flelds and oxldizing conditlons exist. Also, the
more explosive compound Cl0p possibly would be formed under such
conditions. 1s) However, the reducing condltions specifled by
the process flowsheet and the ventilation of storage vessels willl

prevent the accunulation of these materlals.




APPENDIX ©
SYNTHESIS AND PROCUREMENT OF ALKYLCHLORAMINES

N,N-dichloro-n-octylamine was prepared wlth a 50% crude yleld
by the method described by Wright.‘'”' To a solution of 10.6 g
(0.1 mole) of sodium bicarbonate in 60 ml of cold water was added
3.88 g (0.03 mole) of n-octylamine. The mixture was maintained
at 6 to 10°C for thirty minutes while chlorine was passed into
the stirred mixture. The yellow oll which settled out (density
ca. 1.1) was separated and washed successlvely with cold 2N H;S0,,
cold water, cold 18N H,80,, and cold water. The resulting oll
was filtered through anhydrous calcium chloride. The electro-
positlve chlorine content, as determined by iodometric titratlon,
was 86% of the theoretical wvalue.

Attempts to prepare N-chloro-dl-n~octylamine by a modiflcation
of the method reported by Coleman'®’ resulted in a product that
was too lmpure for storage and use. High-purity N-chloro-di-n-
octylamine wag purchased from Chemical Samples Company.* Thils
materlal inltlally contained 106% of the theoretlcal electro~
positive chlorine and was more stable (slower precipltate forma-
tion) than the crude materlal prepared as described above. The
purchased material was stored at -78°C untlil ready for use.

* Chemlcal Samples Co., 4692 Kenny Road, Columbus, Ohio 43221
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APPERDIX D
ANALYTICAL METHODS

Three analytlecal methods for chloramines were used In this
study: lodometric titration, ultraviolet spectrometry, and thin-
layer chromatography. The different technlques were required to
aveld Interferences.

lodometric Titration

The oxidizing potentlal of chloramines 1n acld solution 1s
due to the electropositlve chlorine atom, and 1s the basls for
analysis by lodometry:

N—C1l + 2I" + HY > BN + Ip + C1~

The released lodine 1s titrated with standard thlosulfate.
Electropositive chlorine normallties as low as 10”% can be deter-
mined, ‘The ilodometrlc titration was used only for samples that
did not contain tertiary amines, because tertiary amines complex
iodine and therefore mask the end point.

Ultraviolet Spectrometry

The hypochlorite ion and the chloramines soluble ln aqueous
solutlon have characteristlc absorptlon maxlima for ultravlolet
1ight as shown In Table I, and can be determined by ultraviolet
spectrometry at concentrations as low as 107*M. This technique
was most useful for analyzing agueous solutlons from the curlum
hydroxide precipltation step, but was not used for curium process
solvent because of interfering absorptlon bands from dlethyl-
benzene and the tertiary amine, and because the octylchloramines
are insoluble in agueous reagents.

TABLE T
Ultraviolet Absorption of Chloramines in Wwater!®!
Chloramine Absorption Maximum, A
WH,C1 2450
RNHC1 2530
RoNC1 2630
NHC1, 2970
RNC1, 3030
o]on i 3100
NC1lg 3400
- 21 -




Thin - Layer Chromatography

A thin-layer chromatography method was developed to determine
alkyl N-chloremines in curium solvent, because tertiary amines
interfered with both the iodometric and spectrometric methods.
Sorption on sillca and elution with chloroform resolve the alkyl
N-chloramines from interferences. The known Ry ratio {component/
solvent travel) is 0.7 for N-mono- and N,N-dichloramine, and 1s
0.3 for tertlary amines, Ry values for NaOCl and primary and
secondary amines are <0.1.

The N-chloramines are detected by spraylng the eluted
chromatographic plates with an acidic solution of potassium lodide.
Although unchlorinated alkylamines produce e falnt lodine color,
there 1g no interference because resolution from N-chleoramlnes
1s complete,

The method is sensitive to ~0.,01M N-chloramine in feritlary
amine~-diethylbenzene solutions, but does not resolve N-mono-
chloramine from N,N-dichloramine.
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