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1. Techniques for purification of materials for the AMoRE project 

2. Techniques for purification of materials for the COSINE project 

3. ICP-MS for purity analysis of the purified materials at CUP 



AMoRE – Advanced Molybdenum-
based Rare  process Experiment

• searches for neutrinoless double beta decay 
of 100Mo in molybdate crystals 

• requires extreme radiopurity for the initial 
materials used for crystal production

3

1
Crystal candidates: CMO, LMO, NMO
40Ca100MoO4, Li2100MoO4 or Na2100Mo2O7



AMoRE II requirements to internal backgrounds 

For scintillation crystal:

▰ 226Ra < 50 !Bq/kg

▰ 228Th < 50 !Bq/kg

For initial materials used for crystal growth:

▰ Natural background control: Th&U < 10 ppt, K < 40 ppb, etc
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Materials used for AMoRE crystal growth
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Li2CO3 à LMO

Na2CO3 à NMO

CaCO3 à CMO

MoO3

Some others issues with 

MoO3 powder: 

Ø fine structure 

Ø homogeneous 

Ø stoichiometric (in terms 

of oxidation state) 

Ø dry



MoO3 PURIFICATION TECHNIQUES
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sublimation co-precipitation precipitation

• phase transition from 

solid to gas phase 

avoiding melting 

• removes main 

contamination from 

macro impurities (Al, Fe, 

etc.)

• Extract the remaining 

radio impurities with co-

precipitating agent 

• Isolates Mo from trace 

remains of impurities 

• Solid Poly Ammonium 

Molybdate (PAM) 

powder is produced  

• PAM annealing à final 

pure MoO3
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MoO3 SUBLIMATION

Loading the initial MoO3 powder Home made sublimation 
apparatus: 

• 3-zone heater
• Vacuuming (< 10 mTorr)

• Tilting (20˚)

Sublimed MoO3 powder



MoO3 SUBLIMATION

8Effect of sublimation rate (evaporation rate)

Decontamination Factor for 
sublimation process

Single Double Triple

Ba 14 83 33

232Th >7 >7 >7

238U 9.5 61 66

226Ra 13 78 101

228Ac 17 122 122

40K 10 10 15



CO-PRECIPITATION
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Sr Ba Pb Th U
% of co-
precipitated  
impurities

96% 95% 97.7% DL 83%

o The CaCl2 agent is used for co-precipitation (ca 1% from Mo stoichiometric amount) 

o The agent is additionally purified prior usage

o The reaction equation: (NH4)2MoO4 + CaCl2 à CaMoO4↓ + 2NH4Cl

o The amount of impurities removed from Ammonium Molybdate solution after 

filtering out of the co-precipitates 



Complete PAM precipitation & annealing

▰ Complete PAM precipitation 
from acidic solution gives 
better Ba reduction 

▰ The reaction equation: 
(NH4)2MoO4 + HCl →

(NH4)2 Mo4O13×2H2O↓+ NH4Cl 

▰ The recovery efficiency of Mo 
for the precipitation process 
over 99% 

▰ After the 3-step annealing process, 
fine, homogeneous, stoichiometric 
MoO3 powder is ready for the 
crystal growth 
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Home made annealing apparatus 



IMPURITIES REDUCTION trough MoO
3

purification
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IMPURITIES REDUCTION trough MoO3
purification



PURIFICATION OF enrMoO3 RESULTS
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Sample Ba (ppb) Th (ppt) U (ppt) 226Ra  

(mBq/kg)

228Ac 

(mBq/kg)

228Th

(mBq/kg)

40K 

(mBq/kg)

Initial natMoO3 3100 150 8000 1627±327 851±121 320±30 730±148

Single Sub. MoO3 214.2 <20 850 125±26 50±8 18.1±2.5 74±18

Double Sub. MoO3 37.6 <20 130 21±5 7±1.4 7.6±1.6 75±17

100MoO3 14 <50 100 1.6-8.3 0.75±0.15 0.32±0.09 12.0±2

Double sub. 

MoO3+wet 

chemistry (CUP)

9.2 <10 <10 3.4±0.7 <3.0 <2.2 18.0±6



PURIFICATION OF enrMoO3 RESULTS
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v Th reduction to the 

Detection Level after 

sublimation step 

v U reduction to the 

Detection Level after wet 

chemistry step 

v No contamination during 

last step for preparation of 

final fine powder
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PURIFICATION of CaCO3

Purification with wet chemistry trough recovery from Calcium Molybdate

Recovery from CMO crystal waste 

unit Sr Ba Pb Th U

CMO waste from crystal (CUP) ppb 968 329 40 0.34 2.17

CaCO3 Recovered from crystal 
waste ppb 15 5 <1.7 <0.02 0.2

ü 65 is the reduction factor for Ba

ü Ba, Sr and Pb concentrations were reduced  to few ppb 

ü Th and U were reduced to ppt level

Ra is the main issue for 
purification (Ba, Ra and 
Ca are the same family 

at Periodic Table)



PURIFICATION of CaCO3
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Sample
Concentration, ppb

Sr Ba Pb Th U
Initial Ca(NO3)2

solution 9254 120 17.28 1.61 58.8

1st Filtrate 6776 <1 <0.1 <0.1 31.3

Purification with MDM-sorbent 

Chemical Formula for MDM sorbent

(Na,K)0,23-0,25Mn0,23-0,25
(III)Mn0,75-0,78

(IV) O2×(1,6-1,8) H2O

Аffinity series for MDM sorbent 
Ra 2+> Ba 2+,Pb2+ > Sr 2+>> Ca 2+

CaCO3 + 2 HNO3 à Ca(NO3)2 + CO2 + H2O



PURIFICATION of Na2CO3 with crystallization 
techniques (from solution and melt)

18

1

10

100

1000

10000

100000

1000000

K,

ppb

Mn,

ppb

Co,

ppt

Cu,

ppb

Sr,

ppb

Ba,

ppb

Pb,

ppt

Th,

ppt

U,

ppt

Fe,

ppb

Ca,

ppb

Mg,

ppb

Purity of various commercial powders and produced at NIIC

** NaHCO3 * Na2CO3

JSC “Bashkir Soda 

Company”** 99.9%

Alfa Aesar*, 99.5%

Sigma Aldrich*, 99.95%

Alfa Aesar*, 99.997%

Purified at NIIC*, >99.999%

v In collaboration with 
Nikolaev Institute for 
Inorganic Chemistry, 
Novosibirsk, Russia



COSINE – 100

• is a dark matter search experiment based on 

an array of low background NaI(Tl) crystals 

• requires extreme radiopurity for the initial 

materials used for crystal production
19
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Crystal: NaI, Sodium Iodide

Purity requirements: K < 20 ppb



NaI PURIFICATION via recrystallization from 
water solution
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Material
Astro grade, 99.999+ % Crystal grade, 99.99(5) %

Initial purified initial purified
Unit ppb
39K 4.5 <1 45.1 6.0

44Ca 16.0 <20 94.6 30.4
52Cr 19 <1 23.7 <1

55Mn 1.7 <1 <1 <1
56Fe 110.1 <3 34.6 3.9
65Cu 1.7 <1 11.5 <1
66Zn 3.8 <3 9.1 <3
88Sr 0.3 <0.3 0.9 <0.3

138Ba 0.6 <0.3 7.1 0.6
208Pb 0.9 0.4 3.3 0.8
232Th <0.1 <0.1 <0.1 <0.1
238U <0.1 <0.1 <0.1 <0.1

v 60% recovery efficiency

v Single recrystallization of 

CG NaI gives the reduction 

Factor of 10 for K 

v Purity of AG powder = 

purity of single 

recrystallized CG NaI

v Money saving 



COSINE NaI PURIFICATION FACILITY at CUP
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Feed tank Mixing tank Filter unit

Receiver tank Conical drier



ICP-MS  – trace analysis of inorganic 
materials at CUP

• Sample preparation

• Matrix effect

• Interference effect
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Samples: MoO3, 40Ca100MoO4, Li2100MoO4 or 

Na2
100Mo2O7, NaI, etc

Analytes: Ba, Th, U, K, etc



ICP-MS utilities 
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Agilent 7900 ICP-MS & SPS4 Auto-sampler Clean room 1000 class



Sample decomposition for ICP-MS
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Microwave digestion system 
(Milestone Ethos easy)

In purchasing process



MoO3 analysis is problematic…
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Direct ICP-MS analysis

Easily soluble in ammonia • Produce a lot of interference 
in plasma

Soluble in HCl with m/w 
digestion

• Insoluble in HNO3 or aqua 
regia with m/w digestion 

• Strong matrix effect

Solid phase extraction of Th and U with UTEVA resin

With acidic Mo solution an 
extraction with UTEVA is 
possible

• Molybdenum retains to 
UTEVA resin in HCl matrix

Reduction of HCl with 
evaporation

• w/o HCl in strong HNO3
matrix Mo transforms into 
solid molybdic acid 

3

5.0 M



MoO3 sample preparation

▰ Microwave 
digestion 

▰ Evaporation ▰ Solid Phase 
Extraction (SPE)

261 g MoO3 + 5 mL HCl 35%; 
120 ˚C, 50 min

Reduction of HCl content twice 
followed by dilution with 5M HNO3



UTEVA solid phase extraction of Th and U from 
Molybdenum
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1. pre-washing

UTEVA
3.0 mL

- 20 mL 5M HNO3

- 30 mL 0.1M HCl
- 15 mL 5M HNO3

- 30 mL 0.1M HCl (validation)

2. Activation

- 10 mL 5M HNO3

3. Sample loading

- 30 mL 1% MoO3 in 5M HNO3, 
spike 0.2 ppt

4. Washing

- 10 mL 5M HNO3

5. Elution

- 20 mL 0.1M HCl by 10 mL 
additions



From initial 1% MoO3 solution to the final Elute 1 

solution: 

Ø 6 ppt is D.L. for Th in powder

Ø 3 ppt is D.L for U in powder

Ø We are limited only by high dilution factor 

Ø We will try to use the initial Mo solution of higher 

concentration and increase the volume of sample 

passed trough the column 

Highlights for SPE of Th&U from MoO3
with UTEVA resin

28

From initial 1% MoO3 solution to the final Elute 1 

solution: 

Ø The first real numbers for the purified 

powder: 8 ppt Th, 7 ppt U

Ø Mo concentration was reduced from ca. 

6666 ppm to 2 ppm 

Ø Th and U were preconcentrated 3.5 times 

(35 g initial sample à 10 g Elute) 

Ø Sensitive measurements w/o matrix effect 



SUMMARY

AMoRE purification

v has been succeeded 

v recovery efficiency of enrMoO3 for the 
purification processing is 99.2% 

v MoO3 recovery from crystal wastes 
and recycling are performed  

v we are ready for the mass purification 
at CUP 

ICP-MS analysis

COSINE NaI purification
v has been succeeded 

v the mass production facility is 
being under adjustment

v SPE with UTEVA for MoO3 is 
under adjustment 

v SPE for Mo-based crystals will
studied
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Thank you for 
attention!
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