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ABSTRACT 

Nygrén, Enni 
Recovery of rubidium from power plant fly ash 
Jyväskylä: University of Jyväskylä, 2019, 98 p. 
(JYU Dissertations, 
ISSN 2489-9003; 136) 
ISBN 978-951-39-7852-5 (PDF) 

Although valuable rubidium (Rb) is present in large quantities in many natural sources, 
its concentration is low, and recovery are often uneconomical. Rubidium can concentrate 
on power plant fly ash when peat and wood residue is used as fuel. Accurate determi-
nation of rubidium and recovery from fly ashes originating from two Finnish combus-
tion power plants were studied in this thesis. 

Three different analysis methods based on ICP-OES (inductively coupled plasma 
– optical emission spectrometry), GFAAS (graphite furnace atomic absorption spectrom-
etry), and ICP-MS (inductively coupled plasma – mass spectrometry) for determination 
of rubidium from different fly ash derived matrices were developed and evaluated. ICP-
OES was found to be a useful analysis technique at ppm concentration levels when the 
observed ionization interference was corrected using the MLR-method. The GFAAS and 
ICP-MS analysis methods were found to be most suitable for the analysis of low rubid-
ium concentrations. For the multi-elemental analysis of several elements, ICP-techniques 
are preferred. 

Properties of fly ashes originating from different fuel contents were investigated 
by sieving the ashes into fractions by their particle size and determining their elemental 
content. The highest Rb concentrations (114 ± 3 mg kg-1) were in fly ashes of 50% peat 
and 50% wood residue as fuel. Sieving the fly ash before the recovery of Rb did not offer 
any real benefit. The concentration of rubidium in different sized ash particles presum-
ably depends on the origin of the fuel and the design of the power plant. 

The developed recovery technique for Rb consists of oxalic acid leaching of fly ash, 
preparatory treatments of the leachate (recovery of oxalate and pH-adjustment) and liq-
uid-liquid extraction using chlorophene. The oxalic acid leaching procedure is part of a 
patented method for recovery of rare earth elements (REEs) and platinum group metals 
(PGMs) from fly ash. The capability of oxalic acid to leach Rb from fly ash was compared 
to the total digestion results, and pH-adjustment prior to the liquid-liquid extraction was 
optimized. Using 1 mol L-1 chlorophene in chloroform as an organic phase with an A:O 
phase ratio of 1 and four extraction steps, 94% recovery of Rb was achieved. For strip-
ping of Rb, 0.01-1 mol L-1 HCl was applied with excellent recoveries (96-100%). After 
using 0.01 mol L-1 HCl as a stripping solution, the extraction cycle was repeated three 
times to ensure low matrix content in the final solution. 

In addition, the feasibility of potassium copper(II) hexacyanoferrate sorbent for the 
recovery of Rb was investigated. The synthesized sorbent was 3D-printed into a functional 
filter, which was found effective for the recovery of Rb from synthetic samples mimicking 
oxalic acid leached fly ash. However, the desorption of Rb from the functional filters was 
challenging, resulting in only a 60% recovery of Rb with 1 mol L-1 ammonium chloride 
solution. Desorption of Rb from the filters requires further investigations. 
 
Keywords: Rubidium, fly ash, recovery, digestion, leaching, liquid-liquid extraction, 
chlorophene, potassium copper hexacyanoferrate, functional filter, ICP-OES, ICP-MS, 
GFAAS  
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1 INTRODUCTION 

Since 2018 the U.S. Department of the Interior and other executive branch agen-
cies have listed rubidium as one of 35 critical materials, and they want to ensure 
secure and reliable supplies for the materials.1 At present, rubidium and its 
compounds are mostly used in research and in some technical applications, and 
the market for rubidium is minor. However, the demand for rubidium is ex-
pected to rise due to the development of quantum mechanics -based computing 
devices. In the future, these applications can have the potential for relatively 
high consumption of rubidium. One of these applications is a quantum com-
puter, which is expected to be in prototype phase in 2025.2 

Although rubidium has 90 mg kg-1 of abundance in the Earth’s crust, it is 
not a major constituent in any mineral.3 Traditionally, rubidium is produced as 
a by-product of lithium, potassium, and cesium extraction from ores. If the de-
mand for rubidium increases, alternative sources for rubidium are needed. 

Increasing energy demand worldwide induces fly ash production in com-
bustion process -based power plants. All the valuable non-volatile metals of the 
fuel used, including rubidium, can concentrate in fly ash. The particle size of fly 
ash is initially very small, and this reduces the need for pretreatment before its 
use in hydrometallurgical recovery process compared to mining where crush-
ing and grinding of the ore are needed. The extraction of rubidium, among oth-
er elements, from fly ash is not only efficient due to minor pretreatment costs 
but it also utilizes material, which is usually considered as waste. Therefore, fly 
ash can be considered as a lucrative source for rubidium. 

The recovery of valuable elements from fly ash can involve the extraction 
of the elements from the ash by acid leaching followed by the separation of the 
desired elements. Currently, precipitation, ion exchange, and liquid-liquid ex-
traction are the most common methods for the separation of rubidium. In liq-

uid-liquid extraction, substituted phenols, such as 4-sec-butyl-2-(-

methylbenzyl) phenol (BAMBP) and 4-tert-butyl-2-(-methylbenzyl) phenol (t-
BAMBP), have efficiently been utilized for selective extraction of Rb+ and Cs+ 
ions.4-9 Chlorophene (2-benzyl-4-chlorophenol) has properties similar to 
BAMBP compounds, and it could be used for the extraction of rubidium. 



Previously, ion exchange resins like potassium metal hexacyanoferrate 
sorbents have been used for removal of radioactive cesium from nuclear waste 
brine, and the same method has been used for the extraction of rubidium.10,11 
Potassium metal hexacyanoferrate powder is difficult to handle, and other more 
practical methods for the use of the sorbent have been investigated previously. 
For example, polymer encapsulated copper-based potassium hexacyanoferrates 
(K2[CuFe(CN)6]) have been used for the extraction of rubidium from seawater 
reverse osmosis (SWRO) brine.12 Hexacyanoferrates have great potential for 
selective recovery of rubidium from different waste streams. 
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2 REVIEW OF LITERATURE 

2.1 Rubidium 

Robert Bunsen and Gustav Kirchhoff discovered rubidium in 1861, and it was 
named after the Latin word rubidus, meaning dark red as the red lines in its 
spectrum. Rubidium’s chemical symbol is Rb, and it is positioned in group 1 of 
the periodic table between potassium (K) and cesium (Cs).13  

2.1.1 Properties 

Rubidium is a soft, ductile, silvery-white alkali metal that has a melting point of 
39 °C. It´s most common oxidation state is +I, and it has a very low ionization 
energy of only 406 kJ/mol. After cesium, rubidium is the second most electro-
positive and alkaline element.13  

The chemical properties of rubidium are typical of alkali metals. Rubidi-
um is very reactive and can ignite spontaneously in the air with a violet flame. 
Its reaction with water can be explosive due to the release of hydrogen. In na-
ture, rubidium exists in two isotopes: isotope 85 (72.2%) with isotopic mass 
84.9118 u, and isotope 87 (27.8%) with isotopic mass 86.9092 u. In addition, 24 
other isotopes have been manufactured artificially. Of naturally occurring iso-
topes, 87Rb is slightly radioactive with a half-life of 49 billion years, and all arti-
ficial isotopes are radioactive.14  

The rubidium ion is monovalent, and its most common compounds and 
their properties are presented in table 1.  Rubidium can form water-soluble 
compounds like acetate, bromide, carbonate, chloride, chromate, fluoride, for-
mate, hydroxide, iodide, nitrate, and sulfide. Rubidium forms double halide 
salts with antimony, bismuth, cadmium, cobalt, copper, iron, lead, manganese, 
mercury, nickel, thorium, and zinc. These compounds are generally water-
insoluble. Rubidium metal can form alloys with other alkali and alkaline earth 
metals, antimony, bismuth, gold, and mercury. Rubidium can also form a num-
ber of chelates with ethers, thiols, and amine ligands.13  



TABLE 1  Properties of rubidium and its most common solid compounds.14 

Compound Formula 
Atomic/ 
molecular 
weight 

Melting 
point 

Boiling 
point 

Density 
Solubility 
in water 

g mol-1  °C  °C g cm-3 g/100g 

Rubidium Rb 85.468 39.30 688 1.53 - 

Rubidium 
bromide 

RbBr 165.37 682 1,340 3.35 116 (25 °C) 

Rubidium 
carbonate 

Rb2CO3 230.95 837 - - 223 (20 °C) 

Rubidium 
chloride 

RbCl 120.92 715 1,390 2.76 93.9 (25 °C) 

Rubidium 
fluoride 

RbF 104.47 833 1,410 3.2 300 (20 °C) 

Rubidium 
hydrogen 
carbonate 

RbHCO3 146.49 
175 

(decomp.)
- - 116 (20 °C) 

Rubidium 
hydroxide 

RbOH 102.48 382 - 3.2 173 (30 °C) 

Rubidium 
iodide 

RbI 212.37 642 1,300 3.55 165 (25 °C)

Rubidium 
nitrate 

RbNO3 147.47 305 - 3.11 65 (25 °C) 

2.1.2 Abundance, occurrence, and production 

Rubidium is the sixteenth most abundant metal in Earth´s crust with a concen-
tration of 90 mg kg-1,3 but it is usually widely spread and not found in high con-
centrations in any minerals. 

Rubidium does not form any minerals of its own, but it is found in several 
common minerals were it has replaced other alkali metals.15,16  The Rb+ ion can 
substitute the K+ ion in mica, such as muscovite KAl2(AlSi3O10)(F,OH)2, and in 
feldspars, such as microcline (KAlSi3O8) and orthoclase (KAlSi3O8).15,16 In rare 
minerals like lepidolite and pollucite, rubidium can replace potassium and ce-
sium. Lepidolite KRbLi(OH,F)Al2Si3O10 is a potassium lithium mica and con-
tains up to 3.5% rubidium oxide. Pollucite Cs2O·Al2O3·4SiO2 is a cesium alu-
minium silicate that may contain up to 1.5% rubidium oxide.2 

World resources of rubidium are not fully known. Although mineral 
sources of rubidium exist globally, the extraction of rubidium is not economi-
cally feasible due to the low concentrations in ores.2 It is estimated that 2-4 tons 
of rubidium are globally obtained annually as a by-product of lithium and ce-
sium extraction.12 Rubidium-bearing pegmatite can be found in Afghanistan, 
Australia, Canada, China, Denmark, Germany, Japan, Kazakhstan, Namibia, 
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Peru, Russia, the United Kingdom, the United States, and Zambia.2 Minor 
amounts of rubidium are reported in evaporates in France, Germany, and the 
United States and in brines in northern Chile and China. The mining of pollu-
cite was known to take place periodically in Canada, Namibia, and Zimbabwe, 
but production in Canada ceased at the end of 2015. However, rubidium con-
centrate probably would continue to be produced as a byproduct of processing 
pollucite rocks from stocks.2 

Traditionally, rubidium is recovered from ore by sulfuric acid leaching to 
form mixed alkali alums. The ore is usually calcined before leaching to increase 
the yield. The leaching is followed by filtration and wash of the residue. Differ-
ent alkali alums are separated and purified by fractional recrystallizations. Ru-
bidium alum can be converted to rubidium hydroxide by neutralization and 
precipitation of aluminium. The sulfate can be precipitated by barium hydrox-
ide.13  

Rubidium is also recovered from mixed alkali metal carbonates that are 
by-products generated during the processing of lepidolite and pollucite to ex-
tract lithium. In the chlorostannate method, dissolved carbonates are first con-
verted to chlorides. Less soluble cesium chlorostannate is precipitated by stan-
nic chloride and removed from the solution before more soluble rubidium 
chlorostannate precipitates. Rubidium chlorostannate can be purified by pyro-
lytic, electrolytic, or chemical methods.13  

Methods that are more selective to recover rubidium are liquid-liquid ex-
traction methods by substituted benzenes or crown ethers as extractants and 
methods based on solid cation exchangers like complex salts, such as hexacy-
anoferrates or nitrated and sulfonated polystyrenes.14  

2.1.3 Applications 

The main use of rubidium and its compounds is in research, but some applica-
tions, including biomedicine, electronics, specialty glass, and pyrotechnics, uti-
lize rubidium. Rubidium salts are used in antishock agents and in the treatment 
of epilepsy and thyroid disorder. The radioactive isotope 82Rb is used as a 
blood-flow tracer in positron emission tomographic imaging, and rubidium 
chloride is used as an antidepressant. Stability and durability in fiber optic tele-
communications networks can be improved by rubidium carbonate, which re-
duces electrical conductivity.2,13  

Ultra-cold rubidium atoms are used in a variety of applications in quan-
tum computing research. Applications like quantum mechanics -based compu-
ting devices have the potential for relatively high consumption of rubidium in 
the future.2 The photo-emissive properties of rubidium, which originate from 
surface-emitting free electrons induced by electromagnetic radiation, make it 
ideal for electrical-signal generators in night-vision devices, photoelectric cells, 
motion-sensor devices, and photomultiplier tubes. Rubidium also plays a vital 
role in global positioning systems (GPS) where it is used as an atomic reso-
nance-frequency-reference oscillator for telecommunications network synchro-

15



nization.2 Rubidium is also used in atomic clocks as an atomic resonance fre-
quency standard.13  

2.1.4 Price 

There are no bulk prices available for rubidium metal or its compounds, but the 
value of rubidium can be estimated by commercial prices. Table 2 presents dif-
ferent prices of rubidium products offered by Alfa Aesar, manufacturer and 
supplier of chemicals, metals, and life science products for research and devel-
opment, owned by Thermo Fisher Scientific. 

TABLE 2  Commercial prices of rubidium and its compounds in March 2019.17 

Compound Package size (g) Grade Price (€) 

Rubidium metal 
1 99.75 % 124 

5 99.75 % 271 

100 99.75 % 2,038 

Rubidium carbonate 100 ≥99 % 228 

Rubidium chloride 100 ≥99 % 432 

Rubidium nitrate 100 ≥99 % 274 

Rubidium sulfate 100 ≥99 % 202 

Prices of rubidium metal and its compounds depend on package size and 
purity of the product, and there is some difference with different suppliers. The 
price of the rubidium metal includes challenging handling and packing condi-
tions due to the reactivity of the metal. Calculated from the price of the 100 g 
package, the price of rubidium metal is 20,380 €/kg, which is approximately 
half of the price of gold, at 37,000 €/kg.18 The prices for rubidium compounds 
of ≥ 99% purity in a 100-gram container vary between 200 and 430 €.17 Rubidi-
um compounds are often more important commercially than the rubidium met-
al.  

2.2 Fly ash 

2.2.1 Properties 

Energy production based on the combustion process generates combustion 
products like boiler slag, gypsum, flue gases, coarse bottom ash and fly ash. Fly 
ash is a fine powder of spherical glassy particles that is filtered from flue gases 
by electrostatic precipitators or mechanical filters. Fly ash is formed during 
combustion in a furnace at 1,100-1,400 °C when coal or biomass is used as fuel. 
Coal fly ash particles have an average size under 20 μm and a light texture. Bulk 
density of fly ash varies from 0.54 to 0.86 g cm-3, and it has a high surface area 
(300-5010 m2 kg-1).19 
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2.2.2 Composition 

The composition of fly ash depends mostly on the fuel used in the combustion 
process. Fly ash consists mainly of metal oxides, but the composition can vari-
ate widely even with the same fuel group as seen in table 3. However, there are 
significant differences between fly ashes from different fuels. Silicon dioxide 
and aluminium oxide are the major components in coal fly ash while calcium 
oxide, silicon dioxide, and potassium oxide cover over 75% of the weight per-
centages of wood and wood residue fly ash. In peat fly ash, the major compo-
nents are SiO2, Al2O3, Fe2O3, SO3 and CaO covering over 90% of the oxides, but 
this result relies only on one sample.20 

After combustion, trace elements of the fuel can concentrate in fly ash. 
Many potentially harmful elements, such as Cr, Pb, Ni, Ba, Sr, V, and Zn, can be 
present in fly ash, but valuable elements, like rare earth elements and platinum 
group metals, can also be found in recoverable concentrations.19,21-23 

Rubidium concentration in coal ash is 48-110 mg kg-1 24 and in plant ash 
100 mg kg-1 25, which is a higher concentration than in the Earth’s crust. 

TABLE 3  Composition of fly ash as weight percentages when coal26, wood and wood 
residue20, or peat20 is used as a fuel. 

Coal Wood and wood residue Peat 

Mean Min Max Mean Min Max 

SiO2 54.1 32.0 - 68.4 22.2 1.86 - 68.2 37.5 

Al2O3 23.2 11.3 - 35.2 5.09 0.12 - 15.1 20.1 

Fe2O3 6.85 0.79 - 16.4 3.44 0.37 - 9.54 13.8 

CaO 6.57 0.43 - 27.8 43.0 5.79 - 83.5 9.97 

SO3 3.54 0.27 - 14.4 2.78 0.36 - 11.7 12.1 

MgO 1.83 0.31 - 3.98 6.07 1.10 - 14.6 2.14 

K2O 1.60 0.29 - 4.15 10.8 2.19 - 32.0 1.12 

TiO2 1.05 0.62 - 1.61 0.29 0.06 - 1.20 0.31 

Na2O 0.82 0.09 - 2.90 2.85 0.22 - 29.8 0.10 

P2O5 0.50 0.10 - 1.70 3.48 0.66 - 13.0 2.75 

Sum 100 100 100 

Samples 37 37 37 28 28 28 1 

2.2.3 Production 

In 2016, fly ash covered 64% of coal combustion products in Europe.26 Today, 
estimation for coal fly ash production worldwide is over 900 million tons annu-
ally.19,26 In addition to coal, different biomass products can also be used as a fuel 
in combustion processes. Biomass contributes 8–15% of the world energy sup-
plies, and estimation for bio fly ash production is 470 million tons per year.20 
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2.2.4 Utilization 

The estimated global average utilization rate of fly ash is 25%.19,27 For the largest 
fly ash producers, current utilization rates have been estimated to be 50% for 
the USA, 44% for the EU26, and 60% for India. For China, estimations between 
30-70% have been made from different sources.19

The utilization of fly ash is mostly defined by its elemental content. If fly 
ash has a low content of toxic elements, suitable pH, and high water-holding 
capacity, it is a good source for essential plant nutrients and can be used in soil 
improvement. If valuable metals of the fuel used will concentrate in fly ash, it 
can be used as an alternative source for those metals compared to mining. In the 
cement industry, fly ash has been used as a raw material or as an additive, de-
pending on its CaO content.19 In Europe, most of the utilized fly ash is used in 
concrete and cement products as can been seen in table 4. 

TABLE 4  Production and utilization of coal combustion fly ash as kilotons (kt) and per-
centages (%) in Europe in 2016 (modified from 26). 

Production of fly ash kt (%) 

25700 100 

Utilization of fly ash kt (%) 

Concrete addition 4,640 18.0 

Blended cement 1,930 7.50 

Cement raw material 1,890 7.33 

Road construction 1,860 7.24 

Concrete Blocs 625 2.43 

Other 420 1.63 

Total utilization 11,400 44.1 

2.3 Recovery of rubidium 

Compounds of alkali metals are highly soluble in water and do not easily form 
precipitates or complex ions. They all have similar aqueous chemistry, which 
makes separation and purification of rubidium from other alkali metals difficult. 
Most of the separation methods are size-selective and are based on the different 
ionic or hydrated ionic radii of alkali metals ions or the electron potentials of 
the ions. At present, the main methods for separation of rubidium are precipita-
tion, ion exchange, and liquid-liquid extraction methods. 
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2.3.1 Liquid-liquid extraction 

Liquid-liquid extraction or solvent extraction is a method where the solute is 
transferred from one phase to another.28 pp. 538-342 Transfer takes place between 
two different immiscible liquids, usually water (polar) and an organic solvent 
(non-polar). In most cases, liquid-liquid extraction is done either to isolate or 
concentrate the desired ions or separate them from undesired matrix elements. 
Usually, ions are selectively extracted from the water phase into the organic 
phase. After possible scrubbing stages where impurities are extracted from 
loaded organic phase, ions are stripped back into a water phase by a stripping 
solution. 

Despite the variation in the experimental conditions, distribution of the 
analyte ions between the water and organic phases can be described by distri-
bution ratio D. It is the ratio of the total concentration of an ion (M+) in the or-
ganic phase to the concentration in the aqueous phase at equilibrium:28 pp. 538-342 

𝐷 =  
𝑐(𝑀+)𝑜𝑟𝑔

𝑐(𝑀+)
𝑎𝑞

=
(𝑐𝑖 − 𝑐𝑓)

𝑐𝑓
∙

𝑉𝑎𝑞

𝑉𝑜𝑟𝑔
 (1) 

In equation 1, ci and cf are the initial and final concentrations (mg L-1) of 
the analyte ions in the aqueous phase at equilibrium, and Vaq and Vorg are the 
volumes (mL) of the phases. Often, it is beneficial to use extraction efficiency 
E(%) to describe the amount of analyte ions extracted from the water phase to 
the organic phase (or vice versa): 

𝐸(%) =
(𝑐𝑖 − 𝑐𝑓)

𝑐𝑖
∙ 100%  (2) 

The separation of two different ions (ion A and ion B) after liquid-liquid extrac-
tion can be illustrated by separation factor :  

𝛼 =  
𝐷𝐴

𝐷𝐵
,  (3) 

where DA and DB are distribution ratios of ions A and B, respectively. The more 
the separation factor  differs from one, the more effective the separation of ions 
A and B is. 

In the solvent extraction, the most common extractants for recovery of ru-
bidium are substituted phenols, crown ethers, and other cyclic ethers. 

Phenolic compounds 
Substituted phenols have been utilized efficiently for the selective extraction of 
alkali metals.29 p. 96 The extraction takes place only in a moderate-to-strong basic 
aqueous solution where substituted phenols behave as weak acids. Therefore, 
by increasing the pH, the cation exchange capacity increases. Also, the lower 
the hydrated ionic radius is, the more effectively the metal is extracted. Ionic 
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and hydrated ionic radii of selected ions can be seen in table 5. During extrac-
tion, salt is formed through cation exchange, and the solvent interacts with ad-
ditional extractant molecules. However, at the highest pH values, competition 
often occurs between the ions to be extracted and the cations of the base used 
for pH adjustment. This can decrease the cation exchange capacity. 

TABLE 5  Ionic and hydrated ionic radii of selected ions. 30 

Ion Ionic radius (nm) Hydrated ionic radius (nm) 

Li+ 0.094 0.382 

Na+ 0.117 0.358 

NH4+ 0.148 0.331 

K+ 0.149 0.331 

Rb+ 0.163 0.329 

Cs+ 0.186 0.329 

Mg2+ 0.072 0.428 

Ca2+ 0.100 0.412 

Phenolic extractants, such as 4-sec-butyl-2-( -methylbenzyl) phenol 
(BAMBP) and 4-tert-butyl-2-( -methylbenzyl) phenol (t-BAMBP) have high se-
lectivity towards Rb+ and Cs+ ions.4-9 With these extractants, selectivity is usual-
ly Cs+ > Rb+ > K+ > Na+ > Li+ among alkaline metals. The structures of BAMBP 
and t-BAMBP are shown in figure 1. 

FIGURE 1  Structures of BAMBP (4-sec-butyl-2-( -methylbenzyl) phenol) and t-BAMBP (4-
tert-butyl-2-( -methylbenzyl) phenol). 

Nowadays, t-BAMBP is used more in the extraction of alkali metals due to 
its higher synthesis yield, and it has been used especially for solvent extraction 
of rubidium and cesium from brines.4-9  

Recently, Li et al. conducted a comprehensive study on separation of ce-
sium and rubidium from potassium with t-BAMBP from synthetic brine.5 They 
found that the optimal conditions for cesium and rubidium extraction were 
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from 0.1 mol L-1 NaOH feed solution at the A:O phase ratio of one with five ex-
traction stages at room temperature. The t-BAMBP was diluted to ShellSol D70, 
a commercial aliphatic mineral spirit, and the loaded organic phase was 
stripped by 0.1 mol L-1 HCl solution. Over 99% of cesium and rubidium were 
extracted with 19% potassium co-extraction. 

The t-BAMBP solvent extraction was also employed for the separation of 
rubidium from potassium in rubidium ore liquor. The efficient separation of Rb 
from ore liquor at high alkalinity was achieved via fractional extraction. The 
optimal parameters for Rb extraction and scrubbing of potassium with water 
were an organic phase of 1 mol L-1 t-BAMBP in xylene, a contact time of 1.5 min, 
and an A:O phase ratio of 1:3 for extraction/scrubbing. Three stages for extrac-
tion and 10 stages for scrubbing were conducted to achieve 98% extraction effi-
ciency. Potassium scrubbing efficiency with water was more than 99%. After 
two stages of countercurrent stripping with 1 mol L-1 HCl (A:O of 4:1), a 97% 
total recovery of Rb was achieved.31  

Despite the usability of BAMBP-compounds, BAMBP is quite expensive, 
and t-BAMBP is not broadly commercially available, which creates demand for 
less-expensive alternative extractants for rubidium extraction. Chlorophene (2-
benzyl-4-chlorophenol) has a moderate price and could be used as an extractant 
for rubidium (figure 2). Only a few reports are available about the usage of 
chlorophene for the extraction of cesium by Oak Ridge National Laboratory,32,33 
but it can be expected to perform similar cation exchange with a phenolic pro-
ton to form phenolate with rubidium as in the case of BAMBP.3,8 One phenolic 
molecule has lost a proton to become a phenolate anion, and the suggested cati-
on-to-ligand ratio is 1:4. The proposed structure between solvating phenols and 
alkali metal ion is presented in figure 3.9  

FIGURE 2 Structure of chlorophene (2-benzyl-4-chlorophenol). 

FIGURE 3 Suggested structure for alkali metal ion and solvating phenols. Modified from 
Bryan et al.9 
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Crown ethers 
Macrocyclic polyethers called crown ethers have the ability to form stable com-
plexes with alkali and alkaline-earth metals and with ammonium ions.34 Alkali 
metals can potentially be separated from each other or from other metals with 
crown ether complexes.13  The stability and formation constant of the crown 
ether complexes depend on many factors, such as solvent systems, the size of 
the alkali metal, and the size of the crown ether cavity. Especially, 18-crown-6 
(figure 4) and its derivatives have suitable cavity size (0.26-0.32 nm) to form 
complexes with the rubidium ion.35  

FIGURE 4 Structures of 18-crown-6 and 21-crown-7. 

There are a number of examples in the literature since the 1960s of extrac-
tion and concentration of rubidium by crown ethers.36-38 The subject is still pop-
ular among researchers, and new applications of the usage of crown ethers are 
published regularly. 

Galina et al. investigated single species and competitive solvent extraction 
of alkali metals picrates from aqueous solution into chloroform by selected 18- 
to 24-membered benzo- and cyclohexane-group-containing crown ethers in 
1999.39 They noticed that separation factor values of competitive solvents were 
greater than single species values in nearly every case. For rubidium, 21-
membered benzo- and cyclohexano-group-containing crown ethers had the 
highest separation factors. 

A room temperature ionic liquid system containing 18-crown-6 has been 
optimized for the extraction of rubidium and cesium from a high potassium 
brine solution by Huan et al.40 After extraction and stripping, 84% of rubidium 
and 95% of cesium were recovered with a 9.6% recovery of potassium. 

Rubidium has also been successfully extracted from mining waste, boron-
containing clay, after sulfuric acid leaching and tetraphenylborate precipitation 
by solvent extraction with 18-crown-6 in nitrobenzene.41 The boron clay con-
tains 1,292 mg kg-1 of rubidium, and under optimized conditions, a maximum 
89.5% rubidium extraction was achieved. 
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2.3.2 Ion exchange 

Solid ion exchangers can be used to extract cationic or anionic ions from solu-
tions by replacing them with other ions of similar characteristics. Cation ex-
change materials contain surface groups that are negatively charged and attract 
positive metal ions. Contrariwise, anion exchange materials positively charged 
surface groups attract negative anions. Ion exchange media can absorb extract-
ed ions inside the media, or the ions can be adsorbed to the surface of the media. 
In both cases, the media, where the ion is transferred to, is called sorbent. An 
ion-exchange resin is a resin or polymer that acts as a medium for ion ex-
change.42 pp. 1-5 

The efficiency of the ion exchange resins to remove ions from a liquid so-
lution can be described by the distribution coefficient Kd. It is defined as the ra-
tio of metal ion concentration in the solid ion exchanger resin to metal ion con-
centration in the solution at equilibrium. By measuring analyte concentration in 
the solution before and after contact with the resin, Kd can be calculated accord-
ing to the following equation:43 pp. 17-18 

𝐾𝑑 =
(𝑐𝑖−𝑐𝑓)

𝑐𝑖
∙

𝑉𝑠

𝑚𝑒
 . (4) 

Here, ci and, cf are the initial and final concentrations of metal ions in the 
solution, Vs is the volume of the solution, and me is the mass of the ion exchang-
er used. High Kd value indicates a strong capacity of the resin to sorb the de-
sired ions. The Kd is specific to the temperature and concentration of the other 
ions in the solution, and changes in the physical and chemical parameters can 
affect the ion exchange process.43 pp. 17-18 

The extraction efficiency of the resin E(%) can also be described by equa-
tion 2, where ci is the initial  concentration (mg L-1) of the analyte ions in the 
liquid sample before contact with the resin, cf is the concentrations of the ana-
lyte ions in the sample after contact, and Vaq is the volume (mL) of the liquid 
sample.  

Inorganic sorbents 
Inorganic ion-exchange sorbents are often a well-defined chemical species.44 pp. 

6-9 The method of preparation can have a great influence on the structure of the
sorbents, and their composition and structure have a significant effect on their
sorption properties. Inorganic sorbents are also often more chemically unstable
than organic resins.

Inorganic sorbents like ferrocyanides have been employed for the extrac-
tion of rubidium and cesium from various sources. Hexacyanoferrates are in-
soluble complex cyanides of transition metals that can capture alkali metal ions 
into their crystal lattice. Hexacyanoferrates exhibit in a great variety of composi-
tions and structures, which are influenced by the method of the preparation of 
the hexacyanoferrates. It has also been shown that the sorption process strongly 
depends on the composition and structure of the starting solids.45-49 The most 
often observed structure for transition metal hexacyanoferrate is face-center 
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cubic lattice with octahedral coordination of the transition metal with Fe ions 
and -CN ligands.50 In these structures, alkali metal cations are located in the 
tetrahedral sites. The oxidation state and size of the transition metal influences 
the stoichiometry of the compounds, but the octahedral coordination geometry 
of the [Fe(CN)6] group is not significantly perturbed in size by the Fe’s oxida-
tion state. 

In 1990, Lehto et al. showed that the specific surface areas of the 
K2[CoFe(CN)6] with cubic lattice correlated directly with cesium uptake.  Only 
the outermost surface layer of their crystals was involved in the exchange pro-
cess, i.e., only potassium (or cobalt) ions inside the elementary cubes closest to 
the surface of the crystals are exchanged for cesium ions.51 The structure of hex-
acyanoferrates has been studied by Ayrault et al. since the 1990s, and they dis-
covered that copper hexacyanoferrates have different structures as a result of 
different preparation methods.45,46 In 2004, Loos-Neskovic et al. prepared potas-
sium copper hexacyanoferrate (II) K2CuFe(CN)6 by local growth and observed a 
triclinic P-1 structure for the sorbent.49 They discovered that in a neutral solu-
tion, the initial crystal structure was maintained during the ion exchange be-
tween potassium and cesium, but in an acidic solution, the structure is de-
stroyed. 

 Transition metal hexacyanoferrates have been employed for the extraction 
of cesium from radioactive liquid waste streams, and there are a number of 
publications on the subject.52-60 Similarities between cesium and rubidium have 
inspired researchers to use the same methods for extraction of rubidium.  

The University of Helsinki in collaboration with Fortum Nuclear Services 
Oy developed very effective inorganic ion exchangers for cleaning radioactive 
waste streams. The hexacyanoferrate-based ion exchanger CsTreat® was devel-
oped for extracting cesium from radioactive waste and to concentrate it to a 
smaller volume.61-64 The same ion exchanger has been used for recovery of ru-
bidium from brine rejected from seawater reverse osmosis (SWRO) plants.10,65,66 
SWRO is a process where seawater is turned into a drinkable supply by a desal-
ination process. This process generates concentrated brine that has high salinity 
and elevated concentrations of valuable metals.67  

Naidu et al. studied selective sorption of rubidium by different metal hex-
acyanoferrates.10,12,68 They developed a method for preparation of sorbents of 
potassium metal hexacyanoferrates K(M)FC encapsulated in an organic poly-
mer and identified from copper, cobalt, iron, and nickel that potassium copper 
hexacyanoferrate was most suitable for rubidium sorption.10,12  From saline 
SWRO brine with a wide range of co-existing ions, polymer encapsulated po-
tassium copper hexacyanoferrate (KCuFC-PAN) indicated selectivity towards 
rubidium and suited well for a dynamic column. The KCuFC-PAN could also 
be regenerated for rubidium sorption/desorption cycles. 

Gilbert et al. used commercial sorbents for the recovery of valuable metal 
ions, including rubidium, from brine rejected from the SWRO plant.65,66 Their 
results showed that the commercial ion exchanger CsTreat® displayed a high 
sorption capacity for rubidium. The same research group performed batch ex-
periments with CsTreat, which showed that the sorption capacity did not de-
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pend very much upon the presence of other ions, and CsTreat presented high 
selectivity towards Cs and Rb.65,66  

Zeolites are crystalline hydrated aluminosilicate minerals with a three‐
dimensional framework structure constructed of SiO4 and AlO4 tetrahedra 
linked through oxygen atoms.69 The aluminosilicates are negatively charged 
and can interact with positively charged cations. Zeolites readily bind cations of 
alkali metals and alkali earth metals into large spaces and channels in its struc-
ture. In addition, water molecules are present in zeolite channels, mainly coor-
dinated by cations or protons. Studies about the removal of radioactive Cs+ by 
zeolites have been made by many authors,70-73 and the same methods could be 
applied for the recovery of rubidium. Unfortunately, selective desorption of 
rubidium from zeolites brings new unresolved challenges and generates a need 
for more development. 

Ammonium molybdophosphate, (NH4)3P(Mo3O10)4·3H2O, AMP), has 
demonstrated high capacity and selectivity for the cesium ion (Cs+).74 In the 
1990s,  Sebesta and Štefula76 developed AMP-PAN resin by combining ammo-
nium molybdophosphate (AMP) with polyacrylonitrile (PAN), and after that, 
many publications about Cs+ removal from radioactive waste streams have fol-
lowed.76-78  

Bao et al. studied selective preconcentration and separation of rubidium by 
the composite adsorbent AMP-PAM from salt lake brine. They investigated 
several experimental parameters and discovered that under optimal conditions, 
maximum sorption capacity for the Rb+ ion by the sorbent was 500 mg g−1. The 
adsorption of rubidium was not interfered by the presence of co-existing ions. 
Rubidium was desorbed from the AMP-PAN adsorbent effectively by 0.5 mol L-

1 NH4Cl solution, and regeneration and reuse of the adsorbent was achievable.
79

Organic resins 
Organic ion exchange resins have a three-dimensional covalent network that 
includes exchangeable ions associated with fixed acid or basic groups. The cati-
on exchangers have fixed acid groups and exchangeable cations (usually H+ or 
Na+), and they are described as in the H form and Na form. Those with fixed 
base groups and exchangeable anions (OH- or Cl-) are anion exchangers in the 
OH form and Cl form, respectively.80 Organic ion exchangers, like resorcinol 
formaldehyde resins, have been used for fractional separation of alkali metals. 

Resorcinol-formaldehyde (RF) resins are organic resins developed by Ebra 
and Wallace in 1983 for selective removal of cesium from aqueous alkaline nu-
clear waste solutions.81,82 RF resin is prepared by condensation polymerization 
of resorcinol and formaldehyde.83 At elevated pH, two weakly acidic hydroxyl 
groups on the resin resorcinol ring deprotonate and become functional. The 
resin has shown high selectivity towards cesium ions, and it is estimated that 
the relative affinities of RF resin for ion-exchange are H+> Cs+> Rb+> K+ > Na+. 
Due to the resins “weak acid nature”, Cs+ and its competitors can be removed 
from the resin by elution using acid.  
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The study of resorcinol-formaldehyde resins has continued from the 1980s 
until recent years. Most of the studies consider cesium separation and recovery 
from radioactive waste. Especially, the separation of cesium from other alkali 
metals have been the main interest.84-91

Favre-Réguillon et al. studied the extraction of cesium by RF resin from 
simulated radioactive waste in the presence of a large excess of sodium at dif-
ferent acidities. They detected that the alkali-metal cation sorption selectivity 
series is strongly influenced by the pH of the solution and high pH selectivity is 
towards Cs+ ions. RF resins had significantly greater selectivity towards rubidi-
um and cesium ions than other phenolic ion-exchange resins.84  

The U.S. Department of Energy (DOE) stores millions of gallons of high-
level radioactive waste slurries at the Hanford and Savannah River Sites. The 
suitability of the granular and spherical form of resorcinol formaldehyde resins 
for the ion-exchange separation of Cs+ from liquid nuclear waste at the sites has 
been studied extensively.85-81 The spherical RF resin had excellent morphology 
for ion exchange processing, and due to its effectiveness in absorbing cesium, 
RF resin was found to be suitable for cesium recovery.86,87,89,91 After loading ce-
sium to the resin, Cs could be separated from sodium by sequential elution, re-
sulting in a concentrate of very high Cs and low Na.90   

Shelkovnikova et al. studied the selectivity of ion exchange between Cs+ 
and Rb+ ions on RF resin and sorbent based on resorcinarene and compared the 
result to the literature values of phenyl formaldehyde. According to their inves-
tigations, RF resin had the highest capacity up to pH 13, but there was very lit-
tle difference in the selectivity of ion exchange resins towards cesium and ru-
bidium ions.92 

Due to the RF resin’s selectivity towards large alkali metal ions at a high 
pH, selective recovery of rubidium could be possible by sequential elution after 
extracting rubidium from the sample solution. 

2.4 Analytical techniques 

2.4.1 ICP-OES 

Inductively coupled plasma - optical emission spectrometry (ICP-OES) is a 
widely used instrumental technique for elemental analysis. The main ad-
vantages of the technique are the moderate price, determination of 70 elements 
simultaneously, and wide working range from µg L-1 up to g L-1 concentrations, 
depending on the analytes.93 pp. 1-3 In ICP-OES, a liquid sample is introduced 
into a hot plasma as a fine aerosol. Sample droplets dry up and elements of the 
sample are excited to emit electromagnetic radiation that is processed and de-
tected. Every element emits radiation in a wavelength characteristic to the ele-
ment. The intensity of the emission signal has a linear relationship to the con-
centration of the analyte. 
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General instrumentation and principle of operation 
The function of the sample introduction system is to convert the liquid sample 
to fine droplets before entering the plasma. This can be achieved with a nebu-
lizer that mixes the liquid sample with carrier gas, also called nebulizer gas, and 
converts the sample to an aerosol. A typical nebulizer gas is argon with 0.6-1 L 
min-1 flow rate. The nebulizer is connected to a spray chamber where larger 
droplets are removed and only the smallest droplets reach the plasma without 
destabilizing it. The plasma is generated inside a quartz or ceramic torch, and 
the sample is introduced into the plasma via an injector tube.93 pp. 39-55 

Plasma is ionized argon gas and is maintained with radio frequency (RF) 
power. By altering the electromagnetic field inside the induction coil or flat plates 
by RF power, the energy is coupled to the plasma; hence, the name inductively 
coupled plasma. Plasma gas provides argon for the plasma but also cools the 
outer part of the torch. The plasma gas flow is typically between 8-17 L min-1. 
Auxiliary gas flows tangentially inside the torch, cools the injector, and pushes 
the plasma away from the injector tip to prevent precipitations of solids. Auxil-
iary gas is also usually argon with a flow rate between 0-2 L min-1. The tempera-
ture of the plasma varies from 5,000-10,000 K in different parts of the plasma, but 
in a normal analytical zone optimal for ionization of most elements, the temper-
ature of 5,000-8,000 K is common.93 pp. 11-32  

After the sample droplets reach the plasma, the energy from the plasma is 
transferred to the sample in several steps. First, the solvent of the sample is evap-
orated and the remaining solid is melted and vaporized. The molecules of formed 
gases are atomized, and most of the elements are also ionized. Finally, atoms and 
ions are excited to higher energy levels. The transition from excited states to 
lower energy states creates light emissions in UV or visible wavelength regions 
characteristic for the exited atom or ion. The atomic and ionic transitions are des-
ignated as I and II Roman numbers, respectively, to separate the two species.93 pp. 

11-32

Emission from the plasma can be viewed from the side of the plasma (radial 
viewing) as well as lengthways (axial viewing). In radial viewing, the measure-
ment is not prone to interferences, but it has lower sensitivity and higher detec-
tion limits for most elements. In axial viewing, the measurement has higher sen-
sitivity, but it is more prone to interferences due to the different temperature 
zones of the plasma, although a shear gas removes the tail of the plasma. When 
measuring easily ionizable elements (EIE), like alkali metals with axial viewing, 
excitation interferences are very common. Alkali metals increase electron density 
in the plasma and decrease the ionization of other alkali metals while the inten-
sity of the atomic transition increases. This phenomenon is called the alkali effect, 
and it can be seen as an incorrectly high concentration of alkali metal in the pres-
ence of other alkali metals when measuring the atomic line and viewing the 
plasma axially. With radial viewing, the alkali effect can be avoided.93 pp. 32-36 

The light emitted by the atoms and ions is spectrally separated by the op-
tics, and the elements being analyzed are characterized by their wavelengths by 
one or more detectors. Spectral separation is often conducted by diffraction 
gratings and prisms before entering the detector. Often an echelle polychroma-
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tor with a solid-state detector, like a charge-coupled device (CCD), is used with 
ICP-OES.93 pp. 65-97 

Interferences in ICP-OES 
Common interferences in the ICP-OES technique are spectral or non-spectral 
interferences. Spectral interferences originate from sample components or 
background emission near the analytical line emission. Interfering emission can 
overlap the analytical line partially or completely.93 pp. 118-147 

The best solution for the correction of spectral interferences usually is to 
use an interference-free emission line if possible. If an interference-free emission 
line is not available, there are many methods for the correction of spectral inter-
ferences. Optimized background correction points can be used to correct a sim-
ple background shift or sloping of the background, and inter-element correction 
works for direct spectral overlap. Multivariate regression techniques can correct 
partial spectral overlaps and complex background shifts. Detailed descriptions 
of these methods can be found elsewhere.93 pp. 118-147 

Non-spectral interferences arise from the physical properties of the sam-
ples and cause changes in sample transport, nebulizer properties, spray cham-
ber aerodynamics, and excitation conditions of the plasma. Differences in the 
physical properties (viscosity, density, and surface tension) of the sample and 
calibration solutions can lead to incorrectly high or low results, depending on 
how the sample introduction system is affected by the difference. Interferences 
arising from the sample introduction system are often referred to as matrix in-
terferences, but the matrix of the sample can also cause spectral interference to 
the background emission by decreasing or increasing it..93 pp. 147-153 

Non-spectral interferences can be corrected by matrix matching and by the 
use of an internal standard. In matrix matching the matrix of the samples and 
calibration standards are adjusted to be as similar as possible. This can be done 
by diluting the samples and matching, the acid matrix and/or matrix elements 
of the samples, standards, and blanks. When using an internal standard, a con-
stant amount of an element is added to all samples and standards during sam-
ple preparation, and the change in the intensity of that element can be used as a 
correction factor for all analytes. The element used as an internal standard, 
should be absent from the samples and be affected by the non-spectral interfer-
ence the same way as all the analytes to be measured. In addition, it is preferred 
that the emission line of the internal standard is free from spectral interferences 
and has excitation energies similar to the selected analytical lines.93 pp. 147-153 

Easily ionizable elements cause changes in excitation conditions and in-
duce significant variation in the analytical signal. The concentration and nature 
of the interfering element, the characteristics of the emission line, plasma opera-
tion conditions, and the plasma observation zone affect the severity of EIE inter-
ference.94 pp. 162-172 The absolute concentration of the interfering element has 
more influence on excitation conditions than the relative concentration com-
pared to that of an analyte. Therefore, the simplest method to treat EIE interfer-
ences is to dilute the sample, add an ionization buffer to the samples and cali-
bration solutions, or use radial viewing. EIE interferences also become less se-
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vere, when using robust plasma conditions. If the concentration of the analyte is 
very low, dilution is infeasible and axial plasma viewing might be needed. The 
most used mathematical methods to overcome EIE interferences are multivari-
ate calibration techniques, like multiple linear regression (MLR), principal-
component regression (PCR), and partial least square regression (PLS).94 pp. 178-

181

Robust conditions of the plasma 
The term robustness of the plasma is used to describe the excitation and atomi-
zation conditions of the plasma when encountering the sample matrix.93 pp. 11-32    
The ratio of magnesium emission of ionic (MgII 280.270 nm) and atomic (MgI 
285.213 nm) transitions is commonly used to quantify the robustness. When 
MgII/MgI is 8 or greater, the plasma is considered to be robust and not prone 
to changes in the analytes’ emission signal even if there are small changes in the 
sample matrix.95  Robustness indicates the absence of excitation interferences 
and depends on parameters like RF power, plasma, auxiliary, and especially 
nebulizer gas flow and plasma height for radial viewing. By systematic optimi-
zation of these parameters, robust plasma conditions can be achieved. 

2.4.2 GFAAS 

Atomic absorption spectrometry (AAS) is based on the capability of gaseous 
free atoms to absorb radiation energy. Ground-state atoms absorb the energy of 
a specific wavelength and are elevated to an excited state. The amount of radia-
tion energy absorbed at this wavelength is directly proportional to the number 
of atoms of the selected element in the light path and their concentration in the 
sample. The atomization of the sample can take place in a flame (FAAS) or in a 
graphite furnace (GFAAS; also known as electrothermal atomic absorption 
spectroscopy, or ETAAS). GFAAS is significantly more sensitive than FAAS 
with detection limits typically 100 to 1,000 times lower.96 pp. 1-42 

General instrumentation and principle of operation 
The instrumentation of the AAS technique contains a primary light source for 
the production of the radiation to be absorbed, an atomization source for atom-
ization of the sample, a monochromator for isolation of the specific wavelength 
of radiation to be measured, a detector to measure the radiation accurately, and 
electronics to process the data signal and produce the results.96 pp. 1-42 Common-
ly, a single- or multi-element hollow cathode lamp or electrodeless discharge 
lamp is used as a radiation source providing a bright, stable, and narrow line 
spectrum of the element to be determined. Most elements have their absorption 
lines between wavelengths of 190 nm and 850 nm. The volatilization and atomi-
zation of the sample can take place in a flame in FAAS or in a graphite furnace 
in GFAAS. Nowadays, most modern instruments use solid-state detectors; pho-
tomultiplier tubes are rarely used.  

In contrast to FAAS, where a sample is dried and atomized in a flame, the 
GFAAS technique sample is heated electrically in a small graphite tube. A fixed 
amount of liquid or solid sample is deposited in the tube, and with the tempera-
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ture program, the sample is dried, decomposed, and atomized before analysis. 
The analyte is then atomized, and radiation from the lamp passes through the 
tube. After analysis, the furnace is cleaned by heating.97 

Usually, 1-50 µL of the liquid sample (or 1-2 µg of the solid sample) is in-
troduced to a 20-30 mm long and 4-6 mm in diameter graphite tube via an au-
tosampler.96 pp. 1-42 In the tube, the sample is placed on a surface called L’vov 
platform98 that delays volatilization and atomization of the sample until ther-
mal equilibrium is achieved in the tube environment. This reduces interferences 
originating from temperature differences in the tube. Two popular designs of 
the graphite tubes are the cylindrical graphite tube HGA with contacts at the 
end of the tube and the transverse heated graphite tube THGA. Newer designs 
of THGA tubes have end caps that reduce the tube diameter at the end without 
restricting the light throughput. This design has increased sensitivities and im-
proved detection limits compared to THGA tubes without end caps.99 The lim-
ited lifetime of the graphite tubes is usually 50-200 determinations, depending 
on the sample matrices, especially acid concentrations. 

A) B)
 AA

FIGURE 5 A) Cylindrical graphite tube HGA. B) Transverse heated graphite tube THGA 
without end caps (left) and with end cap (right).100 

After the sample deposition, the furnace is heated gradually and the atom-
ization of the sample is controlled by the furnace program. The furnace pro-
gram usually consists of four steps: drying, pyrolysis, atomization, and clean-
out. At the beginning of the temperature program, before sampling, the furnace 
should be at room temperature. In the drying step, the solvent of the sample is 
evaporated. This is typically 20–40 °C above the boiling point of the solvent. 
The ramp time should be adequate to prevent the splattering of the sample. 
With the THGA graphite tube, a furnace two-step drying procedure is recom-
mended to ensure even and smooth drying. In the pyrolysis step, most of the 
matrix components are removed. This step depresses the background signal 
and reduces possible chemical interferences. In the atomization step, the ele-
ments of the remaining sample are atomized and absorption of the lamp’s radi-
ation is detected. The optimal atomization temperature depends upon the 
properties of the compound of the element, and it should be high enough to 
volatilize all of the analyte’s elements. The optimum atomization temperature is 
reached when the maximum integrated absorbance and optimal peak shape is 
achieved.98  

An inert atmosphere is a requirement for graphite furnace analysis.  Pass-
ing inert gas like argon around the tube, the surface of the tube is protected 
from combustion at high temperatures. The same gas can be used for purging 
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the interior of the furnace to remove solvent and matrix components after the 
drying and pyrolysis steps. The closed-circulated water system is often used for 
cooling the furnace to room temperature after the furnace program and deter-
minations have ended.97 

Interferences in GFAAS 
Spectral interferences appear when the measured radiation absorption is par-
tially from elsewhere than from the absorption of the analyte element. Interfer-
ence, where other elements’ absorption profiles overlaps with an emission line 
of the analyte’s element, is rare. With the graphite furnace AAS, the matrix ma-
terials of the sample often cause broadband absorption spectra and induce in-
terferences to the background absorption. Background correction is required for 
all samples to remove absorption signals that do not originate from the analyte. 
Often the applied method for correction is the Zeeman Effect background cor-
rection, where the external magnetic field is used for the splitting of the atomic 
spectral lines and atomic species of the analyte can be separated from non-
atomic species of the background absorption.96 pp. 17-30 

In GFAAS, non-spectral interferences can be from chemical or physical or-
igins. Common chemical interferences in GFAAS that reduce the analytes’ sig-
nal are the formation of volatile compounds that evaporate before atomization 
as well as formation of thermally stable compounds during atomization.96 pp. 58-

61 Both interferences can be reduced by matrix modifiers, and evaporation can 
be controlled by optimizing the pyrolysis. Changes in viscosity and surface ten-
sion of the sample can generate physical interferences and affect the deposition 
of the liquid sample. Elements with high atomization temperatures can experi-
ence incomplete atomization, which affects the absorption of the analyte and 
causes memory effects. Matrix modifiers can also correct most physical interfer-
ences.   

Matrix modifiers are frequently used in the GFAAS technique to diminish 
interferences and to improve the quality of the analysis. Often a high concentra-
tion of the modifier salt is added directly to the sample before analysis to trans-
form the analyte element to the desired compound whose behavior in pyrolysis 
is known.97 Modifiers can be used either to make the matrix more volatile or to 
stabilize the analyte element to endure high temperatures during pyrolysis. 

Characteristic mass 
In GFAAS, characteristic mass (m0) is used to describe the performance and ana-
lytical sensitivity of the measurement. Characteristic mass can be defined as the 
analyte mass giving an integrated absorbance of 0.0044.96 pp. 44-46 In the linear 
range of the integrated absorbance and concentration, the characteristic mass is 
independent of the concentration, and it can be quantified by measuring the 
integrated absorbance of a test solution of known concentration using the fol-
lowing equation: 

𝑚0  =  𝑚𝑎  ·  0.0044𝑠/𝐴𝑎 (5)
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where 𝑚0 is the characteristic mass of the measured element, 𝑚𝑎 is the mass of 
the element introduced to the furnace (can be calculated from the concentration 
of the sample), 0.0044𝑠 is the integrated absorbance in unit 𝑠, and 𝐴𝑎 is the inte-
grated absorption measured for the test solution. The characteristic mass of the 
measurement depends on the sample, the sample introduction system, the fur-
nace, the design of the graphite tube, the spectrometer, and the radiation source. 
GFAAS spectrometer manufacturers often publish expected values for charac-
teristic masses in picograms for different elements and recommended measur-
ing conditions. The measuring system is presumed to work properly if the 
measured and manufacturer’s listed characteristic mass values encounter in a 
range of ± 20 %.96 pp. 44-46 

2.4.3 ICP-MS 

Inductive coupled plasma mass spectrometry (ICP-MS) is an ultra-trace element 
analysis technique where analyte ions formed in the plasma are detected by a 
mass spectrometer. The sample introduction to the plasma occurs the same way 
as in ICP-OES, but in ICP-MS, plasma is used to generate positively charged 
ions in contrast to ICP-OES where photons are produced and detected. Gener-
ated ions are transferred through the interface region to the mass spectrometer, 
where ion optics and high a vacuum mass separation device separates analytes 
ions according to their mass-to-charge ratio before entering the detector. ICP-
MS has a wide operation range from the ppm (parts per million, mg L-1) level 
all the way to ppt (parts per trillion, ng L-1) detection limits, and it can perform 
rapid multielement analysis.100 pp. 1-4 

General instrumentation and principle of operation 
In the low vacuum (1-2 torr) of the interface region, the ion beam from the ar-
gon plasma passes through small orifices of one sampler cone and one to two 
skimmer cones to maintain ion beam composition and electrical integrity. After 
the interface region, the ion beam is focused and deflected from the trajectory of 
other items by ion optics or a quadrupole ion deflector, QID (10-3 torr). This en-
ables positive ions from entering the mass separation device while other items 
are blocked. Next, the focused ion beam enters the high vacuum (10-6 torr) mass 
separation device where ions of the analytes are separated from other interfer-
ing ions or ions of the matrix elements usually by quadrupole mass filter. The 
separation of ions is achieved by quadrupole where the direct current (DC) field 
and the time-dependent alternating current (AC) of radiofrequency are applied 
to four stainless steel rods. By selecting an optimum AC/DC combination, ions 
of a selected mass-to-charge ratio are directed to the detector. The vacuum sys-
tems in the ICP-MS are maintained by a low vacuum mechanical pump and 
high vacuum turbopumps. Most ion detectors with ICP-MS are discrete dynode 
electron multiplier detectors that are located in a vacuum chamber. A set of dy-
nodes converts the ions into an electrical signal by electron multiplication. The 
signal is processed by the detection electronics and then sent to the computer. 
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The magnitude of the signal corresponds to the number of analyte ions in the 
sample.100 pp. 1-4 

Modern ICP-MS devices have an additional collision/reaction cell placed 
most often after ion optics and prior to the analyzer quadrupole that reduces 
interferences generated by a combination of argon, solvent, and other matrix 
element ions. Collision/reaction cells multipole system focuses all the ions, 
which are then collided and/or reacted with molecules of an additional gas 
(e.g., He, H2, NH3, O2).100 pp. 73-75 

Most instruments need to be optimized and calibrated daily before start-
ing the analysis. The daily optimization process targets the sample introduction 
system, the torch, and the cones by performing torch alignment, QID perfor-
mance check, and/or nebulizer gas flow optimization. By tuning one or more of 
these parameters, optimal performance can be achieved and validated by a 
background and sensitivity performance check.  

Interferences in ICP-MS 
The most common interferences in the ICP-MS technique are spectral, matrix, 
and physical interferences. Spectral interferences arise from argon used as 
plasma and nebulizer gas, matrix components of the sample, solvent, and acids 
or other elements in the sample, which are present at the same atomic mass as 
the analyte of interest. Spectral interferences are called isobaric when a mass 
spectrum of an isotope of one element directly overlaps an isotope of another 
element. Interferences are polyatomic when interfering elements or components 
generate interfering polyatomic ions that overlap the analyte’s isotopes. Doubly 
charged spectral interferences are generated by doubly charged positive ions 
that are formed instead of singly charged ions that produce an isotopic peak at 
half of its mass.100 pp. 133-143 

Because most elements have more than one naturally occurring isotope, it 
is often possible to select an isotope without interference. If the interference-free 
isotope is not available, a popular method for interference correction is the use 
of a mathematical interference correction equation. It can be applied to isobaric 
and some polyatomic interferences by measuring the intensity of the interfering 
species at another mass, free from interferences. When the ratio of the intensity 
of the interfering species at the analyte mass to the intensity of the interfering 
species at the mass free from other interferences is known, an analyte’s correct-
ed intensity can be calculated. Other means to compensate spectral interfer-
ences are the use of a collision/reaction cell, cold plasma technology, and a 
high-resolution mass analyzer.100 pp. 133-143 

As with ICP-OES, non-spectral interferences related to the sample 
transport originates from the physical properties of the sample matrix (viscosity, 
density, and surface tension). These interferences are the result of the sample 
matrix effect on the aerosol formation or matrix-induced changes in the ioniza-
tion conditions in the plasma. The use of the internal standard is the most popu-
lar method to compensate for physical interferences in ICP-MS. Like with ICP-
OES, the internal standard is added to the samples and calibration solutions 
prior to the analysis. The suitable internal standard should not be present in the 
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sample. It should be free from spectral interferences, have similar mass, and 
possess similar ionization potential as the analyte. Some complex matrices may 
interfere with the transport of ions through the mass interface, ion optics, 
and/or mass separation device. These types of space-charge-induced matrix 
interferences are difficult to overcome but can be reduced by adjusting the volt-
ages of the ion optics.100 pp. 133-143 

2.4.4 Determination of rubidium 

Traditional instrumental methods for the determination of rubidium from a 
liquid sample are based on flame atomic emission and flame atomic absorption 
spectrometry. For high-sensitivity measurements, GFAAS is recommended due 
to its very low detection limits. The downsides of the GFAAS method are its 
limited analytical working range and slow measurement per element. Multi-
elemental ICP-OES and ICP-MS are more popular methods due to their fast 
analysis, and ICP-MS offers the lowest detection limits in rubidium measure-
ments. Comparison of determination of rubidium by GFAAS, ICP-OES (axi-
al/radial view), and ICP-MS is displayed in table 6.100 pp. 281-301  

TABLE 6  Detection limits (µg L-1), working ranges, advantages, disadvantages, and 
equipment costs for four different measuring methods for determination of ru-
bidium announced by different instrument manufacture (Perkin Elmer, Ther-
mo Elemental, EAG laboratories, Agilent).101,102,100 pp. 281-299 

LOD 
(µg L-1) 

Working 
range 

Advantages Disadvantages Equipment 
cost (€) 

GFAAS 0.03-0.06 x102 inexpensive to op-
erate, low sample 
consumption, low 
detection limits 

small working 
range, usually only 
single element 
analysis, slow 
analysis 

25,000 -
50,000 

ICP-OES 
axial view 

3-5 x105 fast multi-
elemental analysis, 
moderate detection 
limits 

interfered by EIE 60,000 -
100,000 

ICP-OES 
radial 
view 

35-50 x105 fast multi-
elemental analysis, 
not prone to inter-
ferences 

high detection lim-
its 

60,000  -
100,000 

ICP-MS 0.00001-
0.0002 

x108 fast multi-
elemental analysis, 
low detection limits 

expensive to oper-
ate 

140,000 -
250,000 

With ICP-OES, rubidium has only one considerable measuring wave-
length at 760 nm, which is next to a large argon emission band emerging from 
plasma gas. Argon band can induce spectral interference to the low emission 
radial measurement of rubidium, but with axial measurement, interference is 
minor. Due to this interference, the detection limits of radial rubidium meas-
urements can be rather high. Being an alkali metal, rubidium suffers EIE inter-
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ferences in the presence of other alkali metals. This interference is severe with 
axial measurements. For rubidium, it is also difficult to find an interference-free 
internal standard that is absent from the samples and has similar behavior dur-
ing measurement. The multiple linear regression (MLR) method can be applied 
for the correction of EIE interference in rubidium measurements by ICP-OES. 

Due to the very low detection limits of rubidium with the GFAAS tech-
nique, after substantial dilution, measurement of rubidium is often interference-
free, and no matrix modifier is needed. In many GFAAS devices, dilution of 
samples is automated up to 100 times, but often manual dilution is still needed. 
The dilutions and measurements of the samples can be time-consuming, which 
is a major downfall of the GFAAS technique. Although, GFAAS technique is 
very sensitive, the precision of the measurements can vary due to the condition 
of the graphite tube and the difficulties of injecting very small volumes of the 
sample. 

In ICP-MS measurements, rubidium has two suitable isotopes, 85 and 87, 
with relative abundances of 72.2% and 27.8%. Isotope 85 is interference-free and 
isotope 87 suffers from isobaric interference induced by isotope 87 of strontium 
(7% abundance). This interference can be automatically corrected by the soft-
ware’s mathematical interference correction equation. Very low detection limits 
enable high dilution factors, significantly reducing the matrix interferences, 
similar to GFAAS. 

2.5 Processing analytical results 

2.5.1 Calibration 

Most instrumental methods used for elemental analysis require an analysis of 
known standard samples to determine the instrumental response to the changes 
in analyte concentrations.28 pp. 85-87 Typically, a blank and one or more standard 
solutions of known analyte concentrations are analyzed. Then, the instrument 
software typically constructs a linear equation called a calibration curve to de-
scribe the relationship between response and concentrations. After this, un-
known concentrations of samples can be determined from their instrumental 
responses. The calibration line is usually in a form of: 

y =  bx +  a , (6) 

where y stands for instrumental responses, such as emission signal or signal 
intensity produced by the mass of the analyte, while x is the calibration stand-
ard’s concentration. Value b is the slope of the calibration line, and a is the inter-
cept of the line with the y-axis. The linear calibration equation that calculates 
the intercept for the function is often called “simple linear.” The linear through 
zero calibration equation (a=0) forces the regression line to go through the 
origin. Both calibration equations, simple linear and linear through zero, are 
popular among ICP techniques. The most appropriate way to select the right 
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calibration equation is to use both and do the significance test to estimate if the 
value of the origin is significant at a 95% confidence level. 

When constructing the calibration curve, the correlation coefficient r is of-
ten calculated. The correlation coefficient evaluates how well the experimental 
points fit on the calibration curve, and it can be calculated with equation 7, 
where (𝑥𝑖 − �̅�) and (𝑦𝑖 − �̅�) are the distances of the measured calibration points 
𝑥𝑖 and 𝑦𝑖 to the average of the all calibration values �̅� and �̅�.103 pp. 114-118 

𝑟 =
∑ {(𝑥𝑖−�̅�)(𝑦𝑖−�̅�)}𝑖

{[∑ (𝑥𝑖−�̅�)2
𝑖 ][∑ (𝑦𝑖−�̅�)2

𝑖 ]}
1
2

(7) 

r can get values between -1 and +1. When r is ±1, all the calibration points are 
on the calibration line, and when r = 0, there is no statistical correlation between 
the points. After constructing the calibration curve, most of the measuring 
software calculates the correlation coefficient using their own formulas based 
on the used calibration equation and equation 7. Good calibration fitting often 
has r ≥ 0.999. 

2.5.2 Detection limits 

An important part of the method validation is to determine detection limits for 
the instrument, method, and measurements. The detection limit (LOD) is the 
lowest quantity of the analyte that can be separated from the blank.28 pp. 100-105 
The detection limit of the measurement can be calculated as: 

𝐿𝑂𝐷 =  𝑦𝐵 + 3𝑠𝐵, (8) 

where 𝑦𝐵 is the signal of the blank solution and 𝑠𝐵 is the standard deviation of 
the blanks. LOD can also be determined from the calibration data: 

𝐿𝑂𝐷 =  
3𝑠𝐵

𝑏
(9) 

In equation 9, 𝑠𝐵 is the standard deviation of the blank and b is the slope of the 
calibration equation. The limit of quantification (LOQ) gives the lowest signal of 
the element that can be measured and quantified. 

𝐿𝑂𝑄 =  𝑦𝐵 + 10𝑠𝐵. (10) 

The instrumental detection limit (IDL) describes the lowest concentration 
that can be detected with that specific instrument in ideal conditions. According 
to EPA Methods 200.7 and 200.8, IDL is defined as the concentration equivalent 
to the analyte signal, which is equal to three times the standard deviation of a 
series of 10 replicate measurements of the calibration blank signal: 105, 106 

𝐼𝐷𝐿 =  3 ∙ 𝑠10𝑟𝑒𝑝 (11)
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The method detection limit (MDL) is the minimum concentration of the analyte 
that can be measured, and the concentration of the analyte is greater than zero 
with a 99% level of confidence. By taking seven replicates of the fortified reagent 
water and processing and measuring the replicates by the analytical method, 
MDL values can be determined. The reagent water should have analytes concen-
trations of two to three times the instrumental limit. MDL can be calculated as a 
multiplication of the Student’s t value for a 99% confidence level and a standard 
deviation s of the replicates for  𝑛 − 1 degrees of freedom (𝑡 =  3.14 for seven 
replicates):104, 105 𝑀𝐷𝐿 =  𝑡 ·  𝑠 (12)

The relative standard deviation (RSD) of the seven replicates should be 10% or 
more to ensure that the concentrations used to determinate the analyte’s MDL 
are not too high. With too high concentrations and low deviations, the calculated 
MDL values could be unrealistically low. Often it is beneficial to determine MDL 
values for each analyte from three different fortified reagent waters and use their 
average to get a more appropriate estimate for MDL.104, 105  

2.5.3 MLR 

Multiple linear regression (MLR) is a statistical multivariate regression technique 
that models the relationship between predictor and response variables.104 pp. 137-

240 The predictor variables are used to predict the outcome of response variables 
by fitting a linear equation from observed data. In ICP spectrometry, MLR is an 
appropriate technique when the analyte spectrum is interfered by other elements 
or molecular species so that analyte concentration cannot be determined without 
previous chemical separation. Examples of interferences that can be corrected are 
spectral and EIE interferences. 

For example, when determining a concentration of an analyte from a matrix 
solution, the observed analyte concentration often depends on the concentrations 
of the matrix elements.106; C4.2 Dependent response variable 𝑦  represents the cor-
rected concentration of the analyte, and the non-dependent predictor variables 𝑥  are the observed concentrations of the analyte and matrix elements in the sam-
ple solutions. Regression equations can be presented by using a reverse calibra-
tion model: 𝑦 =  𝑏  +  𝑏 𝑥  +  𝑏 𝑥 +  … +   𝑏 𝑥  + 𝑒  ,  (11) 

where 𝑥  are the measured concentrations of the analyte and matrix elements in 
the sample solution 𝑖, 𝑏 is the regression coefficient, and 𝑒  is residual for 𝑖, an 
independent random variable with a normal distribution. 

Matrix interferences in the ICP-OES measurements can be corrected by the 
multiple-regression-technique.22 By analyzing a synthetic mixture of analyte 
and matrix elements, a multiple regression line for each element can be calcu-
lated. The line equation contains terms like intercept (𝑏 ) and elemental compo-
nents (𝑥 ) that describe the measured analyte concentrations, and the line equa- 
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tion serves as a correction equation. The feasibility of the correction equation 
can be tested on synthetic samples or SRM samples. Significance tests, such as 
the paired t-test, can be applied for testing the significance of the differences 
between the corrected and the added or certified concentrations. The correction 
equation can be applied for unknown samples if the concentrations of the inter-
fering elements are known and concentrations of the analyte and matrix ele-
ments are in the same range with the synthetic samples of the model.  
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3 OBJECTIVE OF THE STUDY 

Rubidium has been labeled as a critical material by the U.S Department of the 
Interior and the consumption of Rb is expected to rise due to the development 
of quantum-mechanics-based computing devices where Rb is one of the key 
components.1,2 Rubidium can concentrate on fly ash during the combustion 
process when peat or wood residue is used as a fuel. This makes fly ash a po-
tential raw material for rubidium recovery, which has not been studied before. 

In this study, answers to the following research questions are given: 

1. Which analytical technique (GFAAS, ICP-OES, or ICP-MS) is most suitable

for quantitative analysis of rubidium from fly ash -derived samples?

2. What is the rubidium concentration in different combustion fly ashes?

3. How is rubidium distributed between different size fly ash particles? Is

processing by sieving beneficial?

4. How efficiently oxalic acid leaches rubidium from fly ash?

5. What pretreatment is required for the leachate prior to recovery of rubidi-

um by liquid-liquid extraction?

6. Is chlorophene a suitable extraction agent, and what are the optimum pa-

rameters for selective recovery of rubidium from fly ash leachates?

7. Can rubidium be selectively recovered from fly ash using a 3D-printed po-

tassium copper(II) hexacyanoferrate sorbent?



4 EXPERIMENTAL 

4.1 Samples 

Fly ash samples from two Finnish power plants were investigated in this study. 
Both plants use the fluidized bed as the combustion technique, and fly ash 
samples were collected with electrostatic precipitators.  Different compositions 
of wood residues (bark, branches, roots, and other parts of the wood) and peat 
were used as a fuel. Table 7 presents the identifiers, origins, and fuel composi-
tions of the fly ash samples used in this study. In most experiments, fly ash 
originated from power plant A, from the combustion of 50% wood residue and 
50% peat. The fly ashes were collected by electrostatic precipitators. 

TABLE 7 Identifiers, origins and fuel compositions of the fly ash samples used in this 
study. 

Sample i.d. Power plant Fuel composition 

(A) P50:W50 (A) 50% peat and 50% wood residue 

(A) P100 (A) 100% peat 

(B) P30:W70 (B) 30% peat and 70% wood residue 

(B) P50:W50 (B) 50% peat and 50% wood residue 

(B) P70:W30 (B) 70% peat and 30% wood residue 

Standard reference material SRM1633c (Coal Fly Ash), certified by the Na-
tional Institute of Standards and Technology, was used to verify the sample 
pretreatment and analysis procedure. 

4.2 Reagents 

Ultrapure water of 18.2 MΩ cm resistivity used throughout this study was pro-
duced by ELGA PURELAB Ultra Analytic (Buckinghamshire, UK). Chemicals 



used and their purities are presented in table 8. All the standard solutions used 
for calibration solutions were provided by Perkin Elmer and are listed in table 9. 

TABLE 8 Chemicals and their suppliers and purities used. 

Chemicals Supplier Purity/concentration 

Ammonium nitrate Merck 99.0 % 

Calcium nitrate tetrahydrate Merck 98.0 % 

Chloroform VWR International 99.5 % 

Chlorophene Alfa Aesar 96.0 % 

Hydrochloric acid Honeywell Fluka puriss p.a. ≥37 % 

Hydrochloric acid Analytica ANALPURE, 34-37 % 

Hydrofluoric acid Merck 40.0 % 

Nitric acid Honeywell Fluka puriss p.a., ≥65 % 

Nitric acid Analytica ANALPURE, 67-69 % 

Oxalic acid dehydrate J.T.Baker 99.5-102.5 % 

Potassium hexacyanoferrate Merk 99-102.0%

Rubidium chloride Cerac 99.9 %

Sodium hydroxide AnalaR NORMAPUR 99.6 %

Zinc nitrate tetrahydrate Merck 99.0 %

TABLE 9 Standard solutions supplied by Perkin Elmer. 

Standard solutions Elements 

Single element solutions, Pure-purity 

Cesium (1,000 mg L-1) Cs 

Potassium (1,000 mg L-1) K 

Rubidium (1,000 mg L-1) Rb 

Sodium (1,000 mg L-1) Na 

Multi-element solutions, PurePlus-purity 

Multi-element standard 3 (10 mg L-1) Al, Ag, As, Ba, Bi, Ca, Cd, Co, Cr, Cs, Cu, 
Fe, Ga, In, K, Li, Mg, Na, Ni, Pb, Rb, Se, Sr, 
Tl, U, V, and Zn 

Multi-element standards 5 (10 mg L-1) B, Ge, Mo, Nb, P, Re, S, Re, S, Si, Ta, Ti, W, 
and Zr 

4.3 Instrumentation 

4.3.1 ICP-OES 

The determination of rubidium and major matrix elements (Al, Ca, Cu, Fe, K, 
Mg, Mn, Na, Si, P, and S) was performed using two different Perkin Elmer ICP-
OES models, Optima 8300 and Avio 500 equipped with Perkin Elmer S10 au-
tosamplers. 
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The Perkin Elmer Optima 8300 with horizontal torch/plasma and Flat-
PlateTM was used in the earlier studies. The sample was introduced into the 
plasma via a cyclonic spray chamber and GemCone LowFlow nebulizer or 
Scott-type double-pass spray chamber with a cross-flow nebulizer. Plasma was 
generated by a 40 MHz RF power generator into a quartz torch with a 2 mm 
inner diameter alumina injector. The optics of the Optima 8300 include a poly-
chromator with an echelle grating and a ruling density of 79 lines per mm. The 
dual detection system with segmented-array charge-coupled-device detectors 
(SCD) covered a wavelength range from 165 to 782 nm. 

The emission of the plasma could be viewed radially and axially. The ra-
dial viewing height was set at 15 mm and the measurement points of the radial 
and axial viewing were aligned by measuring the Mn 257.610 nm emission line. 
Earlier optimized21 settings for measurements by the Perkin Elmer Optima 8300 
are listed in table 10. 

Three calibration solutions in a range of 0.2–10 mg L-1 for rubidium and 1–
50 mg L-1 for matrix elements were diluted from the Perkin Elmer Single-
element standard of 1,000 mg L-1. The acid matrix of the standards and samples 
were adjusted to 15% of HCl (v/v, puriss p.a.) and 5% of HNO3 (v/v, puriss 
p.a.). Used calibration equations were simple linear with calculated intercept
and had good calibration fitting (r ≥ 0.9997). Detection limits were calculated
from the average signal and the deviation of ten blank solutions with equations
8 and 10. Repeatability (n = 4) and reproducibility (n = 15) for Rb were verified
from the relative standard deviation of the measured concentrations of the qual-
ity control (QC) samples with a Rb concentration of 5 mg L-1. Repeatability de-
scribes deviation in one measurement run, and reproducibility in several runs.
Wavelength used for Rb measurements was 780.023 nm. Data for the matrix
element measurements by ICP-OES Optima 8300 are in the appendix table A1.

In recent studies, matrix elements were determined by the Perkin Elmer 
Avio 500. It has a vertical torch/plasma with FlatPlateTM, and the sample intro-
duction system included baffled cyclonic spray chamber with a GemCone Low-
Flow nebulizer. Otherwise, the Avio 500 has a configuration similar to the Op-
tima 8300. The settings used for measurements by the Perkin Elmer Avio 500 
are listed in table 10. 

The three point calibration was carried out in a range of 0.1–10 mg L-1 for 
the rubidium (1-10 for radial Rb) and matrix elements. Calibration solutions 
were diluted from the Perkin Elmer Multi-element standard 3 and the Multi-
element standard 5 of 10 mg L-1. The acid background of the standards and 
samples was adjusted to 5% nitric acid (m/v, puriss p.a., ≥65%). In digestion 
experiments, 15% of HCl (v/v, puriss p.a.) and 5% of HNO3 (v/v, puriss p.a.) 
was used as an acid background. Used calibration equations were linear with 
calculated intercept and had an excellent calibration fitting (r ≥ 0.9999 for most 
elements). Detection limits were calculated from the average signal and the de-
viation of ten blank solutions with equations 8 and 10. Wavelength used for Rb 
measurements was 780.023 nm. Data for the matrix element measurements by 
ICP-OES Avio 500 are in the appendix table A2. 
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TABLE 10  Parameters for the ICP-OES Optima 8300 and ICP-OES Avio 500. 

Optima 8300 Avio500 

RF Power (W) 1,500 1,500 

Plasma gas flow rate (L min-1) 8 8 

Carrier gas flow rate (L min-1) 0.6 0.7 

Auxiliary gas flow rate (L min-1) 0.2 0.2 

Sample introduction rate (mL min-1) 1.5 1.3 

Replicates 3 3 

4.3.2 GFAAS 

Graphite furnace atomic absorption spectrometric determinations of rubidium 
were performed with the Perkin Elmer AAnalyst 800 atomic absorption spec-
trometer equipped with the Zeeman effect background correction and AS-800 
autosampler. The TGHA graphite tubes with end caps and an integrated L’vov 
platform supplied by Perkin Elmer were used. A hollow cathode lamp (Rb 
780.0 nm) was used for the determination of the rubidium. Argon (AGA, 
99.999%) was used as a protective gas during measurements. The sample vol-
ume was 20 µL, and no matrix modifiers were used. Parameters for the GFAAS 
measurements were selected based on the pyrolysis and atomization curves and 
the shapes of the absorption bands of authentic samples.  

The concentrations of the standard solution were 0, 4, 8, 12, 16 and 20 µg L-

1. The AS-800 autosampler produced the calibration standards from 20 µg L-1 of
rubidium solution diluted from the Perkin Elmer Single-element standard (Rb
1,000 mg L-1). The autosampler used 1% nitric acid (v/v, puriss p.a., ≥65%) as a
diluent and acid background of the standard, and samples were adjusted to 1%
nitric acid. Used calibration equations were linear through zero and had a good
calibration fitting (r ≥ 0.999). Detection limits were calculated from the average
signal and three times the deviation of 10 blank solutions with equations 8 and
10. Repeatability (n = 4) and reproducibility (n = 15) were determined from the
relative standard deviation of the measured concentrations of the QC samples
with a Rb concentration of 20 µg L-1. The optimal parameters for the determina-
tion of rubidium are given in table 11.
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TABLE 11 Parameters for GFAAS AAnalyst 800. 

Lamp current (mA) 10 

Slit (nm) 0.7 

Sample volume (µL) 20 

Signal quantification Integrated absorbance 

Temperature program (⁰C ) 

Drying 110–130 

Pyrolysis 700 

Atomization 1,800 

Cleaning 2,400 

4.3.3 ICP-MS 

The ICP-MS Perkin Elmer NexION 350D was also used for the determination of 
rubidium (85Rb, 87Rb), cesium (113Cs), lithium (7Li) and potassium (38K). Yttrium 
(89Y) was selected as an internal standard to correct the instrumental drift, and 
changes in the analyte sensitivity caused by variation of the sample matrix. The 
sample was introduced into the plasma via a temperature-controlled (+2 °C) 
baffled cyclonic glass spray chamber and PFA-ST nebulizer. Plasma was gener-
ated by a helical load coil on a quartz torch with a sapphire injector (1.8 mm). 
The triple cone interface material was nickel, and a triple quadrupole (Quadru-
pole Ion Defector, Universal Cell Technology and Analyzing Quadrupole) was 
used for ion separation. A simultaneous dual-mode detector measured both 
high- and low-level analytes simultaneously. An ESI (Elemental Scientific) 
prepFAST 4DX autodilution and autosampler system was used for dilutions 
and sampling. Table 12 shows the used parameters for ICP-MS measurements. 

TABLE 12 Parameters for ICP-MS NexION 350D. 

RF Power (W) 1,600 

Plasma gas flow rate (L min-1) 18 

Carrier gas flow rate (L min-1) 0.93 

Auxiliary gas flow rate (L min-1) 1.2 

Integration time (ms) 2,000 

Dwell time (ms) 50 

Replicates 3 

Spray chamber temperature (°C) 2 

Mode of operation Standard 

Tuning of the instrument was conducted daily using the Perkin Elmer 
NexION set-up solution containing 1 µg L-1 Be, Ce, Fe, In, Li, Mg, Pb, and U. 
The highest sensitivity and lowest variability were achieved by reducing the 
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production of the ionized oxides and doubly charged ions. Optimizing was per-
formed by torch alignment, nebulizer gas flow rate adjustment, and QID/DRC 
voltage adjustment. The performance was verified by a Standard Performance 
Check. 

Perkin Elmer single element standards (1,000 mg L-1) for rubidium, cesium, 
lithium, and potassium were diluted to 100 µg L-1 (to 1,000 µg L-1 for potassium), 
and an external calibration from 1 to 10 µg L-1 (10 to 100 µg L-1 for potassium) 
was conducted using the ESI prepFAST 4DX autodilution system. The used dil-
uent was 1% (m/v) nitric acid (ANALPURE, 67-69%). An yttrium solution of 30 
µg L-1 was used as an internal standard, and it was added to the samples and 
calibration standards via ESI prepFAST 4DX before they entered the spray 
chamber and went to plasma. Digested ash samples containing yttrium were 
measured without an internal standard. 

Used calibration equations were linear through zero and had excellent cal-
ibration fitting (r ≥ 0.9999 for most elements). Detection limits were calculated 
from the average signal and three times the deviation of ten blank solutions 
with equations 8 and 10. By measuring QC samples with Rb concentration of 1 
µg L-1, repeatability (n = 4) and reproducibility (n = 15) were determined. Data 
for Rb, and other alkali metals by ICP-MS NexION 350D are in the appendix 
table A3. 

4.4 Experimental procedures 

Fly ash samples from different sites and with different fuel compositions were 
used in this study. However, most of the rubidium recovery experiments were 
conducted with fly ash from the combustion of 50% wood residue and 50% peat 
at power plant A. Total concentrations of rubidium and matrix elements were 
determined from the fly ash samples by ultrasonic-assisted digestion and mi-
crowave-assisted digestion methods. 

The oxalic acid leaching procedure used in this thesis is adapted from a 
patent108 of a utilizing process of fly ash, and this gave the basis for the recovery 
studies of rubidium. The development of the oxalic acid leaching procedure of 
fly ash is presented elsewhere.22  

4.4.1 Optimization of methods 

ICP-OES 
The multiple linear regression (MLR) method was applied for creating a correc-
tion equation that compensates the increase of the intensities of rubidium 
measured by axial viewing in ICP-OES. The observed bias was most likely 
caused by EIE and spectral interferences. The effects of the matrix elements 
were assumed to be linear. For determining a correction equation, 19 synthetic 
samples were prepared at five concentration levels mimicking the concentra-
tions of samples originating from rubidium recovery tests. Samples were pre-
pared from 1000 mg L-1 elemental stock solutions and the acid matrices were 
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adjusted to 15% of HCl (v/v, puriss p.a.) and 5% of HNO3 (v/v, puriss p.a.). 
Concentrations of rubidium and interfering elements are listed in table 13. The 
rubidium concentrations of the synthetic samples were measured with the Per-
kin Elmer Optima 8300 with axial plasma viewing. Microsoft Excel was used to 
create an MLR model, where the added concentrations of rubidium were used 
as dependent variables, while measured concentrations of rubidium and added 
interfering element concentrations were non-dependent variables. Only concen-
trations of the elements of significance in the 95% significance level were in-
cluded in the correction equation, which was valid for several months. 

The significance of the difference between added and measured as well as 
added and corrected rubidium concentration was investigated with paired t-
test at the 95% significance level. The flow sheet of the procedure is displayed in 
figure 6. 

TABLE 13 Concentrations (mg L-1) of rubidium and interfering elements in synthetic 
samples. 

Sample nro Rb Na K Ca Fe Mg 

1 5.0 815 0.5 760 1.7 17.5 

2 1.0 15 38 1,010 0.2 30 

3 4.0 15 13 10 1.2 5 

4 3.0 15 13 760 1.2 30 

5 4.0 415 38 260 0.7 5 

6 1.0 415 0.5 260 0.7 55 

7 1.0 1,615 25.5 10 0.7 17.5 

8 4.0 415 25.5 1,010 2.2 55 

9 1.0 815 50.5 510 1.2 5 

10 2.0 1,215 0.5 1,010 1.7 5 

11 5.0 815 50.5 510 1.7 42.5 

12 5.0 815 25.5 760 0.2 17.5 

13 2.0 15 13 10 1.7 42.5 

14 2.0 1,215 13 260 2.2 17.5 

15 3.0 1,215 38 510 0.2 55 

16 4.0 1,615 25.5 10 1.2 42.5 

17 3.0 1,615 0.5 510 0.7 42.5 

18 3.0 415 50.5 260 2.2 30 

19 2.0 1,615 38 760 2.2 30 
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Analysis of the analyte Incorrect results

Analysis of the matrix elements
Identification of the potential interferences

Examination/adjustment of the spcetral areas

Number of synthetic samples, concentration range of the 
analyte and matrix elements, ect.

Preparations and analysis of the synthetic samples

Regression analysis
Correction equation

Correction of the analyte concentrations in the synthetic samples

Differences in the concentration are significant by the paired t-test

Differences in the concentration are not significant by the paired t-test

Correction of the concentrations in real samples by the correction equation

Design of the regression matrix 

Which elements are significant?

FIGURE 6  Flow chart of the MLR correction procedure for concentration of rubidium 
measured by ICP-OES axial viewing. 

GFAAS 
The temperature program was optimized by measuring the absorbance of two 
test samples with different pyrolysis and atomization temperatures.  Cross 
curves were constructed from the results. 

Characteristic mass with end caps was calculated from the absorbance of 
measured 4 µg L-1 Rb standard solutions with equation 5. Data was collected 
from the calibration data measured during experiments. The sample volume 
was 20 µL. Rubidium’s characteristic mass was calculated from 24 measure-
ments. 

4.4.2 Digestion 

For the determination of the total concentration of rubidium and matrix ele-
ments, two digestion methods were used in this thesis. The ultrasonic (US) as-
sisted digestion method was adapted from Ilander and Väisänen108 with slight 
modifications. EPA Method 3052109 was also modified for digestion of fly, ash 
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and it was used for comparison of the efficiency of the ultrasonic digestion and 
oxalic acid leaching. 

Ultrasonic-assisted digestion 
A fly ash sample of 0.5 g was weighed accurately into a 60 mL plastic centrifuge 
tube followed by the addition of 6 mL of HNO3 (puriss p.a. ≥65%), 2 mL of HCl 
(puriss p.a. ≥37%), and 0.25 mL of hydrofluoric acid (40% m/v). The sample 
mixture was placed into a 75 °C ultrasonic water bath (Elmasonic P) and treated 
six times with 3 min sonifications and 3 min standing followed by shaking. Af-
ter cooling, solutions were filtered (Whatman 42 filter paper) into 50 mL volu-
metric flasks; the residue was rinsed three times with aliquot of water and di-
luted to the 50 mL volume with water. The concentrations of rubidium and ma-
trix elements were measured by ICP-MS and ICP-OES after suitable dilutions. 

Microwave-assisted digestion 
A fly ash sample of 0.25 g was weighed accurately into 110 mL PTFE micro-
wave digestion vessels. 7.0 mL of nitric acid (puriss p.a. ≥65%), 1 mL of hydro-
chloric acid (puriss p.a. ≥37%), and 1.5 mL of hydrofluoric acid (40% m/v) were 
added to the vessels and mixed with the samples. After closing, the vessels 
were placed into a microwave oven (CEM Mars 6 iWave, North-Carolina, 
U.S.A.), and digestion was conducted in two steps. In the first step, the temper-
ature was ramped to 200 °C in 20 min and held there for 15 min with a micro-
wave power of 290-1800 W. After cooling, a 10 mL of 5% (m/v) boric acid solu-
tion was added to the vessels, and they were transferred back into the micro-
wave oven. In the second step, the temperature was ramped to 170 °C in 20 min 
and held there for 15 min with a microwave power of 290-1800 W. After cooling, 
the sample solutions were filtered (Whatman 42 filter paper) into 50 mL plastic 
volumetric flasks, and the vessels and the residue were rinsed three times with 
a small portion of ultrapure water onto the filter paper. Finally, solutions were 
diluted to the 50 mL volume with water. After suitable dilutions, the concentra-
tions of rubidium and matrix elements were measured by ICP-MS and ICP-OES. 

4.4.3 Sieving 

Fly ash samples from different sites and with different fuel compositions were 
divided into six different size fractions by sieving (Retsch AS 200, the amplitude 
of 60). Fifty grams of fly ash were sieved through five different size sieves (250, 
125, 63, 45, and 32 µm) for 1 hr. After sieving, the fly ash fractions were weighed. 
A sample of 0.5 g of each fraction was digested with the US digestion procedure 
described in the previous paragraph. Rubidium was measured with the ICP-MS 
Nexion 350D and matrix elements were determined with the ICP-OES Optima 
8300. 

4.4.4 Leaching procedure and pretreatment methods 

Rubidium can be leached from fly ash using the previously optimized oxalic 
acid leaching procedure22. After leaching, the oxalic acid can be recovered as 
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oxalate by precipitation. Rubidium can be recovered from the leachate by liq-
uid-liquid extraction, but the pH of the leachate needs to be adjusted to 12-13 
prior to the extraction. Figure 7 shows a schematic presentation of the leaching 
of fly ash and pretreatment of the leachate. 
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FIGURE 7  Leaching of fly ash and pretreatment of the leachate prior to the liquid-liquid 
extraction. OxLe = Oxalic acid leachate, Le = Leachate after oxalate precipita-
tion, pHad = pH adjusted leachate. 

Oxalic acid leaching 
One gram of fly ash was weighed accurately into a 60 mL plastic centrifuge 
tube and 20 mL of 0.5 mol L-1 oxalic acid solution (oxalic acid dehydrate, 
J.T.Baker, 99.5-102.5%) was added. After sealing the tube and mixing, the sam-
ple mixture was placed into a 75 °C ultrasonic water bath (Elmasonic P). The 
mixture was treated six to eight times with 3 min sonifications and 3 min stand-
ing followed by shaking. After cooling, the solutions were centrifuged at 3,500 
rcf for 10 min, and the oxalic acid leachate (OxLe) was separated by decanting. 
For elemental analysis, the OxLe was filtered (Whatman 42 filter paper) into a 
50 mL volumetric flask and diluted to volume with ultrapure water and adjust-
ed to 5% nitric acid (puriss p.a. ≥65%). The undiluted OxLe of fly ash (A) 
P50:W50 had a pH of 0.9, and it was used for the recovery studies of rubidium. 

Recovery of oxalate 
After oxalic acid leaching, oxalate was recovered by precipitation. Calcium ni-
trate tetrahydrate and zinc nitrate were tested for precipitation of calcium oxa-
late and zinc oxalate. The solid reagent was added into the OxLe solution with 
vigorous mixing. After the dissolution of the nitrate, oxalates started to precipi-
tate, and the solution was left to stand overnight with slow mixing. The next 
day, the oxalate precipitate was separated by centrifuge (3,500 rcf for 10 min), 
and the leachate (Le) was transferred for the next treatment. The pH of the Le 
was 0.5. 

49



pH-adjustment and scrubbing of the precipitate 
The pH of the fly ash leachate (Le) was adjusted to pH 12.0–12.8 prior to the 
liquid-liquid extraction and rubidium recovery. A 1–6 mol L-1 sodium hydrox-
ide (NaOH) or ammonium hydroxide (NH4OH) solution was added into the Le 
via burette or an Orion 960 titrometer, and pH was measured by a pH meter 
(WTW inolab pH/cond 720). During pH adjustment, profuse precipitation took 
place. After a desirable pH was achieved, the solid precipitate was removed by 
centrifuge (3,500 rcf for 10 min) and the remaining solution (pHad) was used 
for the liquid-liquid extraction. 

The scrubbing of the precipitate (originating from the pH-adjustment of 30 
mL of OxLe) was performed three times by adding 5 mL of 0.05 mol L-1 of 
NaOH scrubbing solution on top of the separated precipitate and shaken for 10 
min. The solid precipitate was separated from the scrubbing solution by centri-
fuge (3,500 rcf for 10 min), and elemental analysis was performed for the sepa-
rated solution. 

4.4.5 Liquid-liquid extraction 

The organic phase containing 0.5–2.5 mol L-1 of chlorophene (Alfa Aesar, 96.0%) 
in chloroform (VWR International, 99.5%) (CPh/CHCl3) was used for the ex-
traction of rubidium from the pHad. Suitable volumes of aqueous and organic 
phases with different A:O phase ratios were added in a separating funnel and 
mechanically shaken for 5 min. After a few minutes, the phases settled, and the 
heavier loaded organic phase was separated from the aqueous phase by drain-
ing it into a new container. The new fresh organic phase was added into the 
separating funnel and the procedure was repeated 1–6 times. Finally, the organ-
ic phases were combined into a new separation funnel. 

Rubidium was extracted from the organic phase by adding 0.01–1 mol L-1 
of a hydrochloric acid solution with different A:O phase rations into the funnel 
with the loaded organic phase, and the mixture was shaken for 5 min before 
settling and the separation of the phases. The pH adjustment and the liquid-
liquid extraction was repeated until satisfactory pure extract was accomplished. 

In a few experiments, there was an additional scrubbing stage of the load-
ed organic phase. In the scrubbing stage, different aqueous scrubbing solutions 
were added into the separating funnel with the loaded organic phase with dif-
ferent A:O phase rations. The mixture was shaken for 3–5 min before settling 
and the separation of the phases.  Used scrubbing solutions were 0.01, 0.03, 0.04, 
and 0.05 mol L-1 of sodium hydroxide and 0.1 mol L-1 of ammonium hydroxide. 
After this, rubidium was extracted from the organic phase as described before. 
Figure 8 shows a schematic presentation of the liquid-liquid procedure with an 
additional scrubbing stage. 

The rubidium and matrix element concentrations in the aqueous phases 
were measured by ICP-MS and ICP-OES after appropriate dilutions. The rubid-
ium and matrix element concentrations in the organic phase were calculated 
from the difference between the element concentration in the aqueous phase 
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before and after extraction. All the experiments were carried out at room tem-
perature (20 ± 2 °C). 
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FIGURE 8 Presentation of the liquid-liquid extraction process. 

4.4.6 Sorption experiments 

In this study, 3D-printed nylon-based potassium copper(II) hexacyanoferrate 
(KCuFC)  functional filters were employed for selective recovery of rubidium 
from synthetic samples mimicking acid leached fly ash after oxalic acid recov-
ery and pH-adjustment (SynpHad). The elemental concentrations in synpHad 
are listed in table 14. The sorbent was known to decompose in strongly acidic 
and basic conditions. The pH of the sample was adjusted to 10 with a 6 mol L-1 
NaOH solution to precipitate most of the matrix elements from the solution 
without damaging the sorbent during elution. 

TABLE 14  Concentrations (mg L-1) of rubidium and major matrix elements in the synthet-
ic sample, SynpHad. 

Element Concentration (mg L-1) 

Rb 6.21 

Al 44.0 

Ca 2.83 

Mg 10.9 

Na 8.86 

Cu 3.54 

K 308 

The functional filters were prepared in two steps: first, the synthesis of the 
KCuFC, and second, the printing the functional filters. The schematic presenta-
tion of the procedure is shown in figure 9. The KCuFC sorbent was prepared by 
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adding, slowly and simultaneously, 450 mL 0.5 mg L-1 Cu(NO3)2 and 300 mL 0.5 
mg L-1 K4Fe(CN)6 to preheated (55 °C) water of 200 mL. The mixture was left in 
a beaker overnight at 55 °C with stirring, and after 16 hr, the solid sorbent was 
separated from the slurry by centrifuge (5 min, 3,000 rcf, washed with water 
and dried at 55 °C). 

The 3D-printing of the functional filters was done by using the Sharebot 
SnowWhite SLS 3D-printer. Filters were manufactured using a 0.1 mm layer 
thickness with a temperature of 165 °C and by utilizing 40% laser power (from a 
maximum of 40 W) at 2,560 mm s-1. The printed filters were squeezed into the 
bottom of 10 mL syringes before use. The KCuFC content in the filter was 10% 
and the used matrix was inert nylon. 

FIGURE 9 Schematic presentation of the preparation of the functional filters. 

The loading capacity of the filter ( approx. m = 0.6 g, V = 1.1 mL) was test-
ed by passing 500 mL of 100 mg L-1 of Rb solution through the filter at a flow 
rate of 10 mL min-1. The Rb solution was diluted from a 1,000 mg L-1 solution 
manufactured by dissolving 0.7074 g of RbCl(s) (Cerac, 99.9%) to 1 L of ultra-
pure water. The same Rb solution was passed through the filter 10 times, and 
the loaded filter was rinsed with 60 mL of ultra-pure water. The loaded rubidi-
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um was extracted from the filter by eluting 10 mL of 1 mol L-1 of NH4NO3 solu-
tion 20 times through the filter. 

In the recovery of rubidium from synthetic samples, water was first rinsed 
through the functional filter a few times before use. It was observed in earlier 
experiments that the best Rb recovery was gained by using a diluted sample. 
Therefore, the filter was loaded by passing 10 mL of a tenfold diluted synthetic 
sample through the filter. The same 10 mL sample was passed through the filter 
five times at a speed of 10 mL min-1. After loading, the filter was rinsed again 
with 30 mL of ultra-pure water to diminish the content of matrix elements in 
the final eluent. Finally, rubidium was eluted from the filter by a 1 mol L-1 
NH4Cl solution. 

Rubidium and matrix element concentrations in the aqueous phases were 
measured by the ICP-MS PerkinElmer NexIon 350D and ICP-OES PerkinElmer 
Avio 500 after suitable dilutions. Rubidium and matrix element concentrations 
in the solid sorbent were calculated from the difference between the element 
concentration in the aqueous phase before and after extraction and elution. Ex-
traction efficiency was calculated with equation 2. All the experiments were 
carried out at room temperature (20 ± 2 °C). 
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5 RESULTS AND DISCUSSION 

5.1 Development of the analysis methods 

5.1.1 MLR method for ICP-OES 

Measurement of low concentration of rubidium by ICP-OES in the presence of 
other alkali and earth alkali metals is challenging due to the ionization interfer-
ences. Rubidium has only two noteworthy analytical wavelengths at 780.023 
and 420.185 nm, from which the first one is mostly used due to the poor sensi-
tivity of the latter. Radial plasma viewing is not prone to ionization interfer-
ences but cannot detect low concentrations of rubidium. In addition, the effect 
of the interference of argon emission on radial measurements is severe as can be 
seen in figure 10. Axial plasma viewing is very sensitive but suffers interfer-
ences caused by EIE elements. When measuring a low concentration of rubidi-
um from samples where the Na/Rb concentration ratio can be over 1,500, axial 
measurement is the only option to reach the required sensitivity, but the ioniza-
tion interferences must be corrected. 

The multiple linear regression (MLR) method was applied for creating a 
correction equation that compensates for the increase of the intensities meas-
ured by axial plasma viewing. In 19 synthetic samples, the measured rubidium 
concentrations were 127-277% compared to the added rubidium concentrations. 
From the suspected interference elements (Na, K, Ca, Mg, and Fe), only sodium 
and calcium had a significant effect on the measured concentrations of rubidi-
um. The concentration ranges where the equation can be applied were 1-5 mg L-

1 for Rb, 15-1,615 mg L-1 for Na, and 10-1,010 mg L-1 for Ca. The correction equa-
tion was: 

y = 0.401[Rb] - 0.0007[Na] - 0.00058[Ca] + 1.11 

Symbols [Rb], [Na], and [Ca] represent measured concentrations of elements Rb, 
Na, and Ca. Correction equation was assumed to be valid for rubidium deter-



minations by ICP-OES Optima 8300 with the same method for longer period, 
and update before each measurement sequence was not needed. 

The effect of the correction of the synthetic samples can be seen in figure 
11. After correction, the measured rubidium concentrations were 78-155% com-
pared to the added rubidium concentrations, and they had no significant differ-
ence at a 95% level of confidence according to Student’s paired t-test.

FIGURE 10 Effect of the interference of argon emission on the radial (left) and axial (right) 
measurements of 5 mg L-1 of rubidium. The vertical line represents the rubidi-
um’s emission wavelength of 780.023 nm. 
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FIGURE 11 Recoveries of rubidium before and after MLR correction with 19 synthetic 
samples. 
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The correction equation was tested on three synthetic oxalic acid leachate 
(samples 1-3) and two real samples originating from rubidium recovery tests 
(samples 4 and 5). The real samples were from rubidium recovery tests where 
sample treatment often leads to high sodium concentrations (table 15). Samples 
1-3 had moderate Na concentrations, and high other EIE concentrations. Sample
4 had a very high Na concentration and lower concentrations of other EIEs.
Sample 5 had low concentrations of Na and Ca but high concentrations of other
matrix elements. Samples were diluted so that the concentrations of MLR model
samples would cover concentrations of rubidium and most of the matrix ele-
ments in the samples. In samples 3 and 5, the Na concentration was lower than
the concentration area in the MLR model, and in sample 4 the Na concentration
was over the area. Samples 4 and 5 also had very low Ca concentrations.

The results of MLR correction on samples 1-5 measured by the ICP-OES 
Optima 8300 are presented in table 16. Corrected values were compared to ru-
bidium values of the added Rb concentrations (samples 1-3) and to the values 
determined by the accurate GFAAS method (samples 4 and 5). The reliability of 
the GFAAS method is verified in chapter 5.1.2. With real samples, recoveries of 
rubidium were 68–322% before correction and 96-114% after correction. The 
correction equation was very useful at the concentration ranges of the synthetic 
MLR samples, resulting in recoveries of 97-107%, and even when the Na con-
centration was under or over the MLR area, the correction gave satisfactory re-
coveries for rubidium. The feasibility of the correction equation on low rubidi-
um concentration (< 1 mg L-1) were also tested, but the MLR model gave exces-
sively low values for rubidium. 

TABLE 15 Concentration of rubidium and interfering elements (mg L-1) in 3 synthetic 
samples (1-3) and 2 real samples (4-5) (Rb concentrations in real samples 
measured by GFAAS). Concentrations in italics are the matrix element values 
resulting outside the MLR concentration area. 

Rb Na Ca 

Sample 1 3.20 20 700 

Sample 2 3.70 20 700 

Sample 3 2.60 101 350 

Sample 4 2.75 2,1902 0.211 

Sample 5 1.62 2.411 0.531 

(1) Concentration under MLR area, (2) concentration over MLR area 
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TABLE 16 Recoveries of rubidium from 3 synthetic samples and 2 real samples before and 
after MLR correction. Recoveries are calculated by comparing ICP-OES results 
to added Rb concentrations (samples 1-3) and to concentrations obtained by 
GFAAS measurements (samples 4 and 5). 

Before correction After correction 

Conc. Recovery Conc. Recovery 

(mg L-1) (%) (mg L-1) (%) 

Sample 1 6.31 197 3.22 101 

Sample 2 7.26 196 3.60 97 

Sample 3 4.67 180 2.77 107 

Sample 4 8.87 322 3.13 114 

Sample 5 1.10 68 1.55 96 

5.1.2 GFAAS method 

Optimization of the temperature program 
Careful optimization of the temperature program is needed to ensure reliable 
results in GFAAS measurements when a new measuring method is created. The 
aim is to produce smooth and symmetric absorption signals with adequate peak 
height. Absorption of rubidium was measured after different pyrolysis and at-
omization temperatures from two test samples from liquid-liquid extraction 
experiments. Sample 1 was the raffinate of the pHad solution after extraction of 
Rb, and sample 2 was the stripping solution (1 mol L-1 HCl) after stripping Rb 
from the organic phase (1 mol L-1 chlorophene in CHCl3). Samples were diluted 
700–2,000 times, and the acid background was adjusted to 1% nitric acid (m/v, 
puriss p.a., ≥65%) before measurements. 

The optimal pyrolysis temperature was determined by varying the pyrol-
ysis temperature from 600 to 1,000 °C, while the atomization temperature was 
constant at 1,800 °C. In the optimization of atomization, the pyrolysis tempera-
ture was kept at 700 °C, while the atomization temperature variated from 1,600 
to 1900 °C. Pyrolysis and atomization curves for the two samples were con-
structed from the result (figure 12).  

A pyrolysis temperature of 700 °C and atomization temperature of 
1,800 °C produced the maximum integrated absorbance with the desirable ab-
sorption band shapes with both samples. Table 11, on page 45 shows the select-
ed parameters for GFAAS measurements. 

57



600 800 1000 1200 1400 1600 1800 2000

0.08

0.09

0.10

0.11

0.12

0.13

0.14

A
b
s
o
rb

a
n
c
e

Temperature (oC)

 Pyrolysis

 Atomization

600 800 1000 1200 1400 1600 1800 2000

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.19

0.20

0.21

A
b
s
o
rb

a
n
c
e

Temperature (oC)

 Pyrolysis

 Atomization

FIGURE 12 Pyrolysis and atomization curves of sample 1 (right) and sample 2 (left) by 
GFAAS. Integrated absorbances of rubidium are displayed as a function of 
temperature by changing pyrolysis and atomization temperatures. 

The optimized GFAAS method was tested on three synthetic samples, 
whose rubidium concentrations were known. In sample 1, the added Rb con-
centration was 20 µg L-1. Sample 2 had 5 µg L-1 of Rb with 10 mg L-1 of Na. 
Sample 2 expresses the concentration ratio of Rb and Na (1:2,000) in the pHad 
solution. Sample 3 was diluted from a synthetic sample mimicking the oxalic 
acid leachate in a way that the Rb concentration was 8 µg L-1. Two replicates 
were manufactured from every sample and the average and relative standard 
deviation are shown in Table 17. The deviations of the measurements were un-
der 5%, and recoveries of rubidium were between 90–101%. Therefore, the op-
timized GFAAS method can be considered as suitable for Rb analysis in fly ash 
derived samples with good accuracy. 

TABLE 17 Added concentrations of Rb and some matrix elements of three synthetic sam-
ples and values of rubidium measured by GFAAS. Concentrations diluted to 
the calibration area are shown. The measured concentrations are reported as 
average and standard deviation of two replicates. In addition, recoveries in 
percent are shown. 

Added Rb 
(µg L-1) 

Other elements 
(mg L-1) 

Measured Rb 
(µg L-1) 

Recovery 
(%) 

Sample 1 20 - 20.2 ± 0.3 101 

Sample 2 5 Na 10 4.935 ± 0.007 99 

Sample 3 8 
Ca 1.75;  K 0.15;  Mg 0.15; 

Al 0.6;  Fe 0.85 
7.2 ± 0.3 90 

58



Characteristic mass of rubidium 
THGA tubes with end caps increase sensitivities and improve detection limits 
compared to THGA tubes without end caps.100 There are table values for char-
acteristic masses with THGA tubes with end caps for some elements, but no 
information about the characteristic mass of rubidium with end caps is availa-
ble. Characteristic mass with end caps for rubidium was determined during this 
study. 

The characteristic mass was calculated from absorbance of measured 4 µg 
L-1 Rb standard solutions with equation 5. Data was collected from the calibra-
tion data measured during experiments. The sample volume was 20 µL. Table
value for rubidium’s characteristic mass with TGHA and EDL-lamp reported
by PerkinElmer was 10.0 pg. Unfortunately, there are no reported values avail-
able for characteristic mass for TGHA with end caps. Rubidium’s characteristic
mass was calculated from 24 individual measurements. All the values were
within 11% of the average value of 4.2 pg. End caps on the TGHA tubes im-
prove sensitivity about 2–3 -fold. For other elements (Ag, Al, As, Au, Be, Bi, Cd,
Co, Cr, Cu, Fe, Ga, Ge, In, Ir, Mg, Mn, Ni, P, Pb, Pd, Pt, Rh, Sb, Se, Si, Sn, Te, Tl,
and V), a decrease on the characteristic masses from 0 to 55% has been reported
earlier,100 and in this study, a 58% decrease on characteristic mass of rubidium
was determined.

5.1.3 Comparison of the analysis methods 

Three different measuring methods were used for the determination of rubidi-
um. In the preliminary experiments, rubidium content was determined by ICP-
OES, but high concentrations of other EIE elements interfered with accurate 
measurements. During experiments, lower and lower concentrations of rubidi-
um needed to be measured accurately from samples with high matrix content, 
and the detection limits of ICP-OES methods were not satisfactory enough. 
Next, GFAAS was used for the determination of rubidium, and it turned out to 
be a very sensitive method with an MDL value over 100 times lower than with 
axial ICP-OES. Unfortunately, the GFAAS technique was slow and problems in 
reproducibility were observed, especially during summer months and higher 
humidity, so when ICP-MS came available for use, it was selected as the meth-
od for determination of rubidium. Table 18 shows correlation coefficients, dif-
ferent detection limits (mg L-1), and RSD (%) ranges for rubidium with three 
different measuring methods: ICP-OES, GFAAS, and ICP-MS. From the table, it 
can be seen, that the GFAAS technique has the lowest detection limits, but ICP-
MS has the best calibration correlation coefficients and reproducibility. 

Accuracy of the ICP-OES method with the MLR model was verified by 
comparing measured Rb concentrations of synthetic and real samples on the 
concentrations obtained by GFAAS (table 15). Recoveries of Rb were 96–114% 
even outside the concentration area of the matrix elements in the MLR model. 
By determining rubidium concentration from synthetic samples with different 
matrices imitating real samples from rubidium’s recovery experiments, the ac-
curacy of the GFAAS method was verified (table 17). Recoveries were between 
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90 and 101%. Accuracy of the ICP-MS method was established by determining 
Rb concentration from standard reference material, SRM1633c with 99% recov-
ery (table 19). The relative standard deviation of four replicates was 4%. 

TABLE 18  Wavelengths and isotopes used in three different measuring methods for de-
termination of rubidium as well as correlation coefficients (r) of external cali-
brations, limits of detection (µg L-1), limits of quantifications (µg L-1), instru-
mental detection limits (µg L-1), method detection limits (µg L-1), and RSD val-
ues (%) for  short- and long-term reproducibility of the measurements. 

ICP-OES Optima 8300 

Plasma 
viewing 

Wavelength r LOD LOQ IDL MDL RSDS(1) RSDL(2)

nm µg L-1 µg L-1 µg L-1 µg L-1 (%) (%) 

Radial 780.023 0.9999 570 1,680 410 550 3.02 3.66 

Axial 780.023 0.9998 65 88 11 52 1.77 2.99 

GFAAS AAnalyst 800 

Wavelength r LOD LOQ IDL MDL RSDS(1) RSDL(2)

nm µg L-1 µg L-1 µg L-1 µg L-1 (%) (%) 

780.023 0.9990 0.094 0.30 0.090 0.093 2.91 4.29 

ICP-MS NexION 350D 

Isotope Abundance r LOD LOQ IDL MDL RSDS(1) RSDL(2)

(%) µg L-1 µg L-1 µg L-1 µg L-1 (%) (%) 

85 72.17 0.99999 0.47 1.30 0.36 6.59 1.03 1.41 

87 27.83 0.99999 0.80 2.39 0.68 12.7 0.72 1.68 
(1) Short-term relative standard deviation, n = 4
(2) Long-term relative standard deviation, n = 15

5.2 Comparison of digestion and leaching methods for fly ash 

Two digestion methods, ultrasonic-assisted digestion (modified from Ilander 
and Väisänen109) and microwave-assisted digestion (modified from EPA meth-
od 3052110), were applied for the determination of rubidium from fly ash. The 
microwave-assisted digestion method was verified by standard reference mate-
rial SRM 1663c coal fly ash and applied for real fly ash with fuel content of 50% 
of peat and 50% of wood residue. The microwave digestion method was com-
pared to the ultrasonic-assisted digestion and oxalic acid leaching of the real fly 
ash. The rubidium, potassium, and cesium  concentrations of the digested and 
leached samples were determined by ICP-MS NexION 350D and other elements 
by ICP-OES Avio 500. 

The concentrations of rubidium and major matrix elements after micro-
wave digestion are shown in table 19. The digestion method worked well with 
90-102% recoveries for certified elements apart from Ti, which had a recovery of
86%.  Recoveries of elements of informational values deviated more from the
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table values with recoveries of 81-103%. Recovery of sulfur was exceptionally 
high in the MW digested samples (recovery of 198%), which can originate from 
contamination of the samples. The recovery of rubidium was at a desirable level, 
99%. The same digestion method was applied for digestion of real fly ash from 
power plant A with 50% peat and 50% wood residue as a fuel. Real fly ash dif-
fers from certified coal fly ash with its lower concentration of heavy metals and 
higher concentration of some alkali and alkaline earth metals as seen in table 19. 
Real fly ash has a rubidium concentration similar to certified coal fly ash.  

TABLE 19  Comparison of the elemental concentration of SRM 1663c coal fly ash and real 
fly ash from power plant A with fuel content of 50% of peat and 50% of wood 
residue using microwave (MW) digestion method. The measured concentra-
tions are reported as average concentrations and ± standard deviation (s.d.) of 
four replicates. ICP-MS NexION 350D and ICP-OES Avio 500 were used for 
the elemental analysis. 

SRM 1663c Real fly ash 

Element Determined conc. Certified conc. Recovery Determined conc. 

mg kg-1 mg kg-1 (%) mg kg-1 

Rb 115.7 ± 3.8 117.42 99 114 ± 3 

m(%) m(%) (%) m(%) 

Al 12.8 ± 0.3 13.28 97 6.6 ± 0.1 

Ba 0.1045 ± 0.0015 0.113 93 0.12 ± 0.04 

Ca 1.30 ± 0.02 1.365 96 11.1 ± 0.2 

Fe 10.3 ± 0.3 10.49 99 6.36 ± 0.09 

K 1.66 ± 0.03 1.773 93 2.6 ± 0.1 

Mg 0.448 ± 0.006 0.498 90 1.39 ± 0.04 

Na 0.174 ± 0.004 0.171 102 1.22 ± 0.04 

S 0.218 ± 0.005 0.11* 198 1.435 ± 0.015 

Si 20.4 ± 1.1 21.3* 96 6 ± 3 

Ti 0.6212 ± 0.0014 0.724 86 0.215 ± 0.007 

P 0.186 ± 0.005 0.192* 97 1.097 ± 0.008 

mg kg-1 mg kg-1 (%) mg kg-1 

Cr 209 ± 7 258* 81 65.6 ± 0.2 

Cu 158 ± 8 173.7 91 93.4 ± 0.2 

Mn 221 ± 5 240.2 92 3,617 ± 7 

Sr 906 ± 7 901 101 737.9 ± 1.3 

Zn 235 ± 9 235* 100 522.0 ± 1.1 

Cs 9.70 ± 0.13 9.39* 103 2.53 ± 0.07 
*Reference values, not certified 

The first step in the recovery process of rubidium is to perform oxalic acid 
leaching of the fly ash to liberate most of the valuable elements of the ash. The 
development of oxalic acid leaching has been described earlier and was not a 
part of this study. Elemental content and recoveries of microwave (MW) digest-
ed, ultrasonic (US) digested, and oxalic acid leached fly ash with a fuel content 
of 50% of peat and 50% of wood residue are presented in table 20. 
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TABLE 20  Elemental content of real fly ash from power plant A with a fuel content of 50% 
of peat and 50% of wood residue using the microwave (MW) digestion method, 
ultrasonic (US) digestion method, and oxalic acid leaching. The measured con-
centrations are reported as average and ± standard deviation (s.d.) of four rep-
licates. Recoveries of the US digestion method and the oxalic acid leaching are 
calculated from MW digestion results. ICP-MS NexION 350D and ICP-OES 
Avio 500 were used for the elemental analysis. 

MW digestion US digestion Oxalic acid leaching 

Element Conc. Conc. Recovery Conc. Recovery 

mg kg-1 (%) mg kg-1 (%) 

Rb 114 ± 3 84.9 ± 1.5 75 60.7 ± 0.9 53 

m(%) m(%) m(%) 

Al 6.6 ± 0.1 4.06 ± 0.03 62 2.84 ± 0.04 43 

Ba 0.12 ± 0.04 0.059 ± 0.001 48 0.0038 ± 0.0001 3 

Ca 11.1 ± 0.2 10.78 ± 0.07 98 0.31 ± 0.02 3 

Fe 6.36 ± 0.09 6.6 ± 0.2 104 5.23 ± 0.08 82 

K 2.6 ± 0.1 1.7 ± 0.2 62 1.00 ± 0.03 38 

Mg 1.39 ± 0.04 1.38 ± 0.01 100 1.04 ± 0.02 75 

Na 1.22 ± 0.04 0.48 ± 0.01 39 0.27 ± 0.01 22 

S 1.435 ± 0.015 1.65 ± 0.03 115 1.486 ± 0.012 104 

Si 6 ± 3 2.01 ± 0.09 30 2.46 ± 0.02 42 

Ti 0.215 ± 0.007 0.1302 ± 0.0015 60 0.0672 ± 0.008 27 

P 1.097 ± 0.008 1.221 ± 0.015 111 1.078 ± 0.010 112 

mg kg-1 mg kg-1 (%) mg kg-1 (%) 

Cr 65.6 ± 0.2 86 ± 4 130 29.1 ± 0.5 44 

Cu 93.4 ± 0.2 114.6 ± 1.3 123 54 ± 4 58 

Mn 3,617 ± 7 4,220 ± 40 117 2,800 ± 90 79 

Sr 737.9 ± 1.3 690 ± 7 93 183 ± 7 25 

Zn 522.0 ± 1.1 538 ± 7 103 299 ± 11 57 

B - 153 ± 5 - 114.8 ± 1.3 - 

Cs 2.53 ± 0.07 1.86 ± 0.03 73 1.260 ± 0.012 50 

Results obtained with US-assisted digestion were comparable to MW-
assisted digestion for several elements (Rb, Cs, Ca, Fe, Mg, S, P, Cr, Cu, Mn, Zn) 
with recoveries of 73-130%. For some elements (Al, Ba, K, Na, Si, Ti) US-assisted 
digestion was not as efficient, with recoveries approximately half compared to 
MW-assisted digestion. One reason for this is the higher concentration of hy-
drofluoric acid used in MW-assisted digestion, enabling effective digestion of 
silicates. 

Oxalic acid leaching recovered 53% of rubidium from real fly ash samples. 
Recoveries of most matrix elements were between 22–76%, but sulfur and 
phosphorous had higher recoveries. Barium and calcium had very low recover-
ies due to the possible precipitation of barium and calcium oxalate. Due to the 
addition of boric acid into the samples during microwave digestion, the boron 
concentration in those samples is not determined, and in table 20, the recoveries 
for boron cannot be calculated. 
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5.3 Rubidium in fly ash 

Five different fly ash samples of different fuel contents of peat and wood resi-
due were evaluated by their elemental content and particle size. US-assisted 
digestion was used for sample digestion since MW-assisted digestion was not 
available at this time. Fly ash samples originate from two different Finnish en-
ergy power plants (plant A and plant B), and their fuel composition varied from 
30–100% of peat and 30–70% of woody biomaterial. Concentrations of rubidium 
and major matrix elements are shown in table 21.  

Rubidium concentrations in fly ash varied from 27 to 94 mg kg-1 when 
peat or wood residue is used as a fuel (table 21). The highest rubidium concen-
trations were in ashes originating from 50% of peat and 50% of wood residue, 
and the lowest concentration of rubidium was produced when only peat was 
used as a fuel. However, the fly ash sample originating from the highest wood 
residue content (B) P30:W70 had only 63% of the rubidium content compared to 
the fly ash from (B) P50:W50 fuel content. The rubidium concentration in MW-
assisted digested (A) P50:W50 ashes (114 mg kg-1) was 27% higher than in 
Earth’s crust (90 mg kg-1). This shows that rubidium is slightly concentrated in 
fly ash (A) P50:W50, and when rubidium recovery is combined with recovery of 
other elements, such as REEs and PGMs, fly ash has potential as alternative ru-
bidium source. Additionally, fly ash needs less pretreatment than ores in hy-
drometallurgical recovery process. 

TABLE 21  Concentrations of rubidium (mg kg-1) and major matrix elements (m%) in fly 
ash samples with different fuel compositions from two different power plants 
(plant A and plant B). The concentration of rubidium was determined by ICP-
MS NexIon 350D and matrix elements by ICP-OES Avio 500 after US-assisted 
digestion. 

Element 
(A) 
P50:W50 

(A) 
P100 

(B) 
P30:W70 

(B) 
 P50:W50 

(B) 
P70:W30 

Rb 87.2 26.9 58.7 93.6 40.0 

Na 0.63 0.30 0.48 0.57 0.37 

K 1.76 0.50 1.03 1.54 0.55 

Mg 1.29 1.30 0.61 1.28 0.61 

Ca 8.53 16.40 3.26 9.63 3.75 

Fe 5.79 6.76 2.42 4.74 4.03 

Al 4.50 4.02 2.82 4.58 3.65 

Si 2.64 3.20 3.86 3.30 1.59 

P 1.17 0.71 0.35 1.21 2.17 

S 1.41 1.61 0.10 0.56 1.92 

Major matrix elements were quite evenly distributed, except for the fly ash 
of 100% peat (P100%), which had lower concentrations of alkali metals and a 
significantly higher concentration of calcium compared to the ashes originating 
from other fuel contents. Carbon content was above the detection limit only in 
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samples originating from power plant B, suggesting differences in the burning 
processes in the two power plants. Due to the too low concentration of HF in 
the digestion solution, silicon was dissolved only partially. 

To investigate rubidium’s distribution on different sized ash particles, five 
different ash samples were sieved into six fractions by their size. Figure 13 pre-
sents ash fractions of five fractionated fly ash samples. Distribution of different 
fly ash samples by their particle size on different mass fractions depends highly 
on the type of the electric precipitator of the power plant and the material used 
as fuel. In two samples originating from power plant A, the particle size distri-
bution of fly ash is very similar even though the fuel composition is quite dif-
ferent. Most of the fly ash particles have a diameter of 32–45 µm, and 64–76% of 
the particles are smaller than 45 µm. Only 0.06% or less of the plant A fly ash 
particles were larger than 250 µm. 

The particle size distribution of fly ash samples from power plant B differ 
considerably from each other. Fly ash samples with fuel compositions of 
P30:W70 and P70:W30 were quite evenly distributed into different size fractions. 
Over half of the fly ash particles were larger than 63 µm. The particle size dis-
tribution of fly ash sample P50:W50 differed considerably from other ashes 
from the same power plant. Nearly half of the particles were smaller than 32 µm. 
In addition, the samples with the same fuel composition originating from dif-
ferent power plants differed remarkably. It can be seen from the results that 
both, the type of the burning process and the type of the biomaterial used as 
fuel, have an effect on the particle size of the fly ash. 
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FIGURE 13 Mass fractions of five fractionated fly ash samples from the power plant (A) 
and power plant (B). 
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Fractioned fly ash samples were digested with the US-assisted digestion 
procedure, and the distribution of rubidium and matrix elements into different 
sized particles was determined. Concentrations of rubidium (mg kg-1) in differ-
ent particle size fly ash fractions are shown in table 22.  

Highest rubidium concentrations were found in the largest fly ash parti-
cles in sample P50:W50 from power plant A, but in samples from power plant B, 
the highest rubidium content was in the smallest particles. By utilizing only the 
smallest particles (< 32 µm) of the fly ash from power plant B, the concentration 
of rubidium can be elevated 113-154% compared to the non-sieved ashes. This 
fraction covers 8-46% of the total mass of the fly ash and 12-51% of the total ru-
bidium content. On the contrary, in a fly ash sample originating from power 
plant A using 50% peat and 50% wood residue as fuel, 126 % of rubidium was 
concentrated into the large-size ash particles (63-250 µm). This fraction was 24% 
of the total mass of the fly ash and it had 30 % of the total rubidium content. 
Distribution of rubidium into different particle size fractions was rather even 
with fly ash originating from 100% peat. 

TABLE 22  Concentrations of rubidium (mg kg-1) in different particle size fractions in dif-
ferent fly ash samples from power plant (A) and power plant (B). Concentra-
tions in bold are above-average concentrations before sieving and indicate 
when rubidium becomes concentrated. 

Size fraction (µm) 
(A) 
P50:W50 

(A) 
P100 

(B) 
P30:W70 

(B) 
P50:W50 

(B) 
P70:W30 

250 < - - - - 41.0 

125-250 122.0 26.5 45.9 80.3 31.2 

63-125 105.9 20.7 48.9 77.3 32.6 

45-63 86.0 25.0 65.4 88.6 42.7 

32-45 84.6 29.2 71.8 90.1 38.0 

< 32 71.5 26.3 91.7 106.1 57.5 

Before sieving 87.2 26.9 58.7 93.6 40.0 

Table 23 presents the concentration of matrix elements in different particle 
size fractions with fly ash sample (A) P50:B50. The distribution of alkali metals 
other than rubidium is quite even between different sized fly ash particles. 
Nevertheless Ca, Mg, Fe, P, and S are mostly concentrated into small particles. 

Quite even distribution of rubidium occurs between different sized ash 
particles and heterogeneity of the materials used as a fuel reduces the benefit of 
sieving. If the peat and wood residue is always collected from the same source 
and the fuel material stays consistent, it is possible to define the size fraction 
where rubidium could concentrate. Unfortunately, this is rarely the case when 
peat or wood are harvested. 
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TABLE 23  Concentrations of major matrix elements (m%) in fly ash sample (A) P50:W50 
after and before sieving. Concentrations in bold are above-average concentra-
tions before sieving and indicate when matrix elements become concentrated. 

Size 
fraction 
(µm) Na K Mg Ca Fe Al Si P S 

125 < 0.47 1.98 0.94 1.98 2.78 3.40 2.35 0.43 0.21 

125-63 0.67 2.02 0.94 2.02 3.35 4.00 2.38 0.48 0.57 

45-63 0.80 1.87 1.10 1.87 5.06 4.72 2.64 0.67 0.68 

32-45 0.60 1.73 1.46 11.55 7.00 4.83 2.94 1.36 1.70 

< 32 0.57 1.50 1.45 13.30 6.53 4.33 2.35 1.78 2.17 

Before 
sieving 

0.63 1.76 1.29 8.53 5.79 4.50 2.64 1.16 1.41 

5.4 Leaching of fly ash and pretreatment of the leachate 

A significant amount of rubidium can be leached from fly ash by oxalic acid 
solution. Furthermore, the oxalic acid can be recovered as an oxalate after the 
leaching. The leached rubidium can be separated from other elements by liquid-
liquid extraction, but first, it is necessary to adjust the pH of the solution to an 
appropriate level. 

5.4.1 Oxalic acid leaching and recovery of oxalate 

The oxalic acid leaching procedure is part of a patented method for processing 
fly ash, and the method has been optimized for rare earth elements (REEs) and 
platinum group metals (PGMs).108 Rubidium is also leached from the fly ash 
during oxalic acid leaching with a 54% recovery and can be recovered from the 
leachate after recovery of REEs and PGMs. This was the basis for this study, 
and recovery of rubidium from the oxalic acid leachate was the aim. 

After oxalic acid leaching of the fly ash, it is possible to recover oxalic acid 
from the leachate. Oxalic acid can be recovered as calcium oxalate and precipi-
tated by adding an excess of calcium nitrate to the leachate. This leads to an in-
crease in the calcium concentration in the solution after extraction of the precip-
itated calcium oxalate. It was discovered in the early experiments that an excess 
of calcium in the leachate interfered with the pH-adjustment, and most of it 
stayed with rubidium during liquid-liquid extraction all the way to the final 
product. By adding a suitable amount of calcium nitrate into the leachate, some 
of the oxalate can be recovered as calcium oxalate without increasing calcium 
concentration in the solution. With this method, 10% of the total oxalate in the 
solution can be recovered as calcium oxalates, but further development of the 
method would be needed to reach higher oxalate recoveries. This was outside 
the scope of this thesis. 
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In the following experiments, 3 g of Ca(NO3)2 ∙ 4H2O in 100 mL of oxalic 
acid leachate (OxLe) was used to precipitate calcium oxalate before pH-
adjustment. After separating the solid oxalate from the leachate (Le), the precip-
itate was scrubbed a few times with 1–5 mL of ultra-pure water, and the scrub-
bing solution was added to the Le. The loss of rubidium was not more than few 
percent after precipitation and scrubbing of the oxalate. 

5.4.2 pH-adjustment of the oxalic acid leachate 

It is known from the literature that the extraction efficiency of substituent phe-
nols is best at high pH values. Due to this, the pH of the aqueous Le needs to be 
adjusted to pH 12–13 before liquid-liquid extraction with CPh in chloroform. 
pH-adjustment was performed by adding sodium hydroxide solution into the 
Le solution with vigorous stirring until the desired pH was achieved. During 
pH-adjustment, strong precipitation took place and some of the rubidium co-
precipitated out from the sample solution. The effect of the concentration of the 
NaOH solution on the co-precipitation of rubidium was investigated with six 
different NaOH solutions in a concentration range of 1–6 mol L-1. Recoveries of 
rubidium and major matrix elements after pH adjustment and separation of the 
precipitate are shown in table 24. Recoveries are determined as percentages of 
the elements after and before of the precipitations in the samples.  

TABLE 24 Recoveries (%) of rubidium and major matrix elements from Le after pH-
adjustment and separation of the precipitate. 1–6 mol L-1 NaOH solution was 
used for pH-adjustment. 

NaOH concentration of the pH-
adjusting solution (mol L-1) 

1 2 3 4 5 6 

Increase in the sample volume (%) 64 30 21 15 12 10 

Recoveries (%) 

Rb 74.6 69.9 65.6 64.8 64.1 62.2 

Al 54.2 46.8 36.1 35.2 35.2 33.6 

Ca 0.37 0.42 0.46 0.47 0.81 0.14 

Fe 0.09 0.20 0.25 0.16 0.20 0.12 

K 96.4 86.1 85.2 77.2 77.3 75.0 

Li 82.2 75.7 73.2 69.0 61.7 57.9 

Mg 0.01 0.05 0.15 0.12 0.15 0.09 

B 105 97.2 92.1 89.9 84.5 88.3 

S 94.9 89.2 86.3 86.2 84.2 83.2 

Si 0.43 1.15 2.14 2.16 1.74 1.89 

P 72.1 73.3 78.0 76.3 72.1 73.9 

All matrix elements 40.8 37.5 35.0 33.8 33.2 32.6 

There was a slight increase in the recoveries of rubidium after pH-
adjustment and removal of a precipitate when a more diluted NaOH solution 
was used. Recoveries of rubidium varied from 61% to 76%, but the volume of 
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the sample solution increases dramatically when diluted NaOH solutions were 
used for pH-adjustment. In addition, the final Na content in the pHad samples 
was the smallest when concentrated NaOH solution was used.  During experi-
ments, it was discovered that the speed and volume in which the NaOH solu-
tion was added to the sample had more significant effect on the co-precipitation 
of rubidium than the concentration of the NaOH solution.  In addition, addi-
tional scrubbing steps could improve the recovery of rubidium. As a result, six 
molar NaOH solution was selected for pH adjustment of the oxalic acid leach-
ate of fly ash, and the adjustment was made very slowly with small volumes at 
the time. 

During pH adjustment, most of the matrix elements originating from the 
fly ash precipitate out of the sample presumably as oxalates or hydroxides. On-
ly the most soluble elements, like rubidium, and other alkali metals, sulfur, 
phosphorus, boron, and some of the aluminium, stayed in the solution at high 
pH. 

5.4.3 Scrubbing the precipitate 

After the pH-adjustment, the selective recovery of rubidium could be improved 
by scrubbing the precipitate formed during pH-adjustment.  Preliminary exper-
iments showed that the scrubbing solution should have a similar pH with the 
pH-adjusted sample, and a 0.05 mol L-1 NaOH (pH 12.7) solution was selected 
for this purpose. The scrubbing was performed in three steps to the precipitates 
formed in the previous experiment during pH-adjustment with six different 
concentrations of NaOH solutions. Recovery of rubidium after pH adjustment 
and scrubbing of the precipitate are shown in figure 14.  

The recovery of rubidium is increased from 62% to 79% after three scrub-
bing steps when a 6 mol L-1 NaOH solution was used for pH-adjustment. When 
a 1 mol L-1 NaOH solution was used, recovery of rubidium was 75% before 
scrubbing and 84% after three scrubbing steps. After pH-adjustment and com-
bining scrubbing solutions with sample solutions, the volumes of the samples 
increased to 190-249%. In addition, sodium concentration in the samples in-
creased due to the NaOH content of the scrubbing solutions. 

Because there is no significant increase in the rubidium recoveries after the 
second scrubbing step, the volume and the NaOH content of the sample can be 
diminished by performing only two scrubbing steps or using smaller volumes 
of the scrubbing solution. Also, a scrubbing solution of lower pH and NaOH 
concentrations can be used (0.01-0.04 mol L-1 NaOH solution, pH 12.3-12.6). 

Figure 15 shows three pretreatments for fly ash prior to liquid-liquid ex-
traction. After oxalic acid leaching, 56% of rubidium is recovered, and during 
recovery of oxalate, most of the rubidium stays in the solution. During the pH-
adjustment, a great amount of rubidium can be lost due to the co-precipitation. 
A very slow addition of a NaOH solution, vigorous stirring of the solution, and 
the use of a diluted NaOH solution diminished the co-precipitation. In addition, 
some of the co-precipitated rubidium can be recovered by scrubbing the precip-
itate. Depending on the conditions of the pH-adjustment and the number of the 
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scrubbing stages, 62–84% of rubidium can be recovered from the OxLe after the 
pH-adjustment. 
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5.5 Liquid-liquid extraction 

Substituted phenols are known to have high selectivity towards heavy alkali 
metals.30 p. 96 Although a lot of promising research has been done about the ex-
traction of rubidium and cesium by BAMBP compounds3-7,31, high price and 
poor availability makes these extracting agents less attractive. Chlorophene 
(CPh) has properties similar to BAMBP compounds and is less expensive, 
which makes it a good alternative for the extraction of rubidium. Due to this, 
CPh was selected as the extracting agent. 

In initial experiments, it was discovered that CPh was moderately soluble 
in kerosene and hexane, easily soluble in toluene and xylene, and highly soluble 
in chloroform. Chloroform was selected as the solvent for chlorophene. 

5.5.1 Loading the organic phase 

Effect of the initial pH of the sample on the extraction efficiency 
The effect of pH on extraction of rubidium from the oxalic acid leachate was 
studied by performing liquid-liquid extraction experiments in five different pH 
values of the aqueous phase in a range of pH 12.03-12.80. Concentrations of Rb, 
K, Na, and Cs in the pHad samples are displayed in table 25. In the liquid-
liquid extraction, the A:O phase ratio was 1:1, the concentration of the CPh in 
CHCl3 was 1 mol L-1, and the contact time was 5 min. The percentage extraction 
of rubidium, potassium, sodium, and cesium into the organic phase are shown 
in figure 16 on the left, and separation factors are displayed on right. 

TABLE 25 Concentrations (mg L-1) of Rb, K, Na, and Cs in the pHad samples after pH-
adjustment to five different pH values. 

initial pH Rb K Na Cs 

pH 12.0 2.05 446 17,700 0.035 

pH 12.4 2.06 459 18,000 0.035 

pH 12.6 2.05 455 18,300 0.036 

pH 12.7 2.02 440 18,400 0.035 

pH 12.8 2.05 440 19,400 0.036 

It can be seen from the results that the extraction of rubidium increases 
when the initial pH of the sample increases. The same trend can be observed 
with cesium, but recoveries of potassium and sodium are minor compared to 
their initial concentrations. Despite the pH of the sample solution, the separa-
tion factors of Rb/Cs remained between 0.2 and 0.8. This indicates that the sep-
aration of rubidium and cesium is minor after loading the organic phase. Potas-
sium and sodium clearly separate from rubidium and cesium, but the calculat-
ed separation factors of sodium were negative and are not shown here. When 
determining small concentration differences between two samples by measur-
ing concentrations that are rather high, the result can get lost in the variation of 
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the measured values. This can lead to negative percentage extraction and sepa-
ration factor values that are not real. 
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FIGURE 16 Effect of the initial pH of the aqueous phase on the extraction efficiency (left) 
and on the separation factor, (right). 

At high alkalinity above pH 12.7, the organic phase began to dissolve in to 
the aqueous phase. In figure 17, this can be seen as change in the color of the 
aqueous phase (on top) when the pH is too high. For this reason, the pH of the 
oxalic acid leachate was adjusted to 12.6-12.7 before liquid-liquid extraction. 

FIGURE 17  In the separating funnels on the top are aqueous phases and on the bottom are 
organic phases (1 mol L-1 CPh in CHCl3). Initial pH values of the aqueous 
phases from the left are: (1) 12.0, (2) 12.3, (3) 12.5, (4) 12.6, and (5) 12.8. 
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Effect of the concentration of the extractant in the organic phase on the extrac-
tion efficiency 
Five different concentrations of CPh in the organic phase were applied in the 
liquid-liquid extraction experiments. The A:O phase ratio was 1:1, the pH of the 
aqueous phase was 12.7, the contact time was 5 min, and the concentration of 
the chlorophene in chloroform was between 0.5 and 2.5 mol L-1. Percentage ex-
tractions of rubidium, potassium, sodium, and cesium into the organic phase 
are shown in figure 18, left. The extraction of rubidium was most efficient with 
a chlorophene concentration of 2.5 mol L-1. In addition, the separation of rubid-
ium from sodium and potassium increased when the concentration of CPh in 
the organic phase increased (figure 18, right). However, when using a high con-
centration of CPh in the organic phase, the CPh easily precipitated on the wall 
of the separating funnel. Due to the usability of the organic phase, 1 mol L-1of 
CPh was selected as its concentration. 
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FIGURE 18  Left: Effect of the chlorophene concentration of the organic phase on the extrac-
tion efficiency of Rb, K, Na, and Cs. Right: Separation factors of Rb/K, Rb/Na, 
and Rb/Cs. 

Effect of the A:O phase ratio on the extraction efficiency 
The effect of the aqueous to organic phase ratio on the extraction of rubidium 
into the organic phase was investigated by performing six experiments with 
A:O ratios from 10:1 to 1:5. The used aqueous phase was pHad at pH 12.7 and 
the organic phase was 1 mol L-1 chlorophene in chloroform. Figure 19 shows 
how the extraction efficiency of rubidium improves when the volume of the 
organic phase increases compared to the volume of the aqueous phase. Howev-
er, even when using the A:O ratio of 1:5, the extraction efficiency is under 70%. 
This indicates that multiple steps of extractions are needed for good recovery of 
rubidium.  
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FIGURE 19  Effect of the A:O phase ratio on the extraction efficiency in the loading of the 
organic phase. 

Effect of the number of extraction steps on the extraction efficiency 
The extraction efficiency of rubidium was investigated by performing six exper-
iments with a different number of extraction steps. The used aqueous phase 
was pHad at pH 12.6. The A:O phase ratio was 1:1, and the organic phase was 1 
mol L-1 chlorophene in chloroform. Figure 20, left, shows how the extraction 
efficiency of rubidium improves when the number of extractions increases. Af-
ter the first extraction, 47% of rubidium was loaded into the organic phase, and 
the pH of the aqueous phase dropped to 12.1.  After four extractions, 94 % of 
rubidium was loaded into the organic phase and the extraction efficiency did 
not improve significantly with five or six extractions. The pH of the aqueous 
phases was stabile after the first extraction. The extraction efficiency of cesium 
was high from the first load (92%), but the extraction of other alkali metals was 
significantly lower even after six loading steps (figure 20, left). The extraction 
efficiency of the other major matrix elements (Al, Ca, Fe, Mg, B, S, Si, and P) 
was lower than 1.2%. 

Separation factors for ion pairs Rb/K, Rb/Cs, and Rb/Na are shown in 
figure 20, right. The separation of Rb from Na and K clearly increases, while Rb 
and Cs are hardly separated. The amount of loaded Na is estimated from the 
concentration of the stripping solution rather than calculated from the concen-
trations of the original sample and the raffinate.   
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FIGURE 20  Left: Effect of extraction steps on the extraction efficiency of Rb, K, Na, and Cs. 
Right: Separation factors of Rb/K, Rb/Na, and Rb/Cs. 

5.5.2 Scrubbing of the loaded organic phase 

The efficiency of scrubbing the loaded organic phase before stripping was in-
vestigated with five different scrubbing solutions. The goal was to diminish the 
matrix element content in the final product solutions without great loss in ru-
bidium content. Scrubbing solutions were 0.05, 0.04, 0.03, and 0.01 mol L-1 of 
NaOH solutions and 0.10 mol L-1 of the NH3(aq) solution. The A:O phase ratio 
was 1:4, and the contact time was 3 min. After scrubbing, rubidium was 
stripped from the organic phase by 1 mol L-1 HCl with an A:O phase ratio of 1:4 
and contact time of 5 min. The concentrations and pH values of the scrubbing 
solutions are displayed in table 26, and the schematic presentation of the extrac-
tion procedure is presented in figure 21. 

TABLE 26 Concentrations and pH values of the scrubbing solutions. 

Solution Conc. (mol L-1) pH 

1 NaOH 0.05 12.7 

2 NaOH 0.04 12.6 

3 NaOH 0.03 12.5 

4 NaOH 0.01 12.3 

5 NH3 (aq) 0.10 11.0 

Figure 15 shows three pretreatments for fly ash prior to liquid-liquid ex-
traction. After oxalic acid leaching, 56% of rubidium is recovered, and during 
recovery of oxalate, most of the rubidium stays in the solution. During the pH-
adjustment, a great amount of rubidium can be lost due to the co-precipitation. 
A very slow addition of a NaOH solution, vigorous stirring of the solution, and 
the use of a diluted NaOH solution diminished the co-precipitation. In addition, 
some of the co-precipitated rubidium can be recovered by scrubbing the precip-
itate. Depending on the conditions of the pH-adjustment and the number of the 
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scrubbing stages, 62–84% of rubidium can be recovered from the OxLe after the 
pH-adjustment. 
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FIGURE 21 Schematic presentation of extraction of rubidium. 

Figure 22 (left) shows the extraction efficiency of Rb, K, Na, and Cs from 
the organic phase with five different scrubbing solutions. Sodium contents of 
the scrubbing solutions before scrubbing have been extracted from the results. 
77–92% of sodium and potassium can be extracted with the scrubbing stage, but 
also 20–62% of Rb can be lost. When a more diluted NaOH solution was used 
for scrubbing, more alkali metals transferred into the scrubbing solutions. An 
ammonia solution extracted most rubidium and some cesium due to the low 
pH. When scrubbing with NaOH solutions, cesium stayed firmly in the organic 
phase.  

The separation of rubidium from sodium and potassium is most efficient 
in a 0.05 mol L-1 NaOH solution, while the separation of Rb and Cs is almost 
constant with different NaOH scrubbing solutions. With an ammonia scrubbing 
solution, separation of Rb from other alkali ions is less efficient. Separation fac-
tors of Rb, K, and Cs are displayed in figure 22 on the right. 

Table 27 shows the amounts of major matrix elements (Al, Ca, Fe, K, Mg, 
Mn, Na, S, P) and rubidium that are transferred from the loaded organic phase 
into the stripping solutions after different scrubbing stages. The scrubbing of 
potassium and sodium is quite efficient with all scrubbing solutions, but most 
of the Ca, Fe, S, and P transfers into the stripping solution. Also, 20–50% of Al, 
Mg, and Mn get into the stripping solutions. The transfer of Al, Fe, and Na is 
least efficient with a 0.05 mol L-1 NaOH solution and vice versa with K and Mg. 
The transfer of Mn is the same with all scrubbing solutions, and the transfer of 
Mg varies irregularly from 13 to 40%. The lowest percentage transfer of all the 
matrix elements occured after scrubbing the loaded organic phase with a 0.03 
mol L-1 NaOH solution. 
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FIGURE 22 Extraction efficiencies, E(%) of the scrubbing solutions (left) and separation 
factors  of different ions (right) after scrubbing. (*) notifies that Na concentra-
tions of the unused scrubbing solutions are extracted from the results. 

TABLE 27  Percentage (%) transfer of Rb and the matrix elements from the loaded organic 
phase into the stripping solution after scrubbing with solutions 1-5. 

Scrubbing 
solution 

Rb Al Ca Fe K Mg Mn Na S P Total 

0.05 mol L-1 

NaOH 
80 38 100 88 23 40 19 3.2 100 100 5.3 

0.04 mol L-1 

NaOH 
78 47 100 93 11 13 19 3.7 100 n.d. 5.2

0.03 mol L-1 

NaOH 
74 41 n.d. 90 18 20 19 3.8 100 n.d. 6.2

0.01 mol L-1 

NaOH 
65 51 100 92 16 26 19 4.4 100 100 7.6 

0.1 mol L-1 

NH3 (aq) 
39 26 100 90 18 37 20 8.4 100 100 17 

n.d. = not detected; < LOD

Concentrations of major matrix elements in the stripping solutions, after 
scrubbing the organic phase with different solutions, are shown in table 28. Af-
ter scrubbing and stripping, there are still quite high concentrations of sodium, 
potassium, and iron in the final extractant with all the scrubbing solutions. The 
highest rubidium, sodium, and potassium concentrations in the stripping solu-
tions resulted when a 0.05 mol L-1 NaOH solution was used for scrubbing. Con-
centrations of other matrix elements are minor regardless of the stripping solu-
tion. 

The highest recovery of rubidium after scrubbing and stripping is 
achieved with a 0.05 mol L-1 NaOH scrubbing solution, but 20% of rubidium is 
lost with a scrubbing solution, and the concentration of matrix elements is still 
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almost 50 times higher than rubidium’s concentration. The ratio of rubidium to 
the matrix elements in the stripping solution was the highest with 0.01 mol L-1 
NaOH scrubbing solution, but 35% of Rb is scrubbed away. These results indi-
cate that an efficient scrubbing stage is difficult to execute. 

TABLE 28  Matrix element concentrations (mg L-1) in the stripping solution after scrub-
bing stages with solutions 1-5. 

Scrubbing 
solution 

Rb Al Ca Fe K Mg Mn Na S P Total 

0.05 mol L-1 

NaOH 
1.69 0.37 0.85 5.35 29.0 0.13 0.05 39.4 0.45 4.67 80.4 

0.04 mol L-1 

NaOH 
1.63 0.51 0.14 7.45 24.9 0.06 0.05 36.7 0.36 n.d. 70.1

0.03 mol L-1 

NaOH 
1.57 0.36 n.d. 6.61 24.2 0.05 0.05 27.9 0.29 n.d. 59.4

0.01 mol L-1 

NaOH 
1.38 0.40 0.17 6.41 19.9 0.07 0.05 20.8 0.41 0.20 48.4 

0.1 mol L-1 

NH3 (aq) 
0.83 0.29 0.74 7.51 24.2 0.12 0.05 9.8 0.44 1.84 45.0 

n.d. = not detected; < LOD

5.5.3 Stripping the loaded organic phase 

Effect of the A:O phase ratio on the stripping efficiency 
The A:O phase ratio in stripping of the loaded organic phase was studied by 
performing four experiments with different A:O phase ratios from 1:1 to 1:20. 
Rubidium was stripped from the loaded organic phase by 1 mol L-1 HCl and 
contact time of 5 min. 

Percentage recoveries of rubidium were near 100% with all A:O phase ra-
tios indicating that during stripping, rubidium can be concentrated into a 20 
times smaller volume than the loaded phase. The effect of the A:O phase ratio 
on the extraction efficiency in the stripping of the loaded organic phase is pre-
sented in figure 23. 
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FIGURE 23  Effect of the A:O phase ratio on the extraction efficiency in stripping of the 
loaded organic phase. 

Concentration of the stripping agent 
The efficiency of stripping of the loaded organic phase was investigated with 
four different stripping solutions: 1.0, 0.1, and 0.01 mol L-1 of HCl solution and 
ultra-pure water. The A:O phase ratio was 1:4 and the contact time was 5 min. 
The effect of the concentration of the aqueous stripping solution on the extrac-
tion efficiency of rubidium, potassium, sodium, and cesium is shown in figure 
24. 
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FIGURE 24  Effect of the HCl concentration of the aqueous stripping solution on the extrac-
tion efficiency of rubidium, potassium, sodium, and cesium. 

Recovery of rubidium from the pH-adjusted leachate was over 96% with 
all acidic stripping solutions, but the highest recovery of 99.7% was gained 
when stripping with 0.01 mol L-1 HCl. Stripping rubidium with water produced 
only 62% recovery. Recovery of cesium was also high with all HCl stripping 
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solutions, but recovery decreased dramatically when water was used for strip-
ping. Recoveries of potassium and sodium were very low, but still some matrix 
elements transferred into the stripping solution.  

Table 29 shows the effect of the concentration of the aqueous stripping so-
lution on the concentration of Al, Ca, Fe, K, Na, S, and Rb. Less than 1% of the 
initial amount of the major matrix elements transfers all the way to the final 
stripping solutions regardless of the stripping solution. All the alkali metals 
behave similarly, and most of the loaded elements are stripped even after one 
stripping stage. The highest recoveries are with a 0.01 mol L-1 HCl solution, and 
the lowest recoveries are with water. Also, with other elements, the recoveries 
are lowest with water, but recoveries grow when a more concentrated HCl solu-
tion is used. The highest recovery of rubidium and lowest recoveries of matrix 
elements are achieved by stripping with a 0.01 mol L-1 HCl solution. 

TABLE 29 Concentration (mg L-1) of the major matrix elements and Rb in the pHad solu-
tion before liquid-liquid extractions and in stripping solutions after loading the 
organic phase and stripping with different solutions. 

Al Ca Fe K Na P S Rb 

Before liquid-liquid extraction 620 2.31 14.2 479 18143 342 608 2.02 

Stripping with 1 mol L-1 HCl 0.44 n.d. 6.03 100 67 0.26 0.43 1.97 

Stripping with 0.1 mol L-1 HCl 0.51 0.23 5.75 102 78 0.28 0.43 1.94 

Stripping with 0.01 mol L-1 HCl 0.46 n.d. 2.47 106 85 0.18 0.41 2.01 

Stripping with water 0.24 0.25 n.d. 92 74 0.22 0.42 1.25 

n.d. = not detected

5.5.4 Number of extraction cycles 

The matrix element content in the final extractant could be decreased by repeat-
ing the liquid-liquid extraction cycle. This was examined by performing three 
liquid-liquid extraction cycles for the same sample. First, rubidium was extract-
ed from the pHad sample by three extraction steps with an organic phase of 1 
mol L-1 CPh in chloroform. The A:O phase ratio was 1:1, and the contact time 
was 5 min. After combining the organic phases, rubidium was extracted with 
one extraction step of an A:O ratio of 1:3, stripping solution of 0.01 mol L-1 HCl, 
and contact time of 5 min. After stripping, the pH of the extractant was again 
adjusted to 12.6 with 6 and 1 mol L-1 NaOH solutions, and the liquid-liquid ex-
traction was repeated. The pH-adjustment and liquid-liquid extraction were 
performed altogether three times, and samples for elemental analysis were col-
lected after every liquid-liquid extraction cycle. The schematic presentation of 
the extraction cycles is shown in figure 25. 
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FIGURE 25 Schematic presentation of three extraction cycles. 

Concentrations and recoveries of rubidium in different phases after three 
extraction cycles are shown in table 30. When loading the organic phase, the 
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recoveries of rubidium reduces 5 to 6% after every cycle. Overall, the recoveries 
are low due to the low number of extraction steps. Here, the extraction step 
with the organic phase was performed only three times instead of the opti-
mized four steps. Nevertheless, the recoveries of rubidium from the organic 
phase during stripping were over 91% after every extraction cycle. 

TABLE 30 Concentrations of rubidium in different phases after three liquid-liquid extrac-
tion cycles and recoveries (%) after stripping the loaded organic phase. Con-
centrations of the loaded phases are normalized to aqueous phases by multi-
plying the concentrations of Rb in the organic phases by three. 

Sample Concentration 
Recovery from the 
aqueous phase 

Recovery from the 
organic phase 

mg L-1 % % 

pHad 2.24 

Cycle 1 Load 1 1.89 84.4 

Strip 1 1.84 97.4 

Cycle 2 Load 2 1.46 79.3 

Strip 2 1.33 91.4 

Cycle 3 Load 3 0.98 73.7 

Strip 3 0.93 94.8 

Concentrations of major matrix elements in the pHad and stripping solu-
tions after three extraction cycles are shown in table 31. Most of the matrix ele-
ments are extracted from rubidium during the first extraction cycle when the 
total matrix content of the sample is diminished 100 times. Only Na (116 mg L-1) 
and K (82.4 mg L-1) occur in medium-high concentrations in the first stripping 
solution. The iron concentration increases after the first stripping, indicating 
contamination in the sample. After the second extraction cycle, the matrix con-
tent still decreases 10 times. Sodium concentration falls to 5.7 mg L-1 and potas-
sium to 12.8 mg L-1. The third extraction cycle still reduces the total matrix ele-
ment concentration to half in the stripping solution, but sodium concentration 
starts to increase. 

By performing several extraction cycles, the matrix content in the sample 
can be diminished considerably compared to the concentration of rubidium. By 
increasing extraction steps in the loading phase to 4 or 5, nearly 100% of rubidi-
um can be extracted, and by decreasing the volume of the stripping solutions, 
rubidium can be concentrated four times in every extraction cycle. 
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TABLE 31  Concentrations (mg L-1) of major matrix elements in pHad solution before liq-
uid-liquid extraction and stripping solutions after one to three liquid-liquid ex-
traction cycles. 

pHad Strip Cycle1 Strip Cycle2 Strip Cycle3 

Al 762 2.46 n.d. n.d.

Ca 2.76 0.58 0.10 0.11 

Fe 1.12 8.55 0.61 0.32 

K 512 82.4 12.8 3.45 

Mg 0.27 0.15 n.d. n.d.

Na 19,800 116 5.69 7.43 

S 690 1.81 0.71 0.76 

P 359 0.97 0.29 0.32 

Total 22,100 213 20 12 

n.d. = not detected, < LOD

5.5.5 Re-circulation of the organic phase 

After stripping, the organic phase of 1 mol L-1 of CPh in CHCl3 can be reused 
for recovery of rubidium. After one liquid-liquid extraction with a fresh organic 
phase of an A:O phase ratio of 1:1, the recovery of Rb was 44.7%. The recovery 
decreased 8.2% units in the first reuse and 2.6% units more in the second reuse. 
After three extraction cycles, the extraction efficiency diminished for a total of 
11.8% units compared to one extraction cycle with the fresh organic phase. By 
additional optimization or addition of the fresh organic phase into the used one, 
the organic phase can be reused at least three times. 

5.6 3D-printed potassium copper hexacyanoferrate functional fil-
ters 

3D-printed nylon-based potassium copper(II) hexacyanoferrate (KCuFC) func-
tional filters were employed for selective recovery of rubidium from synthetic 
samples mimicking acid leached fly ash after pH-adjustment (SynpHad). 
KCuFC sorbent was stabile only in near neutral-conditions, so the pH of the 
sample was adjusted to 10. 

The loading capacity of the functional filter (m = 0.6 g, V = 1.1 mL) was 
tested by passing  synthetic sample containing 50 mg of Rb in 500 mL of aque-
ous solution through the filter. The pH of this sample was not adjusted and was 
determined as 5. After loading, 6.6% of rubidium was transferred into the filter, 
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and after elution with water, 6.4% of rubidium still stayed in the filter. The 
loading capacity was determined as 5.06 mg g-1 by equation 4.  

Rubidium was eluted from the fully loaded filter by 20 elution steps with 
10 mL of 1 mol L-1 of NH4NO3 solution. The goal was to replace Rb+ ion by a 
similar size NH4+ ion in the filter. Recoveries of rubidium after every elution 
step are displayed in figure 26. After eluting the loaded functional filter, 80% of 
rubidium was recovered after 8 elution steps of 10 mL, and after 20 steps, the 
recovery was 88%. This indicates that more elution steps are needed for near 
100% recovery of rubidium from the fully loaded functional filter.  
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FIGURE 26  Total (cumulative) recovery (%) of rubidium from the loaded functional filter 
after 1-20 elution steps of 10 mL of 1 mol L-1 of NH4 NO3 solution. 

The elution of rubidium was also tested with different concentration KCl 
solutions, but this led to a final product with high concentrations of K and a low 
concentration of Rb. Eluting the loaded filter with ammonium ions diminished 
the potassium content on the final product, and therefore, NH4NO3 and NH4Cl 
solutions were used for elution of rubidium. 

Preliminary experiments with SynpHad samples showed that in the pres-
ence of other matrix elements, the rubidium loading capacity of the functional 
filter was much lower. Good recoveries from SynpHad were gained only when 
diluting the sample by a factor of 10 with water before recovery. Rubidium and 
matrix element (Al, Ca, Fe, Mg, and Na) contents in the SynpHad sample after 
dilution, in the raffinate and filter after loading, in the washing solution, and in 
the eluent after 10 extraction steps, are presented in table 32. The pH of the 
SynpHad sample after dilution was 10. 

After 10 loading runs, 94 % of the rubidium transferred from the synthetic 
sample into the functional filter, while 98% of the matrix elements stayed in the 
raffinate. Copper and potassium leached from the functional filters during load-
ing and elution, and their distribution in different phases during extraction are 
shown in table 33. A very high amount of potassium (1390 µg) was released 
from the filter during loading. This can be a consequence of the slightly alkaline 
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nature of the original sample. After 100 mL elution using a 1 mol L-1 of NH4Cl 
solution, 68% of the loaded rubidium was recovered. 

TABLE 32  Rb and matrix element contents (µg) in the synthetic sample (SynpHad) after 
dilution, in the raffinate and filter after loading, in the washing solution and 
eluent after extraction. Recoveries (%) of Rb and matrix elements are also 
shown. 

SynpHad Raffinate 
Sorbed to 
filter 

Extracted by 
wash 

Extracted by 
elution 

Rb 6.21 0.36 5.85 0.01 4.00 

Rb (%)  100 5.8 94 0.16 64 

Al 42.2 25.0 17.2 n.d. 0.41 

Ca 2830 2680 154 4.07 183 

Fe n.d. 4.17 n.d. 1.43 0.06 

Mg 10.0 6.70 3.31 n.d. 0.58 

Na 8,860 8,800 64.2 364 76.1 

Matrix 11,700 11,500 239 370 260 

Matrix (%) 100 98 2.0 3.2 2.2 

n.d. = not detected

TABLE 33  Cu and K contents (µg) in the synthetic sample (SynpHad) after dilution, in the 
raffinate and filter after loading, in the scrubbing solution and eluent after ex-
traction. 

SynpHad Raffinate 
Desorbed 
from filter 

Extracted by 
wash 

Extracted by 
elution 

Cu 1.95 197 195 28.6 553 

K 213 1600 1390 353 1130 
n.d. = not detected

For lowering the potassium content in the final product, ion exchange 
from potassium to ammonium ion could be done to the sorbent before rubidi-
um loading. In addition, it is possible to diminish the matrix content in the final 
product by adding washing steps with diluted NH4Cl solutions. After more 
development to the elution process, the 3D-printed potassium copper hexasya-
noferrate functional filters can be a useful tool for extracting rubidium from 
leached fly ash. 
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This study presents an optimized method for recovery of rubidium as part of a 
utilization process, where most of the valuable elements are recovered from 
industrial fly ash. The properties of fly ash originating from different fuel content 
and their rubidium content were also investigated, and different methods to 
determinate low concentrations of rubidium from difficult matrices were studied. 

Three spectroscopic methods, ICP-OES, GFAAS, and ICP-MS, were em-
ployed for determining low concentrations of rubidium from samples of high 
matrix element content, and their features were compared. High concentrations 
of other easily ionized elements (EIE) interfered with accurate measurements of 
rubidium by ICP-OES, but the multiple linear regression (MLR) method can be 
used for the correction of spectral interferences in Rb measurements induced by 
high concentrations of Na and Ca. The GFAAS was a very sensitive method in 
rubidium determination, but the measurements were very slow. ICP-MS was fast 
and simple to use due to the auto-dilution system, and it provided accurate and 
reproducible results. In GFAAS and ICP-MS, interferences induced by matrix el-
ements in the samples were negligible due to the high dilution factor used for the 
samples, while due to the wide linear range and tolerance of high concentrations 
of matrix elements, in ICP-OES techniques, high dilution factors were not needed. 
Nevertheless, some dilutions were still required due to the very high matrix con-
tent in samples derived from fly ash. This can lead to rubidium concentration 
under the detection limits of ICP-OES. Therefore, GFAAS and ICP-MS are most 
suitable methods for quantitative analysis of rubidium or small groups of ele-
ments. For multi-elemental analysis of many elements simultaneously, ICP-OES 
is a fast and reliable measuring method. 

The properties of five different fly ash samples of different fuel contents of 
peat and wood residue were evaluated by their elemental content and particle 
size. Sieved and un-sieved ash samples were digested by the ultrasonic (US) di-
gestion method and elemental analysis was performed by ICP-OES and ICP-MS. 
The concentration of rubidium varied from 27 mg kg-1 to 94 mg kg-1, depending 
on the fuel compositions and origin of the fly ashes. The highest rubidium con-
centrations were in fly ashes of 50% peat and 50% wood residue as fuel, and the 
lowest Rb concentration originated from fly ash from combustion of 100% of peat. 

6 CONCLUSIONS



In ashes originating from 50% peat and 50% wood residue, the Rb concentration 
was over 26% higher than in the Earth´s crust. This indicates that the recovery of 
rubidium from fly ash can be profitable, especially combined with the recovery 
of other valuable elements. Sieving of the fly ash into fractions by different par-
ticle sizes before recovery of rubidium did not offer any real benefit, because the 
concentrations were similar in each size fraction. 

 The method for the recovery of rubidium was developed as part of the wide 
utilization process of power plant fly ash. The basis for the recovery studies was 
an earlier-developed oxalic acid leaching procedure for fly ash. This procedure 
leached 56% of the total Rb from the studied fly ash. Rubidium was recovered 
from the oxalic acid leachate by liquid-liquid extraction. Prior to liquid-liquid ex-
traction, the oxalic acid was recovered from the leachate as oxalate, and the pH 
of the solution was adjusted to a suitable level for liquid-liquid extraction. pH-
adjustment was studied to reduce the co-precipitation of rubidium. The concen-
tration of the NaOH solution used for pH-adjustment had a minor effect on the 
rubidium content in the solution, but rinsing of the precipitate was needed to 
ensure high recovery. 

Liquid-liquid extraction of rubidium from a pHad solution was studied by 
optimizing the A:O phase ratios of aqueous and organic phases and the number 
of extraction steps in the loading and stripping stages. The effect of the CPh con-
centration in CHCl3 on the extraction efficiency and the benefit of additional 
scrubbing of the loaded organic phase were also studied. The influence of a strip-
ping solution of different HCl concentrations on the recovery of Rb was investi-
gated, and the advantage of the repetition of the complete extraction cycle was 
examined. 

 Using the optimized conditions, the organic phase of 1 mol L-1 CPh in 
CHCl3, with an A:O phase ratio of 1 and four extraction steps, 94% recovery of 
rubidium was achieved. Scrubbing of the loaded organic phase was tested to di-
minish the matrix content in the final product, but was not found beneficial. Dur-
ing the stripping stage, rubidium was completely recovered by 1 mol L-1 HCl and 
can be concentrated to at least 4 times the smaller volume than the original sam-
ple. In addition, a stripping solution of 0.01-1 mol L-1 HCl can be applied with 
only a small effect on the recovery of rubidium. To diminish the matrix element 
content of the sample, the extraction cycle can be repeated 2-3 times. By perform-
ing the stripping into a smaller volume, after three extraction cycles, rubidium 
can be concentrated up to 12 times from the concentration of the original sample. 
This results in a product of 30 mg L-1 Rb with very low matrix concentration.  To 
ensure high rubidium recovery, the number of liquid-liquid extraction steps in 
the loading phase can be elevated from four to six and the number of extraction 
cycles can be increased. Recycling of the used organic phase is possible, and by 
mixing a used organic phase with a fresh one, good recoveries are ensured. The 
schematic presentation of the total process of the three pretreatments of fly ash 
and one extraction cycle with four loading steps is presented in figure 27. The 
overall recovery of rubidium from the oxalic acid leachate after one liquid-liquid 
extraction cycle is 58-79% depending on the conditions of the pH-adjustment and 
the number of the rinsing stages of the precipitate. 
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FIGURE 27 Schematic presentation of the three pretreatments for fly ash prior to liquid-liq-
uid extraction and one extraction cycle with four loading steps. Recovery of ru-
bidium after every treatment steps is displayed in green. 

An additional test for recovery of rubidium was performed with an inor-
ganic sorbent called potassium copper(II) hexacyanoferrate (KCuFC). KCuFC 
was printed in a nylon-based functional filter by a 3D-printer to ease the handling 
of the KCuFC powder. The functional filters were employed for the recovery of 
rubidium from synthetic samples mimicking acid-leached fly ash. The recovery 
of rubidium was very effective (94%), but the extraction of rubidium from the 
filter was only 60% by a 1 mol L-1 NH4Cl solution after 10 extraction steps. The 
benefit of the method compared to liquid-liquid extraction was the reduction in 
the pretreatments needed prior to rubidium recovery, during which some of the 
rubidium can be lost. However, the sample needed to be diluted tenfold to reach 
a high recovery of rubidium, and additionally, copper and potassium were 
leached from the filter during experiments. Hence, rubidium recovery using a 
KCuFC sorbent needs further development to work successfully for fly ash 
leachates. 
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APPENDIX 

TABLE A1 Matrix element wavelengths used in the elemental analysis by ICP-OES 
Optima 8300 as well as calibration areas, correlation coefficients of exter-
nal calibrations, limits of detection (µg L-1), limit of quantifications (µg L-

1), and RSD (%) ranges of three replicates. 

ICP-OES Optima 8300 
Plasma 
viewing 

Wave-
length 

Calibration 
range 

r LOD LOQ RSD

nm mg L-1 µg L-1 µg L-1 (%) 

Al Radial 396.153 1 - 50 0.99999 267 891 0.11 - 3.03 

Ca Radial 317.933 4 - 200 0.99999 938 3128 0.21 - 3.76 

Cu Axial 327.393 0.02 - 1 0.99991 15 48 0.05 - 3.00 

Fe Radial 238.204 1 - 50 0.99996 498 1659 0.26 - 1.46 

K Radial 766.490 1 - 50 1.00000 54 179 0.09 - 2.61 

Mg Radial 285.213 1 - 50 0.99997 400 1332 0.18 - 1.23 

Mn Radial 257.610 2 - 10 0.99988 171 571 0.16 - 1.89 

Na Radial 589.592 1 - 50 0.99999 243 809 0.11 - 1.60 

Si Radial 251.611 1 - 50 0.99970 1334 4445 0.22 - 3.15 

P Axial 178.221 1 - 50 0.99996 503 1675 0.24 - 3.76 

S Axial 181.975 1 - 50 0.99998 267 890 0.09 - 2.19 
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TABLE A2 Matrix element wavelengths used in elemental analysis by ICP-OES 
Avio 500 as well as calibration areas, correlation coefficients of external 
calibrations, limits of detection (µg L-1), limit of quantifications (µg L-1), 
and RSD (%) ranges of three replicates. 

ICP-OES Avio 500 
Plasma 
viewing 

Wave-
length 

Calibration 
range 

r LOD LOQ RSD

nm mg L-1 µg L-1 µg L-1 (%) 
Al Radial 396.153 0.1 - 10 0.99999 113 366 0.2 - 3.5 
Ba Axial 233.527 0.1 - 10 1.00000 9.90 11.4 0.2 - 2.1 
Ca Radial 317.933 0.1 - 10 0.99990 85.0 137 0.2 – 4.1 
Cr Axial 267.716 0.1 - 10 0.99999 12.0 14.7 0.1 – 2.6 
Cu Axial 327.393 0.1 - 10 1.00000 20.7 49.3 0.3 – 2.3 
Fe Radial 238.204 0.1 - 10 1.00000 221 662 0.2 – 4.1 
K Radial 766.490 0.1 - 10 0.99997 365 1010 0.2 – 4.1 
Li Radial 670.784 0.1 - 10 0.99999 10.2 24.2 0.3 – 2.7 
Mg Radial 285.213 0.1 - 10 1.00000 43.2 135 0.2 – 1.5 
Mn Radial 257.610 0.1 - 10 1.00000 17.9 49.0 0.3 – 2.6 
Na Radial 589.592 0.1 - 10 0.99999 227 610 0.1 – 5.4 
Zn Axial 206.200 0.1 - 10 0.99999 16.5 21.6 0.2 – 2.0 
B Axial 249.677 0.1 - 10 0.99985 69.9 131.4 0.2 – 3.9 
S Axial 181.975 0.1 - 10 0.99988 281 703 0.2 – 2.1 
Si Radial 251.611 0.1 - 10 0.99826 1650 1910 0.4 – 4.1 
Ti Axial 334.940 0.1 - 10 0.99999 18.2 25.0 0.2 – 2.3 
P Axial 178.221 0.1 - 10 0.99994 204 525 0.2 – 2.4 
Rb Axial 780.023 0.1 - 10 0.99966 110 147 0.1 – 4.1 
Rb Radial 780.023 1 - 10 0.99991 559 1,670 5.1 – 18.5 

TABLE A3 Isotopes of alkali metals used in elemental analysis by ICP-MS NexION 
350D as well as abundances, calibration areas, correlation coefficients of 
external calibrations, limits of detection (µg L-1), limit of quantifications 
(µg L-1), and RSD (%) ranges of three replicates. 

ICP-MS 
NexION 
350D 

Isotope Abundance 
Calibration 
range 

r LOD LOQ RSD

(%) mg L-1 µg L-1 µg L-1 (%) 

Li 7 92.5 1 - 10 0.99991 0.0105 0.024 0.05 - 6.6 

K 39 93.3 10 - 100 0.99983 3.08 8.38 0.08 - 22 

Rb 85 72.2 1 - 10 0.99995 0.0043 0.013 0.05 – 4.1 

Rb 87 27.8 1 - 10 0.99998 0.0040 0.012 0.12 – 7.3 

Cs 133 100 1 - 10 0.99995 0.0050 0.014 0.03 – 4.1 
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