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Countercurrent chromatography (CCC) 
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CCC is a liquid chromatography technique that uses two immiscible liquid 
phases (or emulsions!) and no solid support. One liquid acts as the stationary 
phase and the other as the mobile phase. The liquid stationary phase is held in 
place by gravity and/or by centrifugal force. 

Scheme of planetary centrifuge Mixing zones (planetary centrifuge) 
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Countercurrent chromatography (CCC) 
Advantages 

◦ no permanent adsorption of the analyte that allows high recoveries 

◦ easy switch between normal and reversed phase LC simply by changing the mobile and 

stationary phases 

◦ almost any pair of immiscible solutions can be used and solvents costs are lower than 

those for HPLC 

◦ easy clean up (change of teflon tube/capillar in case of severe contamination) 

◦ different volumes of the mobile and stationary phases can be used allowing to achieve 

high concentration coefficients 

◦ analytical separations can be scaled up to preparative and even industrial volumes 
 

 

 Disadvantages 
◦ Nt range is ~10-104, never 105 or higher 

◦ the necessity to control retention of the stationary phase and study retention for 

unknown systems 
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 Natural products 
 Plants 
 Flavonoids 
 Alkaloids 
 Glycosides 
 Food and wine 
 Peptides 
 Amino Acids 
 Rare earth metals 
 Polyoxyalkylenes 
 Fatty acids 
 Antibodies 

 Pharmaceuticals 
 Anthocyanins 
 Tea products 
 Leaf 
 Saponins 
 Antibiotics 
 Myoglobins 
 Silica particles 
 Antioxidants 
 Reagents 
 Phenols 
 Enantiomers 

A. Berthod, et al., J. Chromatogr. A (2008) 

CCC applications 
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 PAH in soils and sludge 

 Mercury and toxic metals in soils 

 Speciation studies (for Hg, As, Sb and Se) 

 Microelements/rare earth metals in oil and oil 

products 

 Pesticides in vegetable oil samples and citrus fruits 

 Trace organic pollutants in water 

Environmental applications of CCC 



Dynamic extraction of PAH from soils 
Polycyclic aromatic hydrocarbons (PAH), are widespread in the environment as a 
result of human activities. These contaminants are receiving an increasing 
attention because of their toxic, mutagenic and carcinogenic properties. 

The extraction of PAH from contaminated soil 
samples 
 

Stationary phase - solid particulate sample (~ 0.5 g) 
which is retained in the one-layered RCC (inner 
column volume is 26 mL, tubing bore 1.5 mm, 
thickness 0.7 mm) 
Mobile phase (is continuously pumped through 
rotating column) - different organic solvents and 
their mixtures 
Flow rate F = 1 mL/min  
The rotation and revolution speeds  
ω = 650-800 rpm 
Fractions collected for HPLC (with FLD) 
determination of PAHs 

  

Fedotov P.S. et al Journal of Chromatography A 02/2004; 1023(2):305-9 
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Dynamic extraction of PAH from soils 
Stage Solvent Mobility of extracted PAHs 

1 5% CH3OH / 95% DI (v/v) Easily available forms 

2 50% CH3OH / 50% DI (v/v) Easily available forms 

3 n-butanol Readily available forms 

4 
50% acetone /  

50% cyclohexane (v/v) 
All forms 

BCR scheme 
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benzo(a)pyrene
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n-Butanol (Step 3 of BCR scheme) was used for comparative study on the recovery of environmentally-
relevant forms of PAH under batch and dynamic (continuous-flow) conditions.  

Extraction in RCC 
 

 No filtration 
 Easy clean-up 
 Fast experiments 
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Dynamic extraction of PAH from soils 

PAH 

Soil GL300 Soil DD100 

Dynamic Batch Dynamic Batch 

Conc, mg/kg Conc, mg/kg 

naphthalene ND ND ND ND 

fluorene 0.01 0.02 0.41 ND 

phenanthrene 0.90 0.76 0.31 0.38 

anthracene 0.12 0.12 0.07 0.05 

fluoranthene 2.3 2.0 0.98 0.79 

pyrene 2.2 2.0 0.95 0.73 

benzo(a)anthracene 1.2 1.1 0.53 0.40 

chrysene 1.3 1.2 0.57 0.43 

benzo(b)fluoranthene 2.3 2.1 1.0 0.81 

benzo(k)fluoranthene 0.61 0.56 0.26 0.21 

benzo(a)pyrene 1.2 1.1 0.52 0.42 

dibenz(a,h)anthracene 0.19 0.19 0.09 0.06 

benzo(g,h,i)perylene 0.71 0.67 0.33 0.28 

indeno(1,2,3)pyrene 1.2 0.73 0.52 1.4 

sum 14.3 12.6 6.16 6.02 

total 16 19 

% recovery 90 78 32 32 
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 Both procedures, continuous-flow extraction in  RCC and batch extraction, can 
be successfully applied to the fast and efficient recovery of PAH from soils. 
 

 Dynamic extraction in RCC allows to obtain elution curves for recovering 
compounds. These curves give the additional information about mobility of PAH 
and time required for complete extraction of hazardous hydrocarbons in each 
fraction. 

10% 

30% 

45% 

10% 
5% PAH

Halogenated hydrocarbons

Heavy metals

Oil

Others

Dynamic extraction of PAH from soils 
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BCR scheme for Cu 

at least 55 hours (w/o filtering, dilution and etc.) 

5-step dynamic fractionation of Cu, Pb and Zn species in soils 



soil sample 
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5-step dynamic fractionation of Cu, Pb and Zn species in soils 



12 

silt sample 

bottom sediment 

5-step dynamic fractionation of Cu, Pb and Zn species in soils 
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Dynamic fractionation of mercury species in soils 

Step Leaching reagent Leached fraction Typical compounds 

1 DI Water-soluble HgCl
2
, HgSO

4 

2 0.01М HCl + 0.1M HOAc, pH 2 Acid-soluble HgO 

3 1M KOH Organic  Hg-humates, Hg
2
Cl

2 

4 12M HNO
3 

Strongly bound  Mineral lattice, Hg
2
Cl

2
, Hg0 

5 Aqua regia (HCl:HNO
3 

= 3:1) Residual (sulfides) HgS, HgSe, HgAu 

Extraction scheme suggested by  

Bloom, N.S. et al, Anal. Chim. 
Acta, 2003, no. 479, p. 233. 

Mercury is one of the most specific toxicants, because it occurs in natural and anthropogenic media in 
different forms, capable of chemical and physico-chemical transformation. 

Flow-through 
fractionation of 
mercury in 
standard soil 
sample SRM 2710 
using Bloom’s 
scheme.  
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Savonina E.Yu. et al Journal of Analytical Chemistry 01/2011; 66(2):119-124 
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Dynamic fractionation of mercury species in soils 
Experimental parameters: 
Sample mass, m = 0.5 g 
Rotation/revolution speed  w = 650 rpm 
R = 85mm, r = 35mm 
Flow F = 1 mL/min 
Cold vapor AAS (Lumex PA 915+ Mercury Analyser) 

Leached fraction RCC BSE 

Water-soluble form 0.25 ±0.02 0.22 ±0.02 

Acid-soluble form 0.31 ±0.03 0.12 ±0.02 

Organo complexed 3.43 ±0.26 2.11 ±0.5 

Strongly bound 0.89 ±0.03 1.77 ±0.11 

Residual form (sulfides) 25.5 ±2.3 19.8 ±0.2 

Sum 30.4 ±2.3 24.5 ±0.6 

Total content 32.6 ±1.8 

Recovery, % 93 75 

Results of mercury fractionation (in mg/kg) in 
standard soil sample SRM2710 using dynamic 
leaching in RCC and batch sequential extraction 
(BSE) (n = 3, P = 0.95) 

Comparison of leaching results has shown that 
the fractionation in RCC is more efficient than 
traditional sequential extraction in batch 
mode. It’s important in case of first three (most 
mobile and hazardous) fractions especially. It 
should be noted that one hour is enough for 
leaching of each fraction using RCC whereas in 
batch mode 20 hours at each step are 
required. Hence, fractionation in RCC allows to 
achieve better recovery in shorter time.  

Mercury distribution in real sediment samples 
were also estimated using dynamic 
fractionation in RCC. Recovery was more than 
97%.  
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It’s very important to determine most mobile (and dangerous) forms of mercury in soils, 
sludges and sediments. Mercury has a series of unique properties that required special 
approach for the risk assessment of its contamination. Very volatile forms of mercury 
(which are the most harmful as well) can be lost during sampling, storing, aliquoting, prep 
and analysis stages. 

It has been shown the use of RCC for the fractionation of toxic elements in soils and 
sediments is quite promising. Solid particulate sample (soil, sediment) can be successfully 
retained inside the RCC as a stationary phase while different extraction reagents (mobile 
phase) are passed through the column. Such continuous-flow  extraction enables to have 
more simple and time-saving extraction process to be performed. 

Similar approach was used for sequential extraction 
(fractioning) of Se, As and Sb in soil, sludge, silt and bottom 
sediment samples using RCC 

Dynamic fractionation of mercury species in soils 
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Microelements in crude oil and oil products 

 In heavy crude oil most metals are present as bound metals and recognition of their 
traces is important not only for oil production and refining, but also can be used to 
determine the oil type, prices and as reconnaissance info. 

 A method allowing to operate with high volumes of analyzed oil is required to 
perform the catalyst choice for cracking/pyrolysis processes.  

 Also precise method for detection of prohibited diesel/gasoline additives could be 
helpful in ecological monitoring.  

 About 60 trace elements detected in crude oil samples: 

   V, Ni, Fe, Zn, Cu, Mg, Ba, Sr, Mn, Cr, Co, Mo, B,  As, K,                     
_Na, I, Al, Ca, Ag, Ga, REE and etc. 

 

 Various concentrations in a range of 10-2-10-7 wt.%. 
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Elemental analysis of oil and oil products 
Standard 
method 

Elements Detection Sample prep 
Concentration 
range (mg/kg) 

Detection limit 
(mg/kg) 

ASTM D 5863 Ni, V, Fe, Na AAS acid digestion 1-50 ~ 1 

ASTM D 4951 Ba, B, Ca, Cu, Mg, Mo, P, S, Zn  ICPOES 
dilution by organic 

solvents 
10-150 ~ 10 

ASTM D 5184 Al, Si AAS or AES flame ashing 5-250 5-10 

ASTM D 3605 Na, Pb, Ca, V  AAS or AES 
dilution by organic 

solvents 
0.1-100 0.1-1 

ASTM D 4628 Ba, Ca, Mg, Zn  AAS 
dilution by organic 

solvents 
0.1-100 0.1-1 

ASTM D 7111 

Al, Ba, Ca, Cr, Cu, Fe, Li, Pb, 
Mg, Mn, Mo, Ni, K, Na, Si, Ag, 

Ti, V, Zn  
ICPOES 

dilution by organic 
solvents 

0.1-100 0.1-2 

IP 470 Al, Si, V, Ni, Fe, Ca, Zn and Na  AAS flame ashing 1-150 1-10 

UOP 391 V, Ni, Fe, Na, Cu, K  AAS acid digestion 0.1-50 0.1-0.3 
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Column 
volume  
VC (mL) 

Stationary phase 
volume 
VS (mL) 

Rotating 
speed 

ω (rpm) 
β = r/R 

Mobile phase 
flow rate 
F, mL/min 

Tube diameter 
d, mm 

19 1-19 300-900 0.65 0.2-1.2 0.8, 1.2 

Rotating coiled column “Spring-3M” 

 Stationary phase - 0.5-3 М acid solutions HNO3, HCl, HNO3 + HCl or deionized water  

 Mobile phase – oil/oil products with different physicochemical properties 

CCC method of sample 
preparation for oil and oil 
products has been suggested 
in Laboratory of 
Preconcentration techniques, 
GEOKHI RAS, Moscow, Russia 

Experimental setup, RCC parameters 
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The scheme of experiment 

column before experiment column after experiment 
stationary phase 

H2O/acid solution 

ICP-MS 

Agilent 7500c Sf = VS/V 
TOC ~ 0.2-0.4 wt% 
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Sf is the degree of stationary phase retention representing its volume 
remained to be constant in the column during CCC experiments  

theory: Sf ~ 1 - A·F, where A = const 

Tengizskaya oil/DI water, 

at ω = const = 900 rpm 

Stationary phase retention 

0.8
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F, ml/min 
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at F = const = 1 mL/min, Tengizskaya oil/DI water 

I 
 
II 

 
III 

theory 

theory: Sf = 1 – B·F1/2, where B = const 

oil fractioning 

Stationary phase retention 
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Mobile phase ∆ρ, g/cm3 ∆η, mm2/s Sf (F=1, ω=750) 

75% (v)a + 25%b 0.177 3.02 0.82 

50%a + 50%b 0.154 6.68 0.24 

100%c 0.227 0.51 0.98 

75% (v)c + 25%d 0.179 2.78 0.89 

60%c + 40%d 0.158 4.97 0.55 

50%c + 50%d 0.147 6.96 0.16 

100%b 0.065 74.6 0 

F180-200 0.197 0.483 0.79 

F200-220 0.188 0.937 0.76 

F220-240 0.179 1.41 0.72 

F240-260 0.170 2.17 0.64 

F260-280 0.162 3.66 0.52 

F280-300 0.152 5.95 0.39 

F300-320 0.143 9.14 0.22 

deionized water  ρ = 0.998 η = 1.01 
stationary phases 

0.5 M HNO3 solution ρ = 1.05 η = 1.41 

Density and viscosity of studied samples 

Tengizskaya oil - a,  
residual fuel oil  - b, 

60%a + 40%b - c,  
F320-340  - d 
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R2 = 0.995 (1)  

, R2 = 0.992 (2)  

Sf vs. sample’s density and viscosity 

𝑆𝑓 = 0.903 −  
0.920

1+exp (
∆𝜌−0.158

0.0106
)
 

𝑆𝑓 = 0.973 ∙ exp (−
∆𝜂

6.95
) 
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Theoretical modeling: Sf prediction 

Tengizskaya oil - a,  
residual fuel oil  - b 

Densities and viscosities of test systems vs. Sf (ω = 750 rpm, F = 1 mL/min) 

Mobile phase ∆ρ, g/cm3 ∆η, mm2/s Sf (exp) Sf (1) Sf(2) 

100%a 0.206 1.27 0.95 0.91 0.89 

100%b 0.161 51.4 0 0.01 0 

60%a + 40%b 0.094 5.33 0.57 0.53 0.52 

F 320-340 0C 0.137 13.9 0.09 0.12 0.13 
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The limit values of ∆ρ and ∆η of oil/aqueous phase 
systems for CCC analysis 

According to formulas (1) and (2): 

 at ∆ρ ~ 0.1 g/cm3 and ∆η ~ 25 mm2/s     Sf = 0; 

        ∆ρ > 0.210 g/cm3 and ∆η < 0.470 mm2/s    Sf > 0.9  

It has been shown that oil/oil products with ρ < 0.90 g/cm3 and  

η < 7.5 mm2/s are suitable for CCC analysis, no additional prep steps 

are required. 

, R2 = 0.995 (1)  

, R2 = 0.992 (2)   

Oil and oil products sample prep by CCC/RCC 

𝑆𝑓 = 0.903 −  
0.920

1+exp (
∆𝜌−0.158

0.0106
)
 

𝑆𝑓 = 0.973 ∙ exp (−
∆𝜂

6.95
) 
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ICPMS detection for oil samples 
 ICPMS is the most suitable technique for the determination of 

trace and REE contents in oils (after sample prep stage). 

 Accuracy and detection limits of the ICPMS are degraded when 

high concentrations of organic solvent are injected into the 

plasma (because of the C+, CO+, and ArC+ formation). 

 Direct dilution of crude oils and petroleum based materials with 

an organic solvent is widely used because of its simplicity.  

 Disadvantages of direct dilution approach are the analytical 

signal suppression and required hardware modifications of the 

instrument. 
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 ICPMS standard solutions prepared by diluting multielement Agilent 
standards A (Al, As, Ba, Be, Bi, B, Cd, Ca, Ce, Cs, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, 
Ho, In, K, Fe, La, Li, Lu, Mg, Mn, Na, Nd, Ni, P, Pb, Pr, Rb, Re, Sm, Sc, Se, Sr, Tb, 
Th, Tl, Tm, U, Yb, Y, V, Zn 10 μg/mL ± 0.5% in 2% HNO3) and B (Ag, Ge, Hf, Mo, 
Nb, Sb, Si, Sn, Ta, Te, Ti, W, Zr 10 μg/mL ± 0.5% in 2% HNO3 + TrHF). 

 Concentration range 1-100 μg/L, calibration coefficients of determination for 
all elements 0.9994-0.9999. 

 Recovery tests using “Trace metals in drinking water” solution (with 2-250 
μg/L Al, As, Ba, Be, Bi, Cd, Cr, Co, Cu, Fe, Pb, Li, Mn, Mo, Ni, Rb, Sb, Se, Sr, Te, 
Tl, U, V, Zn, Ag), recoveries were in the range of 91-112%. 

 Tuning solution (Li, Y, Ce, Tl, Co (10 μg/L) in 2 wt % aqueous HNO3) for 
optimizing sensitivity, resolution, and mass calibration. 

 Ultrapure acids, MilliQ DI water, pure acetone, toluene and isooctane (for 
column cleaning) 

ICPMS tune, standards, tests and  materials 
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Agilent 7500c  

ICPMS operating conditions 
ICPMS operating parameters 

Forwarded power  1200 W 

Analog stage voltage  - 1800 V 

Pulse stage voltage  1100 V 

 
Argon 
consumption 

plasma generating flow 15 L/min 

auxiliary flow 0.8 L/min 

carrier flow 1.4 L/min 

He flow 0.25-0.35 L/min 

Peak resolution ~ 0.6 amu 

Detector operating modes pulse count and analog 

Speed of peristaltic pump 24 rpm 

Spray chamber cooling (4oC) quartz 

Mass range 27 - 238 amu 

Sweeps/reading 40 

Replicates 3 

Dwell time 50 ms 

Scan mode  Peak hopping 

Abundance 
sensitivity 

low mass < 5·10-7 

high mass < 1·10-7 
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Kinetic features of trace elements extraction in oil/aqeuous phase systems 

Kinetic effects: 
 
dependences 
 
– lg(1-Et) = f(t) ,  
where Et = Ct/C0 , t – phase contact time 
 
dC/dt = k·a(C0-Ct) 
 
lg(1-Et) = -k·a·t , k – the mass transfer coefficient 

diffusion mixing cell  

 Mass transfer coefficient is an indicator of 

mass transfer efficiency. 

 Mass transfer coefficient is the main cell 

characteristic. It has reproducible values under 

same sizes of mixing cells and stable interface.  

Mass transfer processes should be accounted! 
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Kinetic curves stay linear that indicates the minimal formation of the emulsion. Assumption 
by the easiest geometry (“flat” interface) works well for these systems. 

Kinetic features of trace elements extraction in oil/aqeuous phase systems 
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The mass transfer coefficients are significantly increased (~ 10 times) due to increase in 
the HNO3 concentration (from 0.5 M to 1 M).  However, an increase of initial metal 

concentration does not affect the mass transfer coefficients. 

Mass transfer coefficients for trace elements extraction in oil/aqeuous 
phase systems 

Element 

k, cm/s 

С* = 330 μg/kg 
0.5 М HNO3 

С* = 330 μg/kg 
1 М HNO3 

С* = 660 μg/kg 
0.5 М HNO3 

Zn 1.8·10-4 1·10-3 2.5·10-4 

Mn 1.1·10-4 9·10-4 2·10-4 

Fe 1.1·10-4 9·10-4 2·10-4 

Ni 1.1·10-4 9·10-4 1.9·10-4 

V 1·10-4 8·10-4 1.8·10-4 

Cu 1·10-4 8·10-4 1.5·10-4 

Cd 1·10-4 7·10-4 1.4·10-4 

Cr −− −− 9·10-5 

Pb 8·10-5 1.5·10-4 6·10-5 

Ba 7·10-5 8·10-5 5·10-5 
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System: 

Diesel oil*/1М HNO3  

 

Extraction conditions:  

Vorg/Vaq = 2,  

t = 30 min,  

C(Me)i = 330 μg/kg, 

CONOSTAN:  

Cyclohexanobutirates in mineral oil 

V, Cr, Ni, Сu, Zn, Pb, Mn, Fe, Cd, Ba 

900 ± 2 mg/kg  

* Diesel Oil Euro, С (winter type) ρ = 0.816 g/cm3, η = 1.502 mm2/s  

CCC vs. “static” extraction 
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 Oil distillation by ASTM D 2892 allows to 

obtain liquefied gas, 10-degree narrow 

fractions and residual oil for further 

analysis by other ASTM methods and for 

estimation of fractions recoveries (oil 

material balance). 

EuroDist plant 

1. Separation of narrow oil 
fractions by distillation method 

CCC for oil straight distillates 



34 

2. Co, Cu, Fe and Sn distributions between oil fractions 
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Microelements content of Tengizskaya oil (ρ = 0.795 g/cm3, η = 2.270 mm2/s), sample 
preparation in CCC with increased HNO3 concentration in the stationary phase 

Conditions: 
Sf = 0.98, ω = 750 rpm,  

F = 1 mL/min, 
VM = 52 mL; 

 n = 3, P = 0.95 

 0.5 М HNO3 solution was 
helpful in terms of 
avoiding the formation 
of emulsions. 
 

 1 М HNO3 solution was 
optimal for diesel oil, 
light petroleum 
products.  

Optimization of extraction conditions 

Element 
Concentration, mg/kg 

0.5M HNO3 1M HNO3 2M HNO3 3M HNO3 

27Al 3.2 ±0.6 3.2 ±0.6 3.4 ±0.7 3.5 ±0.6 

51V 0.04 ±0.01 0.04 ±0.01 0.04 ±0.01 0.04 ±0.01 

53Cr 0.06 ±0.01 0.06 ±0.01 0.06 ±0.01 0.06 ±0.01 

58Fe 0.17 ±0.03 0.17 ±0.03 0.18 ±0.04 0.18 ±0.03 

59Co 0.14 ±0.03 0.14 ±0.03 0.16 ±0.03 0.17 ±0.03 

60Ni 0.14 ±0.03 0.14 ±0.03 0.15 ±0.03 0.15 ±0.03 

63Cu 1.3 ±0.3 1.3 ±0.3 1.2 ±0.3 1.3 ±0.3 

66Zn 7.5 ±1.5 7.6 ±1.5 7.5 ±1.5 7.4 ±1.5 

208Pb 2.4 ±0.5 2.5 ±0.5 2.6 ±0.5 2.5 ±0.5 



36 

 ICPMS data for 1M HNO3 eluents after extraction from 200 mL of DO* 
      (18 and 36 mkg/L additions) 
 Conostan isn’t mixing properly with oil samples even with light Tengizskaya oil  

* DO – Diesel Oil Euro, С (winter type) ρ = 0.816 g/cm3, η = 1.502 mm2/s  

Sf = 0.78, ω = 750 rpm, F = 1 mL/min, n = 3, P = 0.95 

Conostan spiking 

Element 

Elements concentration, mkg/L 

DO 
DO + 0.01% 
Сonostan 

0.01% 
Сonostan 

DO + 0.02% 
Сonostan 

0.02% 
Сonostan 

B 7.97 ± 0.41 24.3 ± 0.7 16.3 42.5 ± 1.4 34.5 

Ti 0.202 ± 0.033 17.1 ± 1.2 16.9 38.8 ± 3.0 38.6 

V 0.089 ± 0.005 18.4 ± 0.2 18.3 35.7 ± 3.2 35.6 

Mn 13.8 ± 0.53 31.9 ± 1.2 18.1 50.8 ± 3.1 37.0 

Ni 1.64 ± 0.23 20.7 ± 1.6 19.1 40.2 ± 2.15 38.6 

Cu 11.5 ± 1.02 31.3 ± 3.9 19.8 49.1 ± 2.2 37.6 

Zn 7.41 ± 1.31 23.8 ± 3.8 16.4 41.0 ± 1.2 33.6 

Mo 0.025 ± 0.002 19.5 ± 0.9 19.5 37.7 ± 0.2 37.7 

Сd 0.451 ± 0.09 17.9 ± 0.7 17.4 35.1 ± 1.4 34.6 

Ba 5.76 ± 0.1 21.4 ± 0.4 15.6 41.0 ± 0.6 35.2 

Pb 4.20 ± 0.2 21.2 ± 0.8 18.0 43.5 ± 2.9 39.3 
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UOP 391 (Trace metals in 

petroleum products and organics - 

V, Ni, Fe, Na, Cu and K):  

  20g of oil sample digested in 

concentrated H2SO4 -> 

  obtained coke is ashed at 

525оС in muffle furnace->  

  dry inorganic residue is 

dissolved in concentrated 

HNO3 ->  

  dried again and dissolved in 

diluted HNO3 ->  

  addition of  absorption buffer 

->  

  AAS measurements. 

ICP-MS data for Tengizskaya oil prepared by  
different sample prep techniques (in mg/kg) 

ICPMS measurements, comparative data 

Element 
Autoclaves 

decomposition 
(0.5 g of oil) 

Flame ashing 
UOP 391-91 
(20 g of oil) 

CCC  
(60 g of oil) 

27Al ND 0.08 (ND) 3.2 ±0.6 

51V 0.06 ±0.01 0.03 (ND) 0.04 ±0.01 

53Cr 0.69 ±0.14 0.003 (ND) 0.06 ±0.01 

58Fe ND 0.007 (ND) 0.17±0.03 

59Co 0.006 ±0.001 0.004 (ND) 0.14 ±0.03 

60Ni ND 0.004 (ND) 0.14 ±0.03 

63Cu ND 0.007 (ND) 1.3 ±0.3 

66Zn 0.62 ±0. 11 0.09 (ND) 7.5 ±1.5 

208Pb 0.08 ±0.02 0.04 (ND) 2.4 ±0.5 

Analysis time ~ 6 h 6-20 h 20-50 min 
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mkg/kg 

* m = 0.5 g 
** m = 50 g 

ICPMS measurements, comparative data 
Element 

Acid digestion 
(autoclaves)* 

CCC** Isotope 
Acid digestion 
(autoclaves)* 

CCC** 

7Li 20.9 29.7 93Nb 0.437 0.613 
9Be 1.21 1.42 95Mo 26.1 60.7 
11B 914 2220 101Ru < 0.513 < 0.001 
27Al 2435 2475 103Rh < 9.3 < 0.019 
45Sc < 17.3 14.7 90Zr 10.8 10.3 
47Ti < 10.9 42.8 125Te < 0.49 0.754 

55Mn 157 240 133Cs < 0.58 1.069 
57Fe 1340 1780 137Ba 1090 1270 
59Co < 67.8 < 0.135 178Hf <0.305 0.995 
63Cu < 178 1810 181Ta < 1.76 3.72 
66Zn 390 1460 182W 9.32 9.79 
69Ga < 13.4 27.0 189Os < 0.089 < 0.001 
72Ge < 1.63 3.2 193Ir < 0.005 < 0.001 
75As < 6.97 19.9 195Pt < 0.077 < 0.001 
85Rb 2.61 3.42 197Au < 0.001 < 0.001 

105Pd < 7.2 < 0.015 205Tl 4.43 7.26 
107Ag < 0.63 1.06 208Pb 64.8 340 
111Cd 3.52 4.26 209Bi 5.20 5.8 
118Sn < 6.9 < 0.014 232Th < 0.217 0.664 
121Sb 6.72 7.09 238U 1.33 1.35 
88Sr 139 143 93Nb 0.437 0.613 
90Zr 10.8 10.3 
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mkg/kg 

ICPMS measurements, CCC sample prep 
Element 

Light Kazakhstanian 
(Tengizskaya) oil 

Heavy West-Siberian 
(Novoachinskaya) oil 

Diesel oil (EU) 

47Ti 0.009 ± 0.002 0.12 ± 0.02 ND 
51V 0.004 ± 0.001 0.81 ± 0.12 ND 
52Cr 0.06 ± 0.01 0.45 ± 0.07 1.6 ± 0.2 

55Mn 0.046 ± 0.009 1.5 ± 0.2 ND 
59Co 0.14 ± 0.02 0.08 ± 0.02 ND 
60Ni 0.14 ± 0.02 0.49 ± 0.07 ND 
63Cu 1.3 ± 0.2 4.4 ± 0.6 2.9 ± 0.4 
66Zn 7.5 ± 1.5 4.5 ± 0.6 ND 
75As 0.004 ± 0.001 0.09 ± 0.02 ND 
88Sr 0.05 ± 0.01 2.7 ± 0.4 0.65 ± 0.10 

95Mo 0. 0013 ± 0.0002 0.09 ± 0.02 ND 
111Cd 0.0021 ± 0.0004 0.005 ± 0.01 0.021 ± 0.004 
118Sn 0.0024 ± 0.0004 4.6 ± 0.6 ND 
121Sb 0.0011 ± 0.0002 8.7 ± 1.6 0.04 ± 0.01 
135Ba 0.62 ± 0.10 2.1 ± 0.4 4.2 ± 0.6 
182W 0.0010 ± 0.0002 0.004 ± 0.001 ND 
208Pb 2.4 ± 0.4 0.45 ± 0.08 ND 



40 

Method blanks  
(0.5 М HNO3 in CCC) 

< 0.0001 μg/L 
 
 

very low DLs 
 
 
 

ppt-level analysis 

Tengizskaya oil  

ρ = 0.795 g/cm3, η = 2.270 mm2/s  

Sulfur content (by XRF) ~ 1 mass % 

REE analysis of oil after CCC sample prep 

Element 
Concentration, μg/kg 

VM = 52 mL VM = 104 mL VM = 624 mL 

89Y 0.019 ±0.004 0.021 ±0.004 0.023 ±0.004 

139La 0.133 ±0.02 0.075 ±0.02 0.091 ±0.02 

140Ce 0.06 ±0.01 0.06 ±0.01 0.05 ±0.01 

141Pr 0.006 ±0.001 0.006 ±0.001 0.007 ±0.001 

147Sm 0.006 ±0.001 0.004 ±0.001 0.005 ±0.001 

153Eu 0.018 ±0.004 0.021 ±0.004 0.017 ±0.004 

157Gd 0.011 ±0.003 0.014 ±0.003 0.013 ±0.003 

159Tb 0.0020 ±4E-4 0.0020 ±4E-4 0.0020 ±4E-4 

163Dy 0.0030 ±6E-4 0.0030 ±6E-4 0.0030 ±4E-4 

165Ho 0.0010 ±2E-4 0.0010 ±2E-4 0.0010 ±4E-4 

166Er 0.0020 ±4E-4 0.0020 ±4E-4 0.0030 ±4E-4 

172Yb 0.005 ±0.001 0.005 ±0.001 0.0050 ±0.001 
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RLn = CLn/ΣLn 

REE distributions for three crude oil samples 
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 Central Laboratory of Substance Analysis of Vernadsky Institute of 
Geochemistry and Analytical Chemistry RAS. 

 Oil samples of 10–50 mg were placed in a bag of aluminum foil 10 × 10 mm in 
size together with rock reference materials (NIST). 

 The bag is placed in an aluminum case and irradiated with a neutron flux of 
1.2 × 1013 neutron cm−2s−1 for 15 h. The samples are cooled for 6 days to 
reduce activity of radionuclides with T1/2 < 15h. 

 Then gamma spectra of samples was measured using multichannel Ge(Li) 
detector at 100 and 2000 s. 

 Measurements are repeated after 6 to 10 days to distinguish gamma lines of 
relatively long-lived radionuclides. The gamma spectra obtained are processed 
using special program package by comparing the normalized peak areas of the 
studied and reference samples. Element concentrations are calculated with 
regard to their concentrations in the reference samples. 

NAA methodology 
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Comparative REE ratios obtained by NAA and CCC−ICP-MS combined method 

for Tengizskaya, West-Siberian and composite oil samples 

CCC-ICPMS and NAA data 

Method 
REE ratios (Tengizskaya oil) 

La/Ce Nd/Sm Eu/Gd Dy/Ho 

NAA 1.8 4.2 1.6 3.0 

CCC−ICP-MS  2.1 - 1.8 3.0 

OIL 
REE Ratios (CCC−ICP-MS) 

La/Ce Nd/Sm Eu/Gd Dy/Ho 

Tengizskaya 2.1 - 1.6 3.0 

West-Siberian 17 3.5 - 1.0 

composite 9.3 1.5 1.0 1.7 
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 CCC sample preparation step is a new, cheap, easy, 
automated and timesaving analytical tool. Proposed hybrid 
CCC−ICP-MS method has no analogues. 
 

 Effects of hydrodynamic CCC parameters and physico-
chemical properties of oil samples on retention of the 
stationary phase have been investigated. Kinetic features of 
trace elements recoveries have been studies as well. Such 
data helped to find optimal extraction conditions (even for 
unknown samples). 
 

 Comparative REE ratios obtained by NAA and CCC−ICP-MS 
are in close agreement. Those REE ratios could be used for 
geochemical studies dedicated to oil genesis research. 

Conclusions 
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Catalyst poisoning 

 Substances irreversibly 

reducing the action of the 

catalysts called catalyst 

poisons. 

 

 In oil cracking/pyrolysis 

processes: 

- substances containing O, S 

and N 

- microelements: Se, Te, N, Р, 

As, Sb, Cu, Sn, Hg, Fe, Co, 

Ni 

Supplementary slide #1 



Supplementary slide #2 



Supplementary slide #3 

The sources of metals in oil and  

petroleum products 

 

  Wear Metals 

  Contaminant Metals 

  Multi-Source Metals 

  Additive Metals 
 

Fe, Pb, Sn, Cr, Ni, Ag, Sb, V, Al, Mg, Ca, Ba, P, K, Na, Zn, Cu 



Supplementary slide #4 

Possibility of  

re-extraction of 

microelements 

into oil phase 

Microelements contents  
(mkg/L) in standard 
solutions A100 ppb in 0.5М 
HNO3 before and after 
mixing with Tengizskaya oil 

Element 

Concentrations, 
mkg/L Element 

Concentrations, 
mkg/L 

A100initial A100oil A100initial A100oil 

7Li 97.1 103 85Rb 96.1 100 

9Be 96.3 99.5 87Rb 95.1 98.5 

27Al 97.2 146 88Sr 96.6 100 

45Sc 96.3 100 89Y 95.3 100 

51V 95.9 101 111Cd 96.3 99.6 

53Cr 95.8 101 133Cs 96.4 100 

55Mn 95.1 103 85Rb 96.1 100 

58Fe 95.0 101 87Rb 95.1 98.5 

59Co 94.9 99.8 137Ba 96.8 107 

60Ni 95.6 99.9 205Tl 101 105 

63Cu 96.9 104 208Pb 99.4 118 

66Zn 98.1 137 209Bi 101 99.6 

69Ga 95.5 99.9 232Th 101 103 

75As 95.3 101 238U 100 102 



Supplementary slide #5 

Carryover check 

 
The sample of 
Tengizskaya oil 
after was CCC 

extraction step 1 
was used for the 

second CCC 
extraction step with 

the fresh 
0.5M HNO3 solution. 

Element VM = 52 mL (1 step) VM = 52 mL (2 step) 

27Al 3.2 ± 0.6 0.6 ± 0.1 

47Ti 0.009 ± 0.002 ND 

51V 0.04 ± 0.01 ND 

53Cr 0.06 ± 0.01 ND 

55Mn 0.046 ± 0.01 ND 

59Co 0.014 ± 0.003 ND 

60Ni 0.014 ± 0.003 ND 

63Cu 1.3 ± 0.3 0.01 ± 0.002 

66Zn 7.5 ± 1.5 0.015 ± 0.003 

69Ga 0.026 ± 0.005 ND 

72Ge 0.0030 ± 0.0006 ND 

75As 0.0040 ± 0.0008 ND 

88Sr 0.05 ± 0.01 ND 

95Mo 0.0010 ± 0.0002 ND 

118Sn 0.0020 ± 0.0004 ND 

121Sb 0.0010 ± 0.0002 ND 

137Ba 0.6 ± 0.1 0.002 ± 0.0004 

182W 0.0010 ± 0.0002 ND 

208Pb 2.4 ± 0.5 0.005 ± 0.001 



Supplementary slide #6 

Element 

Measuring range, mg/kg 

ASTM D5863 ASTM D5184 ASTM D7111 UOP 391 IP 470 CCC−ICP-MS 

Ag 0.1-2 0.0001-3000 

Al 5-150 0.1-2 5-150 0.03-3000 

Ba 0.1-2 0.01-3000 

Ca 0.1-2 1-100 0.05-3000 

Cu 0.1-2 0.1-100 0.005-3000 

Fe 3-10 0.1-2 0.3-200 1-60 0.1-3000 

K 0.1-2 0.1-100 0.1-3000 

Li 0.1-2 0.003-3000 

Mg 0.1-2 0.05-3000 

Mn 0.1-2 0.003-3000 

Mo 0.1-2 0.003-3000 

Na 1-20 0.1-2 0.1-100 1-100 0.01-3000 

Ni 10-100 0.1-2 0.1-100 1-100 0.003-3000 

Pb 0.1-2 0.003-3000 

Si 10-250 0.1-2 10-250 0.1-3000 

Ti 0.1-2 0.003-3000 

Zn 0.1-2 1-70 0.01-3000 

REE 10-5 -3000 



PLAN 
- Trace/RE elements in oil, the importance of oil/oil 

products analysis 

- Nowadays methods of oil products analysis: 

difficulties, sufferings 

- Extraction methods, possibilities of CCC (RCC) 

- Oil samples, features. Retention, models 

- Kinetic features of oil-aqueous phase systems, 

static vs. CCC 

- Application to distillates, petroleum products, 

different oils 

- ICP-MS measurements, parameters, optimization, 

matrixes and my proposed solutions 

- ICP-OES, only light organic, not sufficient DLs 

- What we achieved, lowest ΣLa, DLs 


