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TXRF – liquid analysis

Reflector

Step 1 – deposition of a liquid drop
(a few µL)

Reflector

Step 2 – liquid evaporation

Step 3 – TXRF analysis

Reflector
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One of the most important advantages of X-Ray Analysis: 

•The possibility of direct analysis of solid samples

Two of the most important disadvantages of X-Ray Analysis: 

•The inability to determine chemical species

•Although the Minimum Detection Limits usually are very good for solid sample 

analysis, they often are inadequate for liquid analyses

Questioning:

Is it possible to overcome the disadvantages by taking advantage of the 

possibility of solid analysis? 
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Preconcentration (definition)
in trace analysis

An operation (process) as a result of which the ratio of the concentration or the amount of microcomponents

(trace constituents) and macrocomponents (matrix) increases. The term enrichment is not recommended. 

IUPAC Gold Book

http://goldbook.iupac.org/P04803.html
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Membrane-introduction mass spectrometry (MIMS),

Nicholas G. Davey, Erik T. Krogh, Chris G. Gill, Trends in Analytical Chemistry, Vol. 30, No. 9, 2011

MIMS uses a semi-permeable membrane between sample and mass spectrometer. The membrane extracts 

and preconcentrates analytes providing increased sensitivity.

Ion selective electrodes / Chemical Sensors

An electrochemical sensor, based on selective membranes

as recognition elements
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2) Membrane Deposition on Reflector Surface

(an alternative way for TXRF sample preparation)
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TXRF – Membrane analysis

Step 1 – Membrane preparation and deposition of a 

few µL liquid drop (membrane components in 

suitable solution)

Reflector Reflector

Step 2 – Solvent evaporation

Step 4 – TXRF (or EDXRF) analysis

Reflector
Reflector

Step 3 – Reflector immersion in the analyzed solution

(selective preconcentration)

(Air, Oven, IR lamp)



10

Membrane Solution preparation

1) Membrane Matrix Solution

1.1 Membrane polymer: e.g. PVC

1.2 Plasticizer (to improve polymer properties like flexibility): e.g. dibutyl phthalate

1.3 Solvent (for matrix and plasticizer dissolution): e.g. tetrahydrofuran (THF)

2) Complexing Reagent Solution (ligand)

Questions:

• Selection of polymer, plasticizer, ligand?

• Solution Quantitative Composition?

• Membrane mass?

• Analyzed Sample volume?

• pH?

• Temperature?

• Stirring effect?

• Interferences? 

etc.
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Experimental Procedure

Substrate: Quartz Reflector (SiO2 )

- Membrane solution preparation (Mixing (6) µL of membrane + (6) µL ligand). 

- Dispense the membrane solution on the center of a quartz reflector

Solidification of the Membrane

Immersing the membrane in the analyzed solution 

Removal of the membrane from the solution 

High purity water rinsing, drying 

TXRF (EDXRF) Analysis 

11
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Step 1: Membrane preparation and 

deposition on a TXRF reflector (or 

on thin plastic) surface

Step 3: reflector immersion in the 

analyzed solution

Step 4: TXRF (or EDXRF) analysis

Step 2 – Solvent evaporation
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Complex formation: A molecular entity formed by loose association involving two or more component 
molecular entities, or the corresponding chemical species. 

Advantage: Extremely high Stability Constants

Questioning: Do complexes keep their properties if they will be introduced in a solid (membrane) matrix?
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3) Reagent Immobilization on TXRF Reflector Surface

(another way for sample preparation)
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TXRF – Reagent Immobilization analysis

Step 1 – Reflector Activation (in suitable Reagent)

Step 4 – TXRF analysis

Reflector +analyzed element
Reflector+ ligand

Step 3 – Reflector immersion in the analyzed solution

(selective preconcentration)

Reflector

Step 2 – Complexing ligand immobilization

Activation solution

Analyzed solution

Activated Reflector

Complexing ligand solution
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

4) Membrane Analysis Applications

5) TXRF – Reagent Immobilization Analysis

4) Membrane Analysis Applications
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

4) Membrane Analysis Applications

5) TXRF – Reagent Immobilization Analysis
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Membrane analysis - Mercury
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Μembrane composition

Polymeric Ion Selective Membranes Consists of :

�polymer matrix PVC (Polyvinyl Chloride).

�Membrane solvents (plasticizers) –dibutyl Phthalate. 

�Active components such as ionophores - 5,5’-Dithiobis(2-nitrobenzoic acid)

(organic compound that facilitates the ion transport across the membrane)

�Selective membranes containing a few micrograms of various complexing 

reagents (dithizone).

�THF as Solvent 
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Polymer Matrix

Plasticizer

Solvent

Complexing
Reagend
(Ligand)

Ionophore
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Complexing ligand selection
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Time – (Reflector TXRF) 
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Time (thin Mylar)
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Sample volume (TXRF)
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Sample volume (thin Mylar)



Temperature 
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50 mg/L Calcium, 5 mg/L K
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Linearity (seawater)

C(ppb)C(ppb)



(In seawater spectrum, Br-Kα line overlaps with Hg-Lβ)

•HNO3 → Drinking Water, with pH adjusted to zero (0) by HNO3

•NaCl → Milli-Q water + 60 g/L NaCl (similar to seawater)

•MDL 0.2 ppb (drinking water), 0.4 ppb (seawater)

Spectra Comparison

Lα-Hg

Lβ-Hg 

+Ka-Br
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Substrate

Spectra line

color Hg Lα

Prolene 4 µm green 1631

Microporous gas

permeable purple 1285

Mylar 6 µm blue 1263

Polyimide (Kapton) 

7.5 µm yellow 1998

Mylar 2.5 µm green thick 2416

Various Substrates (Hg 10 ppb)

Membrane Composition: 
35%w/v PVC, 
43%w/v Dibutyl phthalate, 
9%w/v Ionophore, 
13 % w/v Dithizone



33EDXRF analysis -15 ppb Hg (commercial instrument)
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Minimum Detection Limits

Hg 0.5 ppb
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Minimum detection limits for 300 s irradiation 
time

Seawater: 0.064 µg/L (64 ppt)
High purity water (18 MΩ): 0.069 µg/L (69 ppt)
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

Membrane Analysis Applications

TXRF – Reagent Immobilization Analysis
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Anion Analysis - Perchlorate
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Perchlorate Analysis

fuel oxidizer

4 Al + 3 NH4ClO4 → 3/2 N2 + 3/2 Cl2 + 6 H2O +  2 Al2O3
solid        solid gas                gas gas solid

Other perchlorate applications/presence
� Airbags (oxidizer)
� Bleaches
� Fireworks (oxidizer)
� Byproduct of chlorine generators (in swimming pool chlorination systems)

� Fertilizers (naturally ocuring)

High redox potential, high oxygen content but slow reaction unless heated. Rough mass 

proportions 70% ammonium perchlorate/ 15% hydroxyl-terminated polybutadiene HTPB / 15% Al
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Safety problems

�Thyroid uses Iodine for hormone production

�Perchlorate has similar properties and size with Iodine

� “High” perchlorate concentrations interfere with Iodine and block its absorption in thyroid (hypothyroidism) (it 

has been used in the medicine to treat hyperthyroidism)

Thyroid selectively absorbs Iodine ( I- ). Iodine (and tyrosine) are used to form:
Triiodothyronine (T3) and Thyroxine (T4)

T3
T4

T3 ant T4 affect growth, metabolism, body temperature, heart rate etc.
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It started to recognized as contaminant when 
chemical analysis techniques became able to 
analyze it at ppb levels
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Perchlorate is highly soluble in water, and relatively stable and mobile in surface and subsurface 

aqueous systems. As a result, perchlorate plumes in groundwater can be extensive. For 

example, the perchlorate plume at a former safety flare site (the Olin Flare Facility) in Morgan 

Hill, California, extends more than 9 miles

High concentrations of perchlorate have been detected primarily at current and Formerly Used 

Defense Sites historically involved in the manufacture, testing and disposal of ammunition and 

rocket fuel or at industrial sites where perchlorate is manufactured or used as a reagent during 

operations … it is generally difficult to identify specific military sites with known 

perchlorate releases. From 1997 to 2009, the Department of Defense reported perchlorate 

detections at 284 (almost 70 percent) of its installations sampled

The EPA established an Interim Lifetime Drinking Water Health Advisory of 15 

micrograms per liter (µg/L), which is a concentration of a perchlorate in drinking water that is 

not expected to cause any adverse noncarcinogenic effects for a lifetime of exposure (EPA 2009, 

2012a).
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EPA calculated a tap water screening level of 11 µg/L for perchlorate and perchlorate salts 

(EPA 2013).

EPA has calculated a residential soil screening level (SSL) of 55 milligrams per 

kilogram (mg/kg) and an industrial SSL of 720 mg/kg for perchlorate and perchlorate salts 

(ammonium, potassium, sodium and lithium) (EPA 2013).

Numerous states have promulgated enforceable standards for perchlorate in drinking water. 

For example, Massachusetts (2 µg/L) and California (6 µg/L) have established

enforceable standards for perchlorate in drinking water (CDPH 2012; Massachusetts DEP 

2006).

At least 10 other states have also developed advisory levels or health-based goals for 

perchlorate, ranging from 1 to 18 µg/L for drinking water and 1 to 72 µg/L for 

groundwater (GAO 2010).
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April 10, 2014

Environmental Health News

Levels of naturally occurring perchlorate are higher than expected in Nevada's Amargosa desert. 
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Membrane Membrane 

Matrix

Matrix 

% w/w
Plasticizer

% w/w

Anion 

Extractant

% w/w

Solvent

5 mL

Μ1 EVA 60 * 40 THF

Μ2 EVA 70 * 30 THF

Μ3 EVA 40 * 60 THF

Μ4 EVA 50 * 50 THF

Μ5 CTA 57 14 29 THF

Μ6 CTA 28 62 10 THF

Μ7 CTA 50 10 40 THF

Solution No 1: Test of various membrane composition

*EVA can be without plasticizer as it has itself the suitable mechanical and electrical properties 

CTA: cellulose-triacetate

EVA: poly(ethylene-co-vinyl-acetate) copolymer

Anion Extractant: Aliquat-336 = N-Methyl-N,N,N-trioctyloctan-1-ammonium chloride

(extractant+plasticizer)
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Perchlorate Concentration:  50ppb

Best Membrane : EVA  60 % w.w ,  Anion Exchanger Aliquat 40 % w/w

Solution No 1: Test of various membrane matrix composition - Results
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Ligand

Number 

Ligand

L 1 1- Nitroso-2- Naphthol

L 2 4- Nitrocatechol

L 3 Morin Hydrate

L 4 Antipyrin

L 5 Phenyl Acetate

L 6 o- dianisidin

L 7 Citric Acid

L 8 Thiourea

L 9 TTHA

L 10 Dibenzoylmethane

L 11 Dithizone

L 12 Ammonium pyrrolodinedithiocarbamate

L 13 2- Mercaptobenzothiazole

L 14 4(2- pyridylazo ) resorcinol

L 15 HEDTA

Solution No 2: Chemical reagents (Complexing  ligands)
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Perchlorate Concentration  : 50 ng/mL

M1 Membrane + 1- Nitroso-2- Naphthol

Solution No 2: Chemical reagents (Complexing  ligands) - Results
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Indicators

Number

Indicator

I1 Phenolophtalein

I  2 Thymol Blue 

I  3 Methyl Orange

I  4 Bromothymol Blue

I  5 Eriochrome Black T 

Solution No 2: test of indicator use
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Perchlorate concentration : 50 ng/mL

Best composition: M1 membrane +Phenolophtaleine

Solution No 2: test of indicator use - Results
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Blank = membrane without perchlorate solution immersion
All the others have been immersed in 50 ppb perchlorate solution
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Experimental set-up

Wien Atom Institute TXRF module, 

Fine Focus Cu x-ray tube (Seifert FK 60-04 AG)

High Voltage Generator (Seifert 150 Debyeflex 3000) 30 kV 20 mA

Oxford Si(Li) detector 80 mm2 155eV at 5.9 keV, 

Irradiation Time =100 s, AXIL Integration Software

Spectra with (pink) and without (blue) Helium flux
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Cl-Kβ + Ar-Kα
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pH effect

The results showed that analysis was independent of the pH of the solution in the range of 2 – 8. 

Changes are observed at higher pH values. At higher pH values the yield decreased due to the simultaneous 

response Perchlorate and hydroxide anions. The 

Hydroxide ion compete with perchlorate ion for the cationic site in the 

membrane.    

-At lower the membranes have poor response (decomposition, poor stability)
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Chloride Removal

Drinking water spiked with perchlorate 

↓

Silver Nitrate addition 

↓

Stirring and heating until boiling for 30 min

↓

Production of white precipitate AgCI

↓

Filtering with Buchner 
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Blank = EVA membrane+Phenolphthaleine (no immersion) due to 
Aliquat ion exchanger

Drinking water => 11.7 ppm chloride

Drinking water Spiked perchlorate => 50 ng/mL (ppb) perchlorate spike

Chloride Removal
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Drinking Water Minimum Detection Limit: 0.8ng/mL (100 s)
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� The proposed liquid perchlorate selective membranes could be used  for 

perchlorate analysis

� The best membrane was based on EVA + phenolphthaleine system 

� Determination of perchlorate ions is possible in drinking/mineral water 

samples (after chloride precipitation).

� Chloride precipitation does not affect perchlorate

� There was good selectivity, long term stability and applicability over a 

wide pH range. 

� Minimum detection limit = 0.8 ng/mL (ppb) for 100 s irradiation time. The 

MDL is suitable for environmental analyses as EPA Drinking Water Equivalent 
Level is 24.5 ppb

� Very good  adhesion of the membrane

� Very  low  chemical reagent consumption
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

4) Membrane Analysis Applications

5) TXRF – Reagent Immobilization Analysis
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Anion Analysis - Bromate

Drinking water ozonation – Bromide �Bromate (suspected human carcinogen)
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

Membrane Analysis Applications

TXRF – Reagent Immobilization Analysis
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Cation + Anion Analysis

Chromium speciation
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CTA: cellulose-triacetate

EVA: polyethylene-co-vinyl acetate

PVC: Poly vinyl chloride

plasticizer

anion extractant

hexavalent chromium - K2CrO4 or K2Cr2O7
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Cr(VI) Speciation

• PVC based membrane selective 
towards Cr(VI)

• anions  and  not  to  Cr3+

• Low  detection limits  0.6 ppb

• Cr(VI)

• is  Known  to  cause health 
problems when inhaled, or skin 
contact or drinking like cancer, 
respirator problems, skin rushes 
contrary  to  Cr+3

• Acidic  conditions required ( pH = 
2)  for the best detection of Cr(VI)

• Very  good  linearity in a wide 
range of concentrations of Cr(VI)

• in high purity  and  drinking water 
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Cation Analysis

Mercury

Anion Analysis

Perchlorate

Bromate

Cation + Anion Analysis

Chromium

4) Membrane Analysis Applications

5) TXRF – Reagent Immobilization Analysis



70

TXRF – Reagent Immobilization Analysis
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Activation with 1,1-carbonyldiimidazole (CDI) is a rapid method (75 min are enough). CDI is a highly 

reactive carbonylating reagent suitable to activate carboxyl or hydroxyl groups before the 

immobilization of amine-containing ligands. CDI is efficient, cheap and it is no pH dependent. The 

linkage of the amino group of the ligand to the support (Nalkylcarbamate) was shown to give good 

stability. The support has an excellent withstand to hydrolysis. Other advantages of CDI activation 

are the ability to achieve a range of substitutions under different conditions and the neutral 

carbamate linkage between the support and the ligand. The lack of a charge in the ligand linkage is 

important for the maintenance of specificity and for the reduction of the non-specific adsorption 

effects. An additional advantage is that CDI allows reproducible results.
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Reflector

Activation solution CDI

Quartz reflectors (two at each beaker 100 mL) were immersed in 30mL of HCl

0.05Mfor 1 h at room temperature. The objective was to replace sodium ions with 

hydrogen from the surface of the reflector. After 1 h, the reflectors were washed 

sequentially withwater, then with solutions of 30% acetone/70%water, 70% 

acetone/30% water, and finally, with 100% acetone. The reflectors must not be dried 

between the acetone washes. The CDI activation solution was prepared by 

dissolving 0.5 g CDI in 20mL of acetone. The reflectors were immersed in the 

solution and the activation procedure was carried out under stirring at room 

temperature for 75 min. The activated reflectors were washed with acetone to 

remove the free imidazole, generated during the activation. The reflectors can be 

stored in dry acetone at 4 ◦C or used immediately. The beakers that were used in this 

process were made from glass.

Quartz Activation procedure
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Activated Reflector

Ligand solution

The activated reflectors were treated with 20mL of ligand solution at 4 ◦C for 20 h. 

Then the reflectors were extensively washed with acetone to remove any unreacted

ligand and are left to dry for few minutes.

Ligand immobilization procedure
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Reflector Activation / Reagent Immobilization

PVC + Dibutyl phthalate + 5,5’-Dithiobis(2-

nitrobenzoic acid) + Dithizone /on thin Mylar/1000 

mL analysed solution/ EDXRF

0.1Hg+2

PVC + Dibutyl phthalate + 5,5’-Dithiobis(2-

nitrobenzoic acid) + Dithizone / TXRF

0.2Hg+2

Analysed ion MDL

(ppb)

Membrane Composition / Method

Cr+3 0.2 Nafion® + HEDTA(N-(2-Hydroxyethyl)-

ethilenediamine-N,N’,N’-triacetic acid) / TXRF

Cr(VI) 0.4 PVC + Dibutyl Phthalate + Aliquat336 / TXRF

BrO3
- 2 PVC + Aliquat336 + o-Dianicidin / masking agent:

Methyl orange / TXRF 

ClO4
- 0.5 EVA + Aliquat336 + Phenolophtaleine / Cl- removal / 

TXRF

Hg+2 9 Reflector Activation CDI, Reagent Immobilization 

4(2- pyridylazo)resorcinol / TXRF

The list of the TXRF analysed ions with their Minimum Detection Limits in drinking water and the 

best membrane composition (300 s irradiation time).


