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Abstract 

NEW METHODS FOR TRACE ANALYSIS OF IODINE AND 

PERCHLORATE IN BIOLOGICAL FLUIDS 

 

Charles Phillip Shelor, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Purnendu K. Dasgupta 

Iodine is an essential element necessary for the production of the thyroid 

hormones T3 and T4.  These hormones are necessary for metabolism and are especially 

important for brain development in infants and young children.  Iodine is transported into 

the thyroid by the sodium iodide symporter.  Perchlorate is known to inhibit iodine uptake 

into the thyroid by binding to the sodium iodide symporter, thus acting as a potential 

neurotoxicant for developing children. 

The research in this dissertation consists of two goals.  The primary is the 

development of novel methods for measuring iodine and perchlorate and the second is 

performing analyses to determine infant risk associated with perchlorate consumption via 

milk.  Further research performed not relevant to the title theme is included in the 

appendices.   

The iodine status of infants is not well known.  Urinary iodine is used as the 

primary epidemiological marker for gauging the iodine status of an adult population.  

Infant risk assessment however, due to difficulties acquiring infant urine samples, is more 

frequently monitored via the feed, e.g. milk.  Measurement of iodine and perchlorate in 

milk is no simple task.   Complete sample digestion is preferred for iodinalysis, but the 

harsh conditions often rule out such methods to be used for perchlorate analysis.  Iodide 
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present in the milk may also be oxidized to molecular iodine which is volatile and may be 

lost prior to analysis.  We have developed a new digestion procedure for the removal of 

organics based on the Fenton reaction: the Fe
2+

 catalyzed oxidation of organics by H2O2.  

The method is green, safe, inexpensive and effective.  Iodine loss is kept to a minimum 

by controlling the temperature and pH of the reaction. Additionally, the reaction is mild 

enough such that perchlorate remains intact throughout the digestion. 

The digestion procedure was used for the analysis of breast milk samples and 

corresponding infant urinary secretions.  Using iodine as a conservative tracer in the 

infants, it is found that perchlorate is actually reduced in breastfed infants as opposed to 

their formula fed counterparts.  One of the primary physiological differences between 

breastfed and formula fed infants is intestinal bacteria.  Milk spiked with perchlorate was 

inoculated with bifidobacteria, the dominant intestinal bacteria in breastfed infants.  

Perchlorate reduction occurred in those samples with bifidobacteria compared to those 

with a bacteria blend that didn’t contain it. 

Currently there is no means of measuring an individual’s iodine nutrition status.  

An inexpensive device was developed capable of measuring iodine to levels necessary 

for identifying severe deficiency.  The system was based on a gas-phase 

preconcentration microplasma dielectric barrier discharge atomic emission spectrometer.  

Iodine is absorbed on a suitably coated tungsten filament of low thermal mass.  The 

filament is heated rapidly and the iodine is vaporized and measured in the plasma.  The 

biggest obstacle to final development of a working unit is the chemistry of iodine itself.  

Oxidation of I
-
 to I2 and removal from solution is a seemingly easy task given that I

-
 is 

readily oxidized and I2 is volatile with low solubility in water.  However, disproportionation 

reactions are prevalent at low iodine concentrations and necessitate the need for 

alternative approaches such as generation of CH3I. 
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Chapter 1  

Review of Analytical Methods for the Quantification of Iodine in Complex Matrices 

 
1.1 Introduction 

It is estimated that more than two billion people have insufficient iodine intake 

and are at risk of developing Iodine Deficiency Disorders (IDD).
1
   Symptoms of Iodine 

Deficiency include goiter, hypothyroidism, and cretinism.   In 1917, Marine and Kimball
2 

first showed that iodine supplementation could reduce goiter, and prophylactic iodization 

of salt started in Switzerland in 1922;
3
 in 1924, the U.S. followed suit.

4,5
  In this review we 

refer to the US population most frequently as we are most familiar with the relevant 

literature.  However, the status of most countries regarding iodine nutrition is not better 

than that of the US.  

The U.S. Institute of Medicine (IOM) recommended daily allowance (RDA) or 

adequate intake (AI) of iodine for different population groups are as follows (in g d
-1

), 0-6 

mo.: 110 (AI); 7-12 mo: 130 (AI), 1-8 yr: 90 (RDA), 9-13 yr: 120 (RDA); > 14 yr: 150 

(RDA); pregnant women: 220 (RDA); Lactating women: 290 (RDA).
6
  There are calls for 

further increasing the suggested iodine intake, especially for pregnant and lactating 

women.
7
  Currently 91% of the global population, totaling some 130 countries, is regularly 

surveyed for their iodine nutrition status and iodization of salt and other measures of 

iodine supplementation are taken.  In 1993, iodine deficiency was a recognized public 

health problem in 123 countries; by 2006 this number has decreased to 47.  Some 63 

countries still do not have regular screening procedures.  The WHO recommends 

iodization of not just household salt but also livestock feed.  Urinary iodine (UI) is the 

epidemiological indicator used for iodine nutrition status in a population.
8
  Median UI 

levels are used to categorize a population as severely deficient (<20 g L
-1

), moderately 
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deficient (20-49 g L
-1

), mildly deficient (50-99 g L
-1

), adequate nutrition (100-199 g L
-

1
), above requirements (200-299 g L

-1
), and excessive intake (>300 g L

-1
).  The risks of 

excessive Iodine intake include hyperthyroidism and thyroid autoimmune diseases; 

however whether this occurs at a UI level of 300 g L
-1

 is debatable.  A mean urinary 

iodine volume of 1.5 L d
-1

 can be used to relate intake values to UI values.  Backer and 

Hollowell
9
 surveyed the extensive extant literature and concluded that the strongest data 

suggests that iodine intakes of 1000–5000 g d
-1

 are safe for most people for years.  

 

1.2 Iodine Deficiency and a Particular Perspective for the United States. 

Iodine deficiency is the most common cause of cognitive impairment.
8
  The brain 

is extremely sensitive to the effects of low iodine intake with the degree of impairment 

dependent on the timing and severity of the deficit.
10

  Even a mild iodine deficiency may 

seriously affect the intelligence and function of children.
11,12

  In the US, iodine nutrition 

status is monitored through the National Health and Nutrition Examination Surveys 

(NHANES).  Evaluations of iodine nutrition made through NHANES I and III have 

indicated that iodine intake has decreased over the last decades, potentially leaving more 

infants at risk of iodine deficiency.
13

  The decrease in intake may be due to changing 

practices among dairies and cereal manufacturers
14

 removal of iodate-based conditioners 

from store-bought bread
15

 and increased reliance on pre-prepared, prepackaged and fast 

foods, which may contain a lot of salt but not iodized salt.
16

  There is also decreasing use 

of salt at home because of potential adverse health concerns of excessive sodium 

consumption;
17

 ironically, the bulk of the salt consumed outside the home is not iodized.  

Salt, the primary source of iodine for many within the US, is now widely perceived as 

unhealthy, because it increases hypertension risks.  The American Medical Association 

has taken the extraordinary step to ask the US Food and Drug Administration to take salt 
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off the “Generally Recognized As Safe” (GRAS) list.  As households seek to reduce their 

sodium consumption, the likely end result is that iodine intake will further decrease.  Salt 

content will be reduced at home, the only place most individuals encounter iodized salt, 

as the population typically does not go to restaurants and ask that less salt be used in 

cooking or ask fast food /prepackaged food vendors to reduce salt in their products. 

Recently, however, some US vendors of prepackaged food now have voluntarily pledged 

gradual reduction of salt content.  Pregnant and lactating women, many of whom attempt 

to “eat healthy” while pregnant or in early motherhood, may thus become the most 

susceptible when salt consumption at home is cut back.   

Actual infant iodine nutritional status in the US is not directly known: infants are 

not a part of the NHANES cohort.  Breastfed infants, who rely on their mothers’ milk for 

iodine, will be particularly vulnerable if their mothers fall short on iodine nutrition.  The 

recent decrease in iodine intake has been associated with increasing rates of congenital 

hypothyroidism,
18

 a serious condition known to have permanent effects on neurological 

function.
19

  The most recently available NHANES data indicate that the median UI value 

for lactating white women is 106 g L
-1

 (and even then 6%, 22% and 11% of the 

population are respectively in the severely, moderately and mildly iodine deficient 

categories).  The median UI value for lactating Hispanic women in the US is a dismal 50 

g L
-1

.
20

 

Even mild iodine deficiency is associated with behavioral and cognitive 

dysfunction.  Children with UI <100 g L
-1

 have lower IQ and higher prevalence of 

behavioral disorders than their higher UI peers.
21

  Mild iodine deficiencies in women 

correlate with attention deficit hyperactivity disorders (ADHD) in their children.
22

  The 

present scenario on iodine nutrition is complicated by the fact that the relationship 

between iodine assimilation and intake may be affected by the ubiquitous environmental 
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presence of iodide transport inhibitors.  Perchlorate is the most potent of iodide transport 

inhibitors.  For a discussion of this issue see a special issue of this journal
23

 and other 

recent commentaries.
24

  Whether or not perchlorate plays a role, presently there is real 

concern about the iodine nutritional status of US mothers.
25

 

  

1.3 Analytical Methods for Iodine in Biological Samples. 

To properly assess iodine nutrition, methods are required to affordably and 

accurately quantify iodine in soil, plants, various foods and in physiological samples, 

notably milk, serum, and urine.  Presently, iodine measurement in biological samples is 

carried out almost exclusively by one of two methods:  One is an age-old kinetic 

spectrophotometric method called the Sandell-Kolthoff reaction.
26

  The reduction of 

yellow Ce(IV) by As(III) to colorless Ce(III) is normally very slow.  This reaction is 

catalyzed by trace amounts of iodide.  The reaction follows the following scheme: 

  

    

 

It is also catalyzed to a much smaller extent by iodate, which in any case, is 

readily converted to iodide in the presence of arsenite in an acidic medium.  

Organoiodine compounds do not react without decomposition. The rate of disappearance 

of the yellow color in a Ce(IV)-As(III) mixture is measured as a measure of iodine content.  

Ce(III) is fluorescent (ex  254 nm, em  350 nm)
27

 and in principle the reaction can be 

fluorometrically followed as well.  In practice because of the variable amounts of UV-

absorbing species that may be present, the reaction is rarely used in this fashion.  As 

may be intuitive, many organic substances can potentially interfere
26,28

 by chelating 

Ce(IV) or Ce(III) or otherwise directly affecting the reaction rate.  Complete mineralization 

2Ce
4+

 + 2I
-

 

As
3+

 + I
2
 As

5+

 + 2I
-

 

2Ce
3+

 + I
2
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of the sample to digest the organics is thus a necessity.  This digestion step typically 

involves perchloric acid.  This requires special hoods and precautions because of 

explosion hazards.  The other method used is at the opposite end of sophistication; 

Inductively Coupled Mass Spectrometry (ICP-MS) permits superb sensitivity, and as 

such, in some cases (e.g., urine) will permit direct sample analysis after dilution.  

Nevertheless, it is still necessary to have an internal standard to account for matrix 

effects.
29

   

In this review, we critically evaluate all methods, including variants of the above, 

actually used for the measurement of trace iodine in biological samples.  We have 

deliberately avoided extensive discussion of methods that have been used only with 

simple matrices, e.g., salt, as such applications do not provide the analytical challenges 

posed by biological matrices.   The references cited here are representative rather than 

comprehensive.  Far too many applications of iodine measurements in biological samples 

are in the extant literature but few contain analytical innovations.  The heart of this review 

is a summary table of the methods presented with key analytical figures of merit provided 

in Appendix A,Table A - 1. 

 

1.4 The Sandell-Kolthoff Reaction.  

The Sandell-Kolthoff Reaction
26

 is likely the most widely used technique for 

quantifying iodine.  The reduction of absorbance due to Ce(III) is typically measured at 

405 - 420 nm; although the maximum sensitivity can be achieved at 310-317 nm;
30,31

 this 

is not often used because of the same reasons that the previously stated sensitive 

method of Ce(III) fluorescence measurement is not used.  Aside from uncharacterized 

organics, the reaction is interfered with by higher concentrations of thiocyanate (both milk 

and urine typically contain much larger amounts of thiocyanate than iodide
32, 33

); 
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thiocyanate levels are especially high for smokers.
34

  Traces of metal ions such as silver 

or mercury that bind iodide also interfere.  Substances that readily undergo oxidation, 

notably nitrite, ascorbic acid, and ferrous iron
26,28

 also interfere.  

Determination of iodide using the S-K method can be carried out two different 

ways:  (a) record the complete absorbance profile with time (b) measure the sample 

absorbance after some preset time interval following mixing of all components.  Most 

often b is used for higher throughput.  The iodine concentration can be determined 

directly from the difference in absorbance between a blank and the sample at any time 

following mixing.
30

  

 

1.4.1 Digestion Procedures Used Prior to Sandell-Kolthoff Measurement.   

Barker et al.
35

 reported an alkaline digestion procedure to measure protein bound 

iodine (PBI, synonymously used for thyroglobulin (TG), etc.); cited some 322 times, this 

approach has been much used.  The method involves precipitation of the protein as the 

Zinc conjugate (ZnSO4 solution is typically added
36

), addition of excess alkali, slow 

evaporation to dryness overnight @ 85-95 °C, ashing for 2.5 h @ 600 °C followed by 

extraction of the ash with dilute HCl.  However, latter work has indicated that much loss 

can occur in the procedure at pre-ashing temperatures; this can be minimized by 

choosing a vessel that minimizes circulation of gases and using KOH instead of NaOH.
37

  

Glass vessels used for ashing cannot be reused; the etched surface tends to strongly 

adsorb iodine.
37

  Acid digestion procedures do not have this problem.  However acid 

digestion conditions can lead to losses as elemental I2; iodide in acid solution is readily 

oxidized by air.  Traditional perchloric acid digestion (sulfuric, nitric, perchloric acids
38

 or 

nitric and perchloric acids
39

) does work and radiotracer studies show that iodine loss is 

consistent and is typically below 20%.
39

  Traditional perchloric acid digestion as outlined 
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in
38

 (see
40

 for an update that involves overnight digestion with HNO3 followed by 

digestion with conc. H2SO4 and 70% HClO4) is still the method of choice for sample 

preparation for iodine determination by the US Food and Drug Administration.
41

  

Perchloric acid digestion does require special hoods and special precautions. 

Zak et al.
42

 had earlier developed a procedure that uses chloric acid (HClO3) as 

the active oxidant to oxidize iodide more rapidly and effectively to nonvolatile iodate.  

Chloric acid is not commercially available as such; this was prepared by adding a 

stoichiometric amount of 70% HClO4 to a concentrated solution of KClO3.  The resulting 

KClO4 was allowed to precipitate while the mixture was refrigerated overnight.  It is not 

known how much free HClO4 remains but based on the residual potassium in solution, 

the amount is likely small.  The chloric acid digestion procedure was adopted by Benotti 

et al.
43

 for urine, feces, tissues and food; this work has been much cited.  Some other 

chloric acid procedures actually use significant amount of other oxidizing acids including 

perchloric and chromic acids; again, appropriate precautions must be taken.
44

  A mixture 

of sodium chlorate and perchloric acid has also been used for digestion.
45

  It is not clear 

to the present authors why chloric acid must be prepared with HClO4 with removal of the 

counterion as KClO4 and cannot be used e.g., as a stoichiometric mixture of KClO3 and 

H2SO4.  It is possible but unlikely that the presence of excess potassium sulfate results in 

interferences. 

Pino et al.
46

 has advocated ammonium persulfate (AP) digestion of urine 

samples that is completed in 30 min.  This avoids the needs for a specialized fume hood.  

In our experience, this method is indeed effective for digesting urine samples but is not 

necessarily applicable to other sample types, e.g., human milk.  For UI, the AP digestion 

method was validated against automated acid digestion in a Technicon autoanalyzer
47,48

 

and reversed phase ion-pair HPLC.
47

  Results obtained by the S-K method after AP 
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digestion has also been compared with parallel ICP-MS analysis.
49

  For UI, in-line 

digestion at 38 °C with acidic permanganate and dichromate in a flow-injection format 

has also been shown to be viable.
50

 

Rollman et al. combusted the sample in a closed flask in an oxygen atmosphere 

and converted the iodine formed to iodate by hypochlorite.  Any chlorine formed was 

purged by N2 prior to analysis.
51

  Oxygen flask combustion followed by oxidation of iodine 

to iodate by a chloric acid absorber was used by Zaroda to measure PBI.
52

 

Pyrohydrolysis, a process where the sample is heated to 1200-1300 °C while 

water vapor/steam and O2/air is passed over it, has been used with geological 

samples.
53,54

 The apparatus is complex. 

The S-K method is an effective way to measure iodine in complex samples but it 

will be apparent that the sample preparation methods listed above are onerous, do not 

lend themselves well to automation and will constitute the major bottleneck when a large 

number of samples are to be analyzed.  In some of the digestion methods, if digestion is 

conducted with multiple samples in a closed system, some iodine escapes into the gas 

phase from high concentration samples and is reabsorbed by other samples.
55

  In 

specific cases, iodine can be liberated from organoiodine compounds.  If the sample is 

already chromatographically purified, thyroxine (T4) can be thus determined by adding 

bromine (generated in-situ by bromide, bromate and acid) prior to measurement by the S-

K method.
56

  Autoanalyzer adaptations of this have been reported.
57

  The bromine 

addition procedure is broadly applicable to 3-iodotyrosine (monoiodotyrosine, MIT), 3,5-

diiodotyrosine (DIT), 3,3’,5-triiodotironine (T3), T4 and TG.
58

  Chlorine can be used in the 

same manner as bromine.
59

  Even without prior decomposition MIT, DIT, T3 and T4 

respond to the S-K reaction but at rates lower than an equivalent amount of mineralized 

iodide and response of each compound must therefore be individually calibrated for.
60
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Other efforts at bypassing digestion have later been shown to lead to errors.  On-

line dialysis instead of digestion was adapted to measure UI
61

 but thiocyanate is also 

transported and produces erroneously high values for UI.
28 

 

1.4.2 Chemical Modifications of the Sandell-Kolthoff (S-K) Method. 

 Modifications to the S-K method that result in different measurands have been 

proposed.  The reaction can be quenched with brucine sulfate
50

 and the absorbance of 

the resulting brucine-cerium complex measured at 428 nm.
62

  Addition of excess Fe(II) 

can also stop the reaction by reacting with Ce(IV) to produce Fe(III); the latter can then 

be determined by adding excess thiocyanate to form the well known red ferrithiocyanate 

complex that can be measured at 460 nm.
63

  These methods only allow a single point 

measurement, obtaining reaction rate profile is not possible and they have not been 

much used. 

   

1.4.3 Measurement Platforms Used With the Sandell-Kolthoff Method.  

 The early years of strictly manual assays was rapidly replaced by adaptation on 

the Technicon Autoanalyzer
36,38,40,46,52,56,64

 which also provided for in-line digestion.  

Equivalent segmented flow analyzers are still in use in many laboratories and still 

constitute the typical comparison benchmark for new methods 
65-67

.  A very effective 

current adaptation of the S-K method is on microtiter plates with corresponding 

multichannel plate readers.  These can provide high sample throughput and reduce the 

amount of waste per sample
65-67

.  Both acid and AP digestion have been performed on 

the plates.  Ohashi et al.
68

 pioneered the adaptation of the microplates.  Using a specially 

designed sealing cassette to prevent loss of vapor and cross-contamination among wells, 

AP digestion was performed in a microplate in an oven at 110 °C for 60 min. Afterwards, 
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the digestion mixture was transferred to a transparent microplate and the S-K reaction 

was performed at 25 °C for 30 min and absorbance measured at 405 nm. An advantage 

of the microplate method is the ability to load multiple blanks and standards and monitor 

for cross contamination.  The flow-injection format
50

 also allows for rapid assays.  

However, it does this in a sequential manner and cannot provide a kinetic profile.  A rate 

profile can in principle be obtained by adopting an intermittent stopped flow arrangement 

but at the expense of throughput. 

 

1.4.4 Representative Applications of the Sandell-Kolthoff Method.   

The S-K reaction has successfully been applied to the analysis of protein bound 

and total inorganic serum iodine,
30,55,56,58-60,62,65,66,69,70

 UI,
43,47,48,50,61,67,68

, plant material,
36

 

food,
38,40,43

 tissue,
43,45

 feces,
43

 amniotic fluid
64,69

 and coal.
53,54

  Serum PBI per se is no 

longer measured as T3 and T4 can be measured by immunoassay techniques.
65

  Serum 

T3 and T4 have also been measured by anion exchange separation and iodine liberation 

by bromine treatment prior to the S-K reaction.
56-59

   

The sensitivity of the S-K assay is excellent.  In an interesting twist, iodine, 

instead of radionuclides, was used to tag antibodies so that the iodine labeled antibodies 

could be detected by the S-K method.
71

  The response in a human IgG was linear below 

40 ng/well compared to that of horseradish peroxidase that was linear up to 25 ng/well. 

  

1.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

In a typical Inductively Coupled Plasma-Mass Spectrometer, microwave or radio 

frequency power is applied through an induction coil to generate high temperature argon 

plasmas, 4500-8000 K, with an electron temperature of 8000-10,000 K.  The plasma 

atomizes the sample and strips the atoms of one or more valence electrons.  The 
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resulting positive ions then typically enter a single quadrupole mass analyzer for sorting 

out ions of different m/z and are then detected.
72

  Iodine has a relatively high first 

ionization potential (IP, to form I
+
) of 10 eV;

73
 thus the iodine present is only partially 

ionized (~25%).  Despite partial ionization, the sensitivity is exceptional and a very large 

linear dynamic range can be attained.  Urine cannot be introduced into the instrument 

directly; some dilution is needed to minimize the very high salt/dissolved solids content.  

In addition, the extent of ionization in the plasma is susceptible to other ionizable material 

being present; salt content will notably vary from sample to sample.  It is essential to 

correct for such matrix effects.  Matrix effects are best compensated for by using isotope 

dilution mass spectrometry, using 
129

I as an isotopic tracer.
29,73

  
129

I has negligible natural 

abundance. It is a fission byproduct of uranium and plutonium and is also produced in 

very small quantities in the upper atmosphere by cosmic radiation acting on xenon.  In 

the absence of fallouts from nuclear explosions or reactor accidents, the amount of 

naturally occurring 
129

I is negligible in urine or other biological samples.  Although it is 

radioactive, with a half life of 16 million years, the amounts used as an analytical tracer 

do not pose a radiological hazard.  If all the 
129

I typically used to spike 20,000 samples 

was ingested, not totaling much over 2 mg, the radiation dosage would be of the same 

order as that experienced by the average person yearly (~2 mSv y
-1

 ).
73

  At the level that 

129
I is spiked into biological samples in our laboratory (prior to processing for ICP-MS 

analysis), 20,000 samples would consume 0.6 mg 
129

I.  One report has explored the use 

of 
115

In (IP 5.78 eV) and 
103

Rh (IP 7.46 eV) as internal standards for UI measurements 

and report acceptable results with both.
74

  A detailed discussion of the superiority of 
129

I 

for iodine analysis by ICP-MS appears in;
29

 these authors conclude that 
129

I provides 

reproducible results regardless of sample type, while other internal standards may work 

with one matrix but may not work with another.  In the rare case that the amount of 
129

I 
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needed for isotope dilution exceeds permitted local radiological standards, double isotope 

dilution
75

 can be used.  This involves adding a dilute amount of standard at the beginning 

of the experiment during treatment and dilution processes and a second aliquot of 

standard is added just before ICP-MS analysis.   

The 
127

I content of the 
129

I tracer can be measured a priori; the 
127

I added in the 

tracer addition process can thus be corrected for.  Xenon occurs as an impurity in the 

argon plasma gas, the natural abundance of 
129

Xe is 26.4%. The 
129

Xe content of the 

plasma gas can interfere with the measurement of 
129

I.  A correction can be made by 

measuring 
131

Xe (natural abundance 21.2%) at m/z 131 and thus correcting for 
129

Xe 

based on the respective natural abundances.  The correction can also be made in a 

simpler manner by subtracting the m/z 129 count in a reagent blank without any 
129

I 

added. It is not generally necessary to use ultra-high purity grade Ar as plasma gas to 

reduce the 
129

Xe background.
73

 

The limit of detection (LOD) for UI ranges from 2.5 g L
-1

 
73

 (or better for present 

generation instruments) for a quadrupole mass analyzer to 10 ng L
-1 

for a magnetic 

sector instrument.
76

 Either LOD is sufficient for measuring UI even in populations with 

severe iodine deficiency (<20 g L
-1

).  Care must be taken when using ICP-MS to ensure 

that adequate rinse out occurs between samples.  Iodide is easily oxidized to iodine in 

acidic solutions and can also react with iodate to form iodine.  In acidic media, long rinse 

outs are required.
73

  Thus, any sample preparation procedure that involves oxidation of 

iodide to iodate must be carefully monitored to prevent carryover contamination.  Alkaline 

solutions, preferably ammonia or some other suitable amine that will not deposit 

additional solids on the cones, often provide the best results. 

Of the National Health and Nutritional Examination Surveys (NHANES), the 2000 

survey was the first to use ICP-MS to measure UI;
77

 to assure continuity, the technique 
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was fully validated against the S-K method used until then.
49

  Urine samples were diluted 

with a dilute aqueous solution of NMe4OH and 
130

Te (IP 9.01 eV) was used as an internal 

standard in this work. 

An ICP-MS can be used as an element specific detector; although it cannot itself 

distinguish between different species of a particular element, it is invaluable as a detector 

when used in conjunction with liquid or ion chromatography
76, 78-81

 or capillary 

electrophoresis
82

 for speciation studies.  Other types of mass spectrometry, e.g., 

electrospray ionization-MS may be preferred if different iodine species cannot be 

completely resolved by chromatography but ICP-MS generally provides better detection 

limits.  Tandem MS should also be of particular value in speciation and provide much 

better sensitivity than single quadrupole MS but has not been used for iodine speciation 

to our knowledge.  The most prevalent method used is anion exchange Ion 

Chromatography(IC).
76,78,79

  In normal urine, essentially all the iodine is in the form of 

iodide
79

 and chromatographic separation does not provide added value.  However, 

speciation is of interest for subjects given iodine containing drugs/contrast agents.  IC-

ICP-MS has been used to study metabolites from subjects given 2,4,6-triiodophenol, an 

anti-inflammatory drug;
78

 both 2- and 4-iodophenol metabolites as well as the unaltered 

drug were detectable in urine.  Stark et al.
79

 looked at various iodide species formed 

under different sample pretreatment/digestion conditions with a view to identify potential 

loss as elemental iodine.  For milk powder, microwave digestion with an oxidizing acid 

was satisfactory.  In contrast, for seaweed neither acidic nor basic digestion conditions 

provided good recovery.  When samples of untreated urine were immediately analyzed, 

only iodide was observed in the chromatogram.  When the same sample was stored 

overnight at room temperature and re-measured, the iodide signal decreased and an 

iodate signal appeared, presumably due to air oxidation.  If the urine was acidified with 
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HNO3, the oxidation rate to iodate clearly accelerated.  By addition of H2O2, the iodide 

signal disappeared almost completely: the iodate signal increased and a number of 

additional peaks appeared, likely from the iodination of organic compounds present. 

Leiterer et al.
80

 report that when speciation analysis was done for cow’s milk 

using IC-ICP-MS, most of the iodine was in the form of iodide with some iodate and 

traces of organoiodine compounds.  Iodide to total iodine ratio exceeded 85% for 38 of 52 

samples analyzed.  Compared to direct analysis by ICP, the total iodine species eluted 

from the column amounted to 89%; suggesting that ~10% is protein bound and never 

elutes from the column.  It is also possible that there were quantitation errors with 

individual peaks due to ionization suppression.   

Sanchez et al. used size exclusion chromatography-ICP-MS for milk speciation.
81

  

A variety of milk samples (cow, goat, human) from several European countries, as well as 

milk powder and infant formulae, were studied.  Whey obtained after centrifugation of the 

fresh milk or reconstituted milk powder contained 95% of the iodine present in the 

samples.  With infant formulae, however, 50-85% of the iodine was not in the whey.  

Addition of sodium dodecyl Sulfate (SDS) improved the release of this iodine into the 

whey.  The majority of the iodine in formulae was shown to be present in a large 

molecular weight (>1000 kDa) fraction.  

Capillary electrophoresis coupled to ICP-MS has been used for the separation 

and quantification of T3, T4, iodide, and iodate.
82

  The separation method used a buffer 

sandwich of phosphate (pH 2.3), SDS, and borate for stacking.  The intended separation 

was complete in 15 min and then the separated bands were pressure driven into the ICP-

MS.  The serum from a healthy individual showed iodide (13 g I L
-1

), T4-TG (61 g I L
-1

) 

and T3-TG (7.5 g I L
-1

) peaks while that from a patient with the thyroid removed showed 

no T3-TG peak.  Addition of free T4 or T3 was shown to bind to TG immediately.  This 
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technique is obviously capable of providing complete information on the iodine nutrition 

status of an individual.  

Although reversed phase high performance liquid chromatography (RP-HPLC) is 

the most commonly used HPLC mode; it is not as commonly used with ICP-MS.  Organic 

solvents used in RP-HPLC tend to modify the characteristics of the plasma, cooling it 

down
78,83

 causing instability and can even extinguish it.  Gradient elution typically involves 

a continuous change in the hydroorganic composition and results in a continuous change 

in the background.  Diluting the column eluent with water before introduction to the ICP is 

possible
78

 but deteriorates detection limits and cannot solve the gradient elution problem.  

A commercially available PTFE-membrane based desolvating nebulizer was explored for 

the determination of iodine and other halogen containing drugs.
83

  Some analytes were 

partially lost in the desolvating unit, but the authors conclude that gradient elution (0-

100% methanol) is possible.  A different solvent removal device where anionic species 

are transmitted without loss has been described;
84

 this should be readily applicable for 

iodinated species.   

A direct injection high efficiency nebulizer was investigated for use with micro 

high performance liquid chromatography (HPLC)-ICP-MS using 300 m bore columns 

with an eluent flow rate of 4 L min
-1

.
85

  The authors minimized the volume within the 

nebulizer by inserting a 20 m bore capillary to carry the column effluent to the nebulizer 

tip to make it compatible with -HPLC.  Although the modified nebulizer was slightly less 

sensitive, it not only provided superior chromatographic performance, but spray stability 

was better and it exhibited less sensitivity to solvent composition.  In this case, maximum 

iodine response was observed not with pure water but with 60% acetonitrile in the eluent.  

The authors successfully separated and measured T3 and T4, reaching a 10 fmol 
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detection limit for T4.  The T4 to T3 ratio observed in their sample was further confirmed by 

nano HPLC-ESI-MS. 

For solid samples, digestion is obligatory before the samples can be analyzed by 

ICP-MS.  Commonly microwave assisted digestion,
79

 combustion in an oxygen flask,
52,86

 

or wet ashing (nitric/perchloric acids) in a closed vessel
87

 are used.  Detection limits in 

such analyses tend to be blank limited
86,87

 and result in LODs in the 30-50 ng I g
-1

 range.  

In a novel twist, Mesko et al.
88

 ignited sample masses of up to 500 mg using NH4NO3 as 

a flux/oxidizer in a closed vessel containing 15 bar O2, using microwave energy to initiate 

the combustion.  Water, H2O2, (NH4)2CO3 and NMe4OH were explored as absorbers; the 

latter two provided better results.  Applicability to diverse samples, including bovine liver, 

corn starch, milk powder, and wheat flour, was shown. 

 

1.6 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). 

ICP-OES 
89

 predates ICP-MS.  It is also commonly referred to as ICP-atomic 

emission spectrometry (ICP-AES).  Both ICP-OES and ICP-MS make use of the plasmas 

for atomization and excitation/ionization.  In ICP-OES the light emission from the excited 

atom is measured at a specific wavelength characteristic of that element.   

Relative to ICP-MS, fewer studies have been done on iodine measurement 

because the sensitivities are not as good.  Further, the most useful emission lines for 

iodine are located in the vacuum UV range.
90

  Iodine has 3 prominent emission lines in 

vacuum UV at 142.549, 178.276, and 183.038 nm.  (The exact locations of the lines differ 

from one publication to another; a reference compendium
91

 for example lists the most 

intense emission line being at 178.218 nm and the ~183 nm line being located at 182.980 

nm.)  The major problem with using the most intense emission line for the measurement 

for iodine is a neighboring emission line of phosphorus, which is located only 0.007
92

 or 
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0.011
93

 nm apart, depending on the source.  With a good monochromator, some 

resolution is possible but if the phosphorus to iodine ratio is high, as will be true in most 

biological samples, large errors will be unavoidable unless the iodine content is high.  

Braselton et al.
93

 separately measured the P emission at 214.914 nm to correct for its 

contribution to the 178 nm emission line.  They measured Iohexol, an iodinated contrast 

agent in serum; the linear range was 15-600 mg/L, the precision decreased below an I 

concentration of 15 mg L
-1

.  Although less sensitive, the 183 nm line is free from P 

interference.  In green algae Chlorella enriched with iodine, after sample solubilization 

with NMe4OH, an LOD of 3 g g
-1

 was possible by measurement at 183 nm.
94

   

Another alternative is to isolate the iodine from the matrix. Naozuka et al.
95

 

digested milk or egg powder samples in closed or open vessels in a microwave oven and 

then isolated the iodine by precipitation as AgI.  Followed by dissolution in 20% NH4OH, 

the iodine could be directly measured with the respective LODs being 280 and 40 g g
-1

 

for closed and open vessel digestions.   

Iodine can be also isolated as the elemental vapor.  Nakahara and Wasa
96

 

pioneered this technique, using HClO4 or H2O2 for oxidation.  They did not use the 178 

nm emission line but were still able to reach a 2 g L
-1

 LOD.  Cave and Green
97

 used a 

silicone rubber membrane for gas liquid separation and also obtained low g L
-1

 LODs for 

groundwater samples.  Niedobová et al.
98

 used ethanolic KOH and Ca(NO3)2 as an 

ashing aid for the digestion of milk or milk powder. Sample ash was then treated with HCl 

and Na2SO3 to acidify without iodine loss and eliminate CO2.  I2 vapor was then 

generated by adding 1 M acidic H2O2.  LODs were down to 20 g L
-1

.  Vtorushina et al.
90

 

optimized the vapor generation technique with different oxidants, found in-situ generated 

HONO as the most suitable oxidant and were able to reach an LOD of 0.4 g L
-1 

for 

aqueous samples using the 178 nm line (whereas the 183 nm line gave an order of 
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magnitude poorer LOD); in comparison, with nebulization the LOD was 38 g L
-1

 with the 

same 178 nm line.  Dolan et al
99

 preconcentrated 10 mL of sample on an anion exchange 

membrane disk, then eluted it with HNO3 and added H2O2 prior to entry into a He-plasma, 

attaining an LOD of 0.75 g L
-1

. 

Specific details of sample preparation (digestion) can often be the most critical 

step in any trace analysis task.  Souza et al.
100

 describe combustion in an O2-pressurized 

(25 bar) commercial bomb for milk samples.  Recovery of spiked iodide showed a great 

dependence on whether the bomb was allowed to cool for an extended period prior to 

pressure release.  Even under the favored conditions of incorporating a cool down period, 

recovery of added iodide ranged from 75-105%, depending on the amount added.   

 

1.7 Neutron Activation Analysis. 

Despite the fact that it is readily accessible to few, instrumental neutron activation 

analysis (INAA) is often considered the gold or benchmark standard.  In his review
91

 on 

iodine determination in foodstuff, Kucera, an expert on INAA, states that neutron 

activation analysis is the second most widely reported technique for the analysis of iodine 

in foods and biological materials.  Even though he does not provide evidence for this 

conclusion, his review is excellent in summarizing the neutron activation techniques used 

for iodine analysis. 

In INAA, the sample is irradiated with neutrons and the characteristic emission 

from a radioactive isotope formed is monitored.  One great advantage is that sample 

preparation is not needed as long as self-shielding can be avoided. Iodine is a 

monoisotopic element (all isotopes other than 
127

I are radioactive).  Upon neutron 

absorption, 
128

I is formed from 
127

I.  
128

I decays to 
128

Xe by -emission with energies of 

2.1 and 1.7 MeV
101

 and to 
128

Te by electron capture with a half-life of 25 min.
102

  Gamma 
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radiation is emitted by electron capture with values of 442.9 and 526.6 keV.  The 442.9 

keV -emission is most often used because the absolute intensity is ten times greater 

than that at 526.6 keV.  Thermal neutron (energy 0.025 eV) activation is most commonly 

used in INAA but in the case of measuring iodine, interferences from sodium, potassium, 

bromine, and chlorine can cause problems.
102

  The background from these ubiquitous 

elements can be vastly reduced by the use of epithermal neutrons (energy 1 eV to 10 

keV) rather than thermal neutrons.
103-105

  Reactors with high epithermal to thermal 

neutron ratios are especially suited for Epithermal INAA (EINAA)
103,104

 but any reactor 

can be used and the thermal neutron flux filtered with a cadmium or boron filter.
106

  The 

thermal neutron count can be further reduced with the use of boron containing filters or 

capsules.  Normal EINAA detection is limited by the effect of Compton scattering.  Using 

an anti-coincidence counting system, Compton scattering errors can be compensated 

for
103

.  A NaI(Tl) detector can be set up to itself act as a shield to background radiation 

but the arrangement is not simple.  An LOD as low as 20 ng g
-1

 can be reached for the 

determination of iodine in foodstuffs.  A ~100 ng g
-1

  LOD was achieved
104

 in sea lettuce 

using flexible boron filters without anticoincidence counting.  Hou et al.
106

 reported LODs 

of 10-95 ng g
-1

 for environmental and biological standard reference materials (SRMs) 

using EINAA without Compton suppression.  One caveat in comparing LODs for different 

NAA techniques is that the LOD is most often calculated based on the sample counts vs 

background and counts from potentially interfering radiation.
107

  Samples of similar 

composition are thus likely to exhibit similar LOD’s. 

Hou et al.
108

 described a procedure for measuring iodate and iodide in milk, 

seawater or urine.  The sample (10 mL) was passed through an anion exchange resin 

column (housed in a disposable pipette) to capture both iodate and iodide.  Using a low 

strength eluent, iodate only was eluted, reduced to iodide by bisulfite and captured on 
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another column again.  After thorough washing, a suitably cut portion of the column 

bearing the resin material was transferred to a polyethylene vials and subjected to 

thermal INAA.  The LOD was 10 ng I. 

Under conditions that iodine can be captured without simultaneous presence of 

the interfering elements, excellent LODs are possible without much ado.  Parry
109

 reports 

an LOD of 0.1 ng 
127

I absorbed on 1 g activated charcoal. It is interesting that based on 

his experiments involving radiochemical separations, Bowen predicted the same LOD for 

127
I by Radiochemical NAA (RNAA) in 1959.

110
  In general, neutron activation followed by 

a fast separation of the 
128

I formed from the potential interfering nuclides provides very 

good LODs and reliability; this has been practiced for a long time.
110,111

  Precipitation as 

silver iodide is common in RNAA. 

INAA has long had the moniker “gold standard.”  However, Heckman
112

 

performed a round robin study in 1979 to determine the iodine content in food.  The 

general correlation amongst the different results were poor, including the results of the 

two INAA labs.  INAA provided the great convenience of making the measurement 

without sample preparation.  However, its premier status relies more on the judicious 

development of proper treatment of the sample following irradiation.  This includes, for 

example, exercising care in RNAA
110,111

 or appropriate compensation of interferences as 

done in EINAA, and cross validation of the proposed technique with an SRM. 

 

1.8 Atomic Absorption Spectrometry (AAS) 

Bermejo-Barrera et al.
113

 reviewed in detail the use of atomic absorption 

spectrometry for iodine measurement until 1998.  Direct determination of Iodine is difficult 

because no commercial lamp is available and the best iodine absorption bands lie in the 

vacuum UV region where inert gas purging of the optical path is needed  However, good 
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limits of detection are achievable by indirect analysis, e.g., AgI can be precipitated, 

redissolved and measured as silver
114

.  Iodide in solutions obtained from alkaline ashing 

of samples was precipitated with silver ion in a precipitation–dissolution flow manifold that 

allowed the retention of the AgI precipitate formed on a filter.  The precipitate is washed 

with dilute (not concentrated) ammonia that washes off other silver salts and then 

dissolved in dilute thiosulfate followed by on-line determination of silver.  The 

determination range was 11-350 μg I L
-1

 with a throughput rate of 17 samples an hour 

and a relative precision of 1.3-6.8%.   

A similar indirect determination procedure relies on mercury determination by 

standard cold vapor AAS; a fixed amount of mercuric ion is added in a flow manifold to 

the sample where Hg(II) is in excess relative to iodide.  Iodide causes precipitation of 

HgI2; the residual Hg(II) is measured after SnCl2 reduction.
115

  The LOD was 2 μg I L
-1

.   

 

1.9  Electrochemical and Potentiometric Probes: 

Ion selective electrodes (ISE) are commercially available for iodide and have 

been applied to the determination of iodide in milk from early on.
116,117

  One study
116

 

compared direct measurement of iodine in milk and similar beverages by ISE and INAA 

(which compared well) with the S-K method (after ashing).  The S-K method produced 

lower results which the authors attributed to losses during digestion.  The response of the 

ISE was found to be nonlinear below 20 μM but was linear up to 1 mM.  It takes 5-10 

minutes to stabilize and a residue builds up after 10-15 hours of use.  

A recent study
118

 compared established iodide-selective electrode results for milk 

(obtained directly in the milk with some Ni(NO3)2 added as a matrix modifier) with those 

obtained by ion chromatography coupled to amperometric detection.  The latter technique 

involved significant sample preparation, initial heating for homogenization of fat, curdling 
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by addition of acid and filtration, centrifugal ultrafiltration of the filtrate and final 

processing through a C-18 cartridge prior to chromatography.  The ISE method showed 

87-114% recovery compared to 91-100% recovery for IC.  The results for the samples 

exhibited a coefficient of determination (r
2
) of 0.84-0.85 but interestingly the ISE results 

were biased high.  One would have thought that if major sample preparation steps (as 

involved in the IC measurement) can release some of the protein bound iodine as iodide, 

the ISE results would be lower than the IC results but this was not the case.   

The iodide ISE has also been used for measuring iodine in plants and feeds.
119

  

Almeida et al.
120

 have described a tubular custom made AgI/Ag2S based ISE as a 

detector in IC for the analysis of urine and serum samples. A background level of iodide 

was required in the column effluent to optimize performance.  The detection limit was 

1.47 μg L
-1

 and the linear range was 5-400 g L
-1

.  

Commercial iodide ISEs are similarly based on insoluble silver salt membranes 

and do respond to high levels of other anions that form insoluble silver salts, notably 

other halides and pseudohalides.  In recent years much effort has been devoted to 

synthesizing iodide selective ionophores that should have greater selectivity than silver 

salt based ISEs; these efforts were covered in a 2005 review.
121

  LODs as low as 10 nM 

were reported. However, such ISEs have not been significantly used yet.   

Electrochemical detection in general and amperometric detection in particular are 

popular for iodide determination because of the fast response time, sensitivity, and 

selectivity for the analyte of interest.  A silver working electrode is most commonly used.  

As iodide contacts an appropriately anodically poised Ag electrode, a current flows with 

the concomitant precipitation of silver iodide on the electrode surface.
74,122-124

  An LOD of 

40 nM and a linear range of 0.2 – 1.6 M was found in an ion-pair reverse phase 
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HPLC
122

 assay of urine samples – good correlation (r = 0.96) with autoanalyzer-based S-

K assay incorporating digestion was observed.  

Comparison of HPLC-amperometric detection with ICP-MS shows good 

agreement although ICP-MS provides better LOD, greater linear range and greater 

sample throughput rate.
74

  A silver electrode can only be used a certain number of times 

before it must be replaced because of the AgI deposits.  Disposable printed electrodes on 

polymer substrates have recently been commercially introduced.
125

  A negative dip in the 

signal after analyte elution is observed when using silver electrode amperometry;
123

 this 

makes quantification difficult. 

To overcome this dip-tailing issue and the progressive loss in sensitivity from AgI 

deposition, pulsed amperometric detection (PAD)
124

 and the use of other electrode 

types
123,126-129

 have been studied.   In PAD, a multistep waveform is used such that the 

signal is measured under anodic conditions and then the electrode is cleansed under 

cathodic conditions.  Compared to conventional DC amperometric detection, PAD shows 

no dip tailing and an improved LOD of 20 ng L
-1

.
124

  The electrode, however, still must be 

replaced after ~2 days of continuous use.  The method was used for the measurement of 

iodide in surface waters and absorbable organic iodide.   

Cataldi et al.
123,126

 compared the performance of silver, gold, and modified 

platinum electrodes.  The gold electrode had no dip tailing but rapidly lost sensitivity.  The 

modified platinum electrode consisted of platinum with an iodide coating continuously 

regenerated by injection of potassium iodide.
126

  An LOD of 0.5 μg L
-1

 and a linear range 

up to 6 mg L
-1

 were attained.   

Other electrodes have been used.  Boron-doped diamond (BDD) in thin film 

form
127

 exhibited a limit of detection of 10 nM and was linear up to 200 μM.  Silver-

containing carbon paste
128

 electrodes were used in IC and allowed an LOD of 0.47 μg L
-1

. 
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This electrode was usable for 14 days of continuous use before needing regeneration.  

Dip-tailing was, however, observed above concentrations of 25 μg L
-1

.  It was applied to 

the determination of iodide in skim milk, table salts, and distillate of seaweeds.  A gold 

nanoelectrode ensemble
129

 exhibited reduced background compared to its macro scale 

counterparts and reduced adsorption of iodine.  It was applied to the direct determination 

of iodide in pharmaceutical ophthalmic solutions and table salt.  An order of magnitude 

improvement in the LOD, down to 300 nM compared to macroscale gold electrodes, was 

observed.   

Large amounts of hydroxide left after alkaline ashing is not conducive to IC 

analysis.  Iodide also elutes late as a broad peak compared to iodate which elutes early 

as a sharp peak.  An electrochemical oxidation-neutralization device was developed to 

facilitate suppressed conductometric IC analysis; after alkaline ashing, the samples are 

run through this device in which iodide is oxidized to iodate and hydroxide is oxidized to 

water and oxygen
130

.  Iodate could be determined in the range 0.1-10 mg L
-1

 with a limit 

of detection of 20 g L
-1 

 

1.10 A Platform for Experimenting With Novel Detection Approaches: Flow Injection 

Analysis (FIA). 

Flow injection and related approaches represent versatile experimental 

platforms.  It is not surprising that much iodine measurement experimentation have been 

conducted on such platforms.   

 

1.10.1 Elemental Iodine.   

Reaction of iodine with starch to form a blue color is well known.  Amylose and 

amylopectin
131

 are good forms of soluble starch to use in this reaction.  The complex with 
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amylase has a max at 560 nm and that with amylopectin at 630 nm.  Elemental iodine 

can be measured respectively with throughput rates of 140 and 220 samples h
-1

.  The 

reaction with amylose was more sensitive, an LOD as low as 40 g L
-1

could be reached.  

The reaction is catalyzed by the presence of iodide. The described system used relatively 

high sample volumes and flow rates compared to current practice; elemental iodine in 

sea water and salt was determined. 

The same authors had earlier looked at the use of polyvinyl alcohol as a reagent 

for elemental iodine
132

.  The color of the product varies depending on how completely 

polyvinyl acetate has been hydrolyzed to the alcohol.  With the fully hydrolyzed polymer, 

a blue product is formed.  As in the case of amylase/amylopectin, I3
-
 rather than I2, is 

likely involved.  The response is nonlinear as a function of concentration; an LOD of 60 

g L
-1

 and a throughput rate of 140 samples h
-1

 were reported. 

 

1.10.2 Sandell-Kolthoff Assay With On-line Digestion.   

 A FIA method incorporating on-line digestion and the S-K reaction terminated 

with brucine and followed by absorbance detection was reportedly capable of a 

throughput of 70 samples h
-1

 at a cost of $0.01/sample and a capital investment of 

$2000.
50

  There was minimal interference from thiocyanate and mercury.  Although the 

authors reported good comparability with results obtained with samples that underwent 

alkaline ashing prior to injection, validation with another independent established method 

was not reported.  The LOD was 39 nM with a determination range up to 7.88 M. 

 

1.10.3  Another Catalytic Assay in a Sequential Injection Format.  

Tetrabase (4,4’-methylenebis(N,N-dimethylaniline) is oxidized by Chloramine-T 

to form a blue product that can be monitored at 600 nm.  The uncatalyzed reaction rate is 
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very slow and iodide exerts a remarkable catalytic effect on this reaction.  Using a 

sequential injection setup, adjacent zones of sample, tetrabase and Chloramine-T are 

stacked and then propelled through a reaction coil into a detector.  An LOD of 50 ng L
-1

, a 

linear range of 0.1-6.0 μg L
-1

 and a throughput rate of 80 samples h
-1

 were reported.  A 

100-fold presence of Fe(II) interfered but operation at 30 °C reduced this interference 

such that intended samples (pharmaceutical preparations/supplements/multivitamin 

tablets) could be successfully analyzed
133

. 

 

1.10.4 Chemiluminescence (CL) - Based Assays.   

Tris(bipyridyl)Ru
3+

 exhibits orange CL when reduced by a number of reducing 

agents, the divalent Tris(bipyridyl)Ru
2+

 ion is initially formed in an excited state.  The 

Tris(bipyridyl)Ru
3+

 is generated in-situ by passage through a PbO2 packed column and 

then merged with a stream containing the reduced form of nicotinamide adenine 

dinucleotide (NADH).  The light emission is greatly affected by the presence of iodide; on 

this basis, an LOD of 1 nM with a linear range of 10-500 nM, and a throughput rate of 60 

samples h
-1

 were attained.
134

  Applications to simple pharmaceuticals and salt were 

demonstrated.  Reducing/chelating agents, e.g., ascorbic acid, oxalic acid, and sulfite 

interfere.   

The same group had earlier looked at the iodide catalysis of the CL reaction 

between formaldehyde and acidic KMnO4.
135

 The LOD was 1 μM.  Nitrite and Fe(II) 

seriously interfere and must be removed prior to analysis.  Only iodized salt samples 

were measured with a throughput of 120 samples h
-1

.   

Luminol is by far the most common reagent used in CL reactions and iodine can 

be used as an oxidant to elicit luminol CL.  CL-based assays based on such reactions are 

described in the following section. 
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1.10.5 Vapor Transfer. Head Space, Pervaporation and Gas Diffusion.   

All these techniques result in isolation of the analyte from the sample matrix that 

in turn provide for elimination/reduction of interferences.  Burguera et al.
136

 described a 

headspace sampling procedure where iodine is liberated from an acidic solution by 

dichromate and the headspace vapor at an elevated temperature is transferred to a 

trapping vial containing KI.  The trapped iodine reacts with simultaneously introduced 

luminol and Co(II) as catalyst while the CL signal is monitored.  Luminol reacts with 

molecular I2 but not I3
-
, as such I

-
 concentration in the trapping solution must be kept 

minimal.  The LOD was 10 μg L
-1

 with good spike recoveries (101-103%).  Presence of 

extraneous salt in the sample increases the signal because iodine is more easily 

transferred to the head space due to salting out effects. Salts present normally in urine 

thus help increase the signal.  Standards were prepared to contain a similar amount of 

salt. Urine samples were measured and the results were in good agreement with those 

from the S-K method. 

Iodine can be liberated by oxidants and then made to diffuse across a porous 

PTFE “gas-diffusion” membrane.  A KI solution is used to capture the iodine; this is then 

measured by luminol CL.
137

  This configuration suffers, however from memory effects 

because of strong sorption of I2 on PTFE.  While the authors did find some ways to 

ameliorate the problem, overall a more satisfactory solution was not found until two years 

later when they were able to adapt the method to a pervaporation system where there 

was no direct contact between the sample steam and the PTFE membrane.
138

  

Emergency KI pills (large doses of KI designed to flush any 
131

I from the body in the 

event of a major nuclear fallout) were analyzed directly.  In multivitamins, ascorbic acid 

had to be first removed; this was accomplished with an anion-exchange resin column.  
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Iodide was used in the carrier stream to reduce negative effects due to I2 adsorption.  

The calibration curve was nonlinear presumably due to I2 adsorption.  Recoveries ranged 

from 81.3 to 117%; the LOD was 0.5 mg/L with a short linear range of 1-10 mg/L.   

 

1.10.6. Electrochemical Detection.   

The BDD thin film electrode mentioned previously has been used in a FIA 

configuration with a linear range of 0.8 to 200 μM.
127

  Nikolic et al.
139

 have provided a new 

iodide catalyzed reaction between Mn (III) (produced by mixing Mn(II) and MnO4
-
) and 

As(III), the response was followed amperometrically at a Pt electrode.  An LOD of 5 nM 

and a linear range of 0.5-100 μM were attained.  They successfully analyzed samples of 

waters, salt, fodder, organic substances, blood sera; results compared favorably with 

standard procedures. 

 

1.11  Gas and Liquid Chromatographic Methods.   

After appropriate derivatization, iodine-bearing derivatives can be separated by 

gas chromatography (GC) and detected using electron capture detection (ECD).
140-142

   

Following alkaline ashing of foods, iodide was oxidized to iodine by acidic 

dichromate.  3-pentanone is added to the same mixture whence it forms 2-iodo-3-

pentanone.
140

  This was then extracted into hexane and subjected to GC-ECD analysis.  

The LOD was 50 ng g
-1

.   

The use of iodine containing disinfectants is common.  Blood iodine levels of 

burn patients treated with iodine containing disinfectants were determined by taking a 

blood sample, dilution with water, heating to boiling, allowing to cool before the addition 

of ZnSO4 and Ba(OH)2, and centrifugation.  The supernatant was acidified, methyl 

isobutyl ketone (MIBK) and nitrite are added.  The liberated iodine was reacted with MIBK 
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to form both the 1-iodo and the 3-iodo derivative which was then extracted with hexane 

before GC-ECD analysis.
141

 

For the determination of iodide in milk, the sample was acidified strongly with 

sulfuric acid, allowed to stand and filtered.  The filtrate was treated with iodate and 

acetone when iodine was liberated and formed iodoacetone.  Determination of iodine 

already present as elemental iodine (the author referred to this as inorganic iodine) 

required no addition of iodate.  A hexane extract was analyzed by GC-ECD.
142

  More 

aggressive initial sample treatment was conducted to determine total iodine.  Reported 

LODs were 0.03, 1, and 4 g L
-1

 for inorganic iodine, iodide, and total iodine respectively.   

Among liquid phase separation techniques several ion chromatographic and ion 

pair revered phase HPLC techniques have already been mentioned.
47,76,78-

80,120,122,123,126,128,130
  In another interesting and unusual technique based on size exclusion 

chromatography
143

, iodide was converted to iodine, then sequestered with starch, and the 

resulting adduct was separated from the matrix using size exclusion chromatography with 

absorbance detection at 224 nm. The linear range was 1-100 g L
-1

(r
2
 = 0.9992) with an 

LOD of 0.2 g   L
-1

.  The method was successfully applied to the determination of iodide 

in seawater and urine with recoveries of 92-103% with 1.5-3.7% rsd. 

Pantuckova and Krivankova
144

 explored several capillary electrophoretic 

approaches for the separation of iodide from other macro- and microcomponents in real 

sample matrices.  The best results were obtained by adding -cyclodextrin or 

polyethylenimine. Comparable resolution and sensitivity were observed in both cases.  

Cost considerations led to a focus on polyethylenimine.  A simple procedure to determine 

iodide in untreated human urine, serum, cooking salt, and seawater was developed.  

Polyacrylamide coated capillaries, with negligible electroosmotic flow were used with the 

optimized background electrolyte composed of 20 mM KH2PO4 and 0.7% w/v 
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polyethylenimine and UV detection at 200 or 230 nm.  For samples injected for 20 s at 

0.5 psi, LODs attained were 0.14 M for human urine, 0.17 M for human serum, 0.17 

M for seawater, and 89 nM for salt.  Relative standard deviations of iodide peak area 

and height in the different matrices ranged from 0.93 to 4.19%. 

 

1.12 UV Visible Spectrometry 

Iodine is an oxidant.  There are many chromogenic substrates that can be 

oxidized to intensely colored products.  The trick of course is to retain the iodine in a form 

where the iodine-derived species is the only oxidant.  The unique chemistry involving the 

formation of iodate and its behavior as a pH-sensitive oxidant as well as the inherent 6-

fold redox equivalent amplification when an iodide ion is converted into an iodate ion (the 

iodate can be used to generate iodine, extracted from the matrix, reduced back to iodide, 

and subjected again to 6-fold amplification, see e. g.,
145

) makes this particularly possible.   

The 6-fold amplication process proceeds as illustrated in the scheme below. All 

iodide is oxidized to iodate, iodide may be added to generate iodine which can then be 

oxidized to iodate by a suitable oxidant such as bromine water and further amplification 

continued as necessary: 

I
-
 + 3 Br2 + 3 H2O  IO3

-
 + 6 H

+
 + 6 Br

-
 

or  

I2 + 5 Br2 + 6 H2O  2 IO3
-
 + 12 H

+
 +10 Br

-
 

IO3
-
 + 5 I

-
 + 6 H

+
  3 I2 + 3 H2O 

 

Both Ahmad
146

 and two decades later, Kesari et al.
147

 chose leuco crystal violet 

(LCV) as the chromogenic substrate that forms intensely colored crystal violet (CV) upon 

oxidation by iodine.  Ahmad wet-ashed milk to form iodate and then liberated iodine and 
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distilled the iodine, collecting it as ammonium iodide.  He oxidized the iodide to 

hypoiodous acid by N-chlorosuccinimide and used the HOI to oxidize LCV.  Kesari et 

al.
147

 oxidized iodide in pharmaceuticals, table salt, sea water, tap water, and soil 

samples to iodate by bromine water (0.04-36 mg I L
-1

).  Excess bromine was removed by 

adding formic acid.  The iodate was then reacted with KI to form I2 which then oxidizes 

LCV to CV, measured at 591 nm.   

Starch has long seen practical use as both as a reversible indicator for iodine 

and as a direct measure of iodine concentration based on absorbance. Divrikli et al.
148

 

ashed urine samples, ensured conversion of iodine to iodate and liberated iodine before 

addition of starch and measurement at 590 nm.  The LOD was 2.3 μg L
-1

 with a linear 

range up to 250 μg L
-1

. 

In their review of methods for determination of iodine in urine and salt (with a 

view to determining iodine nutrition of a population), Jooste and Styrdom
149

 list starch 

indicator based iodine determination of salt by titration with thiosulfate ahead of all other 

methods.  Over much of the world, where the iodine vector in salt is iodate, it is sufficient 

to acidify iodate-containing salt to generate molecular iodine for analysis.  For countries 

where iodine is added in the form of iodide, as in the U.S. and Canada, the iodide is first 

converted to iodate by bromine water and excess bromine removed prior to iodine 

generation and titration.   

Instead of titration, iodine can be liberated as above and starch added to form a 

color, the color intensity can then be read by a light emitting diode based colorimeter.  

Such an instrument provides data that compare well with titrimetric results
150

. 

Atomic absorption of iodine, as stated before, is not widely practiced because the 

most useful absorption lines are in the vacuum UV.   However, certain molecular iodine 

species derived from inorganic salts and generated using graphite furnace atomic 
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absorption spectrometers absorb intensely in the visible.  Huang et al.
151

 studied the 

absorption spectra of the diatomic species AlI, GaI, InI, TlI, MgI, CaI, SrI and BaI, 

generated in a graphite furnace using a high-resolution spectrometer. BaI exhibited 

intense absorption bands around 538 nm and 560 nm, each of them consisting of a 

series of well-resolved rotational lines with half-widths of about 40–50 pm. The strongest 

BaI line at 538.308 nm was used for the determination of iodine. Aside from high levels of 

chloride, fluoride, iron, potassium and sodium, all of which significantly reduce the BaI 

signal, there were no interferences. Different chemical forms of iodine produce identical 

response with an LOD of 600 pg, and a linear range up to 250 ng I. Good agreement was 

observed with standard methods for pills containing iodide and thyroxine.  The rsd for 60 

g L
-1  

samples was 2%.  

Burakov et al.
152

 proposed an intracavity laser spectroscopy method where the 

iodine vapor over the headspace of a heated sample was measured.  The sample was 

chemically treated to convert all forms of iodine into elemental I2.  A pulsed dye laser (5 

s pulse width) was used as the probe; the equivalent pathlength was 1 km.  With urine 

samples, a LOD of 15 g L
-1

 could be achieved.  The basic process is similar to 

continuum source atomic absorption spectrometry but because of the increased 

pathlength provided by the intracavity spectroscopy, it is several orders of magnitude 

more sensitive.  This method requires the use of a high resolution monochromator based 

spectrometer.  No components in urine were found to have an interfering effect on the 

measurement of iodine. 

 

1.12.1 Other Colorimetric Catalytic Reaction Methods.  

Besides the S-K reaction, several other methods utilize the catalytic effect of 

iodide.  Arsenic (III) has been replaced with Sb(III) for the reduction of Cerium(IV).
153
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This was applied to the detection of IgG using iodine labeled antibodies and compared to 

the S-K method as well as enzyme linked immunoassay methods.  All three methods 

agreed well.  While the immunoassay provided the lowest LOD, both the S-K and the 

analogous Sb(III) based method provided greater useful assay range.   

Iodide also catalyzes the oxidation of chlorpromazine by H2O2.
154

  In this case the 

system reaches a maximum absorbance that directly depends on the concentration of 

iodide present then decays slowly.  Urine or foods were digested with perchloric and 

sulfuric acids.  The digest was mixed with chlorpromazine and hydrogen peroxide and the 

maximum absorbance (reached within 20-30 s) was measured at 525 nm.  Negative and 

positive interferences were reported for Hg(II) and Fe(III), respectively.  Iron can be 

corrected for by (a) measuring total respo0nse and (b) making a subsequent 

measurement after removing the iodide with Hg(II) and (c) subtracting b from a.  The 

LOD was 1.6 ng I. 

 

1.12.2 Visual Colorimetric Comparison.   

A rapid iodine test kit for the determination of UI that relies on the iodide 

catalyzed oxidation of 3,3’,5,5’-tetramethylbenzidine by peracetic acid and H2O2 has been 

developed and is available from Merck.
155

  Urine samples were run through charcoal 

columns to remove interfering substances.  After adding the reagents to the sample in a 

test cup (part of the kit), the color is compared after 30-60 s to a provided color chart that 

has 3 ranges: <100, 100-300, and >300 g L
-1

.  An HPLC based method was used for 

comparison.  It was found that the median iodine level can be estimated with sufficient 

accuracy.  A single technician can process up to 60 samples h
-1

 at a cost of $.50-$1.00/ 

sample.  Possibly because of urea to ammonia conversion in urine as it ages, and likely 
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interference from ammonia, the test can only be used with fresh urine samples.  It was 

also found that only iodide responds in this reaction. 

 

1.13 X-ray Fluorescence 

X-ray fluorescence and X-ray absorption has been explored for iodine 

determination but the LOD is not adequate for trace determinations.
92,156

  Using total 

reflection x-ray fluorescence (TXRF) a detection limit of 0.18 mg L
-1

 was achieved (data 

collection time 1000 s, samples digested in 25% NH4OH).  The chemistry of iodine in 

soils was monitored using K-edge x-ray absorption near-edge structure (XANES).  

Naturally occurring levels of iodine could not be seen by the method, significant levels of 

iodide or iodate had to be added to follow their fate. 

 

1.14 Radiotracer Analysis by Scintillation Counting. 

131
I is widely used in clinical medicine and for laboratories measuring 

131
I 

routinely, this method of I determination in urine and water may be convenient.
157

  
131

I, 

including any carrier iodide is added to the sample and a substoichiometric amount of 

silver ion is added as AgNO3. AgI is precipitated.  The 
131

I to 
127

I ratio in the AgI is 

identical to that in the original sample.  Precipitated AgI is separated from the rest of the 

solution which bears excess 
131

I; the authors used paper electrophoresis but other 

methods should be feasible.  The isolated AgI is removed and the 
131

I therein is counted 

with a scintillation counter using standard procedures.  The response curve obtained has 

a negative slope because as the sample contains more nonradioactive iodide, less 
131

I is 

precipitated as AgI.  The LOD was 1 g L
-1

 and the linear range extended from 7-7500 g 

L
-1

.   
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1.15 Quartz Crystal Oscillator.  

A method based on a quartz crystal microbalance (QCMM) has been proposed 

for the determination of iodine in foods.
158

  Following oxygen flask combustion, the iodine 

is trapped in an alkaline absorbing solution.  After free molecular iodine is liberated, the I2 

adsorbs on the gold electrode of the QCMM.  The decrease in resonant frequency of the 

crystal is directly dependent on the mass of I2 adsorbed.  The LOD is 0.5 g L
-1

and only 

interference seen is from bromine.  The response is linear from 10-500 g L
-1

. 

 

1.16  Conclusion: 

Many of the methods here meet the criteria to be effective for the determination 

of iodine in urine including low cost, rapid analysis, accurate, free of interference and 

capable of being able to measure even severe iodine deficiency(UI <20 g     L
-1

). Few, 

however, can be carried out without involved sample pretreatment.  Low cost methods 

that can reliably measure UI without little or no pretreatment would be a boon.  Extensive 

application would likely require the endorsement of the WHO or similar other bodies 

before such methods are adopted.  

In virtually all other sample matrices, extensive sample pretreatment, if not 

complete digestion, is needed for virtually all methods other than INAA; XRF can also do 

this in principle but typically is not sufficiently sensitive.  Sample preparation thus 

constitutes the bottleneck and few laboratories are actually equipped for perchloric acid 

digestion.  Simple procedures to reliably measure iodine in milk will be a major advance.  

The cost effectiveness and simplicity of such techniques will be critical in determining 

how well they are used in determining regional nutrition especially in developing countries 

where the average diet may vary even within relatively short distances. Thus there 
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remain opportunities to greatly contribute to this arena, especially towards facile sample 

preparation. 
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Chapter 2  

Fenton Digestion of Milk For Iodinalysis 

 
2.1 Introduction 

Iodine is an essential micronutrient.  The evaluation of iodine nutrition is of great 

importance, especially in infants; neurodevelopment is governed by iodine-containing 

thyroid hormones.
159

  In a newborn, the thyroid holds only a 24 hour reserve of the 

necessary iodine;
160,161

 fresh supplies must be replenished by the feed.  Recently, 

concerns have arisen about U.S. infant iodine nutrition.
162,163 

We have been particularly interested in infant iodine nutrition.
164,165,166

  In adults, 

measurement of urinary iodine (UI), preferably 24 -hour iodine excretion, is the 

benchmark measure of iodine status;
167

 creatinine adjustments of spot samples are not 

always reliable.
168

  Our own experience indicates that collecting urine in infants is a 

significantly more difficult task. Aside from obvious displeasure of the subjects, the 

success rate tends to be low and gender-biased.  Many baby care products, from diaper 

rash ointments to baby wipes, also contain significant concentrations of an iodinated 

antifungal compound, 3-iodo-2-propynyl butyl carbamate (IPBC, see ref. 169 for a partial 

listing of baby care products containing IPBC).  Elemental iodine analysis, as in 

inductively coupled plasma mass spectrometry (ICP-MS), often practiced for iodine 

determinations,
170

 can be affected by contamination of the urine with IPBC present on the 

skin, complicated by the fact that IPBC readily penetrates through the skin.
171

  The 

determination of iodine in breastmilk or formula given to an infant provides an alternative, 

allowing facile uncontaminated sample collection.  

Most laboratories use one of two methods for Iodinalysis of biological samples.
172

  

The Sandell-Kolthoff (S-K) method
173

 relies on the catalytic effect of the iodide ion on the 
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decolorization of yellow Ce
4+

 by As
3+

.  There can be interferences; digestion to mineralize 

these is essential prior to analysis.
173,174

  The other method is ICP-MS, typically 

conducted in the isotope dilution mode with 
129

I as the isotopic tracer.
170

  For urine 

samples, simple dilution and tracer addition is sufficient for ICP-MS.  For milk samples, 

digestion or sample preprocessing is needed. 

 

2.1.1 Sample Digestion Methods and Alternatives.   

An alkaline digestion procedure
175

 to measure protein bound iodine has been 

much used.  The protein is precipitated as the Zinc conjugate,
176

 excess alkali added and 

slow overnight evaporation to dryness conducted at 85-95 °C.  The sample is then ashed 

(2.5 h@600 °C) and extracted with dilute HCl.  Pre-ashing thermal losses are minimized 

by vessel design and using KOH as the base.
177

  But glass vessels are etched during 

ashing and cannot be reused due to iodine loss on the surface.
177

  More recently, the use 

of tetramethylammonium hydroxide has been advocated for alkaline ashing; such 

methods are still to be widely adopted.
178

  Acid digestion procedures have a different 

problem: losses as HI or I2 must be avoided.  Fortunately, oxidation to HIO3 occurs 

readily with oxidizing acids.  In traditional perchloric acid digestion (H2SO4, HNO3, 

HClO4
179

 or HNO3 and HClO4
180

), radiotracer studies show that iodine loss is <20%.
180

  

Traditional HClO4 digestion
179

 was later updated
181

 by a procedure that involves overnight 

HNO3 digestion followed by conc. H2SO4 - 70% HClO4 digestion and is the method used 

by the US Food and Drug Administration.
182

  Perchloric acid digestion does require 

special hoods and special precautions; it cannot be safely performed in standard fume 

hoods. 

Earlier, chloric acid (HClO3, prepared by stoichiometric addition of HClO4 to 

KClO3 and precipitating KClO4) has been used to oxidize iodine to iodate.
183

  This 
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procedure was adopted for a variety of biosamples.
184

  Some other chloric acid 

procedures additionally use perchloric and chromic acids;
185,186

 appropriate precautions 

must be taken.  Pino et al.
187

 developed a procedure in which ammonium persulfate (AP) 

is used to digest urine.  The simple procedure takes only 30 min and was validated 

against automated acid digestion in a Technicon autoanalyzer
188,189

 and reversed phase 

ion-pair liquid chromatography.
188

  Results obtained by the S-K method after AP digestion 

have also been compared with parallel ICP-MS analysis.
190

  For UI, on-line digestion with 

acidic permanganate or dichromate is also viable.
191

  But AP digestion has never been 

validated for milk samples.  Potential problems with AP digestion of milk and subsequent 

S-K analysis are discussed later.  AP digestion is not particularly compatible with ICP-MS 

due to the high salinity of the digest. 

Oxygen flask combustion methods have been described
192,193

 but are impractical 

with a large number of samples.  In pyrohydrolysis, a complex apparatus is used to heat 

the sample to 1200-1300 °C while water vapor/steam and O2/air are passed over it; large 

numbers of samples cannot be digested in this fashion. 

Thus sample preparation for analysis represents a singular bottleneck that 

makes iodinalysis of milk (and similar samples) particularly tedious.  In some methods, if 

digestion is conducted with multiple samples in a closed system, some iodine escapes 

into the gas phase from high concentration samples and is reabsorbed by other 

samples.
194

  Very little is presently known regarding the forms of iodine present in milk.  

Based on the general belief that iodine is almost exclusively present as ionic iodide we 

had earlier developed and used a procedure where milk samples are spiked with a 

(isotopically labeled) tracer and centrifuged to remove lipids.  The resulting liquid was 

placed in a disposable centrifugal ultrafilter (molecular weight cutoff of 10 kDa), and 

centrifuged. Some 25-50% of the original sample, depending on the fat content, filters 
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through as a clear liquid, which we have analyzed.
195

  A study by size exclusion 

chromatography reports that while the whey obtained after centrifugation of the fresh milk 

or reconstituted milk powder contained 95% of the total iodine.  However, with infant 

formulae, as much as 85% of the iodine was not in the whey and was mostly in a large 

molecular weight (>1000 kDa) fraction.  The presence of any significant amount of iodine 

that will be retained by a 10 kDa filter will clearly lead to an underestimation of iodine. 

In specific cases, iodine can be liberated from organoiodine compounds and the 

resulting iodide determined by the S-K method.
196,197

  Bromine
198

 or chlorine
199

 addition 

procedures may be broadly applicable to specific organoiodine compounds.  Without 

specific knowledge of forms of iodine and without purification, such methods are of little 

value.  Simplified procedures often fail:  Substituting on-line dialysis for digestion to 

measure UI
200

 causes thiocyanate to be transported and produce high UI values.
174

  A 

priori assumptions often fail: Iodide selective electrodes (ISEs) have been long used in 

milk,
201,202

 they may not measure protein bound iodine, but the assumption is an ISE 

gives the lower limit of the iodine content.  More recent studies
203

 show that even after 

extensive sample preparation (that will likely release iodide from protein bound forms) 

used with ion chromatographic (IC) analysis, ISE results are always higher because 

thiocyanate interferes in ISE measurements. 

The Fenton reaction,
204

 now nearly 120 years old, is still continually being 

rediscovered and reviewed, especially as an advanced oxidation technique.
205

  In this 

paper, we explore the successful adaptation of Fenton digestion (FD) for iodinalysis of 

milk samples.  
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2.2 Experimental Section 

 
2.2.1 Samples. 

Breast milk samples from 5 healthy subjects (~25 mL ea), collected under the 

guidelines of the Institutional Review Board at the University of Texas at Arlington and 

three formula samples (Similac Advance, Similac Soy Isomil and Enfamil Premium Infant, 

~50 mL ea., prepared according to manufacturer’s directions) and in addition the first two 

formula samples spiked to contain an additional 10 mg/L iodide (spike level blind to FDA 

researchers) were shipped to the Kansas City District Laboratories of the FDA.  Two of 

the breastmilk samples were foremilk (first portion of the feed) and three were hindmilk 

(greater in fat content).
206

  As previous experience had indicated that digestion/difficulties 

in analysis increases with fat content, for bovine milk we chose to analyze full fat content 

whole milk.  FDA researchers locally bought the following branded whole milk in ½ gallon 

containers: Lactaid (lactose removed), Horizon (Organic), Anderson Erickson, Roberts 

and Great Value.  UTA researchers retained portions of the same breastmilk and formula 

samples; FDA researchers shipped aliquots of the whole milk samples to UTA. 

 

2.2.2 Sample Digestion and Analysis at FDA.   

All 15 samples were analyzed for iodine according to Kan-Lab-Met.95.
182

  Each 

sample was analyzed in duplicate, and spiked with an additional 500 g/L iodide.  The 

two formula samples already received fortified were not further spiked and were only 

analyzed in duplicate.  The spiked sample results (Supporting Information gives detailed 

data and is found in Appendix B) are denoted by a suffix S.  One exception to the FDA’s 

standard reporting practice was reporting the results in w/v, rather than w/w units.  To 
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accommodate this change, 1.00 mL of each milk sample was pipetted directly into a 100 

mL Kjeldahl flask using a 2.5 mL electronic pipette (EDP3, www.rainin.com). 

The frozen breastmilk and formula samples were allowed to thaw in a 

refrigerator; each sample was vortexed for 1 min after thawing to ensure homogeneity 

prior to pipetting.  Store-bought whole milk samples were thoroughly shaken in their 

original containers prior to pipetting.  Briefly, 10 mL Conc. HNO3, 20 mL of 70% HClO4 

and 5.5 mL of conc. H2SO4 were added to each flask, covered and the samples were 

allowed to stand overnight before digestion was carried out the next day.  Iodide was 

assayed by a continuous flow analyzer based S-K procedure.  Aliquots of all perchloric 

acid sample digests in duplicate were shipped to UTA.  All samples and digests were 

shipped either way on dry ice and received within 18 h. 

At the FDA, digestion and analysis were deliberately conducted by different 

personnel.  Researcher A prepared samples for digestion in two batches (breast 

milk/formula and whole milk).  Researchers B and C respectively carried out the digestion 

of the two batches, each of which also included 3 blanks, 1 dilution solution, a set of 

standards and 1 portion of NIST1849 infant/adult nutritional formula standard reference 

material.
207

  Researcher D carried out the S-K assay.  The infant formula digests 

containing 10 mg/L spikes were found to be outside the calibration range and were 

reanalyzed after 10x dilution.  

 

2.2.3 Sample Digestion and Analysis at UTA.   

Fenton digestion of the same sample set was carried out as follows:  To 0.5 mL 

of sample pipetted in to a 15 mL screw-cap centrifuge tube, 50 L of 1 g/mL 
129

I tracer 

(as KI, carrier free, www.isotopeproducts.com) was added, resulting in a tracer 

concentration of ~100 g 
129

I/L milk.  Next added was 1.5 mL of 30% H2O2, followed by 
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50 L 0.1 M Fe(NH4)2(SO4 )2 (both: www.vwrsp.com, stock solutions were refrigerated).  

The centrifuge tubes were loosely capped.  Several samples and standards were put in 

batchwise in an oven overnight at 60 °C.  After allowing to cool to room temperature, 950 

L water and 2 mL conc. NH4OH were added to precipitate Fe(OH)3.  This results in a 

total volume of 5 mL and a 10-fold dilution of the original sample.  Because our 

measurement relies on an isotope ratio measurement, attainment of a known volume is 

not critical.  The tube is then vortexed and centrifuged (3000 g @ 2 °C, 15 min).  In early 

experiments, the supernatant was filtered through a 0.45 m pore size nylon syringe filter 

prior to aspiration by the ICP-MS (vide infra); later studies indicated that if carefully 

decanted, the supernatant can be used without further filtration.  

Nominally known concentrations of triodothyronine (T3) and thyroxine (T4, both 

USP grade, www.sial.com) were prepared and the exact iodine content assayed by ICP-

MS, using a known amount of 
129

I added as a tracer.  Store bought whole milk samples 

were prepared with spikes of T3, T4, and KI of known concentrations and these samples 

were also analyzed after FD by ID-ICP-MS).  The isotopic tracer was also similarly added 

to HClO4 digests from the FDA prior to ICP-MS analysis. The ICP-MS and Ion 

chromatography (IC) operating details are given in the SI found in Appendix B.   

 

2.3 Results and Discussion 

 
2.3.1 Utility of the Fenton Reaction for Sample Processing and Analysis.    

Although the Fenton reaction has been known for over a century, it was not until 

the 1960s that this process had been seriously considered for degradation of organics 

and other waste.
208

  While the hydroxyl radical is undoubtedly produced during the 

Fenton reaction, it is likely that the active species involved in the oxidation of organics is 
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a peroxo-Fe(II) complex that in turn produces a transient Fe(IV) oxidant.
209

  Web of 

Science produces over 4000 citations on Fenton reaction but analytical chemistry papers 

are few.  Others have previously examined the analytical merit of exploiting the 

differences in degradation rates of different compounds in the Fenton process.
210

  Among 

the few interesting analytical uses of the Fenton reaction are chemiluminescence (CL) 

reactions; CL is generated when (a) certain Schiff bases from amino acids and amines 

are subjected to FD,
211

 and (b) when tetracyclines are Fenton-digested in the presence of 

Eu(III) to which energy transfer occurs.
212

  Determination of trace H2O2 has long been 

important
213

 and H2O2 determination via FD, by (a) production of phenol from benzene 

and its fluorometric measurement,
214

 and (b) the aggregation of single-stranded DNA-

conjugated gold nanoparticles,
215

 have been studied.  However, FD has made a far 

greater impact in waste treatment, from bakeries
216

 to olive oil presses
217

 to more efficient 

production of biogas from biosolids.
218

  Even magnetic fields ere explored to improve FD 

in processing dairy waste.
219

  We posit that FD can potentially make a major impact in 

sample digestion procedures for analysis.   

In 1989, one of us described Fenton mineralization of mercury in urine prior to 

elemental Hg generation for measurement.  While Fe(OH)3 does precipitate, it is readily 

redissolved in acid and cleanup of a batch reactor system is easily automated.
220

  Since 

that time we know of only one effort, FD of waste water prior to the determination of 

lead.
221

  Interestingly, this was not done so much to release lead from bound forms, it 

was intended to remove organics that foul the electrode. Trace phosphorus in wastewater 

is usually measured after digestion to phosphate.
222

  Fenton oxidation of a few 

phosphites and hypophosphites to phosphate has been shown
223

 but demonstrated 

applicability to a broader suite of phosphorus compounds is needed.  Fenton digestion 



 

45 

using ferrous iron or even elemental iron
224

 has much potential in general sample 

digestion for inorganic analysis. 

 

2.3.2 Sandell-Kolthoff Assay: Ammonium Persulfate Digestion Is Effective for Urine But 

Not for Milk.   

Pearce et al
225

 measured iodine and perchlorate concentrations in breast milk 

and urine in Boston area women.  The milk was digested by the AP method prior to S-K 

analysis (Pino, S. Personal communication, August, 2008).  We had also made similar 

studies on a different population, the sample processing and analytical methods were 

totally different; the results were compared.
166

  At 110 g/L the median urinary iodine 

concentration was not only identical between the two studies, it was identical to the 

median UI for a comparable population group reported in the 2001-2002 NHANES 

study.
226

  But the median breast milk iodine found by Pearce et al
225

 was 140 g/L, 

compared to 35, 56 and 43 g/L found in our studies.
164-166

  Since neither method was 

validated and each looked at different population groups, validity of neither method could 

be determined.  The AP digestion is simple.  Therefore we first studied the use of AP 

digestion and S-K assay.  Details are given in the text and Figure B - 1 - Figure B - 18 

and Table B - 1 in the SI.  Although clear digests are produced by AP digestion 

conveniently and rapidly (30 min @ 95 °C), S-K assays do not proceed in a 

straightforward fashion with these digests.  Urine AP digests, like calibration standards, 

exhibit single exponential decay of the Ce(IV) absorbance.  But milk digests show a 

double exponential decay.  One possible explanation is that some oxidizable moiety 

remains and contributes to the initial accelerated rate.  After these substances are fully 

oxidized, the terminal kinetics reflect single exponential decay.  Assuming this latter rate 

better reflects the iodide catalyzed reaction, we examined several breastmilk samples 
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both as such and with spikes added.  Interpretation of the data with standard curves 

produced substantially higher results than the best known values while spike recovery 

was as low as 50%. 

 

2.3.3 Recoveries of Iodide, Triiodothyronine and Thyroxine Added to Milk.   

All of the following were conducted using 
129

I as a tracer, with 10 g/L 
129

I in the 

final measurement solution.  T3 and T4 added to milk bind to specific proteins.
227

  Using 

an independently prepared calibration curve, we analyzed individual solutions of iodide, 

T3, and T4 that nominally contained 100 g/L iodine (Figure 2-1); the T4 obviously had 

lower MW iodine-bearing impurities and its iodine content measured discernibly higher 

Figure 2-1.  Good recoveries are obtained for I
-
, T3 and T4 from 

breastmilk following Fenton digestion. 
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than the nominal value.  As we had a significant number of breast milk samples analyzed 

by various methods, we deliberately picked one that had previously been measured to be 

~100 g/L by a number of methods.  Fenton Digestion and ID-ICP-MS analysis for this 

sample yielded a value of 99.9  3.0 g/L.  The same milk sample was spiked in triplicate 

with nominally 100 g I/L levels of iodide, T3 and T4, individually and measured after FD.  

The results are shown in Figure 2-1.  The recoveries were excellent (100-101%). 

 

2.3.4 Fenton Digest by ICP-MS vs. Perchloric Acid Digest by ICP-MS vs. Perchloric Acid 

Digest by S-K Method.   

Because available breast milk sample volumes were limited, 5-fold dilution was 

used before replicate Fenton digestion.  Figure 2-2 shows the results of these 

comparisons, respectively as panels (a) and (b), using the ICP-MS results of the HClO4 

digests as the independent variable.  In both cases the intercepts were statistically 

indistinguishable from zero.  Further, since all the methods were already blank corrected, 

the regression was forced through zero.  Duplicate measurements for HClO4 digests and 

triplicate measurements for Fenton digests were made.  Detailed data are presented in 

Table B - 2 to Table B - 5 in SI.  For the ICP-MS analysis of the perchloric acid digest and 

the Fenton digest, regardless of the sample type, the results are almost statistically 

indistinguishable (y = 1.029  0.024 x).  The Sandell-Kolthoff data tend to be slightly 

higher than the corresponding ICP-MS data (y = 1.057  0.016) x), but the difference is 

small.   

 

2.3.5 What Form is Iodine Following Fenton Digestion?  

Iodate
228

 and Iodide tend to be the two most stable forms in which iodine is 

present. Iodate is poorly retained on any anion exchanger and elutes with other poorly 
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retained material.  In the Fenton digest of milk, some organic acids that elute early will 

always be present. This makes unequivocal identification of iodate in a Fenton digest by 

conductometric ion chromatography (IC) difficult.  We therefore used IC-ICP-MS for post-

FD iodine speciation.  Three samples were subjected to FD and then made up to 5 mL 

with 2% NH4OH and centrifuged to remove Fe(OH)3. A small amount of MnO2 was added 

to catalytically remove excess H2O2 as large amounts of H2O2 are detrimental to IC 

columns.  (We verified that the addition of MnO2 will not affect any iodate formed (Figure 

B - 19)).  Samples were then filtered through a 0.2 µm syringe filter and analyzed by IC-

ICP-MS.  

Figure 2-2.  Comparison of replicate measurements of various milk and formula samples (a) 

Perchloric acid digests analyzed by 129I isotope dilution ICP-MS vs. same analysis of the 

corresponding Fenton digests; (b) Perchloric acid digests analyzed by 129I isotope dilution ICP-MS 

vs. same analysis vs. Sandell-Kolthoff Analysis of the same digests.  See text for details. 
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There was no iodate to be found in Fenton digest of the milk samples, the Iodine 

was present as Iodide (Figure B - 20). 

 

2.3.6 Extent of Iodine Loss During Fenton Digestion.   

Iodine is volatile and iodine loss during sample digestion is common.  Discernible 

iodine loss may also occur in HClO4 digestion.
180

  Adding an isotopic tracer to the sample 

not only accounts for changes in ionization efficiency etc. from one sample to another, 

pre-digestion addition of the tracer to the sample can account for any loss of the analyte 

during sample processing.  We explored the loss by adding 
129

I before and after FD of 

different aliquots of the same sample.  The difference between the isotope-ratioed pre-

FD-spiked and post-FD-spiked data indicated the extent of the loss.  For several 

representative milk sample types there was indication of loss: post-FD tracer addition 

analytical values are consistently lower (from 1212 % for soy-based formula to 22.84.2 

% for whole milk) relative to pre-FD tracer addition analytical values (Table B - 6).  While 

ID-MS can account for processing losses, this is not possible with S-K or other assays.  

For general use, the losses must be minimized.  The causes were investigated.   

 

2.3.7 Effect of Sample to Fenton Reagent Volume Ratio on Iodine Loss.   

Our base procedure used 0.5 mL sample, 1.5 mL 30% H2O2 and 50 L 0.1 M 

Fe(II).  We examined if the sample to digestion reagent ratio affects loss during FD by 

reducing the sample amount in steps to 25 L, affecting a 20-fold change from the 

original sample to digestion reagent ratio.  The sample was pre-spiked with 
129

I.  The 

tracer data indicated that increasing the oxidant reagent to sample ratio monotonically 

decreased the tracer recovery (Figure B - 21).  If the loss occurs as I2, an excess of 

oxidant and the concomitant evolved gas that helps carry volatiles will indeed increase 
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losses.  (It is interesting to note that if the 
127

I results are corrected for by isotope dilution, 

the analytical data remain unchanged for 100-500 L sample volumes.  At even lower 

sample concentrations, the low tracer counts cause standard deviation to increase and 

results to become unreliable (Figure B - 22)).  Decreasing the sample to digestion 

reagent ratio is therefore not a solution to prevent iodine loss; increasing it further relative 

to the base conditions may in fact be better. 

 

2.3.8 Possible Loss by Adsorption on Fe(OH)3.   

To determine if loss occurs by adsorption on Fe(OH)3, identical sample aliquots, 

pre-FD and post-FD 
129

I spiked, were used.  Three subsets within each set were diluted 

with an equal volume of 2% NH4OH, or DI water, or 2% HCl prior to ICP-MS 

measurement.  Addition of HCl keeps the Fe in solution.  For the pre - digestion 
129

I 

spikes, all results were statistically identical.  Comparing the pre- vs. post-digestion 

spikes, NH3 addition showed the least loss but also exhibited the greatest variability.  

Addition of water or HCl both led to about the same loss and it was greater than with 

ammonia.  Obviously, the loss is not due to adsorption on Fe(OH)3 (Table B - 7).   

 

2.3.9 The Role of the pH During Digestion.   

It Is interesting that despite the strongly oxidizing conditions, the final solution 

contains iodide and not iodate.  The oxidation of iodide by H2O2 is strongly pH-

dependent.
229

  In all but strongly acid conditions (when iodine and thence iodate may be 

produced),
229

 iodide catalyzes the decomposition of H2O2 in a cyclic reaction in which IO
-
 

is involved; this is a popular pedagogical experiment.
230

  Assuming that loss occurs as I2, 

any free remaining I2 will convert to I
-
 and IO

-
 upon the addition of ammonia. IO

-
 will 

oxidize excess H2O2 present to O2 and itself be reduced to I
-
.
72

  (In practice, even without 
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the presence of H2O2, the only I species we were able to detect in a dilute ammoniacal 

solution of I2 was I
-
.) 

Our base case experimental protocol with milk or formula samples result in a 

post-digestion pH of ~2-2.6 (breast milk 2.0-2.2, Formula: 2.4, Soy Formula 2.3, whole 

milk 2.6), prior to NH3 addition.  The acidity originates from the oxidative hydrolysis of the 

Fe(II) salt with contributions from organic acids formed and not completely degraded 

during FD.  We wanted to determine the effect of changing the pH during the FD step on 

iodine loss.  We also increased the sample to oxidant ratio at this time to help reduce 

iodine loss (vide supra).  This required that we verify that the samples are still fully 

digested.  We used first a whole milk sample; these have the most fat and are the most 

difficult to digest.  This particular sample was determined by pre-spiking with 
129

I and the 

standard ID-FD-ICP-MS procedure to have an iodine content of 368.39.5 g/L.  In 

triplicate experiments, 0.5 mL of 30% H2O2 was added to 0.5 mL sample, followed by 50 

L of 0.1 M Fe(NH4)2SO4.  Prior to putting in the oven for digestion, to one set was added 

5, 10, 25, 50, and 100 µL of 5 M HCl and to another the same volumes of 0.1 M NH4OH.  

After overnight digestion at 60 °C, the pH of the resulting digests were measured.  The 

samples were then spiked with 
129

I and immediately diluted to 5 mL using 2% NH4OH, 

this solution contained 10 g 
129

I/L.  

The concentrations as determined by ICP-MS are shown in Figure 2-3 as a 

function of digestion pH.  Below pH 2.5, increasing loss occurs likely as I2. However, in 

the most acidic condition tested (~pH 0.64), the extent of loss begins to decrease again, 

either due to iodate formation,
229

 or the stabilization of iodine as the chlorocomplexes
231

 

I2Cl
-
 or ICl2

-
 because of the greater chloride content from the addition of HCl (further 

discussion of the composition of this digest appears in the SI along with Figure B - 23).  

However, the overall recovery here is still only ~70% (the data, in terms of % recovery is 
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depicted in Figure B - 24in the SI).  In addition, specifically for milk, prior acidification at 

this level leads to curdling – this does not facilitate digestion.  In contrast, good 

recoveries are observed above digestion pH values of 2.6 with an average loss of 3.7% 

and a worst case loss of <10%.  Clearly, control of digestion pH can lead to a low loss 

digestion procedure.  Very similar results were then observed for breastmilk samples 

(Figure B - 25 in SI). 

 

Figure 2-3.  Concentrations determined by ICP-MS after Fenton digestion at varying 

pH.  The concentrationed determined by pre-digestion spiking is taken to be the true 

value and is shown by the horizontal lines with ±1 standard deviation error bounds 
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2.3.10 Extent of Volume /Mass Loss during Digestion.   

While evaporation losses leading to mass or volume change is inconsequential in 

ID-MS, such losses will have to be accounted for in other assays to obtain accurate 

results.  As a significant amount of gas (O2) is evolved, the digestion vials cannot be 

sealed.  In a blank digest, if all the oxygen from the added H2O2 (30% w/v, 1 mL) is 

liberated and this escaping gas is saturated in water vapor at 60 °C, the estimated mass 

loss is 212 mg.  This is likely an overestimate because (a) some of the oxygen must end 

up in oxidation products and (b) some of the oxygen is evolved at lower temperatures, 

before the mixture is put in an oven.  On the other hand, mass loss may exceed this 

estimate when volatile materials are present or formed as a result of oxidation. For 

several types of milk and formula samples the loss averaged 13118 mg, amounting to 

5.90.9% (Table S6).  The average blank digest loss was 2723.8 mg, amounting to 

12.20.1%.  Because of the relative uniformity of this loss, a uniform correction factor will 

be permissible.  Of course, the option of weighing all sample vials before and after 

digestion and performing custom corrections always remains.  

 

2.3.11 Parametric Effects. Nature of Fe(II) Catalyst, Time and Temperature.   

We are not aware of any reports in the literature that the form in which Fe(II) is 

added can affect the Fenton reaction.  Adding an organic salt of Fe(II) like Fe(OAc)2 may 

be potentially advantageous if IC analysis of inorganic anions in the digest is carried out, 

because acetate will itself be partially degraded. Further, it has poor affinity for anion 

exchangers, any residual acetate will elute early.  While equimolar Fe(NH4)2(SO4)2, or 

FeCl2 worked equally well, Fe(OAc)2 appeared to oxidize rapidly in air and digestion 

appeared incomplete.  Powdered elemental iron
224

 in 1-2 g amounts per sample also 

produced clear digests and may be attractive for inorganic anion analysis, or in high 
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purity form for metals analysis; we hope to report on this in the future.  Presently we 

chose Fe(NH4)2(SO4)2 because of its relatively greater stability in air and greater solubility 

than FeCl2.   

It is desirable in ICP-MS to reduce total salinity to minimize ionization 

suppression and thus minimize the amount of the Fe(NH4)2(SO4)2 used as catalyst.  

Using a 1:1 ratio of sample : 30% H2O2 we varied the volume ratio of 0.1 M 

Fe(NH4)2(SO4)2, from 0.05 to 1 and examined the FD of triplicate samples of whole milk.  

At the high end, the digestion proceeds rapidly and completes within 1-2 h at 60 
o
C; 

some foaming is observed and a Fe(OH)3 residue is observed on the surface of the glass 

tubes.  For overnight digestion, only the sample with the smallest amount of 

Fe(NH4)2(SO4)2 retains a turbid appearance.  We henceforth chose a ratio of 1:1:0.1 ratio 

of sample : 30% H2O2 : 0.1 M Fe(NH4)2(SO4)2 .  A photographic image of the digests 

obtained under different conditions is in Figure B - 26 in the SI.   

 

2.3.11.1 Peroxide.   

As previously observed, a high sample: H2O2 ratio helps reduce iodine loss.  But 

the highest ratio at which complete digestion will occur is also important.  With a volume 

ratio of 1:x:0.1 for sample:H2O2:Fe(NH4)2(SO4)2, we varied x from 0.5 to 4 in steps of 0.5.  

x = 1 was the minimum value of x for complete digestion.  Photographic images of the 

digests are shown in Figure B - 27.  

 

2.3.11.2 Temperature.   

The experiments were conducted with 1:1:0.1 volume ratio of 

sample:H2O2:Fe(NH4)2(SO4)2.  Although FD processes are widely believed to be radical 

reactions that should be little affected by temperature, the digestion clearly proceeded at 
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a much accelerated rate at elevated temperatures.  Figure B - 28 shows a photographic 

comparison of samples allowed to react at room temperature for 12h (overnight) 

compared to those at 60 
o
C using varying amounts of catalyst.  Samples at room 

temperature are never fully digested; in contrast, samples at 90 °C are rapidly digested 

(Figure B - 29).  Although 90 °C may not be practical for iodinalysis due to increased 

losses, for many other analytes this may be useful.  Presently, choice of 60 °C also 

allowed us the use of inexpensive disposable polypropylene tubes. 

 

2.3.12 Appearance of Digest.  

  Following digestion, addition of ammonia and centrifugation, the supernatant is 

generally totally clear.  Occasionally a barely cloudy appearance was observed, with or 

without the familiar brownish tint of ferric hydroxide.  This cloudiness (likely due to iron 

hydroxide colloids ) remained even after filtration through a 0.45 m membrane filter.  In 

alkaline solutions, these colloids should be negatively charged and the addition of a 

cationic surfactant such as hexadecyltrimethylammonium chloride (HTMAC) may help 

remove the colloidal material as an adduct.  Although this does not affect analysis by 

ICP-MS, we explored removal of this cloudiness in those samples in which this was 

observed.  While coagulation was observed (the coagulated material floats to the top, the 

clear liquid below is easily aspirated) but some samples required as much as 0.1% 

HTMAC in the final solution; this was not pursued further.  The surfactant marginally 

increased the sensitivity (6-15% from 0.001 to 0.075% HTMAC), possibly due to better 

efficiency of atomization of the negative iodide ion being forced to the droplet surface; 

this would have required calibration in the presence of the surfactant for accurate 

analyses.   
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An idea of the extent of digestion of the samples can be gleaned simply from the 

optical clarity, e.g., by comparing the visible absorbance (400-700 nm) of the 100-fold 

diluted original samples vs. that of the undiluted digests (Figure B - 30 and Figure B - 31).  

The tail of an absorbance peak, due to ferric iron, which pretty much goes to baseline by 

~500 nm, is seen in all the digests, including a blank digest of water.  However, the 

baseline is somewhat higher with the samples due presumably to complexation by 

carboxylic acids formed.  The similarity between all the digests indicate that despite 

differences in their original composition, these samples are all nearly quantitatively 

mineralized.   

The Fenton reaction has proven to be an effective means of digestion for milk 

samples prior to analysis by ICP-MS.  Our preliminary work shows that clear digests are 

produced with a variety of other samples from general dairy products to hair.  The 

recommended final recipe for digesting different milk and formula samples are given in 

the supporting information.  We expect in the near future to report on the general 

application of trace metal analysis following FD.  
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Chapter 3  

Breastfed Infants Metabolize Perchlorate 

 
3.1 Introduction 

Perchlorate is a common contaminant of food and drinking water.
232

 The toxicity 

of perchlorate and its regulation have been the focus of considerable controversy in the 

US.
233-236

  Perchlorate is an endocrine disruptor.  Adequate iodine uptake, especially in 

infants, is critical.  Perchlorate competitively inhibits uptake of iodine into the thyroid 

gland, potentially reducing production of thyroid hormones, thyroxine (T4) and tri-

iodothyronine (T3).  It thus acts as a potential neurotoxicant as these hormones are 

essential for neurodevelopment.
237

  The sodium iodide symporter (NIS) is a glycosylated 

90-97 kDa protein that is responsible for shuttling iodide to the thyroid for the 

biosynthesis of the thyroid hormones.  Perchlorate inhibition of iodide transport arises 

because the NIS actually has greater affinity for perchlorate than it does for iodide.
238

  

The NIS is well-expressed in the mammary glands during lactation and serves to 

transport essential iodine to the young. 

While in hindsight, the presence of perchlorate in milk is not surprising, our 

original report of perchlorate in bovine
239

 and later human milk
240

 generated much 

skepticism.  Determination of perchlorate in complex matrices may have been initially 

challenging to us,
241-246

 but chromatography-tandem mass spectrometry has become 

more affordable and sensitive over the intervening period and is now routine.  Perchlorate 

has been used as an ingredient in solid fuel rocket propellants, explosives and fireworks.  

It also occurs naturally, appearing in Chilean mineral deposits (Chilean nitrate has been 

widely used as fertilizer), rain water, and some soils and groundwater.  The origin of 

natural perchlorate was also of interest.
247,248
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We noted that perchlorate excretion in human milk can be highly variable 

between subjects and in the same subject at different times.
249

  Relative to either iodide 

or thiocyanate, a greater fraction of perchlorate was present in milk compared to the ratio 

of the same species in the urine of lactating mothers.
250

  Concerns about perchlorate 

aside, milk iodine concentrations (MI) of many mothers were very low.  Iodine nutrition of 

infants of such mothers would be in jeopardy regardless of the concurrent presence of 

perchlorate.   

Perchlorate at low levels is pervasive in our environment.  Remedial measures 

are not likely to remove all or even the major sources of perchlorate anytime soon. Given 

limited resources, if a choice is to be made between more iodine or less perchlorate
251

 to 

improve iodine nutrition, one of us concluded
252

 that we should concentrate on the 

former.  The same sentiment was echoed later in a report by the EPA Office of the 

Inspector General;
253

 this may not, however, be a universally shared opinion, even 

among the present authors.  

Present wisdom holds that ingested perchlorate is not metabolized in 

humans
235,254

 and passes through with a relatively short clearance time.
255-257

  

Perchlorate is known to be reduced in the rumen of ruminant animals,
258

 although plants 

are more practical bioremediation means than cows.  While perchlorate is translocated 

and not really reduced in lettuce,
259

 other plant systems, e.g., Poplar trees, do reduce 

perchlorate.
260

 Even with plants, microbially mediated rhizodegradation is likely more 

important than phytodegradation.
261-264

  A considerable variety of bacteria can reduce 

chlorate and perchlorate (often denoted as (per)chlorate) as well as nitrate, given suitable 

oxidizable substrates (this includes a great variety of organic anions).
265

 

Despite conventional wisdom, fermentation similar to that occurring in the rumen 

is known to occur in the large intestine.
266

 Facultative anaerobes are essential intestinal 
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flora in both infants and adults. Nature has been making perchlorate for eons.
267

  Natural 

perchlorate has thus appeared at significant concentrations in some regions in water 

used by humans for time immemorial, in much the same way as it does today.
268

  In 

Chilean cities near the Atacama Desert where perchlorate content in water and in 

mother’s milk is relatively high, no unusual neonatal thyroid problems have been 

reported.
268,269

  Some of the effects of perchlorate in such populations may be 

ameliorated by co-occuring high iodine levels; however, one cannot help but wonder if 

that is the sole reason that these infants can handle breast milk perchlorate 

concentrations (MPC) in excess of 100 g/L without obvious effect on thyroid 

development.   

In this paper we first show that bifidobacteria, facultative anaerobes that 

constitute the dominant bacteria in the digestive system of breastfed infants, can reduce 

perchlorate in a milk matrix in-vitro.  Metabolization of perchlorate
258

 by cattle was proven 

by deliberately feeding significant concentrations of perchlorate to the animals and 

following its concentration in various body fluids/excreta.  Given the known effects of 

perchlorate, such an experiment cannot be ethically conducted with human infants.  We 

rationalize why iodine can be used as a conservative tracer and thus devise a means to 

determine if any of the perchlorate ingested by infants through breastmilk or formula is 

metabolized.  The evidence indicates that perchlorate must be significantly metabolized 

in breastfed infants. 

3.2 Experimental Section 

 
3.2.1 Bacterial Cultures and Analysis for Perchlorate.   

All bacterial experiments were conducted with store-bought Pasteurized skim 

milk purchased locally and except as stated, spiked to contain nominally 1 mg/L ClO4
-
.  (A 
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more limited set of experiments were conducted with milk samples spiked nominally with 

100, 250, 500, and 5000 g/L ClO4
-
.)  Ten milliliter aliquots were pipetted into 15 mL 

screw-cap culture tubes. All experiments were conducted in triplicate; commercially 

available probiotic supplements, stated to contain live bacteria were added to the spiked 

skim milk.  To each tube was added the contents of one capsule of Align
TM

 

(bifidobacterium infantis 35624, Procter and Gamble, each capsule contains 4 mg of the 

bacterial mass, labeled to contain 10
9
 colony forming units (cfu)  when packaged, plus 

other material
270

).  As a point of reference, the bifidobacterial count in the feces of one-

month old breastfed infants has been reported to be 200 x 10
9
 cfu/g.

271
   

To another similar sample set was added a probiotic blend (Advanced Probiotic 

10, Nature’s Bounty, Inc.). This product is labeled to contain 10
10

 cfu’s/capsule of a 

bacterial mixture consisting  of lactobacillus plantarum, bifibacterium bifidum, 

lactobacillus rhamnosus, lactobacillus bulgaricus, lactobacillus salivarius, lactobacillus 

brevis, lactobacillus acidophilus, bifidobacterium lactis, lactobacillus paracasei, and 

lactobacillus casei in an unspecified ratio.   

The tubes were capped and placed in a 37 °C bath.  Over a period of 2 days, 50 

µL sample aliquots were taken in triplicate of each sample at logarithmically spaced 

intervals (sampling was more frequent early in the culture process).  The tube was 

vortexed for homogenization prior to sampling.  The samples developed a sufficiently 

gelled growth at the bottom of the tubes after 24 h; homogenization of the samples by 

vortexing could not necessarily be assured.  If the sample aliquot thus contained more of 

the free liquid portion, it would be biased towards containing more perchlorate (a soluble 

anion), rather than less perchlorate than the sample as a whole.  Samples were pipetted 

into 1.7 mL capacity graduated polypropylene microcentrifuge tubes (www.midsci.com) 

and subjected to a modified Fenton digestion method.
272

  To the sample in the 
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microcentrifuge tube 50 µL of 150 µg/L 
35

Cl
18

O4
-
 (as NaClO4, 95% isotopic purity, 

www.iconisotopes.com), 200 µL 30% H2O2, and a small spatula tip (73 mg) of iron 

powder (P/N 00170, 99.9+% metals basis, <10 m spheres, www.Alfa.com ).  Ferrous 

salts are typically used in conventional Fenton oxidation; the reaction is fast but results in 

incorporation of the anion associated with Fe(II).  For small samples that are not 

preferably diluted by large amounts, elemental iron provides an alternative; the reaction is 

slower but anion contamination is avoided.
272,273

  The samples were digested in a 60 °C 

convection oven for 3 days to ensure complete digestion, which is slower because of the 

surface area and diffusion limitations of the iron powder.  DI water was added to make up 

for water loss each day and to rinse the walls of the tube.  After 3 days, 50 µL of 4 M 

KOH was added to precipitate any dissolved iron and a small spatula tip full of MnO2 

(2.40.8 mg) was added for the catalytic removal of unreacted H2O2.  Samples were then 

diluted to 1.5 mL, centrifuged at 2000g, filtered through 0.2 µm nylon syringe filters into 

autosampler vials, capped, and analyzed by Ion Chromatography–tandem Mass 

Spectrometry (IC-MS/MS) with isotope ratio based quantitation (vide infra).  

 

3.2.2 Human Subject Recruitment and Sample Collection.  

 Our protocol, approved by the Institutional Review Board at the University of 

Texas at Arlington, called for the recruitment of mother-infant pairs where the infants are 

below 7 months of age and are either exclusively breastfed or exclusively formula fed (no 

water, juice, or solid foods).  Breastfed infant ages ranged from 1.3-7.0 mo. old at the 

time of sampling with an average age of 3.5 ± 1.6 mo.  Formula fed infants ranged from 

4.3-6.2 mo. old with an average age of 5.5 ± 0.7 mo.  The mother was to collect (a) at 

least three and up to five breastmilk or formula samples (> 5 mL), alternating between 

immediately before and immediately after feeding the infant (in the case of formula, 
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collecting an aliquot from the same batch fed to the infant), (b) at least three and up to 

five infant urine samples (> 5 mL) that represented the first micturition > 15 min after the 

above feeding, (c) a corresponding number of maternal urine samples (only for 

breastfeeding mothers) collected at a time proximate (before or after) the feeding; for 

some volunteer breastfeeding mothers, 24-h urine samples were also collected.  The 

maternal urine data are not used in this paper and are not further discussed.  The 

samples were stored refrigerated by the mother until the requisite number was collected.  

Either the investigators picked up the sample or it was delivered to our laboratory on ice.  

Once in the laboratory, the samples were stored frozen at -20 °C until analysis, typically 

in a few weeks.  The only exclusion criteria was known thyroid disease/impairment for 

either mother or infant and any recent medical procedure that involved the use of contrast 

media (which frequently contains iodine).   

While infant urine collection bags are routinely used in a hospital setting, the 

successful use of such bags in a home setting by mothers proved far more difficult.  

Many mothers found it frustrating that leakage occurred or an adequate volume was not 

collected, compounded by the obvious displeasure of the subjects, especially when the 

bag was fastened tightly to prevent leakage.  Primarily for this reason, the dropout rate 

after recruitment was nearly 50%.  We had thirteen breastfeeding mother-infant pairs and 

five formula fed infants successfully complete the study; two of the latter were fed soy-

based formula. 

 

3.2.3 Iodinalysis.   

Recently we developed a new digestion procedure based on the Fenton 

reaction.
272

  The method was validated in comparison to a method used by the FDA that 

uses perchloric acid digestion and Sandell-Kolthoff colorimetry.  Several of the breast 
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milk (that were submitted with sufficient volume) and the formula samples from this study 

were in fact part of the above intercomparison.
272

   

Briefly, to 0.5 mL of a milk or formula sample pipetted into a 15 mL screw-cap 

polypropylene centrifuge tube, 50 μL of 1 μg/mL 
129

I tracer (carrier-free KI, 

www.ipl.isotopeproducts.com) was added.  0.5 mL of 30% H2O2, followed by 50 μL of 0.1 

M Fe(NH4)2(SO4)2 were then added.  After ∼15 min, 25 μL of 2% NH4OH was added.  

The centrifuge tube was loosely capped but not screwed shut. Fenton digestion was 

carried out in a convection oven overnight (12+ h) at 60 °C.  After allowing the digest to 

cool to room temperature, the digest was diluted to 5 mL with 2% NH4OH to precipitate 

Fe(OH)3.  The tubes were then vortexed and centrifuged (3000g at 2°C, 15 min).  The 

supernatant was directly subjected to Induction Coupled Plasma Mass Spectrometry 

(ICP-MS) analysis as detailed below.  Urine samples were simply diluted prior to ICP-MS 

analysis, typically by 10x.  Some required further dilution after the initial analysis to be 

within calibration range. 

An X Series II ICP-MS (www.thermo.com) was used in the direct infusion mode.  

The peristaltic pump built into the ICP-MS was used to prime the sample into the Peltier-

cooled (3 °C) nebulizer at 1.6 mL/min for 45 s and then continuously aspirate the sample 

into the nebulizer at 0.8 mL/min. Each measurement cycle consisted of a 20-s qualitative 

mass survey scan followed by three 32-s long quantitative mass scans. Between 

samples, 1% NH4OH was used for a monitored washout up to 4 min to eliminate effects 

of any carryover between samples. After analysis was complete, the autosampler probe 

was washed in the same wash solution before storage and reuse. 
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3.2.4 Determination of Perchlorate.   

For urine samples, 2.5 mL of the sample was spiked with 12.5 μL of 1 mg/L 

35
Cl

18
O4 as the internal standard.  Strong acid type H

+
-form cation exchanger 

macroreticular resin (Dowex HCR-W2) was washed sequentially with methanol and 

water.  Excess moisture was purged with air, without drying the resin.  An aliquot of the 

resin (~250 mg) was added to the urine sample, vortexed, allowed to stand for 15 min, 

filtered through a 0.20 μm syringe filter into a sample vial and capped and loaded onto 

the autosampler. 

To 5 mL of formula or milk (if sample availability was limited, the sample was 

diluted beforehand and the diluted sample used), 25 L 1 mg/L 
35

Cl
18

O4
-
 was added and 

the mixture was then centrifuged (3000g, 15 min, -2 °C).  The casein, whey, and fat 

separated.  2.5 mL of the whey (avoiding the fat and the casein) was pipetted into a 10 

kDa centrifugal filter (Vivaspin 6, www.sartorius-stedim.com).  The whey was then 

centrifuged (10000g, 90 min, 2 °C on a 25° fixed angle rotor).  To the filtrate, 

approximately the same mass fraction of the aforementioned cation exchange resin was 

added (~100 mg /mL filtrate).  The sample was then vortexed, allowed to stand for 15 

min, filtered through a 0.20 μm syringe filter into a sample vial and capped and loaded 

onto the autosampler. 

The IC-MS/MS analysis protocol used an IC-25 isocratic pump with an EG40 

electrodialytic eluent generator, 2 mm bore AG21/AS21 guard and separation column 

sets housed in a LC30 temperature controlled oven (30 °C), ASRS-Ultra II anion 

suppressor in external water mode, and a CD-25 conductivity detector, all from 

ThermoFisher/Dionex.  Around the elution window of perchlorate (tR ~9 min), 6-10 min 

after injection, a diverter valve directed the CD25 effluent to a tandem mass spectrometer 

(Thermo Scientific Quantum Discovery Max with a heated ESI probe and enhanced mass 
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resolution).  Eletrodialytically generated high purity KOH eluent was used isocratically at 

a concentration of 15 mM and a flow rate of 0.35 mL/min.  Eluent generation, sample 

injection (2 L), electrodialytic suppression, autoranging conductivity detection and data 

acquisition were all conducted under Excalibur/Chromeleon software control.  Perchlorate 

was quantified by the -99  -83 Th (m/z) transition ratioed to the -107  -89 Th internal 

standard transition.  All data were interpreted in terms of a 5-point calibration with check 

standards run daily.  Any sample falling outside the calibration range was reanalyzed 

after appropriate dilution.  All samples were minimally analyzed in duplicate. 

The limits of quantitation for iodine and perchlorate were 0.3 and 0.015 g/L, 

similar to those reported previously.
250

 Concentrations of both analytes in all of the 

analyzed samples were substantially above the limit of quantitation of the methods. 

 

3.3 Results and Discussion 

 
3.3.1 Microbial Perchlorate Reduction.  

 A number of perchlorate-reducing bacteria have been isolated and used in 

bioremediation of perchlorate-contaminated soils, sewage, and water systems.
274

  

Reduction of (per)chlorate typically occurs under anaerobic conditions, and the released 

oxygen is then used for respiration.  All living systems that reduce perchlorate do so with 

the help of an enzyme perchlorate reductase, the same enzyme also reduces chlorate 

and nitrate.  In fact, all bacteria that reduce perchlorate preferentially reduce nitrate if 

both are available.
274-276

  The enzyme perchlorate reductase is a member of the Type II 

DMSO family and is closely related to nitrate reductase.  Enzymes in this family all use a 

common molybdenum cofactor, [bis(molybdopterin guanine dinucleotide)-
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molybdenum].
277,278

  The dominant pathways for metabolism of perchlorate in plants and 

animals are both likely mediated by microorganisms.
261,262

  

Bacterial populations present in the human intestine are diet-dependent.  

Populations and ratios vary over the course of a lifetime, and also among populations of 

humans.
279

  There are numerous studies that show that the intestinal bacterial population 

is distinctly different for breast-fed vs. bottle-fed infants.  In breastfed infants, 

bifidobacteria far outweigh other bacteria;
280-282

 another important group of anaerobic 

bacteria, Ruminococci, are also present in breast-fed infants.
283,284

  In bottle-fed infants 

the bifidobacteria concentrations are lower and can sometimes be below the culture 

threshold limit (10
4
 cfu/mL) although detection by PCR methods is possible.

285
  Even 

under conditions when bifidobacteria become the dominant intestinal bacteria in bottle-

fed infants, their number count remains an order of magnitude lower than those in 

breastfed infants.
271

  Interestingly, infant intestinal bifidobacteria counts are higher for 

infants of breastfeeding mothers with no allergies compared to those with documented 

allergy problems.
286

  Bifidobacterial diversity has been suggested as an index of systemic 

immune responses.
287

  Bifidobacteria are routinely sold as supplements
288

 and there are 

ongoing studies to devise additives to infant formula that will have a bifidogenic effect.
289
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It is well established that bifidobacteria can reduce nitrate
290,291

 but no direct 

experiments have ever shown that bifidobacteria can reduce perchlorate.  However, 

inferred pathways for the taxon Bifidobacterium bifidum and its descendants include 

perchlorate reduction via perchlorate reductase.
292

  Below we describe the results of in-

vitro experiments do determine whether bifidobacteria  can reduce milk spiked with 

perchlorate. 
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bacterial addition; hour 1 represents analysis immediately after 
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3.3.2 Perchlorate Temporal Profile in Perchlorate-spiked Milk Inoculated with 

Bifidobacteria.   

The supplement preparations contain other insoluble (and soluble) material aside 

from the bacterial mass.  Conceivably these may remove perchlorate by adsorption or ion 

exchange.  A two-point measurement (before and some fixed point after inoculation) is 

therefore inadequate as any removal by the solids in the supplement will be unaccounted 

for.  Therefore, time based measurements were carried out.  The results are shown in 

Figure 3-1.  It will be noted that there is really no statistically significant reduction of the 

perchlorate content over the first 8 h.  (Note that relative to adding no inoculum, the 

standard deviation of replicate sample analysis always increases significantly after 

adding the inoculum, possibly due to the intrinsic variability of any biological process).  A 

small but statistically significant reduction is seen after 24 h and an obviously large 

reduction occurs after 52 h of incubation.  Unlike a real digestive system, we do not have 

a system at steady state; our experiments start out in a clearly oxic condition and 

doubtless contains other reducible substrates like nitrate that may be preferentially 

reduced.  A similar lag period in microbial perchlorate reduction has been reported by 

others.
293

  As was noted in the experimental section, significant part of the culture 

medium gels/solidifies after ~24 h and homogenization cannot be assured by vortexing.  

Any intrusive mechanical homogenization was avoided to preclude contamination by 

other adventitious species that will compromise the utility of the subsequent samples.  

There is however, no significant volume increase associated with the yogurt formation 

that will create an analytical bias on volume based analysis.  To preclude any possibility 

that perchlorate is somehow preconcentrated in the solid, we carried out analysis of the 

solid portion per unit mass basis for the 5 mg/L sample.  No preferential concentration of 

perchlorate in the gel phase over the original concentration per unit mass was found.  
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Perhaps most importantly, the other inoculum with the “Probiotic Blend”, which we 

expected to behave in the same fashion, did not; rather it served as a useful control.  

Gelling/yogurt formation was observed after about the same length of time, but as Figure 

3-1 shows, there was no reduction of perchlorate concentration in this case even after 52 

h.  Whether the specific species of bifidobacteria present in the blend are not as effective 

for perchlorate reduction or the absolute bifidobacteria content are not nearly as high, is 

not known.   

Finally, we show the fraction of perchlorate lost after 24 h as a function of 

perchlorate concentration in Figure 3-2.  Granted that the uncertainties are very high, the 

fraction of perchlorate reduced after 24 h monotonically increases with increasing [ClO4
-
].  

The fraction of [ClO4
-
] consumed should be proportional to (Kc[ClO4

-
]/(KR[R] + Kc[ClO4

-
]) 

where [R] is the concentration of competing reducible substrate and the K-terms are a 

composite representation of the binding constant to the substrate and the rate constant 

for its reduction.  It will be obvious that for KR[R] >> Kc[ClO4
-
], the value of the overall 

expression will essentially linearly increase with [ClO4
-
].  The solid line in Figure 2 

represents a best fit line that fits the expression (a/(1+b/[ClO4
-
]) where a and b are 

constants, concordant to the expression given above in terms of [R] and [ClO4
-
] at 

constant [R].  
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It should not be construed that the precise dependence of the extent of 

perchlorate reduction on the absolute concentration observed in these in-vitro 

experiments is quantitatively extrapolatable to infants.  Neither the complete composition 

of the microflora, nor the precise redox conditions in the infant intestine are the same as 

that in a culture tube.  In a real digestive system there are very likely other agents that 

metabolize competing oxidants like nitrate, without bifidobacteria derived perchlorate 

reductase pathway being the only agent for removal of such oxidants.  In addition, the 

digestive system already contains a very large number of bifidobacteria at steady state 

(fecal count in a month –old breast fed infant is 2 x 10
11

 cfu/g,
271

 compared to 10
8
 cfu/mL 
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at the beginning of our incubation); we therefore expect perchlorate reduction to be more 

efficient in-vivo. 

 

3.3.3 Does Bifidobacteria Reduce Perchlorate in Infants?   

Since deliberately feeding infants perchlorate, isotopically labeled or not, in 

whatever amount above background levels, was not an option, we devised an approach 

that utilizes iodine (regardless of its chemical form), as a conservative tracer.  Our null 

hypothesis is that perchlorate is not metabolized; it is also conserved.  In solely breastfed 

or formula-fed infants, breastmilk or formula is the only input.  If the only output occurs via 

urinary excretion, the ratio of concentrations of an analyte in urine to that in milk will be 

the same for all conserved species.   

For this framework to be valid, the following will have to be true:  

(a) Iodine is conserved.  While there is net daily accumulation of iodine in an 

infant because its thyroid is growing, the daily increment of this accretion is negligible 

relative to daily iodine intake and excretion. 

(b) For infants, urinary excretion is by far the principal mode of iodine excretion.  

The same must be true for perchlorate.   

(c) Neither intake nor output is continuous; both are discrete events. As a 

constant time interval between intake and output cannot be assured, the rate of 

clearance of perchlorate and iodine must be comparable to draw conclusions from a finite 

set of data. 

 

3.3.3.1 Urine to Milk Concentration Ratio (UMCR) for a Conserved Species.   

The following are norms for infant milk intake:  formula fed infants consume a 

greater volume; Goellner et al.
294

 report average intake volumes of 657, 998, 935, and 
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1128 mL/d, respectively for 0-1, 1-2, 2-4 and 4-6 mo. olds, averaging 930 mL/d for 0-6 

mo. olds.  The same respective age groups have urinary outputs 378, 556, 496 and 505 

mL/d amounting to an average urinary output of 484 mL/d for the age group.  These data 

correspond to an intake/urine output volume ratio (the same as UMCR) of 1.7-2.2.  For 

breastmilk, the intake volume is lower.  The Child-Specific Exposure Factors 

Handbook
295

 suggests that the mean value for a 1-3 month old is 690 mL/d, while that for 

a 3-6 mo. old is 770 mL/d. No data are available for urinary output volume for breastfed 

infants.  Because there is no reason to believe that the loss of water, which takes place 

through breathing, sweating, feces, etc. is going to be different for breastfed vs. formula-

fed infants, the UMCR for breastfed infants will be higher.  Goellner’s data allows us to 

estimate non-urine water loss for 1-3 and 3-6 mo. olds to be 440 and 531 mL/d; this will 

lead to respective estimates of 2.8 and 3.2 for UMCR of breastfed infants of these age 

groups. 

The above provides approximate guidelines as to what UMCR value can be 

expected for a conserved analyte both for breastfed and formula-fed infants.  If a 

particular analyte is known to be conserved, the UMCR for it can be used as a 

benchmark for that subject and the UMCR for another analyte can be compared to it.  If 

the latter UMCR is significantly smaller than the benchmark UMCR, the latter species is 

not conserved.  Regardless of the validity of these arguments, there is considerable 

temporal variation of perchlorate and iodine in the infant intake for a breastfed infant, as 

changes in the mother’s diet from one meal to the next are reflected in breastmilk 

composition.
249

  Multiple samples per subject must therefore be analyzed.   

Thus if iodine is conserved, we can take its UMCR (hereinafter called the iodine 

concentration factor (ICF)) as the benchmark.  If UMCR for perchlorate, the perchlorate 

concentration factor (PCCF), is statistically indistinguishable, the null hypothesis is 
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proven.  If PCCF, however, is statistically less than ICF, the null hypothesis does not hold 

and perchlorate is being lost in the system. 

Now we rationalize the assumptions a -c  outlined above.  

 

3.3.3.2 Iodine is Conserved.   

Incremental Daily Intrathyroidal Iodine Accumulation in an Infant is Negligible 

Relative to Daily Intake.  A full-term neonate at birth has a total thyroid weight of ~1.5 

g,
296,297

 and based on post-mortem data, contains ~200 g of iodine.
298

  The total iodine 

content of a neonatal thyroid increases essentially linearly with body weight and 

gestational age,
298

 presumably this trend continues for several months after birth.  But in 

a euthyroid child, the thyroid does not increase in weight beyond the age of 15.
298

  

However, the reported iodine content of the adult thyroid for a euthyroid population varies 

markedly.  Zabala et al.
299

 report a median value of 158 mg in Caracas, Venezuela.  

Milakovic et al.
300

 report a mean value of 5.2 mg in Göteborg, Sweden.  Zaichick and 

Zaichick
298

 also report an intrathyroidal iodine content of ~5 mg for 16-25 year olds in 

Moscow.  If we assume that from birth to 6 months, the birth weight doubles (according to 

the Child-Specific Exposures Factors Handbook, at 6 mo., the average weight is 

somewhat less than twice the birth weight), and the intrathyroidal iodine content doubles, 

the daily accumulation rate will be <2 g/d.  A linear accumulation of intrathyroidal iodine 

of 15 mg over 15 years also suggests a comparable figure, 2.7 g/d.  Relative to 

adequate iodine intake of 110 g/d for 0-6 mo. olds or even recommended daily 

allowance of 90 g/d for 1 year olds,
 301

 these daily accretion rates are negligible. In fact, 

circulating iodine (99% of this is total thyroxine, T4) is much larger than this; at ~560 nM 

as iodine,
302

 assuming a 0.55 L blood volume for a 7.7 kg 7 month old, this represents 39 

g I.  
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3.3.3.3 Principal Iodine Excretion is Through Urine.   

To trace nonselective loss of iodine, the routes to loss of water also need to be 

considered.  One major route for moisture loss is through exhaled breath. As iodine is not 

present in the elemental form, it is not likely that significant amounts of iodine in the vapor 

phase are lost through this route. 

The loss of water through feces is ~5 mL/kg bodyweight/ day,
303

 amounting to 

~37 mL for a 3-6 mo. old, compared to 505 mL urine volume per day (for a 4-6 mo. old).  

If the iodine content per unit water content is the same in urine and feces and urinary and 

fecal iodine excretion are the two major routes of iodine excretion, then 90% of excreted 

iodine is in the urine.  The same conclusion has been drawn by others,
304,305

 albeit there 

are relatively few direct measurements of iodine in feces.
306,307

  

In athletes undertaking strenuous exercise and thereby generating a large 

amount of sweat, the amount of iodine loss through sweat can be significant.
305,308,309

  

However, this is not the case under other conditions.  Estimates of transdermal loss of 

water (sweat, evaporation) for infants vary.  Sharma et al.
303

 estimate that this can be as 

large as twice that through feces).  This is consistent with the measurements of Ariagno 

et al.
310

 who report a normothermic evaporative loss in full-term healthy infants of 0.02 

mg/cm
2
/min and the estimated body surface area is 0.064 ± 0.011 m

2
/kg for 0-2 year olds 

according to the Child-Specific Exposures Factors Handbook.  Even if iodine loss in 

sweat is twice that in feces, urinary excretion will remain by far the dominant route of 

iodine excretion.  This is consistent with Mao et al.’s observation
308

 with soccer players in 
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a hot humid environment that urinary iodine excretion still outweighed iodine loss 

through sweat by 2:1 on the average. 

There may be some water loss due to regurgitative “spit-up”.  We were unable to 

find any quantitative data in the literature.  It is highly unlikely that this represents either a 

significant amount of liquid output compared to urinary output or a significant route of 

iodine and perchlorate loss.   

 
3.3.3.4 Iodine and Perchlorate are Cleared at Comparable Rates.  

 The clearance rate for neither perchlorate or iodine has been measured for small 

infants.  Clewell et al.
311

 have evaluated available adult data in constructing 

pharmacokinetic/pharmacodynamic models across life stages and suggest that the best 

values to use for urinary clearance are 0.1 and 0.13 L h
-1

 kg
-1

, respectively, for iodine and 

perchlorate, reported for adults. It is in fact more than comparable, within the limits of 

significant figures, they are the same.  We do not therefore expect our findings to be 

biased by dramatic differences in clearance rates. 

 

3.3.4 Observed Iodine and Perchlorate Concentration Factors.   

The results for each subject, including 1 standard deviation as error bar are 

plotted in Figure 3-3.  The 13 breastfed infant-mother pairs provided 43 milk samples and 

39 infant urine samples, the 5 formula-fed infant-mother pairs provided 21 milk samples 

and 21 infant urine samples. The data were analyzed after pre-processing in 3 steps: (1) 

The within-subject measurements of each of the 4 variables were averaged and the 

standard errors of the averages were computed.  (2) These averages were used to 

compute ICF and PCCF and also their standard deviations using the method of 

propagation of errors for a ratio.  (3) The ICF-PCCF difference and its standard deviation 
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for each subject were computed. These differences were analyzed by fitting the linear 

model: 

dij = j + eij, i = 1, 2, …, nj, j = 1, 2   …(1) 

A weighted least-squares fitting was used, with the weight of dij taken as the 

reciprocal of the square of its standard deviation computed above.  In this model, dij 

denotes the ICF-PCCF difference from the i
th
 subject in the j

th
 group, j is the mean 

difference of the j
th
 group, and eij is the random error term. Here, n1 = 13, n2 = 5. The 

model was fit using the “lm” function in the statistical software package R.
312

  The fitted 

model was significant (p-value = 0.0004). It had a residual standard error of 1.53 with 16 

degrees of freedom, and its R
2
 value was 0.615.  The standard model diagnostics 

showed that this model fit to the data was acceptable.  The resulting estimates for ICF-

PCCF mean differences in the two groups are summarized in the following table: 

 

Table 3-1.  Summary of results for ICF-PCCF mean difference in each group 

Group Estimate Standard error t-value 

(d.f. = 16) 

p-value 95% confidence interval 

Breastfed 1.189 0.236 5.038 < 0.001 (0.69, 1.69) 

Formula-fed -0.054 0.127 -0.424 0.677 (-0.32, 0.22) 

 

These results show that there is a statistically significant difference between the 

ICF mean and the PCCF mean (p-value < 0.001) in the breastfed group. The ICF mean 

is higher than the PCCF mean (95% confidence interval for mean difference = [0.69, 

1.69]). On the other hand, the difference between the two means in the formula-fed group 

was not significant (p-value = 0.68). 
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These data then suggest that perchlorate is lost in the breastfed infants but may 

not be lost in formula-fed infants.  The mean PCCF and ICF values for breastfed infants 

are 1.37 and 2.87, respectively.  If iodine is conserved, one can estimate that on an 

average some 52% (= (2.87-1.37)/1.37) of the perchlorate is unaccounted for.  We duly 

note that we are not the first to report this discrepancy.  In a recently published study, 

based on urinary perchlorate concentrations, Valentín-Blasini et al.
 313

 calculated the daily 

average dosage for breastfed infants to be 0.42 g/kg.  They did observe that breast milk 

perchlorate concentrations as reported in a previous study would have suggested a 

significantly higher daily dosage of 1.1 g/kg.  They chose to attribute this difference to 

diet, geography and small size of the studies but this difference could be just as easily 

interpreted if 62% of the perchlorate ingested via milk was metabolized before urinary 

excretion.   

It is important to note that in our study formula-fed infants do not serve as 

controls for breastfed infants.  Rather, each is an independent experiment with ICF 

serving as a control benchmark to determine if PCCF indicates whether perchlorate is 

lost.  Based on volume of milk intake and urinary output we computed that the UMCR of 

a conserved species should be in the range of 2.8-3.2 for breastfed infants, an average 

ICF of 2.91.1 is consistent with iodine being conserved.  Similarly for formula fed infants, 

the UMCR for a conserved species is computed to be 1.7-2.2, an ICF value of 1.2 0.9 is 

not statistically significantly different.  On the other hand, the PCCF value is statistically 

significantly lower for breastfed infants than their ICF values, voiding the null hypothesis 

on perchlorate being conserved. 

Note that the absolute intake of perchlorate is much lower in formula-fed babies 

(as has been noted also by others already
313

) and if there is any similarity to what we 

observe in in-vitro experiments, even if perchlorate is reduced at all, the extent will be 
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much lower.  In any case, whether or not any reduction of ingested perchlorate occurs 

with formula fed infants is of less importance as the absolute perchlorate dosage is much 

lower. 

In retrospect, it may not be surprising that perchlorate can be metabolically 

reduced in the digestive systems of breastfed infants.  Most processes in nature have 

evolved due to need.  The occurrence of perchlorate in the Chilean nitrate deposits
314

 

has been known since the 1800’s,
315

 and there is strong evidence that this perchlorate 

was atmospherically formed.
316

 Perchlorate is routinely detectable in rainwater
247,317

 and 

traces of perchlorate have been measured in Pleistocene and Holocene groundwater.
267

 

Perchlorate is not a new entity in nature; it is logical that a natural defense to its strong 

iodide transport inhibiting properties would have evolved to protect the newborn, the most 

vulnerable life stage.   

Nevertheless, we hasten to add that whether this defense is adequate to handle 

the presence of anthropogenic perchlorate that has appeared in a population in the short 

term, often at much greater concentrations than the natural background, is an altogether 

separate question.  In this limited study, we observed no correlation (r =0.16) between 

the fraction of perchlorate lost as a function of the breastmilk perchlorate concentration.  

Maternal bacterial population also affects infant intestinal microflora.
286

  It should not be 

overlooked that a large fraction of the perchlorate is excreted unchanged, nor should it be 

inferred that ingested perchlorate has no effects on infant iodine nutrition, especially 

since some absorption of perchlorate may take place before metabolization occurs.  It is 

not our intent to suggest one should be complacent about perchlorate intake of infants. 

Nevertheless, in formulating public policy, the metabolism of perchlorate by 

infants will need to be taken into account.  Aside from reducing the steady state 

perchlorate concentration in the gut and thus reducing intestinal absorption, it has long 
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been known that renal reabsorption of many anions, including iodide, occurs.
318

 Logically, 

renal reabsorption of perchlorate must also occur.  Pendrin is a membrane protein 

strongly expressed in the kidney;
319

 it is among the known transporter of anions 

responsible for anion reabsorption.
320

  It behaves much like an anion exchanger
321

 and if 

so, it may provide transport/reabsorption of perchlorate even more efficiently than iodide.  

Intestinal metabolism may thus reduce reabsorption that will need to be considered. 
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Chapter 4  

Iodine Measurement by Gas-phase Preconcentration and Microplasma Atomic Emission 

Spectroscopy 

 
4.1 Introduction 

Iodine is an essential element, necessary for the production of the thyroid 

hormones tri and tetraiodothyronine (T3 and T4).  These thyroid hormones are essential 

for proper metabolism and are especially important for the developing brain.
322

  

Insufficient Iodine uptake will manifest itself in a host of symptoms (broadly known as 

Iodine deficiency disorders, IDD) such as goiter, hypothyroidism, impairment of 

neurodevelopement, and in the severest cases, cretinism.
323

  In moderately deficient 

regions, low iodine has been linked to attention deficient hyperactivity disorder
324

 and 

lower intelligence.
325,326

  It is estimated that nearly one third of the world’s population (2 

billion people) are at risk of developing IDD’s.
327

  For this reason regular screening of a 

population is performed.  Currently more than 91% of the global population in some 130 

countries are routinely surveyed for their iodine nutrition status as well as salt iodization 

(the most common vector for prophylactic treatment for low iodine).  Populations are 

categorized based on median urinary iodine (UI) levels as severely deficient (<20 µg/mL), 

moderately deficient (20-49 µg/mL), mildly deficient (50-99 µg/mL), adequate (100-199 

µg/mL), above requirements (100-199 µg/mL), and excessive (>300 µg/mL).  Excessive 

iodine use can lead to hyperthyroidism and thyroid autoimmune disorders.  However, the 

best available data suggest that consumption between 1000-5000 µg/d (approximately 

670-3300 µg/L urinary iodine excretion) may be safe for most people for years.
328

  From 

the years 1993 to 2006 the number of countries in which iodine deficiency was a 

recognized public health problem decreased from 123 countries to 47.
327
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The U.S. Institute of Medicine (IOM) recommended daily allowance (RDA) or 

adequate intake (AI) of iodine for various populations are as follows (in µg/d): 0-6 mo: 

110 (AI), 7-12 mo: 130 (AI), 1-8 yr: 90 (RDA), 9-13 yr: 120 (RDA); >14 yr: 150 (RDA), 

pregnant women: 220 (RDA), lactating women 290 (RDA).
329

 A mean urinary iodine 

volume of 1.5 L/d of a healthy adult may be used to correlate values to expected UI 

levels.  The UI for non-pregnant, non-lactating adults should be ≥100 µg/L, equivalent to 

the lower limit of the adequate nutrition category proposed by the WHO.
327

  In the United 

States, Iodine nutrition (monitored through National Health and Nutrition Examination 

Surveys; NHANES ) has shown a decline over the last several decades.
330

  According to 

the most recently available data (NHANES III), white lactating women had a median UI of 

106 µg/L (well below the ideal ~190 µg/L proposed by the IOM), and lactating Hispanic 

women had a median UI of 50 µg/L.
331

   This decline in median UI has also been 

associated with rising rates of congenital hypothyroidism.
332

 

Currently, there are no convenient and inexpensive ways for gauging iodine 

status of an individual.  Iodine measurements, including those for epidemeological 

studies, are performed using one of two techniques.  The first is based on the now more 

than 75 year old kinetic photometric assay known as the Sandell-Kolthoff (SK) method
333

 

and the second is inductively coupled plasma mass spectrometry.
334,335

  The SK method 

measures the time dependent decay of the Ce
4+

 absorbance as it is reduced by As
3+

.  

This normally slow reaction is catalyzed by iodide so that the rate of decay is a direct 

measure of the iodide present.
333,336

  Two time point measurements are adequate but 

provide less information than a more extensive kinetic profile.  The SK method requires 

complete sample digestion prior to analysis to remove any oxidizable material or 

interfering substances.  Use of a kinetic profile can identify whether digestion is complete 

as shown in Appendix B.   ICP-MS allows direct analysis of some samples, notably urine, 
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following a simple dilution without digestion, but is optimally performed using an internal 

standard, preferentially a low abundance isotope such as 
129

I.
334

  Use of ICP-MS requires 

expensive instrumentation, skilled personnel, and involves significant running cost, while 

SK requires extensive sample treatment making both methods inconvenient for 

infrequent analysis. 

We have previously reviewed methods for measuring iodine in biological 

samples, and while there are numerous techniques that provide adequate sensitivity and 

are relatively inexpensive, we concluded that most often the limiting factor in developing 

a high throughput method is the sample treatment step.
337

 Digestion may be 

circumvented if Iodine can be selectively isolated from urine and measured.  In 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), sensitivity is 

hampered due to the low transfer efficiency of the analyte to the gas phase.  One of the 

most common methods for improving sensitivity in AES is by using chemical vapor 

generation.  Iodine is predominantly in the form I
-
 in urine which can be readily oxidized to 

the volatile species I2.  Such a scheme has been used frequently using direct sample 

nebulization
338-341

 or gas-liquid separation prior to analysis.
342-349

    

ICP-AES however, is not easier to use than ICP-MS.  Use of gas liquid 

separators however greatly reduces the solvent load of the plasma.  This allows 

alternative, miniaturizable plasma generation techniques to be used instead of the 

traditional high power ICP
350,351

 (where the typical power consumed is in the kilowatt 

range).  One such type of plasma is the dieletric barrier discharge
352

 (DBD).   DBD’s use 

a layer of dielectric to separate one or both of the electrodes from the plasma.  DBD’s 

have been operated anywhere from line frequency to 10 MHz.  As the voltage changes, a 

charge develops at the gas-dielectric interface.  Eventually the voltage at the surface 

reaches the breakdown voltage of the gas.  A microdischarge is formed that carries a 
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total charge proportional to the permittivity of the dielectric and inversely proportional to 

the thickness.  As the microdischarge propagates, a localized electric field develops 

opposing the applied field and terminates the plasma at that point.  Because these 

microdischarges only last on the order of 10 ns, a sustained arc is not formed and very 

little energy goes into heating of the gas.  A nearly uniform discharge may be obtained if  

fast rising voltages, preferably from a square wave source, are used to generate a 

multitude of microdischarges across the whole dielectric face.  Because the current 

allowed to flow through the plasma is limited, a the plasma never reaches thermal 

equilibrium; the temperature of the electrons and the gas are not the same  Excitation 

energies, expressed often as electron temperature, are comparable to or higher than 

modern microwave induced plasmas or ICP’s
353

 while gas temperatures can be 

maintained at just above room temperature to 1000 K.
352

 

DBD’s have been used successfully to measure mercury;
354-356

 sodium, 

potassium, zinc, and cadmium;
357

 bromate and bromide;
358

 Arsenic;
359,360

 and as 

detectors for gas chromatography.
361,362

  Recently, a sequential injection method was 

reported for online oxidation, volatilization and measurement using a DBD coupled to a 

fiber optic spectrometer.
363

  This method showed acceptable results in the high µg/L 

range.  Further sensitivity could be gained by use of an anion exchange concentrator 

prior to elution and measurement,
364,365

 but because I2 volatility is affected by the salts in 

solution, this may not be a reliable method for matrices that have inconsistent salt content 

such as urine.  Additionally, water vapor present may quench the plasma or cause signal 

instability, reducing the sensitivity,
354,355

 but may be compensated for using a neighboring 

emission line of the plasma as reference.
363

  Preconcentration of gas-phase I2 allows 

complete separation from the matrix and measurement absent of water vapor.  A gold 

plated tungsten filament has been reported for the selective preconcentration of 
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Figure 4-1.  Dielectric Barrier Discharge Design for measurement of Iodine 

mercury.
356

  The low thermal mass of the tungsten filament allowed rapid resistive 

heating and desorption of the mercury from the gold surface following the 

preconcentration step.  Use of alternative coatings can be used for other analytes, or 

nonselective absorbing materials if no interference is obtained at the emission 

wavelength of choice.  Here we have thoroughly analyzed the capability of a DBD 

microplasma for the measurement of I2 at levels necessary for diagnosing severe iodine 

deficiency (<20 µg/L), as well as developed a preconcentration capable of absorbing 

iodine prior to measurement. 

 

4.2 Measurement of Iodine in a Dielectric Barrier Discharge 

Several geometries were explored for DBD atomic emission devices.  The most 

effective device, shown in Figure 4-1, consisted of a glass or quartz tube (I.D. = 2 mm, 

O.D. = 3.15 mm)) with three ring shaped electrodes external to the tube (alternative 

designs are provided in Appendix C).  The electrodes were made of aluminum tape and 

were approximately 7 mm wide.  The middle electrode was attached to the plasma power 

supply high voltage output (information unlimited, GRD RIV-1) which provided a square 

wave excitation at a frequency of 36 kHz with a peak to peak voltage of up to 7500 Volts.  

The amplitude is adjustable as a function of the input voltage.  The supply also provided 

duty cycle control as a means of adjusting power output (The duty cycle here refers to the 

time the excitation source is applied, not the excitation waveform itself)  For these 
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experiments 100% duty cycle was used.  The two other electrodes were grounded on 

either side of the excitation electrode.  The spacing between the excitation and ground 

electrodes are not identical.  Near the exit of the discharge cell, the excitation and ground 

electrodes are only 1 cm apart, while the ground electrode near the entrance is separated 

from the excitation electrode by 4 cm.  This results in the most intense portion of the 

plasma being near the exit of the device.  The third electrode near the entrance is not 

necessary, but it was observed the plasma was traveling through the inlet gas line, so as 

a safety precaution a third grounded electrode was introduced to terminate the plasma.  

At the exit of the discharging device, a polyetheretherketone (PEEK) tee 

(www.upchurch.com) is used to couple the device to a 1 mm ϕ core silica fiber optic, 

while still providing an outlet for the gas (www.polymicro.com).  The inlet of the device 

was coupled to the rest of the system by using a PEEK union.  The advantage of this 

design over others (Appendix C), is that coupling of detection and system are facile, 

requiring no additional machining, no electrodes are in contact with the plasma, and there 

is no obstruction of viewing the plasma as occurs in Figure C - 2.  Because there is no 

barrier between the electrodes external to the device, only plasma gases with breakdown 

voltages less than air, e.g. Helium, may be used internal to the cell otherwise an arc will 

form between the electrodes outside the tube  (An image of the plasma is shown in 

Figure 4-2).  It is possible however, to encapsulate the exterior and seal after creating a 

vacuum to prevent.  All gas lines after the mass flow controllers were made of 

polytetrafluoroethylene (PTFE) tubing.  
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Atomic emission spectra, between 200-1100, nm were taken using an ocean 

optics QE65000 CCD spectrometer equipped with a 5 µm slit.   Nitrogen, Argon, and 

Helium were explored as possible carrier gases.  Iodine spectra were acquired in the 

carrier by passing the gas though a PTFE tube filled with iodine crystals.  The helium and 

iodine spectra are shown in Figure 4-3.  Nitrogen and Argon spectra are provided in 

Figure C - 3 and Figure C - 4.  Several predominant features were observed for iodine 

emission.  A broadband, though relatively weak molecular fluorescence was seen 

spanning from ~425-550 nm, an intense excimer emission that tails into shorter 

wavelengths at 341 nm, and several atomic emission lines including the dominant lines at 

Figure 4-2.  Atomic emission spectrum of helium and iodine 

Figure 4-3.  Helium plasma in a dielectric barrier discharge. 



 

88 

206, 905, and 972 nm.  The excimer emission is known to involve a multiatom collision 

process for iodine
366

 and may be expected to behave nonlinearly at low gas phase 

concentration.  Additionally, numerous background lines exist in this region for all gases 

tested.  In argon, there is little background in the region of 450-550 nm where iodine 

fluorescence is a maximum.  This area can be measured sensitively using a 

photomultiplier tube equipped with an interference filter, but it was observed that at low 

concentrations of iodine, the background plasma emission is initially partially quenched 

before iodine fluorescence is observed at higher concentrations (Figure C - 5).  This 

limited measurement to atomic emission lines at 206, 905, and 972 nm. 

 

4.2.1 Gaseous Iodine Calibration Source   

A gas phase calibration source was prepared for iodine as shown in Figure 4-4.  

A permeation tube was constructed of low density polyethylene.  The tubing was 

approximately 2.5 mm in diameter with a wall thickness of 0.5 mm.  A 5 cm portion of 

tubing was used.  One end was melt sealed by placing the end in the tip of a propane 

torch flame till the LDPE became soft and was then pressed shut with pliers.  The tube 

was then filled halfway with iodine crystals.  The other end was melt sealed in the same 

fashion.  The tube was kept thermostatted at 30 °C and continually purged with air.  The 

Figure 4-4.  Permeation Tube Setup 
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permeation rate was measured by weighing the tube minimally on a weekly basis.  Iodine 

permeates through the wall of the tube at a constant rate, so long as the temperature is 

constant and the concentration gradient is maintained constant by continuously purging 

the exterior.
367

   

Controlled concentrations of iodine could be introduced into the plasma using 

three mass flow controllers (MFC).  The first MFC was used to introduce a controlled flow 

of gas (the same gas used for the plasma) through the permeation cell..  The gas passed 

through a length of PTFE tubing to equilibrate it to the temperature of the permeation 

tube.  Dilution gas was introduced after the permeation cell to control the iodine 

concentration.  A third MFC was used to vent the excess flow through an activated 

carbon trap to prevent corrosion of the MFC and maintain a constant flow through the 

Figure 4-5.  Emission intensities of several iodine emission lines 
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discharge cell.  Plasma intensity is sensitive to pressure internal to the dieletric cell as 

well as flow through the cell, and it was found the current setup provided the most  

consistent results if gas flows must be changed. 

The emission intensities of iodine at 206, 341, 905, and 972 nm were recorded 

using the CCD spectrometer from gas phase concentrations of iodine (in helium) in the 

range 5-200 ng/mL as shown in Figure 4-5.  As expected, the excimer emission at 341 

nm, though the most intense peak at high concentration, produces no effective response 

at low concentrations.  The spectrometer was also not sufficiently sensitive in the deep 

UV to measure the 206 nm emission at these levels.  The emission lines at 905 and 972 

nm, had similar response, but the background at 972 nm is significantly lower than that at 

905.  For this reason the 972 nm line was selected for future studies. 

  

Figure 4-6 Three solenoid valve injection loop setup 
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4.2.2 Sample Loop Injection With an Avalanche Photodiode Detector  

To improve sensitivity, and reduce the cost of the overall instrument design, a 

designated detector was implemented.  The detector is a Hamamatsu C4777-01 

avalanche photodiode module, with a TEC cooled chip equipped with a 970 nm 

interference filter with a 10 nm full width half maximum bandwidth (www.intor.com).   

Three PTFE, 3 port solenoid valves (Neptune Research) were configured as 

shown in Figure 4-6.  NC and NO stand for normally open and normally closed, 

respectively.  Com is the common port.  During the loading time, the valves are in the 

normally open position.  Plasma gas flows through the lower left solenoid valve to the 

DBD to sustain a background plasma.  The same gas is also routed through the 

permeation tube setup to generate a controlled concentration of iodine.  This travels 

Figure 4-7.  Loop injection of iodine 
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through the loop and is vented to the atmosphere.  The valves actuate and the iodine in 

the loops is injected into the DBD as a sharp spike.  The injection loop volume, including 

the valves, was measured to be 4.7 mL.  The loop is replaced with a preconcentrator in 

subsequent experiments described later. 

Using the loop injector, single digit nanogram levels of iodine are clearly 

measurable, Figure 4-7.  If all the iodine present in a 1 mL sample of urine were 

concentrated, the present setup would provide more than adequate sensitivity for 

diagnosing severe deficiency. 

4.3 Preconcentrator for Iodine 

Preconcentrators were made from quartz-halogen lamps (Figure 4-8).  The 

tungsten filament was of coiled-coil design.  First, the glass envelope was removed using 

a diamond blade saw, near the base of the bulb (l’il trimmer, www.lapcraft.com).  A 

Lapcraft 2 mm diamond drill bit was then used to drill ports into the base as well as 

through the tip of the device to fit 2.1 mm O.D. glass tubing (1 mm I.D.).  One end of the 

glass tubing was slipped into PTFE tubing (14 gauge, standard wall) which could be 

coupled using ¼-28 PEEK fittings to the PTFE solenoid valves of the injection loop setup.  

The other end of the glass tubing was cemented into the quartz bulb using Resbond 940 

LE ceramic adhesive (www.cotronics.com).  Inactive portions of the filament (e.g. support 

struts) were coated with nail polish and allowed to dry, then the filament was coated with 

absorbing material (vide infra).  Nail polish was subsequently removed with acetone.  The 

base and the envelope were then sealed back together using the ceramic adhesive.  The 

ceramic adhesive did not form an air tight seal, so the joints were then encased in a layer 

of JB Weld high temperature epoxy.  
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Several sorbents were tested as concentrators for iodine.  Palladium was found 

to be the most suitable (See appendix C for other sorbents used).  Palladium is known to 

be quite iodophilic.
368

  Iodine binds to palladium through a chemisorption process and is 

not released until high temperatures.  Palladium was electroplated using a slightly 

modified version of a plating solution described by Way et al.
369

  In a 50 mL volumetric 

flask, 10 mg of palladium was dissolved in 30 mL of deionized water and 0.3 mL of 36.5-

38% HCl (Macon).  The flask was then filled up to the mark (~20 mL) with 28-30% 

NH4OH (BDH).  The tungsten filament was placed into 5 mL of the plating solution.  The 

cathode was attached to the terminal of the bulb.  The anode consisted of a platinum wire 

that was placed in the solution parallel to the filament.  The plating solution was agitated 

using a magnetic stir bar.  The voltage was raised till a current of 0.2 mA was flowing 

through the circuit.  The solution was allowed to plate at this current for 10 minutes.  After 

10 minutes the voltage was raised slowly over ~20 seconds till a current of 40 mA was 

  

Figure 4-8.  Iodine preconcentrator design 
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Figure 4-9.  Effect of flow rate through the preconcentrator on the amount of 

iodine adsorbed 

  

Figure 4-10.  Ability of the preconcentrator to concentrate iodine at different concentrations of 

gaseous iodine.  The inset contains a magnified view of the low level injections to show the 

device behaves linearly 
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 reached.  The solution was allowed to plate for another 30 minutes before being 

removed and rinsed with water and acetone to remove the nail polish.  This plating 

scheme provided a high surface area , fine particle coating, apparent from the fact the 

metal appears black rather than lustrous. 

The preconcentrator was evaluated using the injection loop setup described in 

Figure 4-7, but with the concentrator replacing the loop.  The preconcentrator was first 

evaluated for iodine extraction efficiency as a function of flow rate (Figure 4-9).  The flow 

rate through the system was altered from 20-100 mL/min, and the sample time adjusted 

accordingly so that the same amount of iodine passed through the concentrator 

regardless of the flow rate.  It was found that at flow rates greater than 60 mL/min the 

peak height decreased significantly, indicating the there is a loss in capture efficiency at 

these flow rates.  A plateau region (shown in red) below 60 mL/min is observed and is 

indicative of 100% extraction efficiency.  A flow rate of 40 mL/min was selected for all 

future experiments to allow for compete extraction of iodine from the gas. 

The preconcentrator was additionally evaluated for its linearity.  The iodine 

concentration was adjusted using the mass flow controllers.  The gas flowed through the 

preconcentrator at 40 mL/min for 1 min.  As can be seen in Figure 4-10, the system 

behaves linearly up to 70 ng, at amounts higher amounts the capacity of the filament is 

reached.  This particular concentrator was an early version and had low capacity due to 

the uniform plating current, subsequent versions made using the stepped plating current 

procedure described had capacities exceeding the measurable limit of the system.  

Figure 4-11 shows the a small amount of iodine measured using the current permeation 

tube setup .  Only 17 ng of iodine was concentrated and still produced a peak with 

excellent signal to noise.  As perspective, 1 mL of urine with 20 µg/L iodide contains 20 

ng iodine.  The system is more than adequately sensitive for diagnosing severe 
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deficiency cases, if all iodine present in the sample can be liberated and concentrated 

prior to analysis. 

 

 4.4 Liquid Analysis 

 
4.4.1 Setup.  

A sampling system for performing liquid analyses was constructed as shown in 

Figure 4-12.  A 5 mL Tekmar sparger with a sidearm injection port was used for purging 

iodine from solution in place of the permeation cell, while the rest of the solenoid valve 

setup remains identical to that used previously.  During sampling, gas enters the sparger 

and passes through a porous glass frit.  Iodine in solution (present as I2) is transferred to 

the gas phase and is carried out of the sparger.  The gas then passes through a solenoid 

Figure 4-11.  Sample measurement of low concentration iodine 
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valve followed by the preconcentrator where iodine is absorbed. The gas then continues 

out a second solenoid valve that is vented to atmosphere.  Once sampling is complete 

the three solenoid valves are actuated and the plasma gas back flushes the 

preconcentrator.  The system is allowed to purge out water vapor and establish a stable 

baseline for 30 seconds, at which point the filament is heated and iodine emission from 

the plasma is measured.  Colored arrows in the Figure 4-12 show the direction of gas 

flow during concentration and measurement phases. 

  

Figure 4-12.  System setup for measuring iodine in liquids 
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4.4.2 System Optimization.   

The system was optimized using 1 mL of a 500 µg/L solution of I
-
, prepared from 

KI.  I
-
 was oxidized using 50 µL of 30% H2O2 and 1 mL 2 mol/L H2SO4, saturated with 

(NH4)2SO4.  The (NH4)2SO4 serves as a salting out agent to improve iodine mass transfer 

to the gas phase.  Discussion of the salting out effect and oxidant is included in a 

subsequent section.  Samples were purged for 5 minutes prior to analysis.  The plasma 

gas flow was investigated for its effect upon the peak height between 100-500 mL/min 

(Figure 4-13).  A sparging gas flow of 40 mL/min was used.  A drastic decrease in peak 

height is observed for flow rates below 200 mL/min.  Above 200 mL/min a gradual decline 

in sensitivity was observed.  300 mL/min was chosen as the operating flow rate for future 

experiments due to the precipitous decline in sensitivity near 200 mL/min.  The collection 

efficiency in the presence of water vapor was again verified.  A sparging flow rate 

between 20-80 mL/min was investigated (Figure 4-14).  Sampling time was altered 
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accordingly from 2.5 minutes to 10 minutes so that the total sampled air volume was the 

same.  A peak in efficiency is observed at 40 mL/min.  It is not fully understood why a 

decrease is seen below this value, when previously a plateau was seen to be reached 

when directly concentration gas phase I2.  It is possible the efficiency of purging is 

increased at higher flow rates.  A foam develops and significant sample churning occurs, 

while at low flow rate no foam is formed above the liquid.  The foam formed will likely 

improve the gas-liquid exchange and thus the efficiency of removal from the solution. 

The time necessary for the complete reaction and removal of iodine from solution 

was also investigated.  A solution as described above was purged in 2 minute intervals 

and the resulting peak measured.  As can be seen in Figure 4-15, Iodine is easily 

liberated in under 4 minutes (2 samplings).  No discernible amount of iodine is detected 

after in a third sampling, indicating a sparging time of 5 minutes is adequate for 

measurement of iodine in aqueous solution. 
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Figure 4-15.  2 minute repeative sampling of a 500 µg/L I
-
 solution 
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4.4.3 Synthetic Urine Matrix.  

 A synthetic urine matrix was prepared according to Nham.
370

  To a 1 liter 

volumetric flask was added 14.1 g NaCl, 2.8 g KCl, 17.3 g Urea, 1.6 mL 29.85% NH4OH, 

0.6 g CaCl2, and 0.43 g MgSO4.  The mixture was diluted to the mark using 0.02 mol/L 

HCl.  This mixture was substituted for water.  Use of the mixture provided poorer results 

than water when using the oxidant mixture described above, as shown in Figure C - 7.  A 

second aliquot of peroxide was added in case the oxidant was exhausted due to 

oxidation of urea in the matrix with no subsequent release of iodine.  Iodine is known to 

form a weak complex with Cl
-
 which to form I2Cl

-
.   Given the high Cl

-
 present, this could 

potentially impede volatilization
371,372

.  A measure of iodine volatility in the presence of 

chloride was carried out to determine whether this could significantly impact iodine 
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Figure 4-16.  Effect of added NaCl on the volatility of  
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volatilization.  An I2 standard was prepared by first measuring iodine crystals in a sealed 

25 mL volumetric flask.  Ethanol was then added to the mark to prepare a solution of 

approximately 990 mg/L I2.  This solution was further diluted to 50 mg/L in ethanol.  To 1 

mL of sample with NaCl concentration between 0-0.3 mol/L was added 10 µL of the 50 

mg/L I2 solution to provide a final concentration of 500 µg/L I2.  200 µL of 1 mol/L H2SO4 

saturated in (NH4)2SO4 was added and the solution purged for 5 minutes and the iodine 

measured.  The peak height is provided in Figure 4-16.  Overall, very little impact is 

observed at the concentration of salt used, indicating that Cl
-
 complexation is not the 

cause for the observed behavior.  H2O2 is a potent oxidant, capable of producing Cl2 and 

HOCl from solutions of Cl
-
.  It was found that continued use of H2O2 in the presence of Cl

-
 

resulted in eventual degradation of peak shape and reduced capacity of the 

preconcentrator.  It was thus necessary to evaluate other potential oxidants for the 

production of I2. 

 

4.4.4 Search for an Oxidant.   

The oxidants H2O2, Fe
3+

, NO2
-
, and Cr2O7

2-
 were explored primarily as potential 

oxidants.  Ce
4+

 showed promising results initially in DI H2O, but reacted immediately with 

the synthetic urine matrix as did MnO4
-
.  NO2

-
 has been used extensively as an 

alternative to H2O2 which has by far been used as the most frequent oxidant for iodine 

vapor generation.
338,342,346

  Vtorushina et al.
342

 conclude that NO2
-
 provides the better 

results compared to H2O2 for the online vapor generation of I2.  The oxidation procedure 

used was adopted and used here; 300 µL of a 50 mM NaNO2 / 0.5 mol/L HNO3 solution 

was added to 1 mL of sample.  Use of this mixture
 
however was found to lead to rapid 

reduction in the capacity of the preconcentrator. Figure C - 8 shows that when 3 samples 

of the synthetic urine matrix are measured subsequently using a sampling time of only 30 
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seconds, less than half the peak height is obtained for the second injection as the first 

injection.  This trend continues till there is no iodine measurable at all.  The concentrator 

is easily regenerated upon rinsing with 2 mol/L HCl followed by water and acetone.  It is 

possible that NOx fromed with the use of NO2
-
 is adsorbed on the palladium 

Fe
3+

 was explored as an ideal alternative.  No volatile species are produced from 

the oxidant, the reduction potential is sufficient for oxidation of I
-
 (Eº for Fe

3+
 + e

-
 = 0.771 

volts, Eº for I2 + 2 e
-
 = 0.5355, vs. standard hydrogen electrode),

373
 and there is no 

generation of hazardous waste.  The process, however is an equilibrium and large 

amounts of Fe
3+

 are required to induce formation of I2.
374

  Addition of 100 µL a saturated 

solution of FeCl3 to 5 mg/L of I
-
 showed that removal of I2 is a very slow process requiring 

over 30 minutes to complete.  It is also observed that the peak intensity increases with 

increasing sample measurement from 1 to 5 before decreasing again.  This suggests 

iodine oxidation by Fe
3+

 may not be a straightforward process, requiring formation first of 
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Figure 4-17.  Comparision of peroxide and dichromate as oxidants using 500 µg/L I
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an intermediate followed by subsequent formation of I2 as reported previously.
375

  While 

30 minutes is an acceptable incubation time prior to analysis, the rate of reaction with 

respect to I
-
 is second order and to be able to measure I at concentrations below 10 µg/L, 

an impractically long incubation period will be required. 

Cr2O7
2-

 was initially avoided due to its toxicity, but was explored as an alternative 

to H2O2 to determine whether formation of the presumptive chlorine species could be 

reduced while still liberating iodine.  Its ability to oxidize I2 compared to that of H2O2 was 

examined first.  A saturated solution of K2Cr2O7 was prepared.  To a 1 mL sample of 500 

µg/L I
-
 was added 1 mL 2 mol/L H2SO4 saturated with (NH4)SO4.  To the sample was 

added 50 µL of either 30% H2O2 or K2Cr2O7.  Each oxidation method was run in triplicate 

and is shown in Figure 4-17.  Cr2O7
2-

 produced nearly identical results to that of H2O2, 

with average peak height and area for Cr2O7 only 0.28% and 3.1% less than that of H2O2.  

Use of the synthetic urine matrix though resulted in a gradual decline in signal as 

observed for H2O2, but the degree was significantly less than that observed previously for 

H2O2 (Figure C - 10).  The oxidation potential of Cr2O7
2-

 is pH dependent
376

 so that 

adjustment of the acid concentration may in fact reduce chloride interference since I
-
 has 

a lower oxidation potential than that of Cl
-
.  The rate of oxidation however is also 

dependent upon the concentration of the acid, so that a balance must be struck between 

reducing the interference of Cl
-
 while maximizing the rate of production of I2.

377
  

Experiments were carried in which the concentration of H2SO4 in the acid/salt solution 

was adjusted from 0 to 2 mol/L.  1 mL of 500 µg/L solution was mixed with the acid/salt 

solution and 50 µL K2Cr2O7, then sampled for 5 minutes at 40 mL/min.  No iodine is seen 

below 0.1 mol/L of H2SO4 (Figure C - 11). The measured iodine signal rises rapidly going 

from 0.1 to 1.0 mol/L H2SO4 before decreasing at 2 mol/L.  The standard deviation is 

greater for 2 mol/L H2SO4, brought about by the gradual degradation of the 
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preconcentrator.  Use of 1 mol/L H2SO4 was selected for subsequent optimization of the 

Cr2O7
2-

 solution. 

Because Cr2O7
2-

 is toxic, the minimum usable amount was sought after.  A 

solution of 0.25 mol/L K2Cr2O7
2-

 was prepared.  500 µg/L of I
-
 in synthetic urine was used 

as the sample to which was added 1 mL of the 1 mol/L H2SO4 saturated with (NH4)2SO4.  

Cr2O7
2-

 was added in volumes between 5-200 µL.  The liberated iodine was found to be 

dependent upon the concentration of Cr2O7
2-

 in solution (Figure 4-18).  The system 

shows a first order dependence with respect to the Cr2O7
2-

 concentration in the final 

solution.  At 5 minutes of reaction time, formation of I2 is not complete.  The samples 

were allowed to incubate prior to analysis in covered glass test tubes to determine 

whether complete oxidation could be obtained without loss of I2.  A 50 µL portion of 

Cr2O7
2-

 (approximately 6.1 mmol/L in the final solution) was added to the samples which 

were allowed to incubate between 0-180 min before analysis.  A 5 minute purging time 

was used. Increases in peak area are observed up until 15 minutes of incubation time, 

after which peak area decreases rapidly.  I2 may be lost at the longer reaction times, but 
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Figure 4-19.  Effect of incubation time on 

measured iodine 

Figure 4-18. Peak area of measured iodine 

as a function of volume of 0.25 mol/L Cr2O7
2-
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it was found this decrease is irreversible indicative that chlorine species might be 

generated at a much slower rate and thus at longer incubation sufficient Cl2 is generated 

that causes irreversible damage to the preconcentrator through oxidation to PdCl2 which 

is not thermally labile. 

 
It is well known that Cu

2+
 catalyzes the reaction between Cr2O7

2-
 and I

-
.
378,379

  

Based on the previous acid optimization experiment, only 0.200 mL of 1 mol/L H2SO4 

saturated in (NH4)2SO4 was used.  50 µL of 0.25 mol/L and H2O2 were explored as 

oxidants, using 1mL 500 µg/L I
-
 in DI H2O as a test solution. At this acid level essentially 

zero I2 is liberated from solution when only Cr2O7
2-

 is used (Figure C - 12), and even H2O2 

liberates only a fraction of the iodine present.  When however 50 µL of 1.2 mol/L CuSO4 

is added, I2 is liberated readily.  The optimum value of CuSO4 was explored.  Synthetic 

urine matrix containing 1 mg/L I
-
 was used, with 0.2 mL of the acid solution, and 50 µL of 

P
e

a
k

 H
e

ig
h

t 
(V

o
lt

s
)

Figure 4-20.  Effect of Cu
2+

 concentration on liberated iodine 
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0.25 mol/L Cr2O7
2-

.  1.2 mol/L CuSO4 solution was added from 50-200 µL.  200 µL was 

chosen as the optimum value.  Below 150 µL the variability greatly increased.  

Complexation with Cl
-
 may be a critical factor so that no gain is seen when Cu

2+
 is at 

concentrations less than the amount necessary to complex chloride.  The total chloride 

present in the urine matrix is ~0.29 mol/L and for the formation of CuCl4
2-

, Cu
2+

 must 

minimally be at 0.072 mol/L.  This is in agreement with the data observed where signal 

begins to increase at approximately 90 mmol/L.  Use of higher than necessary 

concentrations of Cu
2+

, does however have a slight detrimental effect; Cu
2+

 reacts with 

iodide in a disproportionation reaction making the insoluble compound CuI.  It is likely this 

is as a result of a reduced reaction rate.  Multiple samplings from a single standard show 

that when the sampling time is increased to 10 minutes (Figure C - 13), little iodine is 

evolved in subsequent samplings.  Thus 10 minutes was selected as the optimum 

sampling time with the current oxidation conditions.  Cu
2+

 is also known to catalyze 

oxidation of I
-
 by using other oxidants,

380-382
 thus a variety of alternatives were tested to 

see whether improvement could be made upon addition of Cu
2+

 (Figure C - 14).  No other 

oxidant was found to provide results comparable to that of Cr2O7
2-

. 
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4.4.5 Linearity of Iodine Evolution.  Calibrations were prepared using the 

optimized method described above.  Figure 4-21 shows the best results obtained using 

the dichromate-copper oxidation mixture.  The system is clearly nonlinear at low 

concentrations.  Despite previous measurements of single digit nanogram levels of 

iodine, the current method cannot effectively distinguish standards below 50 µg/L.  Once 

atomic I has been liberated, the formation of I2 can intuitively be expected to be second 

order in the initial I
-
 present. Therefore, production of I2 may be rate limited.  Multiple 

measurements of the same sample beyond 10 minutes at the concentrations probed 

here, however, show essentially no iodine evolves beyond 10 minutes regardless of the 

concentration, in agreement with the rate study above.  Confident in the ability of the 

system to concentrate low concentrations of iodine from solution we investigated the 

volatility of I2 in the absence of oxidant or possible interfering substances in the matrix.  

10 100 1000

Iodine Concentration (µg/L)

0.1

1

Figure 4-21.  Calibration plot prepared from iodide in synthetic urine following vapor 

generation and preconcentration.  Note both axes are logarithmic. 
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0.5 mL of DI H2O was used as the matrix.  Less sample volume was used to extend the 

range of the system to higher iodine concentration.  To the water was spiked I2, from the 

previously described I2-ethanol solution, at levels from 25-1600 µg/L.  0.1 mL of H2SO4 

saturated with (NH4)2SO4 was added. The solution was then purged for 5 minutes prior to 

analysis.  Results are shown in Figure 4-22.  Note that the axes are in logarithmic scale.  

Two distinct regions are apparent adjacent to 200 µg/L.  Power fits have been applied to 

the data to determine the dependence upon iodine.  Below 200 µg/L the dependence 

shows an approximate square root relationship (power of ~0.5).  Above this level, iodine 

becomes second order with respect to concentration.  The nonlinearity observed here is 

discussed in much greater detail in chapter 5 of this dissertation.  Addition of greater 

amounts of the acid/salt solution was explored to determine whether the volatility could 

be improved.  It was observed (Figure 4-23), that there is an improvement at low 

concentrations. However, addition of more salt/acid results in a dilution of the sample 

solution, which results in an overall decrease in the signal given the nonlinearity of the 

system.  The value circled in red is the amount of salting out solution used in all previous 

experiments.  
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 4.5 Alternative Approaches to Generation of I2 Vapor 

 
4.5.1 Complete Sample Vaporization 

Due to the nonlinearities observed for solution based I2 evolution, an alternative 

approach was tested: evaporation of the entire sample solution.  We had pursued the 

belief that as the sample solution is evaporated, iodine in solution will concentrate and 

the volatility will improve till the sample solution and thus iodine are completely removed.  

The device shematic is shown in Figure 4-24.  The preconcentrator and sample 

apparatus were placed inside a Shimadzu GC-8A gas chromatography oven to provide 

temperature control.  Significant accommodations needed to be made.  Due to the 

increased flow rate through the preconcentrator caused by boiling of the sample solution, 

a more efficient preconcentrator design was needed.  The tungsten filament from two 

Figure 4-22.  Response of I2 purged from solution, 

note logarithmic scaling used for axes 

Figure 4-23. Effect of volume of “salting-out” 

solution added 



 

110 

quartz-halogen bulbs was carefully removed from the struts.  The filament was coiled 

around a tungsten wire (0.5 mm in diameter) with a U-shaped end to hold the filament.  

Two filaments were coupled together using an S-shaped tungsten wire.  The wire was 

then treated as before, covering the connecting portions with nail polish and plating 

palladium.  The device was then strung through a glass tube (6.5 mm O.D., 4 mm I.D.).  

The tube was connected to 2 PEEK crosses using ¼-28 PEEK nuts and ferrules.  The 
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tungsten wires were pass through the PEEK cross.  PTFE tubing and another peek nut 

and ferrule was used to form a seal around the tungsten wire.  On the other end the 

tungsten wire was pulled till the filament was taught and suspended from the glass tube, 

then sealed using PTFE tubing and PEEK nut and ferrule.  This new preconcentrator was 

longer with a lower empty-volume around the coil and thus improved collection efficiency.   

The valves used were not rated to the temperatures reached here and needed to 

be kept outside the oven.  The valve diagram shown was sufficient to alter gas flows w/o 

being internal to the oven.  An additional valve was added to allow a prevaporization 

step.  Ideally this would allow the evaporation of the bulk of the solution rapidly before 

addition of oxidant and a more controlled evolution and measurement.  The sampling 

device consisted of a ceramic well plate.  Each well had a maximum capacity of 1 mL.  

Over one of the wells was cemented a glass funnel that was inverted.  Around the edge 

of the cement was added high temperature silicone glue to prevent gas leakage.  

Through the funnel tip was push fit PTFE tubing.  This tubing connected directly to a 

PEEK cross.  Through the cross was run PTFE tubing till it reached the bottom of the 

well.  This tubing was used for introduction of sample, oxidant, and carrier gas.  This 

tubing was then connected to a Tee, where sample could be introduced into the purge 

gas stream.  A 77 watt heating tape (Minco) was attached to the bottom of the ceramic 

plate using kapton tape to allow higher temperature heating of the sample, while the oven 

could maintain the temperature above the condensation temperature. 

The system was evaluated first using I2 dissolved in ethanol at a concentration of 

1 mg/L.  The volume of this solution was changed to alter the amount of I2 present in the 

system.  The oven was used to evaporate the sample at a temperature of 70 ºC for 10 

minutes using a sampling flow of 40 mL/min.  The response as a function of total iodine 

injected is shown in Figure 4-25.  The system performance is excellent, capable of 
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measuring 10 ng of I2.  When the system was evaluated, however, using I2 spiked into DI 

H2O, I2 volatility was found to still be much less than that anticipated (Figure 4-26).  Some 

improvement could be gained by addition of acid to the solution, but this was minimal at 

the levels of interest.  We attribute this phenomenon, as discussed in chapter 5, to the 

rapid disproportionation of I2 into OI-, I-, and other higher oxyiodides.  The ceramic plate 

could not be heated to a temperature that resulted in further liberation of iodine without 

first causing damage to the silicone sealant of the sampling device. 

 

4.5.2. Measurement as CH3I.   

CH3I is a volatile liquid in the pure form.  It has a 20x lower henry’s law solubility 

than I2,
383

 which should make it easier to remove from aqueous solution than I2.  Methyl 

iodide has been generated readily from iodide in aqueous solution using dimethyl 

sulfate
384

 or UV irradiation and acetic acid.
385

  Additionally, CH3I is not as easily 
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hydrolyzed in aqueous solution thus preventing the observed nonlinearity.  CH3I may be 

measured directly in the plasma, the energy is sufficient to break C-I bonds, generate 

atomic I, and and produce the characteristic iodine emission spectrum.  Alternatively, 

CH3I is quite labile when irradiated with UV, generating I2 in situ.  Figure C - 15 shows a 

small volume of CH3I (~200 µL) stored in a sealed quartz cuvette before and after 

irradiation with a mercury pen lamp.  The solution develops a deep maroon color from 

formation of I2. The system in Figure 4-12 was adapted by inserting a quartz coil (length: 

18 cm, coil O.D.: 1.5 cm, tubing O.D. 3.24 mm, tubing I.D. 1 mm, 50 turns), with a 

mercury pen lamp (length: 17.5 cm, width 6.5 mm) inserted in the annular portion in 

series between the sparger and the first solenoid valve ahead of the preconcentrator.  A 

pilot test of samples between 0-500 ppb showed excellent results (Figure 4-27 and 

Figure 4-28).  At low concentrations, deviation from linearity was observed, but this was 

determined to be due to the low residence time in the UV cell.  When the 
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preconcentration flow rate was decreased, accompanied by a simultaneous increase in 

preconcentration time, the signal was improved.  Using CH3I the sensitivity of the system 

is finally realized; 50 ng of iodine produces more than 1 volt in peak height.   

Because CH3I is easy to remove from solution, active sparging from solution is 

not required.  A system was constructed to utilize silicone rubber tubing as a gas liquid 

separator as shown in Figure 4-29.  A peristaltic pump is used to pump carrier solution 

through a 6 port injection valve and to a PEEK tee, where the sample and carrier are 

mixed with a reaction solution to be used for the generation of CH3I.  The solution then 

flows through a gas liquid separator (GLS).  The GLS consists of 12 cm of silicone rubber 

tubing (0.02” I.D. 0.03” OD).  2 lb nylon fishing line is fed through the tubing.  The fishing 

line is then fed through 20 cm of 28 gauge standard wall PTFE tubing on one side, and 

80 cm on the other with excess fishing line on each end.  The silicone rubber tubing was 

then slipped over the PTFE tubing to a length of approximately 1 cm on each end.  The 

Figure 4-29. Flow injection setup for generating CH3I followed by 

photodegradation and preconcentration 
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silicone tubing was securely sealed around the PTFE tubing.  The remaining active 

length of silicone tubing (10 cm) was stretched to 60 cm.  The silicone tubing adjacent to 

where it joined the PTFE tubing was pinched.  Slowly, the tension of the silicone tubing 

was released while still pinching.  The pinching prevents the nylon fishing line from 

evacuating the silicone tubing.  Once tension is released, a self assembled helical coil 

exists inside the silicone tubing (Figure C - 16).  This coil serves to disrupt laminar flow 

and improve mass transfer to the wall of the tube.   A 0.5 mL sample was injected onto 

the system using a carrier flow rate of 0.5 mL/min.  The system was allowed to sample 

for 5 minutes to allow the line to be completely cleared of CH3I before analysis.  A sample 

injection is provided in Figure 4-30.  250 µg/L I, present as CH3I is injected onto the 

system.  Excellent response is obtained; this would approximately correspond to the total 

iodine present in a 1 mL urine sample of a healthy individual.  

   

Figure 4-30.  Iodine peak using gas permeable tubing to separate 

CH3I  from aqueous solution 
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Grindberg and Sturgeon have previously reported generating CH3I using a 

mercury source and acetic acid using a mercury lamp built into the spray chamber of a 

pneumatic nebulizer
385

.  We attempted to use a similar method using a second mercury 

lamp and reaction coil ahead of the gas-liquid separator.  We found that, the method 

does produce CH3I, but the reaction is quite inefficient (Figure C - 17).  It is likely a steady 

state will eventually be reached in which the rate of degradation of the product CH3I will 

equal it’s formation.  Complete reaction is unlikely to be possible.  No other chemistries 

have yet been explored for the generation of CH3I.  

 

4.6 Conclusions and Future Work 

We have developed a system using a palladium based preconcentrator coupled 

to a microplasma atomic emission device for the measurement of trace iodine.  The 

system has achieved the requisite sensitivity for measuring iodine of epidemiological 

interest.  However, the chemistry of iodine at the trace and ultra-trace level is not yet well 

understood and is the subject of the following chapter.  Use of CH3I as an alternative to I2  

is promising. To date only UV photochemical reaction technique has been attempted for 

the production of CH3I.  Future work will likely focus on use of methylating agents which 

have been used previously for the formation of CH3I with success at the level of 

interest.
384

  It will be necessary to verify no interference is caused by other 

halomethanes. 
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Chapter 5  

Nonlinearity of Iodine Purging from Aqueous Solution 

 
5.1 Introduction 

Iodine is an essential element necessary for the production of thyroid hormones.  

Insufficient iodine nutrition can lead to a number of diseases commonly grouped together 

as iodine deficiency disorders (IDD’s).  Extreme deficiencies lead to deformities such as 

goiter or cretinism.
386

  Even mild iodine deficiency has recently been linked to lower IQ
387-

389
 and ADHD.

390
  The developing brain is highly susceptible to low iodine levels with 

deficit and timing critically affecting the outcome.
391

  As of 2009 nearly a third of the world 

population is estimated to be iodine insufficient,
386

 so it comes as no surprise then that 

iodine deficiency is the most common cause for cognitive impairment,
392

 which is entirely 

preventable through prophylactic iodine supplementation, most commonly carried out 

through salt. 

Urinary iodine serves as the epidemiological marker for iodine nutrition in a 

population.  The iodine nutrition status of the population of 130 countries, representing 

more than 91% of the global populace, is routinely surveyed.  Populations are 

characterized based on median UI levels as severely deficient, moderately deficient, 

mildly deficient, adequate nutrition, above requirements, and excessive intake at <20 ng 

mL
-1

, 20-49 ng mL
-1

, 50-99 ng mL
-1

, 100-199 ng mL
-1

, 200-299 ng mL
-1

, and >300 ng mL
-1

 

respectively
392

.  Routine measurement is dominated by two techniques: a 

spectrophotometric kinetic assay based on the iodine catalyzed oxidation of As (III) by Ce 

(IV) known as the Sandell-Kolthoff method,
393

 and inductively coupled plasma mass 

spectrometry (ICP-MS). ICP-MS is preferentially performed using an isotopic 

standard
394,395

  such as 
129

Iand only requires dilution of the urine prior to analysis.  The 
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Sandell-Kolthoff method is prone to interferences
393,396

 however, and requires complete 

sample mineralization prior to analysis to remove any oxidizable material present.  To 

date individual iodine nutrition assessment is not practical.  This is in part due to the high 

cost of ownership of ICP-MS, but as we conclude in a 2011 review on iodine quantitation 

in complex matrices,
397

 the major bottleneck in many methods is sample 

digestion/pretreatment. 

There have been numerous efforts to circumvent the necessity to digest samples 

prior to analysis.  This is most often accomplished by generation of a volatile species 

readily isolated from aqueous solution.  In urine, iodine is almost entirely present as I
-
.  

It’s well known that oxidation of I
-
 in acidic media results in the volatile species I2.  I2 can 

be further reacted in acidic solution with ketones to form the α-halogenated product which 

is readily isolated via liquid extraction and measurable by gas chromatography (GC).
398-

400
  Reaction with other derivitizing agents is also possible such as 2,6-dimethylphenol

401
 

or 2,6-dimethylanaline.
402

  Alternatively, a methylating agent such has dimethyl sulfate 

may be used to generate CH3I.
403

  Due to the health risks associated with methylating 

agents, use of such techniques will likely be limited.  Grindberg and Sturgeon reported a 

novel UV photoreaction method that generates CH3I in situ using pneumatically nebulized 

ICP-MS with a Hg lamp built into the spray chamber
404

,
405

.  Sensitivity is improved by 

more than 40 times. 

Generation of I2 vapor and volatilization from solution has received far more 

attention.  Online techniques prior to pneumatic or ultrasonic nebulization are widely used 

particularly in plasma atomic emission spectroscopy (AES).
406-409

  Use of gas-liquid 

separators can further increase sensitivity and in AES can reduce phosphorous spectral 

interference at the most sensitive iodine emission line at ~178.3 nm.
410-417

  I2 can also be 

reacted with luminol to produce chemiluminescence after separation using gas diffusion 
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membranes
418,419

 or head space injection.
420

  Single drop headspace microdrop 

extraction was used to measure the absorbance of I2 directly with sub ng mL
-1

 detection 

limits
421,422

 or reacted with 3-pentanone in the drop prior to measurement by GC coupled 

to electron capture detection.
423

  The headspace can also be measured directly using 

intracavity laser spectrometry with a limit of detection of 15 ng mL
-1

.
424

 

Recently a method has been introduced by Yu et al. where elemental I2 is 

generated using a sequential injection setup before being transferred to the gas phase 

and measured in a helium dieletric barrier discharge.
425

  This method requires 

inexpensive instrumentation and has the advantage of being rapid and sensitive, claiming 

a detection limit of ~30 ng mL
-1

 limited largely by the sensitivity of the detector.  Our own 

research, however, indicates that at levels of interest for performing epidemiological 

analysis, capable of diagnosing severe deficiency (<10 ng mL
-1

), I2 evolution from 

aqueous solutions is inherently nonlinear.  We have demonstrated this using the method 

of Yu et al. coupled to ICP-MS and real-time evolution studies.  Due to the 

preponderance of supposedly effective volatilization methods we have further reviewed 

these procedures to further understand iodine chemistry at trace levels. 

 

5.2 Experimental 

5.2.1 Sequential Injection Apparatus.   

A sequential injection analysis (SIA) setup identical to that of Yu et a.l
425

 (Figure 

5-1A) was used for I2 vapor generation prior to measurement by ICP-MS.  The ICP-MS 

was a Thermo Electron X-series II with concentric pneumatic nebulizer controlled using 

plasmalab software.  I2 vapor generation was accomplished using two syringe pumps, 

both Kloehn versa 6, and a Vici Valco Cheminert 13T-0705L 8 port selection valve.  An 

Advantech PCI-1760U relay board, controllable in plasmalab, was used to trigger syringe
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1
2
0

 

Figure 5-1.  Instrumental Configuration for A) Sequential Injection Apparatus for I2 Oxidation/Volatilization and B) Monitoring of Iodine Sparging 

from solution 
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pump commands and valve actuation.  Syringe pump 1 was equipped with a 10 

mL syringe while syringe pump 2 was equipped with a 2.5 mL syringe.  1/16
th
 inch PTFE 

tubing, inner diameter 0.8 mm, was used to plumb the entire system except for the 1.8 

mL reaction and 1.5 mL holding coils which were comprised of 2.1 mm i.d. PTFE tubing.   

The system was operated as follows, using the parameters that Yu et al. reported 

as optimized.
425

  Syringe pump 1 was filled with 5.2 mL Deionized water (18.3 MΩ 

obtained from Milli-Q system, EMD Millipore) while syringe pump 2 was filled with 0.5 mL 

oxidant solution.  The oxidant solution was prepared by dissolving concentrated H2SO4 

(AR 95-98%, Mallinckrodt) in 30% w/v H2O2(ACS, Fisher Scientific) to achieve a final 

concentration of 0.1 mol L
-1

 H2SO4.  Syringe pump 1 is then used to aspirate 1 mL 

sample through the selection valve into the holding coil.  After receiving the trigger from 

the ICP-MS, the selection valve actuates to the dispense port, then syringe pump 1 

delivers the sample followed by 2.7 mL of DI H2O at 12 mL min
-1

 through a PEEK tee 

where it is mixed with 0.5 mL of H2O2 solution being delivered by syringe pump 2 at 4.8 

mL/min.  The mixture passes through the reaction coil after which a PEEK Y-connector is 

used to introduce 100 mL min
-1

 argon (UHP 5.0 Praxair), delivered by a Tylan FC 260 

mass flow controller, into the sample solution.  The solution and gas immediately enter a 

gas liquid separator.  Volatile I2 (previously present as I
-
) is carried from the gas liquid 

separator to the pneumatic nebulizer of the ICP-MS where it is then measured.  A 

peristaltic pump was used to drain the gas liquid separator at approximately 5 mL min
-1

. 

A working stock solution of 1000 mg L
-1

 iodine as KI (AR, Malinckrodt) was 

prepared in DI H2O and kept refrigerated in the dark.  10 mL of standards from 0-500 ng 

mL
-1

 were prepared daily upon appropriate dilution of the stock solution.  To each 

standard was spiked 5 ng mL
-1

 
 129

I (Eckert & Ziegler, 100 nCi) as isotopic tracer.  A dwell 

time of 50 msec was used for 
127

I and 
129

I.  Data was collected for 30 seconds prior to 
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initiating injection by the syringe pumps to provide a background reading.  Data 

acquisition was subsequently acquired for another 90 seconds for a total run time of 2 

minutes per sample.  Standards were injected 8 times a piece. 

 

5.2.2 Iodine Sparging From Solution.   

Real time monitoring of iodine sparging from solution was carried out as well.  

The setup is shown in Figure 5-1B.  Two PTFE 3-way solenoid valves (Neptune 

Research), controlled by the aforementioned relay board, separate two Teledyne-Tekmar 

pyrex spargers with side arm (the blank sparger has a 25 mL capacity while the sample 

sparger holds 5 mL).  The blank sparger is filled with 10 mL of H2O while the sample 

sparger is filled with 3 mL of the desired purging solution.  The mass flow controller is 

used to deliver 40 mL min
-1

 argon as the purging gas.  The blank sparger is purged for 

the first 30 seconds before the PTFE solenoid valves are actuated, at which point the 

sample sparger begins purging.  Data is acquired for 10 minutes.  A dwell time of 50 

msec was used to monitor 
127

I.  To prepare I2 standards, Iodine crystals (EM Science) 

were placed inside a sealed volumetric flask and weighed.  The flask was then filled with 

ethanol (USP, 200 proof, Decon Labs) to prepare a 980 mg L
-1

 solution and stored in a 

sealed glass flask in a freezer till needed.  To prepare aqueous standards, the I2-ethanol 

solution was allowed to warm up to room temperature before serially diluting in ethanol 

before spiking DI H2O to the desired amount just prior to analysis.  25 mL standards were 

prepared ranging from nominal concentrations of 0-200 ng mL
-1

 and analyzed in 

triplicate. 

Because vapor generation greatly increases sample introduction into the plasma 

of the ICP-MS and the bulk of the purged iodine is released in less than a minute (as 

shown in Figure 5-2), large gains in sensitivity are realized.  Introduction of higher 
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concentrations, however, risks saturation and damage to the electron multiplier in the 

instrument.  Further, without the use of an internal standard, substantial standard 

deviations are observed upon integration of the data.  For this reason, an offline mode 

was also used.  100 mL of standard solutions, ranging from nominally 0-500 ng mL
-1

, 

were prepared upon dilution of the I2 in ethanol with DI H2O.  From the fresh standard 

was immediately taken three 2.5 mL aliquots which were then diluted with 2.5 mL DI H2O, 

50 µL concentrated NH4OH (29.54% ACS, Fisher Scientific), and 50 µL of 100 mmol L
-1

 

of Na2S2O3 (AR, Mallinckrodt) to reduce I2 to I
-
.  5 mL portions of the standard were then 

purged for 10 minutes at 40 mL min
-1

 with argon.  2.5 mL of the purged solution was then 

taken and treated as above.  Standards were sparged and processed in triplicate.  To 

each of the purged and unpurged samples was added 50 µL of 1 ng mL
-1

 
129

I as internal 

standard.  Samples were then analyzed in the conventional way: The ICP-MS built in 

peristaltic pump was used to deliver samples at 0.8 mL min
-1

 to the pneumatic nebulizer.  

Dwell times of 50 msec were used for both 
127

I and 
129

I which were measured in the peak 

jumping mode.  100 sweeps were performed per main run and a total of 3 main runs 

were taken per sample.  

Offline sparging measurements were also performed to determine the impact of 

pH in I2 volatility.  1 Liter of 0.1 mol L
-1

 of NH4NO3 (J.T. Baker) was prepared and 100 mL 

portions were pH adjusted using HNO3 (AR 68-70% Mallinckrodt) or NH4OH to achieve 

pH ranging from approximately 3 to 7 in increments of 0.5, measured on an Altex 71 pH 

meter.  NH4NO3 is an ICP-MS friendly salt that was used to maintain similar ionic strength 

between pH adjusted samples since I2 volatility is influenced greatly by the “salting-out” 

effect.
420,421,423,426

  Analysis was carried out in an identical fashion to the offline sparging 

above. 
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Figure 5-2.  Iodine sparging evolution measured in real time.  Inset uses logarithmic ordinant scale 

Figure 5-3.  SIA sample signal, inset contains sample injections for 4 

lowest concentration standards 
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5.3 Results and Discussion 

 
5.3.1 Sequential Injection Analysis.   

Signal data for 
127

I are provided for a single injection of each standard in Figure 

5-3.  The lowest standards are shown in the inset.  Changes in flow rate cause 

perturbations in the signal.  This has the effect that when flow starts there is a brief dip 

before iodine begins to be evolved and when flow stops a small spike is observed.  Peak 

areas are provided in Figure 5-4A for both 
127

I and 
129

I and response factor, (response * 

conc
-1

 vs conc, for 
127

I) has been plotted in Figure 5-4B.  In an ideal linear system, the 

response factor maintains a constant value (equal to the slope  

of calibration curve) at all concentrations or at concentrations in the range of interest.  

This usually has a low limit dictated by the noise of the system and an upper limit 

imposed by the detection method involved.  Clearly the present case is nonlinear at low 

concentrations.  The response factor is approaching an asymptote at high concentrations 

indicating that at levels above 500 ng mL
-1

 linear behavior may be expected.  This 

Figure 5-4.  A) Response Curves for 
127

I and 
129

I and B) Response factors.  The 

concentration of 
129

I is 5 µg/L in all samples 
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nonlinearity is a chemical process supported by the fact that 
129

I counts increase in a 

similar fashion despite maintaining a constant concentration in each standard.  Because 

of this, measurement only with higher concentration standards will falsely predict much 

lower limits of detection those actually attainable.  In the present system if the response 

factor for 500 ng mL
-1

 were taken to be the slope, a limit of detection of 3x the standard 

deviation of the blank would be 0.48 ng mL
-1

.  Conversely, neither the 5 nor 10 ng mL
-1

 

standards provide signal three times the standard deviation of the blank.  Measurement 

of sub ng mL
-1

 iodine is performed routinely by conventional direct solution introduction 

into the pneumatic nebulizer of an ICP-MS; vapor generation at low levels is so inefficient 

that it becomes actually less sensitive than solution nebulization. 

   

5.3.2 Carryover.   

Carryover may be expected to play a critical role in evaluating systems that use I2 

vapor generation.  I2 adsorbs strongly to many materials including PTFE.  Our own 

experience has been that systems left idle for several days are more greatly affected by 

carryover and must be washed out with H2O and acetone and ideally kept purged with 

clean air when not in use.  The memory effect of I2 can be substantial as seen in Figure 

5-3.  The experiement was carried out in ascending order. The individual graphs are not 

offset.  The starting baseline perceptibly increases after each injection. The results 

demonstrate also the slow nature of the removal of I2 from the system.  During the 

optimization process, it is common to use higher concentrations of iodine.  This may lead 

to a memory effect and given the inherent nonlinearity at low concentrations, would make 

lower concentrations more responsive.  That would not actually be seen if one started 

with low concentration samples or standards. 
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5.3.3 The Complexity of the Iodide-peroxide-iodine system.   

While it is convenient to summarize oxidation of I
-
 as the reaction: 

 2 I
-
 + H2O2 H

+
  I2 + 2 H2O 

The reality is that the system is very complex. Bray and Liebhafsky
427-433

 detail in 

a series of 7 publications the catalytic decomposition of peroxide, formation of iodate and 

other iodine intermediates.  The work of Abel
434

 suggests a steady state concentration of 

I2 is reached and has been used in nuclear containment models of radioiodine, where 

H2O2 is generated upon radiolysis of water to predict iodine volatility with some 

success.
435

.  It is acknowledged, however, that below about 1 µM (250 ng/mL), iodine 

shows anomalous behavior likely due to the formation of IO3
-
.
435

  This is in agreement 

with our data where deviation from maximum response factor begins around 5 µM.  

Simulations of the fractions of I2 present at various concentrations and pH using the Abel 

model are provided in Figure D - 1 and Figure D - 2 in the supporting information 

(Appendix D).  It does predict that the fraction of iodine in the form of I2, the dominant 

volatile species, decreases with decreasing total concentration of iodine, so that deviation 

at low concentrations should be expected.  Since we are measuring essentially only I2, 

this should follow the general trend of our response factor plot in Figure 5-4B.  However, 

our data does not quantitatively agree with this model.  The model predicts that at pH 1.0, 

5 ng mL
-1

 and 100 ng mL
-1

 will have I2 fractions of 0.55 and 0.87 respectively.  Our data 

shows that essentially no iodine is removed at 5 ng mL
-1

 and less than half at 100 ng mL
-

1
.  A kinetic limitation, however, cannot be ruled out.  The residence time of the solution in 

the reaction coil is less than 10 seconds, and the formation of I2 can be expected to be 

inherently second order with respect to I
-
.  Due to the complexity of the iodine-peroxide 

system, and the need to determine whether the nonlinearity arises from the oxidation of 

iodine, experiments were next carried out using I2 spiked into aqueous solutions. 
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5.3.4 Iodine Sparging From Solution.  

 The transient monitoring of iodine evolution from aqueous solution for 1 sample 

at each concentration is provided in Figure 5-2.  Sparging has been carried out at 40 mL 

min
-1

 for 10 min. We had already determined that no appreciable amount of I2 can be 

seen after 10 minutes.  It can be seen that after the valves are actuated and the iodine 

containing solution begins to be purged, a relatively sharp peak is observed before 

settling back down to a slower removal of iodine (spikes in signal are occasionally 

observed and may be due to formation of aerosol).  Signal integration shows that 75.2 ± 

8.4 % of the iodine purged within the observed window is purged within the first 90 

seconds of the valve switching.  Results of the integration and response factor are 

provided in Figure 5-5.  Below 100 ng mL
-1

, the response factor is lower, but a log-log plot 

and power fits show that the response is essentially linear at this level.  Conversely, 

above 100 ng mL
-1

 response factor is increasing and a higher order fit is obtained. 

 
It is well known that I2 in solution undergoes hydrolysis and disproportionation 

reactions.  The first reaction is rapid
436

 and is the direct hydrolysis of I2 to form HOI and I
-
: 

Figure 5-5.  A) Integrated response of monitored I2 purged from solution and B) Reponse Factor 
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 I2 + H2O ⇌ HOI + H
+
 + I

-
 

Further reactions are thought to be slower eventually leading to the formation of 

IO3
-437

 and are generally summarized as: 

 3 HOI  ⇌ IO3
-
 + 3 H

+
 + 2 I

- 

Since the solutions were prepared just prior to analysis it is logical to assume that 

only the initial hydrolysis reaction should play a critical role in iodine volatility.  Sparging is 

a nonequilibrium process and should drive the formation of I2 which can be purged easily 

from solution.  We believe that the initial peak observed is due to the free I2 present at 

equilibrium.  The sparging process is first order and should be independent of 

concentration.  Plots of log (signal) vs time (Figure 5-6) in the region 65-70 seconds show 

that nearly identical slopes (Figure 5-7) are obtained confirming our belief that the initial 

Figure 5-7.  The slopes of the regression for the first 

order fits between 65-70 seconds.  The blue and red 

lines are the average and ±1 standard deviation 

Figure 5-6.  Log Signal vs. time for transient monitoring 

of I2 sparging between 65-70 seconds.  A 1 second 

smoothing filter is used to improve data appearance. 
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spike is free iodine and its removal is a rapid first order process.  After 90 seconds  a 

slower removal of I2 is seen which is dependent upon total iodine concentration.  Visual 

inspection of Figure 5-2 shows this process to be essentially 0 order for 80 ng mL
-1

 and 

below.   

Plots of log (signal) vs time from the 300-500 second region are provided in 

Figure 5-8.  Iodine removal in this region is still first order though the rate depends upon 

the concentration (Figure 5-9) showing more than an order of magnitude increase from 5-

200 ng mL
-1

.  This first order loss is unexpected if only a single step hydrolysis of I2 were 

occurring.  Equal portions of HOI and I
-
 should be formed and recombination should 

become a second order process.  The first order rate however indicates that either HOI or 

I
-
 must be at significantly lower concentration than the other to produce a pseudo first 

order process.  Since further disproportionation reactions of HOI result in I
-
 and higher 

valency oxyiodides we speculate that HOI must be the limiting constituent and that 

Figure 5-8. Slope of log (signal) vs time for 300-500 

seconds of I2 sparging. 

Figure 5-9. Log Signal vs time for the 300-500 sec 

portion of I2 sparging. 
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reduction of higher oxyiodides by I
-
 is slow relative to that of HOI under the present 

conditions. 

Despite the apparent completion of I2 removal upon sparging, analysis of 

standards before and after sparging indicates that essentially zero iodine is removed from 

solutions below 200 ng mL
-1

 (Figure 5-10).  This further supports our claim that iodine is 

rapidly disproportioning.  The equilibrium constant for the first hydrolysis reaction was 

determined by Palmer and Lietzke
438

 to be 3.13 x 10
-13

.  Figure D - 4 shows I2 fraction 

curves as a function of pH and concentration.  At a pH of 7.0 approximately 54% of the 

total iodine of a 100 ng mL
-1

 solution is expected to be in the form of I2, while at 10 ng mL
-

1
 only 17% will be present as I2.  This equilibrium alone cannot explain the residual iodine 

Figure 5-10.  Measured concentration of I2 in solution before 

and after sparging for 10 minutes. 
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loss due to purging calculated from the residual iodine content of a purged vs an 

unpurged solution with various initial iodine concentrations. Iodine loss isn’t even 

statistically distinguishable until 300 ng mL
-1

 and is only 13.64 ± 3.6 % at that.  The iodine 

disproportionation reaction must therefore play a role, making the iodate formed 

essentially unavailable for release. 

Because the iodine disproportionation reactions are pH dependent and favor I2 at 

low pH, experiments in which the pH was varied were carried out to determine whether 

more quantitative recoveries could be obtained.  Samples were prepared in 0.1 mol L
-1

 

NH4NO3 solutions in the pH range ~3-7, adjusted using HNO3 or NH4OH.  Ammonium 

Nitrate, friendly to ICP-MS, was used to maintain a constant ionic strength.  I2 volatility 

can be considerably improved by addition of salts in solution.
420,421,423,426

  A solution 

concentration of 200 ng mL
-1

 was chosen as this seems to be the threshold concentration 

at which significant I2 release begins.  The effect of pH should be more discernible at this 

level.  The concentration of iodine measured in the standard solution before and after 

purging for 10 minutes was recorded.  The purging efficiency as a function of pH is 

provided in Figure 5-11.  It is clear production of I2 is favored at lower pH’s, but a plateau 

value is reached at 48.1 ± 1.2%.  In light of the fact that I2 removal from solution is rapid, 

it is clear some fraction of iodine remains as a nonvolatile component.  Note that even if 

the rate of I2 sparging is the limiting factor, it would take more than 30 minutes to remove 

90% of the I2 from solution, assuming a half life of 10 minutes.  In contrast, various 

headspace techniques however show that equilibration is rapid, being complete in 1.5 – 

20 minutes.
420-423

  Response factor of the sequential injection method, which should be 

considered indicative of the relative amount of I2 present, shows that the response factor 

at 200 ng mL
-1

 is 62.6 ± 5.7% of that at 500 ng mL
-1

.  As seen in Figure 5-4B, the 

response factor of 500 ng mL
-1

 has not yet reached a maximum and thus it can be 
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expected that the actual I2 content in the 200 ng mL
-1

 level is even lass than 60%, and 

this is concordant with what is observed in the oxidant free purging experiments.  This 

agreement allows us to conclude that iodine release is intrinsic to the iodine purging 

experiments and is not a function of the choice of oxidant or a particular system 

nonlinearity in the sequential injection method. 
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One of the more thorough models of iodine volatility in nuclear containment, at 

concentrations of interest
439

 developed by Wren and Ball, does not predict such 

discrepancies.  Experimental data they present is stated to follow the model, though there 

is little information below 1 µM.  Actually the presented data often shows that gas phase 

iodine levels are lower than those predicted by the model; this is attributed conveniently 

to surface adsorption losses in the system.  It is to be noted further that the reported 

experiments had a duration of hundreds of hours to attain equilibrium.  Our own real time 

data show that iodine evolution does not stop, but slows considerably.  Given enough 

time complete removal may be possible, though it would not be on a timescale of 

analytical interest.  Experiments conducted by Ashmore et al.
440

 involved monitoring of I2 
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evolved from I
-
 solutions at various pH.  It was observed that the rate of transfer 

decreases with decreasing I
-
 concentration.  Additionally they observed that there is a 

significant induction period prior to I2 evolution and recovery is less than quantitative, 

especially for lower I
-
 concentrations even after sparging for 20 hours.  This induction 

period may be indicative of formation of oxyiodides upon oxidation prior to further 

reduction to I2.
429

  One of the more peculiar results reported was that elevated 

temperatures actually decrease iodine transfer to the gas phase.  This is in contradiction 

to Henry’s law data
441

 and other vapor phase measurement techniques that are often 

carried out by heating the sample vessel.
420,412

  It is also well known that heating of lewis 

base solvents (such as water) results in a greater amount of free I2 observable by the 

Figure 5-11.  Percent of 200 ng mL
-1

 I2 purged from solution as 

a function of pH 
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change in solution color from brown-orange to purple
442

.  The rate of hydrolysis of 

halogens however has been shown to increase at elevated temperatures
429,436

 and would 

explain the lower yield observed. 

 

 5.3.5 Perspective on Past Methods.   

Numerous methods have been presented in the past for determine of iodine 

following derivatization or vapor generation.  As many of these methods proclaim linearity 

well below the threshold we have observed, our findings would then appear contradictory.  

We have summarily reevaluated past efforts in an attempt to better understand iodine 

chemistry at the level of interest.  

We are not the first to observe peculiarities in iodine volatility for the purpose of 

vapor phase measurement.
407,408,415,418-420

  Burguera et al., using a headspace sampling 

apparatus followed by chemiluminescence detection, observed that at concentrations 

above 5 µg mL
-1

 that iodine response became second order and that it was linear below 

that concentration down to a detection limit of 10 ng mL
-1

.
420

  Camuna et al. observed a 

similar effect at high iodine concentrations (up to 500 µg/mL) showing response to be 

exponential; they recommended the use of log-log calibration
415

.  A slope of 2.6 was 

achieved.  Note this is strikingly similar to the power ~3.2 we obtained in Figure 5 for 

concentrations above 100 ng mL
-1

.  Differences observed for when this nonlinearity 

arises may be attributed to conditions under which the experiments are performed.  

Clearly pH played a critical role as evident in Figure 5-11.  In the headspace analysis 

experiment
420

, a sigmoidal response curve was seen for temperatures between 105-150 

°C showing an intense increase at 125 °C which may be indicative of a chemical shift 

towards the formation of I2 and not just an improvement in volatility.  However formation 

of volatile HOI cannot be ruled out, which would react with I
-
 in the trapping solution to 
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regenerate I2.  Formation of HOI would have been detectable by our experiments using 

ICP-MS.  The observations of Ratanawimarnwong et al. are relevant.
418

  They developed 

a chemiluminescence based flow injection setup in which the detector stream is 

separated from the oxidation stream by a gas diffusion membrane.  They found that 

iodine response decreased below 2 µg mL
-1

.  The authors attributed this to absorption to 

the PTFE membrane used.  They attempted to condition the membrane by pumping a 

continuous amount (1 – 3 µg mL
-1

) of I
-
 in the carrier.  The background signal did not 

increase linearly with I
-
 concentration, and in addition, they observed that the response of 

the injected standards increased with the background I
-
 concentration by 3 times in going 

from 1 µg mL
-1

 to 3 µg mL
-1

.  This would imply a second order response as indicated 

before.
415,420

  Additionally, had this effect been purely due to adsorption to the membrane, 

considerable tailing would be observed and after conditioning this tailing should be 

improved.  Good peak shapes were seen for all concentrations and no improvement 

could be observed upon addition of the conditioner.  The same authors proposed a 

pervaporation method in which the sample stream does not contact the membrane.  This 

increased the life of the membrane, but it was confirmed again that a background of I
-
 

must be used to measure iodine sensitively at sub µg mL
-1

 levels.
419

  Similarly Fei et al.
408

 

have shown that measurement below 1 µg mL
-1

 was not possible, though the response at 

10 µg mL
-1

 indicated otherwise!  Their system involved preconcentration of I
-
 on an anion 

fiber followed by oxidation, volatilization and measurement by atomic emission 

spectroscopy.  The authors attributed this to failure of the anion fiber to adequately 

absorb I
-
 from solution.  This is impossible as I

-
 is more strongly retained by most anion 

exchangers than Cl
-
 which the resin was saturated in.  Additionally in a background of DI 

H2O, there is no competing ion to displace I
-
 during the preconcentration phase and 

selectivity for an ion actually increases as the ion concentration is decreased.
443

  The lack 



 

138 

of sensitivity then can only be attributable to losses in the system that more severely 

impact lower concentrations or failure to generate I2.  Dolan et al. performed a nearly 

identical experiment using an anion exchange membrane disc prior to ICP-OES.
407

  A 

sigmoidal response curve was obtained, though it spanned 5 orders of magnitude with 

only 5 points. 

Though there have been several observations of nonlinearity as mentioned 

above, the vast majority of analytical procedures surveyed here declare that iodine 

volatilization is linear and even to levels well below the deviations we have observed.  It 

is fascinating though, that the bulk of these reports do not provide calibration graphs or 

data.  Furthermore, none provide evidence that response factor plots or residuals plots 

confirmed linearity.  As our data indicate I2 evolution approaches linearity at higher 

concentrations; generation of calibration plots spanning multiple orders of magnitude 

especially at concentrations above 500 ng mL
-1

 do not predict behavior at low levels.  A 

simple, unweighted evaluation of the linear coefficient of determination R
2
 may be 

insufficient.  Regression of the average SIA values forced through the blank provides a 

reasonable R
2
 of 0.9802 despite the observed nonlinearity.  Furthermore, it is often 

easier to represent data spanning multiple orders of magnitude using log-log 

plots.
407,410,414,415,424,445

  If the data follows a power function, such representation will 

produce a linear fit.  Figure D - 4 represents our own SIA data in such a fashion.  A linear 

fit of the logarithmic data provides an excellent R
2
 of 0.9977, though the slope which 

should be 1 for linearly related data is 1.63.   

As it is unlikely that all past work is invalid, it is essential to understand how the 

production and volatility of I2 may be improved.  It is well known that hydrophobic 

compounds in aqueous solution may be removed more easily by the addition of copious 

amounts of ionic solute, often termed the “salting-out” effect.  I2 is no exception and 
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further partitions into the gas phase when concentrated solutions of ZnSO4,
423

 

Na2SO4,
421,426

 NaCl and KCl
420

 are used.  As described in the previous chapter, addition 

of saturated solutions of Na2SO4 or (NH2)2SO4 in 1 mol L
-1

 H2SO4 to a sample solution 

containing I2 (typically in a 1:5 ratio) greatly improves the rate of transfer into the gas 

phase, but is still unable to overcome the observed nonlinearity.  Additionally, we have 

observed that greater mixing ratios actually decrease the amount of I2 expelled from 

solution.  The dilution caused upon addition of such salt solutions reduces the fraction of 

total iodine present as purgeable I2 and is in agreement with our hypothesis that iodine is 

disproportioning.  While salting-out can improve I2 transfer to the vapor phase, it is clear 

that addition of salt or the like, cannot induce reformation of I2 from e.g. iodate.  Although 

the iodate-iodide reaction in acid solution should lead to the formation of I2, the kinetics of 

this reaction will be extremely slow at low levels of total iodine.
448

 

Inspection of the most successful methods thus far show that the acid 

concentration is crucial.
406,407, 409414,416,421,423,444-446

  Most methods exceed 1 mol L
-1

 which 

is well in excess of the acid necessary to generate I2 from any of the oxidants used.  It 

must however be stated that the methods of Ratanawinwrong,
418

 Camuna
415

, and Fei,
408

 

which provided nonlinear results as described above, used between 1.0-1.4 mol L
-1

 

H2SO4 in the oxidation reaction while Burguera
420

 observed second order behavior at 

high concentrations when using 1 mol L
-1

 HCl at elevated temperatures.  It has been 

shown that a plateau is reached at concentrations near 2 mol L
-1

 H2SO4 
423,406,412

.  

Calzada used as much as 12 mol L
-1

 H2SO4 for online oxidation prior to analysis by MIP-

OES,
416

 and demonstrated that in the absence of oxidant no signal is detected indicating 

that formation of the volatile species HI does not contribute to the signal.  Ahmad used 

nearly 5 mol L
-1

 H2SO4 to distill I2 from solution using standards at concentrations as low 

as 250 ng mL
-1

 further diluted 24 times in the digest.
444

  I2 was distilled following addition 
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of phosphorous acid to the digest to reduce IO3
-
 to I2 and subsequent addition of H2O2 to 

remove excess Cr2O7
2-

 from the digest.  Recoveries were as a good as 88% after nearly 

15 minutes of distillation.  It was found that recoveries decreased upon addition of more 

concentrated H2O2 presumably due to reformation of IO3
-
 under such acidic conditions.  

Use of H2O2 as an oxidant for vapor generation is common
407,408,412,413,415,421,423-425

 and 

provides comparable results to NO2
- 406,410,414

 which is also used commonly.  Perhaps the 

most extreme case is reported by Duan et al.  They added concentrated sulfuric acid in a 

3:1 ratio to the standard prior to measurement by atomic absorption spectroscopy.
445

  

Short reaction and accumulation times were necessary (< 10 sec).  However, they 

operated at levels far greater than those relevant to urinalysis.  Additionally, concentrated 

H2SO4 dessication has been used to reduce interferences from H2O with no loss of Iodine 

signal.
415,416,445

  Any loss then to the dessicating medium is minimal and 

disproportionation is likely prevented at such strong acidity.  Any comment to the 

mechanism of this increased I2 volatility is merely speculative.  Acid requires significant 

hydration and can be utilized as a salting out agent, but it has been shown that addition 

of salt to an already acidic medium is more efficient than further addition of acid, and 

conversely even in highly saline media addition of acid still greatly improves iodine 

volatility.
420,421,423

  It is also insufficient to suggest that it is a simple matter of shifting the 

equilibrium back towards I2 upon addition of [H
+
]; otherwise, a continuous increase in the 

amount of I2 purged from solution would be seen below pH 5.0 instead of the plateau 

observed in Figure 5-11.  Formation of a protonated species at such low pH may occur 

which is more reactive then the unprotonated form such as HIO3 (pKa = 0.809
447

, this will 

be the dominant species in the iodate system at the acid concentrations recommended 

here).  A protonated species such as H2IO
+
 which has a pKa between 1-2

437
 may also be 

restricted from further disproportionation.  Dolan et al. report unusual behavior of an 
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anion exchange concentrator.  Iodide was eluted with HNO3
407

 and the oxidatively formed 

I2 was then volatilized using a solution nebulizer with ICP-MS detection.  No signal was 

observed when less than 1 mol L
-1

 HNO3 was used, but in going from 2 to 3 mol L
-1

 

HNO3, the observed peak height increases but it begins to tail considerably while the 

peak elution time is the same.  One would expect elution of I
-
 from an anion exchanger by 

2-3 mol L
-1

 NO3
-
 will be immediate and there would be no change in peak shape.  Peak 

shape should only improve at higher concentrations of HNO3.   

Work of Pena-Pereira et al. showed that measurement of I
-
 by headspace 

microdrop extraction was sensitive and effective using 2 mol L
-1

 H2SO4
421

.  Subsequent 

work to measure IO3
-
 was less sensitive and used only 0.2 mol L

-1
 HCl due to a high 

blank from H2SO4 
422

.  I
-
 was used as reductant, so that for every mole IO3

-
 present, 3 

mole I2 is produced compared to direct oxidation of I
-
 which yields only half a mole I2 per 

mole I
-
.  This should result in 6x greater sensitivity between the two methods but it was 

found that measurement of IO3
-
 is less sensitive than I

-
.  Lower recoveries were 

speculated to be caused by formation of triodide though this is unlikely as the quantity of 

I
-
 was shown to have no impact upon the signal.  This suggests that at lower levels iodine 

trapped as iodate is not easily recoverable, even in favored cases where a lot of iodide is 

being added. 

The iodate-iodide reaction is a complicated process thought to involve initial 

formation of the species I2O2 (the hydrated product is H2I2O3) which can react directly 

with I
-
 to form I2 and IO2

-
 or undergo hydrolysis to form HIO2 and HIO.

448
  Hypoiodite in 

acidic solution will react rapidly with I
-
 to form I2 which in turn is liberated readily form 

solution.  It has been shown at low I
-
 concentrations that the rate determining step for the 

oxidation of I
-
 by IO3

-
 is the hydrolysis of I2O2.  The rate of oxidation of I

-
 by IO3

-
 has a 

dependence on the square of the hydrogen ion concentration.  At neutral pH this process 
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then is extremely slow causing HOI to be only slowly depleted (as observed in Figure 

5-2).  As the pH is reduced, IO3
-
 reacts completely with I

-
 to yield the intermediate I2O2.  

The slow hydration of this molecule then will account for the incomplete removal of I2 

from solution even after 10 minutes of sparging.  Formation of the intermediate species 

I2O2 is additionally supported by the fact that when IO3
-
 is used in acidic solution for the 

oxidation of I
-
 to I2 prior to volatilization and measurement by ICP-AES,

410
 no signal is 

seen, but IO3
-
 can be used for the oxidation of I

-
 and derivitazation of acetone prior to GC 

anlaysis.
398

  The hydration of I2O2 has been shown to be catalyzed by carboxylic acids, 

chloride, and bromide.  Use of other halides may result in the formation of ICl or IBr which 

would be volatile and measurable by various atomic spectroscopic methods.  These 

could also react directly with I
-
 to regenerate the halide and I2.  Oxidation of I

-
 by IO3

-
 has 

also shown second order behavior at high I
-
 concentrations but is first order at low 

concentrations
448

 in agreement with the nonlinear behaviors observed thus far, and 

indicates that I2 must be disproportionating rapidly at low concentrations, and the iodine 

from any iodate formed is not recoverable in the analytical time scale.  the I
-
 - IO3

-
 system 

is known to be an integral part of the Bray-Liefhabsky peroxide reaction
448

 and must be 

taken into consideration when H2O2 is used as oxidant. 

 

5.4 Conclusion 

We have demonstrated that at trace levels pertinent to performing 

epidemiological studies, that I2 production and volatization in a nonlinear function 

dependent on the total iodine concentration.  We attribute this to rapid iodine 

disproportionation reactions that lead to iodate formation at low concentrations from 

which iodine is not recovered as I2 by the IO3
-
 - I

-
 reaction in an analytical time scale.  It is 

evident, however, that there is still a void in the knowledge of iodine chemistry at this 
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level.  A review of the literature suggests this is not unknown.  Using very large amounts 

of acid, especially desiccating acids like H2SO4, may solve the problem partially, butt this 

certainly does not lead to a green analytical method.  Future work is in progress to 

improve the removal of iodine from aqueous solution to the vapor phase. 
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Appendix A 

Supporting Information for Chapter 1 
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Table A - 1 

Reference Method Application LOD Linear Range 
linear 

r2 
RSD (%) 

Spiked 
Recovery (%) 

Analysis 
Time 

Interferences/Comments 

[30] 
Sandell-
Kolthoff 

(S-K) 
Serum - 0.04-1 μg L-1 - 6 - - 

Measured at 310 nm, Interferences from Copper and 
Chromium, Ni(II), Co(II), Fe(III), Hg(II), Ag(I) 

[31] S-K Serum - - - - 
99.2-100.2 I- 
99.4-100.4 T4 

- 
Measured at 317 nm, uses alkaline incineration, only 

requires 50 μL of serum; Total and Protein Bound 
Iodine 

[36] 
S-K: 

Autoanalyzer 
Plants - 100-800 μg kg-1 - 3-5, N=10 93.4 - Digested using alkaline ashing 

[38] 
S-K: 

Autoanalyzer 
Soluble Foods - 0-10.16 μg L-1 - 

.9, 2% milk 
6.8, infant formula 

97-101, milk - 
Uses mixtures of HNO3, H2SO4, and HClO4 for sample 

ashing 

[40] 
S-K: 

Autoanalyzer 
Foods 0.1 μg L-1 9-3360 μg kg-1  0.031 90.3-101.3 - Digestion carried out overnight using mixed acids.   

[44] S-K serum 0.2 μg L-1 1-17 μg L-1 - - - - only requires 12.3 μL of sample 

[45] S-K 
Thyroid 
Tissue 

- - 0.9986 5.7-9.4 94-110  10 mg of thyroid tissue required, Chloric Acid digestion 

[46] 
S-K: 

Autoanalyzer 
Urine - 17-500 μg L-1 0.988 

intra-assay: 7.9-10.2 
inter-assay: 4-9.1 

97-107 - 
Ammonium Persulfate Digestion; no interferences from 

L-ascorbic acid or thiocyanate 

[49]  ICP-MS Urine 1  μg L-1 1-1000 μg L-1 - - 97.5-99.0 - Urine diluted 50 fold with 1% N(Me)4OH (v/v) 

[50] 
S-K: Flow 
Injection 

Urine 5 μg L-1 5-1000 μg L-1 - <3 92-104 <1 min 
Reaction terminated with Brucine Sulphate and 

Absorbance measured at 480 nm 

[51] S-K Solid Food - 20-100 μg L-1 - - 98 - 
Oxygen flask combustion used for sample 

mineralization 

[52] S-K Serum - 10-100 μg L-1 - - - 6 min Oxygen Flask combustion; Protein Bound Iodine 

[53] S-K 
Geochemical 

Samples 
50 μg kg-1 - - 1.09-3.87 n=7 - - Pyrohydrolitic decomposition using V2O5 as flux 

[54] S-K Coal 90 μg kg-1 290 μg kg-1< - 2.88-9.52 94.97-109.56 - 
Pyrohydrolitic decomposition using quartz sand as flux; 

no interference from fluorine or sulfur 

[56] S-K 
Serum 

Thyroxine 
- 20-120 μg L-1 - - - - 

T4 and T3 are separated from serum by column 
chromatography and the iodine exchanged with 

bromine; non-incinerative technique 

[57] S-K 
Serum 

Thyroxine 
- 15-150 μg L-1 T4 - 8.5 98 1.2 min 

T4 and T3 are separated on an anion exchange column 
and the iodine is exchanged with bromine before being 

measured in an autoanalyzer.  Interferences for 19 
contrast media were measured. 

[58] S-K 
Thyroid 

Hormones 
10 pmol 10-1000 pmol - 

Between days 2.8-8.2 
Day to Day: 2.8-10.1 

- <30 min 
Iodine containing proteins are treated with bromine in 

acidic media and measured colorometrically 

[60] 
S-

K:Microplate 
Iodo-amino 

acids 

1 pmol T1 

0.5 pmol  
T2, T3, T4 

0-40 pmol T2, T3, T4  
0-100 pmol T1 

>0.97 
intra-assay: 4.2-7.3 
inter-assay: 6.5-9.2 

96-99 
<2 h  

per plate  
Iodo-amino acids were eluted using HPLC and 

measured using a 96 well micro-titer plate 

[61] 
S-K: 

Autoanalyzer 
Urine - 50-400 μg L-1 0.953 6.89 90-103 30 s 

Autoanalyzer used with dialysis; Experiences 
interferences from thiocyanate 

Table A - 1.  Techniques used for the quantitation of Iodine 
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[63] 
S-K: 

terminated 
with Fe(II) 

Urine - 70-250 μg L-1 - - - - 

The S-K reaction is terminated by the addition of Fe(II) 
followed by addition of thiocyanate and the resultant 

ferrithiocynate complex absorbance is measured at 460 
nm 

[67] 
S-K: 

Microplate 
Urine 13.809 μg L-1 0-200 μg L-1 0.986 

intra-assay: 5-13 n=20 
inter-assay: 7-15 n=10 

103-114 - 
Ammonium Persulfate digest used and measured by S-K 

on microtiter plates 

[68] 
S-K: 

Microplate 
Urine 14 μg L-1 40-400 μg L-1 0.982 <10 98 

<2 h  
per plate 

Ammonium persulfate Digest then measured on 
microtiter plates and compared to ICP-MS.  80 samples 

per plate 

[71] S-K 
Immunoassay 

for human 
antibodies 

- 
7-27 g L-1  

 IgG in serum 
0.96-
0.98 

- - - Avoids radio-labelling for determination of antibodies 

[73] ICP-MS Urine 2.5 μg L-1 25-355 μg L-1 - 
within-run 2.5% 

between-run 11.9% 
90-100 5 min Diluted with ammonia and 129I is used as ISTD 

[75] ICP-MS Food - - - 0.41-0.47 95-105 - 
Uses double isotope dilution to work outside 

radiological controls. 

[76] ICP-MS 
Biological 

Fluids 
0.01 μg L-1 - - 0.55 - - 

Magnetic sector ICP-MS is used to achieve very low 
limits of detection coupled with ion chromatography. 

[78] ICP-MS Urine 
.08-.22 μg L-1 
Iodophenols 

<1000 μg L-1 0.999 2.3-2.9 97.8-101 7 min 
Anion Exchange and Reverse Phase Chromatography is 

used to determine iodophenols in urine 

[80] ICP-MS Milk <2 μg L-1 4-200 μg L-1 - 1-1.9 - - 
Speciation of Iodine compounds in milk using ion 

exchange chromatography 

[82] ICP-MS serum 

0.08 μg L-1 I- 
0.3 μg L-1 IO3

- 

3.5 μg L-1 T4  
2.5 μg L-1 T3  

- 0.9989 2.8-3.9 - 15 min 
Capillary electrophoresis used for the separation and 

detection of iodide, iodate, T4 and T3 

[86] ICP-MS 
Foods and 

solid samples 
0.01 μg L-1  

50 μg kg-1 
0.01-100 μg L-1 - - - - 

Schöninger combustion is used to digest solid samples 
and Iodine is absorbed in .1 mol L-1 NaOH 

[87] ICP-MS Food 30 μg kg-1 - 0.999 3.4 n=8 - - 
Wet ashing used in steel bombs and a small amount of 

methanol is used to enhance signal 

[88] ICP-MS Food 2 μg kg-1 - - - >99 25 min 

Samples are combusted in a pressurized oxygen bomb 
with NH4NO3 as a flux using microwaves as the source 
of ignition and to assist digestion.  Iodine is absorbed 

into alkaline solution and measured 

[90] ICP-OES water 0.4 μg L-1 2-10000 μg L-1 0.9991 - - - 
I- is volatilized before being measured at 178.276 nm 
and CRM's are measured after separation using ion 

chromatography. 

[92] 

Total 
Reflection 

Xray 
Fluorescence 

Kelp, water, 
dietary 

supplements 
180 μg L-1 - - <4 - >15 min 

Samples were digested with 25% NH4OH before being 
irradiated and measured for 1000 seconds 

[92] ICP-OES 
mineral tablets 

and kelp 
370 μg L-1 - - - - - 

Kelp samples digested with nitric acid and measured at 
178.276 and 183.038 nm but phosphorous interferes at 

178.276 nm peak 

[93] ICP-OES serum - 15-600 mg L-1 - 1.2-16 n=13 91.3-99.7 - 
iohexanol clearance measured; Phosphorous correction 

required 

[94] ICP-OES Alga Chlorella 3 mg kg-1 0-500 mg L-1 0.9659 - 89-111 - 
Iodine removed from encriched chlorella with 

N(Me)4OH, interferences from phosphorous and carbon 



 

 

1
4
7

 

[95] ICP-OES Food 40 mg kg-1 - - 2  n=5 85-95 - 
Microwave digestion with HNO3 and H2O2;  I

- is  
precipitated with Ag+ and redissolved in NH4OH 

[97] ICP-OES Ground water 4.5 μg L-1 - - - - 5 min 
Iodine is volatilized and removed from solution using a 

gas-liquid separator; requires larger sample volume 

[98] ICP-OES Milk 20 μg L-1 0-1000 μg L-1 - 0.5-3.5 n=3 68-71 - 
Alkaline ashing of milk, Iodine is then volatilized and 

passed through a phase separator  

[99] ICP-OES  0.75 μg L-1 - - - - - 
Iodide is preconcentrated on an anion exchange column, 

eluted, and volatilized. 

[103] INAA 
Food and 

Biologicals 
20 μg kg-1 - - - - 28 min 

Samples are irradiated  with Epithermal Neutrons and 
measured using anticoincidence counting 

[104] INAA Salt 500 μg kg-1 10-210 mg kg-1 - - - 15 min 
Samples are irradiated with epithermal neutrons filtered 
by flexible boron-carbide tubes and measured directly 

[108] INAA 
Seawater, 
Urine, and 

Milk 
10 ng - - - 94.4-98.3 - 

I- and IO3
- are separated on disposable ion exchange 

columns and irradiated.  Only minor Cl interference is 
measured 

[111] INAA 
Protein Bound 

Iodine 
2 μg L-1 12-14 X 105 μg L-1 - - >98 - 

After irradiation, silver iodide is precipitated  and 
separated from the solution before counting 

[114] AAS Milk 2.75 μg L-1 11-350 μg L-1 0.998 1.3-6.8 95.3-100.7 ~3 min 
Iodine is determined indirectly after precipitation with 
silver.  No noticeable interferences due to halides were 

found up to 50 times the concentration of Iodide 

[115] AAS  3.6 μg L-1 0-100 μg L-1 0.995 1.2-1.3 - - 
A cold vapor mercury analyzer is used for the indirect 

determination of iodine. 

[116] ISE Beverages - 25-13 X 104 μg L-1 - 1-4 90-120 5-10 min 
The electrode develops a layer after 10-15 hours of 

continuous use; susceptible to changes in temperature 
and interferences from chloride 

[118] ISE Milk - 100-1 X 105 μg L-1 >.95 - 87-114 - 
Ni(NO3)2 is used as a matrix modifier and the method is 

validated against IC-HPLC with electrochemical 
detection.  ISE had consistently higher results 

[120] ISE 
Urine and 

Serum 
1.47 μg L-1 5-400 μg L-1 0.9994 2.2 91.4-106 7 min 

A crystalline tubular membrane is used as the detector 
following ion chromatography 

[122] 
Electrochemic
al Detection 

(ED) 
Urine 5  μg L-1 25-200  μg L-1 0.98 <5  n=10 94 7.5 min 

Ion Chromatography used with a silver electrode; 
Compared to Technicon Autoanalyzer method 

[123, 126] ED 
Urine, Milk, 

Salt, Seawater 
0.5  μg L-1 0.5-6000  μg L-1 0.999 - - - 

A comparison between 3 electrodes following ion 
chromatography is made with a modified platinum 

electrode providing the best results and the lowest signal 
deterioration. 

[124] ED Surface Water 0.02  μg L-1 0-50  μg L-1 0.998 6.2 - - 
Pulsed amperometric detection is used with a silver 
electrode.  A constant decline in signal occurs but 

diptailing issues are resolved 

[127] ED 

Nuclear 
Emergency 
Tablets and 

Multivitamins 

1.3  μg L-1 100-2.5 X 104 μg L-1 0.999 2.2 - <1 min 
Amperometric detection combined with flow injection 

analysis using a boron doped diamond thin-film 
electrode. 

[128] ED 
Salt, Seawater, 

Drugs, Milk 
0.47  μg L-1 0.635-63.5  μg L-1 - <3 - - 

A silver paste carbon electrode for using in ion 
chromatography; chloride interferes at high 

concentrations; dip-tailing occurs above 25  μg L-1 
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[129] ED 
salt, opthalmic 

drugs 
40  μg L-1 - - 2 - - 

Gold nano ensemblies are compared to macro electrodes 
and have enhanced limit of detection.  Experiences 

interference at low concentrations likely due to anti-
caking agents 

[130] 
Suppressed 

Conductivity 
Biological 
Samples 

20  μg L-1  IO3
- 100-10000  μg L-1 

IO3
- 

- 1.5 86-98 - 
Uses an electrochemical oxidation neutralization device 

to neutralize samples after ashing to be used with ion 
chromatography and suppressed conductivity detection 

[131] FIA 
I2 in seawater 

and salt 
40 μg L-1 - - 0.4-9.4 96.8-101 <30 s 

Amylose and Amylopectin are used to form a clathrate 
with elemental iodine and the absorbance is measured. 

[132] FIA seawater, salt 60  μg L-1 - - - - <30 s 

polyvinyl alcohol is used to form a clathrate with iodine 
whose absorbance can be measure;  Absorbance 

maximum is dependent upon degree of hydrolyzation 
and a non-linear calibration plot is formed 

[133] 
Sequential 
Injection 
Analysis 

Pharma-
ceuticals 

0.05  μg L-1 0.1-6.0  μg L-1 0.996 2 - <1 min 
the catalytic effect iodide has on the reaction between 
tetrabase and chloramine-T is measured; interferences 

due to Fe(II) minimized by increasing temperature 

[134] FIA 
salts and 
Pharama-
ceuticals 

0.13  μg L-1 1.3-63  μg L-1 0.999 1-2.5 n=4 - 1 minute 
utilizes the chemiluminescent reaction between 

Ru(bpy)3
3+ and NADH; the reaction is most sensitive to 

interferences from sulfite and ascorbic and oxalic acids. 

[135] FIA salt 13  μg L-1 130-1500  μg L-1 0.9955 1-3.5 n=4 - 
30 

seconds 

chemiluminescent detection with acidic potassium 
permanganate; interferences were removed with a 

chelating resin 

[136] FIA urine 10  μg L-1 <5 mg L-1 - 1.8 n=10 101-103 <20 min 
Iodine is volatilized and carried into a solution of 

potassium iodide and reacted with luminol and cobalt 
solution. 

[137] FIA 
Pharma-
ceuticals 

- 100-1000  μg L-1 0.999 - - - 

Iodine is volatilized and passes through a gas diffusion 
membrane into a solution of potassium iodide and then 

measured by chemiluminescence;  Iodine adsorbs 
strongly on the membrane and thus it is conditioned;  
strong interferences are present from ascorbic acid 

[138] FIA 
multivitamin 

tablets 
500  μg L-1 1-10 mg L-1 0.999 5.2 81.3-117 n=8 2 min 

like [134] but Contact with the gas diffusion membrane 
by the sample solution is eliminated with a 

pervaporation technique.  Ascorbic acid interferes with 
detection and must be removed. 

[139] FIA-ED 

waters, salts, 
fodder, 

organics, 
blood serum 

0.63  μg L-1 63-1.3 X 104  μg L-1 - 1.68-3.03 n=6 - - 
Iodide catalyzes the reaction between Mn(III) and 

As(III) in acid and amperometric detection is used at a 
Pt electrode 

[140] GC-ECD Food 50  μg kg-1 - - - 91.4-99.6 - 
Samples are ashed and I2 is liberated, then reacted with 
3-pentanone to form 2-iodo-3-pentanone and extracted 

in hexane. 

[141] GC-ECD Blood Iodide - 2-40 mg L-1 - 
intra-assay 2.62-3.6  

inter-assay 4.15-11.40 
- - 

Blood Iodide is reacted with methyl-isobutylketone and 
extracted into hexane. 

[142] GC-ECD Milk 
I2:  0.03  μg L-1  

I-:  1  μg L-1  
Total I: 4  μg L-1 

- - 
I-:  2.46 

Total I:  2.64 
80.5 - 

I2, I
-, and total iodine are measured in milk.  IO3

- is used 
to oxidize I- to I2 which is reacted with acetone to form 

monoiodoacetone in acidic solution 

[143] SEC 
Seawater, 

Urine 
0.2  μg L-1 1-100  μg L-1 

.9992 
n=6 

1.5-3.7 92-103 ~20 min 
I- is oxidized to I2; sequestered with starch and separated 

by SEC whose absorbance is measured at 224 nm. 
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[146] 
UV-Vis 

Spectrometry 
Milk - 200-1500  μg L-1 - 10.3-20.6 88 - 

Samples are wet ashed with K2Cr2O7.  I2 is then 
liberated by addition of phosphorous acid, trapped in 
NH4OH; oxidized to HIO; reacted with leuco crystal 

violet to form crystal violet  and absorbance measured at 
592 nm 

[147] 
UV-Vis 

Spectrometry 

Environmental 
and pharma-

ceuticals 
- 40-360  μg L-1 - 1.5 n=7 - - 

I- is converted to IO3
- with bromine water and then I2 is 

liberated with I- and the absorbance measured at 591 nm 
with lecuo crystal violet; no interferences from Cl-, Br-, 

SO4
2-, PO4

3- and NO3
-, Hg(II) and Mn(II) positively 

catalyzed reaction 

[148] 
UV-Vis 

Spectrometry 
Urine, 

drinking water 
2.3 μg L-1 <250 μg L-1 0.9998 3 n=10 95-100 n=4 - 

Urine is ashed and bromine water and potassium iodide 
are added to form elemental iodine which is bound by 

starch and the absorbance measured at 590 nm.  
Creatinine interferes heavily 

[151] 
Molecular 
absorption 

spectrometry 

Iodide and 
thyroid 

hormone 
supplements 

60 μg L-1 60-25000 μg L-1 0.998 <2 - - 

BaI2 is generated in a graphite furnace and the molecular 
absorption spectra measured at 538.308 nm.  

Interferences arose from samples with high chloride 
content, oxidants, Na, K 

[152] 
Intracavity 

Laser 
Absorbance 

Water, Urine 15 μg L-1 - - 10 - - 
I- in urine is converted to I2 using H2O2 and H2SO4.   

The laser path lies just above the surface of solution and 
the gaseous I2 absorbs strongly at 585 nm 

[153] 
Kinetic 

Colorimetry 
Iodine labelled 

Antibody 
- 

25-1000 μg L-1    
Human IgG 

0.988 - - - 

I- catalyzes the reaction between Sb(III) and Ce(IV) and 
is non-carcinogenic compared to As(III).  Compares 
with S-K and ELISA.  Larger range than ELISA but 

LOD is higher than S-K 

[154] 
Kinetic 

Colorimetry 

urine, food, 
biological 
material 

8 μg kg-1 
 5 μg L-1 

- - 1.6-6.8 90-102 - 

Samples are wet ashed then reacted with chlorpromazine 
and H2O2;  The reaction reaches a maximum absorbance 
based on I- concentration before gradually decreasing;  
Interferences occur from both Fe(III) and Hg(II) but 

Fe(III) an be corrected for. 

[155] Rapid Test Kit Urine - 100< μg L-1 - - - 1 min 

Interfering substances removed by a charcoal column 
then I- catalyzes oxidation of 3,3’,5,5’-

tetramethylbenzidine by peracetic acid and H2O2 .  
Colors are matched to a chart and I- concentration 

estimated.  Only works on fresh urine. 

[157] 
Isotope 
Dilution 

Urine, Water 1 μg L-1 7-7500 μg L-1 - <14  n=3 - - 

131I- is aded to solution then a substoichiometric amount 
of AgNO3 is added to precipitate AgI which is separated 

on electrophoresis paper and counted. 

[158] 
Quartz Crystal 
Microbalance 

Food 0.5 μg L-1 10-500 μg L-1 - 1.1-4.1 93.2-101.1 - 

Samples are combusted in an oxygen flask or ashed with 
KOH and ZnSO4 and then I2 is liberated and adsorbed 
onto the gold electrode of the microbalance where the 

frequency shift is monitored.  Only Br- contributes 
appreciable interference. 
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Appendix B 

Supporting Information for Chapter 4 
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B.1 Reagents: 

 Hexadecyltrimethylammonium chloride (HTMAC, 25% w/v solution, HPLC 

grade) Ferrous Ammonium Sulfate Hexahydrate (both from www.fishersci.com), Ferrous 

chloride Tetrahydrate (www.acros.com), and ferrous acetate(www.sial.com) and solid 

elemental iron powder (www.alfa.com) were obtained as indicated. 

B.2 Final Recommended Procedure.  

 The final recommended procedure is as follows: To 0.5 mL of sample pipetted in 

to a 15 mL screw-cap polypropylene centrifuge tube add 50 L of 1 g/mL 
129

I tracer 

(carrier free KI, www.ipl.isotopeproducts.com).  Add 0.5 mL of 30% H2O2, followed by 50 

L 0.1 M Fe(NH4)2(SO4)2.  Within 15 min add 25 L 2% NH4OH.  The centrifuge tube is 

loosely capped but not screwed shut.  Carry out Fenton digestion in a convection oven 

overnight (12+ h) at 60 °C.  After allowing to cool to room temperature add 2 mL 2% 

NH4OH is added to precipitate Fe(OH)3  Addition of 950 L water brings the total volume 

to 5.0 mL.  Vortex and centrifuge the tubes (3000 g @ 2 °C, 15 min).  The supernatant is 

directly subjected to analysis 

.  

B.3  Ammonium Persulfate (AP) Digestion method followed by the Sandell-Kolthoff 

Reaction. 

B.3.1 Reagents.  

The reagents were prepared according to Pino et al
449

 

H2SO4, 2.5 M:  Add 140 mL Conc. H2SO4 to 500 mL water in ice bath, then  make 

up to volume with water to 1000 mL. 

Ceric ammonium sulfate, 15.8 mM:  1 g Ceric ammonium sulfate in 100 mL of 1.25 M 

sulfuric acid. 
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Ammonium persulfate 1 M:  22.82 g to 100 mL with water, prepared fresh at least every 

week. 

Arsenious acid 25.3 mM:  Heat 0.5 g arsenic trioxide and 2.5 g NaCl in 20 mL 2.5 M 

sulfuric acid until dissolved, cool and dilute with water to 100 mL. 

Store in amber bottles at room temp. 

Standards are prepared by preparing a stock solution A containing 1000 mg/L 

iodine by Dissolving 168.8 mg of potassium iodate in 100 mL water. Stock B is a 1:100 

dilution of stock A and is used to prepare individual calibrators and for standard addition.  

All experiments were conducted in an Agilent 8453 diode array spectrometer. 

For AP digestion, to 1 mL of the milk sample (or milk sample pre-diluted with 

water) in a glass vial, 200 L of AP was added.  Except as noted the mixture was 

maintained at 95 °C for 30 min in a capped vial.  Initially the AP concentration chosen 

was 1 M but as noted below, this concentration was increased in subsequent 

experiments.  
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B.3.2 Urine Results.   

Urine data for digestion with different concentrations of AP are shown overleaf.  

Data conform to 1
st
 order reaction kinetics, thus plots with log(absorbance) results in 

good linear r
2
 values.  It is to be noted that while the kinetics remain the same for 

digestion with 1.1, 1.3 and 1.5 M AP, there is a significant drop in the rate of the reaction 

when digested with 1.7 M ammonium persulfate.  Ohashi et al
450

 see similar effects when 

digestion time is extended over 70 min.  Either 405 or 410 nm provides satisfactory 

results. Digestion of breastmilk shows best linearity in a log plot with 1.7 M concentration 

of ammonium persulfate.  

B.3.4 Breast Milk Results.   
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In contrast to results with urine, breast milk data did not produce a linear plot in 

log A vs. time, especially at lower concentrations of AP; the results far deviated from a 

linear plot. Even at higher concentrations of AP, slopes of log A vs t was not constant 

with time.  These figures were from a single breast milk sample but other samples 

experimented with produced similar results.  

 

When plotted on the same plot, The higher AP data seemed to indicate 

comparable best fit kinetic slopes (Figure B - 5).  At lower AP concentrations, the reaction 

seemed to be a combination of two reactions.  When viewed magnified (Figure B - 6), the 

same seemed to be true of higher AP concentrations.  We decided to explore digestions 

with even higher AP concentrations and picking the best digestion condition 
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Two new breast milk samples were tested, coded GBTX20 and PER.  They were 

digested with 1.75 M, 1.97 M, 2.19 M and 2.41 M  AP (95
o
C, 30 min).  S-K kinetics were 

measured for 3 min at 410 nm. 
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The sample PER (Figure B - 7) shows better linearity in the log A vs. t plot and 

shows the best linearity and the highest slope when digested with 1.97 M ammonium 

persulfate.  However, the sample GBTX20 (Figure B - 8) did not show a linear log A vs. t 

plot under any digestion conditions; obviously, there is considerable sample to sample 

variation. 

The reason for the differing behavior (Figure B - 9) is not understood.  Whatever 

the reason is, it must be true that the sample is not fully mineralized by the persulfate to 

participate uninfluenced in the S-K reaction.  One possible explanation is that some 

Figure B - 7 

Figure B - 8 
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oxidizable moiety remains aside from iodide/iodate and contributes to the accelerated 

rate during the first part of the observed kinetics.  When this(these) substance(s) are fully 

oxidized, perhaps the terminal kinetics more correctly reflect the iodide catalyzed 

reaction.  With this thought, we attempted next ignoring the initial part (first 100s) of the 

kinetics and following the reaction for 5 min total.  Calibration curves were run and 3 

different breast milk samples were digested with 1.97 M ammonium persulfate for 30 min 

at 95
o
C.  The samples run were spiked to contain an additional (a) 0, (b) 100 and (c) 200 

g/L iodine.  The calibration data are shown below; Figure B - 10 shows the calibration 

data for the 0, 50, 200 and 500 g/L iodine data (relevant stats for the linear fits in Figure 

B - 10), and Figure B - 12 show the reaction rate slope based calibration plot. 
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Figure B - 12 shows the data for sample GBTX20 with two spike levels as 

indicated.  Figure B - 13 shows the log A vs. t plot where the clock is started to zero at t= 

107 s.  Good linearity is observed.  The same is then shown for sample PER in Figure B - 

14 and Figure B - 15, respectively. 

Overleaf in Figure B - 16 and Figure B - 17 are similar data presented for a third 

breastmilk sample coded MA.  In this case, only one spike level (100 g/L ) was 

examined.  Again, a truncated data set exhibited good linearity in the log A vs. t plots.  

For all of these experiments (Figure B - 13, B - 15, B - 17) we translated the observed 

slopes to concentrations of iodine using the calibration equation depicted in Figure B - 12.  

These data and percent recoveries are listed in Table B - 1 

 overleaf.  The latter are consistently substantially below stoichiometric, as little 

as 50% recovery is observed.  It may be observed that GBTX 20 had been processed 

Figure B - 12 
Figure B - 11 
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and measured by various techniques before with a consistent value of ~98 g/L.  The 

observed value of 137 g/L has a large positive error, possibly because whatever 

residual reacting substance persists, contributes to this value, despite disregarding the 

initial rate data.  Any “one time point measurement” such as that often carried out in 

continuous flow systems will result in gross error.   

  

Figure B - 14 
Figure B - 13 
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Sample slope 
Calc concn, 
g/L 

%recovery 

GBTX20 -3.215 137 
 

GBTX20+100 -3.659 195 58 

GBTX20+200 -3.986 238 50 

PER -3.529 178 
 

PER+100 -3.996 239 61 

PER+200 -4.546 311 66 

MA -3.137 127 
 

MA+100 -3.701 201 74 

Table B - 1 

Figure B - 15 

Figure B - 16 

Figure B - 17 



 

 

1
6
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Figure B - 18 below shows that clear digests are obtained by AP digestion of milk samples.  Nevertheless these digests do not provide 

reliable results in Sandell—Kolthoff Analysis.  Ammonium persulfate digested breast milk sample GBTX20, Digestion temperature 95 °C, 1 mL 

milk sample + 200 L 1 M AP. (1) undiluted milk, 30 min (2) undiluted milk, 45 min (3) undiluted milk, 60 min (5) 1:1 diluted milk, 30 min (5) 1:1 

diluted milk, 45 min (6) 1:1 diluted milk, 60 min (7) 1:3 diluted milk, 30 min (8) 1:3 diluted milk, 45 min (9) 1:3 diluted milk, 60 min

Figure B - 18 
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SUMMARY OUTPUT 
 

       

         Regression Statistics 
       Multiple R 0.9967 
       R Square 0.9934 
       Adjusted R Square 0.9101 
       Standard Error 25.6 
       Observations 13 
       

         ANOVA 
        

  Df SS MS F 
Significance 
F 

   Regression 1 1.18E+06 1.18E+06 1.80E+03 1.51E-13 
   Residual 12 7.84E+03 6.53E+02 

     Total 13 1.18E+06       
   

         

  

Coefficients Standard 
Error 

t Stat P-value Lower 95% Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

X Variable 1 1.029 0.024 42.46 1.89E-14 0.98 1.08 0.98 1.08 

         

Sample ID Fenton 
Digest 

Average 
g/ L 

SD RSD 
% 

FDA 
HClO4 

Average 
g/L 

SD RSD 
% 

1-Breast Milk 235.3 38.0 16.2 189.5 16.3 8.6 

2-Breast Milk 295.1 28.2 9.6 243 15.6 6.4 

3-Breast Milk 370.2 8.5 2.3 334.5 12.0 3.6 

4-Breast Milk 141.0 6.2 4.4 139.5 19.1 13.7 

5-Breast Milk 216.4 4.0 1.9 205.5 7.8 3.8 

6-Similac 
Advanced 

130.2 0.7 0.6 136 17.0 12.5 

8-Similac 
Isomil 

112.9 1.8 1.6 110 11.3 10.3 

10-Enfamil 153.1 1.3 0.9 136.5 4.9 3.6 

11-Lactaid 393.7 3.5 0.9 361.5 4.9 1.4 

12-Horizon 
Organic 

372.4 10.2 2.7 393.5 13.4 3.4 

13-Anderson 
Erikson 

355.8 10.7 3.0 379 19.8 5.2 

14-Roberts 435.4 1.2 0.3 425.5 13.4 3.2 

15-Great Value 419.2 15.4 3.7 429.5 12.0 2.8 

Table B - 2. .  Comparison of Fenton Digestion with HClO4 digest 
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Table B - 3. t-test for difference: Table 2 Data 

 
Sample ID Fenton 

Digest 
Average 
g/ L 

HClO4 
Digest 

Average 
g/ L 

Di Di - 
Dbar 

Col E 
sqrd 

1-Breast Milk 235.3 189.5 45.8 34.5 1187.6 

2-Breast Milk 295.1 243.0 52.1 40.7 1659.8 

3-Breast Milk 370.2 334.5 35.7 24.4 596.1 

4-Breast Milk 141.0 139.5 1.5 -9.8 95.7 

5-Breast Milk 216.4 205.5 10.9 -0.4 0.2 
6-Similac 
Advanced 130.2 136.0 -5.8 -17.1 294.1 

8-Similac Isomil 112.9 110.0 2.9 -8.4 71.3 

10-Enfamil 153.1 136.5 16.6 5.3 28.0 

11-Lactaid 393.7 361.5 32.2 20.9 435.6 
12-Horizon 
Organic 372.4 393.5 -21.1 -32.4 1050.7 
13-Anderson 
Erikson 355.8 379.0 -23.2 -34.6 1193.8 

14-Roberts 435.4 425.5 9.9 -1.4 1.9 

15-Great Value 419.2 429.5 -10.3 -21.6 466.8 

Dbar = 11.32819 7082 

SD = 24.3 

t = 1.615 

The tabulated t-value for a 95% confidence limit for  = 12 is 2.18.  

Statistically the methods do not produce different results. 
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Sample ID   

ICP-MS Average,   
g/ L SD 

S-K Average,   
g/ L SD 

1-Breast Milk   189.5 16.3 179 5.7 

2-Breast Milk   243 15.6 256.5 6.4 

3-Breast Milk   334.5 12.0 354 5.7 

4-Breast Milk   139.5 19.1 113 2.8 

5-Breast Milk   205.5 7.8 211.5 3.5 
6-Similac 
Advanced   136 17.0 121 2.8 

8-Similac Isomil   110 11.3 108 5.7 

10-Enfamil   136.5 4.9 162.5 13.4 

11-Lactaid   361.5 4.9 399.5 3.5 
12-Horizon 
Organic   393.5 13.4 425.5 12.0 
13-Anderson 
Erikson   379 19.8 384 11.3 

14-Roberts   425.5 13.4 460 2.8 

15-Great Value   429.5 12.0 461 7.1 

SUMMARY OUTPUT 
       

Regression Statistics 

Multiple R 0.9986 

R Square 0.9973 
Adjusted R 
Square 0.9139 

Standard Error 16.9 

Observations 13 

ANOVA Significance 

  Df SS MS F  F 

Regression 1 1.24E+06 1.24E+06 4.36E+03 
1.19E-

15 

Residual 12 3.42E+03 2.85E+02 

Total 13 1.25E+06       

Coefficients Standard 
Error 

t Stat P-value Lower 
95% 

Upper 
95% 

Lower 
95.0% 

Upper 
95.0% 

X Variable 1 1.06E+00 1.60E-02 6.61E+01 9.60E-17 1.02 1.09 1.02 1.09 

Table B - 4 Comparison of HClO4 Digest Analyses by ID-KCP-MS vs. Sandell-Kolthoff Kinetic Colorimetry 
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  ICP-MS S-K       

Sample ID Average Average Di 
Di - 
Dbar 

Col F 
sqrd 

1-Breast Milk 189.5 179 -10.5 -42 1764 

2-Breast Milk 243 256.5 13.5 -18 324 

3-Breast Milk 334.5 354 19.5 -12 144 

4-Breast Milk 139.5 113 -26.5 -58 3364 

5-Breast Milk 205.5 211.5 6 -25.5 650.25 
6-Similac 
Advanced 136 121 -15 -46.5 2162.25 

8-Similac Isomil 110 108 -2 -33.5 1122.25 

10-Enfamil 136.5 162.5 26 -5.5 30.25 

11-Lactaid 361.5 399.5 38 6.5 42.25 
12-Horizon 
Organic 393.5 425.5 32 0.5 0.25 
13-Anderson 
Erikson 379 384 5 -26.5 702.25 

14-Roberts 425.5 460 34.5 3 9 

15-Great Value 429.5 461 31.5 0 0 

Dbar = 11.69231 10314.75 

SD = 29.3183 

t = 1.381504 

The tabulated t-value for a 95% confidence limit for  = 12 is 2.18.   

Statistically the methods do not produce different results. 
 

  

Table B - 5.  t-test for Difference: Table S4 data 
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To a 4 mL solution of IO3
-
 standard prepared in 0.2% NH4OH 2 mL 30% H2O2 

was added.  The final concentration of iodate was 10 µg I/L.  MnO2 was added. After 

effervescence subsided, the sample was analyzed by IC-ICP-MS.  No observable 

conversion of the IO3
-
 can be seen.  

Figure B - 19. Ion Chromatographic separation of Iodate treated using the Fenton digestion 
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Black trace: Iodide and Iodate standards 10 µg/L I each, dissolved in 0.2% 

NH4OH.  Fenton digests of two milk samples showed only iodide.  A third sample (not 

shown) showed the same result.   

Ion chromatography was conducted on a Dionex IC system with a GP40 pump, 

EG40 eluent generator, LC30 oven (30 °C) an ASRS-Ultra 4-mm suppressor (SRS mode 

100 mA) and a CD25 conductivity detector.  Peaknet 6.0 chromatography software was 

used for system control.  Separation was performed on a Dionex IonPac AG-16 (4 x 50 

mm) guard column and IonPac AS-16 (4 x 250 mm) anion separation column.  The 

injection loop volume was 20 µL.  Gradient elution was performed as follows: 1-10 min 

1.5 mM KOH, 10-20 min 1.5-10 mM KOH ramp, 20-35 min 10-55 mM KOH, 35-42 min 

1.5 mM KOH.  

Figure B - 20.  Ion Chromatographic determination of Iodine species in milk 

following Fenton Digestion 
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Sample 
Pre digestion 

Spike 
Post Digestion 

Spike Percent SD 

  Average SD Average SD Difference diff 

Whole Milk 638 12.2 493 21.2 22.8 4.2 

Breast Milk (hindmilk) 94 15.8 76 10.8 19.6 20.2 

Breast Milk (foremilk) 121 6.2 88 3.9 27.0 1.7 

Formula 159 5.7 134 1.1 15.8 1.4 

Soy Formula 131 4.3 116 12.8 11.6 12.0 
 

 

 
Pre Digestion Spike 

Post Digestion 
Spike Percent 

Difference 
 

Average [I], 

g/L 
SD 

Average 

[I], g/L 
SD 

2% NH4OH addition 378.3 31.9 361.1 38.4 4.8 

Water addition 374.9 4 313.5 4.2 19.6 

2% HCl addition 384.1 4.1 332.6 0.6 15.5 

Average 379.1 
 

335.7 
 

12.9 

Standard Deviation 4.7 
 

24.0 
  

 

  

Table B - 6.  Difference in Results Between Pre-spiking and Post-

Table B - 7.  Examination of Loss on Fe(OH)3 
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In Figure B - 21, the top numeral is sample volume in microliters.  The leftmost 

bar, with 500 L sample and 1.5 mL H2O2 (30%) represents a 3:1 digestion 

reagent:sample volume ratio (inscribed as the second row text in each bar) and is the 

base case.  There is a monotonic decrease in tracer recovery as the sample volume is 

decreased and this ratio is increased.  Note that if any error were to occur due to 

ionization efficiency changes between samples, it would only exaggerate the difference 

as using smaller sample reduces salinity and therefore reduces any ionization 

suppression of the iodine signal.  Figure B - 22 gives the calculated Iodine concentration 

following digestion using various digest:sample ratios  

Figure B - 21.  Percentage 
129

I recovered as determined by 

ICP-MS using varying sample ratios and identical digest 

Figure B - 22.  Dilution Corrected concentrations 

determined by ID-ICP-MS 
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Because the sample as such could not be introduced acidified (on column iron 

precipitation will occur with alkaline eluent), it was neutralized with ammonia first.  If 

iodate is formed in the solution, it must have transient existence as iodate and iodide in 

acid solution must form iodine rapidly.  As stated before, iodine or IO
-
 will rapidly from I

-
 

with H2O2 in an ammoniacal solution.  Accordingly, the IC-ICP-MS trace of the digest 

shows no presence of any species other than iodide is present.  A dwell time of 150 ms 

was used for 
127

I and 50 ms for 
129

I. 

Figure B - 23.  Iodine speciation following digestion at pH 0.64 of whole milk 
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In Figure B - 24 it is shown that at a more acidic pH a clear increase in loss is observed.  At very acidic pH ~0.64, less 

loss is observed again suggesting the formation of Iodate.  However, loss is still substantial.  129I tracer added post digestion as 

iexcept to determine true value for which tracer was added prior to digestion as shown in Figure B - 25. 

Figure B - 24.  Loss Effect at varying digest pH’s 
Figure B - 25.  Breastmilk iodine content as a function of 

post digestion pH 
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Table B - 8.  Mass loss of digested samples 

 
 
 
 
 
 
 
 
 
 
 
 
Because the blank loss was much higher than the real samples it was excluded from the 
total average. 

Figure B - 26: 1 mL of sample, 1 mL of H2O2 were digested with varying amounts 

of 0.1 M Fe(NH4)2(SO4)2 ranging from 0.05-1 mL of solution from left to right.  Clear 

digests are produced for all but the 50 µL sample.  The yellow color is due to the 

dissolved ferric iron.  

Mass Loss (mg) Relative Loss (%) 

Sample ID Average Stdev Average Stdev 

Whole Milk 117.1 15.4 5.25 0.72 

Breast Milk-1 138.4 19.5 6.41 1.19 

Breast Milk-2 142.2 9.1 6.42 0.41 

Formula Milk 116.3 10.4 5.18 0.49 

Soy Formula 145.4 11.8 6.49 0.52 

Blank 272.4 3.8 12.19 0.12 
Average 
Sample 131 17.8 5.91 0.89 

Figure B - 26.  Digests using varying amounts of catalyst 



 

173 

Figure B - 27:  Digest of 1 mL Whole Milk samples with 100 µL ferrous ammonium sulfate 

and various amounts of H2O2 ranging from 4 mL(left) to 0.5 mL(right).  Complete 

digestion occurs for all samples except 0.5 mL.  At the high end, there is less observable 

ironaceous wall residues but oxygen continued to slowly evolve from these solutions after 

final dilution, increasing ICP-MS measurement noise.  Either MnO2 or a greater ammonia 

concentration for final dilution are effective in removing the excess H2O2.  However, for 

non ID-ICP-MS measurements, as iodine loss increases at high H2O2 content, the 

recommended practice is to use the lowest relative amount of H2O2.  In this case, we 

chose to continue with a volume ratio of 1:1:0.1 for sample:30% H2O2: 0.1 M 

Fe(NH4)2(SO4)2.    

Figure B - 27.  Milk digestion using various amounts of peroxide 
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Figure B - 28: In each case the top set is whole milk samples digested at 60°C while the bottom set is the same samples 

digested at room temperature.  1 mL of whole milk is digested with 1 mL of H2O2, various amounts of 0.1 M Fe(NH4)2(SO4)2. From 

left to right 50, 100, 150, 200, 250, 300, 400, 500, 750, and 1000 µL of catalyst was added.  (a) 1 hour (b) 2 hours (c) 3 hours (d) 4 

hours (e) overnight (12 hours) (f) 24 hours.  The asterisked sample represents recommended conditions  

  

Figure B - 28: Reaction progression as a function of time and Temperature 
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Figure B - 29:  0.5 mL whole milk digested with 50 µL Fe(NH4)2(SO4)2 and 0.5 mL H2O2. (a) 30 min (b) 60 min (c) 90 

min (d) 120 min (e) 150 min (f) 180 min (g) 210 min (h) 240 min. 

Figure B - 29: Reaction Progression at 90 °C 
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Figure B - 30:  Milk Samples including whole milk, two breast milk samples obtained 

from a local milk bank, soy formula, and milk based formula were diluted 1:100 and the 

absorbance measured on an Agilent 8453 Diode Array Spectrometer.  We have observed that 

breastmilk samples thus diluted have a relatively near uniform absorbance across the visible 

range, this is not the case for the other samples.  Even at 1:100 dilution the whole milk and soy 

milk is essentially opaque at 500 nm.  Di water was used as the blank.   

  

Figure B - 30.  Absorption spectra of undigested Milk 



 

177 

Figure B - 31: Samples BM2127 and BM2160 are breast milk obtained from a local milk 

bank.  Such similar absorbance spectra are indicative that regardless of the composition of milk 

or protein, the Fenton reaction works efficiently at decomposing the sample.  Differences below 

450 nm are likely caused by colloidal or chelated iron present.  This digestion was performed 

overnight at 60 °C using 1 mL H2O2, 1 mL sample, and 100 µL 0.1 M Fe(NH4)2(SO4)2. 

.

Figure B - 31.  Absorption spectra of digested milk 
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Appendix C 

Supporting Information for Chapter 4 



 

179 

C.1 Alternative Discharge Cell Designs 

Figure C - 1 shows the initial dielectric barrier discharge design as described by 

Puanngam et al
356

.  Glass microscope slides were used as dielectric material, separating the 

electrodes from the plasma gas.  PTFE spacers (75 mm x 10mm x 1mm) were used to separate 

the glass slides and provide a 5 mm wide path that is 1 mm deep.  The device was then 

clamped together and sealed using silicone glue on all sides, except for the channel openings.  

Blocks made of glassed filled PTFE were constructed to hold the slide assembly at the entrance 

and exit  The inlet block had a threaded port to accept standard ¼-28 chromatography fittings.  

The outlet was adapted to accept fiber optics terminated in SMA 905 connectors.  A vent was 

included orthogonal to the slides and fiber optic to allow exit of the gas.  Silicone RTV glue was 

used to seal the microscope slide assembly to the machined fittings.  This design is 

advantageous in that it can be used with any desirable plasma gas.  Eventually, fraying of the 

Teflon sheets resulted from proximity to the plasma and began to absorb iodine causing 

significant tailing.  A concentric design was later developed to remove the need for Teflon in the 

discharging cell, Figure C - 2.  A glass capillary used common in melt temp apparatus was 

inserted through a PEEK tee.  A steel wire was inserted into the capillary to serve as the high 

voltage electrode.  A second glass tube (3.1 mm O.D. 2 mm I.D.) was mounted external to the 

capillary and wrapped in aluminum foil which served as the ground electrode.  The glass tube 

was coupled to an outlet PEEK tee.  A 1 mm fiber optic was connected to the tee to view the 

plasma.  This device generates a stable plasma with only glass in contact with the plasma.  The 

Figure C - 1.  Planar electrode dielectric barrier discharge configuration 
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high surface area and thin dielectric material used at the high voltage wire can easily generate 

an intense plasma capable of melting the tubing used in the device. Any gas may be probed 

using this configuration.  However, because the plasma is generated between the glass 

electrodes and the fiber optic optimally views the center of the channel, much of the light is 

blocked by the central capillary and electrode.  

 

C.2  Emission Spectra 

Emission spectra of carrier gases and iodine were taken using the device shown in 

Figure C - 1.  Spectra using nitrogen as the carrier gas are shown in Figure C - 3 while that for 

argon is Figure C - 4.  The broad molecular fluorescence from ~425-525 nm is clearly 

unobstructed in argon, while only minor interference occurs in nitrogen.  The dominant emission 

lines are not observable in nitrogen and the intense lines at 905 and 972 nm are obscured in 

argon.  In both gases the excimer emission at 341 nm is visible but difficult to measure due to 

background emission lines. 

  

Figure C - 2.  Concentric electrode dielectric barrier discharge design 
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Figure C - 4.  Emission spectra of argon and iodine between 200-1100 nm 
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Figure C - 3.  Emission spectra of nitrogen and iodine between 200-1100 nm 
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Figure C - 5  shows the Iodine molecular fluorescence in an argon plasma.  A 

Hamamatsu H5784-02 photomultiplier tube was equipped with a 500 nm interference filter with 

a 10 nm full width half maximum bandpass.  An operational amplifier circuit was used to 

condition the signal providing up to 1100 times gain, and a 0.022 sec RC filter.  A continuous 

gas phase concentration of iodine was made using the permeation tube setup.  

Figure C - 5.  Iodine molecular fluorescence measurement in Argon plasma 
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C.3 Iodine preconcentration materials 

Various materials were tested as suitable preconcentrators.  Gold was first explored, 

having been used previously for detection with mercury
356

 (Figure C - 6A).  Initially promising 

results were seen, but were not reproducible.  This may have been in part due to mercury 

sorbed to the gold from previous experiments.  Mercury is known to be iodophilic and may have 

been the original sorbent observed.  Silicone coatings were also tested.  Silicone based glues 

were first dissolved in hexane.  Then the filament was coated by adding drops of the dissolved 

silicone while gently heating the filament (using 3-4 volts DC) to evaporate the hexane.  Low 

temperature silicone was not able to desorb iodine at a temperature that didn’t result in 

degradation of the coating.  High temperature silicone was able to desorb iodine, but this 

process is slow (Figure C - 6A) and the signal doesn’t return to baseline so long as the heat 

remains on.  It was also found that background counts were impacted by the concentration of 

iodine used.  This likely results from a slow bleed from the material.  Activated carbon was also 

tested.  A ball mill was used to generate a very fine dust.  A slurry was made in hexane and 

applied while heating the filament.  Carbon however was very slow to desorb iodine, even when 

operated at 120 volts AC (the maximum rating for the bulbs).  We attributed this to the porosity 

of the activated carbon.  C60 fullurene was explored as an analog to carbon sorbent but without 

the porosity.  It was first dissolved in toluene before being applied using the heated filament 

techniques.  Figure C - 6B shows a nice response was produced.  However, no subsequent 

signal was obtained after the initial measurement.  Inspection of the preconcentrator revealed 

that the walls were coated in the preconcentrator material, indicating at the temperature 

necessary to liberate iodine, that the C60 too is also volatile or ejected from the filament.   



 

184 

  

 

    

A) B) 

0 40 80 120

Time (s)

-0.4

-0.2

0

0.2

0.4

0.6
Sample 1
Sample 2
Sample 3

Figure C - 8.  3 subsequent samples of 100 µg/L 

I
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 measured using NO2
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 as oxidant 

Figure C - 6.  Measurement of Iodine desorbed from various preconcentrator materials: A) Silicone and gold 

coatingss, and B) C60 fullurene coating 
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Figure C - 7.  Peak measured using peroxide as 

oxidant with the synthetic urine matrix 
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Figure C - 11.  Peak height and areas of 500 µg/L I
-
 

measured as a function of acid concentration in the 

reaction mixture 
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Figure C - 12.  Iodine signal produced using 

various oxidation schemes with 100 µL 1 mol/L 

H2SO4 saturated in (NH4)2SO4 

Figure C - 10.  Comparison of the measurement of I
-
 using 

dichromate as oxidant in DI water and synthetic urine matrix 
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Figure C - 13.  Serial sampling of a single standard and the cumulative peak height.  

Sampling time is 5 minutes 
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1 mL of Synthetic urine matrix was used with 500 µg/L I
-
.  0.2 mL of 1 mol/L H2SO4 

saturated in (NH4)2SO4, 0.15 mL 1.2 mol/L CuSO4 and 50 µL 0.25 mol/L oxidant (or saturated if 

unable to be dissolved fully).  Ceric ammonium sulfate was prepared by dissolving in 2 mol/L 

H2SO4  and sodium vanadate was prepared by boiling with NH4OH present.  Peroxide solution 

used was 30% (w/v).  

Figure C - 14.  Test of various oxidants using Cu
2+

 as catalyst 
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Figure C - 15.  Treatment of CH3I in a quartz Cuvette using a UV light 

Figure C - 16.  Image of the silicone tubing filled with self coiled 2 lb nylon fishing line 

Figure C - 17.  Peak areas using UV photochemical generation of CH3I 
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Appendix D 

Supporting Information for Chapter 5 
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In the presence of peroxide I2 and I
-
 have the following relationship

435
: 

[��]�[��]�

[��]
= �. ��	�	����� + �. ��	�	����[��] 

The concentration of I2 present as a fraction of the total iodine concentration is plotted 

in Figure D - 1 and Figure D - 2 under different conditions.  Contributions of IO3
-
 or IO2

-
 are not 

included in the model above.  Figure D - 2 should resemble that of the response factor plot in 

the main text.  Similar shape is seen, but reduction in the fraction of I2 present is observed ~2 

orders of magnitude below that actually observed 

  

Figure D - 2.  Plots of predicted fraction of I2 in 

aqueous solution as a function of concentration 

at a given pH. 

Figure D - 1.  Plots of predicted fractions of I2 at a 

given concentration as a function of pH 
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Figure D - 3 shows the fraction of I2 present as predicted based on the 

disproportionation of I2 in aqueous solution.  The equilibrium reaction is expressed as
438

: K = 

[H+][I-][HIO]/[I2] = 3.13 x 10-13.  The concentration of each species present can be calculated 

and the amount as I2 can be plotted as the fraction of total iodine.  The fraction of I
2
 present 

should generally resemble the amount capable of being purged from solution.   

Figure D - 4 shows the log-log plot of the SIA method.  An improvement in R
2
 is seen 

using such a plot.  A slope higher than 1 indicates the signal is not linearly dependent upon 

concentration and is a higher order function..

Figure D - 4.  Log-Log plot of peak area vs. iodine 

concentration 

Figure D - 3.  Plot of fraction of I2 present based on 

disproportionation of I2 into HOI and I
-1
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Appendix E 

What can In-situ Ion Chromatograpy Offer for Mars Exploration?
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E.1 Introduction 

There is a long line of evidence that points to a wet history at the surface of Mars 

including surface morphology,
451

 elemental chemistry/mineralogy/diagenetic features,
452

 and 

widespread detection of hydrated minerals.
453

 The hydrated minerals include sulfates, e.g. 

gypsum and kieserite
454

 that formed during the evaporation of high ionic strength acidic 

water,
455

 and phyllosilicates, e.g., smectites
456,457

 that formed under circum-neutral pH and 

lower ionic strength. Detailed investigations at Gale Crater by the Curiosity rover have revealed 

fine-grained sedimentary rocks inferred to represent an ancient lake environment suited for 

supporting life.
458

 This is the first direct evidence of a past habitable environment on Mars, and 

given the widespread geologic evidence of liquid water activity on the planet, it suggests that 

significant portions of the planet’s surface could have been habitable at some point in the past.  

However, in order to further constrain present and past habitability it is critical to 

understand the soluble chemistry of Martian surface materials. Soluble ions determine the water 

activity (Aw) of aqueous solutions, an all-important parameter for life. The growth of terrestrial 

organisms is drastically inhibited at Aw<0.61.
459,460

  Abundant and diverse microbial 

communities in anaerobic environments on Earth utilize soluble ions such as nitrate (NO3
-
), 

perchlorate (ClO4
-
), or sulfate (SO4

2-
) as electron acceptors, a key requirement for habitability. 

Nitrate, a compound that is central to life on Earth as a source of N and also in some metabolic 

processes,
461

 remains undetected on Mars despite theoretical models predicting its existence 

near the surface.
462

  Some soluble ions such as ClO4
-
 are important anti-freeze agents, and 

stabilize liquid water solutions at temperatures well below freezing.
463,464

 They also  promote 

liquid condensation from water vapor by way of deliquescence,
465,466

 this has been suggested 

as a possible source of liquid water for life even under present conditions.
467

  

Yet, very few direct measurements have been made of the current pH, ionic strength, 

and soluble species in surface and subsurface materials. Only the Phoenix mission with the Wet 

Chemistry Labs (WCLs) has made these measurements.
468

  The results were both novel and 
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striking, demonstrating a moderately alkaline soil (pH 7.7) in a carbonate buffered system,
469,470

 

that included soluble sulfates,
471

 and large amounts of ClO4
- 
.
470,468

  The combined results from 

the Phoenix mission pointed to one of the most habitable environments on Mars under current 

conditions.
472

  

Further detection of ClO4
-
 in sediments at Gale Crater by the rover Curiosity suggests 

that this compound is widespread on the surface of the planet, which has important implications 

that go beyond habitability. For example, the presence of ClO4
-
 at the Viking lander sites could 

explain the measurements made of chloro/dichloromethane after sample volatilization at 200 – 

500°C because of the reaction between ClO4
-
 and organics in the soil.

473
  In addition, the 

creation of hypochlorite (ClO
-
) and chlorine dioxide (ClO2) gas from UV irradiation of perchlorate 

salts in the regolith could explain the otherwise inexplicable results observed from both the 

Viking Labeled Release experiment and Gas Exchange experiment.
474

  

However, none of the instruments previously flown to Mars were capable of speciating 

different soluble ions, such as the series of oxychlorine anions. The serendipitous detection of 

ClO4
-
 by the WCL was because of the high response of a NO3

-
 selective electrode to ClO4

-
. 

Indeed, the high concentration of ClO4
-
 in the regolith made it impossible to determine if any 

NO3
-
 was present in the sample. Clearly, there is a need for alternative instruments for wet 

analysis, which can identify the oxychlorine and other soluble ionic species in Martian samples. 

E.1.1 Ion chromatography for Space Exploration.   

On Earth, the preeminent technique for soluble inorganic anion analysis is ion 

chromatography (IC).
475,476

 The current practice of IC originated with Small et al.
477

 (1975) who 

made two key inventions. First, they introduced surface agglomerated ion exchange packing 

that greatly improved column efficiency. Second, and more importantly, they provided the first 

practical method for sensitive electrical conductivity based detection.  Solution electrical 

conductivity is the hallmark property of ions; indeed this is the property that distinguishes 

electrolytes (composed of ions) from nonelectrolytes (composed of uncharged molecules). But 
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ion exchange separations requires ionic eluents that are themselves highly conductive, the 

minor change in conductivity that occurs when an analyte ion elutes (with a concomitant and 

equivalent decrease in the background eluent ion concentration) is very difficult to discern 

leading to poor sensitivity.  Small et al.
477

 proposed the introduction of a second column, 

originally called the stripper, now universally called the suppressor, to remove the high 

conductivity background signal.  A typical anion chromatography setup will use KOH as the 

eluent:  The suppressor device continuously replaces all K
+
 to H

+
, resulting in a background of 

water.  Any eluting ion, e.g., Cl
-
, NO3

-
, SO4

2-
, or ClO4

-
, on the other hand, enters the detector as 

the corresponding acids HCl, HNO3, H2SO4, HClO4, etc., which are fully ionized and are 

sensitively detected against the low conductivity background of water.  Moreover, an eluent 

gradient, where the KOH concentration is increased during the chromatographic run to increase 

the eluent strength, is invisible at the detector.  This scheme allows for nanogram detection 

limits for strong acid anions.
478

 Since its inception, IC has become the benchmark technique for 

aqueous anion analysis. Not surprisingly, IC has been the method of choice for investigating 

ClO4
-
 in environmental and biological samples,

479-481
 and to study the impact of perchlorate on 

human health.
482-484

 

For planetary science applications, capillary IC, which uses small ( < 1 mm) diameter 

separation columns, is promising because it allows miniaturization of the instrument as well as 

reduction in the amount of sample needed (< 1 µL).
485

 These reductions in size have allowed 

construction of field portable instruments that provide laboratory quality results.
486,487

  

On Earth, analysis time is among the most critical performance parameters for IC, and 

this is especially true in the field where a shorter analysis time allows more samples to be 

processed on location.  The desire for a high speed instrument leads to a tradeoff between two 

extremes: 1. An instrument with a heavy, power-intensive pump that allows operation at high 

pressures. 2. A low pressure open tubular column format that requires column diameters ≤ 20 
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µm for best separation and detection,
488

 but is limited by the inability to build suppressors 

(critical to anion analysis) for columns <75 m in internal diameter.
488,489

 

Interestingly, for a Mars instrument as applied to soil extracts, the analysis time is far 

less critical (at least for the present), because it is not particularly meaningful to analyze soil 

repeatedly in the same vicinity.  Power and terrain limitations for any extraterrestrial vehicle limit 

the speed (the top speed for Curiosity, powered by a ~120 W thermonuclear battery, is 4 cm/s 

in favorable terrain
490

).  The volume of extractant water that can be carried on-board, the 

number of times extraction apparati can be (re)used, etc. also limit the number of samples that 

can be analyzed as in the WCL.
491

 Analysis time is not a major limiting factor, unless there is 

significant power consumption related to analysis time.  Most terrestrial liquid/ion 

chromatography systems are operated at flow rates much faster than the flow rate needed for 

best separation efficiency, often referred to as the Van Deemter minimum,
492

 because it allows 

more rapid analysis (the critical factor on Earth) with acceptable separation of analytes.  

However, not only can the separation efficiency be maintained, it can often be improved by 

reducing the flow rate to be close to the Van Deemter minimum.
492

  An order of magnitude 

reduction in the flow rate will increase a typical 20 minutes run time to just over 3 hours (this 

work), still quite acceptable for a planetary science application, with the notable advantage that 

there will be a concomitant and proportionate reduction in pressure.  The latter would eliminate 

the need for a mechanical high pressure pump, allowing the use of pneumatic pumping. This, in 

turn, permits the use of almost entirely commercial off the shelf (COTS) components to 

construct a low pressure IC system that can provide the same state of the art anion analysis, 

albeit with a longer analysis time.  

In this work we seek to demonstrate a low pressure COTS IC system that is capable of 

providing state of the art anion separations relevant to the soluble chemistry of the Martian 

regolith, and determine the limits of detection (LODs) for these anions. The ability to separate 

and detect non-perchlorate oxychlorine species and small organic ions are noted because of 
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their suspected but unconfirmed presence on Mars.
468,474,493,494

  In addition we demonstrate the 

systems performance in the presence of millimolar ClO4
-
 (detected at these concentrations by 

direct and indirect measurements of the Phoenix lander and Curiosity respectively
470,495

) to 

verify that such large concentrations will not interfere with detecting the other ions of interest. 

E.2 Experimental 

E.2.1 Apparatus Description.  

A modified Dionex ICS 5000 apparatus was used in this study (Figure E - 1). We used 

both the high pressure pump available in the system at the lowest flow rate of 1 µL/min, and a 

pneumatic pump (vide infra). When using the high pressure pump, a silica restrictor designed to 

produce a pressure drop of ~50 psi/µL/min was inserted directly after the pump as the pump 

has a safety shutdown mechanism if the pressure drops below 200 psi. Up to 80 mM LiOH 

eluent was prepared by pumping deionized water through an electrodialytic eluent generator at 

1-10 L/min. A custom eluent generator filled with LiOH at one quarter the normal strength 

concentration was used to reduce leakage of the LiOH into the eluent stream.  Typically an 

Figure E - 1.  IC apparatus schematic.  The flow path of the eluent is illustrated in blue prior to detection.  

The eluent is then used as the regenerant solution for the membrane based devices shown in red 

before going to waste.  . 
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eluent generator is filled with the highest possible concentration of an alkali hydroxide (e.g., 

LiOH, NaOH, KOH, etc.) so that the reservoir lasts as long as possible.  In principle, if no 

current is applied, there is no leakage of KOH into the acceptor water stream.  In practice, 

however, there is leakage and such unwanted leakage is a greater problem at the lower 

acceptor flow rates being used here. Using LiOH instead of KOH, and using a lower 

concentration in the reservoir (leakage is typically proportional to the square of the reservoir 

concentration
496

) reduces the leakage. The eluent generator was followed by a continuously 

regenerated anion trap column (CR-ATC) that removed any non-hydroxide impurities, and then 

an eluent degasser. A four port 400 nL internal loop injection valve was used to introduce the 

sample on Thermofisher/Dionex IonPac AG20/AS20 guard and separator column pair. The 

suppressor following the column was a custom version of the self-regenerating capillary anion 

suppressor.  The primary difference was the shorter length of the suppressor membrane. The 

standard suppressor is designed to operate at 10 L/min, but a much smaller length of 

membrane is adequate to bring about complete suppression at lower flow rates.  Moreover, 

using the standard suppressor brings about excessive peak dispersion at low flow rates, 

masking some of the performance improvement gained by operating at the flow rates closer to 

the Van Deemter minimum. Therefore, the modified suppressor was designed to provide 

optimum performance at flow rates of 1 – 3 µL/min and was operated at a correspondingly 

lower current of 3 mA.  As in the standard configuration, the detector effluent was directed 

sequentially through the suppressor regenerant compartment, the CR-ATC regenerant 

compartment and the degasser jacket before heading to waste.   
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The pneumatic pump consisted of an aluminum vessel that could be pressurized using 

a regulated nitrogen source, and a 14 mL polypropylene culture tube cut to height was used to 

hold the water to be pumped and avoid direct contact with the aluminum wall (Figure E - 2).  

Because the breadboard setup with the pneumatic pump made partial use of the commercial 

instrument, the high pressure instrument pump (operating at low pressure) still had to be used 

to pump liquid through the restrictor and on to the waste to prevent a safety shutdown from 

occurring. However, these actions were not critical to the analytical results and could have been 

performed by the pneumatic pump alone in a stand-alone system.   

E.2.3 Definition of Target Ions and Solution Preparation.   

As discussed in the introduction, ClO4
-
 detection is critical for its effect on both 

habitability and the measurement of organics in regolith samples. However, to understand the 

full chlorine (Cl) budget it is important to measure all of the oxychlorine species, including 

chloride (Cl
-
). The global distribution of Cl on Mars is well established from soil sample 

measurements
497

 (~20 – 80 wt% range), and by orbital measurements from the Gamma Ray 

Figure E - 2.  Aluminium pressure vessel used as a pneumatic pump.  

Nitrogen is used to displace liquid in the reservoir 
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Spectrometer on the Mars Odyssey spacecraft.
498

 Measurements from both the WCL and the 

Sample Analysis at Mars instrument on the Curiosity rover showed that a large amount (but not 

all) of the Cl is present as either Cl
-
 or ClO4

-
, 

499-501
 and this indicates that other members of the 

oxychlorine species, i.e., ClO
-
, chlorite (ClO2

-
), and chlorate (ClO3

-
), are most likely present.  

 There are a number of other soluble inorganic anions beyond the oxychlorine species 

whose quantification could provide further insight into the habitability of Mars, and should be 

simultaneously detectable by an IC instrument. The other anions detected by WCL were sulfate 

(SO4
2-

),
471

 and an inferred detection of carbonate because of the pH buffering capability of the 

solution.
469

 The presence of sulfates and carbonates are clearly important as indicators of a 

wetter climate;
453,469

 but bromide (Br
-
), not detected by WCL, can also provide evidence of 

aqueous alteration.  Bromine, thought to be present as Br
-
, has been observed in-situ via 

elemental analysis by the alpha particle X-ray spectrometer on the Spirit and Curiosity 

rovers.
502,503,504

 Bromate (BrO3
-
) is another interesting target as it may serve as an alternate 

reservoir of the observed bromine analogous to the high ClO4
-
/Cl

-
 ratios measured by WCL.

470
  

The element chromium (Cr) is present on Mars.
502,503,504

 The soluble anion chromate (CrO4
2-

) is 

therefore worth focusing on, especially because of its terrestrial presence alongside ClO4
-
 in the 

Atacama desert,
505,506

 and the possibility that they both may have similar origins.
507

 Nitrate (NO3
-

), is another species of high interest to astrobiology that has never been detected on the Martian 

surface. Lack of nitrate detection so far may be due to leaching during previously wet times,
462

 

and/or the difficulty in detecting it remotely at its current surface concentrations.
508

 Therefore, in-

situ measurements are needed to determine its presence or absence. 

Small organic acids have also been plausibly hypothesized as a good reservoir of the 

missing organics on Mars,
493

 given what the influx rates of organics from meteorites should 

be.
509

 Formate (HCOO
-
), the simplest of the carboxylic acid anions is present in large amounts 

in most carbonaceous meteorites.
510,511

 Acetate (CH3COO
-
) and  benzoate (C6H5COO

-
) have 

been highlighted as two possible stable anion end products of oxidation of a variety initial input 
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organics including alkanes and polynuclear aromatic hydrocarbons (PAHs).
493

 UV radiation at 

the Martian surface will lead to the degradation of these molecules,
494

 but there is reason to 

expect that at moderate depths they would survive over geologic timescales.
512

 

For this work, the master “Mars mix” of 11 anions included the inorganic ions Cl
-
, ClO3

-
, 

ClO4
-
, Br

-
, BrO3

-
, CrO4

2-
, NO3

-
 and SO4

2-
, and the organic acid anions HCOO

-
, CH3COO

-
 and 

C6H5COO
-
. Two mix solutions were made for evaluating the effect of flow rate on system 

performance (the key factor in determining whether a low pressure system will still provide the 

quality of separation required). The first one contained 100 µM of all 11 anions, the other 

contained 100 µM of five well-resolved ions (Cl
-
, Br

-
, SO4

2-
, CrO4

2-
, ClO4

-
). Both solutions were 

used to evaluate the system at flow rates from 1-3 µL/min in 0.5 µL/min increments, as well as 

compare the mechanical pump to the pneumatic pump.   

Additional mix solutions were prepared to evaluate the effect of the large, Mars 

relevant, amounts of ClO4
-
 on the system performance (the second key goal of this work in 

demonstrating the effectiveness of an IC system for Mars exploration). An initial stock of 5 mM 

ClO4
-
 and 100 µM each of other analytes was prepared. This was then serially diluted up to 200 

times, with injections made at seven different dilutions.   

Lastly, ClO2
-
 was added to the sample mix to determine whether it could be separated 

as well, allowing for separation and detection of all but one of the oxychlorine species.  The only 

remaining member of the group, ClO
-
, is known to bring about Hoffman degradation of 

quaternary ammonium groups, the anion exchanger functionality in these columns and was not 

measured to avoid loss of column capacity.  Furthermore, HOCl (the conjugate acid) is too 

weak an acid to be sensitively detected by suppressed conductometry and so would not be well 

measured in this setup. 
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E.3 Results 

E.3.1 Separation of the Mars Mix.  

Separation of all 11 species at concentrations of 100 µM in the Mars mix was possible 

using a gradient run at the flow rates of interest (Figure E - 3). While the data were originally 

acquired as a time-dependent signal, the data are depicted with eluent volume flowed through 

the column as the abscissa, by multiplying the elapsed time from sample injection with the 

eluent flow rate. This depiction makes comparison between the different flow rates easier, 

because though the flow rate changes, in principle the analytes still elute at the same eluent 

volumes.  Under the elution conditions used, only benzoate and nitrate were not baseline 

resolved. Initially, persulfate (S2O8
2-

), a potent oxidizer, was also included in the test mix but it 

appeared to be reacting with the column and was not investigated further (Figure E - 4).  The 

persulfate peak height decreased with decreasing flow rate.  The longer residence time at low 

flow rates allows more complete reaction of persulfate with the stationary phase. 

Figure E - 3.  Separation of the 11 species Mars mix at different flow rates (100 µM each anion) 
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The five anion mix was separated in triplicate (Figure E - 5), peak efficiencies were 

calculated according to conventional methods (European Pharmacoepia Standards, vendor 

software) for both the low flow system (Figure E - 7), and the high pressure 10 L/min system 

with the standard suppressor using otherwise identical gradient elution programs.  Because 

these data originate from gradient elution conditions, a comparison of the calculated efficiencies 

for ions eluting at different times is not meaningful, rather the item of interest is how for a given 

ion the efficiency changes as a function of flow rate.  The data have also been normalized, with 

the highest efficiency observed for any analyte set to unity.  There was a clear loss of efficiency 

at the lowest flow rates (< 2.6 uL/min), but there was relatively little change between 3 L/min 

and 10 L/min (Data not shown).  Further examination of the data also indicates that the loss in 

efficiency at the lower flow rates was much greater for the early eluting ions. This suggests that 

there was a source of extra column broadening of small but more or less constant magnitude, 

which thus affected the lower volume eluting bands more than the larger volume ones. Lower 

Figure E - 4.  Anion separation using ICS-5000 Capillary Scale Chromatogaph.  All ions are 10 

µM in concentration. 
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volume bands are more greatly affected because they elute first and experience less dispersion 

during the separation, and are therefore much more sensitive to small additional dispersions 

after the separation than the larger volume bands whose dominant dispersion takes place 

during separation.  The most likely and obvious source for the additional dispersion is the 

suppressor, which was customized as described in section 2.1 from a suppressor designed to 

operate at 10 µL/min flow, but clearly could be shortened further to function ideally at 1 µL/min 

flow.  Peak asymmetry either did not  

  

Figure E - 5.  5 Anion separation using ICS-5000 Capillary Scale Chromatograph.  All ions are 

100 µM in concentration, runs completed in triplicate  
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Figure E - 7.  Peak efficiencies as a function of flow 

rate, normalized to unity 

Figure E - 6.  Peak asymmetries as a function of flow rate.  

Lower flow do not significantly affect peak asymmetry 
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change or saw a minor increase at decreased flow rates, also indicative of an extra 

column dispersion source (Figure E - 6). 

E.3.2 Separations in the Presence of Large Perchlorate Concentrations.   

If perchlorate is as prevalent globally on Mars as the results from Phoenix and Curiosity 

are beginning to indicate,
470,499

 it is necessary to investigate whether effective separation and 

determination of other ions of interest can be conducted in the presence of large amounts of 

perchlorate.  Overloading of the column with perchlorate is likely to affect plate counts, and a 

loss of resolution between one or more adjacent pairs of peaks is possible. Despite the 

possibility for interference, good separation of the Mars mix in the presence of 50x greater ClO4
-
 

concentrations was demonstrated (Figure E - 8).  A stock solution of 5 mM ClO4
-
 and 100 M 

Figure E - 8.  100 µM test ions and 5 mM perchlorate, gradient IC separation at a flow rate of 1.0 

µL/min.  Traces show dilutions from 0.5-100% of the original solution and are offset for clarity.  All 

species could be detected down to 0.5 µM 
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anions was used and then diluted up to 200x.  While the tailing of the perchlorate peak became 

pronounced at higher injected concentrations, it did not result in perchlorate overlapping with 

any of the ions in the test mixture.  It is also clear that even with an injected concentration of 5 

mM perchlorate, adequate separation is maintained between all other remaining ions.  Not 

surprisingly, the best efficiencies were obtained at the lowest concentration of ions.  Even at the 

1 M level, peaks were clearly visible with estimated LODs of <500 nM (Figure E - 9), with the 

exception of sulfate and chromate which are obscured by the gradient disturbance at this level 

(Figure E - 10).  The limit of quantitation for the other ions was <1.5 M corresponding to 

injected amounts 0.6 pmol. In other words, if 1.5 g soil was extracted with 25 mL of water as 

was done in WCL experiment, and we assume a formula weight of 100 for the anion, 40 parts 

per trillion (4 x 10
-11

) by weight of the extractable ion would be detectable.  No other instrument 

deployed thus far for extraterrestrial explorations can match this capability. The low sample 

volume required for the IC (400 nL), combined with the low limits of detection also imply that 

much smaller amounts of both regolith and solvent could be used for determining the anions 

present.  

Figure E - 9.  A) Perchlorate calibration curve B) Calibration curves of non-perchlorate anions.  
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Figure E - 11.  Demonstration of inclusion of chlorite (ClO2
-
) to the analyte mix.  

Additionally, it was possible to include ClO2
-
 in the mixture and separate four out of five 

of the oxychlorine species (Figure E - 11). While baseline separation was not achievable 

between ClO2
-
 and BrO3

-
 but two distinct peaks are measurable.   

Figure E - 10.  Magnification of the 1% dilution, i.e. 1 µM test anions and 

50 µM perchlorate.  The baseline shift is gradient induced. 
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E.3.3 Use of Pneumatic Displacement Pumping.   

The aluminum vessel was pressurized to a level similar to the pressure recorded by the 

sensor on the mechanical pump when operating at a flow rate of 1 L/min.  As there is some 

pressure drop between the sensor and the injector for the mechanical pump (but not the 

aluminum vessel), this resulted in a slightly higher (gravimetrically measured) flow rate of 1.07 

µL/min.  A near identical results (Figure E - 12). The increased flow rate led to a slightly lower 

eluent concentration, which resulted in comparison of the separation using the same current 

gradient program on the mechanical pump at 1 µL/min vs. the pneumatic pump at 1.07 µL/min 

shows somewhat later elution of all the analyte ions so that a slightly greater dispersion of the 

peaks was observed. 

  

Figure E - 12.  Comparison of the Mars mix separation using the capillary high pressure pump and the 

aluminum pressure cylinder.  The capillary pump delivered 1 µL/min while the pressure vessel had a 

measured flow rate of 1.07 µL/min. 
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E.4 Discussion 

This works demonstrates that a low pressure IC system is capable of delivering state of 

the art analytical separations, albeit on longer timescales (hours instead of minutes). While the 

present experiments were on a breadboard setup based on a commercial system, a system 

requiring larger more powerful pumps (the largest part of the system) has been previously 

packaged into a briefcase sized portable instrument
486

, suggesting that the components of this 

current system could easily be packaged small enough for flight.  Longer analysis time is a 

reasonable compromise for a flight instrument where mass/volume/power considerations are 

critical.  This is all the more true given that sample acquisition and analysis on a rover/lander is 

not as yet a high throughput activity where analysis time becomes the rate limiting step. 

The limits of detection demonstrated are also more than sufficient for measuring the 

inorganic ions at their measured/expected concentrations, and are a factor of ≥20x lower than 

WCLs.
491

. The ions, SO4
2-

, ClO4
-
, and Cl

-
 were measured at 4.8 mM, 2.5 mM, and 0.4 mM 

concentrations respectively in solution by the Phoenix lander,
468,470,471

 making them all well 

above the threshold for detection by an IC system. The global mapping of atomic chlorine and 

sulfate minerals,
453,498

 along with the suspected confirmation of widespread ClO4
-
 by 

Curiosity,
499

 indicates that these concentrations are useful guidelines for much of Mars and not 

just specific to the Phoenix landing site. No mention of a Br
-
 detection by WCL was published,

468
 

implying that if it was present it was below the 10 µM detection limit of the instrument.
491

  

Referring to the element, bromine in some form has been detected at the tens – hundreds of 

ppm level by both the Mars exploration rovers and Curiosity,
502,503,504

 and Br
-
 has been 

measured in Martian meteorites at the ppb level
513

 although in all cases the amount varied 

significantly from sample to sample. However, even 10 ppb of soluble bromide in the soil will be 

easily detectable using this system assuming a Phoenix like extract (i.e., 1.5 g soil/25 ml water). 

Currently NO3
-
 has not been detected on Mars. Compact Reconnaissance Imaging 

Spectrometer for Mars (CRISM) suggest that at the surface NO3
-
 must be <1 wt%,

462,508
 but 
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subsurface NO3
-
 could be significantly greater: surface nitrate may have decreased due to 

leaching during previous phases of aqueous activity.
462

 By providing a sub-ppb level of 

sensitivity to NO3
-
, this IC system could help provide an answer to whether there are any 

appreciable amounts of NO3
-
 in accessible samples. 

Large concentrations of ClO4
- 
are another concern when making sensitive 

measurements of NO3
-
 (e.g., Phoenix

470
) or organics (e.g., Viking/Curiosity

473,501
), but were not 

observed to cause a problem with the IC system at concentrations 50x the other target ions 

(Figure E - 10). In IC, the strongly bound ClO4
-
 elutes last and does not interfere with the other 

analytes or mask them in a tailing peak. The IC sample preparation does not require heating 

either, hence ClO4
-
 is not activated at high temperatures and this prevents the cross-reactions 

observed during pyrolysis-MS, which decompose target organic molecules.
473

 

In addition to ClO4
-
, large amounts of SO4

-
 and Cl

-
 were present at the Phoenix landing 

site, and they too could potentially mask lower concentration species of interest. Fortunately, 

both these species are well separated by this system (Figure E - 8) and even at significantly 

higher concentrations are not likely to overshadow other species. In general, the range of 

possible concentrations of each species in a Martian sample will lead to more complex 

chromatograms than the idealized lab standards shown. However, the high degree of peak 

resolution and high sensitivity of the detection will allow for a broad range of anions at different 

concentrations to be detected simultaneously. 

Another important capability of the system is the ability to separate all of the oxychlorine 

species save ClO
-
 (Figure E - 11). UV Irradiation of perchlorate soils experiments suggest that 

generation of the much more reactive (and much less hospitable to life) ClO2
-
 and ClO

-
 species 

is likely.
474

 Furthermore, experimental evidence also shows that electron irradiation of chlorine 

and carbon dioxide bearing ices relevant to Mars can lead to the generation of these 

oxychlorine species, and perhaps all the way to ClO4
-
 itself answering the question of where all 

the ClO4
-
 comes from.

514
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Overall an IC system will significantly improve a future mission’s ability to determine the 

habitability of any given site by determining the soluble anions present. The ability to measure 

NO3
-
 is an especially important feature to astrobiology given that it is the only source of 

bioavailable or “fixed” nitrogen.
515

 While some organisms can fix their own nitrogen on Earth 

from atmospheric N2, it requires significant metabolic energy, and finding bioavailable nitrogen 

would greatly enhance the estimated habitability of a given location on Mars.
472

 Curiosity has 

made measurements suggesting an indigenous source of potentially bioavailable nitrogen at 

Yellowknife bay,
516

 but a completely unambiguous assignment of the parent species was not 

possible. A future IC system would provide a useful complement to established instruments, 

e.g. a GC-MS, in helping to unravel the past and present habitability of Mars. 

Lastly, IC methods are also well-suited for robotic exploration of other bodies and future 

manned missions to Mars. The large amount of ClO4
-
 on Mars is relevant as a human health 

hazard (it is a potent iodide uptake inhibitor severely affecting thyroid function and production of 

thyroid hormones T3 and T4
482

), and also a potential resource in any manned mission.
517

 

However, the global distribution of ClO4
-
 on Mars is still not properly understood, and 

instruments that can further map this will be critical in paving the way for eventual human 

exploration. Outside of Mars, icy planetary missions are an area where analysis of soluble ions 

will be of great interest. For example, on a Europa lander, an IC system would allow true 

speciation of the ions present to understand the redox couples potentially available for 

supporting life, a measurement that would not be possible by volatilization of a sample followed 

by mass spectrometry.
518

 In general, IC is the state of the art for trace ion analysis in water here 

on Earth, so it would be the natural choice for the analysis of soluble species on Mars, or other 

icy worlds.  
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Appendix F 

Continuous Total Organic Carbon Monitoring by Ultra-Violet Cavity Enhanced Absorption 

Spectroscopy
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F.1 Introduction 

Total Organic Carbon (TOC) analysis is one of the most critical tests performed 

in high purity water systems used in the pharmaceutical and semiconductor industries.  

TOC is a measure of the total carbon present excluding all inorganic carbon in the form 

CO2 or CO3
2-

.  Stringent sub µg/L restrictions have been set for ultra-pure water (UPW) 

by the International Technology Roadmap for Semiconductors (ITRS)
519

 and the 

Semiconductor Equipment and Materials International (SEMI)
520

 due to the deleterious 

effect of even trace organics on production.  Additionally, SEMI F63 stipulates that any 

TOC analyzer should have a limit of detection of 50 ng/L or less.  Pharmaceutical TOC 

however is less critical requiring water for injection to be less than 500 µg/L carbon 

according the United States and European Pharmacopeias,
521,522

 and any method used 

for TOC must not have a limit of detection above 50 µg/L carbon. 

Because it is a nonselective technique, TOC has also become an effective 

means of cleaning validation in pharmaceuticals
523-528

 using either the final rinse of the 

equipment or a swab of the surface.  Typical acceptance criteria used in determining 

TOC limits after cleaning,  are that the final rinse should contain 1/1000
th
 of the lowest 

therapeutic dose administered or a maximum level of 10 mg/L.
528,529

  Removal of any 

cleaning compounds or detergents should also be verified.  Chromatographic methods 

are capable of measuring both the drug and any chemicals used in the cleaning process 

but these are time consuming and require a separate method for each drug produced.
526

  

TOC analyzers are not able to distinguish between the drug and detergents added, so a 

minimum TOC limit may be set based on the lowest of the above acceptance criteria.  

Transfer of samples from the source to the lab consistently results in higher or more 

variable TOC
523,530

 and has led to the incorporation of TOC analyzers into the rinse water 

return line.  Additionally, because this information is available instantaneously, the rinse 
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may be changed or terminated as necessary ultimately resulting in an increase in 

productivity and a reduction in the use of rinse water.
528

 

Because TOC is a measure of all organic compounds present, it is expected that 

no single technique will be adequate to measure the compounds directly due to the range 

of chemistries present.  For this reason, nearly all TOC analyzers are dependent upon 

the indirect measurement of carbon species following oxidation of the organics and 

measurement as CO2.  The two primary methods of determination of the produced CO2 

are non-dispersive infrared absorption spectroscopy (NDIR)
524,526,527,531,536

 and 

conductivity.
537-542

  For low level TOC measurements, removal of inorganic carbon must 

be considered a priori.  Water when exposed to the atmosphere rapidly absorbs CO2.  If 

conductivity is to be used, a two detector setup may be used in which conductivity is 

measured before and after oxidation,
542

 or a single detector inside the oxidation chamber 

may be used to measure the change in conductivity over time.
541

  Alternatively, 

acidification and purging off of CO2 may be used prior to oxidation, but in many cases this 

may lead to loss of volatile organic compounds and an underestimation of the TOC 

present.
543

  Oxidation is most often carried using a low pressure Hg lamp making use of 

the 254 and more importantly 185 nm emission lines.
542

   A catalyst such as TiO2
544

 or 

platinum on TiO2
545

 may be incorporated.
546

  Not surprisingly, photo- oxidation requires 

dissolved oxygen to occur.  In systems with low oxygen content or those in which H2 is 

added to remove oxygen (thus creating a reducing environment), oxidation is incomplete 

and will result in severely underestimated TOC
547

 (In semiconductor UPW the dissolved 

oxygen content recommended by SEMI F63 and ITRS is less than 10 ppb
519,520

).  In such 

cases UV mediated persulfate oxidation is used.
548

  UV-persulfate oxidation has also 

been shown to be more effective than UV digestion alone for difficult to oxidize 

compounds such as urea, tetramethyl ammonium hydroxide, and trimethyl amine.
547
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Urea is of particular importance because it is nonionic, has a low molecular weight, and is 

difficult to oxidize making its removal problematic.  Upon photo-oxidation urea produces 

CO2 and NH3.  In solution NH3 becomes NH4
+
 replacing the far more conductive H

+ 

present from the auto-ionization of water.
549,550

  When measured directly this, results in a 

decrease in the conductivity signal when low concentrations of urea are present rather 

than an increase. 

Conductivity is used most frequently as the detector following digestion because 

it can measure with great sensitivity low concentrations of CO2 from the H
+
 and HCO3

-
 

ions produced
542

 and is relatively simplistic and inexpensive.  The dissociation of 

carbonate however is nonlinear, and at concentrations around 50 µg/L carbon NDIR 

becomes a more competitive method.  The nonlinearity of carbonate has further 

contributions that are dependent upon temperature, other chemical constituents, and its 

own concentration requiring complicated compensation algorithms.
542,551

  This limits the 

accuracy of techniques that depend upon measurement of CO2 directly following UV-

digestion.  Additionally, because conductivity is not a selective technique any other ions 

produced during the oxidation process will contribute to the total signal.  Likely leachates 

from deionizing resins are trimethylamine and benzenesulfonic acid 
552,553

 and produce 

the resulting inorganic ions nitrate (though as is seen with urea ammonium may be more 

likely) and sulfate upon oxidation, contributing a greater response to the conductivity and 

producing a positive bias to the measured TOC.  The same holds true for halogenated 

compounds such as chloroform which may be also difficult to remove and will produce 

HCl upon oxidation.
543

  The more precise analyzers then use gas permeable membranes 

to separate the digested solution from a clean source of water containing the conductivity 

detector.  CO2 produced is selectively transferred to the clean water source where it is 

measured free of other inorganic constituents.
537,538

  This is particularly useful when UV-
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persulfate is used for oxidation to isolate the CO2 from the resulting sulfate ions.  NDIR 

determination of TOC is based on the absorbance of light in the infrared by CO2.
554

  

While this technique is more selective than conductivity it is not as sensitive.  Due to a 

slight absorption overlap, CO2 must be measured in the gas phase after substantial 

removal of water.
543,554

 

Because complete oxidation must be carried out prior to analysis, most methods 

based on CO2 production are necessarily batch analyzers.  Real-time continuous 

analyzers have been produced with flow through UV digestors,
542

 but these have been 

shown to respond poorly to compounds that are more difficult to oxidize due to the low 

residence time in the digestion cell.
547

  This incomplete oxidation is especially 

problematic because it is compound dependent and may lead to positive or negative 

biases.
543

  Most obviously, when small fractions of the organics present are oxidized, a 

lower than expected TOC value will be observed. When oxidation, however, results in the 

production of organic acids that ionize to a greater degree than H2CO3, this leads to a 

positive bias.  Real time analysis is beneficial because it allows for the sudden 

determination of real system upsets.  Use of real time systems can also lead to a 

reduction holding tank size for reclaim/recycle systems reducing the water intake and 

discharge.
542,543

  Accuracy of any real time TOC measurement based on CO2 production 

will always be limited by the completeness of the digestion, and for systems that depend 

upon CO2 diffusion across a membrane, real time analysis may never be achieved. 

Absorption spectroscopy offers an alternative, not requiring digestion prior to 

analysis.  In the deep UV, all compounds absorb to some degree.  Absorption methods 

have been used previously to measure TOC in a variety of matrices such as waste 

waters,
555-557

 natural fresh
556,558-561

 and sea waters,
562,563

 and purified water streams.
564,565

  

One of the key features observed in optical TOC measurements is the featureless 
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absorption spectrum that shows a continuous exponential rise towards shorter 

wavelengths.  The steepness of the curvature using multi wavelength measurements has 

been correlated to the average molecular weight of the components present wherein 

broader absorption spectra are observed in waters containing larger molecular weight 

fractions.
558,560

  When used in conjunction with other TOC analyzers UV absorbance may 

also determine the percent aromaticity.
566

  In pure water systems the contribution due to 

larger molecular weights is likely negligible as these are easily removed, necessitating 

the need for deeper UV measurement.  Extracts from ion exchange resins used in 

semiconductor and nuclear water purification systems have been shown to be readily 

measured at sub 220 nm wavelengths even at sub ppm levels.
552,553

  Comparison studies 

with commercial analyzers have shown good agreement with optical methods
555,556,565,567

 

however interferences from NO3 and Br
-
 can cause over estimations of TOC

561
.  Currently 

these devices have only been operated in the low to high mg/L range.  Current 

commercially available equipment has a lower operating limit of 0.1 mg/L, which does not 

even meet the mandated LOD for pharmaceutical waters, much less the semiconductor 

industry.
567

 

In Dobb’s work comparing the 254 nm absorbance to TOC at multiple waste 

treatment plants, He obtained an approximate absorption value of 20 Au /cm/ (g L
-
 C).

555
  

The user has no control to exert over the extinction coefficient, leaving path length the 

only option available to increase sensitivity. If Dobb’s relation were to hold true for high 

purity water systems, to measure 1 µg/L at a level reasonably above the LOD (assumed 

to be 10 mAu), a path length of 5 m would be required.  Clearly a cell of such proportions 

would not be practical, and even if it were the amount of light lost before reaching the 

detector would be considerable due to beam divergence.  Evaluation of estuary waters 

shows absorption maxima in the region of 210-220 nm
560

 at up to 10 times that seen at 
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254 nm.  The difference in absorbance is greater for waters containing a greater fraction 

of small molecules.  A 10 fold improvement factor by moving to the deeper UV would still 

require the use of a 0.5 m long path.  While this represents a far more practical path 

length, many of the more intensely absorbing chromophores have likely been filtered out 

in the pure water systems of interest here.  Cavity enhanced techniques may be used to 

increase the effective path length thereby lowering the limit of detection without requiring 

larger physical paths.   

In cavity enhanced absorption spectroscopy (CEAS), the absorbance cell has 

reflective surfaces so that light must bounce back and forth across the same path 

multiple times before detection.  In the gas phase, White
568

 and Herriott
569

 cells have 

seen considerable use.  Concave mirrors are aligned so that coherent light must travel a 

single path while passing multiple times through the sample cell.  In liquid phase, light 

immediately diverges and such a design is not feasible.  In 1984 Dasgupta introduced a 

silvered helical cell wherein the light upon entering the coil must reflect back and forth 

before reaching the exit.
570

  Later a simplified device was introduced by Dasgupta and 

Rhee using partially transmissive mirrors on each side of a cuvette.
571

  In both instances 

it was observed that the effective path length, from henceforth denoted b̄ , was greater 

than the physical path length of the cell.  One year later O’Keefe and Deacon published 

their now celebrated work on cavity ring down spectroscopy (CRDS) which in concept 

resembles the silvered cuvette above, but much higher reflectivity mirrors were used with 

a pulsed laser source and high speed detector.
572

  The first order decay of the signal is 

monitored and is directly proportional to the absorbance in solution.  It was not until a 

decade later that continuous sources were used obviating the need for the high speed 

detector
573,574

  and becoming identical in approach to that of Dasgupta and Rhee.  To 
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date only a few examples of CEAS have been shown in the liquid phase
575-578

 and to the 

best of our knowledge the technique has yet to be utilized in the UV. 

Polytetrafluoroethylene (PTFE) is a well-known diffuse reflector maintaining high 

reflectivities even into the deep UV
579-584

 leading to its use in integrating spheres.
585

  We 

utilize the UV reflectivity of PTFE to develop a CEAS cell for the real-time, digestion-free 

determination of TOC in high purity water. 

F.2 Experimental 

The experimental configuration is shown in Figure F - 1.  Sample solution is 

continually aspirated through the absorbance cell by a Rainin Dynamax peristaltic pump 

at a flow rate of 6.7 mL/min.  A PEEK tee (www.upchurch.com) prior to the entrance to 

the cell allows the deionized water stream, Milli-Q (www.millipore.com) >18.2 MΩ/cm 

resistivity and <1 ppb TOC, to be mixed with an organic carbon standard injected using a 

Figure F - 1, Analytical Setup for injecting carbon into a pure water stream 
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Kloehn Versa 6 syringe pump.  A zinc pen-ray lamp (www.uvp.com) mounted directly to 

the absorbance cell is used as the light source (powered using a Isodyne ISO-28V 2-8 

watt ballast adjustable power supply) and an Avantes 1024x58 array TEC cooled CCD 

Spectrometer equipped with a 1000 lines/mm grating blazed at 250 nm and a 50 µm slit 

(Wavelength range 200-660), is used as the detector (www.Avantes.com) equipped with 

a 1 mm High -OH silica optical fiber (www.polymicro.biz). The integration time was set to 

2.0 seconds. The 214 nm zinc emission line is monitored for absorbance and the 468.2 

nm line is used as a reference line to correct for any lamp drift.  The emission spectrum 

as measured by the Avantes spectrometer through the absorbance cell is shown in 

Figure F - 2.   

 The cavity enhanced absorbance cell (Figure F - 3) was made from a R-11 resin 

extruded PTFE pipe (Length 12 in., I.D. 5/8 in., O.D. 1-1/2 in.) with two PTFE end caps 

(1.5 in. diameter, 0.5 in. thick).  The PTFE pipe and caps underwent a 30 minute plasma 

surface treatment by PVA TePla America to make the surface more hydrophilic.  

Figure F - 2.  The zinc emission spectrum measured through the PTFE cell 
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Figure F - 3.  A) Cavity Enhanced Absorption Cell. B) Cross Section of Zinc Lamp Housing 

A) 

B) 
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The contact angle measured on the treated disc was 15° compared to >120° for 

the untreated PTFE.  A lamp housing was constructed for the zinc lamp out of aluminum 

(Cross section Figure F - 3B).  A large Teflon nut was made to contain a pocket for a 

plano-convex  fused silica lens (20 mm Diameter, 30 mm focal length, 

www.edmundoptics.com).  The lamp house block, when attached to the PTFE pipe, 

presses against the plano-convex lens holding it in place.  The nut inner diameter is 8.6 

mm.  Into the pipe wall the corresponding thread was made and terminated 

approximately 2 mm from the central channel.  A 9 mm hole was drilled through to the 

central channel. The nut was used to hold in place a fused silica window (10 mm 

diameter, www.edmundoptics.com) which formed a seal against the PTFE.  The 

aluminum block was machined to fit snugly against the Teflon pipe.  A hole was made 

through the entire length of the block to fit the zinc lamp.  A PTFE sheet was used behind 

the lamp to reflect additional UV light into the cell.  The lamp is held in place using a 

nylon screw to provide tension.  A window was cut into the aluminum between the fused 

silica lens and the zinc lamp.  The window is 10 mm wide and 25 mm long. The long 

edge runs parallel to the length of the lamp.  The narrower width allows the aluminum 

block to press against the lens and retain it in place.  Inlet and outlet ports were drilled 

into the wall of the pipe approximately 1 cm from the end caps to allow the use of 

standard ¼-28 polyether ether ketone (PEEK) fittings.  Opposite the outlet port, and 5 

mm nearer the lamp, a 1.3 mm hole was drilled to fit the 1 mm core silica optical fiber so 

that the fiber can be in contact with the liquid and flush with the wall.  The fiber was held 

in place using a ¼-28 nut and ferrule.  The measured volume of the cell is 54.4 mL.  
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Potassium Acid Phthalate (KHP, >999.95% purity, Mallinckrodt) and glucose 

(analytical reagent, Mallinckrodt) were used as total organic carbon standards for 

assessing the device.  Solutions of KHP and glucose were prepared in Milli-Q water and 

the absorption spectra was taken using a Hewlett Packard 8453 spectrophotometer to 

obtain molar absorptivities at 214 nm, Figure F - 4 and Figure F - 5.  The standards were 

then loaded into the syringe pump to be injected into the cavity enhanced absorption cell.  

Aliquots of standard were injected at 18 mL/min into the flowing DI water stream, ranging 

in volume from 0.25 mL-10 mL for 5 and 50 µM solutions of KHP and 50 mM solution of 

glucose.  The tubing was of sufficient volume leading back to the DI water source that no 

cross-contamination occurred even though the syringe injection rate is faster than the 

aspiration rate of the peristaltic pump.  Raw data for injections of KHP and glucose 

injections are shown in Figure F - 6 and Figure F - 7 respectively.  The concentration 

measured is calculated based on dilution of the initial injected aliquot into the 54.4 mL 

cell.  Measured values ranged from 2.3-644 nM KHP (0.22-62 µg/L carbon) and 0.23-9.2 

mM glucose (16-662 mg/L carbon).  The cell was also filled with prepared standards of 

KHP and the absorbance was measured under static and flowing conditions.

Figure F - 4, KHP absorption spectrum Figure F - 5, Glucose absorption spectrum 
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Figure F - 6.  The 214 and 471 nm signals produces as KHP is injected. The 214 nm signal 

referenced to the 471 nm signal is provided in blue 

Figure F - 7, The 214 and 471 nm signals produces as Glucose is injected. The referenced 

signal is provided in blue 
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F.3 Results and Discussion 

Absorption spectroscopy is unequivocably the most used quantitative technique 

used for analysis. Absorbance, A, is governed by Beer’s law, A=ελbc, where b is the path 

length, c is the concentration of the analyte, and ελ is the absorptivity of the analyte at a 

given wavelength.  Without chemical modification or preconcentration, the only 

parameters the analytical chemist has control over are the wavelength measured at, and 

the path length of the cell.  For the best sensitivity, the wavelength of maximum 

absorption is most often chosen.  The luxury of the optimum wavelength is not always 

available when line or laser sources are used as is the case here.  The only remaining 

option then is to increase the path length.  In the gas phase, differential optical absorption 

spectroscopy
586

 (DOAS) has relied on single long atmospheric paths, and single path 

multi-reflection cells such as the White cell
568

 or Herriott
569

 cell have been around since 

1942.  These methods rely on a relatively coherent beam of light and in the liquid phase 

where beam divergence is much greater, these methods are not generally applicable.  

Long glass tubes were used by Wei et al.
587

 and relied on the reflection of the glass-air 

interface and later the same group pioneered the use of liquid-core waveguides using 

high refractive index organic solvents in glass or silica capillaries.
588,589

  True aqueous 

based LCW’s only became possible after the invention of Teflon AF which has a 

refractive index less than that of water.  The previous techniques all behave as single 

path cells, meaning the light follows a single well defined path.  It is important to note that 

in these cases, the spectrometer used will always have the same absorbance span.  Any 

improvement to the limit of detection created by increasing the path length will 

necessarily sacrifice measurement at the high end. 
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Multipath cells however behave differently, leading to enhanced dynamic range.  

This is most easily illustrated using a problem from an introductory textbook by Hieftje.
590

 

A student is asked to consider an L-shaped cell wherein the path length of the top part of 

the cell (b) is half that of the bottom (2b).  Equal incident light occurs on each section of 

the cell and the sum of the transmitted light is measured.  The student is asked to derive 

an expression for the effective path length (b̄ ) and its value at low and high absorbance 

limits.   At the low absorbance limit, A=0, the light transmitted through both halves will be 

equal, so that b̄ is an average of the two paths or 1.5 b.  Put another way limA=0 b̄ =1.5 b.  

Conversely at the high absorbance limit, A=∞, the longer half contributes little to the 

transmitted light so that b̄ becomes b or limA=∞ b̄  = b.  It is apparent then that in multipath 

cells, b̄ is a function of absorbance.  For a multiplicity of path lengths, bi, each with a 

fraction of the total light fi (∑fi = 1), it was shown by Dasgupta in 1984
570

 that at the low 

absorbing limit that b̄  is simply the sum of the path lengths weighted by the fraction of 

light through that path: 

  b̄ = ∑fibi 

It is not feasible to physically construct numerous paths, and so an internally 

mirrored helical coil was created.  Light must proceed through the coil in a series of 

reflections and due to the curvature of the tubing, the beam diverges creating essentially 

an infinite number of paths. 

Three years later Dasgupta and Rhee published a simpler design for a nonlinear 

absorbance amplifier consisting of a conventional cell with partially mirrored surfaces.
571

  

Light introduced into the cell would reflect back and forth between the two partially 

transmissive windows with some light being loss to absorbance in the medium or 

transmitted through the windows.  An identical arrangement was conceived by O’Keefe 

and Deacon in their now celebrated paper on CRDS although which much higher 
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reflectivity mirrors and a pulsed laser source.
572

 Measurement is made in the time domain 

and the first order decay constant has a linear relationship with the absorbance in the 

medium requiring the use of a high speed detector.  The high mirror reflectivity equates a 

low transmissitivity and necessitates the need for both a powerful laser source and highly 

sensitive detector.  These instrument requirements have undoubtedly limited the use of 

CRDS as a routine technique despite the low detection limits achievable.  A decade later, 

O’Keefe proposed performing the same experiment using continuous sources, thereby 

obviating the need for a high speed detector.
573,574

  In this fashion the method is identical 

to that proposed by Dasgupta and Rhee.  The authors differed in their theoretical 

expressions for the systems.  Dasgupta and Rhee treated the cell as etalon and used 

interferometric principles, while O’keefe treated each pass of light through the cell as 

having infinitesimal absorbance.  Neither theory is entirely correct.  Interferometric 

principles are clearly inapplicable since the observed path length gain occurs regardless 

of the wavelength, and O’keefe’s method does not adequately predict values when faced 

with finite absorbances through the cell.  We have recently addressed these issues and 

proposed a more generally applicable formula not limited to high reflectivity mirrors or 

infinitesimal absorbances.
591

 

In the previous two cases it is assumed that light repeatedly traverses the same 

path between the two mirrors.  No consideration has been given to beam divergence.  

Additionally, the high reflectivity dielectric mirrors used in CRDS have an incidence-angle 

dependence with reflectivity reaching a maximum at the normal.  Upon entering the 

condensed medium even coherent sources will undergo divergence, and the mirror 

reflectivity will decrease resulting in a greater fraction of the light being transmitted.  To 

reduce the contribution from divergent beams, the detector area may be reduced.  In 

many circumstances this may lead to further reduced sensitivity or is just impractical, 
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such as when silvered cuvettes are used in a commercial spectrophotometer.
571,591

  

Because beam divergence is unavoidable, we have also considered the case wherein a 

silvered cuvette has two holes placed in the silver coating on opposite faces at different 

vertical levels.
591

  Because the detector and light source no longer lie on the same 

horizontal axis, a minimum number of reflections must occur before detection.  This 

configuration has the added benefit that the emitter and detector no longer have reflective 

coatings; the greater light throughput simultaneously reduces the need for a sensitive 

detector and powerful source.  It was also observed that though a laser provided the 

highest limiting b̄ (limA->0).  When a spectrophotometer was used, no limiting b̄ was 

discovered and in fact an exponential increase was observed for decreasing absorbance 

within the measurable range.  This phenomenon was found to be dependent on slit width, 

increasing monotonically with the slit size.  We speculate that beam divergence is key to 

this behavior.  When a wide angle LED emitter is used to replace a narrow beam LED, a 

similar deviation from predicted behavior is observed.  Plots of Log A vs. Log c show that 

under low absorbances this relationship is linear before reaching a minimum b̄ value 

representative of the shortest physical path light must travel.  The b̄ for the divergent 

source was generally lower, approximately 20-50% of that of the laser source for 0.2 nm 

to 5 nm slit width respectively.   

In the deep UV, even the best aluminum and magnesium fluoride broad 

spectrum specular reflectors have only up to 90% reflectance at 200 nm
592

 and are cost 

prohibitive.  Alternating layers of HfO2 and SiO2 has shown some promise in achieving 

~98.8% reflectivity at 250 nm.
593

  It is ideal to measure deeper in the UV as the extinction 

coefficient increases with decreasing wavelength.
560

  If adequate analytical results are 

achieved using divergent sources mentioned above, then the requirement for specular 

reflectors to maintain a coherent beam need no longer be met, and thus diffuse reflectors 
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may be used so long as the total reflectivity is high.   When PTFE powder is pressed
579

 or 

sintered,
582,585

 it produces a near perfect diffuser over the 200-2500 nm range.  For a 1 

cm block of pressed PTFE, a maximum reflectance of 99.4% was achieved from 500-

1150 nm and only decreases to 96.2% at 200 nm.
579

  As a point of reference, in 

conventional CRDS, mirror reflectivities of 90% and 96.2% would give limiting path 

lengths of ~9.5 b and 25.8 b respectively (where b is the actual physical path length).   

Expanded PTFE, has also proven to be an excellent diffuse reflector with reflectance 

increasing up to even 250 nm.
580,581,584

  Reflectivities between 200-250 nm for this 

material could not be found but measurements at 175 nm have shown expanded PTFE to 

have the lowest reflectivity compared to other PTFE production methods including 

extrusion.
583

  This was attributed to oxygen retained in the pores, but given the porous 

structure of expanded PTFE and its known gas permeability, oxygen retention should not 

be an issue in the vacuum UV if the expanded PTFE was given enough time to outgas.  

Commercial expanded PTFE may often incorporate additional layers or fillers such as 

polyvinylidine fluoride (PVDF) to further enhance the reflectivity in the visible which can 

lead to further absorbance in the deep and vacuum UV regions.
580

   At 175 nm even 

extruded PTFE showed 64-73% reflectivity for a 5 mm thick section.
583

   

No other data on extruded PTFE reflectivity could be located, but it is likely that 

at the longer wavelength operated here and combined with the thicker wall, higher 

reflectivities than those seen for a 5 mm piece in the VUV will be achieved. In addition, 

the virgin PTFE used here should be absent of any absorbing compounds such as PVDF 

and with no available pores, absorbance due to oxygen within the PTFE should be 

negligible.  Early experiments using small PTFE cells in the visible region showed that 

absorbance measurements made in aqueous solutions were less reproducible than those 

made in organic solvents.  The hydrophobic surface of the PTFE is difficult to wet, and 
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bubbles readily form at the PTFE-water surface.  To improve the wettability of the PTFE, 

it underwent oxygen plasma treatment.  The measured contact angle was reduced from 

120° to 15°.and the reproducibility improved.  Because the treatment depth is only in the 

10’s of nanometers, the reflective properties are largely unchanged in the visual region.  

Presumably though, the plasma treatment results in hydroxyl and carboxyl functionalities 

on the PTFE surface.  In the deep UV these likely contribute to absorbance, reducing the 

effective path length.  In systems where dissolved gases are low, cavitation will no longer 

occur and plasma treatment may be unnecessary.  

The present cell was evaluated using KHP and glucose, two compounds 

commonly used in evaluation of TOC systems and with vastly different absorption 

properties.  Measured molar absorptivities at 214 nm for KHP and glucose are 11282 and 

0.1243 L mol
-1

 cm
-1 

respectively.  Aliquots of the standard solutions were injected using 

the syringe pump into the flowing stream of purified water (Figure F - 6 and Figure F - 7, 

the data has also been presented in absorbance units in Figure F - 8 and Figure F - 9).  

The absorbance was calculated using the peak height from the nearest preceding valley.  

Plots of log concentration vs. log absorbance are shown in Figure F - 10.  In conventional 

absorbance spectroscopy in which Beer’s law is followed, plots of log concentration vs. 

log absorbance will yield a slope of 1 since it is a linear relationship.  Here, slopes of 

0.6566 ± 0.0207 and 0.6079 ± 0.0155 were obtained for KHP and glucose respectively.  

This is in agreement with the multipath theory presented.   

The center of the zinc lamp entrance aperture and fiber optic are separated by a 

length 25 cm and a width of 1.5 cm.  The total physical path length is 25.045 cm and 

represents a minimum distance light must traverse before reaching the detector.  The 

contribution from the width of the cell is only 0.045 cm which is less than the diameters of 

the entrance and exit apertures.  Because the contribution due to the width is below the 
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Figure F - 9.  Absorbance signal produced as Glucose is injected 

Figure F - 8.  Absorbance signal produced as KHP is injected 
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error associated in measuring the true physical path length it has been ignored and a 

physical path of 25 cm has been used as a reference.  Figure F - 11 shows the effective path 

length as a function of absorbance.  The effective path length was calculated using the known 

absorbance value, the concentration injected, and the molar absorptivity of the compound.  The 

gain over the physical path of 25 cm is also shown.  The largest effective path length observed 

was 280 cm representing more than 11 fold increase over the true path length.  Regardless of 

the compound, the path length dependence on absorbance should remain the same.  However, 

glucose produced consistently lower results.  We attribute this to the difficulty in ascertaining the 

glucose molar absorptivity at 214 nm.  Glucose is very weakly absorbing, almost 5 orders of 

magnitude less than KHP.  Larges amounts were necessary to even obtain an absorbance 

reading at 214 nm.  Changes in refractive index become considerable at the levels used.  The 

longer path used here may help reduce the relative contribution of refractive index effects.  

Evidence of refractive index effects may be seen in the absorption spectrum (Figure F - 12): 

positive absorbance is seen up to almost 400 nm above which negative absorbance becomes 

apparent.  Because of the wavelength dependence upon refractive index, a correction using 

another wavelength is difficult.  It is intuitive however that because everything below 400 nm is 

Figure F - 11.  Effective path length of the 

CEAS as a function of absorbance 

Figure F - 10.  Peak absorbance of KHP and 

glucose vs. concentration  
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positive that refractive index contributions at 214 nm are also positive.  This leads to the 

conclusion that the measured molar absorptivity at 214 nm is likely an overestimation of the true 

molar absorptivity resulting in lower calculated effective path lengths.  Inspection of the raw data 

for glucose injections shows that disturbances in the reference baseline are seen at the point of 

injection.  The concentrated sample upon entering the cell passes the lamp increasing 

transmittance briefly into the cell.  No corresponding increase or decrease is seen at the other 

end after the sample has been thoroughly mixed.  It is also interesting to note that this blip does 

not correspond with a maximum in absorption either but precedes it.  

The cell acts as an integrator; complete mixing is not required for accurate absorbance 

measurements, nor does the cell need to be filled with homogenous solution.  The total amount 

of absorbing species in the cell will have the same absorbance regardless of its location.  Such 

a setup can help reduce turbidity interferences which have a deleterious effect when using 

optical methods to measure TOC
594

  We have assumed that because the sample cell is 

significantly larger than the amount injected, all of the standard will reside within the cell at the 

peak height before being washed out.  We confirmed this by filling the cell with prepared KHP 

solutions and measuring the absorbance.  This was done under both flowing and static 

Figure F - 12.  Glucose absorption spectrum 200-900 nm 
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conditions in two separate experiments (Figure F - 13).  Results are comparable with the 

injected mode, but both the flowing and static modes were less reproducible and gave poorer 

correlation coefficients (R
2
 = 0.9581, 0.9192, and 0.9970 for static, flowing, and injected 

measurements).  In addition, for the static measurements, the limit of detection was worse.  

Anything below 10 nM was statistically indistinguishable, although still produced a noticeable 

absorbance compared to the blank.  This is likely due to the ease of contamination at such low 

levels.
523,530

  Similar path length gains (Figure F - 14) were seen with the static measurements 

achieving an effective path length of up to 270 cm compared to 280 cm achieved using syringe 

injection.   

Injection of blank solutions showed no change in the baseline, so the LODs were 

calculated based on 3 times the standard deviation of the baseline signal for both KHP and 

glucose.  The LODs for KHP and glucose are 0.484 nM and 64 µM.  This corresponds to a 

carbon concentration of 46.5 ng/L and 4.6 mg/L respectively.  These may be considered likely 

Figure F - 13.  Comparison of KHP measurement 

using flow injection and continuous measurement 

Figure F - 14.  Effective path lengths obtained using 

KHP under static and flowing conditions 
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upper and lower limits of sensitivity.  Real TOC measurements will likely reside somewhere in 

between.  

F.4 Conclusion 

We have presented a CEAS method for the measurement of carbon species in pure 

waters.  With regards to TOC, such a device will easily fit the needs of clean in place systems 

for the pharmaceutical industry where the absorbance of the pharmaceuticals or cleaning 

solutions is known ahead of the rinsing and limits may be readily set.  Incorporation into pure 

water systems will likely be system dependent requiring site specific calibration or a secondary 

TOC monitor.  When used in conjunction with a secondary analyzer such a device may also be 

useful in identifying potential sources of elevated TOC species.  The current method has the 

advantage of being truly real time, a property sought after for recycle/reclaim systems.  We 

remain optimistic that improvements in LOD for the cell will likely come about by using more 

reflective material such as sintered, pressed, or expanded PTFE.  Currently the device noise 

limitation arises from the CCD spectrometer.  Future work will focus on the use of a zinc 

emission filter and a photo blind PMT to increase the light throughput and reduce the noise. 
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G.1 Introduction  

Açaí palms (Euterpe oleraceae mart.) are native to Central and South America 

and grow from Belize to Peru and Brazil.
595

 Most of the genuine commercial açaí come 

from the Brazilian Amazon rainforest; commercial cultivation has also begun in Florida. 

The berries range from green to dark purple in color and ~90% of the mass of the berry is 

the pit. The health and wellness benefit claims surrounding açaí straddle the border of 

fact and fantasy; cure-all claims are all too common.  There is, however, credible 

evidence that it has very high antioxidant content,
596,597

 can remove reactive oxygen 

species,
598

 inhibit nitric oxide (NO) synthase
599

 and cyclooxygenase (COX) -1 and -2,
600

 

protect human vascular endothelial cells against oxidative stress and inflammation
601

 and 

induce apoptosis in HL-60 leukemia cells in-vitro.
602

 Indeed, the name açaí sells many 

products.   

Despite many “açaí juice” products being on the market, strictly speaking, no 

“juice” can really be produced from the berry, if juice is defined as the aqueous product of 

squeezing the berry. Açaí is similar to olives in being oleaginous, oil, not juice, is 

produced on pressing.  Instead, the outer portion of the fruit is scraped off the relatively 

large seed; water is then added to the berries to produce a purée that is often sold 

frozen. Depending on the amount of water added, açaí grosso (thick), médio (middle) or 

fino (fine) grades are produced, with the following respective amounts of total solids: 

>14%, 10-14% and <10%.
603

 Authentic açaí products or supplements are expensive.  

They are also often sold in the freeze-dried form.  Given the cost of the genuine product, 

the incentive for adulteration is high and given the perceived benefits, the market is 

significant.  For other high-value products with perceived health benefits, such as 

pomegranate juice, international authenticity specifications have been set up.
604

 There 

are many cautionary notes on the web
605

 and elsewhere regarding the authenticity of 
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açaí products, and açaí berry scams have been the subjects of lawsuits by several state 

attorney generals in the US as well as the US Federal Trade Commission.
606

 

At this time little data are available for the characteristic composition of açaí.  

Relative to other analysis techniques, suppressed conductometric anion chromatography 

(hereinafter called SCAC) provides rapid and sensitive analysis. Whereas reversed 

phase (RP) or ion-pair (IP) liquid chromatography may determine both ionic and nonionic 

species, this will make for a more complex chromatogram. On the other hand, with 

SCAC, the number of anionic analytes (the corresponding acids must have a pKa~<6 to 

be detected) is obviously more limited.  Also, the RP or IP chromatography will 

obligatorily require an expensive mass spectrometer as a detector; as many of the 

analytes of interest (e.g., organic acids without unsaturated linkages) absorb poorly in the 

UV to be sensitively detected by optical absorption.  In contrast, virtually all carboxylic 

acids ionize sufficiently in SCAC to be detected.  In SCAC, the retention behavior of most 

of the anions is known for a number of different commercially available ion exchange 

columns, at least under some particular elution conditions, and can be predicted under 

most others.
607

 If there are ions not identifiable on the basis of known retention behavior, 

they can be identified by tandem mass spectrometry (MS/MS).  Once they are identified, 

further use of a mass spectrometer is not essential.   

The ionic composition of açaí in general and its organic acid profile in particular 

have never previously been described. General approaches to the characterization of 

organic acid content of fruit (primarily grape) juices were reviewed some time ago.
608

 This 

review tabulated conditions of liquid chromatographic (HPLC) and electrophoretic 

methods.  Several gas chromatography (GC) methods were described early.
609,610

  

Attractive techniques were developed to trap the analytes on anion exchange resins, 

methylate them in-situ and perform supercritical fluid extraction prior to GC analysis.
611
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The general availability of GC-MS in many laboratories makes this particularly attractive; 

direct analysis without derivatization is possible in many cases.
612

 Infrared spectroscopy, 

both in mid-IR
613,614

 and near-IR,
613

 have proven useful in determining major organic 

acids (and often other constituents) in a production setting.   

These approaches are not without problems, many acids are thermally labile at 

GC temperatures and IR spectrometry is too insensitive to determine the acids present in 

lower levels. Liquid phase separations, especially HPLC, have therefore been primarily 

used for fingerprinting.
615

 Capillary electrophoresis (CE) has been used for this analysis 

with
616

 or without
617,618

 prior derivatization but the use of HPLC has dominated this 

application.
619-625

 Although some approaches use pre-derivatization prior to a reverse 

phase (RP) separation,
626

 most do not. 

Most reported approaches use reverse phase columns with a low pH eluent to 

keep the analyte acids significantly in the unionized form; the basic separation 

mechanism is ion exclusion
627,628

 with stronger acids eluting first.  Some approaches 

directly use strong acid form cation exchangers and a mineral acid eluent to accomplish 

the same ends.
629-631

 Ion pairing agents such as tetrabutylammonium are 

applicable,
620

but have not been commonly used. UV absorbance measurement singly
632

 

or simultaneously/sequentially at multiple wavelengths has been used
627,633-639

 but 

suppressed conductivity and mass spectrometry provide much better limits of detection 

(LODs). 

We aim in this work to characterize the anion profile of both Brazilian and 

Floridian açaí and thence to determine if this can be used for authentication. 

G.2 Materials and Methods  

Brazilian açaí berries were bought directly in a market in Belém, Pará, Brazil. 

They were washed and disinfected with chlorinated water, then transferred to pulping 
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apparatus to obtain the edible portion (pulp + peel). Water was added to obtain “açaí 

médio”, followed by freezing. The frozen pulp (including added water) was lyophilized in 

the author’s laboratory in Rio de Janeiro to obtain a powder. Lyophilized açaí powder was 

also obtained from an açaí cultivation farm in Florida.  Both samples were sent to the 

Kansas City district laboratories of the US Food and Drug Administration (FDA).  Various 

other characterizations of these samples (e.g., lipid composition), not discussed here, 

were carried out at the FDA.  Ion chromatographic analysis was conducted at the 

University of Texas at Arlington. In addition, a sample of white grape juice (brand W), a 

beverage sample labeled açaí (brand S, did not claim to be a juice and contained 

undissolved settled solids, only the decantate was used for analysis) and another labeled 

açaí-pomegranate juice (brand O) were bought from local grocery stores in Arlington, TX.  

Both the açaí-and the açaí-pomegranate juice were dark purple in color.  

Accurately weighed samples (~28 mg) of the lyophilized açaí powders were 

transferred to a 25 mL volumetric flask, Milli-Q deionized water added to the mark, and 

the contents sonicated for 20 min.  The liquid was divided into two equal portions and 

was then centrifuged at 7650 rpm for 20 min, followed by filtration through a 0.2 μm nylon 

syringe filter (13 mm). The filtered sample was diluted four-fold before IC analysis.   

The store-bought “juice” samples were filtered through a Hi-Load C-18 Sep-Pak 

column (www.water.com) and then a 0.2 µm syringe filter.  The açaí-pomegranate juice 

and grape juice were diluted 200-fold while the açaí extract was diluted 100-fold prior to 

IC analysis.   

Chromatography was conducted on an ICS2000 ion chromatograph, equipped 

with an ASRS Ultra II 2 mm anion self-regenerating SRS Suppressor and a CD 25 

conductivity detector with a DS3-1 detector cell.  Three different sets of guard and 

separator columns were examined for the desired separation: AG11+AS11, AG24+AS24, 
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and AG15+AS15, all 2 mm in diameter. All of the above were from www.dionex.com.  

The sample injection volume was 20 µL.  Gradients used on each column were optimized 

for the best separation; the KOH gradient elution programs used with each column set is 

presented in Table G - 1.  The background conductivity was usually 0.8 to <3 µS/cm for 

gradients of 2.5-80 mM KOH. 

Table G - 1.  KOH Gradient Programs with IonPac AS11, 15 and 24 

Time 
(min) 

KOH (mM) 
on AS24 

KOH (mM) 
on AS15 

KOH (mM) 
on AS11 

Suppressor 
Current (mA) 

0 2.5 2.5 2.5 50 
10 2.5 2.5 2.5 50 
24 18.0 18.0 18.0 50 
40 64.0 64.0 64.0 50 
44 70.0 - - 50 
46 2.5 72.0 72.0 50 
48 - 2.5 2.5 50 
50 - - - 50 
52 2.5 2.5 2.5 50 

 

IC-MS/MS was performed using the AG24-AS24 column sets and a TSQ 

Quantum Discovery Max triple quadrupole mass spectrometer equipped with enhanced 

mass resolution and heated electrospray ionization probes.  A model AS autosampler (all 

MS equipment from www.thermo.com) was used for convenience.  The injection volume 

was 2 μL for selected ion monitoring (SIM) mode, while 25 μL was used to obtain high 

resolution and fragmentation spectra. Instrument parameters were: Electrospray voltage 

of 3 kV, vaporizer temperature: 350 °C, capillary temperature: 250 °C, skimmer offset: 0 

V, collision gas pressure (fragmentation only): 1.5 mTorr, collision energy: 10 V and 

chromatographic filter: 45 seconds. Thomson (Th) units are used for m/z hereinafter.  For 

fragmentation of hexanoic acid in the scan-centroid mode, the parent ion was at 115 Th, 

the scan range was 30-114 Th over 0.200 s. For fragmentation of phytic acid in the scan-

centroid mode, the parent ion was at 218.96 Th, the scan range for segment 1 was 30-
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218 Th over 0.200 s and that for segment 2 was 221-660 Th over 0.300 s. In both above 

cases Q1 and Q3 resolutions were 0.7 and 0.3 Th, respectively in full width half 

maximum (FWHM). The SIM/Profiling mode utilized Q1 and Q3 resolutions of 0.5 and 0.4 

Th FWHM, respectively. The high resolution scan for the phytic acid in profile mode used 

Q1 resolution set at “pass” and the Q3 resolution at 0.04 FWHM. The scan range was 

218.5-220 Th over 0.100 s. 

 

G.3 Results and Discussion  

G.3.1 Chromatographic Separation.   

Standards containing quinate, lactate, acetate, formate, hexanoate, 

galacturonate, chloride, sulfate, malate, phytate (myo-inositol hexakisphosphate), 

oxalate, tartrate, phosphate, citrate and isocitrate (hereinafter called the standard 

mixture), as well as samples of interest were analyzed on all three column sets.  The 

standard mixture is: 20 M quinate, 10 M lactate, 10 M acetate, 10 M formate, 27 M 

hexanoic acid, 10 M galacturonate, 10 M chloride, 10 M sulfate, 10 M malate, 10 M 

tartrate, 10 M oxalate, 10 M phosphate, 10 M citrate, 10 M isocitrate, 2 M phytate.  

The resulting chromatogram on the AS24 column is shown in Figure G - 1 and the 28-40 

min region of this chromatogram is shown in magnified view in Figure G - 2.  Phytate is 

the last peak to elute at ~40 min.   
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Figure G - 1.  Chromatograms of blank, samples and standards on AG24-AS24 column set 

Figure G - 2.  Detailed view in 28-41 min region Figure G - 1 
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Figure G - 3.  Chromatograms of blank, samples and standards on the AS15 column set 

Figure G - 4. Detailed view of the 33-48 min region of Figure G - 3. 
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Figure G - 3 and Figure G - 4 shows the corresponding chromatograms for the AS15 

column set (identical concentrations).  In this case, phytate does not elute within an hour.  

Dissolved CO2 appears as the carbonate peak in all samples; it is a broad peak and can 

obscure the elution of some peaks of interest.  This can be seen in Figure G - 5 for the malate 

peak on the AS15 column.  Blank, standard mix and sample chromatograms on the AS11 

column is shown in Figure G - 6. Carbonate and tartrate coelute under these conditions (we 

also could not separate them on this column under all other conditions we tested) and this peak 

in turn elutes very close to malate. The separation from malate shown here was the best 

separation observed.   

  

Figure G - 5.  Chromatograms of the standard mixture on the AS15 column 
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Figure G - 6.  Chromatograms of blank, samples and standards on the AS11 column 

Figure G - 7 Chromatograms of blank, samples and standards from 8-22 min in Figure G - 1  
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Although a relatively low eluent concentration (2.5 mM KOH) was used for all three 

columns for the first 10 min, the early eluting ions lactate, acetate and formate were well 

separated only on the AS24 column (Figure G - 7).  But tartrate and oxalate elute too close to 

each other on this column under this condition; accurate quantitation will be impossible if both 

are present.  One critical question (see below), if tartrate is present at all, can likely be 

answered nevertheless, especially if a standard containing both is run at the same time 

(compare the traces for the standard mix and the açaí sample traces in Figure G - 2).  However, 

Tartrate was well separated from all other anions (except for hexanoate) only on the AS15 

column. Hexanoate was observed in only the Floridian açaí and that in trace amounts.  

Accurate determination of tartrate should thus be possible by the stated method on the AS 15 

column.  Tartrate was not detected in any of the açaí samples, but it was one of the dominant 

components in grape juice (Figure G - 1, G - 2, G - 4), at a concentration of 1.92 mg/g.  

Concentrations of all the anions, determined using the AS24 column, are listed in  

.  The calibration plots for these analyte ions are given in the Figure G - 8 through Figure G - 11.  

The calibration range ranged from 0.2 M at the low end to 100 M at the high end, depending 

on the analyte.  The calibration equations are listed in Table G - 3.  Calibration equation, range, 

and LOD 

 for the stated ranges; even for the weak acids, at the low concentrations examined, the peak 

area response was acceptably linear.  The linear determination coefficient (r
2
) ranged from 

0.9914 for hexanoate to 0.9996 for phytate; these are listed in the Table.  Also given therein are 

the limits of detection (LOD) for each ion under these chromatographic conditions based on the 

S/N=3 criterion; these ranged from 3 nM for the hexaprotic acid anion phytate to 200 nM for 

monoprotic weak acid anion hexanoate.   
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Table G - 2.  Concentrations of Anions in Açaí, mg/g 

Sample/ 
Analyte ion 

Floridian 
açaí 

Brazilian 
açaí 

Açaí  Açaí-
pomegranate 

juice 

Grape juice 

Quinate 0.555±0.012
a 

0.192±0.034 0.185±0.006 0.366±0.013 <0.003 
Lactate 0.413±0.022 0.202±0.015 0.308±0.006 0.251±0.005 <0.001 
Acetate 0.260±0.012 0.136±0.003 0.046±0.002 0.067±0.005 0.014±0.002 
Formate 1.58±0.01 0.228±0.014 0.012±0.001 0.038±0.003 0.007±0.001 

Galacturonate 1.83±0.14 12.3±0.2 0.126±0.001 0.661±0.026 0.565±0.014 
Hexanoate 1.55±0.12 <0.108 <0.003 <0.006 <0.006 

Chloride 4.09±0.01 5.52±0.04 0.200±0.000 0.048±0.002 0.047±0.001 
Sulfate 4.18±0.07 5.44±0.12 0.190±0.001 0.067±0.001 0.322±0.002 
Malate 2.01±0.08 1.81±0.13 0.103±0.004 2.52±0.03 1.44±0.02 
Tartrate <0.016 <0.016 <0.001 <0.001 1.92±0.05 
Oxalate 0.38±0.02 0.214±0.020 0.013±0.001 0.072±0.002 0.184±0.006 

Phosphate 1.92±0.05 2.75±0.72 0.042±0.001 0.406±0.007 0.576±0.007 
Citrate 15.7±0.1 13.1±0.8 1.90±0.03 3.67±0.02 1.31±0.02 

Isocitrate 0.255±0.016 0.278±0.008 0.009±0.0001 <0.002 0.036±0.002 
Phytate 1.34±0.01 0.229±0.010 0.007±0.0003 0.025±0.001 <0.003 

 

a
 All results listed as average  standard deviation (n=3).  The ions are listed in order of 

elution. 
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Figure G - 8.  Calibration curves for Quniate, acetate, galacturonate, and sulfate using 

AS24 column set and tartate and oxalate using AS15 column set 
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Figure G - 10.  Calibration curves for isocitrate and 

phytate, using AS24 column set 

Figure G - 9.  Calibrations curves for lactate, chloride, malate, phosphate, and citrate 

using AS24 column set  

Figure G - 11.  Calibration curves for formate and 

hexanoate, using AS24 column set 
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Table G - 3.  Calibration equation, range, and LOD 

 
There is no particular column that is uniquely better than all others to perform 

juice/extract analysis either for authentication, or differentiate between different strains of açaí.  

While AS24 can separate most anions, it cannot separate tartrate and oxalate.  The latter 

separation is facile on AS15 but it cannot separate early eluting ions, e.g., acetate, formate and 

lactate or elute phytate in an hour.  Thus, quantitation of all but oxalate and tartrate was done 

on the AS24 column while oxalate and tartrate were separated and quantitated on the AS15 

(see Figure G - 8). 

G.3.2 Mass Spectrometric Identification of Galacturonate, Hexanoate and Phytate.   

Some peaks were not initially identifiable based on known chromatographic retention 

behavior.  The gradient described for the AS24 column was stretched out some over time in 

order to better elucidate the nature of these peaks.  The chromatogram of the Floridian açaí 

extract under these conditions is shown in Figure G - 12.  The black trace uses the right 

ordinant while the blue, orange, and green traces are the single ion monitoring counts for 

Ion Column 
Calibration Equation 

(Y: Peak area, min*�S/cm) 
Linear 

r
2
 

Calibration 
Range, µM 

Limit of 
Detection, nM 

Quinate AS24 Y =  0.0198 *(C,  µM)  - 0.0233 0.9987 4 - 20 32 

Lactate AS24 Y =  0.0237 *(C,  µM)  - 0.0592 0.9995 10 -50 29 

Acetate AS24 Y =  0.0132 *(C,  µM)  - 0.0110 0.9974 3 - 15 54 

Formate AS24 Y =  0.0179 *(C,  µM)  - 0.0142 0.9879 2 -10 25 

Galacturonate AS24 Y =  0.0157 *(C,  µM)  - 0.0151 0.9998 4 - 20 32 

Hexanoate AS24 Y =  0.0044 *(C,  µM)  - 0.0019 0.9914 2.7 - 13.5 200 

Chloride AS24 Y =  0.0286 *(C,  µM)  - 0.0789 0.9998 16 - 80 14 

Sulfate AS24 Y =  0.0547 *(C,  µM)  - 0.0468 0.999 4 - 20 7 

Malate AS24 Y =  0.0312 *(C,  µM)  - 0.0277 0.9974 10 - 50 15 

Tartrate
a
 AS15 Y =  0.0499 *(C,  µM)  - 0.0380 0.9994 4 - 20 4 

Oxalate
a AS15 Y =  0.0507 *(C,  µM)  - 0.0386 0.9994 4 - 20 6 

Phosphate AS24 Y =  0.0160 *(C,  µM)  - 0.0393 0.9995 8 - 40 24 

Citrate AS24 Y =  0.0353 *(C,  µM)  + 0.0245 0.9928 20 - 100 9 

Isocitrate AS24 Y =  0.0223 *(C,  µM)  - 0.0005 0.9993 0.2 - 1 14 

Phytate AS24 Y =  0.0991 *(C,  µM)  - 0.0022 0.9996 0.2 - 1 3 
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hexanoate, galactouranate, and phytate respectively and use the left ordinant.  The virtually co-

eluting peaks at 21 min revealed, on negative ion mode mass spectrometric selected ion 

monitoring study, ions at 115 and 193 Th. The 193 Th signal was ascribed to galacturonate. 

The retention time and the fragmentation pattern matched exactly with a standard.   

The 115 Th response was ascribed to hexanoate.  A hexanoate standard was used for 

confirmation; the retention time was within 0.02 min of that in the sample, this is well within the 
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Figure G - 12.  Chromatogram of Floridian Açaí with mass spectrometry 

detection on AS24 column set. 
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reproducibility of retention times under these conditions.  The hexanoate concentration in the 

sample was too low to quantitatively compare the relative peak intensities in the fragmentation 

pattern in the sample and the standard.  However, the Th values of all the fragment peaks were 

identical in the sample and the standard, within the mass resolution of the instrument.  The 

relevant data are shown in Figure G - 13 and Figure G - 14. 

The peak that eluted after citrate at ~52 min was also initially not identified.  This peak 

produced an intense signal at 219 Th.  The peak was asymmetric and tailed into the higher Th 

range, often a characteristic of multiply charged ions that fragment into a less charged ion at a 

higher Th. Reinvestigation of the full spectrum scan showed the presence of a weaker signal at 

329 Th.  Both the signals at 219 and 329 Th would be consistent with being derived from a 

neutral species of 660 mass units: the above two signals resulting respectively from loss of 

three and two protons.  As the singly charged species was not observed, we suspected the 

parent compound to be a multiprotic strong acid.   

Higher resolution spectra were used for confirmation and are shown in the Figure G - 

16.  Note that a clear isotope distribution, separated by ~0.33 Th, is observed for the 219 Th 
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peak, indicating a triply charged ion.  Fragmentation was performed from 30-218 and 220-659 

Th; the results are shown in Figure G - 16.  The parent mass and isotope distribution suggested 

a possible chemical formula of C6P6O24H18.  Nominal Th values of all of the major ions seen are 

consistent with fragments that will logically be generated from the triply charged phytate ion 

(Table G - 4).  Additionally, given that the chromatographic retention time matched exactly with 

an authentic standard of phytate (myo-inositol hexakisphosphate), we positively identified this 

chromatographic peak as phytate. Table G - 5 contains a list of all major fragments ions listed in 

the order of their intensity along with their origin. 
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Table G - 4.  Proposed Fragmentation Scheme of Phytate
3-

 (nominal masses) 

Figure G - 16.  Fragmentation spectrum produced upon fragmenting  the 219 Th peak 
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400.71

418.67382.68
320.76

302.79

288.79

239.82

158.91 176.88

m/z   Ion  Loss 

219  C6P6O24H15
3- Parent ion 

289  C6P5O21H15
2-

 PO3
-
 

499  C6P4O18H15
- 

2*PO3
-
 

401  C6P3O14H12
- 

2*PO3
-
+HPO3

-
+H2O 

79  PO3
-  

Ejected ion 

481  C6P4O17H13
- 

2*PO3
-
+H2O 

321  C6P2O11H11
- 

2*PO3
-
+2HPO3

-
+H2O 

303  C6P2O10H9
- 

2*PO3
-
+2HPO3

-
+2H2O 

240  C6P4O17H12
2- 

PO3
-
+HPO3

-
+H2O 

383  C6P3O13H10
- 

2*PO3
-
+HPO3

-
+2H2O 

419  C6P3O15H14
- 

2*PO3
-
+HPO3

- 

177  H3P2O7
-  

Possible gas phase recombination 

159  HP2O6
-
  Possible gas phase recombination 
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Table G - 5.  Putative Ion Identification of Parent and Daughter Ions of Phytate
3- 

 

 

 
 
 
 
 
 
 
 
 
 
 
G.3.3 Significance of Phytic Acid.   

The structure of phytic acid is shown in Supporting information (Figure G - 17). It is 

found in soil, cereals, legumes, nuts, oil seeds, pollen and spores.
640

  Reported health effects of 

phytic acid are somewhat contradictory.  While it has been called an anti-nutrient for several 

decades (it removes metals like calcium as water-insoluble complexes preventing absorption in 

the gut) but it is now known that it also act as an antioxidant and anti-cancer agent.
641

 Phytate 

may also help prevent Alzheimer’s disease and other neurodegenerative diseases by chelating 

iron (it has greater affinity for iron than calcium) and keeping it from initiating oxidative 

damage.
642

 The main sources of phytate in the daily diet are cereals and legumes, especially 
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-
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Figure G - 17.  Structure of phytic acid (myo-inositol hexakisphosphate) 
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oily seeds and nuts with estimated daily intake in the West ranging between 0.3-2.6 g.
641

  The 

recommended daily dosage for açaí powder formulated as capsules and taken as supplement is 

2 g/day.  The Floridian açaí contained a much greater amount of phytate (~7x) than the 

Brazilian açaí.  However, on an absolute scale, the amount of phytate in the Floridian sample 

was only 1.34 mg/g; it will not be a significant source for phytate. On the other hand, it is 

possible that Floridian and Brazilian açaí can be distinguished by their phytate content.  

 

G.3.4 Implications on Phytate Analysis.  

The analysis of phytate is important, the present method provides a superior alternative 

to extant methods. AOAC method 986.11
643

 uses anion exchange separation, then complete 

hydrolysis and colorimetric phosphate determination.  If other inositol phosphates are not 

completely separated, a positive error results.   

In SCAC (obligatorily with an alkaline eluent), phytate will have a charge of -12.  The 

normal expectation will be that it will not elute in a reasonable period, as was presently 

observed with the AS15 column.  Indeed, in previous studies
644

 even to elute the triphosphate 

from an AS4A column required high concentrations of 4-cyanophenolate, an extremely strong 

eluent.  Only the mono and diphosphate could be eluted with a high concentration gradient of 

NaOH and NaOAc from a PA-10 column.
645

  Strong acid eluents with anion exchange columns 

and post column reactions with Fe
3+

 can separate and detect (by UV absorption) all inositol 

phosphates.
646-648

  However, unlike the present method, it will not sensitively detect other ions, 

e.g.; organic acids, or be compatible with mass spectrometry.  

The present method can elute phosphate in a reasonable period with a hydroxide 

eluent. If phytate is the only inositol phosphate analyte of interest, we have found that it can be 

eluted much sooner using a stronger eluent gradient but without causing coelution with the 

peaks eluting earlier.  
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G.3.5 Implications on the Authentication of Açaí.   

There is considerable interest in authentication of expensive food and beverages that 

can be easily adulterated.  For example, for pomegranate juice, an international 

multidimensional authenticity specification algorithm has recently been established.
604

  The 

present work suggests on a preliminary basis that the absence of tartrate may provide a useful 

tool to determine the authenticity of pure açaí and/or pomegranate products, especially as the 

common adulterant juices are all known to contain large to easily detectable levels of tartrate.  

Of course, many more samples would have to be analyzed to establish the validity of this 

observation.  It is important that any such analysis be done on genuine açaí. For example, it 

was recently reported that a product labeled “açaí juice” contained 0.6 mg/L nitrate.
603

 Nitrate is 

unlikely to be present inside the fruit and no nitrate was found in any of the açaí samples in the 

present study.  The ability to differentiate between Floridian and Brazilian açaí on the basis of 

phytate content will also need to be validated by analysis of a much larger number of samples.   

The measurement of principal organic acids in fruit juice, especially grape juice (for 

general characterization and for determination of maturity for harvesting) by SCAC has been 

previously advocated.
649-651

  The SCAC technique has grown considerably in power since; 

presently it is possible to generate an essentially complete anion profile, including that of the 

organic acids, even those present at low levels.  The different selectivities of the multitude of 

columns presently available permits complete separation, and also aids identification through 

multidimensional retention mapping as shown in Figure G - 18.  For example, lactate elutes 

before acetate on a AS24 column while the reverse elution order is observed on a AS15. 

Similarly the elution orders of sulfate and malate are reversed between AS24 and AS11, among 

many such instances. In most cases, the use of mass spectrometry is not essential. With the 

açaí products as the focus, we hope to have clearly established the power of this technique. 
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Figure G - 18. 3D retention map of different anions on the 

AS24, AS15, and AS11 columns 
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