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Abstract Chemical separation methods in conjunction

with instrumental neutron activation analysis (INAA) were

developed for measuring iodine levels in commercially

available bovine milk with varying milk fat (MF) content.

Samples of homogenized (3.25 % MF), partly skimmed

(2 % MF), partly skimmed (1 % MF), partly skimmed cal-

cium enriched (1 % MF ? Ca), and skim (\0.05 %) milk

were purchased from local supermarkets. Ion exchange

chromatography, solvent extraction, and ammonium sulfate

precipitation methods were applied to the separation of the

inorganic, lipidic and proteic fractions of iodine in milk. The

levels of iodine were measured by INAA in total reactor and

epi-cadmium (EINAA) neutron flux in conjunction with

conventional gamma-ray and Compton suppression spec-

trometry (CSS). A pseudo-cyclic INAA method coupled

with CSS (PC-INAA-CSS) was also explored as an instru-

mental option to further lower the detection limit of iodine.

The detection limits of 0.06, 0.06 and 0.02 lg mL-1 for

iodine were obtained using INAA-CSS, EINAA-CSS, and

PC-INAA-CSS methods, respectively. Although the PC-

INAA-CSS method provided the lowest detection limit, the

INAA-CSS method was sufficient for the determination of

total iodine in almost all samples analyzed in this work. The

total iodine concentrations (lg mL-1) were: 0.40 ± 0.01 (in

3.25 % MF), 0.40 ± 0.01 (2 % MF), 0.42 ± 0.01 (1 %

MF), 0.42 ± 0.01 (\0.05 %), and 0.96 ± 0.01 (1 % MF ?

Ca) milk samples. Iodine bound to various fractions of the

milk samples analyzed, in percent of total iodine content,

ranged: (0.05–1.8), (1.9–4.8), (90–95) for the lipidic, proteic

and anionic inorganic fractions respectively. Iodine recovery

in all cases was higher than 96 %.

Keywords Total iodine � Iodine species � Neutron

activation � Milk � Varying fat

Introduction

Canada is one of the countries with fairly high incidence of

osteoporosis. Statistics shows that 1 in 4 women and at

least 1 in 8 men over 50 have this disease [1]. Perhaps this

is one of the reasons for the high consumption of bovine

milk and its products in Canada. In 2009, the per capita

consumption of bovine milk with different milk fat

(MF) content of Canadians was: 11.14 L of homogenized

(3.25 % MF), 37.33 L of partly skimmed (2 % MF),

18.10 L of partly skimmed (1 % MF), 8.60 L of skimmed

(\0.5 % MF), 5.73 L of chocolate, and 0.37 L of butter-

milk [2]. Although the annual per capita consumption has

decreased from 1998 to 2009, Canada still is among the top

10 consumers of milk and its products in the world [3].

At the same time, the iodine content of milk has been

increasing worldwide, at least since the 1980s. A recent

study conducted in Canada of 501 farms covering all

provinces showed that the iodine content of Canadian retail

milk was on the average 304 ± 8.4 lg kg-1 which is

considered a high value [4]. It was also found that the

Central and Atlantic Canada had higher milk iodine content

compared to the Prairies and Western Canada. This work

[4] encouraged to take actions to reduce iodine levels in
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Canadian milk. Given the facts that in Canada the table salt

is iodized and that milk and milk products are consumed

extensively as well, this country unlike many others in the

world is not at risk of iodine deficiency disorder but instead

could be at risk of high iodine intake [4, 5]. It has been

reported since mid-1980s that Canadians exceed the rec-

ommended nutrient intake (RNI) value for iodine by at

least 6 times [6]. High levels of iodine in a diet may inhibit

the function of the thyroid gland and produce symptoms of

iodine deficiency as well.

Toxicological effects of chemical elements depend on

not only the concentration but also their chemical species.

Total iodine content of milk has been routinely measured at

least since 1970; however this is not the case for iodine

speciation analysis. The small number of reports available

on iodine speciation is perhaps due to the low iodine

content involved and/or the volatility of this element

leading to losses during the separation as well as analytical

detection by most techniques. Much of the work on iodine

species in milk reported so far involves iodide and iodate

[7–9], T3, other organic or inorganic species [10, 11], and

iodine bound to casein, whey, and/or fat [12, 13]. The

commonly used analytical techniques are ICP-MS and

NAA [7–13]. Both are very sensitive techniques; however,

NAA does not require sample to be in the liquid phase and

it is able to detect iodine instrumentally at very low levels

in small sample sizes.

In 2008 a method to determine iodine and some of its

species in homogenized milk (3.25 % MF) was reported by

us. Here milk was separated into lipids, protein and aqueos

fractions by chemical methods and their iodine levels were

measured by EINAA [6]. The main advantages of this

fractionation scheme include a high recovery, possibility of

further fractionation, and its application to any element. In

this scheme lipid and protein fractions were separated first

followed by the determination of inorganic iodine in the

remaining solution. Although iodine levels were success-

fully measured, the solution also contained high levels of

Na, Mg, K, Cl, Br and other elements which caused major

interferences in the iodine determination by NAA. The use

of epithermal neutron irradiation in conjunction with

Compton suppression counting for the 128I nuclide reduced

some interference of the above mentioned elements. It is

still possible that the levels of some inorganic iodine spe-

cies were too low to be detected by this method. For this

reason a new separation scheme for iodine fractionation in

bovine milk with different MF content and NAA methods

with lower detection limits are reported here. INAA in total

reactor and epi-cadmium (EINAA) neutron flux in con-

junction with conventional gamma-ray and Compton sup-

pression spectrometry (CSS) has been developed. In

addition, a pseudo-cyclic INAA method coupled to CSS

(PC-INAA-CSS) has been developed to further lower the

detection limit of iodine. The details of the separation as

well as NAA methods are given below.

Experimental

Neutron activation analysis methods

Milk samples, comparator standards, and reference

materials

Five types of commercially available milk sample with

different MF content were purchased from supermarkets in

Halifax. The samples were: homogenized (3.25 % MF),

partly skimmed (2 % MF), partly skimmed (1 % MF),

partly skimmed calcium enriched (1 % MF ? Ca), and

skim (\0.05 %) milk.

A stock solution of 4 lg mL-1 of iodine using ammo-

nium iodide (Spex, ultrapure) was prepared to be used as

the iodine comparator standard. A secondary stock solution

of 1.5 lg mL-1 was prepared from the above solution.

Different volumes of this solution were pipetted out to

cover a mass range of 0.2–1.0 lg. Distilled deionized water

(DDW) was used for making up the volume to 0.75 mL.

The NAA methods were validated using two materials,

namely the NIST Non-Fat Milk Powder SRM-1549 and

NIST Wheat Gluten RM-8418.

Irradiation and counting systems

Samples and standards were irradiated at the inner and the

cadmium-shielded outer pneumatic sites of the Dalhousie

University SLOWPOKE-2 Reactor (DUSR) facility at a

neutron flux of 2.5 9 1011 cm-2 s-1. The details of the

stability, homogeneity and reproducibility of the DUSR

facility has previously been described [14–16]. Two detec-

tion systems were mainly used in this work. One was a

Compton suppression gamma-ray spectrometry system

consisting of an EG&G Ortec HPGe p-type coaxial detector

with a resolution (FWHM) of 1.72 keV at the 1332.5 keV

photopeak of 60Co and a relative efficiency of 25 % with

respect to a standard NaI(Tl) detector in conjunction with an

Ortec D-SPEC plus pulse height analyzer. The guard

detector used in this system was a 100091000 NaI(Tl) annulus

with 5 photomultiplier tubes (PMTs) supplied by Harshaw

and a 3009300 NaI(Tl) plug with one PMT supplied by Tele-

dyne. The peak-to-Compton ratio of this system was 582:1 at

the 662-keV photopeak of 137Cs. The second counting sys-

tem consisted of a D-SPEC plus multi-channel analyzer in

conjunction with a Canberra 60 cm3 Ge(Li) semiconductor

detector with a resolution of 1.88 keV at the 1332.5-keV

photopeak of 60Co, a peak-to-Compton ratio of 35:1 and an

efficiency of 9.5 %. All measurements performed on the first
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counting system were done at a distance of 2.6 cm in the

anticoincidence mode for Compton suppression while in the

second system the measurements were done on top of the

detector (covered with a plastic dish) in a conventional

counting mode.

Separation and determination of milk fractions

Lipid separation and determination by solvent extraction

About 25 mL of milk were placed in a separatory funnel to

which 2 mL of concentrated ammonia solution were added.

After shaking for 1 min, 15 mL of hexane and 25 mL of

isopropanol were added, and the sample was mixed for 2

more min. Then 10 mL of hexane were added and mixed for

1 min. After the separation of phases (no centrifugation was

required), the upper phase (hexane) was removed and stored.

The lower phase was taken through a second extraction

similar to the first one except using half of the initial vol-

umes. After separating the upper phase in the second

extraction, 10 mL of hexane were added to the bottom phase

and a third extraction was carried out. The three hexane

phases from each extraction were combined and washed

twice with 10 mL of DDW. The organic solvent was evap-

orated under air in fume hood until reached constant weight.

Protein determination by bradford method

Different volumes of a standard solution of 1 mg Ca-

sein mL-1 were taken to cover a range of 4–100 lg of

protein. The total volume was made up to 1 mL with water.

3 mL of Coomassie brilliant blue G-25 reagent were added,

and the solution was shaken in a vortex mixer. Absorbance

at 596 nm was measured immediately and without any

heating. Three replicates were used to generate each point

on the calibration curve. Milk samples were diluted 100

times before 100 lL were taken to carry out the assay.

Protein separation by ammonium sulfate precipitation

A saturated ammonium sulfate solution (4.06 mol L-1 at

20 �C) was added to the sample assuring that the dilution

due to the sample volume makes a final salt concentration

of 3 mol L-1 in the mixture. Once proteins were precipi-

tated, a washing step using methanol followed by ketone

and ethyl ether was employed. The precipitated protein was

dried until constant weight.

Batch separation of inorganic iodine anionic species

by ion-exchange chromatography

Cleaning of resin About 25 g of Dowex 1X8 (100–200)

mesh resin in chloride form were soaked in 5 % sodium

hypochlorite solution at pH 1–2. The resin was stirred for

about 30 min followed by washing with DDW until no

more chloride ions were detected by the silver nitrate test.

The resin was soaked in 25 % (v/v) ammonia solution and

stirred overnight, washed with water until neutral pH was

attained, and dried in air. A portion of the dried resin was

irradiated for 1 min in the inner position of the DUSR

facility, allowed to decay for 1 min, and counted for

5 min. If the 443-keV photopeak of 128I was detected in

the spectrum then the cleaning procedure was repeated

again until there was no iodine peak. In general, three

washings were required to make the resin iodine-free and

to attain a constant ratio of chlorine counts/mass. At the

end, about 25 g of resin in the OH- form were obtained.

This form was suitable for irradiation since oxygen and

hydrogen introduce no interference to iodine analysis by

NAA.

About 25 g of Dowex 50X8 (50–100) mesh resins in H?

form were also cleaned by a procedure similar to the one

described above, but in this case the final resin was in the

NH4
? form. This step was introduced to ‘‘clean up’’ the

milk samples from elements such as Na, K, Mg, and Ca

which can strongly interfere with the detection of 128I by

gamma-ray spectrometry.

Batch separation Based on the reported affinity of ions

for the Dowex (1X8) resin (I- [ HSO4
- [ ClO3

- [ NO3
-

[Br- [CN- [ HSO3
- [NO2

- [Cl- [ HCO3
- [ IO3

-

[ HCOO- [ Ac- [ OH- [ F- [8]), it was hypothesized

that iodide and iodate ions could be quantitatively sepa-

rated if the resin was in the OH- form. To evaluate

this hypothesis, a standard solution of 0.5 lg mL-1 of

iodine containing 0.25 lg mL-1 of each of iodide and

iodate ions was prepared. Approximately 50 mL of the

standard solution were stirred with about 0.5 g of Dowex

(1X8) resin in OH- form for 5 min and a batch separation

was carried out. The sample was filtered and 0.75 mL

of the filtrate was used for PC-INAA-CSS. The batch

separation was repeated 2 more times. Three spectra were

collected and compiled for the quantification of the

iodine remaining in solution after each batch separation.

The same experiment was then performed using milk

samples.

Determination of iodine species in bovine milk

Five replicates of 50-mL of each type of milk samples were

analyzed following the separation scheme given in Fig. 1.

Once the milk fractions were separated, the irradiation and

counting conditions employed for the determination of the

iodine bound to each fraction are summarized in Table 1.

Sample size in all cases was about 0.75 mL.
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Results and discussion

Neutron activation analysis methods

As mentioned above, four INAA methods were developed

in this work for milk analysis. The methods were: INAA

using conventional gamma spectrometry and CSS, EINAA

using conventional gamma spectrometry, and PC-INAA-

CSS. The experimental conditions given in Table 1 were

used to analyze milk samples and various separated frac-

tions. A calibration curve (not shown here since it was a

straight line) was constructed using 5 replicates of each

sample under identical conditions. Slopes of the curves

represented the sensitivity for each condition.

The sensitivity, detection limit, precision, accuracy of the

four INAA methods were also calculated using two refer-

ence materials, namely the NIST Non-Fat Milk Powder

SRM-1549 with a certified value of 3.38 ± 0.03 lg g-1 and

Fig. 1 Separation scheme for

the determination of iodine

species in bovine milk
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the NIST Wheat Gluten RM-8418 with a certified value of

0.06 ± 0.01 lg g-1. These materials were analyzed in

triplicate and their averages are shown in Table 2. Our

measured values agree fairly well with the certified values. A

detailed discussion on expanded uncertainties of a PC-

EINAA-CSS method has recently been published [17]. It is

evident that the highest sensitivity was obtained using INAA

and conventional gamma spectrometry under the varied

experimental conditions used. The detection limit for each

condition was calculated from the analysis of 0.75 mL of

homogenized (3.25 % MF) commercial milk sample using

Currie’s method [18].

It is also evident from Table 2 that the highest detection

limit of 0.1 lg mL-1 was obtained by EINAA-Ge(Li)

using a 5–2–10 min irradiation-decay-counting scheme.

However, this limit was lowered to 0.02 lg mL-1 using a

PC-INAA-CSS method and 6 cycles of irradiation-decay-

counting. The improvement in detection limits with

increasing number of cycles (N) using the 5–2–10 min

scheme in PC-INAA-CSS is shown in Fig. 2. Although the

PC-INAA-CSS method provided the lowest detection limit

and had to be used when the iodine content was extremely

low, the INAA-CSS method was generally sufficient for

the determination of total iodine in almost all samples.

We previously reported that the total iodine content of

Canadian bovine milk is about 0.4 lg mL-1 and the

organic iodine fraction represents about 10 % of total

iodine content [6]. Therefore, three cycles per sample,

which represents an attainable detection limit of

0.03 lg mL-1 (Fig. 2), was chosen for detecting iodine

species remaining in the filtrate after the batch separation

of the inorganic ionic species.

Separation and determination of lipids and proteins

Results of lipid and protein determination in the different

milk samples are shown in Table 3. As expected, the lipid

content varied directly with the fat content. For both lipids

and proteins, the measured values were comparable to

those reported on the container by the producer demon-

strating the reliability of the methods employed. Lipids

were determined quantitatively and the suitability of the

solvent system used for the milk lipid extraction has been

already reported [6]. Proteins, however, were determined

using a very sensitive but relative method (Bradford’s

method) whose reliability depended on the standard protein

employed. We found the most appropriate standard protein

Table 1 Experimental conditions used for iodine determination by NAA

Milk/milk fraction NAA technique ti–td–tc (min) Reactor site Detection system

Homogenized milk INAA-CSS 5–2–10 Inner Compton suppression

Lipids and proteins (solid) INAA-Ge(Li) 10–2–10 Inner Conventional Ge(Li)

Resins (inorganic anionic) EINAA-Ge(Li) 5–2–10 Cd-shielded Conventional Ge(Li)

Sample after batch separation on resin PC-INAA-CSS 5–2–10 Inner Compton suppression

Table 2 Precision and detection limits of INAA methods for iodine in total milk (n = 3)

Scheme ti–td–tc
(min)

Reactor position/

detection system

Sensitivity

(counts lg-1)

Iodine (lg g-1) in

NIST-SRM 1549

Detection limit

(lg mL-1)

5–2–10 INAA-CSS 1686 ± 4 3.22 ± 0.03 0.06

5–2–10 EINAA-Ge(Li) 274 ± 7 3.40 ± 0.20 0.1

10–2–10 INAA-Ge(Li) 6626 ± 143 3.21 ± 0.05 0.08

Iodine (lg g-1) in NIST-RM- 8418

5–2–10 PC-INAA-CSS 5058 ± 16 0.064 ± 0.009 (n = 5) 0.02 (N = 6)

n number of replicates, N number of cycles per replicate

Fig. 2 Improvement of detection limits with the number of cycles in

PC-INAA-CSS
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to be used in this case is casein since it represents about

80 % of all milk proteins. The suitability of the ammonium

sulfate precipitation for separating milk proteins has also

been reported earlier [6].

Inorganic anionic species

Batch separation

The results of the iodine batch separation using the stan-

dard iodine solution are shown in Fig. 3. It is evident that

two batch separations are sufficient for the extraction of all

iodide and iodate ions present in the solution. A plateau at

zero counts was attained in Fig. 3 because the iodine

standard solution had no other iodine species except the

iodide and iodate ions. These experiments show that the

OH- form of Dowex (1X8) resin can retain both iodide and

iodate anionic species quantitatively.

Figure 4 shows the results of batch separations in real

samples, specifically for homogenized milk (3.25 % MF).

All milk samples analyzed exhibited exactly the same

behavior. Two batch separations were sufficient for the

extraction of all inorganic iodine species from the milk

sample. Nevertheless, three extractions were considered as

the minimum number required for assuring quantitative

separation. In this case, the graph does not reach a plateau

at zero. The reason for this observation is that the real milk

Table 3 Lipid and protein content of various types of milk

Milk Lipid content

(%)

Protein content

(mg g-1)

Homogenized (3.25 % MF) 3.16 ± 0.07 32 ± 2

Partly skimmed (2 % MF) 1.81 ± 0.06 34 ± 3

Partly skimmed (1 % MF) 0.8 ± 0.1 35 ± 3

Partly skimmed

(1 % MF ? Ca)

0.79 ± 0.08 35 ± 3

Skim (\0.05 % MF) 0.06 ± 0.01 35 ± 2

Fig. 3 Batch separation of iodide and iodate ions

Fig. 4 Inorganic iodine species in homogenized milk by batch

separation

Table 4 Iodine levels in different types of milk and in their fractions

by Scheme on Fig. 1

Milk (MF)/fraction [I] (lg mL-1)

of milk

(%) of

total

Homogenized milk (3.25 % MF) 0.40 ± 0.01

Lipids 0.0073 ± 0.0004 1.8

Proteins 0.020 ± 0.005 5.0

Anionic inorganic 0.359 ± 0.008 90

Recovery 0.386 96

Partly skimmed milk (2 % MF) 0.40 ± 0.01

Lipids 0.0044 ± 0.0006 1.1

Proteins 0.019 ± 0.003 4.8

Anionic inorganic 0.364 ± 0.005 91

Recovery 0.387 97

Partly skimmed milk (1 % MF) 0.42 ± 0.01

Lipids 0.0021 ± 0.0007 0.5

Proteins 0.021 ± 0.004 5

Anionic inorganic 0.386 ± 0.006 92

Recovery 0.409 97

Partly skimmed milk (1 % ? Ca) 0.96 ± 0.01

Lipids 0.0046 ± 0.0005 0.48

Proteins 0.018 ± 0.003 1.9

Anionic inorganic 0.913 ± 0.008 95

Recovery 0.936 97

Skim milk (\0.05 %) 0.42 ± 0.01

Lipids 0.0002 0.05

Proteins 0.020 ± 0.005 4.8

Anionic inorganic 0.391 ± 0.006 93

Recovery 0.411 98
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samples contain organically bound iodine species which

are not retained on the resin. In fact, the organic iodine

species account for about 10 % of the total iodine present

in milk, which agrees with the literature values [6, 8]. It

was possible to conclude that a batch separation using

Dowex 1X8 (in OH- form) was suitable for the simulta-

neous separation of both iodide and iodate species from

milk.

The study of the behavior of the inorganic iodide species

in milk during the batch separation was carried out by

measuring the iodine remaining after each separation. Once

the behavior was known and the complete separation of

iodide and iodate on the resin was proven, the anionic

inorganic iodine in milk was determined by directly irra-

diating the Dowex (1X8) OH- form resin in the reactor.

Determination of iodine species in bovine milk

The results obtained using the separation scheme (Fig. 1)

are presented in Table 4. It appears that the iodine intake

due to the consumption of homogenized (3.25 % MF),

partly skimmed (2 % MF), partly skimmed (1 % MF) or

skim (\0.05 % MF) milk is about the same. However, the

consumption of the partly skimmed (1 % MF ? Ca)

increases the iodine intake by a factor of more than two.

Since the inorganic anionic fraction is the one that is sig-

nificantly increased in this milk, it is possible that the

added Ca compound contained iodine and it is retained on

the OH- form of the resin. Further studies are however

needed to identify the iodine species being added with Ca.

Iodine bound to proteins is essentially the same in all

milk samples analyzed in this work. Although there is a

smooth variation in the iodine bound to lipids with the MF

content as expected, some of these variations perhaps could

be attributed to the uncertainty related to the extraction and

gravimetric lipid determination techniques.

It is also important to point out that the iodine value

reported for each fraction is relative to 1 mL of milk. This

value was calculated from the iodine concentration in the

separated fraction (e.g. lg g-1 of lipid and protein) mul-

tiplied by the lipid and protein content of the milk (g mL-1

milk), respectively. Since the iodine determination in the

case of lipid and proteins was carried out in a matrix dif-

ferent than that for total milk and that matrix was mainly

composed of light elements (C, H, N, O), a detection limit

lower than that reported in Table 2 was achieved.

Conclusions

The iodine levels in lipid, protein and inorganic fractions of

commercially available bovine milk with varying fat con-

tent were measured with high precision and accuracy by

different INAA methods developed here to obtain best

detection limits. The total iodine content of milk was

determined by INAA-CSS, total organic iodine by

PC-INAA-CSS, iodine bound to lipids and proteins

by INAA-Ge(Li), and anionic inorganic iodine species by

EINAA-Ge(Li).

No significant variation in the iodine content of

homogenized (3.25 % MF), partly skimmed (2 % MF),

partly skimmed (1 % MF) and skimmed (\0.05 % MF)

was observed. Iodine bound to protein was quite constant

ranging between 4.8 and 5.0 %. The highest iodine content

was found in the anionic inorganic fraction accounting for

90–93 %.

Partly skimmed milk enriched with Ca (1 % MF ? Ca),

however, had a total iodine concentration of about 2.5 times

higher that the rest of the milk types. The inorganic anionic

iodine fraction in this milk was also about 2.25 times high.

Since some Canadians have been reported to have a daily

iodine intake that can be six folds higher than the RNI,

perhaps close attention should be given to the consumption

of this type of milk although no harmful effect is known so

far. One glass (250 mL) of partly skimmed milk enriched

with Ca (1 % MF ? Ca) per day would mean an iodine

intake of about 240 lg which is in excess of RNI of 160 lg

and close to the maximum average daily dietary intake

(ADDI) of 300 lg iodine recommended by WHO during

pregnancy and lactation. Obviously, a glass of milk is not the

only food an adult consumes in a day. Moreover, salts in

Canada are iodized. Therefore, a cautionary note on iodine

intake is well deserved.
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