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Abstract Particle induced gamma-ray emission method

was used to quantify total fluorine (F) concentrations in soil

and food samples obtained from fluoride affected as well as

non-affected areas of Punjab state, India. Samples, stan-

dards and reference materials in pellet form with lithium as

in situ current normalizer were irradiated using 4 MeV

proton beam from the tandem particle accelerator. Char-

acteristic prompt gamma rays at 197 keV from 19F and

478 keV from 7Li were measured using a HPGe detector

system. Fluorine concentrations in soil and food samples

were 279–3138 and 51–211 mg kg-1, respectively.
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Introduction

Fluorine (F) is an essential as well as toxic trace element

and it is present ubiquitously in the environment. The

toxicity of fluorine in the form of fluoride is associated with

its high chemical and biological activity in human body

[1]. Fluoride (F-) gets absorbed in the gastrointestinal tract

and rapidly migrates across the biological membranes. It

negatively influences many metabolic, structural, and cel-

lular functions. The toxic effect of fluoride includes

induction of inflammatory reactions, cell contractile

responses, inhibition of protein synthesis, cell cycle pro-

gression, oxidative stress and DNA damage [2]. Many of

these cellular events ultimately lead to cell death or

apoptosis. F is found in the form of fluoride in soil and

water. Small amount of fluoride is beneficial in preventing

dental carries (1–1.5 mg L-1) which strengthens the

enamel; whereas its long exposure is found to be harmful to

bones and teeth. Fluoride is considered to be beneficial in

drinking water at a level of about 0.7 mg L-1 but it is

harmful once it exceeds the safe limit of 1.5 mg L-1 set by

World Health Organization [3]. It has been reported that

fluoride concentration in the range of 1.5–4 mg L-1 causes

dental fluorosis [4], whereas prolonged exposure at higher

concentrations i.e., 4–10 mg L-1 leads to skeletal fluorosis

[5]. It has been reported by Central Ground Water Board

(CGWB, Ministry of Water Resources, River Development

and Ganga Rejuvenation) of the Government of India that

the states of Andhra Pradesh, Bihar, Delhi, Gujarat, Har-

yana, Jammu and Kashmir, Karnataka, Kerala, Madhya

Pradesh, Maharashtra, Odisha, Punjab, Rajasthan, Tamil

Nadu, and Uttar Pradesh are affected by fluoride related

toxicity [6]. In the state of Punjab [7], the present study

area, there are 11 districts namely Amritsar, Bhatinda,

Faridkot, Fatehgrah Sahib, Firozepur, Gurdaspur, Mansa,

Moga, Muktasar, Patiala, and Sangrur, which have shown

fluoride concentration in ground water higher than the

permissible limit of 1.5 mg L-1. It is known that main

sources of fluorine in human body are water and food and

they provide about 40% of the intake of total F [8]. The

main sources of fluoride in soil are minerals like fluorite,

fluorapatite, apatite, biotite, tourmaline, muscovite,
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phlogopite and cryolites [3], which are present in the

earth’s crust. Fluorine is also known to be present in sig-

nificant amount in products of coal combustion [9] besides

pesticides [10] and fertilizers [11].

Various factors that govern the release of fluoride into

water from fluoride-bearing minerals are (i) the chemical

constituents present in the water, (ii) the presence and

accessibility of fluoride minerals to water, and (iii) the

contact time between the source mineral and water [12].

Overall water quality (e.g., pH, hardness, and ionic

strength) also plays a key role by influencing mineral

solubility, complexation and sorption/exchange reactions

[13]. The irrigation of soil using fluoride rich water may

further lead to increase in the fluoride content of the soil

in addition to fluorine derived from use of agrochemicals.

Therefore, it becomes essential to determine concentration

of total F in soil, used for cultivation. Wet-chemical

techniques like potentiometry [14], colorimetry, fluoride

ion selective electrode [15, 16] and ion chromatography

[17] are routinely used to determine trace concentration of

F in water. However, samples like soil and food are not

favorable matrices for these techniques. These methods

are based on chemical dissolution/separation followed by

detection. Thus, for solid samples the above mentioned

chemical technique are destructive in nature, time con-

suming and requires tedious chemical treatments which

may lead to contamination or evaporation of F. In view of

this, a technique which can determine F non-destructively

i.e., using directly solid samples without any chemical

dissolution is preferred. In this respect, particle induced

gamma-ray emission (PIGE) [18, 19], an ion beam anal-

ysis (IBA) technique, is suitable for determination of low

concentration of fluorine using smaller mass of the sam-

ple. PIGE is an accelerator based isotope specific online

technique for low Z elements which involves measure-

ment of prompt gamma-rays from nuclear reactions like

(p,p0c), (p, ac), (p,c) and (p,nc) [18]. Using low energy

proton beam (2–5 MeV), It is capable of determining low

Z elements (3 B Z\ 17, except for C, N and O) [18–22].

The determination of C, N, O by PIGE is possible though

with poor (higher) detection limits due to use of less

abundant isotopes like 13C and 18O [18]. However, at

higher proton energy ([7 MeV) C, N and O can easily be

determined at low (trace) concentration levels [18, 22].

Main advantage of the PIGE method is direct use of solid

samples [23–25]. PIGE has been extensively applied for

the determination of total fluorine in various fields like

pharmaceuticals [26] glass [27–30], aerosols [31], geo-

logical [32, 33] and biological samples [24, 34–36],

geological and environmental reference materials [37]

along with thin films and functionalized carbon nanotubes

[38]. For determination of F contents, PIGE is preferred

over techniques like particle induced X-ray emission

(PIXE), X-ray fluorescence (XRF) and neutron activation

analysis (NAA), which are not routinely used due to low

energy X-ray of F (for X-ray based techniques) or short

half-life (20F, 11.4 s) (for NAA). Other techniques which

can determine fluorine in samples like soil are colorime-

try, spectrophotometry and F-ion-sensitive electrode [39],

whereas direct solid sample analysis can be carried out by

high-resolution graphite furnace molecular absorption

spectrometry [40]. In the present study, the concentrations

of F in soil and food samples, obtained from fluoride

affected as well as non-affected areas districts of Punjab

state, were determined using in situ current normalized

PIGE method. Experimental methodology, results of F

concentrations, total uncertainties and 3r detection limits

are presented.

Experimental

Sample collection and preparation

Soil samples

Soil samples were collected from different locations of

Punjab at a depth ranging from 5 to 30 cm by using normal

Auger method. The samples were dried below 60 �C for

12 h and ground into fine powder by using an agate mortar.

Powder samples were homogeneously mixed with cellulose

and constant amount of Li2CO3. The samples thus obtained

were pressed using a hydraulic press to get pellet of uni-

form thickness.

Food samples

To estimate the F contents and also possible uptake in food

samples grown in the very same soil, food samples (rice)

from the same locations were also collected for analysis.

Samples were dried at 60 �C and powdered. Powder sam-

ples were homogeneously mixed with cellulose and con-

stant amount of Li2CO3. The samples thus obtained were

pressed using a hydraulic press to get pellet of uniform

thickness.

Standards and reference materials

Standards for F were prepared by mixing homogeneously

varying amount of NaF (100–3000 mg kg-1) and constant

amount of lithium carbonate (Li2CO3) (about 10 mg of Li)

in cellulose matrix. Reference materials were prepared in

similar way to that of soil samples. Accelerator based

experiments might be associated with variation in the beam

current during the irradiation. Therefore, beam current

measurement and normalization is a key aspect in PIGE.
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The normalization can be done either by measuring the

beam current directly from conducting target or by making

use of Rutherford back scattering (RBS) [41] or from the

target (powdered sample) mixed with graphite, if target is

non-conducting. In present work, current was normalized

by externally adding the Li in the form of Li2CO3 to

monitor current fluctuations in it. The in situ current nor-

malizer works in the principle as given here: the relative

count rate per mg kg-1 (ppm) of Li (current normalizer) of

sample to sample or sample to standard is directly pro-

portional to beam current fluctuation, if any, provided Li is

homogeneously distributed in the sample. The condition

for selecting an element as the current normalizer is that it

is sensitive towards PIGE and it should not be present in

the sample of interest. PIGE experiments were carried out

at FOTIA, BARC, Mumbai. Some of the experiments were

carried out at 3 MV Tandetron at IOP, Bhubaneswar. The

target pellets in cellulose matrix with added Li were irra-

diated, under high vacuum (10-6 torr) conditions, and the

characteristic gamma rays at 197 and 1236 keV from 19F

(p, p0c) 19F and at 478 keV from 7Li (p, p0c) 7Li were

measured using 30% relative efficiency high purity ger-

manium (HPGe) detector coupled with PC based 8 k multi-

channel analyzer (MCA). The detector was placed per-

pendicular to the direction of beam axis at a distance of

7 cm from the target ladder. The time of irradiation was

kept 30–60 min depending on the F concentration and also

for getting higher counts under the peaks of interest. The

PIGE spectra for soil and food samples are given in Figs. 1

and 2, respectively. The gamma-ray spectra obtained from

different samples were analyzed using peak-fit PHAST

software [42]. The counts under the peaks of 197 and

478 keV were in the range of 10,000–50,000 so as to get

higher counts (peak area) of interest and to get minimum or

low counting statistical error.

Calculations

Relative method was used for the determination of absolute

concentration of F. Concentration of F was determined

using Eq. (1).

Cx ðmg kg�1Þ ¼
CPSx=SCN
� �

sample

Sx;N
; ð1Þ

where Cx is the concentration of analyte of interest (in this

case F), CPSx is counts per second at 197 keV from 19F,

SCN is sensitivity of current normalizer using 478 keV from
7Li and Sx,N is current normalized sensitivity of F using

count rate of 197 keV of F standard and sensitivity of

current normalizer Li.

Current normalized sensitivity of F (Sx,N) was deter-

mined using Eq. (2),

Sx;N ¼ CPSð Þx
Cx � SCN

; ð2Þ

where (CPS)x is the count rate of 197 keV gamma-ray of
19F, Cx is the concentration of F in mg kg-1 in the pellet

and SCN is the sensitivity of current normalizer (Li)

obtained using following Eq. (3),

SCN ¼ CPSð ÞLi

CLi

; ð3Þ

where (CPS)Li is the count rate of 478 keV gamma-rays of

Li, and CLi is the concentration of Li in mg kg-1 in the

pellet. Further details of calculations can be found in our

earlier publications [19–21]. The concentration of F in soil

samples was determined using the sensitivity of F obtained

from the Eq. 1. For normalizing the effect of beam current

fluctuations, the in situ current normalizing element (Li)

was added in constant amount to each target of sample and

standard.
Fig. 1 PIGE spectrum of a soil sample using 4 MeV proton beam

showing F and Li peaks (tm = 900 s)

Fig. 2 Typical PIGE spectrum of a food sample using 4 MeV proton

beam showing F and Li peaks (tm = 3250 s)
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The 3r detection limit of F in the present method was

calculated by standard calculation equation using sample

background counts and elemental sensitivity at 197 keV

peak of F obtained using 4 MeV proton beam as reported

earlier in our previous paper [19, 20].

Results and discussion

The results of F concentrations of three RMs namely

AGV-1, G-2 and 2695 (H) obtained by in situ current

normalized PIGE method are given in Table 1. The con-

centrations are in the range on 426–1257 mg kg-1 and the

percent deviations are in the range of ±0.2–2.5%, with

respect to the certified values. The propagated uncertainties

on the results are in the range of ±2–5%, which are due to

counting statistics of peak areas of 197 keV (19F) of sample

and standard as well as 478 keV of in situ current nor-

malizer (7Li) and uncertainties on their corresponding

masses.

The standardized method was applied to a total of 27

soil and 26 food (rice) samples for determining total F

concentration. Concentrations of F determined in soil and

food samples are in the range of 279–3138 mg kg-1

(Table 2) and 51–211 mg kg-1 (Table 3), respectively.

The associated propagated (as described earlier)

Table 1 Determined

concentrations of F (mg kg-1)

in three reference materials by

PIGE method: method

validation

RM code Matrix This work Certified value % Deviation

USGS CRM AGV-1 Rock 426 ± 20 425 ± 50 ?0.24

NIST SRM 2695 (H) Grass 284 ± 13 277 ± 27 ?2.5

USGS CRM G-2 Rock 1257 ± 39 1280 ± 80 -1.8

Table 2 Determined

concentrations of F (mg kg-1)

in soil samples by PIGE method

Samp. no. District Location Concentration

(mg kg-1)

Propagated

uncertainty (%)

S1 Amritsar Verka 917 ± 14 1.2

S2 Bathinda Modh 1462 ± 22 1.5

S3 Barnala Sehna 1027 ± 14 1.4

S4 Bhatinda Talwandi sabu 695 ± 9 1.4

S5 Chandigarh Chandigarh 452 ± 6 1.3

S6 Faridkot Faridkot 3138 ± 74 2.4

S7 Faridkot Koth Kupra 834 ± 12 1.4

S8 Fatehgarh Sahib Amloh 1430 ± 21 1.4

S9 Fazilka Fazilka 853 ± 16 1.9

S10 Ferozpur Ahal khurd 1797 ± 27 1.5

S11 Gurdaspur Dhariwal 500 ± 8 1.6

S12 Gurdaspur Gurdsarpur 761 ± 11 1.4

S13 Hoshiarpur Hoshiarpur 279 ± 4 1.2

S14 Jalandhar Phillaur 511 ± 6 1.2

S15 Kapurthala Kapurthala 396 ± 5 1.2

S16 Ludhiana Mangat 945 ± 15 1.6

S17 Mansa Peekhi 1105 ± 17 1.5

S18 Mansa Jhuhir 947 ± 13 1.4

S19 Moga Moga 1570 ± 27 1.7

S20 Mohali Derabasi 869 ± 13 1.5

S21 Muktasar Muktsar 1490 ± 25 1.7

S22 Nawanshahr Andh 307 ± 5 1.4

S23 Patiala Patiala 1198 ± 21 1.8

S24 Patiala Nabha 611 ± 7 1.2

S25 Ropar Chamkur sahib 384 ± 5 1.2

S26 Sangrur Lehragaga 1717 ± 38 2.2

S27 Taran taran Sahib Valtoha 364 ± 4 1.1
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uncertainties are in the range of 1.1–2.4% for soil samples

and 2–5% for food samples due to their varying concen-

trations. To the best of our knowledge literature data about

safe limit of F (in mg kg-1) in soil and food are not

available like permissible limit for drinking water. The F

concentrations in soil samples reported are in the range of

about 20–1000 mg kg-1, and based on this data it can be

stated that soil samples analyzed have higher concentration

of F than the control/uncontaminated soil. These results

indicate that the soil samples are contaminated with fluo-

rine. From literature data on food and diet samples

[8, 16, 43], it was difficult to find F concentration data in

rice samples. However, the reported data on F in diet/food

samples (except for rice) are in the range of

10–30 mg kg-1 [8, 16, 43]. Based on these results, it can

be stated that the higher concentrations of F

(51–211 mg kg-1) in the rice samples might be due to

fluoride contaminated soil and water in the study areas. We

have attempted to find correlation of F concentration

between soil and food from same location and it was

observed that F concentration in food to soil are in the

range of 3–21% indicating no direct correlation from our

observed results. The detection limits of F by the present

method (4 MeV proton beam, about 20 nA current, 30%

HPGe detector at about 7 cm distance) are in the range of

10–50 and 9–24 mg kg-1 for soil and food samples,

respectively. The detection limit values of F in food sam-

ples are given in Table 3.

The in situ current normalized PIGE method is advanta-

geous as it does not need another set up/method for current

measurement. PIGE method used here is promising for

determination of low to high concentrations of F in food

(biological/organic matrix) and soil samples as it does not

need sample dissolution like other conventional wet-chem-

ical methods. The advantages of the method are: small

sample size, non-destructive in nature, on-line measurement

thus less turn-around time and high sensitive particularly for

F. It is also free from spectral interference as no peak at

197 keV was observed from cellulose matrix. From our work

it can be concluded that PIGE is the best as well as simple

method for precise and accurate determination of low con-

centration of F in solid powder samples (Table 4).

Table 3 Determined

concentrations of F and

detection limits (mg kg-1) in

food samples by PIGE method

No. District Location Concentration

(mg kg-1)

3r detection

limit (mg kg-1)

F1 Amritsar Walipur 54 ± 2 17

F2 Barnala Barnala 179 ± 5 22

F3 Faridkot Jaitho 77 ± 2 15

F4 Faridkot Rorikaapur 137 ± 3 18

F5 Fatehgarh Sahib Lohari kalan 194 ± 5 25

F6 Fatehgarh Sahib Dhangeri 53 ± 2 15

F7 Fatehgarh sahib Lohari kalan 75 ± 2 15

F8 Fatehgarh Sahib Dhan Geri 211 ± 5 24

F9 Firozpur Gati harike 86 ± 2 13

F10 Firozpur Kalhewala 64 ± 2 15

F11 Firozpur Chat tibbi tayab 80 ± 2 14

F12 Firozpur Sodhe ke 58 ± 2 14

F13 Hoshiarpur Maujowal 63 ± 2 18

F14 Jalandhar Bangiwal 56 ± 2 18

F15 Kapurthala Kurshedpur 68 ± 3 16

F16 Ludhiana Hujra 96 ± 3 17

F17 Ludhiana Gosal 82 ± 3 12

F18 Ludhiana T. Kalan 160 ± 4 20

F19 Rupnagar Mehendalikalan 75 ± 3 9

F20 Rupnagar Hasanpur 93 ± 3 17

F21 Sangrur Lasoi 123 ± 4 19

F22 Sangrur Sunam 51 ± 2 10

F23 Sangrur Lasoi 57 ± 2 15

F24 Sangrur Sunam 39 ± 2 10

F25 Fazilka Abhor 93 ± 3 19

F26 Firozpur Sodhe ke 204 ± 5 22

J Radioanal Nucl Chem (2017) 311:1803–1809 1807

123



Conclusions

PIGE method using 4 MeV proton beam from FOTIA has

been optimized for determination of trace to minor con-

centration of fluorine in food and soil samples obtained

from fluoride affected and non affected areas. The method

applied to three reference materials as a part of quality

control exercise and the results are in good agreement with

that of certified values. Our results on F concentrations will

serve as data base for our future work as well as for other

researchers.
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