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Abstract In the present work, radiosensitivity and dosi-

metric potential of solid trisodium citrate dihydrate (SC)

were explored through a detailed electron spin resonance

(ESR) study performed at various temperatures. Irradiated

SC was observed to exhibit an ESR spectrum consisting of

many intense and weak resonance lines spread over a

magnetic field range of 7 mT and centered at g = 2.0039.

An evaluation technique based on the variations of the

characteristic resonance line intensities and the spectrum

area under different experimental conditions was adopted,

to determine the spectroscopic, kinetic and dosimetric

features of radical species responsible for the observed

experimental ESR spectrum. Radicals exhibiting similar

ESR characteristics to those reported in the literature for

irradiated tricarboxilic acids and their organic compounds

were shown to be also produced in gamma-irradiated SC.

Introduction

Trisodium citrate dihydrate (SC) or trisodium 2-hydroxy-

propane-1,2,3-tricarboxylate is a sodium salt of citric acid.

SC has a saline, mildly tart flavor. It is used mainly in foods

as a food additive, usually for flavor or as a preservative in

beverages, and in various technical applications mainly as

buffering, sequestering or emulsifying agent. It is also used

in blood collection tubes and for the preservation of blood

in blood banks, because citrate ions cheat calcium ions in

the blood and disrupt blood clotting (Bayés et al. 1999;

Sakhaee et al. 1983; Salant and Wise 1916; Schubert and

Wallace 1950; Oöpik et al. 2003). SC crystallizes as

monoclinic dihydrate with space group C2/c including

eight molecules in the unit cell (Fischer and Palladino

2003).

ESR spectroscopic features of the radicals produced in

gamma- and X-ray irradiation of trisodium citrate penta-

hydrate and pentadeuterate, citric acid single crystals and

UV irradiation of aqueous solutions of citric acid have

been reported previously (Finch et al. 1979; Russell 1965;

Zeldes and Livingston 1971), but no attempt has been

made so far to determine the kinetic features of the

produced radicals, and the radiosensitivity and possible

dosimetric potential of SC.

Note, however, that information about the latter points is

important for radiosterilization of food containing SC as an

additive. The radicals COOHCH2 C
�

OHCH2COOH and

COOHCH2COHCOOH C
�

HCOOH that are denoted as

species I and III by Finch et al. (1979), respectively, have

been shown in ESR spectra at room temperature to be

produced and to be the predominant species after gamma

irradiation of sodium citrate pentahydrate and pentadeu-

terate, X-ray irradiation of single crystals of citric acid and

UV irradiation of aqueous solutions of sodium citrate

(Finch et al. 1979; Russell 1965; Zeldes and Livingston

1971). Radical III, which is formed by loss of a methylene

H atom, shows large hyperfine splitting due to an a proton

(Finch et al. 1979). Radical I is proposed to be the oxida-

tion species produced by decarboxylation of the central

carboxyl group with hyperfine coupling due to the two

(Russell 1965) or four (Finch et al. 1979) b-hydrogens.

Another radical of unknown structure and weaker con-

centration than radicals I and III has also been proposed to
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exist in citric acid after X-ray irradiation (Finch et al.

1979).

Because SC is used as flavor or preservative in foods,

radiodegradation of SC is important for controlling its

additive and protective functions in irradiated foods. Thus,

the aim of the present work is to study the radiosensitivity

and the potential of solid SC for retrospective dosimetry,

by investigating its radiation yield and the temperature-

dependent kinetic features of the radicals produced in it

after gamma irradiation at different doses, by ESR spec-

troscopy. This work is in line with previous work where we

have studied the characteristics of some gamma-irradiated

pharmaceuticals and food additives by ESR spectroscopy

(Tuner and Korkmaz 2009; Ustundag and Korkmaz 2009;

Tuner and Korkmaz 2007a, b).

Materials and methods

Sample irradiation

White polycrystalline SC powder samples were provided

by GMT Food Ingredients Company (Istanbul) and stored

at room temperature in a closed container protected against

light and change in humidity. No further purification was

performed. Samples of particle sizes smaller than 100 lm

were used. All irradiations were performed at room tem-

perature (290 K) using a 60Co-c source at a dose rate of

1.41 kGy/h. The dose rate at the sample site was measured

by a Fricke dosimeter. Investigations were performed on

samples irradiated in the dose range of 1–25 kGy. Samples

were irradiated at doses of 1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 15.0

and 25.0 kGy, to produce the dose–response curves.

Samples irradiated at a dose of 10 kGy were used to

investigate room and high-temperature stability, and the

kinetic features of the radiation-induced radicals. Anneal-

ing studies were performed at four different temperatures

(370, 380, 390 and 400 K) by heating samples inside a

microwave cavity, to avoid any drawback originating from

sample positioning in the microwave cavity. Samples

heated up to predetermined temperatures were kept at these

temperatures for predetermined times, and ESR spectra

were recorded in regular time intervals.

ESR measurements

ESR measurements were carried out in standard ESR

quartz tubes of 4 mm inner diameter using a Bruker EMX-

131 X-band ESR spectrometer operating at 9.8 GHz and

including a high-sensitive cylindrical cavity (conditions of

operation; central field—351.2 mT; scan range—11 mT;

microwave power—0.25 mW; microwave frequency—

9.856 GHz; receiver gain—2.52 9 103; modulation

frequency—100 kHz; modulation amplitude—0.1 mT;

time constant—327.68 ms; sweep time—83.89 s). Signal

intensities were measured directly from recorded first-

derivative spectra, and the spectrum area under the

absorption curves was calculated by double integration

over the total scan range of the recorded ESR spectra using

the Bruker WINEPR program. Sample temperature inside

the microwave cavity was monitored with a digital tem-

perature control unit (Bruker ER 411-VT). This unit pro-

vided the opportunity of measuring the temperature with an

accuracy of ±0.5 K at the site of the sample. A cooling,

heating and subsequent cooling cycle was adopted, to

monitor any changes in the signal intensities and spectrum

area with temperature. Sample temperature was first

decreased to 130 K starting from room temperature with an

increment of 20 K and then increased to 400 K and finally

decreased again to room temperature. The spectroscopic

information derived from the ESR spectra that were

obtained as the means of three successive scans was used to

evaluate the experimental results.

Results and discussion

While unirradiated SC showed no ESR signal, irradiated

polycrystalline SC showed an ESR spectrum consisting of

many unresolved strong and weak resonance lines (Fig. 1),

making it more complicated than the spectra reported in the

literature for citric acid and its sodium salts (Russell 1965;

Finch et al. 1979; Zeldes and Livingston 1971). Room-

temperature spectra of SC were calculated to spread over a

magnetic field range of 7 mT and to be centered at about

g = 2.0039. Overlapping ESR signals originating from

contributing species created difficulties to directly deter-

mine the features of each radical from the experimental

spectra. To overcome this difficulty, the spectrum area was

calculated by the double integration technique, and the

variations of the assigned line intensities Y1, Y2, Y3 and Y4

(Fig. 1b) with microwave power, storage time and tem-

perature were investigated.

Variations of signal intensities with microwave power

Samples irradiated at a dose of 10 kGy were used to

determine the saturation features of the associated radical

species with microwave power. Variations of the assigned

line intensities with microwave power were investigated

both at room temperature (290 K) and at 130 K, in the

ranges of 0.004–20 mW and 0.001–0.4 mW, respectively,

to determine the characteristic behavior of these lines and

classify them into subgroups if possible. No pattern change

occurred over the applied microwave-power ranges neither

at 290 K nor at 130 K, although some intensity changes
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were observed. The microwave saturation behavior of each

line was observed to be similar at both temperatures (290

and 130 K). Results for the saturation of the monitored Y1,

Y2, Y3, and Y4 intensities (Fig. 1b) at 130 K are given in

Fig. 2. It is observed that the line intensities did not exhibit

the same saturation behavior (Fig. 2). While the Y2 and Y4

intensities, which are believed to be the two components of

a doublet (due to a radical of type III), show the features of

homogeneously broadened resonance lines, the Y1 inten-

sity, which could be seen as the weakest component of a

pentate arising from the hyperfine interactions of the

unpaired electron with four equivalent methylene protons

(due to a radical of type I) exhibits the characteristics of an

inhomogeneously broadened resonance lines. As for Y3, its

intensity does not saturate even at the highest microwave

power (Fig. 2). Observed differences in the saturation

behavior of the monitored intensities suggest the presence

of another radical of unknown structure which is denoted

as radical of type IV in the present work, in addition to the

radicals I and III assigned by Finch et al. (1979) in their

work on irradiated citric acid single crystals. Note that the

production of a radical of unknown structure has also been

suggested by Finch and coworkers in the same work.

Variable-temperature studies

Variations of the monitored intensities with temperature

were also investigated using a sample irradiated at a dose

of 10 kGy in the temperature range of 130–400 K. Before

this experiment was carried out, the microwave power was

chosen in a way that saturation even at the lowest

temperature (130 K) used in the present work was avoided.

Thus, a microwave power as low as 0.0025 mW was

adopted throughout the temperature studies. The sample

was first cooled down to 130 K starting from room tem-

perature (290 K) with a decrement of 20 K. Then, the

temperature was increased up to 400 K with the same

increment and decreased again to room temperature. No

pattern changes in the ESR spectra were observed below

and above room temperature except reversible or irre-

versible changes in the intensities. Nevertheless, the

increase rates of the Y1, Y2, Y3 and Y4 intensities below

room temperature were different, due to differences in

the saturation characteristics and contribution rates of the

individual radical species. This was well observed for

the Y3 intensity which is supposed to be an overlapping

hyperfine line produced by radicals I and IV that exhibit

different saturation characteristics. Heating samples above

room temperature caused irreversible decreases in the

intensities (Fig. 3). The obvious differences in the tem-

perature-dependent characteristics of the monitored inten-

sities suggest once more that the Y2 and Y4 intensities are

associated with a species other than those giving rise to the

Y1 and Y3 intensities.

Long-term decay of signal intensity

at room temperature

Long-term stability of radicals at room temperature is one

of the most important parameters in ESR dosimetry,

because it gives the possibility to discriminate between

irradiated and unirradiated samples. Furthermore, long-

term variations of the intensities can help in determining

radical types. A sample irradiated at a dose of 10 kGy was

stored at room temperature open to air, and its spectra were

recorded in regular time intervals over a storage period of
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Fig. 1 Room-temperature ESR spectra of two SC samples recorded

under the same spectrometer setting conditions, including the

monitored Y1, Y2, Y3 and Y4 intensities. a Unirradiated, b irradiated

at a dose of 10 kGy. Arrow indicates the position of the DPPH line
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Fig. 2 Microwave saturation of the monitored intensities at 130 K,

for an SC sample irradiated at a dose of 10 kGy [filled square (Y1),

filled triangle (Y2), right pointing filled triangle (Y3) and down
pointing filled triangle (Y4)]
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64 days without changing the position of the sample in the

microwave cavity. Decay data were collected for the rel-

evant resonance lines shown in Fig. 1b, and the spectrum

area obtained is presented in Fig. 4 as a function of time.

As is seen, all resonance lines and the spectrum area show

a fast decay at the beginning of the storage period but

exhibit different rates. In agreement with literature findings

on irradiated citric acid and sodium citrate (Finch et al.

1979; Russell 1965; Zeldes and Livingston 1971) and with

the results of microwave saturation and variable-tempera-

ture studies reported in the present work, the experiment on

long-term decay also suggests three radicals (denoted as

I, III and IV) likely of different decay characteristics to take

part in the formation of the experimental ESR spectrum,

after irradiation of SC with gamma radiation. More spe-

cifically, radicals I and III give rise to the formation of the

resonance lines of intensities Y1, Y2 and Y4, while radicals

I and IV are believed for the line of intensity Y3. That is,

the Y3 intensity originates from the overlap of the central

line of the pentate (due to radical I) and of the narrow

singlet (due to radical IV). Thus, the decay data obtained

for the monitored line intensities and spectrum area at room
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Fig. 3 Variations of signal intensities with temperature for a sample

irradiated at a dose of 10 kGy. Cooling (solid line and black symbols):

290–130 K and 400–290 K; heating (dashed line and open symbols):

130–400 K [filled square (Y1), filled triangle (Y2), right pointing filled
triangle (Y3) and down pointing filled triangle (Y4)]
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Fig. 4 Variations of signal intensities and spectrum area with storage

time at room temperature. Symbols: experimental [filled square (Y1);

filled triangle (Y2); right pointing filled triangle (Y3); down pointing
filled triangle (Y4) and filled circle (spectrum area)]; dashed lines:

calculated

Table 1 Decay constants and

initial radical concentrations

calculated based on long-term

decay data obtained at room

temperature for involved radical

species

Radical species Calculated quantities

Decay constant

(day-1)

Percent

concentration

C C

NaO

CC C

O

H

H H

HOH ONa

O

(I)

0.220 44.2

C C CC C

O

H

H COONa

HOH ONa

O

(III)

NaO

0.004 35.0

Unknown structure (IV) 0.485 20.8
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temperature were fitted to functions including exponential

decay with time and allowing for different weights and

different decay constants (k’s) representing the contribu-

tions of the involved radical species. A mathematical

function presenting the characteristics of the first-order

decay kinetics which has the form of Y tð Þ ¼ Y10 � e�k1t þ
Y20 � e�k2t þ Y30 � e�k3t was found to describe the experi-

mental decay data best. The parameters k1, k2 and k3 rep-

resent the decay constants, while Y10, Y20 and Y30 are

constants proportional to the initial concentrations of the

involved radicals. The results obtained for the spectrum

area are given in Table 1. Decay curves calculated using

the parameter values given in this table are also presented

in Fig. 4 with their experimental counterparts.

Annealing studies at high temperatures

Variations of the line intensities and spectrum area above

room temperature were also studied, to get information

about high-temperature decay kinetics of the radicals pro-

duced in SC exposed to gamma radiation. That is,

annealing studies were performed at temperatures 370,

380, 390 and 400 K, respectively, for an annealing period

of 60 min. Spectrum area and signal intensities measured

from recorded spectra of samples placed in heated nitrogen

gas flowing through the microwave cavity were used for

this purpose. The calculated area and the measured inten-

sities were normalized to their initial values, which were

obtained from the first spectrum recorded at 5 min after

positioning the sample in the microwave cavity. A time of

5 min was chosen to establish initial thermal equilibrium.

The high-temperature decay constants (k’s) of the radical

species were calculated by fitting the high-temperature

signal intensity and spectrum area data together to the same

function that also used to fit the room-temperature decay

data. The parameters calculated by this technique are pre-

sented in Table 2. Derived decay constants were used to

calculate theoretical variations of the measured quantities.

The results for the spectrum area calculated by double

integration methods are presented in Fig. 5. It is seen that

the calculated decay constant describes the variations of the

spectrum area at annealing temperatures fairly well. This

was also the case for the measured line intensities. Acti-

vation energies of the involved species were also calculated

from ln kð Þ � 1
T graphs and the values presented in Table 2

were obtained.

Dose–response curves

Beside qualitative detection, ESR spectroscopy can also be

used for dose estimation and dose measurement. In the

present work, the dosimetric potential of SC was explored

by measuring the assigned resonance line intensities and

spectrum area at different gamma radiation doses, about

1 h after the irradiation. Samples irradiated to doses of 1, 2,

3, 5, 7, 10, 15 and 25 kGy were used to produce experi-

mental dose–response curves. The results related to with

the Y1, Y2, Y3 and Y4 intensities and spectrum area are

presented in Fig. 6a, b. It is seen that variations of Y2, Y4

and spectrum area (Fig. 6a) with applied dose are fairly

different from those of the Y1 and Y3 intensities (Fig. 6b).

While the latter show almost a linear variation with applied

dose, the former exhibit rather exponential variations in the

investigated dose range (1–25 kGy). The four different

functions given in Table 3 (linear, linear-quadratic, expo-

nential and sum of two exponentials) have been tried to

describe the experimental dose–response data without

forcing them to pass through the origin. In these functions

(Table 3), Y’s and D stand for the ESR line intensities and

Table 2 Decay constants and

activation energies calculated

from the high-temperature

annealing studies, for

contributing radicals

Radical

species

Decay constants (min-1) Activation energy

(kJ/mol)
370 K 380 K 390 K 400 K

I 0.0009 0.0016 0.0030 0.0048 70.9 ± 1.2

III 0.0103 0.0173 0.0323 0.0897 87.4 ± 0.8

IV 0.0469 0.0650 0.0800 0.1187 36.8 ± 1.4
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Fig. 5 Variations of the spectrum area with annealing time as

calculated by the double integration technique at four different

temperatures. (filled square (370 K), filled circle (380 K), filled
triangle (390 K) and down pointing filled triangle (400 K)]
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absorbed dose in kGy, respectively, and a, b, c… are the

constants to be determined. The parameter values obtained

after fitting the experimental dose–response data are also

presented in Table 3. It is seen that while a function linear

or linear-quadratic in dose describes best the dose–response

data for the Y1 and Y3 intensities, a different function

including two exponentials should be used to describe the

Y2, Y4 intensities and spectrum area as a function of dose.

This result shows once more that the origin of the Y2 and Y4

lines is different from that of the Y1 and Y3 lines.

A material suitable for dose measurements should show

a high radical yield (high G value), radicals that are stable

with time, and exhibit a linear dose–response curve.

Gamma-irradiated SC was calculated to have a G value of

0.21 ± 0.05 radical/100 eV. Such a G value falls into the

range of G values typical for most organic compounds. In

other words, the sensitivity of SC toward gamma radiation

is not high. Furthermore, the radicals produced after irra-

diation are not stable even at room temperature (Fig. 4).

That is, they experience a very significant decrease during

the days after the irradiation. These two negative features

of SC do not meet those required for a good dosimetric

material. In other words, SC is not a suitable material for

measuring normal and/or accidental doses in the range of

1–25 kGy with reasonable accuracy. However, ESR spec-

troscopy could be used to distinguish between irradiated

and unirradiated SC one or even 2 month after the

irradiation.

Conclusion

The following conclusions can be drawn from the results

obtained in the present work:
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Fig. 6 Variations of measured intensities and spectrum area with

applied radiation dose. Symbols: experimental; solid lines: calculated

data using a sum of two exponentials [filled triangle (Y2); down
pointing filled triangle (Y4) and filled circle (spectrum area)]; and b a

linear-quadratic function (filled square (Y1) and right pointing filled
triangle (Y3)]

Table 3 Parameters and

correlation coefficients

calculated obtained after fitting

the measured signal intensities

and spectrum area to four

different mathematical

functions

a Correlation coefficients

Function Y1 Y2 Y3 Y4 Spectrum area

Y = a ? bD a 1.216 12.824 -0.244 20.165 21.173

b 0.812 2.298 1.799 7.616 3.580

0.9981a 0.9075a 0.9999a 0.9800a 0.8976a

Y = c ? dD ? qD2 c 0.798 4.143 -0.268 7.273 7.483

d 0.936 4.858 1.806 11.418 7.618

q -0.005 -0.101 -0.001 -0.150 -0.159

0.9999a 0.9951a 0.9999a 0.9990a 0.9864a

Y = h(1 - e-jD) h 47.577 67.757 353.882 280.402 104.475

j 0.023 0.102 0.005 0.049 0.109

0.9968a 0.9986a 0.9986a 0.9980a 0.9952a

Y = k(1 - e-mD) ?

n(1 - e-pD)

k 117.797 48.769 102.291 408.403 94.956

m 0.006 0.042 0.011 0.022 0.067

n 3.718 31.874 41.983 28.754 22.238

p 0.113 0.169 0.0230 0.260 0.309

0.9977a 0.9996a 0.9919a 0.9999a 0.9983a
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• COOHCH2 C
�

OHCH2COOH Ið Þ and COOHCH2COHC

OOH C
�

HCOOH IIIð Þ radicals manifesting as pentate

and a doublet ESR signals, respectively, are also

produced after irradiated of solid SC with gamma

radiation, as is the case of irradiated three carboxylic

acid and its derivatives (Finch et al. 1979; Russell

1965; Zeldes and Livingston 1971).

• Another radical (radical IV) that gives rise to a singlet

resonance line was also produced in gamma-irradiated

SC. This species of unknown structure is likely the

species reported by Finch et al. (1979) after irradiation

of single crystals of citric acid with X-rays.

• The radicals produced upon SC irradiation were found

to be unstable even at room temperature. They expe-

rience fast decays after irradiation. Radical VI repre-

sents the most unstable species with an activation

energy of 36.76 kJ/mol.

• Radical I and III show higher activation energy

(Table 2), as expected from variable-temperature find-

ings (see Fig. 3).

• Radiosensitivity of SC is relatively low, and the

corresponding G value (0.21 ± 0.05 radical/100 eV)

after gamma irradiation falls into the range of most

organic compounds. Thus, gamma irradiation of the

foods containing SC as additive is not expected to

creating severe a drawback in the functional character-

istics of SC.

• Low radical yields, the unstable characteristics of the

produced radicals, and low microwave power saturation

values of the signals let us conclude that SC does not

present the characteristic features of a useful dosimetric

material.
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