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Abstract

In the present work, the effects of gamma radiation on solid butylated hydroxytoluene (BHT), which is used as an antioxidant, were
investigated by ESR spectroscopy. While unirradiated BHT presented no ESR signal, irradiated BHT exhibited an ESR spectrum with
many resonance maxima and minima spread over a magnetic field range of 12 mT and centered at about g = 2.0026. Weak satellite and
central intense resonance lines, likely, originated from radical species of different stabilities and ratios were observed to be responsible
from experimental ESR spectrum of gamma irradiated BHT. Studies based on the variations of the observed line intensities and spec-
trum area under different experimental conditions were carried out and characteristic features of the radical species responsible from
experimental ESR spectrum were determined. Mesomeric radical species of different stabilities providing to BHT a G value of 0.25 were
believed to be induced in gamma irradiated BHT. While species responsible from weak satellite lines were unstable, the species causing
central intense lines were found to be relatively stable. BHT belongs to a class of compounds with low radiosensitivity (G = 0.25). This
feature of BHT enables the feasibility of radiosterilizations of the products containing BHT as antioxidant without very much loss from
its antioxidant benefit. BHT has been shown to provide an opportunity in the estimation of applied radiation dose with a reasonable

accuracy if an appropriate mathematical function is used to describe experimental dose-response data.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Butylated hydroxytoluene (BHT), or chemically 2,6-di-
tert-butyl-p-cresol, is a fat soluble organic compound pri-
marily used as an antioxidant food additive (E321) [1-3].
It is also used as an antioxidant in cosmetics, pharmaceuti-
cal drugs, jet fuels, rubber and petroleum products. BHT
slows down the rate of autoxidation in foods and prevents
changes in the foods colour, odour and taste by reacting
with free radicals. It can be added to the food itself or to
the packing materials. BHT prevents oxidative rancidity
of fats. It is also added directly to shortening, cereals and
other foods containing fats and oils. However, the same
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chemical properties making BHT excellent preservatives
may also implicate in health effects [4-9]. The oxidative
characteristics and/or metabolites of BHT may contribute
to carcinogenicity or tumorigenecity [10-12]. Certain per-
sons may have difficulty in metabolizing BHT resulting in
health and behaviour changes. BHT may also have antivi-
ral and antimicrobial activities. Oxygen reacts preferen-
tially with BHT rather than oxidizing fats and oils,
thereby protecting them from spoilage.

Radiostability of BHT is important from its effectiveness
point of view in the case of sterilization by radiation of
materials such as foods, pharmaceutical drugs, cosmetics
etc. containing it as preservative. Thus, the aim of the pres-
ent work is to study the radiation stability of solid BHT
through a detailed ESR study carried out on the kinetic,
spectroscopic and dosimetric features of the radiolytic
intermediates produced in it after gamma irradiation.
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2. Materials and methods

BHT samples were provided from GMT Food Ingredi-
ents (Istanbul) and HUNCA Cosmetics (Istanbul) compa-
nies and were stored at room temperature in a well-closed
container protected from light and humidity. No further
purification was performed, that is, it was used as it was
received. BHT is a white crystalline or flaked solid, odour-
less or having a characteristic faint aromatic odour. It is
insoluble in water, but is freely soluble in alcohol. Its melt-
ing point is about 342-345 K and it has a molecular struc-
ture as given in Fig. 1. It is made of low atomic number
element as in the case of soft tissue. Samples with particle
sizes smaller than 1 um were used throughout the experi-
ment to avoid orientation dependent effects on recorded
spectra. All irradiation were performed at room tempera-
ture using a ®°Co gamma cell supplying a dose rate of
1.41 kGy/h as an ionising radiation source at the Saraykdy
Establishment of Turkish Atomic Energy Agency in
Ankara. The dose rate at the sample sites was measured
by a Fricke dosimeter. Investigations were performed on
sample irradiated at nine different doses (1, 2, 3, 5, 7, 10,
15, 25 and 34 kGy).

ESR measurements were carried out on samples in stan-
dard quartz ESR tubes using BRUKER EMX 131 X-band
spectrometer operating at 9.8 GHz and equipped with a
high sensitive cylindrical microwave cavity. Signal intensity
were calculated, both, from first derivative spectra and com-
pared with that obtained for a standard sample (DPPH)
under the same spectrometer operating conditions and from
double integration of the recorded first derivative spectra.
Sample temperature inside the microwave cavity was mon-
itored with a digital temperature control system (BRUKER
ER4131-VT). This unit provided the opportunity of mea-
suring the temperature with an accuracy of +0.5 K at the
site of sample inside the microwave cavity. A cooling, heat-
ing and subsequent cooling cycle was adopted to monitor
the evolutions of the ESR line shape with temperature using
samples irradiated at room temperature at a dose of
10 kGy. Variations in the spectrum pattern and in the reso-
nance line intensities with microwave power at room
(290 K) and at 130 K were also studied in the range of
0.005-2.5 mW and 0.001-1.0 mW, respectively.

Kinetic behaviours at 330 K, 335 K, 337.5 K and 340 K
of the contributing radical species were determined through
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Fig. 1. Molecular structure of BHT.

annealing studies. To achieve this goal, the samples irradi-
ated at room temperature were heated inside the micro-
wave cavity to predetermined temperatures and kept at
these temperatures for predetermined time, than, their
ESR spectra were recorded. The results were presented as
the average of five replicates for each radiation dose.

3. Experimental results and discussion

3.1. General features of the ESR spectra, variation
with applied dose and microwave power

No ESR signal was observed for unirradiated BHT.
However, BHT irradiated at room temperature exhibited
an ESR spectrum spread over a magnetic field range
12mT and centred at about g=2.0026. It consisted of
many resonance lines (Fig. 2(a) and (b)) obviously divided
into intense central lines and weak satellite lines which are
symmetrical positioned at low and high field sides of four
intense central lines. Numbers were assigned to maxima
and minima of experimental spectrum (Fig. 2(a) and (b))
and all evaluations were made in accordance with this
assignment. From their intensity difference it was con-
cluded that intense and weak lines originate from the pres-
ence of at least two different radical species of different
structure and concentration in gamma irradiated BHT.
The pattern difference between spectra recorded just after
(Fig. 2(a)) and 160 days after (Fig. 2(b)) irradiation were
considered as a clear indication of the presence of more
than one radical species exhibiting different room tempera-
ture stability characteristics. Separations of the resonance
lines among intense and weak groups were calculated to
be different and to vary in the magnetic field ranges of
1.07-1.20 mT and 0.75-0.90 mT, respectively. Increase in
the absorbed dose caused increases in the intensities of cen-
tral and satellite lines without creating pattern changes in
the studied dose range (1-34 kGy). However, as it will be
emphasized in the next sections, drastic pattern changes
occurred in the experimental spectra of sample at about
melting point of BHT.

Variation of the signal intensities associated with spec-
trum maxima and minima, which were measured with
respect to spectrum base line and normalized to the receiver
gain, the mass of the sample and the intensity of the stan-
dard, with applied microwave power were studied both at
room temperature (290 K) and at 130 K. The results rele-
vant to intense resonance lines are presented in Fig. 3(a)
and (b). The rates of saturation are different. This indicates
that even in the formation of intense resonance lines, more
than one radical species are responsible just after the
radiation.

3.2. Variable temperature results
Temperature is an important parameter in the determi-

nation of kinetic and spectroscopic features of radical spe-
cies. Thus, possible variations in the ESR spectrum pattern
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Fig. 2. Experimental spectra recorded (a) just after irradiation and (b) 160 days after irradiation. Arrows indicate the position of DPPH resonance line

(g = 2.0036).

and signal intensities of gamma irradiated BHT were stud-
ied over a large temperature range. Cooling samples down
to 130 K produced no change in the spectrum pattern
except reversible Curie changes in the peak to peak intensi-
ties of the studied central resonance lines (Fig. 4). How-
ever, increase in the temperature above room temperature
produced irreversible decrease in these intensities (Fig. 4)
up to melting point of BHT (342-345 K) where a drastic
pattern change, possibly associated with the change in the
delocalization of unpaired electron on the benzene ring,
was observed to occur (Fig. 5). As is seen from the last fig-
ure, this new spectrum obviously originates from the inter-
action of unpaired electron with two sets of equivalent
protons. First, three equivalent protons split resonance line
into four lines of the rotation 1:3:3:1, than, two other
equivalent protons split, in their turn, these lines into three
lines of the ratio 1:2:1. An ESR spectrum of this intensity is
expected to originate from radical species of high concen-
tration, likely, produced upon the transformation of the
species induced in BHT after gamma irradiation rather
than species created thermally. In a separate experiment,
an ESR spectrum of the same pattern and same hyperfine
splitting but barely detectable with the used ESR spectrom-
eter (EMX 131) was observed to be induced in BHT heated
up to its melting point and kept at this temperature for ten
minutes.

3.3. Stabilities of the radical species at room temperature

Room temperature stabilities of the radical species are
important for irradiation dose measurement by ESR spec-
troscopy. Thus, long term room temperature stabilities of
the species responsible from experimental spectrum of
gamma irradiated BHT were investigated by recording
spectrum in regular time interval over a storage period of

more then five months (160 days). The results relevant to
the evolutions of the 27-28 and 17-18 peak to peak signal
intensities and spectrum area over this storage period are
given in Fig. 6 as an example for these evolutions. It is seen
that, while weak lines tend to decrease continuously over
the storage period of about two months, intense lines expe-
rience continuous increases over a storage period of about
forty days, likely, due to the transformation of a part of the
radical species responsible from weak lines to species giving
rise to intense lines while the rest decaying in the same per-
iod. Although, weak lines disappeared almost completely
at the end of the first two months of the storage, intense
lines experienced a very slight decrease beyond this period.
Fast decay of the species associated with weak resonance
lines at the beginning of storage period (Fig. 6), that is,
during nearly the first six days of storage was observed to
cause a relatively fast decrease in the spectrum area. At
the end of this period, spectrum area still continued to
decrease but with another decay rate, that is, nearly with
the decay rate of the species responsible from central
intense lines. This was considered implying the existence
of two different process taking place after the first six days
of storage: transformation of the species associated with
weak lines to those associated with central intense lines
and the decays of the latter species.

3.4. Radical kinetics at high temperature

Radical species are expected to decay faster at high tem-
peratures due to increase in the molecular motions. To test
this idea and to determine kinetic features and diffusional
activation energies of the contributing radical species at
high temperatures, annealing studies were performed at
four different temperatures (330 K, 335K, 337.5K and
340 K) below melting point of BHT. It was not possible
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Fig. 3. Variations of the assigned intensities, measured with respect to
spectrum base line, with applied microwave power at two different
temperatures. (a) Room (290 K); (b) 130 K. 11 (H); 14 (@); 15 (A); 16 (V¥);
17 («); 18 (»); 20 (A).

to carry out reliable annealing studies related with low and
high field weak lines due to high uncertainty in their inten-
sity determination and unstability of the radical species
responsible from them. Instead, annealing studies were per-
formed using central intense lines freed from contribution
of unstable species. That is, the intensities obtained for cen-
tral intense lines for samples stored at room temperature
for a long time (160 days) (Fig. 2(b)) were used for this pur-
pose. The results associated with the peak to peak intensity
for 17-18 resonance line (Fig. 2(a)) are given in Fig. 7 as an
example for performed annealing studies. Similar evalua-
tions were done for 11-14; 15-16; 19-20 central resonance
lines, but they are not given here to save space. A mathe-
matical function of the form I=a+ b-exp(—(kt) was
found to describe best experiment signal intensity decay
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Fig. 5. Spectrum obtained when irradiated sample was heated up to
345 K. Arrow indicates the position of DPPH resonance line (g = 2.0036).

data derived for 11-14; 15-16; 17-18; 19-20 resonance lines
at all annealing temperatures. Decay constants calculated
by this technique are given in Table 1. Calculated decay
constants were used to get diffusional activation energy
of the involved radical species and a value of E=71.8 +
2.2 kJ/mol was found from In(k) — + plot.

3.5. Dosimetric features of BHT

Sensitive and accurate dose measurement can be
achieved by ESR technique if radiosensitivity of irradiated
substance is high. A higher concentration of radical spe-
cies generated at the same absorbed dose of radiation,
indicates a higher sensitivity of the substance toward the
type of radiation used. Therefore, dosimetric features of
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Fig. 7. Variations of the peak to peak intensities corresponding to the
assigned line 17-18 with annealing time and annealing temperature. 330 K
(H); 335K (@); 337.5K (A); 340K (»).

Table 1
Decay constants calculated from annealing studies of central intense lines

Temperature Decay constant k x 10° Correlation coefficient
(K) (min—") ()

330 3405 0.99748

335 4731 0.99968

337.5 6059 0.99841

340 7301 0.99941

BHT were also studied through the variations of the cen-
tral line intensities and spectrum area with absorbed
gamma radiation dose in a wide range (1-34 kGy). Uncer-
tainties in the determination of the intensities of weak res-
onance lines and relatively fast decay of the species
responsible from these lines discouraged us performing
dosimetric studies based on these species. Samples of
ground BHT irradiated to doses of 1, 2, 3, 5, 7, 10, 15,

25 and 34 were used to construct the experimental dose-
response curves relevant to central resonance lines. It is
important to emphasize once more that in the studied dose
range (1-34 kGy) the positions and the relative distances
between studied resonance lines did not change nor did
other lines appear. A G value of 0.25 compatible with
those obtained for aromatic molecules, was calculated
for gamma irradiated BHT by comparing the spectrum
area of a sample irradiated at a dose of 5 kGy with the
area derived for a standard sample of known spin number
( n=15.2x10" spin/kg).

Critical to an accurate and reliable estimate of the dose
is the choice of mathematical expression used to describe
the dose-ESR response curve. The mathematical functions
given in Table 2 were tried to describe the variations of the
intensities of resonance lines 15-16; 17-18 and 19-20
derived from spectra recorded just after irradiation with
absorbed radiation dose without forcing the functions to
pass through origin. In these functions, I and D stand for
the ESR line intensity and absorbed dose in kGy, respec-
tively, and a, b, ¢, etc. are the constants to determine. These
functions have been mentioned previously [13-20] for the
estimation of the absorbed dose in radiation processed
foods and pharmaceutical drugs. As can be seen from
Table 2 power and linear function including a quadratic
term describe best experimental intensity data obtained
for interested resonance lines. However, the intercept,
which reflect the intensity at zero applied dose, is relatively
high for linear function including a quadratic term
although its correlation coefficients are all higher for eval-
uated three resonance lines. Theoretical dose-response
curves calculated using parameter values given in Table 2

Table 2
Mathematical functions used to describe experimental dose-response data
in the range of 1-34 kGy and calculated parameters

Function Resonance line
15-16 17-18 19-20
Linear I=a+bD a —0.05124 —0.37451 0.45151
b 2.12048 2.86894 1.03029
(0.99393) (0.99548) (0.99230)
Linear + quadratic c 2.14955 2.14655 0.92551
I=c+dD+ qD? d 1.58261 2.25280 0.69375
q 0.01598 0.01830 0.01000
(0.99826) (0.99858) (0.99950)
Power I =f D¢ f 1.77533 2.37241 0.69905
1.05463 1.05692 1.11344
(0.99511) (0.99670) (0.99618)
Exponential h  4282.52254 9528.07193  8526.93827
I=h(1-e7P) j 0.00050 0.00030 0.00012
(0.99363) (0.99524) (0.99145)
Sum of two k 1043.97763 41560.24428  2855.22884
exponentials m 0.00082 0.00003 0.00018
I=k(1—eP) n  1479.68997 40985.74630  2795.93214
+n(l —e?P) p 0.00087 0.00003 0.00018
(0.99340) (0.99539) (0.99138)

Figures in the brackets are the related correlation coefficients.
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for linear function including a quadratic term are also rep-
resented as solid lines, with their experimental counterparts
in Fig. 8. As is seen from this figure, 15-16; 17-18 and 19—
20 resonance lines increase up to about 15 kGy linearly, but
above this dose, they experience a slight deviation from lin-
earity. 17-18 line is the most sensitive among others to the
gamma radiation.

To be used as a dosimetric material, one must be able to
predict the irradiation dose from mathematical function(s)
used to describe its dose response data. The utility of
proposed mathematical function best describing experimen-
tal dose-response data, that is /= a + bD + ¢D* function,
was tested by calculation of interpolated doses. Briefly,
back-calculated or interpolated doses were obtained by
entering the measured signal intensities in the mathematical
function comprising a linear and a quadratic dose terms.
The results are presented in Table 3 for 15-16; 17-18; and
19-20 resonance lines. Differences between applied (D,)
and calculated (D.) doses were presented as percent ratios

100+
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20

Normalized peak to peak intensity

0 ' 5 ' lIO ' ll5 ' 2IO ' 2IS ' 30 35
Dose (kGy)
Fig. 8. Dose response curves. Symbol: experimental, 15-16 (H); 17-18

(@): 19-20 (A), solid line: theoretical; calculated from I =a + bD + ¢D?
function.

Table 3
Applied doses calculated by entering the measured signal intensities of
three intense central lines in the / = a + bD + ¢D? function

Applied Calculated doses (kGy)
doses (kGy) Resonance lines
15-16 17-18 19-20
1.0 0.382 —[0.62] 0.664 —[0.34] 0.404 —[0.60]
2.0 2.342[0.17] 2.339[0.17] 2.254[0.13]
3.0 3.592 [0.20] 3.385[0.13] 3.419 [0.14]
5.0 5.131 [0.03] 4.985 [0.00] 5.171 [0.03]
7.0 6.698 —[0.04] 6.807 —[0.03] 7.116 [0.02]
10.0 9.259 —[0.07] 9.186 —[0.08] 9.652 —[0.03]
15.0 15.821 [0.05] 15.793 [0.05] 14.818 —[0.01]
25.0 24.669 —[0.01] 24.802 —[0.01] 25.222[0.01]
34.0 34.082 [0.00] 34.030 [0.00] 33.930 [0.00]

Figures in the brackets are the percent differences between applied (D,)
and calculated (D.) doses defined as n = %.

(n = 22L<) to give an idea about the deviations. It is seen
that apdplied radiation doses can be estimated with an
accuracy of better than eight percent in the dose range of
5-34 kGy by using a linear function of the applied dose con-
taining a quadratic dose term.

4. Conclusion

Gamma irradiated BHT exhibits an ESR spectrum with
many resonance lines which can be divided into two sub-
groups: intense central and weak satellite lines. The latters
are symmetrically positioned at both sides of formers.
While species responsible from weak satellite lines decays
relatively fast at room temperature (290 K), species given
rise to intense central lines is quite stable at 290 K. Spec-
trum pattern is independent from applied dose and sample
temperature in the range of 1-34 kGy and 130-340 K,
respectively, but above 342 K a drastic change in the pat-
tern implying the ESR spectrum of a radical species in solu-
tions occurs. Intense central lines display different
microwave saturation characteristics at room temperature
and at 130 K (Fig. 3(a) and (b)).

The decreases and increases in the intensities of the weak
satellite and central lines (Fig. 6), respectively, over the first
40 days of storage at room temperature was considered as
an indication of the decay and, in large extent, the transfor-
mation of isomeric radical species responsible from weak
satellite lines into species causing central intense lines
beside a slight decay of the latter species. The results of
the annealing studies performed at high temperatures
(330 K, 335K, 337.5 K and 340 K) reveal that a single rad-
ical species having a diffusional activation energy of
71.8 & 2.2 kJ/mol is responsible from central intense lines.
Unpaired electron of the long life species was believed to
interact with two sets of unequivalent protons, that is, three
methyl and two ring protons. Fast motion of the methyl
group about C—C bond [21] likely makes the protons of this
group equivalent. In melted samples, localization of the
unpaired electron is changed and the latter is supposed to
spend most of its time on the benzene ring. Gamma irradi-
ated BHT is calculated to have a G value (0.25) similar to
those obtained for aromatic molecules such as benzene and
naphthalene. This means that radiosensitivity of BHT
toward gamma radiation is low and that it can be used
as an antioxidant in radiosterilized cosmetics, pharmaceu-
tical drugs etc. without very much loss from its antioxidant
efficiency. Although, it is a compound with poor radiosen-
sitivity, BHT has been shown to provide the opportunity of
estimation of applied radiation dose with a reasonable
accuracy in the dose range of 5-34 kGy (Table 3).
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