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aliha Esin Çelik, Mustafa Özyürek, Kubilay Güçlü, Reşat Apak ∗
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a b s t r a c t

Antioxidants are health beneficial compounds that can protect cells and macromolecules (e.g., fats, lipids,
proteins, and DNA) from the damage of reactive oxygen species (ROS). Solvent effect is a crucial parameter
on the chemical behaviour of antioxidant compounds but there has been limited information regarding
its role on antioxidant capacity and its assays. Therefore, the present study was undertaken to investigate
the total antioxidant capacity (TAC) of some certain lipophilic and hydrophilic antioxidants, measured in
different solvent media such as ethanol (EtOH) (100%), methanol (MeOH) (100%), methanol/water (4:1,
v/v), methanol/water (1:1, v/v), dichloromethane (DCM)/EtOH (9:1, v/v). The cupric reducing antioxi-
dant capacity (CUPRAC) values of selected antioxidants were experimentally reported in this work as
trolox equivalent antioxidant capacity (TEAC), and compared to those found by reference TAC assays, i.e.,
ydrophilic antioxidants

upric reducing antioxidant capacity
CUPRAC) assay
,2′-Azinobis(3-ethylbenzothiazoline-6-
ulfonic acid) (ABTS)/persulphate
ssay

2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)/persulphate (ABTS/persulphate) and ferric reduc-
ing antioxidant power (FRAP) methods. The TAC values of synthetic mixtures of antioxidants were
experimentally measured as trolox equivalents and compared to those theoretically found by making
use of the principle of additivity of absorbances assuming no chemical interaction between the mixture
constituents. Possible synergistic (e.g., BHT and BHA in DCM/EtOH) or antagonistic behaviours of these

inves
erric reducing antioxidant power (FRAP)
ssay

synthetic mixtures were

. Introduction

Reactive oxygen species (ROS) and the related oxidative stress
ave been proposed to play several roles in the pathogenesis of
hronic-degenerative conditions, such as neurodegenerative dis-
ases, cancer, arteriosclerosis, malaria, rheumatoid arthritis, some
orms of anemia, auto-immune diseases, ageing, and diabetes. The
utritional protection that fruits, vegetables and various foodstuffs
rovide against several oxidative stress-based diseases has been
ttributed to various antioxidants including vitamin C, phenolic
ompounds including flavonoids, carotenoids, anthocyanins and
henolic acids, �-tocopherol (TOC), and antioxidant food additives
e.g., butylated hydroxytoluene (BHT), butylated hydroxyanisole
BHA)) [1].

The chemical diversity of antioxidants makes it difficult to
eparate and quantify individual antioxidants (i.e., parent com-
ounds, glycosides, and many isomers) from the plant based food

atrix. Moreover, the total antioxidant power as an ‘integrated

arameter of antioxidants present in a complex sample’ [2] is
ften more meaningful to evaluate health beneficial effects (i.e.,
revention of oxidative stress-related diseases) because of the

∗ Corresponding author. Tel.: +90 212 473 7028; fax: +90 212 473 7180.
E-mail address: rapak@istanbul.edu.tr (R. Apak).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.02.025
tigated in relation to solvent selection.
© 2010 Elsevier B.V. All rights reserved.

cooperative action of antioxidants. Therefore, a variety of assays
were developed to determine total antioxidant capacity of food and
vegetable extracts, beverages and biological fluids. These antioxi-
dant capacity assays may be broadly classified as electron-transfer
(ET)-based assays (CUPRAC, Folin, ABTS/TEAC, FRAP) and hydrogen
atom transfer (HAT)-based assays (ORAC, TRAP) [3]. These assays
are frequently used to determine the antioxidant capacity of sev-
eral food extracts obtained with different extraction systems, such
as ethanol, ethanol/water, acetone/water, methanol/water, acidic
methanol/water followed by acetone/water. Some researchers
have examined the influence of the extraction solvent on the
CUPRAC [4], ORAC [5,6], DPPH [6,7], and ABTS [6,8] assays. On
the other hand, there has been no conclusive study describ-
ing the solvent effects on the antioxidant capacity of mixture
solutions including several antioxidants such as phenolic acids,
flavonoids, synthetic antioxidants, vitamins, and hydroxycinnamic
acids measured by widely used spectrophotometric total antioxi-
dant capacity (TAC) assays.

Solvent effect is an essential parameter on the chemical
behaviour of antioxidant compounds. The choice of extracting sol-

vents with different polarities can have a significant effect on the
performance of HAT- and ET-based antioxidant reactions [8,9],
especially on the latter with respect to solvent dependence of ET
kinetics [10]. It has been claimed that HAT-based reactions involv-
ing competition kinetics are relatively solvent and pH-independent
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ig. 1. (a) Possible resonance stabilization of the aryloxy radicals formed from 1-e o
b) Possible resonance stabilization of the aryloxy radicals formed from 1-e oxidati

nd are quite rapid, usually completed in seconds to minutes [3].
ydrogen bonding in polar solvents may induce dramatic changes

n the H-atom donor activities of phenolic antioxidants and conse-
uently affect the measured reducing antioxidant capacity [7,11].

As a brief outline of the theory for solvent effects, it can be
esumed that the rates of phenol oxidation reactions (i.e., via hydro-
en (H)-atom or proton-coupled electron (e)-transfer) by reactive
pecies (e.g., free radicals) are profoundly influenced by H-bond-
ccepting (HBA) and anion solvation abilities of solvents, as well as
y the nature and position of phenol ring substituents [12]. Kinetic
olvent effects (KSE) on antioxidant activity (AOA) of phenolic com-
ounds can be investigated under two categories:

(i) KSE on AOA of phenolic molecules;
ii) KSE on the rate of H-atom or electron (e) transfer of the probe

molecule used for measuring AOA.

KSE on H-atom abstractions from phenolic hydroxyl groups
Ar–OH) are independent of the nature of the abstracting radical
13].

In general, the aryloxy radicals formed from the oxidation of
atechol (o-dihydroxy phenol) moieties of phenolic compounds
re stabilized in non- or weak hydrogen (H)-bonding solvents by
ntramolecular H-bonding (Fig. 1(a and b)), through the interac-
ion of two adjacent substituents on catechol, i.e., –C(O*) (HO)C–.
uch an intramolecular H-bonding stabilization will lower the
tandard redox potential of the aryloxy radical/catechol cou-
le, making the phenolic compound a stronger antioxidant. For
xample, the rate constant of autoxidation inhibition: kinh (of
ethyl linoleate) for quercetin and epicatechin was 20-fold

kinh = 4 × 105 M−1 s−1) in chlorobenzene (non-H-bonding solvent)
han in t-butanol (H-bond accepting (HBA) solvent) with a rate con-
tant of kinh = 2 × 104 M−1 s−1 [11]. The excellent AOA of catechol
r pyrogallol moieties of polyphenols has been largely attributed
o the intramolecular H-bonding stabilization of aryloxy radi-
als emerging as 1-e oxidation products of these moieties [14].
owever, it can be generalized that intermolecular H-bonding of
henolic hydroxyl groups with HBA solvent molecules lowers AOA.
hus, in evaluating H-atom transfer kinetics of polyphenols, a dis-

inction must be made between a linear H-bond (with a solvent
S) molecule, in the form of ArOH. . .S) and a non-linear H-bond
intramolecular H-bond), because only the former prevents H-atom
bstraction from a phenolic compound by a free radical [15]. On the
ther hand, catechol can form only one linear H-bond with the free
on of the o-catechol moiety in the B ring of quercetin by intramolecular H-bonding.
utylated hydroxyanisole (BHA).

–OH in a HBA solvent, and thus may still react with peroxyl (ROO*)
radicals by the intramolecularly bonded –OH [16].

AOA of polyphenols in preventing lipid oxidation is either based
on H-atom abstraction from ArOH to peroxyl radicals, as shown by
the reaction:

ROO∗ + ArOH ↔ (ROO∗. . . HOAr)solvent cage

→ (ROOH . . .∗OAr)solvent cage → diffusion

or an accompanying e−/H+ transfer, as symbolized by:

ROO∗ + HOAr → (ROO−. . .+∗HOAr)solvent cage → products

where the abstracted proton is transferred to either ROO− (making
it ROOH) or to HBA solvent [16]. In this context, polar solvents may
have a double-edged effect on the rate of this whole process. On one
hand, they can make e-transfer easy by stabilizing the ion pair and
thereby accelerate the overall e-transfer. On the other hand, they
can hinder the formation of a complex between ArOH and ROO*

by preferential formation of a H-bonded complex between ArOH
(acting as H-bond donor: HBD) and a molecule of solvent (HBA)
in the form of (ArOH. . .S). As an example of e-transfer accelera-
tion in ionizing solvents, abnormally enhanced rate constants were
observed for the oxidation of phenols with DPPH* (diphenylpicryl-
hydrazyl radical) not only in alcohols but also, for phenols with low
pKa values, in non-hydroxylic, polar solvents like di-n-butyl ether,
acetonitrile, THF and DMSO, as a result of acidic ionization of phe-
nol into phenoxide anion (ArO−) followed by fast e-transfer from
ArO− to DPPH* [17]. Likewise, the abnormal solvent effects on the
AOA of curcumin and isoeugenol exerted by MeOH, EtOH, dioxane,
and ethyl acetate having equal HBA abilities have been resolved
by detecting faster (by an order-of-magnitude) proton-coupled e-
transfer of the phenoxide anion to DPPH* in ionizing alcoholic
solvents [18]. As a compromise between the two contradictory
effects of polar solvents (i.e., accelerating proton-coupled e-transfer
by enhanced phenol ionization and inhibiting H-atom transfer by
intermolecular H-bonding of phenols with the solvent), the pre-
vailing effect is usually the hindrance of AOA with increasing HBA
ability of the solvent. For example, solvent (S)-induced lowering

of the rate constants, i.e., kS

inh (ROO* + ArOH), was proportional to
the HBA ability of the solvent; inhibition rate constants of catechol-
bearing phenols at the order of (3–15) × 105 M−1 s−1 in cyclohexane
dramatically declined to quite low (even non-detectable) values in
a strong HBA solvent like t-butanol [16].
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Solvent effects may also be considered from the standpoint of
hoosing the reagents encountered in common AOA assays. If the
OA assay reagent is a coordinatively saturated metal complex
pecies (involving different oxidation states of a given metal ion in
he same ligand environment such as bis(neocuproine)copper(II,I),
ris(1,10-phenanthroline)iron(III,II), hexacyanoferrate(III,II)) capa-
le of outer-sphere e-transfer with the polyphenol [19], then

igand addition or removal is out of question, and a negligible re-
rientation of the already existing ligands around the central metal
on may expected in the formation of the transient intermediate
uring e-transfer, and consequently, the rate of e-transfer may only
e affected to a limited extent by solvent polarity. However, inner-
phere e-transfer reactions of the assay reagent (e.g., Fe(H2O)6

3+)
ith the phenolic compound will naturally be affected by the H-

onding behaviour of the solvent due to stabilization or inhibition
f the intermediary state formed during e-transfer. When other
actors are not considered or assumed to remain constant, AOA
ssay methods based on H-atom donation (e.g., ORAC, TRAP, and
BTS assays) from a phenolic compound are generally affected

o a greater extent by the solvent behaviour (polarity, HBA, etc.)
han methods based on outer-sphere e-transfer (e.g., CUPRAC, fer-
icyanide, and FRAP).

Perez-Jimenez and Saura-Calixto [8] have noted that the
EACABTS value for the mixture of catechin and gallic acid was 40%
ower in methanol/water (1:1, v/v) than in water, and the mea-
ured TEACABTS values increased with increasing water content of
he solvent. In the same work, no difference was observed between
he TEACFRAP values in methanol/water (1:1, v/v) and in water.

The solvent effect in TAC measurement of complex food matri-
es and synthetic antioxidant mixtures may show some differences.
he differences observed for different solvents would be greater if
he analyzed food sample had a complex matrix in which different
ompounds may exhibit different interactions among themselves,
ther matrix components, and solvent molecules. Non-antioxidant
ood constituents such as amino acids may also show interfering
ffects on antioxidant assays depending on the nature of solvent
8]. Therefore, when making comparisons of antioxidant capaci-
ies, these have to be measured in extracts or solutions obtained
ith the same solvents [8].

As far as we know, there is limited work in literature deal-
ng with the effect of the solvent on the antioxidant properties of
ietary flavonoids, phenolics, and synthetic antioxidants in com-
lex mixtures. The significantly different antioxidant capacities of
ynthetic antioxidants (especially of BHT) in mixtures prepared by
arying solvent composition is an unresolved matter in antioxi-
ant research. The ability of certain phenolic compounds to resist
xidative cleavage and polymerize, leading to an improvement in
he overall antioxidant activity of plant foods, has been reported
o be highly associated with their structure and solvent character-
stics [7]. Thus, this work aims to investigate the solvent effect for
elected antioxidants using CUPRAC and other TAC assays. There-
ore, ethanol, methanol/water mixtures of differing compositions
containing 100, 80, and 50 volume per cent of methanol), and
ichloromethane (DCM)/EtOH mixture (9:1, v/v) were selected
s solvents. Finally, green tea extracts prepared in these solvent
edia were analyzed for antioxidant capacity by the CUPRAC [20],
BTS/persulphate [21], and FRAP [22] assays.

. Experimental
.1. Reagents and apparatus

The following chemical substances of analytical reagent grade
ere supplied from the corresponding sources: neocuproine (2,9-
imethyl-1,10-phenanthroline) (Nc), quercetin (QR), �-tocopherol
 (2010) 1300–1309

(TOC), naringenin (NG), butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), tert-butyl hydroquinone (TBHQ), cate-
chin, glutathione (reduced, GSH), and dichloromethane (DCM):
Sigma (Steinheim, Germany); ferulic acid (FRA), trolox (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (TR), and
l-ascorbic acid (AA): Aldrich (Steinheim, Germany); copper(II)
chloride dihydrate, ammonium acetate (NH4Ac), absolute ethyl
alcohol, potassium persulphate, iron(III) chloride hexahydrate,
hydrochloric acid, glacial acetic acid, sodium acetate trihydrate,
methanol: Merck (Darmstadt, Germany); ABTS (2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt) (kept at
+4 ◦C), 2,4,2-tri(2-pyridyl)-s-triazine (TPTZ), and lauryl gallate (LG):
Fluka (Buchs, Switzerland). The reagents were ‘analytical reagent’
grade unless otherwise stated. Green tea (Camellia sinensis) was
purchased from Malatya Pazari AS (Istanbul, Turkey).

The spectra and absorption measurements were recorded in
matched quartz cuvettes using a Varian CARY Bio 100 UV–vis
spectrophotometer (Mulgrave, Victoria, Australia). Other related
apparatus and accessories were a J.P. Selecta water bath (Barcelona,
Spain), E521 model Metrohm pH-meter equipped with glass
electrodes (Herisau, Switzerland), Ultra-Turrax CAT X-620 model
homogenizer apparatus (Staufen, Germany) and Elektromag vortex
stirrer (Istanbul, Turkey).

2.2. Preparation of solutions

For the CUPRAC test of TAC, the following solutions were pre-
pared: CuCl2 solution, 10 mM, was prepared by dissolving 0.4262 g
CuCl2·2H2O in water, and diluting to 250 mL. Ammonium acetate
buffer at pH = 7.0, 1.0 M, was prepared by dissolving 19.27 g NH4Ac
in water and diluting to 250 mL. Neocuproine (Nc) solution, 7.5 mM,
was prepared daily by dissolving 0.039 g Nc in absolute ethanol,
and diluting to 25 mL with ethanol. For the ABTS test of TAC, the
chromogenic radical reagent ABTS, at 7.0 mM concentration, was
prepared by dissolving this compound in water and adding K2S2O8
to this solution such that the final persulphate concentration in the
mixture is 2.45 mM. The resulting ABTS radical cation solution was
left to mature at room temperature in the dark for 12–16 h, and
then used for ABTS/TEAC assays. The reagent solution was diluted
with EtOH at a volume ratio of 1:10 prior to use. For the FRAP test
of TAC, the following solutions were prepared: a suitable mass of
FeCl3·6H2O was weighed so that the final concentration of Fe(III)
in solution would be 20 mM; 1 mL of 1 M HCl solution was added,
dissolved in some water and diluted to 50 mL with H2O. A suit-
able mass of TPTZ was weighed such that its final concentration
would be 10 mM, dissolved in absolute EtOH, and diluted to 50 mL.
In order to prepare 0.3 M CH3COOH/CH3COONa buffer solution at
pH 3.6, 3.1 g of CH3COONa·3H2O was weighed and 16 mL glacial
acetic acid was added, diluted with water to 1 L. The FRAP reagent
was prepared daily as follows: the pH 3.6 acetic acid buffer, 10 mM
TPTZ solution, and 20 mM FeCl3·6H2O solution were mixed in this
order at a volume ratio of 10:1:1.

The standard solutions at 1.0 × 10−3 M concentration of antiox-
idant compounds were all prepared in 100% EtOH, 100% MeOH,
MeOH/water (4:1, v/v), MeOH/water (1:1, v/v), DCM/EtOH (9:1,
v/v). The �-tocopherol standard solutions were not prepared in
80% and 50% MeOH due to low solubility. All working solutions
of antioxidant compounds were freshly prepared.

2.3. Solvent extraction of plant materials
The dry plant specimens were crushed in a mill, and 2-g samples
were taken for each plant species. These samples were soaked in
80% MeOH overnight, and homogenized in an Ultra-Turrax appara-
tus by gradually increasing the number of cycles per unit time. The
obtained extracts were transferred to centrifuge tubes, centrifuged
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or 10 min (5000 rpm), and subsequently filtered through a filter
aper into 100-mL flasks. The same procedure was repeated 3 times
ith 25 mL portions of 80% MeOH on the remaining part of the
lants. All filtered extracts were combined, and diluted to 100 mL
sing the same solvent. Each extraction was run thrice in parallel
23]. The obtained extracts could be analyzed for their antioxidant
apacities on the next day after preserving the N2-bubbled and
toppered extracts in a refrigerator at +4 ◦C.

.4. CUPRAC assay of total antioxidant capacity

.4.1. Normal sample measurement
The CUPRAC method, as described by Apak et al. [20], is based

n the reduction of a cupric neocuproine complex (Cu(II)–Nc)
y antioxidants to the cuprous form (Cu(I)–Nc). To a test tube
ere added 1 mL each of Cu(II), Nc, and NH4Ac buffer solutions.
ntioxidant standard solution (x mL) and H2O (1.1 − x) mL were
dded to the initial mixture so as to make the final volume: 4.1 mL.
he tubes were stoppered, and after 1/2 h, the absorbance at
50 nm (A450) was recorded against a reagent blank. The standard
alibration curves of each antioxidant compound was constructed
n this manner as absorbance vs. concentration, and the molar
bsorptivity of the CUPRAC method for each antioxidant was found
rom the slope of the calibration line concerned. The scheme for
ormal measurement of antioxidants is summarized as:

mL Cu(II) + 1 mL Nc + 1 mL buffer + x mL antioxidant
oln. + (1.1 − x) mL H2O; total volume = 4.1 mL, measure A450
gainst a reagent blank after 30 min of reagent addition.

.4.2. Incubated sample measurement
The mixture solutions containing sample and reagents were

repared as described in ‘normal measurement’; the tubes were
toppered and incubated for 20 min in a water bath at a temper-
ture of 50 ◦C. The tubes were cooled to room temperature under
unning water, and their A450 values were measured.

.4.3. CUPRAC-DCM method
The CUPRAC-DCM method was developed for the measurement

f lipophilic antioxidant capacity of synthetic or real samples [24].
o a test tube were added 1 mL of copper(II) chloride solution, 1 mL
f neocuproine solution, and 1 mL of NH4Ac buffer solution in this
rder. Antioxidant standard solution (x mL) and DCM (4 − x) mL
ere added to the initial mixture so as to make the final volume:
mL, shaken, and the organic phase was separated from the aque-
us phase. Absorbance reading was made against a reagent blank
t 450 nm. Since the boiling temperature of DCM was low, the DCM
sed in the procedure was cooled to an initial temperature of +4 ◦C
o prevent evaporation losses. No elevated temperature incubation
ests (as applied to hydrophilic antioxidants in the aqueous phase)
ere carried out with the organic extract.

The scheme for normal CUPRAC-DCM measurement was:

mL Cu(II) + 1 mL Nc + 1 mL buffer + x mL antioxidant soln. in
CM + (4 − x) mL DCM; total volume = 7 mL, measure A450 against
reagent blank after 30 min of reagent addition.

.4.4. Measurement of synthetic mixture solutions
Synthetic mixtures of antioxidants in different solvent media

ere prepared in suitable volume ratios such that the final
bsorbance of the mixture did not exceed 1.20 using the CUPRAC
ethod. To the mixtures were added 1 mL each of Cu(II), Nc, and

H4Ac buffer in this order and distilled water was added for dilu-

ion to a final volume of 4.1 mL. The theoretical trolox equivalent
ntioxidant capacity of a synthetic mixture solution (expressed in
he units of mM TR) was calculated by multiplying the TEAC coef-
cient of each antioxidant constituting the mixture with its final
 (2010) 1300–1309 1303

concentration, and summing up the products (e.g., 10 �M TOC hav-
ing a TEAC coefficient of 1.10 would count as 11.0 �M TR in such a
mixture, where the expected total antioxidant capacity (TAC) of the
mixture should be equal to the sum of the TACs of its constituents,
considering the validity of Beer’s law for this modified CUPRAC
assay). The experimental trolox equivalent TAC of the same mix-
ture was calculated by dividing the observed absorbance (A450) to
the molar absorptivity of trolox (εTR being 1.62 × 104 L mol−1 cm−1

under the specified conditions). Then the theoretically found TACs
were compared to the experimentally observed ones to test the
applicability of Beer’s law (i.e., the principle of additivity of indi-
vidual absorbances of constituents making up a mixture). Validity
of Beer’s law for a mixture implies that the observed absorbance
is the sum of the individual absorbances of the constituents not
chemically interacting among each other.

TAC expected = TEAC1 concn.1 + TEAC2 concn.2

+ TEAC3 concn.3 + · · · + TEAC5 concn.5 (2.1)

TAC found experimentally=absorbance (total) ± intercept
εtrolox

× 103

(2.2)

2.4.5. Standard addition of BHT to green tea extract
A 4-mL aliquot of 1:20 diluted green tea extract (in 80% MeOH)

and 1.0 mL of 1 mM BHT (in 80% MeOH) or 1 mL 80% MeOH solution
were taken into a tube. Green tea extract and BHT-added solutions
were separately subjected to CUPRAC spectrophotometric analysis.

2.4.6. Measurement of green tea extracts in different solvent
media

A 2-mL aliquot of the 80% methanolic green tea extract was
withdrawn and freeze-dried in a flask for 1 h. The residue remain-
ing in the flask was dissolved separately with 2 mL of 100% EtOH,
100% MeOH, 1:1 (v/v) MeOH/H2O, and 4:1 (v/v) MeOH/H2O. These
final solutions were subjected to both CUPRAC and reference spec-
trophotometric assays.

2.5. ABTS/persulphate assay of total antioxidant capacity

The ABTS/persulphate method [21] was followed. Briefly, the
volumes of (4 − x) mL EtOH and x mL sample solution were taken.
The reagent blank was prepared with 4 mL EtOH. One milliliter
amount of 1:10 diluted ABTS radical cation solution was added
to each mixture at 15 s intervals, and well mixed (total vol-
ume = 5.0 mL). The absorbance of the reagent blank (A0) diminished
in the presence of antioxidants, the absorbance decrease (�A)
being proportional to antioxidant concentration. The decrease
in absorbance (�A) caused by antioxidants, recorded at 734 nm
against ethanol at the end of 6th min, reflected the ABTS•+ radical
cation scavenging capacity and was plotted against the concentra-
tion of the antioxidant. The TEACABTS value of a given antioxidant
represents the ratio of the slope of the �A vs. concentration line of
that antioxidant to that of trolox measured under the same condi-
tions of the ABTS decolorization assay. The TEAC coefficient, being
a slope ratio, is unitless.

2.6. FRAP assay of total antioxidant capacity
FRAP assay was carried out by the method of Benzie and Strain
[22] with minor modifications. The method is based on the reduc-
tion of a ferric 2,4,6-tripyridyl-s-triazine complex (Fe3+-TPTZ) by
antioxidants to the ferrous form (Fe2+-TPTZ). To 3 mL of the FRAP
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reagent was added (0.4 − x) mL H2O. Antioxidant solution (x mL)
and (0.4 − x) mL H2O were added to 3 mL of the FRAP reagent (final
volume 3.4 mL), and the increase in absorbance (�A) at 595 nm
was measured after 6 min. The TEACFRAP value of a given antioxi-
dant represents the ratio of the slope of the �A vs. concentration
line of that antioxidant to that of trolox measured under the same
conditions of the FRAP assay.

2.7. Statistical analysis

Descriptive statistical analyses were performed using Excel
software (Microsoft Office 2002) for calculating the means and
the standard error of the mean. Results were expressed as the
mean ± standard deviation (SD). Using SPSS software for Windows
(version 13), the data were evaluated by two-way ANalysis Of VAri-
ance (ANOVA) [25].

3. Results and discussion

Antioxidants can deactivate reactive species by two major
mechanisms, namely electron-transfer (ET) and hydrogen atom
transfer (HAT), though in some cases, these two mechanisms may
not be distinguished with distinct boundaries [26]. These two
mechanisms are affected by antioxidant structure and properties,
solubility and partition coefficient, and solvent system. Bond dis-
sociation energy (BDE) and ionization potential (IP) are two major
factors that determine the mechanism and the efficacy of antiox-
idants. There is often confusion in the literature and mistaken
attribution of reaction mechanisms in regard to antioxidant action.
Therefore it is desirable to establish and standardize methods that
can measure more than one property because phenolics have mul-
tiple activities, and the dominant activity depends on the medium
and substrate of testing [27].

In this study, it is aimed to evaluate the effect of solvent on
the antioxidant behavior of phenolic compounds. The TAC mea-
surements in different solvent media of other ET-based assays
(i.e., ABTS/persulphate, FRAP) were compared to those of the
CUPRAC assay. Ethanol, methanol, 4:1 (v/v) MeOH/H2O, 1:1 (v/v)
MeOH/H2O, and 9:1 (v/v) DCM/EtOH solvent media were chosen
as variable solvent environments. The antioxidant compounds of
different representative classes used in this work are quercetin
(flavonol), catechin (flavanol), naringenin (flavanon), ferulic acid
(hydroxycinnamic acid), glutathione (thiol-group antioxidant),
Vitamin C and E (vitamins), lauryl gallate, BHA, BHT, and TBHQ
(synthetic antioxidants).

3.1. Solvent effect on CUPRAC and other TAC assays

The TEAC coefficients of antioxidants show some variation with
solvent polarity. The TEAC coefficients (i.e., the reducing potency
– in trolox mM equivalents – of 1 mM antioxidant solution under
investigation) of various antioxidant compounds found with ET-
based CUPRAC, ABTS/persulphate and FRAP methods are shown in
Table 1. In the CUPRAC assay results, TEAC coefficients were higher
in methanolic solutions than in ethanol medium. The TEACCUPRAC
values of QR, CT and BHT were higher in pure MeOH than in pure
EtOH (Table 1), probably due to facilitated e-transfer in ionizing sol-
vents capable of anion (phenolate) solvation, because MeOH is the
alcohol that best supports ionization [17]. Naringenin (NG) which
gives a slow reaction needs incubation for complete oxidation in
100% EtOH, as the normal and incubated measurements yielded

0.05 and 2.28 TEAC values, respectively. The corresponding values
for NG in 4:1 (v/v) MeOH/H2O solvent medium increased to 0.71
and 3.74, respectively. The TEACCUPRAC of NG in DCM solvent was
1.07 to reflect a higher capacity. The antioxidant capacity of NG
clearly depended on the solvent type and temperature, and higher



S.E. Çelik et al. / Talanta 81 (2010) 1300–1309 1305

Table 2
Equations and regression coefficients for trolox calibration curves obtained with CUPRAC, ABTS/persulphate and FRAP assays in different solvents.

Solvent CUPRAC ABTS/persulphate FRAP

Linear equation R2 Linear equation R2 Linear equation R2

100% EtOH y = 1.67 × 104c − 0.033 0.9999 y = 2.60 × 104c + 0.002 0.9996 y = 4.20 × 104c + 0.014 0.9995
100% MeOH y = 1.58 × 104c − 0.01 0.9995 y = 2.61 × 104c − 0.009 0.9991 y = 4.32 × 104c − 0.005 1.00

2.65 ×
2.56 ×
2.33 ×

c
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c

4:1 (v/v) MeOH/H2O y = 1.50 × 104c − 0.002 0.9999 y =
1:1 (v/v) MeOH/H2O y = 1.57 × 104c − 0.025 0.9991 y =
9:1(v/v) DCM/EtOH y = 1.68 × 104c − 0.02 0.9995 y =

apacity was exhibited in lipophilic medium. Although NG was
esponsive to the ABTS/persulphate assay in pure EtOH (Table 1),
he experimental data were not reproducible and a distinct linear
oncentration range could not be defined.

Perez-Jimenez and Sauro-Calixto [8] studied the effect of sol-
ent on the measured antioxidant capacity of foods assayed by the
our most widely used antioxidant capacity methods (ABTS, FRAP,
PPH and ORAC). In addition, non-antioxidant food constituents

ike amino acids and uronic acids showed an interfering effect on
hese assays. The ranking of the interference effect of solvent and
ood constituents in these assays was: ORAC > ABTS > DPPH > FRAP.

hen other factors are not considered or assumed to remain con-
tant, AOA assay methods based on H-atom donation (e.g., ORAC
nd ABTS) from a phenolic compound are generally affected to
greater extent by the solvent behaviour (polarity, HBA, etc.)

han methods based on outer-sphere [19] e-transfer (e.g., CUPRAC
nd FRAP) by a coordinatively saturated metal complex (e.g.,
etrahedral bis(neocuproine)copper(II,I)) involving minimal re-
rientation of uniform ligands around the central metal ion in the
ormation of a transient intermediate during e-transfer.

The highest TEACCUPRAC value of quercetin was seen in
:1 (v/v) MeOH/H2O solvent medium, whereas the highest
EACABTS/persulphate was noted in 100% MeOH. But in general, in
he ABTS/persulphate assay, antioxidant capacities of antioxidants
ecreased in 100% MeOH unlike in the CUPRAC assay. The differ-
nces with respect to solvent type for FRA, BHA, and GSH were not
ignificant. The TEAC values for GSH with the ABTS/persulphate
ssay were quite higher than with CUPRAC for all solvent types, as
he former assay possibly gave rise to higher oxidation products of
SH (e.g., sulphenic and sulphinic acids) than CUPRAC, the latter
f which yielded the physiologically plausible oxidation product
f glutathione disulfide: GSSG, corresponding to a reversible 1-e
xidation [24]. 4:1 (v/v) MeOH/H2O solvent medium provided the
ighest capacity for BHT (Table 1).

The statistically significant increase in TEAC values measured
ith the FRAP assay was noted for QR in 1:1 (v/v) MeOH/H2O
edium compared to those in other solvent media (Table 1), as

RAP is basically a hydrophilic antioxidant assay not well respond-
ng to lipophilic antioxidants [26]. In the present work, it was shown
hat both CUPRAC and ABTS assays were successful in antioxidant
apacity estimation of both hydrophilic and lipophilic antioxi-
ants in polar and nonpolar solvent media (Table 1), because both
ssays involve univalent-charged chromophore species (i.e., ABTS*+

nd Cu(Nc)2
+) capable of being solvated by both water and alco-

ols as well as by less polar solvent mixtures (such as 9:1 (v/v)
CM/EtOH), while the less successful FRAP is associated with a
ivalent-charged chromophore (Fe(TPTZ)2

2+) having greater affin-
ty toward the aqueous phase (due to ion–dipole interactions of the
hromophore with the solvent water molecules) [26]. NG and GSH
ere not detectable by the FRAP assay, as slow reacting antioxi-

ants and thiols generally gave poor responses to the FRAP test [26].
he reason for this may be the half-filled d-orbitals of high-spin
e(III), attributing to it a chemical inertness, whereas the electronic
tructure of Cu(II) enables fast kinetics [20,24]. A redox reaction of
ysteine with iron(III) has been reported to proceed slowly in the
104c + 0.018 0.9991 y = 4.34 × 104c + 0.001 0.9998
104c − 0.010 0.9988 y = 4.10 × 104c − 0.0094 0.9999
104c − 0.006 0.9995 – –

presence of 1,10-phenanthroline, but the reaction has been accel-
erated in the presence of copper(II) as catalyst [28]. In relation to
this, Gorinstein et al. [29] studied the antioxidant activity of raw
and processed garlic sample extracts, and showed that FRAP val-
ues were significantly lower than CUPRAC values; the obtained
data verified the advantage of CUPRAC over FRAP in reflecting thiol
antioxidant content of food, because thiol-type antioxidants rich in
garlic responded to CUPRAC but not to FRAP assay.

According to the results of the three assay methods, antioxidant
capacities for a given antioxidant varied with working mecha-
nism, antioxidant structure and properties, solubility and partition
coefficient, and solvent type. Recent reports by Ingold and cowork-
ers have provided the first quantitative evidence for the role of
hydrogen bonding on the H-atom donor activities of phenolic
antioxidants. These reports include the studies about the effects
of wide range of solvents (protic and nonprotic) on the activities
of antioxidants which establish the significant principles for the
KSE on phenolic antioxidant activities [30]. Barclay et al. [13] have
recently suggested that the main factor controlling the activity of
catechols as antioxidants (and therefore also of most flavonoids) is
resonance stabilization by intramolecular H-bonding of the ary-
loxy radical formed after 1-e oxidation by the peroxyl radical
(Fig. 1(a and b)). The reason is that once the oxidation equilibrium:
Ar–OH ↔ Ar–O. + H• is shifted to the right by resonance stabilization
of the aryloxy radical (Ar-O•), the standard reduction potential of
the Ar–O•/Ar–OH redox couple is decreased to a level rendering
Ar–OH a stronger antioxidant.

Solvents with high hydrogen bond-accepting (HBA) ability will
interfere with this stabilization through intermolecular H-bonding.
Thus, the combined effect of a greater stabilization of the catechol
(or flavonoid) due to better solvation and of a destabilization of the
aryloxy radical primarily formed is to increase the bond dissoci-
ation energy of the polyphenol relative to hydrocarbon solvents.
This effect, together with steric hindrance for the approach of the
oxidizing (e.g., peroxyl) radical to the solvent-complexed phenol,
will reduce the rate constant for H-atom abstraction [11]. This may
well explain the weakened antioxidant activity of catechin (mea-
sured by ABTS/persulphate) in 1:1 (v/v) MeOH/H2O compared to
that in pure MeOH, however the higher TEACABTS values of CT in
alcoholic solvents compared to that in DCM/EtOH may be ascribed
to enhanced e-transfer from a phenolate anion in alcohols, as ABTS
is considered to be a mixed (HAT- and ET-based) assay (Table 1).
On the other hand, a previous research in our laboratory showed
that possible formation of polycatechin as a result of reduced
water activity in high concentration urea-buffered aqueous solu-
tion enhanced the CUPRAC antioxidant power of catechin [31]. The
enzymatically produced poly(catechin) was reported by Kurisawa
et al. [32] to show great improvement in antioxidant activity such as
radical scavenging activity against the superoxide anion, inhibition
of free radical-induced oxidation of low-density lipoprotein, and

inhibition of xanthine oxidase activity, compared with a catechin
monomer. The overall conjugation of the catechin momomer is hin-
dered due to the absence of 2,3-double bond connecting the two
ring systems of the molecule [26]. Therefore, the plausible lower
polymers of catechin (possibly dimers and trimers) in pure alco-
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ig. 2. Comparison of the theoretically expected and experimentally found trolox (
nd hydrophilic antioxidants in different methanol media (using CUPRAC method)

ol or alcoholic aqueous solution may increase this conjugation
ue to the overlap of suitable �-orbitals, resulting in an increase
f CUPRAC-TEAC values of catechin from 3.3 (in 4:1 MeOH/H2O)
o 3.7 (in pure MeOH), and a similar increase of ABTS-TEAC values
rom 2.6 (in 1:1 MeOH/H2O) to 2.95 (in pure MeOH) (Table 1).

To express the results of CUPRAC, ABTS/persulphate and FRAP
s trolox equivalents, TR calibration curves had to be first plot-
ed for each of the solvents tested, where Table 2 summarizes the
elated linear equations and correlation coefficients. The slopes
ere high, intercepts low, and R2 values close to 1 for all the sol-

ents tested, showing a good dose-response curve. However, there
re significant differences among the slopes of the three methods,
specially in the case of ABTS/persulphate and FRAP, which sug-
est that trolox, like quercetin, does not behave in the same way in
ll the tested solvents. Nevertheless, these differences for a given
ssay were not as strongly emphasized for TR than for some other
ntioxidants (e.g., QR, CT, NG, and synthetic antioxidants; Table 1),
ecause TR was an easily oxidized antioxidant with no complex
inetics.

.2. Investigation of antioxidant capacity of BHT

In order to better observe the effects of polarity and H-bonding
bility of the solvent on antioxidant capacity, a nonpolar solvent
DCM) was selected, and used in admixture with EtOH, i.e., 9:1 (v/v)
CM/EtOH. Measurements in this solvent medium could only be
erformed for the CUPRAC and ABTS/persulphate assays but not
or the FRAP assay, because the FRAP chromophore, Fe(II)-TPTZ
helate, had (2+) charge compared to the (1+) charge of CUPRAC
nd ABTS chromophore cations (i.e., the higher the charge, the
tronger ion–dipole interaction would a chromophore have with
olar H2O molecules, and a weaker tendency would be toward non-
olar solvents). It is possible to observe the DCM solvent effect
n antioxidant capacity using the modified CUPRAC method. In
he tested solvent medium (9:1 (v/v) DCM/EtOH), TEACCUPRAC and
EACABTS values of BHT were found as 0.07 and 0.16, respectively.

hese TEAC coefficients increased to 0.95 and 1.04 in the pres-
nce of an internal standard, BHA (Table 1). This means that in
he presence of BHA, antioxidant capacity of BHT increases dra-

atically. The TEAC values of BHT in polar solvents (EtOH, MeOH)
nd in their admixtures with water were higher than 1.00, com-
uivalent antioxidant capacities (in �M TR units) of synthetic mixtures of lipophilic
0.882, Fcrit = 6.608, Fexp < Fcrit at P = 0.05).

pared to the low value of ∼0.10 in nonpolar medium (Table 1).
Aryloxy radicals formed from 1-e oxidation of BHT are possibly
stabilized by intermolecular H-bonding, so dimerization of BHT
molecules (also known as para–para coupling reaction) occurs
most likely, because during its oxidation with peroxyl radicals,
a stoichiometric factor of 2 was reported for BHT [33,34]. In a
review study, Heim et al. [35] indicated that polymerization of
the flavonoid nuclear structure increases antioxidant activity by
affording a more stable flavonoid radical through conjugation and
electron delocalization. Plump et al. worked about the effect of
polymerization on the antioxidant activity of catechin and antho-
cyanin, and indicated that antioxidant activity in the lipid phase
decreased with polymerization in contrast to antioxidant action
in the aqueous phase which increased from monomer to trimer
and then decreased from trimer to tetramer [36]. Beyond a cer-
tain level of molecular complexity (i.e. more than 4 monomer units
in polymerized phenols), antioxidant activity would be expected
to decrease as a result of steric hindrance [7]. This observation
is in accordance with BHT’s lower antioxidant activity in non-
polar solvent medium (as in 9:1 (v/v) DCM/EtOH) compared to
those in alcoholic media. BHT shows higher activity in aqueous
alcoholic solutions possibly due to enhanced e-transfer via dimer-
ization, and such a geometric arrangement should have overcome
the steric hindrance to e-transfer provided by the ortho-tertiary
butyl groups in BHT [13]. On the other hand, higher polymeric
aggregates should have formed in DCM-containing solvent media,
decreasing antioxidant capacity. In this regard, BHA, when used
in admixture with BHT, possibly depolymerizes BHT aggregates in
DCM solution, enabling BHT to exert its true antioxidant capac-
ity. In addition to BHT, antioxidant capacity of quercetin, catechin
and ferulic acid assayed by CUPRAC and ABTS/persulphate meth-
ods decreased from polar to nonpolar solvent media (Table 1).
As a brief summary, it may be hypothesized that possible inter-
actions of the tested antioxidant molecule with the molecules
of solvent or other coexisting antioxidant molecules may lead
to associative or dissociative interactions and H-bonding, result-

ing in enhanced or weakened antioxidant activity of the parent
antioxidant depending on the selective stabilization of the ary-
loxy radical formed during the oxidative process, i.e., if the aryloxy
radical is stabilized, the corresponding antioxidant activity is
enhanced.
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nd hydrophilic antioxidants in different methanol media (using ABTS/persulphate

.3. TAC measurement of synthetic mixture solutions in different
olvent media

Possible five constituent mixtures of antioxidants were synthet-
cally prepared, and the suitably diluted solutions were analyzed
or antioxidant capacity using the CUPRAC, ABTS/persulphate and
RAP assays. Comparison of expected (using Eq. (2.1)) and experi-
entally found (using Eq. (2.2)) antioxidant capacities of synthetic
ixture solutions in different solvents (as �M Trolox equivalent)

sing these TAC assays are given in Figs. 2–4. The expected and
xperimentally found capacities were generally in accordance with
ach other. It was demonstrated that there were no chemical inter-

ctions of interferent nature (i.e., violating Beer’s law) among the
ynthetic solution constituents and that the antioxidant capacities
f the tested antioxidants were additive (with some exceptions due
o solvent variations).

ig. 4. Comparison of the theoretically expected and experimentally found trolox (TR)-eq
nd hydrophilic antioxidants in different methanol media (using FRAP method) (Fexp = 0.0
uivalent antioxidant capacities (in �M TR units) of synthetic mixtures of lipophilic
od) (Fexp = 0.625, Fcrit= 6.608, Fexp < Fcrit at P = 0.05).

As a specific example, the combination of BHT with NG (in
MeOH) and with BHA (in DCM/EtOH) showed antagonistic and
synergistic interactions, respectively (Table 3). Synergistic interac-
tion of BHT with BHA in DCM/EtOH medium was noted with both
CUPRAC and ABTS/persulphate assays, and can most probably be
ascribed to depolymerization and intermolecular H-bonding reac-
tions in a nonpolar environment (FRAP is non-responsive in DCM
medium). Another possible reason of synergism may be the easier
accessibility of the phenolic–OH (a BHA molecule in close proxim-
ity to BHT due to H-bonding will be preferentially oxidized with the
probe molecule, e.g., Cu(II)–Nc or ABTS*+, rendering the neighbor-
ing BHT molecule vulnerable to immediate oxidative attack, which

would otherwise be partially closed to such attack by steric hin-
drance provided by the ortho-tertiary butyl groups of BHT) [13].
Calibration curves of BHT alone and in the presence of BHA (inter-
nal standard) are given in Fig. 5. Molar absorptivity of BHT alone

uivalent antioxidant capacities (in �M TR units) of synthetic mixtures of lipophilic
40, Fcrit = 6.608, Fexp < Fcrit at P = 0.05).
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Table 3
The synergistic and antagonistic interaction between BHT and BHA (or NG) when present in different solvent media using CUPRAC, ABTS/persulphate, and FRAP assays.

Synthetic mixture sample TACCUPRAC (�M TR) TACABTS/persulphate (�M TR) TACFRAP (�M TR)

Capacity
expected

Capacity found
experimentally

Capacity
expected

Capacity found
experimentally

Capacity expected Capacity found
experimentally

0.2 mL 0.1 mM NG + 24 22 –a –a ND ND
50 �L 1 mM BHT 42b 29b

(MeOH 100%)
20 �L 1 mM BHA + 37 39 9 5 10 16
50 �L 1 mM BHT
(MeOH 100%)
50 �L 1 mM BHA + 12 24c 13 23 ND ND
50 �L 1 mM BHT
DCM/EtOH (9:1; v/v)

ND: not detected.
a ABTS/persulphate method is not repeatable for NG at the level of working concentration.
b TAC (incubation measurement).
c There is a synergistic effect because of the simultaneous presence of BHT and BHA in the mixture.

Table 4
The total antioxidant capacities (TAC) of green tea extracts, as measured by the CUPRAC, FRAP and ABTS/persulphate assays (N = 3) in different solvent media.

Solvent TACCUPRAC (mmol g−1 TR) TACABTS/persulphate (mmol g−1 TR) TACFRAP (mmol g−1 TR)

Green tea in 100% EtOH 1.00 ± 0.026 1.20 ± 0.096 0.44 ± 0.023
Green tea in 100% MeOH 0.88 ± 0.015 1.08 ± 0.087 0.38 ± 0.020

1.34 ± 0.036 0.47 ± 0.010
1.26 ± 0.055 0.41 ± 0.010
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Table 5
The total antioxidant capacities (TAC) of standard-added mixtures of green tea
extracts, as measured by the CUPRAC, and ABTS/persulphate assays (N = 3). (Solvent:
4:1(v/v) MeOH/H2O).

TACCUPRAC (mmol g−1 TR) TACABTS/persulphate (mmol g−1 TR)
Green tea in 4:1(v/v) MeOH/H2O 1.19 ± 0.036
Green tea in 1:1(v/v) MeOH/H2O 1.01 ± 0.015

esults were expressed as the average ± standard deviation.

nd in the presence of BHA measured by the CUPRAC-DCM assay
as found as 1.2 × 103 L mol−1 cm−1 and 1.6 × 104 L mol−1 cm−1,

espectively, showing significant enhancement.

.4. Antioxidant capacity of pure and BHT-added green tea
xtract

The TAC values of green tea extracts in different solvent media,

s measured by the three assays, are tabulated in Table 4. Total
ntioxidant capacity found by CUPRAC and ABTS/persulphate
ethods were in the order: 4:1 (v/v) MeOH/H2O > 1:1 (v/v)
eOH/H2O > 100% EtOH > 100% MeOH. The FRAP assay results
ere in the order: 4:1 (v/v) MeOH/H2O > 100% EtOH > 1:1 (v/v)

ig. 5. The calibration curves of BHT alone, and in BHA-added solution with respect
o the CUPRAC-DCM method.
Green tea 1.24 ± 0.03 1.08 ± 0.06
Green tea + BHT TACexpected: 1.75 ± 0.03 TACexpected: 1.20 ± 0.06

TACfound: 1.66 ± 0.04 TACfound: 1.26 ± 0.09

MeOH/H2O > 100% MeOH. Antioxidant components in green tea are
seemingly more efficient in 4:1 (v/v) MeOH/H2O, but less efficient
in 100% MeOH medium. This may derive from the hydrophilic-
lipophilic balance of green tea antioxidants. BHT-added green tea
extracts showed the expected TAC values in 4:1 (v/v) MeOH/H2O
medium within reasonable relative error (Table 5). The results
showed that in the green tea extract, the tested antioxidants did
not chemically interact to cause apparent deviations from Beer’s
law (Table 5).

4. Conclusion

This work reports the antioxidant assay of selected main
lipophilic and hydrophilic antioxidants in different solvent media
using CUPRAC, ABTS/persulphate and FRAP methods. The trolox
equivalent antioxidant capacities (TEAC coefficients) of hydrophilic
antioxidants in EtOH did not differ significantly from those reported
in the original CUPRAC method defined for aqueous solutions
in EtOH, while TEAC values of lipophilic antioxidants including
BHT, BHA, TBHQ in DCM were reported for the first time in the
CUPRAC assay. It may be argued that CUPRAC, involving a coordi-
natively saturated metal complex reagent capable of outer-sphere
electron-transfer, is relatively independent of solvent effects in
alcohol–water mixtures of varying composition. Synthetic mix-

tures comprised of lipophilic and hydrophilic antioxidants gave the
theoretically expected CUPRAC antioxidant capacities, indicating
that chemical deviations from Beer’s law were basically absent, and
the observed CUPRAC absorbances were additive. Binary mixtures
of BHT with BHA or NG showed positive or negative deviations from
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[33] E.C. Horswill, J.A. Howard, K.U. Ingold, Can. J. Chem. 44 (1966) 985.
[34] S. Fujisawa, T. Atsumi, Y. Murakami, Y. Kadoma, Arch. Immunol. Ther. Exp. 53

(2005) 28.
S.E. Çelik et al. / Tala

eer’s law arising from synergistic or antagonistic interactions,
espectively. The effect of solvent type on the measured TAC values
as discussed in regard to possible polymerization, depolymeriza-

ion, and H-bonding interactions of antioxidants among themselves
nd with solvent molecules. In conclusion, the results obtained
rom this work demonstrated that the antioxidant behaviour of
henolic compounds show variations based on solvent type and
olarity, reaction mechanism, solubility parameters as well as on
n essential structural property, i.e., electron-transfer capability.
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