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SUMMARY 

Oxidation kinetics of COW and buffalo anhydrous milk fat (AMF) . 
manufactured by different processing methods was evaluated as a function of temperature· ... : 
at 100, 110, 120 and 130 oc under Rancimat test conditions. The kinetic behavior of 
primary (peroxide value and conjugated dienes) and secondary (conjugated trienes and 
hexanal concentration determined by HS-SPME-GC/MS) oxidation indices were fitted to a 
first-order reaction model. The temperature dependence of these oxidation indices were 
well descnbed by the linear Arrhenius equation with a good correlation coefficient 
(K>0.99). Cow AMF (CAMF) treatments showed lower (P<0.05) reaction rate constants 
(k) than the buffalo AMF (BAMF), indicating more stability towards oxidative 
deterioration. Activation energy, calculated from Arrhenius equation, and Q 10 values of 
CAMF were in the range of 81.11-104.71 k.J.mor1 and 2.19-2.41, respectively, while their 
corresponding values for BAMF were 117.34-154.58 kJ.mol"1 and 2.53-2.88, with 
significant differences (P<0.05) found between the different treatments. Enthalpy (M/) and 
entropy(!!..')) values were calculated based on the activated complex theory. CAMF showed 
higher (P<0.05) AH (67.34-89.92 k.J.mor1

) and 6S (-92.52 to -109.33 J.mor1.K1
) as 

compared' to BAMF where these parameters were 40.64-58.59 kJ.mor1 and -118.98 to -
135.02 J.mol"1.K1

, respectively which was ascribed to differences (P<0.05) in fatty acids 
composition. 

Key words: Arrhenius, Rancimat, Kinetics, Accelerated shelf-life, Oxidation, Butter oil, 
Ghee, Anhydrous milk fat. 

INTRODUcriON 

Milk fat is a natural product with unique 
organoleptic characteristics, which make it an 
important ingredient in a ,wide variety of food 
applications. Milk fat is one of the most 
complex fats found in nature. This complexity 
stems from the extreme diversity of its fatty 
acids (e.g., chain length and degree of 
unsaturation), which more than 400 of them 
have been identified (Jen-,en, 2002). The 
diversity of milk fat fatty acids pattern reflects, 
consequently, on its content of triacylglycerol 
(fAG). Gresti et al. (1993) quantified 223 
individual molecular species of TAG 
accounting for 80 % of the total milk fat TAG 
content. 

Ghee is a pure form of milk fat(> 99.5 
% ). Ghee, the Indian name of clarified butter 
fat, is fat-rich dairy product prepared by 
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evaporating water from milk, cream or butter 
followed by milk solids not fat separation. The 
product has a uniformly grainy semi-solid 
texture with a pleasant odor and an excellent 
taste (Munro et al., 1998~ Gonfa et al., 2001). 
Butter oil is another pure form of milk fat that 
is produced by melting the butter (60 °C) 
using either direct or indirect heating by steam 
injection. The melted butter has to be held at 
this temperature for 20-30 min to ensure 
complete melting and protein aggregation, 
followed by centrifugation for a phase 
separation. The final product is a bright oil of 
99.5 % milk fat minimum (lllingworth and 
Bissell, 1994) 

Edible oils and fats go under deterio
ration when exposed to an oxidative environ
ment. Oxidation of lipids, RH, proceeds 
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through a radical initiated chain mechanism 
involving: initiation (RH-.R•), propagation 
(R•+o2-.Ro2•, R02•+ RH-.R02H+ R•), and 
termination (R.+R•-.RR, R•+R02•-.R02R, 
ROz.+R02•-.R02R+02) (Shahidi and 
Wanasundara, 2002). The reaction creates 
compounds such as aldehydes, ketones, 
hydrocarbones and polymers that cause off
flavors, loss of nutritional value and color 
changes conducive to consumer rejection 
(Min and Boff, 2002). In this context, milk fat 
autoxidation, also known as oxidative ranci
dity, is a process which occurs fairly slowly at 
room temperature. Hence, accelerated oxida
tion is used to estimate the oxidative stability 
in a short period of time which can't be 
accomplished under normal storage condi
tions. Several factors can be used to increase 
the rate of the reaction, and consequently 
development of rancidity, such as temperature, 
light, metal catalysis, and rise in oxygen 
partial pressure (Frankel, 2005a). However, 
since the rate of the reaction increases expone
ntially with the temperature, this parameter is 
usually chosen to accelerate the oxidation 
process (Farhoosh et al., 2008). 

The Rancimat method has become very 
common for determining Oxidative Stability 
Index (OSI) of oils and fats owing to its ease 
of use and reproducibility (Anwar et al., 2003; 
Kowalski et al., 2004; Farhoosh, 2007; 
Gonzaga et al., 2007). It depends on detecting 
oxidation products generated upon thermal 
oxidation in the presence of an air stream. 
Decomposition of hydroperoxides and the 

< 

accompanying formation of free fatty acids 
(such as formic acid) cause the drastic change 
in the conductivity of the water that collects 
volatiles released from a degrading lipid 
(Ganguli et al., 2003). The time interval 
needed for a lipid to reach this stage is termed 
the induction period (IP) which is an 
indicative of the OSI. 

Under the Rancimat test conditions, 
several kinetic parameters can be determined 
for predicting the oxidative stability of AMF 
during heat processing, storage, and distrib
ution conditions. Calculations of these kinetic 
data can be performed quite rapidly and 
Arrhenius model is the most accepted one for 
studying the effect of temperature on rate of 
oxidation as a chemical reaction. This model, 
developed theoretically on a molecular basis 
for chemical reactions, has been shown to 
hold empirically for a wide range of complex 
chemical and physical phenomena occurring 
in foods (Labuza and Riboh 1982). By 
measuring the rate that the quality index chan
ges at 3 different temperatures at least, the 
reaction rate at a desired temperature can be 
extrapolated by the Arrhenius linear plot. 
Nevertheless, this subject has received no 
attention for BAMF or CAMF, and data on 
their oxidative degradation kinetics do not 
exist. Hence, the objective of the present work 
was to study the temperature dependence of 
the oxidation rate as well as Arrhenius kinetic 
parameters of BAMF and CAMF produced by 
different processing methods. 

MATERIALS AND METHODS 

1. Materials 
Buffalo milk used was obtained from the 

herd of College of Agriculture, Ain Shams 
University, Cairo, Egypt, while cow milk was 
obtained from the herd of College of 
Agriculture, Cairo University, Giza, Egypt. 
The milk was separated at 37±0.5°C (Alfa
Laval, Lund, Sweden). The resultant cream 
was pasteurized at 85°C /18 s, rapidly cooled 
to 5°C and aged at this temperature overnight. 
The cream obtained (- 40 % fat) was divided 
into two portions. One portion was used for 
preparing ghee, and the other was churned 

into unsalted butter which was used for 
making butter oil as well as ghee (Fatouh et 
al., 2003). 

2. Methods 
2.1. Anhydrous milk fat preparation 
2.1.1. Ghee 

Direct cream ghee (CG) and butter ghee 
(BG) were manufactured by the traditional 
"boiling-off" method where moderate heating 
of the cream or butter with a regular stirring 
being applied. After the water was evaporated 
(110 °C-125 °C), the slurry of milk solids in 
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the liquid fat was cooled to 50 °C and filtered 
through cheesecloth (Ganguli and Jain, 1973; 
Sserunjogi et al., 1998). Cream ghee manu
factured using buffalo and cow milk was 
designated as BCG and CCG, respectively, 
while butter ghee manufactured using buffalo 
and cow milk was designated as BBG and 
CBG, respectively. 

2.1.2. Butter oil 
Butter oil (BO) was prepared by the 

method of Amer et a/. (1985). Butter was 
melted at 60 °C and the top oil layer was 
decanted and centrifuged at 3392 xg for 5 min 
(Sigma 3-16P, Sartorius, Gottingen, Germany). 
The oil was filtered under vacuum to obtain a 
clear product. The resultant BO was approxi
mately 99.5% pure milk fat. BO manufactured 
using buffalo milk was designated as (BBO), 
while that made using cow milk was 
designated as (CBO). 

2.2. Rancimat test 
A Metrohm Rancimat model 743 

(Metrohm A G, Herisau, Switzerland) was 
used for measupng the Oxidative stability 
index (OSI) following the AOCS method Cd 
12b-92 {AOCS, 1997). The glassware used 
was rigorously cleaned between runs to avoid 
any contamination that would catalyze peroxi
dation. The tubes were cleaned by boiling 
them with sodiuM hydroxide solution (2%) for 
1 h, followed by cooling and soaking in 
concentrated hydrochloric acid. The acid wdS 

washed-off and the tubes were rinsed with 
distilled water. The clean glassware was tho
roughly dried in an oven. Measuring vessels, 
electrodes, and connecting tubes were cleaned 
several times with alcohol and distilled water, 
and were blown out with nitrogen before the 
experiment (Farhoosh et al, 2008). 

The OSI tests were carried out in 
triplicates with 3 g of AMF at temperatures of 
100, 110, 120, and 130 oc and an airflow rate 
of 20 L.h-1

• The OSI values were automati
cally recorded by the apparatus software and 
taken as the break point of the plotted curves 
(the intersection point of the two extrapolated 
parts of the curve). 

2.3. Analytical determinations 
2.3.1. Peroxide value 

Peroxide value (PV) was determined as 
meq.~.kg-1 fat by the iodometric titration 
method according to AOAC (2012) method 
no. 965.33. 

2.3.2. Conjugated dienes and trienes 
The Conjugated dienes (CD) and trienes 

{Cf) content was measured as described in the 
AOCS method Ti 1a-64 using a molar absor
ption coefficient of 25,200 M-\cm-1• {AOAC, 
2012). AMP sample was dissolved in iso
octane and the absorbance of the solution was 
measured at 232 for CD and 270 for cr using 
a Cary 50 UV-Vis spectrophotometer (Varian, 
Sint-Katelijne Waver, Belgium). 

2.3.3. Fatty acids composition 
Fatty acids {FAs) composition of AMF 

was determined after conversion of the F As 
into their corresponding methylesters {FAM&) 
following the AOCS method Ca 5a-40 
(AOCS, 1997) method. The F.AMFs were 
dissolved in isooctane, and 0.1 J,tL was injec
ted into a CP-Si188™ capillary column (60 m 
x 0.25 mm I.D x 0.2 !AID film thickness) 
previously installed in an Agilent 6890N 
series gas Chromatograph (Agilent Technolo
gies Inc., Santa Clara, CA, USA) equipped 
with a flame-ionization detector (FID) and 
cool-on-column injector. Heleium was the 
carrier gas (1 mL.min-1

) and make up gas was 
supplied at a flow rate of 20 mL.min -1• The 
oven temperature was programmed as follow: 
initially held at 50°C for 4 min, and then 
increased at a rate of 12°C.min-1 until a 
temperature of 225 oc was reached and held at 
this temperature for 25 min. The injector and 
detector temperatures were 53°C and 300°C, 
respectively. The F.AMFs peaks were iden
tified by comparing the retention times with 
those of a standard mixture of the F AM& 
(GLC 68D, Nu-Check-Prep Inc., Elysian, 
MN, USA). For quantification, 50 mg of the 

. FAMEs standard mixture were dissolved in 50 
mL isooctane. The stock solution was then 
diluted to 500, 200, 100, 50, 20, 10, 5, and 1 
ppm (total concentration) solutions with 
spiked 100 ppm nonadecanoic acid as internal 
standard. 
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2.3.4. Hexanal 
Hexanal concentration was measured by 

head space-solid phase micro extraction-gas 
chromatography-mass spectrometry (HS
SPME-GC/MS) technique following the 
method of Panseri et al., 2011). 

2.3.4.1. HS-SPME conditions 
5 grams of oxidized AMF were weighed 

in a 20 mL headspace vial (Sigma-Aldrich, St. 
Louis, MO, USA). The vial was sealed with a 
PTFE septum cap and the sample was 
equilibrated at 60°C for 10 min. A 50/30 J.Ull 
divinylbenzene/carboxen/ poly-dimethylsilo
xane (DVB/CAR/PDMS) fiber . (Supelco, 
Bellefonte, PA, USA) was exposed to the 
sample headspace for 30 min, while the AMF 
sample was stirred continuously, by 
CombiP AL system injector autosampler (CTC 
Analytics, Zwingen, Switzerland). 

2.3.4.2. GC/MS analysis 
Chromatographic analysis was per

formed using an Agilent 7890A GC (Agilent, 
Palo Alto, CA, USA) equipped with a 5975C 
quadrupole mass spectrometer (MS) operating 
in electronic impact ionization mode (70 e V). 
A SPB-5 capillary column (30 m x 0.25 mm 
i.d. x 0.25 J.Ull film thickness; Supelco, Belle
fonte, P A, USA) was used. The column 
temperature was programmed as follow: 
initial temperature at 30 oc for 1 min, then 15 
°C.min -1 to 200 oc and kept at this tempera
ture for 2 min, followed by a ramp of 20 
°C.min -1 to 250 °C isothermally for 10 min. 
Helium was used as carrier gas at a flow rate 
of 1.2 ml. min -1 and a constant pressure of 20 
psi. Injector temperature was 250 °C and time 
for fiber desorption was fixed at 10 min in 
splitless mode. Capillary direct interface 
temperature of the MS was 250 °C and data 
collection was carried out at a rate of 2.42 
scans.s-1 over a range of 30-150 m/z. Hexanal 
was identified using its mass spectrum as well 
an authentic standard, and quantification was 
carried out by preparing an external calibra
tion curve using hexanal at a range of 0.06 to 
1mM. 

2.4. Kinetic data analysis 
Kinetic analysis was carried out 

following the methods of Labuza (1984) and 

Taou.kis and Labuza (1996). The measured 
oxidation parameters were fitted to first order 
reaction model: 
-a[c) = k[.C) 

dt (1) 

Where C is the concentration of an ':Jxidation 
product (e.g., PV) at time t (h), ar,d k is the 
reaction rate constant. By integrati.ag Eq. 1: 
InC = ln Co + kt (2) 

Where C0 is the initial conce:atration of the 
oxidation product. Plots of ln C versus t were 
linear with slopes of k which was then fit to 
Arrhenius equation to determine the effect of 
temperature on AMF oxidation rate w~:,: 
K = Ae (Ea/RT) (3) 
Where A is the pre-exponential or frequency 
factor (h-1

), Ea is the activation energy 
(kJ.mor1

), R is the molar gas constnm~ (8.31 
J.K1.mor1

) and Tis the absolute temperature 
(K). A and Ea were determined from slopes 
and intercepts, respectively, of the plots 
generated by regressing Ink vs. 1/T: 
Ink= InA -EJRT (4) 

Since shelf-life can be predicted by 
extrapolating k from high temperatu.r·(~ to low 
temperatures, the exponential relati,on between 
the time required to reach the u:pper limit of 
acceptability (shelf-life, ts), wh,.;n PV reaches 
5 meq. Oz.Kg-1 fat, and temperature is 
determined according to: 
tg,: ae-bT (5) 

Where a is the shelf-life plot int<';rcept and b is 
the slope. Integration of Eq. 5 g.ves: 
ln~=lna+blnT ~ 

Q10, the change of ts when the temperature is 
raised by 10 °C, was calculated as rollow: 

ts at r pia l,() J 
Q10 = = f: lOb= et. R T iT+tO .. 

ts at( T+lO) 

(7) 

Enthalpies (MJ) and entropies (M) of 
activation were dete:nnined by regression In 
(kiT) vs. 1/T using tht~ activated complex 
theory: 
ln (kiT)= ln (kpjh) + (M/R) .. (MIIRT) (8) 

Where ks is Bollzman conMant (10380658 x 
10-23J.K1

), and h is Planck constant 
(6.62606957x10-34 ).s). i!:<"rcm slopes and 
intercepts of these Enes, bo1h L'Jl and M were 
calculated. 

~\ 
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2.5. Statistical analysis 
Three individual batches of either cow or 

buffalo AMF including BO and ghee were 
manufactured. All Rancimat experiments and 
measurements were carried out in triplicate, 
and the obtained data were analyzed by 
ANOV A using the General Linear Model 

(GLM) procedure of SAS software version 
9.22 (SAS, 2010). The differences were 
considered significant at P < 0.05. Regression 
analyses were performed using GraphPad 
Prism 5 (GraphPad Prism Inc., San Diego, 
CA, USA). 

RESULTS AND DISCUSSION 

1. FAs composition and PV 
Table 1 presents FAs profile and initial 

PV of CAMF and BAMF manufactured by 
different processing methods. PV of CAMF 
and BAMF was less than 0.2 meq OiKg fat 
indicating that they were unoxidized and of 
very high quality. Regarding the FAs 
composition, myrstic (C14:0), palmetic 
(C16:0), stearic (C18:0), and oleic (C18:1) 
acids were the major FAs detected with 
variable differences {P<0.05) found in C16:0, 
C18:0, and C18:1. In general, saturated fatty 
acids {SF As) were more abundant (P<0.05) in 
BAMF as compared to CAMF, while the 

opposite was observed for unsaturated fatty 
acids {USF As) where CAMF treatments was 
higher (P<O.OS) by almost 5 % than the 
buffalo ones. Consistent with the results 
obtained, Hammad and Baiomy {2010) who 
found that, C14:0, C16:0, C18:0 and of C18:1 
represented 12.40, 25.69, 8.83, and 30.82 %, 
respectively, of the total FAs profile of cow 
milk fat, and 11.46, 29.27, 13.28, and 27.fiJ% 
for buffalo milk fat following the same order. 
Our results are also in agreement with 
previous studies of Hussein et al. (2001), 
Varrichio et al. (2007), Blasi et al. (2008), 
Menard eta/. (2010), and Islam et al., (2014). 

Table (l):Fatty acids composition and peroxide value (PV) of anhydrous milk fat (AMF) 
• bdifti • th 1 l)reoared ,y 

. 
erent orocessme me ods. 

Fatty AMF treatmentS1 

±SE 
acid CCG CBG CBO BCG BBG BBO 
C4:0 1.46a 1.381 130ab 1.37 1.3~ 1.25b 0.09 
C6:0 2.3ga 2.32ab 2.21b 2.431 2408 2.34ab 0.10 
C8:0 1.198 1.17a 1.178 1.1081> 1.06ab l.Ot' 0.04 
ClO:O 3.568 3.498 3.411 2506 2.52° 2.45° 0.11 
C12:0 3.848 3.868 3.87 2.83b 2.91b 2.98° 0.12 
C14:0 12.77 12.658 12.628 ll.82ab 11.7ifb 11.62b 0.34 
C16:0 28.15° '28.1l0

- 28.o4o 31.968 31.931 31.8zt 0.39 
C18:0 12.98° 12.82b 12.76b 17.1if 17.061 16.981 0.35 
C18:1 30.218 30.588 30.6ga 26.19b 26.31° 26.53b 0.46 
C18:2 2.45abc 2.60ab 2.858 1.990 2.04cd 2.16bcd 0.14 
C18:3 t.ooa 1.02' 1.04a 0.71b 0.75° 0.81° 0.05 
SF As 66.34c 65.8if 65.42c 71.118 70.90® 70.5if0 1.43 
USFAs 33.668 34.2if 34.saa 28.89b 29.iOb 29.50b 0.57 
py3 0.12ab 0.138b o.o8b 0.168 0.168 0.09b 0.05 
I Means Within the same row followed by different superscnpts are significantly different (P<O.OS). 
2 CCG, oow cream ghee; CBG, oow butter ghee; CBO, oow butter oil; BCG, buffalo cream ghee; BBG, 

buffalo butter ghee; BBO, buffalo butter oil. 
3 meq.02.Kg-1 fat. 

2. Oxidative Stability Index (OSI) 
Stability of CAMF and BAMF was 

evaluated by the Rancimat test and expressed 
as OSI at 100, 110, 120, and 130 oc (Table 2). 

Data presented indicate that the longer the IP, 
the more stable is the sample. Considering the 
milk type and at all tested temperatures, 
CAMF treatments illustrated a longer IP 
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(P<0.05) than the buffalo ones. The IP of 
CCG was the longest (P<0.05) among all 
samples evaluated followed by CBG, CBO, 
BCG, BBG, and finally BBO was the shortest 
(P<0.05). The Rancimat test temperatures 
used displayed an inverse relation with the IP 
with significant variations (P<0.05) found 
between treatments. For example, the IP of 
CCG was 20.48 h at 100 oc that was reduced 
by 35.8% when the test was carried out at 
130°C. Similarly the IP of BBO was 8. 79 and 
reduced by 66.1% following the same order of 
temperatures. Pawar et al. (2014) found that, 
IP of CBG determined under the Rancimat 
test was 8.5 h at 120 °C, while longer IP 
(10.38 h) was reported by Patel et al. (2013) 
for CCG at the same temperature. For BBO, 
IP determined under the Rancimat test was 8.2 
h at 110 °C (Fatouh et al., 2003). 

The method of manufacture used has an 
impact on the stability of AMF. Preparation of 

BO does not include using high temperatures 
(> 100 °C), contrary to ghee where boiling
off, either for cream or butter, is the main 
principle of processing. The prolonged shelf
life of ghee, consequently the longer IP, as 
compared to BO is attributed to several factors 
including the low moisture($ 0.3 %), the high 
content of phospholipids (- 400 mg.kg'1) 

acting as antioxidants, and a possible role of 
sulfur free amino acids like methio-nine, 
cysteine that are liberated from the phos
pholipids-protein adduct into the fat phase 
during the boiling-off process (Achaya, 1997). 
Moreover, CAMF was less susceptible to 
oxidative deterioration than BAMF treatments 
owing to its high content of P-carotene, a 
natural antioxidant, which does not exist in 
buffalo milk fat. Kumar et al. (2010) reported 
a 6.98 J.lg/g of P-carotene in CCG. In 
accordance also with our findings previous 
work of Mariod et al. (2010) and Olfa et al. 
(2010). 

Table (2): Oxidative stability index (OSI) of anhydrous milk fat (AMF) manufactured by 
difti t in thods1 eren process tgme . 

OSI (h) 
Temperature COC) AMF treatments2 :SE 

CCG CBG CBO BCG BBG BBO ' 

100 20.488 17.63b 15.95c 13.65d 11.32e 8.79f 0.283 
110 18.438 15.51b 13.28c 11.3r 9.82e 7.98f 0.445 --
120 16.518 13.27b 10.88c 8.70d 6.23e 4.8d 0.376 
130 13.148 10.26b 7.75c i 6.53d 4.85e 2.98f 0.306 

1 . . 
Means Within the same row followed by different superscnpts are Slgntficantly different (P<0.05) . 

2 CCG, cow cream ghee; CBG, cow butter ghee; CBO, cow butter oil; BCG, buffalo cream ghee; BBG, 
buffalo butter ghee; BBO, buffalo butter oil. 

3. Primary oxidation products 
The applicability of Arrhenius model 

(Eq. 3), which is conventionally used to 
describe the effect of temperature on k, was 
evaluated in terms of PV (kpv) and CD (k232) at 
reference temperatures of 100, 110, 120, and 
130°C (fabJe 3). Since k is a function of 
temperature, as accelerated oxidation tempera
ture increased, a corresponding increase was 
observed ink. Significant differences (P<0.05) 
were found between kpv of all treatments in the 
temperature range 100-120 oc where CCG 
was always the lowest and BBO the highest. 
Similar differences (P<0.05) were also found 
between some of the treatments at 130 oc like 

that between CCG, BBG, and BBO. Qmsi
dering CD, measuring this parameter is a 
sensitive method to follow the early stages of 
lipid oxidation under conditions in which 
hydroperoxides undergo little or no decom
position (Frankel, 2005b). For k232, the evolu
tion at the temperatures used presented varia
tions (P<0.05) between the differer.t treat
ments as in the case of kpv. The dependence of 
kpv and k232 on the oxidation tempe,rature is 
presented in Figs 1 and 2. Either CAMF or 
BAMF that prepared by different methods 
showed a linear dependency with a good 
correlation coefficient (K > 0.99). 
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Table (3): Reaction rate constant (k, h"1
) of primary oxidation of anhydrous milk fat 

1 (AMF) manufactured bi different processing methods • 

Temperature eC) AMF treatmentsl 
CCG CBG CBO BCG BBG BBO ±SE -

py3 

100 0.630f 0.675e 0.719d 0.783c 0.821b 0.889" 0.011 
110 0.830f 0.905e 0.989d 1.071c 1.142b 1.2978 0.013 

f------
1.105f 1.23<f 1.371d 1.50Sc 1.633b 1.914a 0.020 120 

130 1.413e 1.614de 1.821cd 2.027bc 2.236b 2.6858 0.093 
·--

4 
K232 

100 0.219e 0.24lde 0.263d 0.298c 0.336b 03758 0.008 
110 0.260e o.31r 0.369c 0.412c 0.465b 0.5588 0.016 
120 0355f 0.409e 0.463d o.51r 0.585b 0.6928 0.018 
130 0.508e o.sne 0.659d 0.764c 0.848b o.93e 0.022 

1 . . 
Means Within the same row followed by different superscnpts are Slgruficantly different (P<O.OS) . 

2 CCG, cow cream ghee; CBG, cow butter ghee; CBO, cow butter oil; BCG, buffalo cream ghee; BBG, 
buffalo butter ghee; BBO, buffalo butter oil. 

3 Peroxide value. 
4 Conjugated dienes. 
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Fig (1)~ Arrhenius plot~ Effect of temperature on oxidation rate constant for peroxide 
value (/cpv) of<8Dhydrous milk fat manufactured by different processing methods. 
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Fig (2): Arrhenius plot: Effect of temperature on oxidation rate constant for conjugated 
dienes (km) of anhydrous milk fat manufactured by different processing methods. 
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The increase in k values, either kvv or 
k132, can be attnbuted to the increase of 
oxygen solubility in AMF, and thus the sus
ceptibility to oxidation regardless the milk 
type or the method of manufacture. In accor
dance with our results Ozkanh and Kaya 
(2005) who found a corresponding increase in 
k as the temperature of the accelerated oxida
tion test used increased. At 60, 70, and 80 °C, 
k values for BO produced by hexane extrac
tion from sheep's non-pasteurized and paste
urized milk were 0.12, 0.21, and 0.57, 
respectively. In terms of USF As/SFA'5 ratio, 
similar to our results the trend found in 
vegetable oils by Farhoosh et al. (2008) who 
calculated k values for canola (8.5 % SF As, 
91.5% USFA), com (11.76% SFAs, 88.04% 
USFA), and olive (19.13 % SFAs, 80.87% 
USF A) oils using the Rancimat test. k values 
increased from 25.04, 44.87, and 49.42 at 100 
to 215.82, 362.04, and 409.55 at 130 oc 
following the same order of the oils. 

4. Secondary oxidation products 
The primary lipid oxidation products, 

mainly hydroperoxides, are unstable and sus
ceptible to decomposition. A complex mixture 
of volatile (e.g., hexanal), nonvolatile, and 
polymeric secondary oxidation products is 
formed · through decomposition reactions, 
providing various indices of lipid oxidation 
(Shahidi and Zhong, 2005). By studying k 
values of AMF oxidation measured by cr 
(kz70) and hexanal concentration (khexana~) as a 
function of temperature, an increasing k270 and 
k~~exana1 can be observed as the Rancimat 
temperature increased (Table 4). For example, 
kz1o for CCG and BCG were higher by 125.37 
and 131.8 % at 130°C than at 100°C, 
respectively. Data presented also illustrate 
that, CAMF is more stable (P<0.05) than 
BAMF for oxidative deterioration as eviden
ced by the lower k 21o and k~~exana~· Moreover, 
plotting ln k 210 and k~~exana~ vs 1/T (Figs 3 and 
4) generated straight and almost parallel lines 
which indicate that, the temperature depen
dence of these oxidation indices is well 
described by the linear Arrhenius model (K > 
0.99) in the temperature range tested (100-
1300C). GOmez-Alonso et al. (2004) perfor
med an accelerated shelf-life test on olive oil 
in the temperature range of 25-75 °C. Their 

results indicated that, the formation of hexanal 
followed a first order kinetic where kooxana1 
increased exponentially with the temperature. 

5. Arrhenius kinetic parameters 
Activiation energy (Ea) is a measure of 

the temperature sensitivity of the oxidation 
reaction, e.g., how much faster it will go if the 
temperature is raised (Taoukis et al., 1997). 
Arrhenius model suggests that, if a molecule 
has a total energy E 2: Ea, then it has a 
potential tor reacting which is controlled by 
the value of A that is also called sometimes the 
collision or frequency factor because it rep
resents the frequency of collisions between the 
reactant molecules. As the temperature 
increases, the fraction molecules with E 2: Ea 
increases, thus the k increases (Taoukis and 
Labuza, 1996). The Ea values of AMF prod
uced by different processing methods were in 
the range of 81.11-154.58 kJ.mor1 (Table 5). 
Regardless the method of production, CAMF 
showed lower (P<0.05) Ea than the buffalo 
ones which can be attributed to differences 
found in the FAs composition (Table 1). All 
BAMF treatments contained significantly 
(P<0.05) higher amount of SF As as compared 
to the cow ones. Khan et al. (2010) reported 
that, high values of Ea are associated with fats 
and oils having greater proportions of SF As. 
The Ea values of CAMF and BAMF were in 
agreement with previous literature data, 
reporting typical Ea values for lipid oxidation 
ranging from 24 to 240 kJ .mor 1 based on F As 
composition of the lipid material (Tan et al., 
2001; Frankel2005b). The trend found in this 
study is in agreement with Thurgood et al. 
(2007) who evaluated the oxidation kinetics of 
AMF/soybean blend'5. Ea value of AMF 
(73.04 % SFAs) was 93.56 kJ.mor1 that was 
reduced to 73.2 kJ.mol'1 when soybean oil 
(15.66% SF As) was used for creating a 50-50 
% AMF/soybean blend containing 42.95 % 
SF As. Similarly, Farhoosh et al. (2008) 
reported higher (P<0.05) Ea value of 92.42 
kJ.mol'1 for olive oil that contains 19.13 % 
SFAs, mostly palmitic acid, comparing to 
86.86 kJ .mol'1 for sunflower oil that contains 
9.66% SF As. Similar observations for vegeta
ble oils were also reported by Ostrowska
Ligeza et al. (2010). 
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Table (4): Reaction rate constant (lc, h'1) of secondary oxidation products of anhydrous 
1 milk fat (AMF) manufactured b_y different _processing methods • 

Temperature eq AMF treatments2 

±SE 
CCG CBG CBO BCG BBG BBO 

K21o3 

100 0.134f 0.162e 0.189d 0.217 0.254b 0.2988 0.008 

110 0.179e 0.204de 0.236d 0.271c 0.315b 0.3788 0.011 

120 0.237 0.288d l 0.335d 0.39lc 0.456b 0.53ga 0.016 

130 0.302e _LQ:?61e 0.42r 0.503c 0.589b 0.6848 0.021 

Hexanal 
100 0.105f 0.1ne' 0.164d 0.189c 0.21lb 0.2438 0.007 

110 0.126e 0.155d 0.183c 0.207 0.239b 0.2818 0.008 

120 0.149e 0.174e 0.208d 0.256c 0.300b 0.3428 0.01 

130 0.173e 0.206e 0.250d 0.309c 0.378b 0.4558 0.014 
I . . Means Within the same row followed by different superscnpts are Significantly different (P <().05) . 
2CCG, cow cream ghee; CBG, cow butter ghee; CBO, cow butter oil; BCG, buffalo cream ghee; BBG, 

buffalo butter ghee; BBO, buffalo butter oil. 
3 Conjugated trienes. 
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Fig (3): AIThenius plot: Effect of temperature on oxidation rate constant for coJ:Uugated 
trienes (k270) of anhydrous milk fat manufactured by different processing methods. 
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Fig (4): Arrhenius plot: Effect of temperature on oxidation rate constant for hexanal 
concentration (klluaDal) of anhydrous milk fat manufactured by different 
processing methods. 
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Table (S): Arrhenius parameters, Temperature acceleration factor (Q10), enthalpy (Ml) 
and entropy (AS) values of anhydrous mllk fat (AMF) mau.ufactured by 
difti t thod 1 eren processm2 me s. -

Parameter 
AMF treatments2 

±SE CCG CBG CBO BCG BBG BBO 
Ea3 81.1lf 93.5~ 104.71d 117.34c 133.02b 154.51 3.69 
A4x1011 8.92f 11.06e 13.35d 16.69c 18.51b 22.1Ll a 0.54 
Qto 2.16f 2.29e 2.41d 2.53c 2.71b 8 2.8E. 0.05 
Mf 89.928 78.55b 67.34c 58.59d 49.()(t Ar 2.81 40.(. 

AS> -92.sza -100.45b -109.33c -118.98d -127.64e -13~).0 
~+-----! 

i 3.07 
1 . . 
Means wtthin the same row followed by different superscnpts are Slgntficantly different (P<.O.OS) . 

2 CCG, cow cream ghee; CBG, cow butter ghee; CBO, cow butter oil; BCG, buffalo cream ghee; BBG, 
buffalo butter ghee; BBO, buffalo butter oil. 

3 Activation energy (kJ.mol"1
). 

4 Pre-exponential factor or frequency factor (h"1
). 

5 kJ.mor1 

6J.mort.Kt 

The pre-exponential or frequency factor 
(A) represents the frequency of collisions 
between reactant molecules (Labuza and 
Schmidt, 1985). The A values of CAMP and 
BAMF treatments under the Rancimat test 
were evaluated in the temperature range 100-
130 °C (Table 5). The data indicated a direct 
proportional relation between A and k which 
agrees with Arrhenius equation (Eq.3). Signi
ficant differences (P<0.05) were found 
between all different treatments with CCG and 
BBO are the lowest (8.92x1011 h"1

) and 
highest (22.14x1011 h-1

) A values calculated, 
respectively. In accordance with the trend 
found in this work, Adhvaryu et al. (2000) 
who studied Arrhenius oxidation kinetic 
parameters of several vegetable oils using the 
differential scanning calorimeter technique. 
Their results indicated a corresponding in
crease in k as A values increased. Cottonseed 
oil exhibited the highest k and A values (0.37 
min"1and 9.25x106 h"1

) followed by com (0.43 
min"1and 2.43x108 h"\ and canola oils (0.51 
min-1and 7.67x109 h"1

). Thurgood et al. (2007) 
reported k and A values, calculated at 200°C, 
of AMF prepared by melt-centrifugation to be 
0.57 min-1 and 1.2 x 1010 min-I, respectively. 

Temperature dependence often is exp
ressed as Q 10. the ratio of k at temperatures 
differing by 10°C, or the change of shelf-life 
(ts) when the temperature of the lipid is raised 
by 10°C (Fu and labuza, 1993). The magni
tude of the temperature effect on oxidation 

rate of CAMP and BM .1F treatments manu
factured by different pi" .x:essing methods was 
evidenced by the Q 10 (1.'able 5). In general, the 
higher Q10 values (P<O.OS) observed in 
BAMF treatments cornp. 'iring to the CAMF 
ones were associated with their higher Ea 
(Table 5) which is readiJ.) explained based on 
differences in the USFAs/ SF As ratio (Table 1) 
as previously showr.t. Kochhar and Henry 
(2009) studied th~~ oxidative stability of 
selected culinary oils. Q10 valu.es of almond (7 
% SFAs), av<Y.;ado (1&, % SFAs) and 
macadamia (18 .5 % SFA:s) oils increased as 
the oil SFAs content im:reasr.:d. Q10 values 
were 1.96, 2.'J5 and 2.1.5 follO\ving the same 
order of the oils. The same trend was also 
observed in ·the work of Farhoosh et al. (2008) 
for vegetabl'~ oils with different USF As/SF A<.; 
ratios. 

Enthalpy (M-1) and entmr.;•y (AS) values 
were calculated based on the activated 
complex theory and the '..:Or responding reg
ression parameters are summa .rized in Table 5. 
A high correlation of dete nnination (If > 
0.99) indicated good f1t for characterization of 
the temperature deJY~ndenc:~ of AMF oxida
tion. The llH and !::.S •talues ranged from 
40.64 to 89.92 kJ.mor1 ;illd -92.52 to -135.02 
J.mor1.K\ respectivrdy with significant 
differences found C"<0.05) between CAMF 
and BAMF treatruer .ts. CAMF showed greate•; 
values for both llH and !::.S as compared to th·e 
BAMF ones. The.c-;e res,Jlts are readily explain
ned based on V.teir F As composition differ
rences (fable 1). B·ilffalo milk fat contiD.ns 
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more SFAs (70.5-71.11%) and less USFAs 
(28.89-29.1 %) as compared to cow milk fat 
where these values were 65.42-66.34 and 
33.66-34.2 % following the same order. Tan et 
al. (2001) reported higher (P<0.05) MI. and 
!!S values for oils with high USFAs content 
(e.g., safflower, 89.6% USFAs) than for oils 
with greater amounts of SFAs (e.g., coconut, 
96.0 % SFAs). The negative values for M 

indicate that, the activated complexes are 
more ordered than the molecules of the 
reactants, and its greater negative values 
indicate fewer numbers of species are in the 
activated complex state, and hence lesser 
probability of the activated complex for lipid 
oxidation and therefore slower reaction rate 
(Tan et al., 2002). 
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