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Oxidation Studies in Irradiated Ultra High Molecular Weight
Polyethylene (UHMWPE)

1Narayan V.S.*, 2Ross, M.A., 2Warner, D., and 2Gupta, C.E.M.
1Anthara Technologies Consulting, 11103 Clarewood Ct., Fort Wayne, IN 46814, USA.

2DePuy Orthopaedics Inc., PO Box 988, 700 Orthopaedic Drive, Warsaw, IN 46581, USA.
E-mail: v.narayan@antharatech.com

Introduction

Osteoarthritis is a widely prevalent clinical issue among
the aging and highly active population demographic.
While a number of mitigating solutions are offered as
short-term solutions, total joint replacement (TJR) has
been established as the most widely accepted surgical
option for end-stage osteoarthritis. Although a wide
number of metallic and ceramic materials are employed
in articulating joint bearings, Ultra High Molecular
Weight Polyethylene (UHMWPE) bearing surfaces re-
main the gold standard. Over 99% knee joint and cur-
rently over 95% hip joint bearings use UHMWPE in
the articulation space. This is based on their consistent

results and survivorship of ~85% after 15 years1. Over
the past 40 years, the retrieval, analysis and report of
failed devices have been driving factors in continually
improving the state-of-the-art in joint replacements2.

This improvement has been largely driven by the ster-
ilization of the UHMWPE devices using ionizing radia-
tion, such as gamma (γ) or Electron Beam (EB)3. While
the primary purpose for the employment of ionizing
radiation was to sterilize the device, the resulting radia-
tion exposure caused the material to increase in crystal-
linity4, thereby increasing the strength and stiffness of
the bulk material due to chain and homolytic bond scis-
sion of the linear chains of the polymer. The radiation

Abstract
Ultra High Molecular Weight Polyethylene (UHMWPE) is extensively used as an articulating bearing material in
artificial hip and knee orthopaedic joints. Ionizing radiation such as gamma (γ) or Electron Beam (EB) is
commonly employed to ensure sterility of the implantable device. One of the consequences of exposure to ionizing
radiation is crosslinking of the polymer rendering it more wear resistant in the articulating joint. However, this
is typically accompanied by increased oxidation potential of the otherwise inert polymer. Stabilization is commonly
accomplished by thermal treatment above or below the melt temperature of the polyethylene or with the use of
an antioxidant. This study investigates the effect of the radiation source as well as the total dose delivered to the
polymer and its effect on the oxidative stability. The oxidation response is monitored on samples that are subject to
an accelerated aging protocol that has been established for shelf aging of irradiated UHMWPE. Physical, material
and mechanical characteristics of both, γ- as well as EB- irradiated UHMWPE at nominal dose values of 50, 75
and 100 kGy were measured in the non-aged as well as 2-, 4-, 6- and 10-weeks accelerated-aged materials. The
results of the study have been reported.

Keywords: UHMWPE, Oxidation, Ionizing radiation
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also effected crosslinking of the otherwise chemically
inert UHMWPE molecular chains due to subsequent
recombination of the free radicals thereby generated to
alter the molecular architecture and yield a network
structure5,6. The crosslinking rendered the material to be
harder, less ductile and improved wear performance.
This was a significant improvement in the material to
address the primary clinical limitations of the non-
crosslinked UHMWPE joint materials - discharge of
micro-size particles into the body that induced a re-
sponse to generate an inflamed periprosthetic membrane
that is rich in macrophages and cytokines7. This re-
sponse results in tumors and subsequent loss in bone
density in the affected region known as bone resorption
or osteolysis. The generation of the harder, more wear-
resistant crosslinked UHMWPE has been very effective
in addressing this clinical problem. However, one of the
detrimental consequences of the radiation exposure is
that all of the free radicals generated within the bulk
polymer cannot be quenched by the crosslinking reac-
tion due to limited mobility and access of these free
radicals to one another in the solid state of the polymer.
This is further exacerbated with additional loss in chain
mobility due to crosslinking. Thus, the free radicals that
remain unreacted have extremely long half life extend-
ing to decades in years8. Premnath et al., have provided
a comprehensive overview of the various free radical
reactions in play as well as mechanistic pathways through
which these reactions occur8.

These residual free radicals within irradiated UHMWPE
could initiate oxidation in the otherwise inert polymer
leading to degradative loss in properties leading to
UHMWPE implant failure. Oxidation of irradiated
UHMWPE orthopaedic implants both, on the shelf in
the packaging as well as in vivo has been extensively
reported to cause adverse effects on the mechanical
properties9,10. Irradiation of UHMWPE using ionizing
radiation sources such as gamma or electron beam gen-
erates free radicals which can trigger oxidation if left
unaddressed. Clinical and in vitro test results have veri-
fied oxidative stability by remelting the irradiated
UHMWPE materials used in orthopaedic devices11,12.

Therefore, a large number of current, state-of-the-art
UHWPE bearing implants have been generated by
crosslinking using ionizing radiation followed by ther-
mal treatment to quench the free radicals above the melt
temperature of UHMWPE.

There are two implantable grades of UHMWPE, the
requirements for which are specified in ASTM standard
F648 – “Specification for Ultra-High-Molecular-Weight
Polyethylene Powder and Fabricated Form for Surgi-
cal Implants” and ISO standard 5834 – “Implants for
surgery—Ultra-high molecular weight polyethylene”. In
the standards, these grades are described as Types 1, 2,
both currently manufactured by Celanese Corporation
and use the trade names GUR 1020 and GUR 1050
respectively. Bothe these grades are widely available
and commonly employed in orthopaedic implants. These
grades, although chemically identical, differ only in
molecular weight with the GUR 1020 UHMWPE typi-
cally at an average molecular weight of approx. 3.5 x
106 g/mol while GUR 1050 UHWPE has an average
molecular weight of 5.5 -6.0 x 106 g/mol13.

In the present study, the comparative response of GUR
1020 UHMWPE materials to oxidation as a function of
radiation source (g vs. EB), radiation dose as well as
aging period has been characterized. The characteriza-
tion has involved measurement of the degree of oxida-
tion, as well as material and mechanical property changes
that result in the aged materials. Key questions being
addressed in this study include:
 Is there are difference in material response depend-

ing upon the source of the ionizing radiation?
 How do the properties of the materials vary as a

function of the radiation dose?
 Is the oxidation response, and therefore the mate-

rial property changes influenced by the source of
the ionizing radiation?

In order to simulate on-shelf and in vivo oxidation of
UHMWPE, the protocol prescribed in ASTM F2003 -
“Accelerated Aging of Ultra-High Molecular Weight
Polyethylene after Gamma Irradiation in Air” was
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employed to effect accelerated aging of the materials to
various periods. While the outcome of the accelerated
aging for different times cannot be accurately correlated
to actual on-shelf aging or in vivo oxidation times, the
protocol provides relative responses of the various
materials. This allows for ranking of the relative oxida-
tive stability of the materials processed under different
conditions. The aging periods employed in this study
include 0, 2, 4, 6 and 10 weeks. Characterization of the
non-aged and aged materials involved:
a. Oxidation Index by FTIR as described in ASTM F

2102
b. Transvinylene Index by FTIR as described in ASTM
c. Crystallinity by DSC per ASTM F 2625
d. Gravimetric Swell Ratio
e. Double Notched Impact per ASTM F 648
f. Ductility as percent elongation at failure in a static

tensile test.

Characterization of and monitoring the changes in these
properties would enable a better understanding of dif-
ferences and impact of the two different ionizing radia-
tion types.

Materials and Methods

 GUR 1020 UHMWPE powder (Celanese Corpora-
tion) was consolidated into cylindrical 2.5" bars by
ram extrusion at MediTECH Medical Polymers. The
consolidated material as-is, in a non-irradiated con-
dition and hereafter referred to as NI-1020, has been
employed in this study as control material.

 Ram extruded and g-irradiated GUR 1020, hereaf-
ter referred to as G-50, G-75, and G-100, are gen-
erated by gamma irradiation at doses of 50, 75 &
100 kGy respectively and subsequently remelted at
or above 155ºC.

 Ram extruded and irradiated GUR 1020, hereafter
referred to as E-50, E-75, and E-100, are gener-
ated by e-beam irradiation at Iotron Industries at
doses of 50, 75 & 100 kGy respectively and subse-
quently remelted at or above 155ºC.

 Accelerated Aging
Test samples as needed for the characterization were

fabricated and subjected to accelerated aging in ac-
cordance with ASTM F-2003 protocol. Accordingly,
the samples were placed in a stainless-steel pres-
sure vessel under 5 atm (74 psi) oxygen pressure.
The chamber was placed in an oven at room tem-
perature, which was then heated to and maintained
at 70ºC for periods ranging from 2 – 10 weeks.

 Oxidation Response
Cubical test samples (10 x 15 x 25 mm) that were
fabricated from each material group and subjected
to the various accelerated aging periods were char-
acterized for the oxidation response of the material
using Fourier Transform Infra-Red (FTIR) Spectros-
copy. The FTIR evaluation was performed on three
samples from each test group in accordance with
ASTM F2102 (“Standard Guide for Evaluating the
Extent of Oxidation in Ultra-High-Molecular-Weight
Polyethylene Fabricated Forms Intended for Surgi-
cal Implants”) to determine the average oxidation
index (OI) values as well as the Transvinylene in-
dex (TVI). A Thermo Fisher Scientific spectrometer
with a Nicolet iN10 MX microscope (Thermo Fisher
Scientific, Madison, WI) and a rectangular aperture
of 50 μm x 150 μm was used for all evaluations. To
perform the evaluation, each sample was placed in
a microtome and 200 μm thin sections were taken.
Each section was placed on the motorized stage of
the microscope and the edge of the aperture was
placed 25 μm in from the edge of the section. At
this position, an FTIR absorption spectrum was
obtained using 18 scans with a resolution of 4
cm-1. The motorized stage was then moved in incre-
ments of 0.5 mm deep and spectra were obtained at
each depth.

The oxidation index (OI) value was determined at
each depth by taking the area under the carbonyl
absorption peak (>C=O) centered at approximately
1720 cm-1 between 1650 to 1850 cm-1 and dividing
by the area under the reference absorption peak that
is associated with δ

s
(CH

3
) and γ

w
(CH

2
)14 and cen-

tered around 1370 cm-1 between 1330 and 1396
cm-1. This allows for normalizing the peak area for
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the thickness and allows for quantification of the
signal value. For each sample, an average oxidation
index was then calculated by averaging the values
from each depth for that sample.

 Transvinylene Index
The FTIR spectra generated for the measurement of
the oxidation response of all the materials groups
under various conditions of accelerated aging was
also leveraged for the determination of the
Transvinylene Index (TVI) in accordance with the
procedure described in ASTM F2381 (“Standard
Test Method for Evaluating Trans-Vinylene Yield in
Irradiated Ultra High Molecular Weight Polyethyl-
ene Fabricated Forms Intended for Surgical Im-
plants by Infrared Spectroscopy”). The TVI was
calculated by taking the area under the Transvinylene
peak between 955 and 978 cm-1 and dividing by the
area under the normalization peak between 1371
and 1404 cm-1.

 Percent Crystallinity
The % crystallinity in the samples was determined
using a Differential Scanning Calorimeter, or DSC
(TA Instruments, Schaumburg, IL). The Q1000 (Se-
rial# 1000-0392, BT# 69617) calorimeter was em-
ployed and measurements were made in accordance
with the procedure described in ASTM F2625
(“Measurement of Enthalpy of Fusion, Percent
Crystallinity, and Melting Point ·of Ultra-High-
Molecular Weight Polyethylene by Means of Differ-
ential Scanning Calorimetry”). The DSC samples
were microtomed to a thickness of 400μm from 10
x 15 x 25 mm blocks. These blocks were fabricated
from each material group and subjected to the vari-
ous accelerated aging periods prior to testing. Three
5 mm diameter circular disc samples were punched
for each material group. These punched samples
were then weighed and tested. The DSC scans were
run at 10 ºC/min from 30 to 180 ºC under nitrogen
environment.

 Gravimetric Swell Ratio
The swell ratio was determined using DePuy Work

Instruction WI 4949 that is based on ASTM D2765,
Method C (Standard Test Method for Determina-
tion of Gel Content and Swell Ratio of Crosslinked
Ethylene Plastics) using six 8.13 x 8.13 x 8.13 mm
cubes for each material group. The swell ratio
measurements were conducted on the DePuy Synthes
gravimetric swell ratio tester (DePuy Orthopaedics,
Warsaw, IN; BT# 69020, Serial# 1200603907005).

 Double Notched Izod (DNI) Impact Toughness
Impact toughness properties were evaluated in ac-
cordance with ASTM F648 (“Specification for Ul-
tra-High-Molecular-Weight Polyethylene Powder
and Fabricated Form for Surgical Implants – An-
nex 1: Impact Strength”) using six double-notched
Izod impact sample specimens with a Ceast double
notched Izod tester (Instron, Pianezza, Italy; BT#
69293, Serial# 14153). The machine test samples
were stabilized for 24 hours at standard lab condi-
tions prior to test.

 Ductility as % Elongation to Failure
Tensile testing was performed on six samples in
accordance with ASTM D638 using Type IV
samples and a MTS Insight 5 (MTS Systems Cor-
poration, Eden Prairie, MN; BT# 69609, Serial#
10200470). The machined test samples were stabi-
lized for 24 hours prior to test and then tested at
standard lab conditions. The initial crosshead speed
was 5.08 mm/min and then increased to 50.8 after
1.27 mm of excursion.

Results and Discussion

All the characterization data is reported below. Data
however, is not available for the following:
 6-week aged NI-1020 samples as the material was

compromised in the aging chamber due to power
outage and therefore measurements on these samples
were not performed.

 Gravimetric Swell Ratio measurements for the non-
irradiated NI 1020 samples at all aging conditions
since these are not crosslinked and woud not yield
a meaningful result in the swell testing.
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 The E-beam materials, regardless of the radiation
dose, were more severely oxidized at 10 weeks aging
and samples for FTIT, DSC and Swell ratio testing
could not be generated.

Oxidation Behavior
The oxidation response has been measured by FTIR in
accordance to the procedure in ASTM F2102. The av-
erage value for all sample specimens measured is then
computed and reported below in Table 1.

Aging Period 
NI-

1020 
50-E 50-G 75-E 75-G 100-E 100-G 

Non-Aged 0.032 
±0.006 

0.050 
±0.009 

0.056 
±0.009 

0.045 
±0.016 

0.070 
±0.023 

0.079 
±0.026 

0.061 
±0.009  

2-week Aged 
0.036 

±0.012 
0.051 

±0.014 
0.069 

±0.018 
0.054 

±0.007 
0.077 

±0.013 
0.027 

±0.013 
0.057 

±0.011 

4-week Aged 
0.045 

±0.015 
0.068 

±0.016 
0.074 

±0.005 
0.096 

±0.015 
0.054 

±0.013 
0.075 

±0.016 
0.062 

±0.010 

6-week Aged * 
0.225 

±0.012 
0.086 

±0.011 
0.253 

±0.084 
0.114 

±0.028 
0.223 

±0.029 
0.142 

±0.019 

10-week Aged 
0.220 

±0.015 
** 

0.600 
±0.059 

** 
0.513 

±0.253 
** 

0.704 
±0.059 

 
*  Data not measured as samples were compromised in aging chamber
** Too brittle to yield samples for measurement

Consistent with previous studies15,16,17, there is a pro-
gressive increase in the oxidation index over 10 weeks
of aging. All materials show little or no change in oxi-
dation index up to 4 weeks aging. Any small differ-
ences in values noted up to this point are insignificant
as, below an oxidation index of 0.1, there is consider-
able noise in the FTIR signal. However, the materials
begin to separate out in oxidation response at the 6-
week mark. Onset of oxidation is noted in all the ma-
terials. Statistically higher oxidation index values are
noted for the e-beam irradiated materials relative to their

gamma-irradiated counterparts. The trend is confirmed
at the 10-week mark wherein the e-beam materials are
too brittle to measure. While there is progression in
oxidation in the gamma materials, they are still ductile
enough to be microtomed and characterized even at the
10-week aged mark.

Transvinylene Index
Previous studies18,19 have shown that the TVI is a func-
tion of the radiation dose applied to the polymer. The
results are summarized in Table 2.

Table 1: Oxidation Index values for different Aging Conditions
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Table 2: Transvinylene Index values for different Aging Conditions

Aging Period 
NI-

1020 
50-E 50-G 75-E 75-G 100-E 100-G 

Non-Aged 
-0.004 
±0.001 

0.020 
±0.002 

0.015 
±0.000 

0.026 
±0.007 

0.018 
±0.000 

0.030 
±0.002 

0.024 
±0.000 

2-week Aged 
-0.004 
±0.001 

0.017 
±0.000 

0.015 
±0.000 

0.022 
±0.004 

0.018 
±0.001 

±0.032 
±0.005 

0.024 
±0.001 

4-week Aged 
-0.004 
±0.000 

0.021 
±0.001 

0.015 
±0.000 

0.026 
±0.004 

0.018 
±0.001 

0.038 
±0.001 

0.025 
±0.001 

6-week Aged * 
0.019 

±0.004 
0.015 

±0.000 
0.026 

±0.007 
0.019 

±0.000 
0.040 

±0.001 
0.024 

±0.000 

10-week Aged 
-0.005 
±0.001 

** 
0.014 

±0.000 
**  

0.018 
±0.000 

**  
0.022 

±0.001 

 *  Data not measured as samples were compromised in aging chamber
** Too brittle to yield samples for measurement

The nonirradiated NI-1020 samples did not yield a
meaningful result for TVI as there was no exposure to
ionizing radiation and hence there were no Transvinylene
groups generated. While the transvinylene functionality
is unchanged due to aging, it is seen that the E-beam
irradiated materials show a somewhat higher TVI rela-
tive to the gamma analogs at the same radiation dose.
While this needs to be verified further, it is likely that
the higher intensity of the E-beam generates more
transvinylene groups as compared to the gamma ana-
logs at the same radiation dose.

Percent Crystallinity
The melt endotherm was integrated between 50ºC and
160ºC. % Crystallinity was then calculated using a ref-
erence heat of fusion value of 289.5 J/g for 100% crys-
talline polyethylene (PE). The response of the percent
crystallinity in the materials to irradiation as well as
aging in the present study has been summarized in
Table 3. The trends seen here are consistent with that
observed in FTIR measurements. While some small
change is noted at 6 weeks, the gamma materials as
well as the non-irradiated UHMWPE at 10 weeks aging
show values at or about 70%. This has been associated
with significant oxidation in a previous study20.

Table 3: Percent Crystallinity values for different Aging Conditions

Aging period NI-1020 50-E 50-G 75-E 75-G 100-E 100-G 

Non-Aged 
60 

±3.0 
55.2 
±0.6 

51.9 
±3.0 

53.1 
±2.1 

54.2 
±0.4 

53 
±1.7 

53.4 
±0.7 

2-week Aged 
59.1 
±1.8 

55.6 
±2.3 

54.2 
±3.6 

55.8 
±0.4 

53.6 
±3.0 

54.1 
±2.1 

55.6 
±2.3 

4-week Aged 
60.5 
±2.2 

52.5 
±1.5 

54.5 
±1.2 

54.4 
±2.8 

58.3 
±1.4 

56.6 
±2.4 

57.1 
±1.6 

6-week Aged * 
65.9 
±2.4 

58.2 
±2.8 

66.5 
±1.3 

59 
±2.3 

62.9 
±1.2 

60.6 
±0.8 

10-week Aged 
71.2 
±3.0 

** 
74 

±0.8 
** 

68.7 
±4.0 

** 
73.6 
±1.8 

 
*  Data not measured as samples were compromised in aging chamber
** Too brittle to yield samples for measurement
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Gravimetric Swell Ratio
The gravimetric swell ratio indicates the degree of
crosslinking in the polymer as a result of exposure to
the ionizing radiation. It is the ratio of the swollen
volume of the polymer in a suitable solvent to the origi-
nal volume of the cubical sample of the polymer in a
dry state. Higher the crosslinking, smaller the degree of
swelling. The steady state swell ratio, q

s
, is calculated

after 48 hours of drying according to Equation 1 below:

Swell ratio q
s
 = [(W

g
–W

d
) / (W

o
–W

e
)] * K+1........ (1)

Where,
W

g
 = weight of swollen gel after immersion period

W
d
 = weight of dried gel

W
o
 = original polymer weight

W
e  

= weight of extract
K  = ratio of density of polymer to that of the solvent
at the immersion temperature

Given the steady state swell ratio, qs, of a polymer
immersed in a specific solvent at a particular tempera-

ture, the crosslink density, molecular weight between
crosslinks, and number of crosslinks/chain can be com-
puted if one knows the Flory interaction parameter, c

1
,

for the polymer-solvent system. Based on Flory’s net-
work theory21,22, the following expression is derived for
the crosslink density, n

d
, as a function of the steady

state swelling ratio, the Flory interaction parameter, and,
the φ

1-
, the molar volume of the solvent.

2

1 1

1/3 1/ 2

1

c

1

1 (1 )
– (2)

( )

Molecular weight between cross-links, M

( ) (3)

s s i s
d

s s

c d

n q q X q

q q

M








 

 



  






Where  n is the specific volume of the polymer. There-
fore, the crosslink density (n

d
) is given by

n
d
  =  M

0
 / M

c
 (4)

The results are summarized in Table 4.

Table 4: Gravimetric Swell Ratio values for different Aging Conditions

Aging Period NI-1020 50-E 50-G 75-E 75-G 100-E 100-G 

Non-Aged N/A 4.41+0.30 3.66+0.05 3.27+0.17 3.25+0.07 3.18+0.11 3.07+0.03 

2-week Aged N/A 4.75+0.43 3.76+0.10 3.35+0.16 3.35+0.05 3.22+0.07 3.13+0.04 

4-week Aged N/A 4.92+0.49 3.91+0.07 3.17+0.10 3.31+0.05 3.11+0.08 3.07+0.04 

6-week Aged N/A 5.66+0.72 3.82+0.15 3.49+0.23 3.52+0.14 3.68+0.23 3.21+0.06 

10-week Aged N/A * 4.80+0.52 * 4.97+0.21 * 3.77+0.28 
 * Breakdown of gel in solvent

The results do not point to a big difference in the extent
of crosslinking at any given dose between g- or EB-
irradiated UHWPE as the swell ratios as very compa-
rable. It is however seen that the response to aging is
consistent with measurements of previous properties.
The breakdown in network is so thorough for the EB
materials that no measurement of swell ratio is possible
at 10 weeks. The g-irradiated materials hold up better
to the aging process.

Double Notched Izod (DNI) Impact Toughness Re-
sponse to Oxidation
While impact toughness of most polymers is usually
evaluated using unnotched samples, UHMWPE is an
extremely tough material. As a result, unnotched samples
do not break. Therefore, double notched samples are
used in this study as prescribed in ASTM F648. The
characterization of the DNI impact toughness for all the
material groups were monitored as a function of aging
and summarized in Table 5.



........................................................................................................................................................................................
Page | 8

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry

Table 5: Double Notched Izod Impact Toughnes for different Aging Conditions

Aging period NI-1020 50-E 50-G 75-E 75-G 100-E 100-G 
Non-Aged 135.3±2.7 77.9+3.5 73.4+1.3 71.6+2.6 69.3+1.5 59.5+1.9 57.3+5.8 

2-week Aged 139.4+2.3 88.8+9.6 74.5+0.8 72.5+2.7 68.7+1.8 58.3+2.0 58.9+2.0 
4-week Aged 148.9+3.7 90.0+104 77.5+1.6 72.4+6.9 69.9+1.2 60.3+4.3 60.4+1.5 
6-week Aged * 32.3+9.4 79.1+2.6 50.6+11.8 69.7+4.6 27.4+5.6 43.8+14.1 
10-week Aged 27.4+5.1 1.4+0.7 23.0+1.8 2.4+0.7 23.1+7.0 1.2+0.3 10.4+2.4 

 * Data not measured as samples were compromised in aging chamber

While the remelted materials show good retention of
properties at the end of 4 weeks, thereafter the trends
noted in the FTIR measurements are replicated. The
EB-materials start showing loss in properties at 6 weeks
aging. While the gamma materials, particularly at 50
and 75 kGy continue to remain stable, the 100 kGy
gamma material shows some loss, though it is not sta-
tistically significant from the value at 4 weeks aging. At
10 weeks, all materials, including the non-irradiated
UHMWPE show oxidative loss. The EB materials show
consistently lower properties than the corresponding
gamma materials beyond 6-weeks aging regardless of
the radiation dose.

Ductility as Percent Elongation at Failure in Static
Tensile Test
From the static tensile testing performed on ASTM
Type IV tensile specimens of the various material groups,
the percent elongation at failure provides insights into
the ductility of the materials. As the materials age, they
become more brittle and, consistent with the impact
toughness results, lose ductility. This is evidenced from
the drop in the percentage elongation at failure of the
samples with aging period. The results of the testing
are summarized in Table 6.

Table 6: Percent Elongation at Failure values for different Aging Conditions

Aging Period NI-1020 50-E 50-G 75-E 75-G 100-E 100-G 

Non-Aged 
425.35 
+20.08 

333.45 
+33.33 

297.97 
+33.72 

289.07 
+31.10 

289.82 
+20.47 

244.05 
+16.87 

243.72 
+11.49 

2-week Aged 
406.34 
+26.94 

333.16 
+37.61 

300.46 
+39.28 

300.01 
+27.30 

276.70 
+27.68 

263.58 
+15.90 

265.29 
+15.43 

4-week Aged 
366.97 
+46.51 

330.45 
+43.54 

320.08 
+16.00 

300.81 
+20.44 

266.70 
+31.65 

253.92 
+14.97 

251.61 
+8.10 

6-week Aged * 
335.49 
+42.47 

335.82 
+21.74 

296.67 
+30.92 

289.58 
+27.02 

286.12 
+13.67 

239.54 
+13.14 

10-week Aged 
402.75 
+34.13 

2.33 
+0.44 

284.75 
+43.02 

4.65 
+2.49 

279.03 
+47.54 

2.24 
+0.80 

230.50 
+25.74 

 * Data not measured as samples were compromised in aging chamber

Once again, the trends noted in other properties is re-
flected here in the loss of ductility. The EB materials are
so much oxidized and degraded by 10 weeks aging that
virtually all ductility is lost. The gamma materials still

retain up to approximately 250% elongation at break
though these values are lower than that demonstrated
by the aged nonirradiated UHMWPE, NI-1020.
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Conclusions

Thus, the findings provide valuable insights into the
three fundamental questions raised at the start of the
study:

* There are measurable difference in material response
depending upon the source of the ionizing radiation.

* While the materials generated by either radiation
source show comparable properties at the same
radiation dose, EB materials have a measurably higher
amount of transvinylene groups than the gamma
materials and are therefore possible more vulner-
able to oxidation.

* The oxidation response, and therefore the material
property changes are influenced by the source of
the ionizing radiation. While all materials upon irra-
diation and remelting show good stability for at
least 4 weeks of ASTM aging on par with non-
irradiated UHMWPE, the e-beam materials show
greater scatter in response upon aging beyond 4
weeks than the corresponding gamma materials and
tend to oxidize faster.

* The gamma materials show better stability than the
e-beam materials in their material and mechanical
properties and respond similar to non-irradiated
UHMWPE, particularly at lower doses of 50 and 75
kGy.
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Abstract
Low cost gold nanoparticle (GNP) loaded polymeric SERS substrates were synthesized for probable application in
on-site trace-level sensing of organic dyes. Water soluble transparent sodium alginate films were prepared by cast-
drying method. The films were cross-linked using an aqueous mixture of Ca2+ and Fe3+. Au3+ ions loaded in the above
films by sorption were further reduced by 0.05 M glucose solution at 60°C. The films were characterized by UV-
vis spectroscopy, infrared spectroscopy and transmission electron microscopy (TEM). The synthesized films were
further studied for detection of crystal violet (CV), a fungicide, by surface enhanced Raman scattering technique
(SERS). The observed detection limit of CV in the above films was found to be 10 nM or ~4 ppb.

Keywords: SERS, Alginate films, in-situ gold nanoparticle synthesis, trace level detection, Cast-dry films, glucose
mediated reduction

Introduction

Gold nanoparticle (GNP) substrates are widely used for
trace level detection of organic molecules by surface
enhanced Raman scattering (SERS) technique1, 2. Noble
metal nanoparticles exhibit unique optical property
wherein free electrons present on the surface of the
nanoparticle oscillate collectively3 upon excitation by
an electromagnetic radiation of a specific wavelength
which is dependent on the size4, shape5 and dielectric
constant6 of the material. The above resonance condi-
tion is called surface plasmon resonance. The surface
plasmon creates a near field7 in proximity to the surface

of the nanoparticle. When two or more noble metal
nanoparticles come closer to each other, the near field
of each nanoparticle interact or couple giving rise to a
resultant enhanced electric field at the junction of the
particles8. The above junction is often referred to as
hot-spot9. Any molecule in the vicinity of the above hot-
spot is most likely to experience enhanced electric field
which may polarize its electron cloud. The molecule
may ultimately stabilize by scattering back the absorbed
energy. The changes in the near field of the coupled
plasmon are recorded in far-field in the form of UV-vis
optical absorption10 and SERS11. Designing of substrates
made up of GNPs or silver nanoparticles (AgNPs) which
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would absorb analytes in its hot-spots to show SERS
signal at low concentration has been the aim of re-
searchers working in the field of SERS sensing12. SERS
substrates can be either in the form of solution or as
solid. Both have their own advantages and disadvan-
tages. Noble metal nanoparticles in solution are very
sensitive to addition of analytes, as it often induces
agglomeration13,14 leading to generation of hot-spots. As
a result, very low concentrations of analyte can be de-
tected in solutions containing noble metal nanoparticles.
Most commonly known GNPs and AgNPs can be pre-
pared in solution by citrate15 and borohydride16 method.
The most noted drawback of these solutions is that the
solutions tend to agglomerate if the temperature and pH
conditions are not maintained17. Solid substrates on the
other hand are generally synthesized by electrochemical
deposition18,19 of noble metals on rough surfaces or by
chemical vapor deposition20. The above substrates can
be stored for long time without any changes as well as
can be carried outdoors for on-site detection using hand-
held Raman spectrometer21. The detection limits of the
solid substrates are observed to be comparatively higher
than their solution counter-parts as the metal
nanoparticles are immobilized on a solid matrix which
reduces the control over agglomeration of particles upon
adsorption of analytes. Thus, it can be said that solution
based SERS substrates are suited for low concentration
detection whereas solid SERS substrates are suited for
on-site detection22.

Recently, SERS substrates were developed by immobi-
lizing GNPs in a filter paper23.Silver nanoparticles can
also be coated on the surface of glass for SERS sens-
ing14. But such a coating requires sophisticated han-
dling as scratch on the surface can remove the layer of
silver nanoparticles. The aim of this work was to syn-
thesize GNPs in a solid matrix where plasmonic
nanoparticles are not dislodged from the matrix. Poly-
meric matrixes were one of the most important choices.
Very few reports are available where polymeric films
are used to immobilize GNPs for application in SERS
sensing24. The polymer used in this study is sodium
alginate. Sodium alginate is a biopolymer obtained from
brown algae. Alginic acid is a biopolymer consisting of

alternating units of α-L-guluronic acid (G) and β-D-
mannuronic acid (M)25. Sodium replaces the acidic pro-
ton in the carboxylic groups of the alginic acid and
makes the biopolymer highly soluble in water. Cross-
linking of alginate polymer is one of the simplest meth-
ods of cross-linking. Addition of sodium alginate solu-
tion drop-wise in Ca2+ or Ba2+ solution leads to cross-
linking of alginate as bivalent metal ion binds to two
adjacent carboxylic groups present on the skeleton of
the polymer. The above cross-linked structure is well
explained by “egg-box model”, where cavities are cre-
ated for sorption of metal ions by residual carboxylic
groups26. Alginate biocomposites can be obtained in the
form of beads27 or films28 depending on the application.
GNPs were also synthesized in alginate anisotropic struc-
tures for sensing applications29. There are reports where
mixtures of bivalent calcium ion and trivalent ferric ions
have been used to cross-link alginate30. Ferric ions
strongly bind alginate and have one free valency which
can be used for extraction of anions31. In this work,
monovalent tetrachloroaurate ions were added to cross-
linked alginate films for adsorption via replacement of
Ca2+ or Fe3+ ions or both. The Au3+ ions loaded in the
films by sorption were further reduced by glucose to
synthesize GNPs in-situ. The GNP loaded films were
then used for detection of crystal violet (CV), a dye and
a fungicide, using SERS.

Materials and Methods

Gold (III) chloride hydrate (99.995% trace metal basis),
sodium alginate (synthetic), crystal violet (90.0%), poly-
vinyl pyrollidone (PVP, avg mol wt 40,000), n-hexane
(95%), calcium nitrate (99%), ferric chloride (97%) and
D-glucose (99.5%) were obtained from Sigma-Aldrich
and were used as received. Hydrochloric acid (30%)
was obtained from Merck. All the experiments were
performed in Millipore purified water.

Synthesis of GNP loaded Alginate Films
2% (w/v) sodium alginate solution and 8% (w/v) PVP
solution were mixed in the ratio of 9:1 by volume at
25ºC. 20 mL of the above mixture was stirred for half
an hour followed by addition of 1 mL n-hexane while
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stirring vigorously. The above mixture was spread on a
perfectly flat petri-dish with an internal diameter of 9
cm and air-dried to form a robust transparent film. The
dried film was removed later from the petri-dish using
a pair of forceps. The above water-soluble film was cut
into pieces of dimension: 1 cm x 1 cm. All the cut films
were washed in acetone and air-dried in order to re-
move any organic impurities. The above films were
added to cross-linking solution consisting of 0.1M Ca2+

and 0.1M Fe3+ ions in various ratio by volume while
stirring for 2 hours. Each of the above water insoluble
cross-linked films were dipped in 1 mL of 3x10-3 M
HAuCl

4
 solution for 1 day. Au3+ containing cross-linked

alginate films were immersed in 5 mL of 0.05 M D-
glucose solution in a 10 mL volumetric flask and heated
in a boiling water bath for in-situ reduction of Au3+ to
GNPs. Red coloured GNP loaded alginate films were
further used for SERS detection of CV.

Experimental Techniques
The absorption spectra of the solutions, used in this
work, were recorded using UV-vis absorption spectro-
photometer (JASCO V-650). The Raman spectra of solid
CV and SERS spectra of the solutions were recorded
using 632 nm laser line from a He-Ne laser. The sample
solutions were taken in a standard 1×1 cm2 quartz cu-
vette and the Raman scattered light was collected at
180° scattering geometry and detected using a CCD
(Synapse) based monochromator (LabRAM HR800,
Horiba JobinYvon, France) together with an edge filter.
The spot size on the sample was ~0.5 mm in diameter,
and the laser power at the sampling position was 10
mW for the excitation wavelengths of 632 nm. The
Raman band of a silicon wafer at 520 cm-1 was used to
calibrate the spectrometer, and the accuracy of the spec-
tral measurement was estimated to be better than 1
cm-1. Transmission electron microscope (TEM) images
and selective area electron diffraction (SAED) patterns
for the samples were taken on JEOL 1200 EX Micro-
scope operated at an accelerating voltage of 200 kV.
Fourier transform infrared (FT-IR) spectra were recorded
using Shimadzu FT-IR instrument.

Results and Discussion

Robust water-soluble alginate (Alg) films were immersed
in cross-linking solution after washing in extrapure
acetone. This washing in acetone is necessary to re-
move organic impurities present on the surface. Solubil-
ity of sodium alginate in acetone is much lower than
that in water. Five washed Alg films were dipped in 20
mL of cross-linking solutions comprising of mixture of
0.1 M Ca(NO

3
)

2
 and 0.1 M FeCl

3
 in the ratio of 1:0,

3:1, 4:1, 5:1 and 6:1. The above cross-linked films were
further immersed in 1 mL of 3x10-3 M Au3+ solution to
study the extent of absorption of Au3+ by the films by
recording the UV-vis absorption spectra at regular inter-
vals for 1 day. The absorption maximum of AuCl

4
-

appears at ~310 nm for 3x10-3 M HAuCl
4
. As the con-

centration of Au3+ was decreased, the absorption maxi-
mum was found to be blue shifted. This may be due to
the overlap of more intense 220 nm peak and less in-
tense 310 nm peak of HAuCl

4
. UV-visible absorption

spectra of a series of different concentrations are shown
in Fig. 1a. Calibration curve for quantitative detection
of concentration of HAuCl

4
 can be obtained by plotting

absorbance vs. concentration at a specific wavelength.
Fitting of the above curve were fitted with least square
fit method32. The coefficient of determination (R2) for
each fit at different wavelength predicts the accuracy of
the method (Fig. 1b)32. From Fig. 1b, it can be seen that
R2 is lower in the range 300 to 345 nm due to overlap
of 220 nm peak. At 350 nm, the R2 value is 0.99973,
which indicates that determination of concentration of
HAuCl

4
 can be carried out with minimal error at this

wavelength. The absorbance of the supernatant in the
above cases at 350 nm vs. time is shown in Fig. 1c.
More than 60% decrease in absorbance was observed in
the case of the cross-linking solution containing Ca2+

and Fe3+ in the molar ratio of 1:0 and 5:1. Based on the
above observation, films cross-linked with 0.1 M
Ca(NO

3
)

2
were considered for further experiments and

the film was assigned name ‘Ca-Alg’ film. Similarly,
films cross-linked with 0.1 M Ca(NO

3
)

2
 and 0.1 M FeCl

3

in the ratio 5:1, were considered for further experiments
and called ‘Ca-Fe-Alg’ film.
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Fig. 1: (a) UV-vis absorption spectra of different concentrations of HAuCl
4
,

(b) Coefficient of determination (R2) for varying wavelength obtained from fitting of absorbance vs. concentration
    of HAuCl

4
 solutions at fixed wavelength, and

(c) Absorbance of the supernatant of the cross-linked films with Ca2+ to Fe3+ content (molar ratio) of 1:0, 3:1, 4:1,
    5:1 and 6:1 immersed in a solution of 3x10-3 M Au3+ recorded at regular intervals.

The images of the transparent film, cross-linked film,
Au3+ loaded cross-linked film and GNP loaded cross
linked films are shown in Fig. 2. It can be seen that
cross-linking of the film only in Ca2+ turns transparent
film into translucent white colour, whereas in presence
of Fe3+, the film turns light yellow (Fig. 2b). Absorption
of Au3+ imparts a yellowish tinge to all the cross-linked
films (Fig. 2c). Further in-situ reduction of Au3+ ab-
sorbed in the films by D-glucose turns the films reddish
due to formation of GNPs as shown in Fig. 2d. The

extent of cross-linking of alginate matrix of the films
depends upon the charge density of the cross-linking
ion. Surface charge density of Fe3+ is higher than that of
Ca2+. Brus et al. has demonstrated that cross-linked al-
ginate polymer with higher surface charge density on
cross-linking cation show higher extent of chemical
exchange due to carboxylic groups33. Thus, Fe3+ may
contribute more towards increasing the adsorption of
AuCl

4
- by chemical exchange, in comparison to Ca2+.
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Fig. 2: Photograph of (a) uncross-linked dried transparent
alginate film, (b) cross-linked alginate films, (c) Au3+ loaded

cross-linked alginate films, and (d) GNP loaded alginate
films.

GNPs loaded Ca-Alg and Ca-Fe-Alg are designated as
Au/Ca-Alg and Au/Ca-Fe-Alg films respectively. The
extent of GNPs lost in Au/Ca-Alg and Au/Ca-Fe-Alg
films were further measured by recording the superna-
tant of the reduction reaction by glucose in boiling water
bath for 3 minutes as shown in Fig. 3. In case of Au/Ca-
Alg and Au/Ca-Fe-Alg films, leached out GNPs showed
SPR at 526 nm and 550 nm respectively, as shown in
Fig. 3. Moreover, the absorbance of GNPs in case of
Au/Ca-Alg films were found to be lower than that of
Au/Ca-Fe-Alg films indicating that extent of retention
of GNPs is better in case of the former. The SPR of Au/
Ca-Fe-Alg films appeared at a higher wavelength than
that of Au/Ca-Alg films.

Fig. 3: UV-vis absorption spectra of leached GNPs during
reduction of Au3+ in Ca-Alg and Ca-Fe-Alg films by 0.05 M

glucose for 3 minutes in boiling water bath.

The above supernatant solutions, whose UV-vis absorp-
tion spectrum is shown in Fig. 3, were used for record-
ing TEM image as shown in Fig. 4. It can be seen in
Fig. 4a, that particles of size ~10 nm are clustered to-
gether. Around the particles a dark shadow is also ob-
served which may be due to the capping of alginate.
The selected area electron diffraction (SAED) pattern
shown in the inset of Fig. 4a shows that the pattern
corresponding to Au(0)34. Sharp diffraction pattern indi-
cate that the particles are fairly crystalline. In Fig. 4b,
a cluster of particles of size ~5 nm is observed. The
particles are in close proximity to one another com-
pared to particles observed in Fig. 4a. This suggests that
in case of Au/Ca-Fe-Alg (Fig. 4b), there is a possibility
of plasmon coupling which may show lead to observa-
tion of SPR band at higher wavelength. The above in-
ference is supported by the UV-vis absorption spectra
of Au/Ca-Fe-Alg as shown in Fig. 3. The presence of
strong plasmon coupling also suggests that the hotspots
generated in Au/Ca-Fe-Alg film may be useful for SERS
based sensing35.
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Fig. 4: Transmission electron microscopy (TEM) image of (a) Au/Ca-Alg and (b) Au/Ca-Fe-Alg nanocomposite extracted
from the supernatant obtained during reduction of Au3+ loaded Ca-Alg and Ca-Fe-Alg films by glucose.

In order to study the interaction of GNPs with alginate,
the vibrational spectra of Au/Ca-Fe-Alg films was com-
pared with that of sodium alginate. FT-IR spectra of Au/
Ca-Fe-Alg films and sodium alginate shown in Fig. 5
showed no appreciable difference in the vibrational bands
of the two samples mentioned above, which indicates
that incorporation of GNPs in the alginate matrix does

not alter chemical structure of alginate36. The above
observation further clarifies that the nature of interac-
tion of alginate and GNPs is not chemical in nature.
Thus, the GNPs loaded in the alginate films can be used
for adsorption of other molecules for sensing applica-
tions.
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Fig. 5: FT-IR spectra of sodium alginate and GNP loaded
cross-linked alginate films

Au/Ca-Alg and Au/Ca-Fe-Alg films were used to record
SERS spectra of CV. For the above purpose, 10μL of
10-5 M CV was drop casted on the films. None of the
films showed SERS spectra. This may be due to loss of
GNPs from the surface of the films during reduction of
Au3+ adsorbed in the films by 0.05 M glucose for 3
minutes. As a result, GNPs are present beneath the layers
of cross-linked alginate. The above observation was also
encountered by Mele E. et al.,29 where GNPs were not
found on the surface of the anisotropic alginate
biocomposites. In order to remove a layer of alginate,
the films were immersed in 0.2 M HCl for a fixed
interval of time. Au/Ca-Alg films showed no SERS
signal whereas Au/Ca-Fe-Alg film showed SERS sig-
nal. The SERS signal was found to increase with in-
creasing etching time up to 3 minutes and then de-
creased was observed as shown in Fig. 6. The above
observation indicates that etching up to 3 minutes ex-
poses GNPs present beneath the layer of cross-linked
alginate (Fig. 6a-c). Further etching might have released
GNPs from the pores of the alginate films, which had
led to lowering of the SERS intensity as shown in Fig.
6 (d-e). Thus, acid-etched Au/Ca-Fe-Alg films were
observed to be the best substrates for SERS.

Fig. 6: SERS spectra of 10μl of 10-6 M SC drop casted on
Ca-Fe-Alg films etched for (a) 1 min, (b) 2 min, (c) 3 min,

(d) 4 min and (e) 5 min.

Raman spectrum of CV is well studied in literature37.
Raman spectra of CV in solid form as well as in aque-
ous solution, recorded at 632 nm excitation, is shown in
fig. 7a and 7b, respectively. Raman spectrum of aque-
ous solution of 10-4 M CV (fig. 7b) shows vibrational
bands at 441, 602, 670, 765, 803, 913, 1171, 1299,
1389 and 1614 cm-1 which correspond to 435, 605, 628,
767, 803, 915, 1170, 1299, 1390 and 1582 cm-1 peaks
of CV as observed by Canamares et al.37 Raman spec-
trum of solid CV (fig. 7a) also shows a good match
with the reported values.37

Fig. 7: Raman spectra of (a) solid CV and (b) 10-4 M CV
at 632 nm excitation recorded for 1s and 10s respectively.
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For SERS based detection of CV, acid-etched Au/Ca-
Fe-Alg films were used as a substrate. 10 μL of varying
concentrations of CV were added to each etched Au/
Ca-Fe-Alg film prior to recording of SERS signal for 1
second under 632 nm excitation. In Fig. 8, the SERS
signal of varying concentration of CV on Au/Ca-Fe-Alg
films is shown. SERS spectrum of 10-6 M CV adsorbed
on etched Au/Ca-Fe-Alg film excited at 632 nm showed
vibrational bands corresponding to that of CV reported
earlier.37 Strong bands were observed at 455, 470, 1205,
1399 and 1651 cm-1 which correspond to C-C-C bend-
ing, C-N-C bending, C-C-C asymmetric stretching, ring/
methyl bending and benzene 8a mode37, respectively.
Other medium intensity bands were observed at 791,
831, 944 and 1618 cm-1 which corresponded to 10a,
17b, 17a and 8b modes of benzene37, respectively.
Weaker bands at 556, 591, 636, 697, 760, 791, 867,
966, 1252, 1369, 1420, 1473, 1510 and 1566 cm-1were
also observed.

Fig. 8: SERS spectra of (a) 10μμμμμM, (b) 1 μμμμμM, (c) 100 nM,
(d) 10 nM and 1 nM CV drop casted on acid-etched Au/

Ca-Fe-Alg films excited at 632 nm.

In order to establish a method to determine concentra-
tion of CV detected by SERS using etched Au/Ca-Fe-
Alg film, SERS intensity at 455, 470, 1205, 1399 and
1651 cm-1 which corresponds to strong peaks, were
plotted with respect to varying concentration of CV as
shown in Fig. 9. It can be seen that the SERS intensity
of peaks at 455, 470, 1205 and 1651 cm-1 first increases

and then decreases. The increase of SERS intensity may
be attributed to monolayer adsorption of CV at a con-
centration of 10-6 M. In Fig. 8, similar observation was
made. It was observed that upon lowering the concen-
tration of CV from 10-5 to 10-6 M SERS, the intensity
slightly increased (Fig. 8a-b). Upon further lowering
the concentration of CV to 10-7 M and lower, SERS
signal was found to decrease owing to sub-monolayer
occupation of CV on the surface of GNPs (Fig. 8c-e).

Fig. 9: SERS intensity of different concentrations of CV
adsorbed on etched Au/Ca-Fe-Alg films at (a) 455, (b) 470,

(c) 1205, (d) 1399 and 1651 cm-1.

Since Fig. 9 does not show a linear trend, a suitable
calibration curve cannot be obtained. Thus, this method
can only qualitatively to detect CV in aqueous solution
up to a concentration of 10-8 M or 10 nM.

Conclusions

In this work, in-situ synthesis of GNPs in cross-linked
alginate matrix was successfully demonstrated. D-glu-
cose was chosen as a suitable reducing agent due to its
excellent compatibility with alginic acid, which is an
oxidized polysaccharide. Rapid reduction of Au3+ by D-
glucose and immobilization of GNPs in the matrix of
Ca-Fe-Alg films requires a SERS substrate where GNPs
are not dislodged from the polymeric matrix. Acid solu-
bility of alginate further adds a facet to the features of
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Ca-Fe-Alg films. GNPs dislodged from the surface of
Au/Ca-Fe-Alg films during reduction process, rendered
the surface of the film SERS inactive. Acid ething of
the above film removed the inert matrix layer and ex-
posed fresh GNPs for SERS detection of CV. Lowest
concentration of CV that was detected by this method
is 10 nM or ~4 ppb. CV is reported to be toxic as well
as carcinogenic above a dose of 1 ppb.38 Thus, acid-
etched Au/Ca-Fe-Alg films synthesized in this work are
inexpensive, easy-to-fabricate SERS substrate capable
of detecting CV in aqueous medium within toxic con-
centration range. Detection of other dyes as well as
pollutants is of future interest.
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Abstract
This article evaluates the method of magnetic-impulse high frequency cavitation to effectively transesterify espe-
cially used vegetable feedstock oils to a high quality biofuel. The parallel transesterifications of crude palm and
virgin sunflower oils were evaluated as direct comparators to justify the effectiveness and applicability of the
method. The focal advantage of this method ensures a one-step conversion with minimal pre-treatment, with no
modifications, additives and complex homogeneous/heterogeneous catalytic activities as pursued by many other
others. Further, benefits are achieved through efficient reaction conditions without heating of the feedstock oil and
improvement of the esterification reaction, low cost implications and high-end quality fatty acid methyl esters.
Transesterification with over 95% biodiesel yields is achieved with relatively low power input of 15 kW, a 1:8-
10 methanol to oil molar ratio, a 2.2 wt. % catalyst, reaction temperature of 50oC and a reaction time of 40 min.
The grading of biodiesel from used vegetable feedstock oils and confirmation as a high quality one was evaluated
through its high calorific value (39.50 MJ kg-1), high viscosity (6.1-6.9 mm2 s-1), high flash point (190 - 192oC),
low total glycerol (1.01 - 1.03%), low moisture (0.04 - 0.06%), acceptably low acid value (1.20 - 1.51%),
negligible or trace sulfur and phosphorus levels which compared favourably to crude palm and virgin sunflower
feedstock oil sources. Monitoring and confirmation of complete transesterifications was characterized through:
FTIR-ATR; GC-MS; 1H NMR; and 13C NMR spectroscopy showing saturated and unsaturated ester signals.

Keywords: Alkaline-catalyzed transesterification, Biodiesel, Magnetic-impulse high frequency cavitation, Gas
chromatography-mass spectrometry, Vegetable oils

Introduction

The increasing need for biofuels as a result of reducing
oil reserves and heightening costs has, according to
Fonseca et al1 driven the production of biodiesel from
renewable and sustainable sources. Barnwal and Sharma2

have highlighted the twin crisis of fossil fuel depletion
and extensive environmental hazards and the need to
look at alternative sources of extraction of liquid fuels.
However, according to Junne et al3, although there is a
move towards renewable sources the application of
suitable biotechnological processes has restricted these
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feedstock sources to be applied as a true alternative
from an economic and sustainable standpoint. Hence,
the investigation of the efficiency of magnetic-impulse
high frequency cavitation as a method for producing a
high quality biodiesel from used/waste vegetable oils
has highlighted the availability of suitable biotechnologi-
cal processes to sustain the use of renewable and sus-
tainable feedstock sources. Biodiesel is regarded as
environment-friendly and non-toxic; and microorgan-
isms in soil or water can decompose biodegradable
fuel. In addition to its high flash point, biodiesel has
higher combustion efficiency than petro-diesel, produces
less toxic air pollutants in that it has little or no sulfur,
no lead, and no carbon monoxide and contains substan-
tially reduced unburned hydrocarbons and low particu-
late matter as pointed out by Gustafson 4 and Yin et al5.
Gustafson 4 and Yin et al5 have also highlighted the point
that biodiesel is also free of harmful aromatics compo-
nents such as benzene, toluene and xylene which can
be as high as 40 % in petrodiesel. The major disadvan-
tage of biodiesel, however, is that it is more expensive
to produce over its petro-diesel competitor when veg-
etable oils are used as starting material (Yin et al,5). It
is thus necessary to find ways to minimize the produc-
tion cost of biodiesel. The use of cheaper feedstock
such as non-edible oils according to Yin et al5 is one
way; the other is to use a more efficient process to
reduce the amount of catalyst used, energy consump-
tion and reaction time.

Ramchandran et al 6 and Zayed et al7 suggested that one
way of reducing the cost of biodiesel is to employ low
quality feedstock such as waste cooking oils, non-ed-
ible oils and soap stock (by-product of vegetable oil
refinery), which are cheaply available and can be re-
garded as attractive feedstock for the production of
biodiesel. A homogeneous basic catalyst is used in con-
ventional biodiesel production, which is known to be a
high conversion rate process. However, this process
generates a large volume of water and the used catalyst
cannot be recovered. Most previous and current
transesterification of triglycerides involve reactions with
alcohols (methanol, ethanol, propanol, butanol or amyl
alcohol) that are catalysed by alkalis, acids or enzymes.

Transesterification reactions being an equilibrium pro-
cess according to Barnwal and Sharma2 and Pal et al8,
requires excess of alcohol to drive the reaction toward
ester production.

The most important variables according to Barnwal and
Sharma2 include:
a) reaction temperature, b) ratio of alcohol to vegetable
oil, c) heterogeneous or homogeneous catalysts,
d) mixing intensity and d) purity of source material.
Most of the studies on transesterification of vegetable
oils according to Fonseca et al1 are based on batch
processes. Problems associated with batch processes
as compared to continuous processes according to
Fonseca et al1 are need for large reactor volumes, low
efficiency due to start-up and shut-down nature, vari-
ability in quality of end products from batch to batch
and high capital investment and labour costs. For these
reasons, the biodiesel industry moved toward continu-
ous processes.

Recent developments on continuous reactors according
to Fonseca et al1 include: replacement of classical stir-
ring with ultrasound by Staravache et al9; a membrane
reactor by Cao et al10; a liquid-liquid packed bed reactor
investigated by Ataya et al11; a film reactor demon-
strated by Narváez et al12; a gas-liquid reactor tested by
Behzadhi et al13 and microwave radiation experimented
by Lertsathapornsuk et al14. Recent developments in
sonochemistry reported by Veljkovic15 has implemented
the use of ultrasonic radiation as an efficient mixing
tool in biodiesel production. The use of low frequency
ultrasound in biodiesel production improved mass transfer
between immiscible reactants via ultrasonic cavitation.
Maniam et al16 used ultrasound assisted in-situ
transesterification of bio-waste from palm oil to pro-
duce renewable green fuel.

In their investigation, they achieved an 85% methyl
ester conversion within 1-hour reaction time using ex-
perimental parameters of a MeOH to oil mass ratio of
6:1 and a catalyst content of 2.30 wt. % at a reaction
temperature of 55°C. According to Atabania et al17,
biodiesel is currently not economical and feasible as an
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alternate energy, and further research and development
on the technical aspects are required. It is for these
reasons that in this paper we investigate the production
of high quality biodiesel using magnetic-impulse high-
frequency cavitation and highlight its advantages.

Cavitation, according to Flint et al18, Suslick19 and Bang
et al20 is the process of formation in liquids of cavities
(or voids) filled with gas, vapor or their mix (cavitation
bubbles or caverns). Cavitation bubbles as described by
Suslick21 and Bang et al20 emerge in the places, where
the pressure in liquid goes below critical point (in a real
liquid, the value of critical point is approximately equal
to pressure of saturated vapor of the liquid at a given
temperature). In liquids sonicated at high intensities as
described by Suslick22, sound waves propagate into the
liquid media alternate in high-pressure and low-pressure
cycles known as compression and rarefaction cycles
whose rates depend on the wave frequency22. It is
during the application of the low-pressure cycle that the
high-intensity ultrasonic waves generate voids or small
vacuum bubbles in the liquid medium.

The bubbles collapse at attainment of maximum volume
and are no longer able to absorb energy; this occurs
violently during a high-pressure cycle and termed cavi-
tation22.

Biodiesel production through hydrodynamic cavitation
using Citrillus colocyntis (Thumba oil) by Pal et al8

indicated that the process was simple, efficient, time
saving, eco-friendly and industrially viable process.
Thanh et al23 transesterified canola oil with methanol
using a potassium hydroxide base catalyst via an ultra-
sound-assisted (UA) process. The ultrasonic irradiation
was set at a low frequency of (20 kHz) with an input
power of 1 kW. The yield of FAME was more than
99% using a methanol to oil ratio of 5:1, a 0.7 wt. %
KOH and a reaction time of 50 min.

The process of cavitation in essence can be imple-
mented via two major processes:
a) Acoustic cavitation is an effective resource of con-

centration of low-density sound wave energy into

high density of energy, related to pulsations and col-
lapse of cavitation bubbles19,21-23.

b) Magnetic-impulse high-frequency cavitation process-
ing proceeds within the reactor at molecular level.
Magnetic-impulse is an electromagnetic pulse con-
sisting of short burst of electromagnetic energy of
short duration hence spreading over a range of fre-
quencies. Such pulses are characterized by the type
of energy viz. radiated, electric, magnetic or con-
ducted energies.

All components are exposed to impulses of magnetic-
direction cavitation. Magnetic-impulse high-frequency
cavitation differs from usual cavitation effect with in-
fluence of magnetic field on microplasma formations,
emerging by active cavitation24.

A process known as micro-explosions induces splitting
of the fatty acid molecules, which decreases the vis-
cosity, increases the cetane number and energetic pa-
rameters of the biofuel coupled with acceleration and
improvement in the quality of the transesterification
reaction. Furthermore, using this process, the transesteri-
fication reaction proceeds at room temperature circum-
venting the need to heat up the feedstock  oil 24. Addi-
tionally, feedstock oils of varying quality can be applied
as source product coupled with the fact that cavitation
modules do not require the preliminary preparation of
feedstock oil.

This process works successfully with both crude and
refined oil. A variety of oils can be used to produce
biodiesel – sunflower oil, rapeseed oil, linseed oil, palm
oil, mustard oil etc. with almost any acid number as
well as waste vegetable oil from restaurants and baker-
ies – and thus no need to re-adjust the reactor equip-
ment for all kinds of oil 24. While traditional methods of
biodiesel production are based on heating of oil up to
67-70°C, the method of magnetic-impulse high-fre-
quency cavitation has low energy usage. It requires
significant electric power inputs; besides the recovery
of methanol (the necessary requirement for the reaction
proceeding in traditional technologies), additional
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re-esterification as well as vacuum dehydration results
in great electric power consumption. By cavitation, there
is no need for processing in all the above-mentioned
stages and the result is 5-7 times higher in electric
power saving 24. Another advantage of magnetic-
impulse cavitation technology lies in its ability to func-
tion as a one-pass reactor conversion process where
there is no need for re-esterification reaction, like in old
“tank” technologies wherein reagents are added and
mixed physically. One of the serious problems of “tank”
technologies is the requirement to add an excess of
methanol in the reactor that further necessitates recu-
peration. It requires the installation of additional equip-
ment and electric power input. In cavitation technology,
the quantity of alcohol used by reaction meets the
chemical formula, i.e. the minimal amount.

The expensive and dangerous equipment for methanol
recuperation is excluded which improves the aspect of
explosion safety and the ecological situation 23. Accord-
ing to Veljkovic, 15, recent developments in sonochemistry
has implemented the use of ultrasonic radiation as an
efficient mixing tool in biodiesel production catalyzed
by acid, base or enzyme catalysts. The use of low
frequency ultrasound in biodiesel production improved
mass transfer between immiscible reactants via ultra-
sonic cavitation.

The objectives of this research technology are develop-
ment, optimizing and implementation of magnetic-im-
pulse high-frequency cavitation via a one-step batch
process using a homogeneous alkali catalysed methanol
transesterification reaction for the production of biodiesel
from various feedstock sources including crude palm
oil (CPO), virgin vegetable oil (VSO) and waste veg-
etable oil (UVO).

Materials and Methods

Raw Feedstock
Crude palm oil (CPO), virgin sunflower oil (VSO) and
used vegetable oil (UVO) served as the three main feed-
stock sources of oil used in the transesterification re-

actions. Samples analyses as shown in Table 1 com-
prised BD 1 – 5 = (CPO), BD 6 = (VSO), BD 7-8 =
(UVO). CPO and VSO were purchased from local sup-
pliers in South Africa while UVO were sourced from
local restaurants and waste oil suppliers in South Af-
rica.

Reagents
All reagents used for the transesterification and purifi-
cation process were of biodiesel standard: B100 soy-
based NIST 2772 biodiesel standard (Sigma-Aldrich),
methanol 99.9% (high purity grade, Merck), potassium
hydroxide 85% pellets (GR grade from Merck), hydro-
chloric acid 37% (GR grade for analysis, Merck).
Millipore water and spectroscopic grade solvents were
used in all analytical determinations. All feedstock samples
were filtered.

Methodology for Biodiesel Production

Transesterification by High-Frequency Magnetic-Im-
pulse (HF-MI) Cavitation
The induction of magnetic-impulse high-frequency cavi-
tation by the PULSAR-ST 215-B batch transesterification
reactor (Figure 1, OPERATION MANUAL of the de-
vice PULSAR-ST 215-B) using low alcohol and re-
agents in a one-step reactor conversion has been found
to produce high quality biodiesel using various kinds of
feedstock.

A Typical Transesterification Batch Process
Production of a typical 20 L (~18 kg) batch of biodiesel
from used vegetable oil, crude palm and virgin sun-
flowers feedstock oils: The feedstock oil is filtered using
13 μm filter and added to the mixing vessel of the batch
reactor. A 2.30 L aliquot of methanol that is 10 % by
mass of the feedstock oil is added to the mix vessel,
and the mix-circulating pump is immediately activated.
An aliquot mass of 400 grams of potassium hydroxide
was dissolved in 500 mL of methanol and immediately
added to the mixing vessel. The reactants were allowed
to mix for approximately 12 min. The reactor was
subsequently activated and the oil-catalyst mixture was
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Fig 1: Diagram of a batch biodiesel PULSAR-ST 215-B mixing machine, capacity 500 L 24. The numbers represent
1. Temperature sensor; 2. Pressure sensor; 3. Temperature relay; 5. Mixture consumption control valve; 6. Reverse
mixture control valve; 7. Pressure control valve; 8. Drainage; 9. Reverse supply pipeline muzzle; 10. Valve; T1 –

preliminary mixing reservoir; T2-separating reservoir; B-Biodiesel rundown pipeline; G – glycerol rundown pipeline.

circulated through the reactor until temperature reached
above 50°C. Upon attaining a set-point temperature, the
transesterified product, glycerol and water mixture were
sent to a separation tank and the final temperature of
the mixture reached approx. 65°C. The biodiesel sepa-
rated from the glycerol within a duration of 40 min
containing approximately 16% glycerol content (based
upon source of the feedstock oil).

Separation and Purification of Biodiesel
The mixture was allowed enough setting time whereby
the heavier phase residual methanol and glycerol were
separated from produced biodiesel and unreacted oil.
Separation was complete in 40 minutes. After draining
of the bottom layer, the oil layer was washed three
times to remove remaining catalyst and glycerol.

For the first wash, a small volume aliquot of dilute HCl
(~0.5 N) solution was added to neutralize the alkali
catalyst. Washing continued until the drainage pH
matched that of distilled water. The product was heated
to 105°C for about 15 min to remove any residual
water.

Chemical and Physical Analysis of
Biodiesel

Total Acid Number (TAN)/Free Fatty Acid (FFA)
Value
The D 664 Standard Test Method for Acid Number of
Petroleum Products by potentiometric titration 24 was
used to calculate the FFA in biodiesel. The acid number
represents the total amount of acidic components
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present, which is an indication of the amount of free
fatty acids (FFA) found in biodiesel. The acid value
was determined by using ASTM D 974 26. The ASTM
biodiesel standard D 6751 26 specifies a maximum limit
of acid value for biodiesel to be 0.50 - 0.80 mg
KOH/g).

Moisture Content of Biodiesel
The content of water according to EN 14214 and ASTM
D 6751 standards was limited to 0.05% (w/w) 27. The
moisture content of biodiesel was carried out by the
Karl Fischer method on a Metrohm® 901 Titrando in-
strument.

Higher Heating Value (HHV) or Calorific Value
(CV) 28

The DRYCAL Modular Calorimeter and DRYCAL 2010
Energy Instrumentation Microsoft Windows Build soft-
ware measured the higher heating value (HHV) or calo-
rific value of biodiesel. The equipment was calibrated
with benzoic acid according to ASTM method D-240-
02 29. Subsequent to calibration, biodiesel samples were
weighed and inserted into a crucible, a “bomb” was
set-up and the system was pressurised to 250 kPa and
higher heating or calorific values were recorded in
MJ/kg.

Kinematic Viscosity of Biodiesel Samples
The standard method ASTM D 445 was used for
measuring the kinematic viscosity and subsequent cal-
culation of the dynamic viscosity 30. Kinematic Viscos-
ity is the ratio of absolute or dynamic viscosity to
density - a quantity in which the force is external and
independent of the mass of the fluid. Kinematic viscos-
ity can be obtained by dividing the dynamic viscosity of
a fluid by its density as shown in Equation 1 below:

where   = kinematic viscosity, μ = absolute or dy-
namic viscosity, ρ = density. The SI unit is expressed
in m2 s-1 27, 29. The prescribed kinematic viscosity at
40°C of a high quality biodiesel ranges between 1.9 and
6.0 mm2 s-1 28,30. Viscometer calibration was carried out

using the certificate of calibration issued by Poulten
Selfe and Lee LTD calibration laboratory, (February
2005) for N10 and S20 standard viscosity oils 31. The
viscometer constant was calculated at 40oC. The ap-
propriate oil standard was selected according to the
viscometer bore size. The viscometer was cleaned with
acetone and dried before use. The viscometer was placed
in the constant temperature waterbath at 40oC ± 1oC
and allowed to equilibrate for at least 10 minutes.
Biodiesel samples were filtered through a 0.45 mm fil-
ter, drawn up the viscometer and replicate efflux times
were measured to within 0.1 s of each other and the
viscosity measured according to Equation 2.

Viscosity in centipoise (cP) = Time in seconds × vis-
cometer constant (2)

Flash Point of Biodiesel Samples 32

Flash point is defined as the minimum temperature at
which the vapor pressure of a particular hydrocarbon
(biodiesel) is adequate for the generation of the vapor
needed to spontaneously ignite the biodiesel in the pres-
ence of oxygen (air) using a flame or spark as an
external heat source 30. The flash point of biodiesel was
measured using the Pensky-Martens closed-cup tester
of fuel oils according to ASTM. 30

Inorganic Analysis of Biodiesel by Inductively
Coupled Plasma- Optical Emission Spectroscopy
(ICP-OES)
The sulfur content was analysed according to the
methodology outlined by ASTM D 6751 6. The calcium
and magnesium was analysed according to the method-
ology outlined by ASTM D 6751 6. The level of phos-
phorus was determined according to ASTM method D
6751. The sulfur content was analysed according to the
methodology outlined by ASTM D6751. The calcium
and magnesium was analysed according to the method-
ology outlined by ASTM D6751 6. The level of phos-
phorus was determined according to ASTM method
D6751 6. The determination of sodium and potassium
was carried out in accordance to ASTM D 6751 using
a flame photometric method.
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Sample Preparation and Analysis for Metal Ions by
ICP-OES
An aliquot of biodiesel was digested with aqua regia,
filtered and diluted to volume with millipore water.
Samples were filtered with a 0.45 μm filter directly into
ICP vials and analysed using a radial plasma of the
Perkin Elmer Optical Emission Spectrometer Optima
5300 DV against a multi-element Ca, Mg, Al, Zn, S, P
standards.

Sample Preparation and Analysis for Sodium and
Potassium by Flame Photometry
A volume aliquot of biodiesel was digested with aqua
regia and made up to volume with millipore water. The
solution was filtered using 0.45m.m filter and analysed
using Jenway Flame Photometer.

Qualitative Analysis of Biodiesel Samples by Gas
Chromatography-Mass Spectrometry (GC-MS)
All GC-MS analyses of biodiesel samples was carried
out on the Agilent GC System 6890 Series and all mass
spectroscopic data was recorded using the Agilent, 5973
Network, Mass Selective Detector. The analysis of
biodiesel was performed by the 6890 GC method with
flame ionization detection (FID). Details of instrument
conditions and settings for a full scan is shown in Table
2 The GC analysis of biodiesel was carried out in ac-
cordance with EN 14103 33. The retentions times and
mass spectra of the FAMEs were recorded and analysed
using the NIST spectral library.

GC-MS Analysis of Biodiesel
All samples were analysed using the Agilent GC 6890
Series GC and 5973 MS System. Instrument settings
included initial oven temperatures of 50°C and ramping
to 260°C at a ramp rate of 10°C min-1 using capillary
Zebron ZB-5 MS column of length 30 m, diameter 250
mm, film thickness 0.25 mm, flow rate of 1.0 mL
min-1, inlet pressure of 52 kPa, mass spectral detection
temperature of 280°C, mass spectral source tempera-
ture of 230°C and quadrupole temperature of 150oC.

Spectroscopic Analysis of Biodiesel Samples
Spectroscopic Analysis of Biodiesel by Fourier Trans-
form Infra Red-Attenuated Total Reflectance (ATR-
FTIR)
All transesterification reactions were diagnostically
monitored by ATR-FTIR particularly functional groups
of FAMEs were characterised. The ATR-FTIR
characterisations of the feedstock oils and transesterified
biodiesel samples were analysed using the Perkin Elmer
100 Fourier Transform Infrared Spectrophotometer with
a Universal sample diamond ATR accessory attachment.
An average of 32 replicate sample scans preceded by a
background scan using air as a blank. All samples were
scanned at ~23±1°C.

Analysis of BD using Proton Nuclear Magnetic Spec-
troscopy (1H-NMR) and Carbon 13 Nuclear Mag-
netic Spectroscopy (13C-NMR)
Corroboration of transesterification and positive identi-
fication of the synthesized FAMEs was elucidated using
1H and 13C-NMR spectroscopic analysis. NMR spectro-
scopic analysis of feedstock, synthesized and purified
biodiesel samples were recorded on Bruker AVANCE III
400 MHz NMR spectrometer at room temperature (20-
25°C). Biodiesel and feedstock oil samples was dis-
solved in deuterated chloroform (CDCl

3
) and all spectra

were resolved using the Topspin® software.

Results and Discussion

The technology of magnetic-impulse high frequency
cavitation was successful and highly efficient in pro-
ducing good quality and appreciable yields of biodiesels
(FAMEs) from used vegetable feedstock oil sources
with minimal (mainly filtering) pretreatment. The short
burst of electromagnetic energy of short duration aris-
ing out of magnetic impulses spreading over a range of
frequencies coupled with high frequency (15 kWh)
magnetic-direction cavitation produced micro-explosions
inducing splitting of the fatty acid molecules, during the
transesterification reaction. It is this reaction mecha-
nism, otherwise not produced by other acid/based cata-
lyzed transesterifications, which makes it unique in
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efficiently transesterifying the waste vegetable feedstock
oil into useful biodiesel in comparison to crude palm
and virgin sunflower.

In addition to excellent yields, the moisture content
(Table 1) is seen to be within acceptable ASTM D 6751
limits, which is one of the crucial parameters in attain-
ing a high quality biofuel. The technology has been
useful in that it has shown to be receptive to a highly
difficult matrix in the form of crude and used vegetable
oil sources, which in most cases require intense, sen-
sitive and successive step-wise pre-treatments prior to
biofuel synthesis. The discussion that ensues corrobo-
rates the claim that FAMEs produced from such ‘trouble-
some’ feedstock sources are a high quality fuel which
satisfies the criteria as specified for both ASTM (D6751)
and CEN (EN14214) so as to be considered as a com-
mercial biodiesel commodity.

Yield, Free Fatty Acid, Glycerol and Moisture Con-
tent of Synthesised Biodiesels
Bautista et al 34 have highlighted the use of potassium
hydroxide-catalysed methanolysis of waste cooking oil
(EN 14214) which produce esters which are 96.5% by
weight or more.

In this study, close such yields have been attained as
shown in Table 1, thus endorsing this criterion. The
technique of MI-HF transesterification is an effective
and efficient method in delivering a high quality biodiesel
at advantageously favourable yields. An added advan-
tage of the transesterification technique is highlighted
by the low glycerol content (Table 1) obtained for all
FAMEs from various sources. The acid number repre-
sents the total amount of acidic components present,
which is an indication of the amount of free fatty acids
(FFA) which is found in biodiesel.

The FFA is directly correlated to the corrosiveness and
stability of biodiesel over a prolonged time whereby a
low FFA value infers a high quality biofuel. The mea-
surement of the total acid number of FFA or acid formed
is carried out by a non-aqueous potentiometric acid-
base titration. While the acid values shown in Table 1

in this study slightly exceeds specified values and are
technically not within specifications according to ASTM
D 6751, other commercial biodiesels according to
Salamantinia et al 26 have generated higher acid values
to the extent of 2.76 mg KOH/g. A higher acid value of
biodiesel is a direct consequence of the type of feed-
stock used (containing a high FFA content) which
impacts on the quality of the transesterified methyl
esters. While the acid values in this study are not sig-
nificantly high, it is imperative to keep these values to
the prescribed minimum so that it does not pose a
potential threat by causing system deposits and corro-
sion.

The acid values can be controlled to a desired minimum
by ensuring process control during the transesterification.
The free and total glycerol content of the biodiesel
(Table 1) show opposing value trends in that the free
glycerol are within specification limits in most cases
with the exception of the used vegetable oil which is
expected based on the formation of heat degraded prod-
ucts and oxidation from prior use.

However, it is marginally higher than the prescribed
specified limits that makes it acceptable as a borderline
value. On the other hand the total glycerol values ex-
ceeds the maximum permissible amount which makes
it undesirable in that it could lead to carbon residue
during combustion within the engine, thus interfering
with the aspiration of the biodiesel into the combustion
chamber. Lowering the total glycerol content is a totally
washing dependent stage and it is imperative that this
stage is carefully monitored or repeated to ensure the
attainment of low glycerol levels.

Physical Characteristics of Synthesised Biodiesels
The viscosity, flashpoint and calorific values of biodiesel
shown in Table 2 respectively, all conform to the limits
specified by ASTM 6751 and EN 14214. The biodiesel
produced can thus be qualified as a high quality biodiesel
thus validating the HF-MI transesterification batch pro-
cess. Maintaining the correct viscosity of biodiesel (pre-
scribed kinematic viscosity at 40°C of a high quality
biodiesel ranges between 1.9 and 6.0 mm2 s-1) is of
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Table 1: Yield, FFA, Glycerol and Moisture Content of Biodiesel.

Biodiesel  
Sample 

Yield 
(%) 

Free Glycerol 
(%) 

Total Glycerol 
(%) 

Moisture 
(%) 

Acid value 
mg KOH/g oil 

BD 1 98.5 0.03 1.02 0.03 0.80 
BD 2 97.5 0.03 1.22 0.01 1.18 
BD 3 95.1 0.02 2.42 0.02 1.33 
BD 4 95.5 0.03 1.32 0.03 1.34 
BD 5 95.8 0.03 1.03 0.01 1.17 
BD 6 95.3 0.03 1.20 0.02 0.80 
BD 7 95.5 0.06 1.01 0.06 1.20 
BD 8 95.1 0.07 1.03 0.04 1.51 

% Max: Yields (>96, EN 14214); Free glycerol = 0.02; Total glycerol = 0.25; water = 0.05; Acid value = 0.5 36

paramount importance thus ensuring easy flow to the
combustion chamber and complete atomization in the
combustion chamber. A high viscosity may result in
incomplete biodiesel combustion, dripping from the fuel
delivery outlet-nozzle thus causing hot spots on the
head of the piston that may eventually cause damage.
In addition, the non-combusted biodiesel is at risk mix-
ing with the lubricating oil. Finally, excessive exhaust
smoke fumes would result out of un-combusted
biodiesel. The flashpoint of biodiesel is dependent upon
the feedstock source from which it is derived, hence
variations are expected. According to ASTM 6751, the
flash point of B100 biodiesel must exceed 130oC. The
flash points of CPO BD1-5 ranges between 82 – 84oC,
VSO BD 6 has a lower flash point of 174oC and that
of UVO BD 7-8 ranges between 190 – 192oC. This
clearly verifies changes in flash points as due to genetic
variation of feedstock oil sources. Biodiesel produced
from used vegetable oils has the highest flash point,

which serves as an advantageous physical characteris-
tic in that it circumvents premature engine ignition thus
grossly reducing smoke-rich exhausts, and enhancing
the safety aspects of biodiesel as a biofuel.

The measured calorific values or higher heating values
(HHV) (approx. 39±0.1 MJ kg-1 in Table 2) of the
biodiesel samples produced very similar values for all
feedstock sources used. These values are much higher
than the minimum prescribed value of 35 MJ kg-1 in EN
14213 while calorific values is not prescribed by both
ASTM D 6751 and EN 14214  35. The favourable calo-
rific values is one of the key and crucial parameters
that makes biodiesel an attractive and preferred fuel
over petroleum based fuels 35. The MI-HF cavitation
transesterification process can be identified as a domi-
nant factor in producing biodiesel with such a favourable
parameter.

Biodiesel 
Samples 

Feedstock 
Source 

Viscosity* 
(mm2 s-1) 

Flashpoint* 
(°C) 

Calorific Value* 
MJ kg-1 

BD 1 CPO 4.4 182 39.54 
BD 2 CPO  5.7 186 39.71 
BD 3 CPO  4.8 184 39.42 
BD 4 CPO  5.4 184 39.60 
BD 5 CPO  4.2 188 39.38 
BD 6 VSO 3.6 174 39.50 
BD 7 UVO 6.9 192 39.50 
BD 8 UVO 6.1 190 39.50 

*Average of triplicate analysis

Table 2: Physical Characterisation of Biodiesel.
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Max Limits: Viscosity (@ 40oC), mm2 s-1 (1.0-6.0, ASTM
D6751; 3.5-5.0, EN14214); Flashpoint (oC) (>130,
ASTM; >120, EN14214)

The variation in sulfur content, ranging from no sulfur
present to approx. 10 ppm, shown in Table 3 confirms
its dependence on the feedstock source. The source of
sulfur in BD 1 and 2, although not alarmingly high,
could be linked to feedstock source or external con-
tamination. The extremely low levels of sulfur in biodiesel
(< 10 ppm) 36 coupled with the lubricating ability of
sulfur for fuel pump and fuel injector activities makes
it a suitable fuel over its diesel and petrol competitors.
These low sulfur levels are important in that the sulfur
oxide content emitted from exhausts during engine
combustion is kept to a minimum. It is therefore im-
perative that the transesterification process generates a
final product within acceptable sulfur levels (10 ppm in
most countries). In this case, the MI-HF transesteri-
fication process has effectively achieved this. The sul-
fated ash content of biodiesel, which is a measure of
the levels of trace metals such as sodium, potassium,
magnesium, calcium, sodium and phosphorus shown in
Table 3 are within acceptable limits with the exception
of BD1 that shows anomalous levels of aluminium and
phosphorus. This is possibly linked to the source of the
feedstock or perhaps external contamination during

transesterification. The presence of magnesium and
calcium in the form of soluble metallic soaps or abra-
sive solids, when present in high quantities, impact
negatively on the engine compartment because of wear-
ing of parts, blockage of filters and deposition of resi-
due. An accumulation of Ca and Mg in exhaust pipes
may lead to increased build-up of backpressure, which
may cause malfunctioning of exhausts, which prescribes
a phosphorus content that should not exceed 10 ppm
(w/w) due its negative impact on the catalytic convert-
ers of automobiles whereby catalyst is coated with
phosphorus thus rendering it ineffective in treating ex-
haust components. Biodiesel is characteristically organic
in nature and inorganic components are inherently present
at extremely low levels. The levels of potassium and
sodium are of particular interest in that they are used as
catalysts during transesterification and hence are intro-
duced into the system. Thus, low levels of sodium and
potassium are essential markers in highlighting effective
washing of the biodiesel.

In this study, almost negligible amounts of Na and K
were found to persist, hence indicating effective wash-
ing at the final stage. The negative effect of the inor-
ganic ash content mainly contributes to filter blocking,
wear on the pistons, fuel pump, injectors and rings in
the engine compartment.

Biodiesel 
Samples 

Inorganic ions (ppm) 

Na K Mg Ca Al S P 

BD 1 ND 1.0  ND 9.0 23.6 10.1 ND 
BD 2 ND  0.9 ND  11.4 ND 5.7 ND 
BD 3 ND  0.02  ND  5.6 ND  ND ND 
BD 4 ND  ND  ND  9.5 ND  ND  ND 
BD 5 ND  0.06  ND  6.9 ND  ND  ND 
BD 6 ND  ND ND  8.9 ND  ND  ND 
BD 7 ND  0.1  ND  8.5 ND  ND  ND 
BD 8 ND  ND  ND  8.3 ND  ND  ND 

Average of triplicate analysis; ND = Not detected
Max Limits: Na, K, Ca, Mg (<5.0 ppm, EN 14214); S (<10 mg/kg, EN 14214; P(<10 mg/kg, EN 14214)

Table 3: Inorganic Analysis of Biodiesel.
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A phosphorus content that should not exceed 10 ppm
(w/w) due its negative impact on the catalytic convert-
ers of automobiles whereby catalyst is coated with
phosphorus thus rendering it ineffective in treating ex-
haust components. The presence and accumulation of
sodium and potassium in biodiesel is due mainly to their
presence in the catalysts used alkaline transesterification
reactions.

Sodium and potassium may function as abrasive solids
or soluble metallic soaps if allowed to accumulate in
biodiesel over a period and therefore may show similar
effects as that shown by calcium and magnesium.

The South African Standard for biodiesel, SANS
1935 36, is a set of chemical and physical tests and
values that commercially synthesized biodiesel must
conform to and be acceptable for engine combustion.
The test defined by SANS 1935 conforms to interna-
tional tests, that warrants complete transesterification

reaction, complete removal of free and bound glycerol,
removal of the catalyst and methanol used in the
transesterification reaction, no presence of free fatty
acids (FFA’s) and removal of water. The transesterifi-
cation process and biodiesel produced in this study
have conformed to conditions prescribed by SANS,
thus endorsing quality control and quality assurance.

ATR-FTIR analysis of synthesized Biodiesels
The ATR-FTIR spectra shown in Figure 2 of the
synthesised FAMEs obtained from different feedstock
sources show similar stretching frequencies with com-
parable intensities in all cases. This is indicative of a
consistent MI-HF transesterification reaction process.
The main band assignments verifies the production of
FAMEs as the main products and differentiates it from
the refined oil starting material. The principal spectral
region that permits for positive and characteristic iden-
tification of FAMEs lies within a range of 1500 cm-1 -
900 cm-1, commonly called the “fingerprint” region.

Fig 2: ATR-FTIR spectra of FAMEs synthesised from CPO, UVO and VSO oil feedstock
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The principal stretching vibrations attributed to assigned
functionalities in the FAMEs are identified as
a) -CH

2
 rocking observed at 722 cm-1 not exclusively

in FAMEs but also in the feedstock oils.
b) C-O stretch at observed 168 – 1169 cm-1

c) -O-CH
3 
stretching vibration represented by the peak

at 1196 cm-1, is typical of biodiesel.
d) -C=O observed peaks 1741 cm-1 is typical of es-

ters, in FAME
e) -(C=O)-O-CH

3
 peak at 1436 cm-1 is the most char-

acteristic stretching vibration indicative of FAMEs
f) -CH

2
 peaks observed at 2853 – 2854 cm-1, also

observed in the feedstock oils.
g) -CH

2
 peaks observed at 2922 – 2923 cm-1, also

observed in the feedstock oils.

The observed band assignments of stretching vibrations
for functional groups identified in can be attributed to
a –CH

2
 rocking at 722 cm-1, C-O stretch at 1168-1169

cm-1, -O-CH
3
 stretch at 1194-1195, (C=O)-O-CH

3
 stretch

at 1436 cm-1, C=O stretch (indicative of esters) at 1741,
-C-CH

3
 stretch 2853-2854 cm-1 and a -CH

2 
stretch at

2922-2923 cm-1. The appearance of vibrational stretch
at 1435-1436 cm-1 in Figure 2 authenticates the
transesterification reaction, which is highly indicative of
the methyl ester group in FAMEs. Another transesteri-
fication monitoring control signal using ATR-FTIR lies
in the ester control stretching frequency signal area of
approx. 1200 cm-1. The appearance of two character-
istic signals at 1168-1169 cm-1 and 1194 – 1195 cm-1 in
FAMEs (Figure 2) is due to separation of a strong,
broad signal at 1159 cm-1 typically shown in the ATR-
FTIR spectrum of the feedstock oils thus confirming
attainment of transesterification reaction. The highly
noticeable absence of alcohol –OH groups in the spec-
trum at 3250–3420 cm”1 is indicative of complete re-
moval of any unreacted alcohol and highlighting effec-
tive washing of the FAMEs.

Gas Chromatography – Mass Spectroscopy (GC-MS)
of FAMES
The GC-MS analysis of FAMEs from CPO, VSO and
UVO was carried out primarily to confirm the absence
of mon-, di- and triglycerides thus ensuring complete

conversion during the MI-HF cavitation transesterifi-
cation. The total ion chromatograms (TIC) of FAMEs
derived from CPO, VSO and UVO obtained from GC-
MS analysis, showed the separation of 4 major compo-
nents (Figure 3) at retention times of approximately 18
min, 2 components at 19 min and the third at 20 min
(Table 4) in all cases (i.e. BD 1 – 8). 1H and 13C NMR
spectroscopy corroborates this claim as shown in the
spectra (Figures 6 - 8). The mass spectra of all four
components at the specified retention times in Table 4,
were positively identified as FAMEs using the NIST 89
library match software referencing system at a similar-
ity index (SI) above 80% against a B100 soy-based
biodiesel standard.

The two major FAME components at retention times 18
min and 19.8 min (Figure 3) obtained from the CPO
feedstock oil was dominated by the synthesis of satu-
rated and unsaturated FAMES, hexadecanoic acid, 9-
Octadecenoic acid, 7-Octadecenoic acid, 8-Octadecenoic
acid and 9,12-Octadecadienoic acid methyl esters (Table
4). In the case of BD 5, a slight shift in the retention
time observed was due mainly to instrumentation inter-
ferences and sensitivities during peak reprocessing. The
FAMEs obtained from the VSO feedstock source was
dominated by tridecanoic acid and 8-octadecenoic acid
methyl esters at retention times of 18.12 and 19.80
respectively (Table 4). In the case of the FAMEs de-
rived from UVO as a feedstock source was dominated
by the presence of 14-methylpentadecanoic acid and 7-
octadecenoic acid methyl esters at retention times of
18.12 and 19.80 respectively (Table 4).

From mass spectral analysis, straight chained saturated
FAMES were confirmed from the appearance of two
distinct intense and stable peaks for the fragments at m/
z = 74 and m/z = 87 as shown in Figure 5 (a-c). These
distinct base peaks according to Jabbar et al 37 are due
to electron transfer bond cleavages and neutral loss at
carbon-2 and carbon-3 from the corresponding acyl
group forming intense and stable m/z fragment base
peaks of 74 (most abundant) and 87 (second most
abundant) as shown in Figure 4. The retention times of
saturated FAMEs and their percentage abundances have



Page | 33
........................................................................................................................................................................................

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry

Efficiency of Magnetic-Impulse High Frequency Cavitation of Used Vegetable Oils to
High Quality Biodiesel

Fig 3: Typical GC-MS chromatograms (Total ion current) of FAMES produced by MI-HF cavitation transesterification
analysed by using (a) CPO (b) VSO and (c) UVO feedstock sources

(a)

(b)

(c)
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been identified in Table 4. The retention times and per-
centage abundances of unsaturated FAMEs have also
been identified in Table 4, however, identification of the
position of the double bonds for unknowns according
to Furuhashi et al 38 is difficult to assign as the position
of the double bonds cause changes in the retention
times in GC analysis. The mass spectra and the NIST
89 library match software referencing system was in-
strumental in identifying the FAMEs produced as illus-
trated in Table 4.

Fig 4: Typical fragment patterns at m/z = 74 and m/z = 87
for tetradecanoic acid as reproduced from Jabbar et al 38.

Fig 5: Fragmentation patterns of (a) BD 1 (from CPO) (b) BD 6 (from VSO) and (c) BD 7 (from UVO) showing
typical m/z ratios

(a)

(b)

(c)
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Table 4: FAME identification from GC-MS data using the NIST 89 Library Resource

Sample Retention time Relative Abundance 
(%) 

FAME  

 
BD 1 

18.11 41.06 Hexadecanoic acid, methyl ester  
19.75 7.17 9,12-Octadecadienoic acid, methyl ester,  
19.80 43.98 9-Octadecenoic acid, methyl ester,  
20.05 7.79 Octadecanoic acid, methyl ester 

 
BD 2 

18.12 29.29 Hexadecanoic acid, methyl ester 
19.75 14.56 9,12-Octadecadienoic acid, methyl ester,  
19.89 49.60 8-Octadecenoic acid, methyl ester 
20.06 6.55 Octadecanoic acid, methyl ester 

 
BD 3 

18.12 22.69 Hexadecanoic acid, methyl ester 
19.75 13.56 9,12-Octadecadienoic acid, methyl ester 
19.81 54.65 7-Octadecenoic acid, methyl ester 
20.05 9.10 Heptadecanoic acid, 16-methyl-, methyl ester 

 
BD 4 

18.12 26.15 Hexadecanoic acid, methyl ester 
19.74 13.46 8-Octadecenoic acid, methyl ester 
19.80 54.81 9-Octadecenoic acid, methyl ester,  
20.05 5.58 Octadecanoic acid, methyl ester 

 
BD 5 

19.08 12.40 Hexadecanoic acid, methyl ester 
20.75 36.83 9,12-Octadecadienoic acid, methyl ester 
20.81 43.76 8-Octadecenoic acid, methyl ester 
21.04 7.01 Octadecanoic acid, methyl ester 

 
BD 6 

18.12 32.89 Tridecanoic acid, methyl ester 
19.75 13.38 8,11-Octadecadienoic acid, methyl ester 
19.81 45.56 7-Octadecenoic acid, methyl ester 
20.05 8.17 Heptadecanoic acid, 16-methyl-, methyl ester 

 
BD 7 

18.12 37.95 Pentadecanoic acid, 14-methyl-, methyl ester 
19.75 12.25 9,12-Octadecadienoic acid, methyl ester 
19.81 44.20 8-Octadecenoic acid, methyl ester 
20.05 5.60 Octadecanoic acid, methyl ester 

 
BD 8 

18.13 26.94 Pentadecanoic acid, 14-methyl-, methyl ester 
19.75 9.52 9,12-Octadecadienoic acid, methyl ester 
19.81 55.39 7-Octadecenoic acid, methyl ester 
20.06 8.18 Octadecanoic acid, methyl ester 

Proton and Carbon NMR characterization
FTIR-ATR and GC-MS methods are considered useful
techniques to monitor and confirm complete
transesterification of feedstock sources to high quality
biodiesel. However, both 1H and 13C NMR spectroscopies
being sensitive, effective, reproducible and quicker,
despite higher instrumentation and maintenance costs,
reinforces the monitoring and confirmation of complete
transesterification reactions. The 1H and 13C NMR spec-
tra and representative signals identifying complete

transesterification of CPO, VSO and UVO feedstock
oils used in this study are shown in Figures 6-8, re-
spectively. The assignment of 1H-NMR peaks contained
in the synthesized biodiesel was carried out in accor-
dance to the chemical shifts as described by Nakagaki
et al 39, Irmawati et al 40 and Sarpal et al 41. For this
study, eight strong chemical 1H-NMR signals at δ (ppm)
ranges of 0.78 – 5.31 ppm for BDs 1-5, BD 6 and BD
7-8 were obtained as shown in Figures 6-8 respec-
tively.



........................................................................................................................................................................................
Page | 36

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry

Fig 6: 1H-NMR(a) and 13C NMR (b) spectra of BD 1 produced from a CPO feedstock

(a)

(b)
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Fig 7: 1H-NMR (a) and 13C NMR (b) spectra of BD 6 produced from a VSO feedstock.

(a)

(b)
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Fig 8: 1H-NMR (a) and 13C NMR (b) spectra of BD 7 produced from a UVO feedstock

(a)

(b)
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The assigned proton shifts in Figures 6-8 from the
original feedstock oils revealing complete transesteri-
fication and formation of biodiesel are:

Peak 1. Terminal methyl protons (CH
3
-C) at δ values

of 0.80-0.85 ppm for BDs 1-5 CPO, 0.78 ppm for BD
6, 0.82-0.84 ppm for BDs 7-8; Peak 2. Backbone
methylenic protons (-CH

2
)

n
- at δ values of 1.18-1.23

ppm for BDs 1-5, 1.18 ppm for BD 6, 1.21-1.22 ppm
for BDs 7-8; Peak 3. β-Methylenic proton (-
CH

2
CH

2
COOCH

3
) at δ values of 1.54-1.59 ppm for

BDs 1-5, 1.50 ppm for BD 6, 1.55-1.58 ppm for BDs
7-8; Peak 4. α-Methylenic proton attached to a single
double bond (-CH=CH

2
-) at δ values of 1.95-1.98 ppm

for BDs 1-5; 1.93 ppm for BD 6; 1.98 ppm for BDs
7-8; Peak 5. α-Methylenic proton attached to ester
(-CH

2
COOR) at δ values of 2.21-2.27 ppm for BDs 1-

5, 2.18 ppm for BD 6, 2.24-2.25 ppm for BDs 7-8;
Peak 6. α-Methylenic protons attached to two double
bonds(=CH-CH

2
-C=) at δ values of 2.69-2.74 for BDs

1-5, 2.66 ppm for BD 6, 2.71-2.72 ppm for BDs 7-8;
Peak 7. Methyl group protons attached to methyl ester
(-CO(CH

3
)O at δ values of 3.57-3.62 ppm for BDs 1-

5; 3.54 ppm for VSO; 3.60-3.62 ppm for BDs 7-8;
Peak 8. Olefinic protons (-CH=CH-) at δ values of
5.25-5.31 ppm for BDs 1-5; 5.22 ppm for BD 6; 5.27-
5.30 ppm for BDs 7-8.

The characteristic 1H-NMR signals according to Nakagaki
et al 39, Irmawati et al 40 and Sarpal et al 41 confirming
the presence and subsequent yields of the FAMEs shown
in Figures 6-8 can be attributed to the intense singlet at
3.54 - 3.62 due to methyl group protons of the methyl
ester and the strong doublet of the methylenic protons
at 1.18-1.23 ppm. The absence of signals between δ
values of 4.0 – 5.2 ppm is an indication of the high
conversion of BDs 1-8 FAMEs, which correlate to the
percentage yields as shown in Table 1. Proton signals
in this region according to Nakagaki et al 41 typifies
hydrogen atoms attached to glycerol. Percentage yield
of FAMEs according to Nakagaki et al 39 and Irmawati
et al 40 can be calculated from the 1H-NMR signals
using Equation 4 as follows:

where A
ME 

is area of the strong proton singlet signal of
the methyl ester methoxyl group; and ACH

2
 is area of

the methylenic proton signal. In addition, the derivation
factors of 2 and 3 respectively, are derived from the
fact that the methylene carbon has 2 protons while the
alcohol carbon has 3 protons attached. The 13C NMR
spectra are equally useful and sensitive in addition to 1H
NMR in confirming complete transesterification and
production of FAMEs. The 13C NMR spectra data ac-
cording to Sarpal et al 41 is advantageous and has a 20
time larger chemical shift range as compared to 1H
NMR signals thus displaying highly resolved, sharp and
distinct signals. All transesterified feedstock oils showed
similar 13C NMR spectra as shown in Figures 6-8. Typical
carbon signals have been be assigned to the following
functional groups for BDs 1-8 are: α-CH

3
 at δ values

between 14.08-14.22 ppm;

β-CH
2
 and γ-CH

2
 at δ values between 22.60 -34.41

ppm;

-OCH
3
 at δ value between 51.05-51.57 ppm;

-CH=CH- (unsaturated carbons) at δ values between
127-130 ppm;

-C=O (carbonyl of the saturated and unsaturated fatty
esters at δ values between 173.13 - 174.50 ppm. The
key characteristic carbon signals positively identifying
the FAMEs according to Sarpal et al 41 and those ob-
served typically in these results are the saturated and
unsaturated ester signals at 173.13 - 174.50 ppm (C=O)
and the methoxy ester group at 51.05 - 51.57 ppm. The
consistency seen from the 1H and 13C NMR chemical
shifts signals is a strong indication of the consistency
and efficiency of the process of MI-HF cavitation
transesterification as a useful tool in obtaining complete
transesterification, with high yields and a high quality
end product in FAMEs.

In the final analysis of data from this study, it can be
inferred that most other methods have imposed addi-

ME

2

2A
%Yield of FAME = 100 (4)

3ACH
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tional processing steps, adjustment of acid and base
catalysts, and introduction of specialized homogeneous
and heterogeneous catalysts in transesterification of used
or waste vegetable oils to obtain high yields of an ac-
ceptable quality. This method showed an ease of appli-
cation to the transesterification of used and waste oils
without any modifications and additions to the process.
The instrument itself is not a complicated system and
once assembled allows a stable and easy operation with
a high degree of safety thus enabling it to be imple-
mented as a highly cost effective method for the prepa-
ration of a clean and high quality biofuel from both
used and virgin feedstock oil sources.

Conclusions

The application of magnetic-impulse high frequency
cavitation as a one-step batch transesterification pro-
cess proved to be extremely efficient in transesterifying
used or waste vegetable oils into a high quality biodiesel
comparable to that obtained from crude palm and virgin
sunflower feedstock oil sources. Such a process cir-
cumvents and minimizes the need for pre-work up,
pre-treatment of virgin and used vegetable feedstock
oils, addition of side processes and modifications was
achieved at a low electrical power, low reaction tem-
perature of 50oC and a fast reaction time of 40 mins
and with yields exceeding 95%. The high quality of
biodiesel was confirmed by its high calorific value, high
viscosity, high flash point, low total glycerol, low
moisture, acceptably low acid value, negligible or low
(trace) sulfur and negligible or low (trace) phosphorus
levels.
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Abstract
Environment concern over replacement of lead stabilizers from PVC industries is forcing PVC pipe manufacturers
to redesign the formulation. New developed one pack stabilizing system based on calcium and zinc salt offers good
early color retention and long-term stabilization efficiency in rigid formulation. Comparative studies have been done
with conventional stabilizers like lead one pack system, Ca-Organic, tin and new innovative stabilizers. The thermal
stability was evaluated by Congo red testing in air at 2000C, thermal aging test, thermo gravimetric analysis and
Torque rheometry study at 2000C. Visual color evolution and thermal stability time were examined at 1900C in air.
The experimental results showed that combination of innovative stabilizers is able to extend stabilization time of PVC
and postpone zinc burning and exhibit greater stabilizing efficiency than lead one pack stabilizer.

Keywords: Poly (vinyl chloride) (PVC), Ca/Zn stabilizers, Thermal properties, Degradation, Torque rheology

Introduction

Chlorine containing polymer such as PVC, is an impor-
tant thermoplastic polymer and widely used in water
pipes, floor, roof tiles, packaging films and sheets due
to cost performance benefit. More attention has been
drawn towards their applications, modifications and
degradation1,2,3,4,5,6. The advantage of Poly vinyl chlo-
ride is its non-flammable nature and good performance7.
It is a cost competitive polymer with excellent proper-
ties, flexibility and rigid application. However, it is
known that PVC is very thermally unstable at elevated
temperatures and releases Hydrochloric acid (HCl) that

accelerates degradation process. The processing range
of temperature is much higher than glass transition tem-
perature 700C. PVC undergoes several changes in in-
herent structural chain. The thermal degradation creates
autocatalytic dehydrochlorination reaction, which may
produce unacceptable discoloration due to formation of
conjugate double bonds or polyene sequences–
(–CH=CH–)

n
, and loss of mechanical strength8. Mainly

carboxylate salts of calcium and zinc are used for sta-
bilization of PVC. Zinc carboxylate which produces
ZnCl

2 
can cause sudden dehydrochlorination of PVC

during stabilization. The HCl released causes several
colorations of polymer. The color changes from white

RNI No. MAHENG/2017/74063
ISSN No. (Print) 2581-5911
ISI Impact Factor 0.883 (2018)



Page | 43
........................................................................................................................................................................................

........................................................................................................................................................................................

Vol. 2 Issue 1  July - December 2018  G P Globalize Research Journal of Chemistry

Environment friendly Ca/Zn Stabilizers for the Thermal Stability of Rigid PVC Applications and
Comparative study with Conventional One Pack Stabilizer

to yellow, brown and finally black. It was due to labile
sites that dehydrochlorination was prominent in allylic
chlorines and tertiary chlorines. Proper stabilizers must
be added in order to restrain the degradation of PVC
during processing 9,10. Stabilizers can inhibit degrada-
tion of removal of HCl due their special properties of
adsorption of HCl 11.

However, to retard dehydrochlorination of PVC, stabi-
lizers such as lead salts, metal soaps, organotin and rare
earth metals are used. However, some of them are toxic
and cause environment problems, as most of them leave
residue after degradation of polymer 12. Applications of
lead salts and organo stabilizers are limited due to their
toxicity and heavy metals, though they have high effi-
ciency to stabilize PVC. Ca/Zn stabilizers are restrained
as they have low stabilizing efficiency. New kind of
high efficiency stabilizers such as polyols13,14, hydrotalcite
(LDH) like materials have very important application in
stabilization of PVC15,16,17,18. Researchers have done stud-
ies on Ca/Zn thermal stabilizers as they are nontoxic
and environment friendly, but they still have problems
of long-term stability19. The synergistic mechanism of
CaSt

2
 and ZnSt

2
 was widely investigated by many re-

searchers. Calcium stearate and zinc stearate play an
important role in PVC stabilization as they are non-
toxic. However, they need long term stabilization by
adding some co-stabilizers for improvement 20. Gener-
ally, addition of auxiliary stabilizers like polyols21,22,
α–diketones 23,24 to CaSt

2
/ZnSt

2 
is necessary to get im-

proved performance. Studies on the calcium salt of
metilox acid (CaM) as thermal stabilizer for rigid PVC
have not been reported. The present study investigates
the possible thermal stabilizer which can bind liberated
HCl from PVC. In this research, a new developed one
pack system is compared with Lead one pack, Tin and
Ca-organic stabilizers.

Materials and Methods

Materials
The PVC, used in this work was PVC K value 67 resin
supplied by Reliance Industries Ltd, India, calcium car-

bonate was purchased from MRB, Vietnam. Calcium
stearate (CaSt

2
), Zinc stearate (ZnSt2) was supplied by

FACI Singapore PTE. Acetone AR grade was obtained
from SDFCL. Lead stabilizer (Lead content: 19-21% as
per TDS) was supplied by Mona Chem Additives,
Vadodara, India. Titanium dioxide was provided by
Dupont India Ltd, and lubricants like polyethylene wax
and oxidized polyethylene wax were supplied by
Honeywell Corporation. B-22 impact modifier was ob-
tained from Kaneka Corporation.

PVC sample preparation
All experiments were performed with master batch of
PVC dry blend. The PVC samples for static oven test
and evaluation of colour test were prepared by mixing
master batch with additives as reported below:-

Table 1. Specific components of the PVC master
batch without stabilizer before milling

Rigid PVC Formulation Qty Phr 
PVC K-67 100 
CaCO3 8 
TiO2 1 
External Lubricant 1.2 
Internal Lubricant 0.3 
Impact modifier 4.3 
Ca. St2 0.7 

Synthesis of Novel thermal stabilizer
The synthesis of novel stabilizer was a two step reac-
tion. Calcium salt of metilox acid was synthesized
through reaction of metilox acid with Calcium hydrox-
ide.
The synthesis had two steps. In the first step, reaction
hydrolysis of Metilox ester was done.
Initially 100 mL methanol was added to a four neck one
litre round bottom flask equipped with Dean-Stark ap-
paratus, thermometer pocket, overhead stirrer, reflux
condenser with drying tube and dropping funnel for
addition. Metilox ester 50g (0.17mol) was added slowly
under vigorous stirring at 300 rpm to the reaction flask.
Mixture of NaOH (0.17mol) solution in 100 mL metha-
nol was added slowly to the reaction flask using drop-
ping funnel over a period in 20 min. After addition,
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reaction mixture was refluxed for 1 hr by applying
external heating. Then methanol was reovered by means
of Dean Stark apparatus by adding demineralized (DM)
water to the reactor simultaneously. Reaction mass was
cooled to room temperature and acidified with (10%)
dilute HCl. Reaction mass was stirred for 30 min and
filtered off and the mass was washed by DM water and
then acetone. The product metilox acid was obtained.
The yield of metilox acid was (44.9g) 94.5% which was
powdered for use after drying.

In the second stage, metilox acid obtained from first
stage 30g (0.107 mol) was used for preparation of cal-
cium salt. Calcium salt was synthesized from calcium
hydroxide and metilox acid. Initially the metilox acid
(0.107 mol) was introduced in 200 mL toluene in a four
neck round bottom flask equipped with Dean-Stark
apparatus and reflux condenser, thermometer pocket and
overhead mechanical stirrer. Then, to the reaction mass,
0.053 mol of calcium hydroxide was added slowly at
500C in 1 hr. The reaction was carried out at 800C for
1 hr and the generated water was recovered by Dean
Stark apparatus. Finally, toluene was recovered by strip-
ping with methanol. The reaction mixture was cooled to
RT and then 200C and filtered. Wet cake was washed
with 50 mL acetone. The product calcium metilox was
dried under vacuum for 3 hrs. The reaction yield was
91.6%.

Table 2. Stabilizer composition

All composition quantity in PHR 
Compounds Expt. 1 Expt. 2 

Zn St2 0.4 0.4 

Ca. St2 0.6 0 
Ca. M 0 0.6 
β-diketone 0.2 0.2 
Assisting additives 1.3 1.3 
Total 2.5 2.5 

The PVC master batch was prepared by blending of
PVC having value K-67, CaCO3 (powder), Titanium
dioxide pigment (powder), polyethylene wax (AC617A)
as external lubricant, oxidized polyethylene wax

(AC316A) as internal lubricant and CaSt
2 
in high speed

mixture for 2min. The specific components are shown
in Table 1. The master batch was mixed with 2.5 phr
(per hundred resin) Ca/Zn stabilizer for evaluation of
stabilizing efficiency and 2phr of market control lead
stabilizer. Then the above prepared PVC master batch
(Table 1) was mixed with 2.5 phr experimental stabiliz-
ers. Seventy grams of blend with stabilizer was placed
on Twin Roll Mill (Neoplast Ahmedabad, India). The
front roll and rear roll temperatures were 195°C and
190°C respectively and the sheet drawn after 3 min.
The prepared sheet having thickness 1mm was used for
further study.

Measurements

Congo Red Test
A Congo red test was done to evaluate the rate of PVC
dehydrochlorination when heated at 2000C in air. Congo
Red measurement test was done according to IS-5831.
PVC film was prepared as per Table 1 with 2.5 phr of
Ca/Zn and 2phr market control lead stabilizer. The ther-
mal stability static time (tss) of stabilizer was obtained
by heating 0.0500g of PVC sample (by fragmentation
of PVC sheet into 0.2 mm squares) in the test tube.
Congo Red paper was placed at the top of the test tube.
The test tube was placed in Congo Red stability appa-
ratus [Veekay Apparatus, Mumbai] having electrical
heating at 2000C ±1. Congo Red paper changed colour
from red to blue by degradation of PVC sample, which
was due to liberation of HCl. The time required for
colour change represents the thermal stability of that
sample.

Thermal Ageing Test
The thermal aging test was carried out in hot air circu-
lating temperature-controlled by oven [ELE,
Ahmedabad]. The thermal aging test was performed as
per ASTM D-2115. The PVC samples were cut in to
30mm x 20mm rectangular shapes strips and put into
the oven at 1900C. Samples were removed after every
5min interval and subjected to visual examination. Colour
scanning was done using colourscan 5100H [Premier
colour scan 5100H]. Color measurement of PVC sheets
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were investigated by spectrophotometer and whiteness
and yellowness index values measured according to
ASTM E313.The effect of stabilizers was evaluated by
colour difference of PVC samples. Whiteness and yel-
lowness index clearly indicated differences of stability
of stabilizers.

Impact Strength of Various Stabilizers
The impact strength test was used to measure directly
the total energy required to break the test specimen by
impact 25. PVC, especially rigid products at risk of
possible damage by impact at some point during their
lifetime, either through accidental hits or drops. (e.g.
PVC product during transport, installation and storage)
were tested. First the samples were prepared using com-
pression moulding press, then cut to standard size. The
method of testing employed was ASTM 256. The rigid
PVC samples were cut in 64 x 12.7 x 3.2 mm sizes.
Test samples were conditioned at 230C for 5 hrs. Read-
ings were taken as an average of three samples. The
tests were carried out by cutting the PVC samples to a
depth of 1 mm.

Rheological study of Stabilizers on Brabender
In this study, Brabender torque rheometer was used to
study the process ability of PVC compound with stabi-
lizers. The shear flow properties of PVC master batch
with experimental stabilizers were studied using
Brabender plasticodore PL2000. Fusion behaviour and
degradation time of compounds were studied using
Brabender torque plastogram at 2000C at rotor speed at
60 rpm. 65 g of above master batch (Table 1) was mixed
with stabilizer and placed in mixing chamber. A 5 kg
loading chute was used to introduce material into the
mixer chamber as quickly as possible to get reproduc-
ibility. The fusion behaviour was studied by observation
of changes in torque, temperature and time.

Results and Discussion

The stabilisers used in the study are given in Table 3.
The dosage of the lead stabilizer was 2phr, whereas the
dosage of the Ca/Zn stabilisers was 2.5 phr and tin
stabilizer 1 phr. It is accepted in the pipe industry that

Ca/Zn stabilisers are weaker than lead or tin stabilisers
and a higher dosage of Ca/Zn stabilisers are required.
Generally, a 25 -50% increase in the dosage is accepted.
We have conducted our studies at 25% dosage.

Thin Layer Chromotography (TLC)
Hydrolysis of metilox ester to metilox acid were moni-
tored by TLC with respective to the starting material.
During synthesis, Benzene propanoic acid and 3,5-
bis(1,1-dimethylethyl)-4-hydroxy -methyl ester (Metilox)
were converted to Metilox acid. Formation of acid was
confirmed by TLC with suitable mobile phase under
UV light (254 nm) using silica gel (60-120 mess). All
the spots of acid and ester were visible under UV and
Iodine clearly. Ester compound got hydrolysed to acid.

Fourier Transform Infrared Spectroscopy analysis was
used to confirm the presence of functional group of
metilox acid. In first stage, hydrolysis of metilox ester
occured and the resulting compound metilox acid was
taken for FITR analysis. Figure 4.2 shows IR spectrum
recorded at Miracle ATR and scanned FTIR range was
4000cm-1 to 600 cm-1. The bands at 3628 cm-1 are due
to -OH stretching frequency of hindered phenolic group.
The bands at 3003 cm-1 for OH stretching frequency
correspond to acid group. The IR spectrum reveals the
presence of -COOH group. The nature of IR spectrum
is broad over 3043 cm-1 and shows a sharp strong peak
at 1701 cm-1. In FTIR spectrum (Figure 4.3) the conver-
sion of -COOH group to -COOZn is clearly seen. Cal-
cium salt does not show characteristic peak at 1701
cm-1. The peaks at 1543,1431 cm-1are due to stretching
vibrations of carboxylic soaps.

TLC of after hydrolysis of Metilox ester

1. Metilox
(Ester)

2. Acid of
Metilox

TLC in iodine chamber

TLC in suitable module
phase
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Fig 2. FTIR of Metilox acid

Fig 3. Calcium salt of metilox acid

Characterization of Calcium Metilox
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Structure of Calcium Salt of Metilox Acid

Congo Red Testing
In order to get proper thermal heat stability of PVC,
strong heat stabilizers are needed. The dehydrochlorina-
tion rate of stabilizers is measured as stability time (ts).
The one pack system made from Zinc stearate and
Calcium salt of metilox acid in the presence of other
assisting additives shows better thermal of stability time
(ts) of PVC as compared to the market control lead one
pack stabilizer. It is seen that thermal stability time (ts)
of CAM incorporated PVC is 25min, while PVC stabi-
lized with calcium organic stabilizer showed 17min. Tin
stabilizer shows highest thermal stability among all sta-
bilizers at 29 min. Tin based stabilizer, in the stabiliza-
tion mechanism adds to the defective site on PVC back-
bone and tin chloride is formed. It has been seen that
CaM with zinc stearate along with other additives ex-
hibit greater thermal stability and increases stability
time(ts) substantially. PVC stabilized with Ca/Zn shows

weak thermal stability. Lead stabilizer has 22 min sta-
bility time i.e. dehydrochlorination rate is slow com-
pared to other stabilizers. It retards the release of HCl
from PVC during degradation as it has higher efficiency
to bind HCl. During degradation, lead chlorides are
formed which do not take part in further PVC degrada-
tion.

Fig 4. Congo red stability time (ts) min

Calcium Salt of Metilox Acid
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Discoloration of Rigid PVC sheets containing Vari-
ous type of stabilizers

Fig 5. Oven Stability test for stabilizers. Color changes of
PVC strips at 1900C.

Experiment 1: ZnSt
2
/CaM, Experiment 2: Ca/Zn

The thermal ageing test gives discoloration behaviour
for the thermally degraded PVC. For yellowness and
whiteness index, ASTM E313 method was used. Lead
one pack system has strong stability as the formation of
lead chloride is one of the significant advantages in
lead stabilization and has no destabilising effect on PVC
molecule. Organo tin stabilizers have long term stability
among all stabilizers. Additives based on tin bonded to
at least one sulphur bond (thiotins) or sulphur free
organotin compounds bonded to derivatives of carboxy-
lic acid are strong thermal stabilizers. Thio tin is able to
substitute labile chlorine atoms. They are also capable
of hindering autoxidation which make them powerful
long-term stabilizers. As shown in Fig. 5, tin stabilizer
shows no color change till 15 min. Initial color remains
till 30 min. While lead stabilizer initially was white, the
onward discoloration was very slow. Calcium organic
stabilizer stability is up to 10 min. Calcium salt of metilox
acid with stabiliser shows excellent thermal stability.
Metilox ester is starting compound for reaction of anti-
oxidant like Irganox 1010 and 1076, which improves
and extends discoloration of PVC. The same logic has
been used for preparation of CaM. As seen from Figure
5, the thermal stability of stabilizer containing of Ca/M
shows excellent thermal stability.

There is no change in color till 15 min, onwards from
20 min to 35 min brown color develops gradually. This
shows the ability of CaM to retard degradation of PVC.

Fig 6. Colorimeter data of whiteness for PVC strip made with different stabilizer

Whiteness Index of PVC sheets
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Table 3. Yellowness Index value of PVC sheets stabilized with various stabilizers

Time(min) 0 5 10 15 20 25 30 35 
Lead 8.111 14.552 19.221 23.846 28.172 29.869 34.034 37.535 
Ca Organic 13.067 22.297 30.748 42.438 48.144 51.676 56.58 59.779 
Tin  2.153 6.971 13.683 18.838 29.322 32.529 37.451 38.646 
ZnSt2/CaM 5.475 13.723 18.192 21.216 26.885 30.390 33.265 35.270 
Ca/Zn 11.056 29.934 36.979 44.130 50.128 59.223 60.618 59.888 

Fig 7. Thermal stability of experimental stabilizers compared with lead one pack stabilizer. Color changes for PVC
samples in Oven Stability Test @1900C [Yellowness Index].

The ability of various stabilizers like Lead, Ca-organic,
Tin, ZnSt

2
/CaM and Ca/Zn was evaluated by compari-

son of colorimeter data. Discoloration of PVC stabi-
lized with Tin stabilizers have high stabilizing among
all stabilizers. The method indicates that there is close
relation between discoloration and formation of HCl,

Fig 8: Impact strength of various stabilizers

which increases intensity of yellowness. Lead stabilizer
has strong color retention. From the color index data, it
is concluded that stabilizing efficiency of stabilizer
containing CaM through the replacement of labile chlo-
rine, shortened the polyene sequences which is respon-
sible for PVC degradation.

Izod impact test of various stabilizers
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Rheology of experimental stabilizers with commercial stabilizers
Rheology of commercial and experimental stabilizers have been studied. The data obtained from Brabender
Plasticodore 2000 is shown in Table 5. Fusion torque, time and stability study ws done for stabilizers. Lead, Tin,
Ca-Organic, Experiment No.1 (Zn/CaM) and Experiment No.2 (Ca/Zn).

Brabender Plastogram

Fig 8. Torque curve of Lead, Ca-Organic, Tin and experimental stabilizers.

Color code  Stabilizer 
Blue Lead one pack 
Green Tin stabilizer 
Yellow Expt. no.1 (ZnSt2/CaM) 
Red Expt. no.2 (Ca/Zn) 

Fig 9. Fusion torque of commercial and experimental stabilizers
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Tin stabilizer has higher torque which consumes more
energy during process, but has long-term stability.
Organotin mercaptides are a very effective and univer-
sally applicable group of tin stabilizers. Though the
fusion torque is high and fusion time is early, its stabil-
ity efficiency is more than other stabilizers even at low
phr dosage. Tin stabilizer binds the HCl which is re-
leased during process. They substitute unstable chlorine
atoms in the polymer chain and prevent further degra-

Fig 10. Fusion behaviour of Stabilizers

dation of the PVC. Lead stabilizers have fusion time
3.3 min which give sufficient time for proper mixing,
though the initial color is not as good as tin stabilizer,
it holds the color till the end and changes very gradu-
ally. While the experimental stabilizer which is a com-
bination of Zinc stearate and Calcium metilox with other
assisting additives show good rheology as compared to
tin stabilizer. Gelation time is early but fusion torque is
not high compared to tin.

Torque Rheology study of Stabilizer
The effect of calcium stearate and calcium metilox salts
on rheology of stabilizers have been studied. The stabil-
ity of prepared selective stabilizer (contents of calcium
salt of metilox acid) was evaluated on Brabender
plasticodore PL2000. Fusion torque, time and thermal
stability studies were carried out for stabilizers. ZnL
with CaM and calcium stearate demonstrates fast gela-
tion, fusion torque 15 Nm and short stability as com-
pared with other stabilizers. This is the effect of cal-
cium stearate which promotes early fusion but further
stabilizers shortened the stability time. Calcium metilox
and zinc stearate has fusion torque 12.5 Nm Ca-Or-
ganic stabilizer has weak stability compared to other.

Conclusions

In response to removal of lead stabilizer, the new one
pack stabilizer with novel compound Calcium salt of

metilox acid has better thermal stability than commer-
cial lead stabilizer and retards effectively the degrada-
tion during process.
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Abstract
The degradation reaction of Neutral Red dye (NR) by •OH radical (Fenton reaction) is one of the most important
processes to remove this pollutant dye from wastewater. However, quantum calculations based on the density func-
tional theory (DFT) and electron localization function have recently emerged as greener pathways to study the
degradation behaviour of pollutant dyes that exist in wastewater. Furthermore, an exploration of DFT and ELF
calculations provide useful information regarding orientation of degradation reaction between NR dye and •OH
radical. Indeed, the conceptual DFT (CDFT) indices of reagents demonstrate strongly that the •OH radical is an
electron-acceptor and that the NR dye is an electron-donor. On the other hand, the nitrogen atom N20 is the most
nucleophilic site of NR dye, while the most electrophilic site of •OH radical is the oxygen atom. Therefore, an ELF
study of the electronic structure of NR dye demonstrates that this dye has a pseudoradical electronic structure.
Consequently, the first step of the reaction between NR dye and •OH was proposed. Additionally, determination of
spectroscopic spectra (Fourier-transform infrared (FT-IR) and UV-Visible) of NR dye confirms a good correlation
between theoretical and experimental spectra.

Keywords: Fenton reaction, •OH radical, Neutral Red dye, DFT, ELF.
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Introduction

Water pollution occurs when unwanted materials enter
into water and influence the quality of water and are
thus harmful to environment and human health. The
machinery and modern dyeing processes in the textile
sector are designed for using synthetic dyes. Dye-con-
taining wastewater discharged from industry is a seri-
ous threat to the receiving water bodies around the in-
dustrial areas 23 because these toxic organic dyes can
affect plant life and thus destroy the entire ecosystem 41.
To avoid the environmental disaster due to the toxic
chemical dyes, efficient and low-cost methods must be
developed to clean the industrial wastewater.

Neutral Red (NR) is an important colouring agent 31. It
is often used as a linsey-woolsey colouring agent, bio-
logical stain and acid-base indicator. Therefore, Neutral
Red is an important component in dyeing wastewater.

Fenton reaction (Fe2+ + H
2
O

2
 + H+ →Fe3+ + •OH + H

2
O)

is an effective and low-cost method for the treatment of
aqueous solution containing a NR dye 24,25. However,
the mechanism of this reaction between NR dye and
•OH radical (degradation of NR dye in aqueous solution
using Fenton reaction) is not studied. Nevertheless, the
efficiency of the Fenton process is strongly dependent
on pH; the optimum pH value is around 3. 24 In this
system, the free radicals (•OH) which are responsible
for the degradation of organic pollutants into biode-
gradable compounds undergo complete mineralization
into CO

2
, H

2
O and inorganic ions 10, 44.

In recent years, researchers have been using computa-
tion methods for molecular structure description, spec-
troscopic properties and molecular reactivity. Density
functional theory (DFT) which is one of these methods
has been widely used in literature because of its effi-
ciency and accuracy with respect to the evaluation of
several molecular properties 1,6,7,29,30. The greenness of
these theoretical techniques lies in the fact that they do
not require use or discharge of any environmentally
hazardous chemicals into the surrounding environment
unlike experimental techniques.

In this work, to describe the reaction between NR dye
and •OH radical, optimisation of the structure of NR
dye, determination of its spectroscopic properties (Fou-
rier-transform infrared (FT-IR) and UV-Visible), and de-
termination of global and local reactivity descriptors
(such as chemical hardness (η), chemical potential (μ),
global electrophilicity (ω), global nucleophilicity (N),
local electrophilicity ω

k
 and the local nucleophilicity N

k

indices) of NR dye and •OH radical were investigated
using the DFT method. Indeed, the electron localisation
function (ELF) was established. On the other hand, the
bond order was investigated. Finally, the comparison of
the theoretical IR and UV spectra with the experimental
spectra was carried out.

Materials and Methods

Neutral red dye of analytical grade was purchased from
REACTIFS RAL. It has molecular formula C

15
H

17
ClN

4

(FW =288.8 g/mol) with colour index Number 50040.
Water used throughout was distilled water.

The FT-IR spectrum of the neutral red dye was recorded
in the 4000-400 cm-1 region with BRUKER spectropho-
tometer using KBr pellet. The Ultraviolet absorption
spectrum was examined in the range 200-800 nm using
a UV-vis spectrophotometer (Rayleigh UV-1800) with a
spectrometric quartz cell (1 cm path length) in water
solvent at acidic conditions.

Computational details

The calculations were performed using Gaussian 09
package18,39 and displayed with Gauss View.9 Optimized
geometrical parameters and vibrational frequencies for
the compounds were calculated using DFT with the
B3LYP (Three parameter (local, non-local, Hartree-Fock)
hybrid exchange functional (B3), with Lee-Yang-Parr
correlation functional (LYP)) 4,5, together with the 6–
31+G(d,p) basis set. Then, the ELF study 5 was carried
with the TopMod program 33,40.

Solvent effects of water were considered by single-point
energy calculations using the conductor-like polarizable
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continuum model (CPCM) developed by Tomasi’s
group 22,43. The UV-Vis absorption in water was simu-
lated by using Time-Dependent density functional theory
(TD-DFT 34,36) employing B3LYP /6-31+G(d,p).

For the neutral red dye, the global electrophilicity index
value (ω) 35 was determined by using the following equa-
tion, ω=(μ2/2η), where μ~(E

HOMO
+E

LUMO
)/2 is the chemi-

cal potential, and η=(E
LUMO

–E
HOMO

) is the chemical hard-
ness 12. The empirical (relative) nucleophilicity index
N 13,14,28, based on the HOMO energies obtained within
the Kohn–Sham scheme 15, was determined as N =
E

HOMO
(Nu) – E

HOMO
(TCE), where TCE (tetracyano-eth-

ylene) is the reference, because it has the lowest E
HOMO

.
Besides the global electrophilicity and the global nu-
cleophilicity indices, it is possible to define its local (or
regional) counterpart condensed to atoms. The local elec-
trophilicity, ω

k 
=

 
ω

.
, or the local nucleophilicity N

k 
=

 
N

.
–

kP , condensed to atom k is easily obtained by project-
ing the global quantity onto any atomic center k in the
molecule by using the Parr functions. The electrophilic
P+

k 
and the nucleophilic, P–

k 
, Parr functions, were de-

termined by using the Mulliken Atomic Spin Density
(ASD) analysis 16 of the radical anion and the radical
cation by single-point energy calculations over the op-
timized neutral geometry using the unrestricted UB3LYP
formalism for radical species.

For the •OH radical, chemical hardness (η°), chemical
potential (μ°), global electrophilicity (ω°) were calcu-
lated by the following equations : η°=(Eβ,°

LUMO
–Eα,°

HOMO
),

μ°=(Eα,°
HOMO

 + Eβ,°
LUMO

)/2, and ω°=μ°2/2η° 36 where
Eα,°

HOMO 
is the energy of one electron in α spin state of

the frontier molecular orbital HOMO and Eβ,°
LUMO 

is
 
the

energy of
 
one electron in β spin state of the frontier

molecular orbital LUMO. In addition, the global nu-
cleophilicity N° 14 of the radical species is given as:
N°= Eα,°

HOMO 
(radical)

 
-

 
Eα,°

HOMO 
(DCM), where DCM is

dicyanomethyl radical ((•CH(CN)
2
) applied as a refer-

ence radical because it leads to positive scale of global
nucleophilicity of radicals. For the local reactivity indi-
ces, Domingo et al. 16 have defined the local electrophi-
licity ω°

(k)
 and the local nucleophilicity N°

(k)
 for the

neutral radicals species according to the following equa-

tions: ω°
(k)

=ω° P°
k
 and N°

(k)
 = N° P°

k, 
where P°

k
 is the

atomic spin density at atom k of the neutral radical
specie.

On the other hand, to study the pseudoradical (pr) re-
activity of NR, the pr index has recently been defined
as pr=N/η where η is the chemical hardness and N is
the nucleophilicity index of the NR dye 16,37.

Results and Discussion

ELF analysis of NR dye at the ground state elec-
tronic structure
An attractive procedure that has given us a direct link
between the distribution of electron density and the
chemical structure is the quantum chemical topological
analysis of ELF established by Becke and Edge-
combe 5. It has become a powerful tool for the study of
the bonding changes along an organic reaction. Within
the context of ELF, monosynaptic basins V(X) are cor-
responding to non-bonding regions, while disynaptic ba-
sins V(X,Y) are related to bonding regions 32. The re-
activity of NR can be correlated with its electronic struc-
ture; consequently, first an ELF topological analysis of
NR was performed. The representation of ELF valence
attractor positions together with corresponding popula-
tions and proposed Lewis structure for NR at the ground
state optimised geometry is shown in Figure 1.

As presented in Figure 1, the ELF topology of NR in-
dicates the presence of the following basins: one V(N)
monosynaptic basin located at the N20 nitrogen, inte-
grating a total of 2.67e which evidently portrays a
pseudoradical center over N20 nitrogen atom 3. For
nitrogen atoms N18, N22 and N21, two monosynaptic
basin were found for each, V(N18), V2 (N18), V(N22),
V2 (N22), V(N21) and V2 (N21), integrating a total
electron population of 1.48e, 1.78e and 1.44e, respec-
tively. The C5-C6, C8-C9 and C11-C12 bonding region
is characterized with the presence of one V(C5,C6),
V(C8,C9) and V(C12,C13) disynaptic basin integrating
3.24e, 3.36e and 3.26e respectively, a values which is
close to 4e, indicating a double C5-C6, C8-C9 and C12-
C13 bonding.
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Fig 1. Representation of ELF valence attractor positions together with corresponding populations (values in e) disynaptic
basins V(X,Y) values (in red) monosynaptic V(X) values (in green) (a), and proposed Lewis structure (b) of NR dye.

Bond Order
Bond order 42 was calculated for further explanation.
Bond order 20 is an electronic parameter related to the
electron density among atoms. The values of bond or-
der were obtained from a natural population analysis 19

and provide an indication of the bond strength. A large
positive value of bond order indicates strong bonding
between the atoms of the molecular entity 17. Bond order
values are shown in Figure 2. It appears from these
values that the strong bonding is between 12(C)
and13(C) then 5(C) and 6(C). The values are 1.64 and
1.59 respectively. The weak CC and CN bonding is
between 6(C) and 33(C) and between 21 (N) and 25(C),
29(C), respectively. The values are 1.04 and 0.95 re-
spectively.

Fig 2. Bond order values

Global electrophilicity/nucleophilicity indices analysis
Numerous works devoted to chemical reactions have proved that the analysis of the reactivity indices defined
within the conceptual DFT (CDFT) 8,30 is an efficiency method to explain the reactivity of the reagents involved
in organic reaction. Consequently, the global CDFT indices, namely, the chemical hardness, η, electronic chemical
potential, μ, global electrophilicity, ω, global nucleophilicity, N and pseudoradical index, pr of NR and •OH
radical are reported in Table 1.
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 EHOMO ELUMO µ η ⍵ N pr 
NR dye -5.89 -3.18 -4.53 2.71 3.80 3.10 1.10 

•OH radical -9.74 -5.06 -7.40 4.67 5.87 - - 

Chemical hardness η is associated with the stability and
reactivity of a chemical system. In a molecule, it mea-
sures the resistance to change in the electron distribu-
tion or charge transfer. Electronic chemical potential μ
is defined as the negative of electronegativity of a
molecule. Physically, μ describes the escaping tendency
of electrons from an equilibrium system. Therefore, the
global electrophilicity index ω measures the propensity
or capacity of a species to accept electrons.

From Table 1, the electronic chemical potential of NR,
µ= -4.53 eV is higher than that of •OH radical, µ= -7.40
eV. This means that •OH radical is an electron-acceptor
however NR dye is an electron-donor. This means that
the NR dye would probably be the favourite entity for
electrophilic attacks. Indeed, the electrophilicity index
for NR is 3.80 eV and for •OH radical is 5.87 eV. When
two molecules react, which one will act as an electrophile
(nucleophile) will depend upon higher (lower) value of
electrophilicity index. This result confirmed that RN is
an electron donor and the •OH radical is an electron
acceptor.

On the other hand, NR dye presents high pr value, 1.10
(Table 1) in clear agreement with its pseudoradical
character of nitrogen atom 20 (N), which has a single

monosynaptic basin as revealed by the topological analy-
sis of the ELF (see Figure 1).

Local electrophilicity/nucleophilicity indices analysis
In order, to predict the regioselectivity in radical reac-
tion, we have used the electrophilic +

kP and nucleo-
philic −

kP  Parr functions. 16

The region-chemistry depends in reliability to the elec-
tron density distribution at the reactive sites between a
separate electrophilic entity and nucleophilic entity in-
volved in the reaction, as given in Figure 3. The calcu-
lated nucleophilic −

kP  Parr function at the reactive sites
of NR indicates that the N20 nitrogen atom has higher
value (0.40) compared with that of nitrogen atoms N18,
N21 and N22, which have 0.11, 0,05 and 0.05, respec-
tively, indicating N20 atom is the most nucleophilic
center at NR. This result shows that the N20 atom will
be considered more activated site towards an electro-
philic attack. The other atoms of NR dye (carbon and
hydrogen) appear low reactive compared to the nitrogen
atoms (all results are presented as supplemental data
(Tables S1, S2)). Indeed, the radical Parr function Po

k of
the •OH radical reveals that the oxygen atom O is the
most electrophilic center, with a Po

k value of 1.00
(Figure 3).

Fig 3. Electrophilic and nucleophilic Parr functions of reagents values (in eV). The most significant centers are considered.

Table 1. EHOMO and ELUMO energies (eV), chemical potential µ (eV), chemical hardness h (eV), global electrophilicity
w (eV), global nucleophilicity N (eV) and pseudoradical index of the NR dye and •OH radical.
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Consequently, the most favourable initial nucleophile/
electrophile free radical interaction will occur between
the most nucleophilic center of NR, the N21 nitrogen,
and the most electrophilic center of •OH radical, the O
oxygen, leading to intermediate P1, which has the larg-

est nucleophilic activation at the C11 carbon. Conse-
quently, formation of the second single bond will take
place through the nucleophilic attack of the C11 carbon
of the NR on the O oxygen of the •OH radical, leading
to intermediate P2 (Figure 4).

 

N
H

N

H2N N

N
H

N

H2N N

OH

OH
NR

P1

P2

HO

N
H

N

H2N
N

HO

OH

Fig 4. First step proposed for reaction between NR dye and •OH radical.

IR and UV-vis spectra of neutral red dye
From the theoretical point of view, the UV-vis spectra
of neutral red dye out carried by using TD-DFT 34,40b

method at B3LYP/6-31+G(d, p) level. The experimen-
tal and theoretical UV-vis spectra are illustrated in Fig-
ure 5. One can note that there are two bands observed
at 530 nm which can be attributed to the absorption of
the n→π∗ transitions of N=C, and 272 nm ascribed to
the π→π∗ transitions representing of ring system, in
experimental spectra (see Figure 5). These bands are
calculated at 528 nm and 270 nm which show a good
agreement. The difference between the λ

max
 for both

spectra is only about 2 nm. This allowed us to say that
the DFT analysis of the UV-vis spectrum could be an
alternative to the experimental analysis.

Figure 6 shows theoretical and experimental IR spectra
of neutral red dye. In the present theoretical study, the
IR bands at 3201.32, 3209.64, 3239.41, 3252.71 cm-1

are assigned to C-H stretching vibrations for benzene
ring. Experimentally, the C-H stretching vibrations are
observed at 3202 cm-1. The N

22
-H and N

18
-H symmetri-

cal stretching vibrations are observed at 3625 cm-1 of
the experimental IR spectrum. These bands are calcu-
lated at 3614.87 and 3576.65 cm-1 respectively (Table
2). However, the C

29
-H, C

25
-H, and C

33
-H stretching

band is observed at 3020 cm-1 for the experimental IR
spectrum. This band is calculated at 3032.16 cm-1.

 Fig 5. Comparison of the absorption spectra determined
theoretically based on the TD-DFT using B3LYP/6-

31+G(d,p) level (a) and experimentally (b) for NR dye.
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Fig 6. Theoretical (a) and experimental (b) IR spectra of neutral red dye.

Table 2. Some vibrational frequencies (in cm-1) of neutral red dye using the experimental and using ground state-
DFT/ B3LYP/6-31+G(d, p).

Experimental Theoretical Approximate description a 
ܿ݅ݐܽ݉ݎܽ) ܥ=ܥ ߭ 1684.60 - ) 
- 3738.82 ߭ ܰ 22 ݉ݕݏܽ) ܪ− ܿ݅ݐܽ݉ݎܽ)(. ݕݎܽ݉݅ݎ   ܽ݉݅݊݁ ) 

3600 3614.87 ߭ ܰ 22 ݉ݕݏ) ܪ− ܿ݅ݐܽ݉ݎܽ)(. ݕݎܽ݉݅ݎ   ܽ݉݅݊݁ ) 
3600 3576.65 ߭ ܰ 18   ܪ−
3 ܪܥ ߭ 3032.61 3020  

ݏݏ݅ܿܵ) ܪܰ ߚ 1664.35 - .)  
18 ܰ ߚ 1635.65 1630.82   ܪ−

18 ܰ ߛ 711.56 725 ݏ݅ݓܶ) ܪ− .)  
3 ܪܥ ߚ 1485.95 1468 ݏݏ݅ܿܵ)   .)  

aυ, stretching; β, in-plane deformation; γ, out-of-plane deformation; (sciss), scissoring; (twis),
twisting ; (sym), symmetrical; (asym), asymmetrical.

Conclusions

We have carried out DFT-B3LYP calculation on the
structure, UV-visible and FT-IR spectra of NR dye at 6-
31+G(d,p) level. A good agreement was found between
the computed and experimental wavenumbers. This
confirms the validity of the calculation methods used.

Therefore, applying global reactivity indices derived from
DFT, we have demonstrated that the NR dye has an
electron donor behaviour and the •OH radical has an
electron acceptor behaviour. Moreover, by using Parr
functions we have noted that the local attack is between
nitrogen atom N(21) of NR dye and oxygen atom of
•OH radical. The ELF topological analysis of the struc-
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ture of NR indicates that this dye has a pseudoradical
electronic structure.
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Abstract
We report a facile method to synthesize water soluble Ag and Au nanoparticles (NPs) using chlorogenic acid (CGA),
a naturally occurring polyphenol as reducing as well as stabilizing agent. The main emphasis of the work is the
methods reported in the literature are mostly done at higher temperature. In the present work, the synthesis is carried
out at ambient conditions i.e. at room temperature. The effect of pH and concentration is studied on the formation
of NPs. The particles synthesized are characterized using UV-vis spectroscopy and transmission electron microscopy
(TEM). The synthesized Ag and Au NPs are tested for their catalytic response towards reduction of o-nitro aniline
by sodium borohydride. Au NPs synthesized are also investigated as substrate for surface enhanced Raman spec-
troscopy (SERS).
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Introduction

Noble metal nanoparticles (NPs) show many unique
properties and one of them is the appearance of surface
plasmon resonance (SPR) band in the visible region.
This band can be tuned to wider range of wavelength
depending on the size and shape of the particles. Noble
metal NPs also display intense colors that too depend
on the shape and size of the particles1-3. For this reason,
pre-synthesized metal NPs with and without modifica-
tion are widely used in analytical chemistry for spectro-
photometric determination of metal cations4–7, anions 8,9

and organic compounds10–13. There are various methods
reported in literature for the synthesis of NPs. The
methods used are top down and bottom up approach. In
bottom up approach, they are most often synthesized by
chemical reduction method. The most common methods
include sodium borohydride or sodium citrate as the
reducing agent1-3, 14-17. Due to environmental concerns,
the use of toxic and hazardous substances which are
responsible for various biological risks are being avoided
now-a-days. Hence, the new synthetic routes based on
green chemistry principles are suggested. The main rea-
son behind this is that the synthesized particles can also
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be probed for bio-applications among others. In this
respect, bio-compounds as well as plant extracts are
seen as a viable route because they contain phenolic
moieties which are known to undergo oxidation. Hence,
during the past few years various natural products such
as biological organisms18–20 and plant extracts21–26 have
been used as environmentally friendly and safe reduc-
ing agents for the synthesis of Ag and Au NPs. Both Ag
and Au nanomaterials attract major interest as reflected
in numerous literature reports in the field of their meth-
ods of preparation, bio-functionalization, and applica-
tions in various fields of applications27-31. In recent years,
the main attention was focused on their use for
biosensing, diagnostic immunoassays, and in vivo im-
aging32-35. However, despite an extensive range of prac-
tical applications, relatively few experimental works were
devoted to systematic studies of Ag and Au NPs prepa-
ration using green synthesis at ambient conditions.

Bio-organic moieties containing diol groups attached to
the benzene ring have been reported to behave as both
reducing and stabilizing agent. Catechol, hydroquinone,
resorcinol, n-propyl gallate (n-PG) are some of the
phenol derivatives that behaved as reductants for the
synthesis of noble metal NPs like Cu, Ag and Au 36-38.
In Asia, the use of herbal medicines is in practice from
ancient time. In literature, there are some reports about
the use of herbal medicines as reductants for the synthe-
sis of metal NPs 39-41.

Interestingly, as mentioned above most of the plant
extracts contain organic compounds that are useful
against oxidative stress. Chlorogenic acid (CGA) is a
naturally occurring polyphenol which is a biologically
important molecule as well since it is an intermediate in
lignin biosynthesis. It exists widely in nature because it
is a secondary phenolic metabolite in plants. CGA is
one of the main polyphenols found in coffee beans,
bamboo, peach, apples and onions, as well as many
other fruits and vegetables. It is one of the main prod-
ucts responsible for the browning of apples products
(fresh-cut apples, apple juices, apple pomace). It is a
caffeic acid ester of quinic acid (Scheme-1).
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Scheme 1. Structure of chlorogenic acid

It has been reported that CGA acts as an anti-oxidant,
anti-inflammatory, antiarthritic, anti-thrombotic 42, anti-
diabetic and anti-tumorigenic agent 43,44. It has also been
shown that CGA has chemopreventive properties 45.
Hence, in the present report, CGA is used as a
bioreducing agent for the synthesis of Ag NPs and Au
NPs. Though, there are reports on the synthesis of Ag
and Au NPs using CGA 37,41 but in all the reports, work
was carried out at high temperature. In present work, an
attempt has been made to synthesize Ag and Au NPs at
room temperature. We have shown that CGA not only
acts as reductant but also it stabilizes the particles. The
experimental conditions such as concentration of metal
ions, concentration of reductant, pH of final solution
were optimized to get the stable particle dispersions.
The synthesized NPs were characterized by using UV-
vis spectroscopy, transmission electron microscopy
(TEM). The as synthesized particles were tested for their
catalytic activity for the reduction of 4-nitrophenol by
NaBH

4
. The particles were also tested as a substrate for

the detection of fungicide, crystal violet (CV) using
SERS.

Materials and Methods

Materials
Silver nitrate (S.D. Fine Chem. Ltd.), Chlorogenic acid
(Sigma-Aldrich), Sodium tetrachloroaurate (III) dihydrate
(Sigma- Aldrich), 3,4-dihydroxy mandelic acid (Sigma-
Aldrich) were used as received without any further
purification. All other reagents were of analytical grade.
All aqueous solutions were prepared with Millipore

purified water having a resistivity of 18.0 MΩ/cm.
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Methods
Synthesis of Ag NPs in presence of CGA was carried
out in 10 ml pyrex glass beaker. In each synthesis the
same procedure was followed. Stock solutions of AgNO

3

(0.01 M) and CGA (0.01M) solutions were prepared.
Firstly, the synthesis was done by keeping 1:1 ratio of
AgNO

3
 (0.5mM) and CGA (0.5mM) and varying the

pH of the solution with NaOH. After optimization of
pH, the synthesis was carried out with different ratios of
AgNO

3
 and CGA at pH ~6.1. After observing the sta-

bility of NPs, the concentration of AgNO
3
 and CGA

was kept at 0.5mM in the ratio of 1:1 for further experi-
ments. Similarly, synthesis of Au NPs in presence of
CGA was carried out in 10 mL pyrex glass beaker.
Stock solutions of NaAuCl

4
 (0.01M) and CGA (0.01M)

solutions were prepared. The synthesis was done by
keeping concentration of NaAuCl

4
 constant at 0.5mM

and varying the concentration of CGA. In the synthesis
of Au NPs, the pH of the solution was not varied. The
particles were found to be stable at 1:1 ratio of NaAuCl

4

and CGA.

Synthesized particles were characterized by various tech-
niques. UV-vis absorption spectra were collected on
JascoV– 650 spectrophotometer at room temperature
using quartz cell. Particle size and distribution was
determined by TEM using Zeiss-Carl (Libra-120) in-
strument. Samples for TEM analysis were prepared by
drop casting sample on carbon-coated 200 mesh copper
grid and then air-drying of the sample. The mean par-
ticle sizes of Ag and Au NPs were determined from
image analysis of at least 200 particles of TEM micro-
graphs.

Catalytic activities of the synthesized NPs were checked
by a standard catalytic reaction of reduction of o-
nitroaniline in presence of sodium borohydride. For the
reaction, an aqueous solution containing 2 mL of
1x10-4M o-nitroaniline (o-NA) was mixed with 1 mL of
ice cold 0.1 M sodium borohydride solution followed
by the addition of various amounts of NPs in 1cm path
length quartz cuvette. The solution was stirred vigor-
ously to avoid diffusion limitation. After the addition of

NPs, absorption spectra were collected at various time
intervals.

SERS activity of synthesized Au NPs was checked by
recording Raman spectra of CV over the surface of Au
NPs. For recording the SERS spectra, CV dye solution
(6.0/ ×/ 10"6/ M) was added to the Au NPs solution and
mixed well. SERS spectrum was recorded using the
632/ nm He-Ne laser line using a CCD (Synapse, Horiba
Jobin Yvon) based monochromator (LabRAM HR800,
Horiba Jobin Yvon, France) together with an edge filter,
covering a spectral range of 200–1800/ cm”1.

Results and Discussion

Synthesis of Ag NPs in presence of CGA
For the synthesis of Ag NPs, AgNO

3
 (5x10-4M) was

added to the solution containing CGA (5x10-4 M) which
showed no change in the color of the solution. Then,
the pH of the solution was varied using NaOH which
shows a visible change in color from colorless to yel-
low. The synthesis was carried out at different pH val-
ues and their UV-vis absorption spectra were recorded.
Figure 1 shows the UV-vis absorption spectra of syn-
thesized Ag NPs at four different pH values (4.9, 6.1,
7.1 and 8.7).

  Fig. 1 Variation in the surface plasmon absorption band of
Ag NPs synthesized in presence of CGA with change in pH.
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The UV-vis spectra of the formed yellow colored Ag
NPs showed broad surface plasmon absorption band with
maximum at around 425 nm indicating the presence of
spherical or roughly spherical Ag NPs. The absorption
intensity was found to increase with increase in pH.
With time, the yield of particles was found to be same
but the width of absorption band at pH 6.1 and 7.1 was
narrow with respect to other pH showing uniform dis-
tribution of NPs. The stability of the particles was
checked by observing the optical absorbance with time.
The particles were found to be stable for more than a
month. The sequence of addition of reagents was also
found to play a vital role. When NaOH was added be-
fore the addition of CGA followed by AgNO

3
, no vis-

ible change in color was observed. But, when NaOH
was added later after the addition of CGA followed by
AgNO

3
, a visible change in color from colorless to light

yellow was observed.

CGA contains two alcoholic groups attached to the
benzene ring, one carboxylic group and two alcoholic
groups attached to the cyclohexane ring. The pKa

1
,

pKa
2
, pKa

3
 values of CGA are 3.36, 8.10, 11.51, respec-

tively 46. The pKa
1
 value corresponds to the carboxylic

acid attached to the cyclohexane ring. The pKa
2
 and

pKa
3
 values correspond to the two alcoholic groups

attached to the benzene ring. It has been reported that
when CGA behaves as reducing agent, it itself under-
goes oxidation. The two hydroxy groups attached to the
benzene ring get oxidized to the quinone moiety 37. When
the pH of the solution is less than the pKa

2
 and pKa

3

values, the two alcoholic groups attached to the ben-
zene ring would remain intact. The only moiety which
can undergo ionization is the carboxylic group attached
to the cyclohexane ring. The carboxylic group would
get ionized and forms carboxylate ion which help to
stabilize the nanoparticle. Thus, pH 6.1 was chosen for
further experiments. It was observed that at pH 6.1, the
Ag NPs were not only stable as well as they had uni-
form size distribution too.

After optimization of pH, the concentrations of CGA
and AgNO

3
 were optimized by varying the ratio of

[CGA]: [AgNO
3
]

 
by keeping the pH constant at 6.1.

After studying the stability of the NPs synthesized at
various ratios, the particles synthesized at 5x10-4 M
concentration of each of AgNO

3
 and CGA in ratio of

1:1 at pH 6.1 were found to be stable as can be seen by
UV-vis absorption spectra (Fig. 2).

Fig. 2 Variation in the surface plasmon absorption band of
Ag NPs with time.

TEM image of particles formed is shown in Figure 3a.
As it can be seen from the image, the particles were
spherical in shape and individually dispersed with aver-
age size of 40±7 nm.

Fig. 3 (a) TEM image of synthesized Ag NPs
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Fig. 3 (b) Size distribution of particles obtained from TEM
image in Fig. 3(a)

The agglomeration which can be seen in the image might
have taken place during the sample preparation for TEM.
Figure 3b is the histogram depicting the particle size
distribution of Ag NPs. It is reported in literature that

small molecules with diol moiety like hydroquinone,
resorcinol, etc. are not able to stabilize the particles
without stabilizer. We have utilized 3, 4-dihydroxy
mandelic acid which also contains a catechol moiety as
well as carboxylic group to synthesize Ag NPs. There
are reports that small acid molecules like mandelic acid
helps in directing the assembly of metal NPs.47 For the
synthesis, experimental conditions like pH and concen-
tration of 3, 4-dihydroxy mandelic acid and AgNO

3
 were

optimized. For optimization of pH, 1x10-4M concentra-
tion of both 3, 4-dihydroxy mandelic acid and AgNO

3

was chosen. Synthesis was carried out at three different
pH values 6.1, 8.0 and 9.1. Slower reduction of silver
ions was observed at lower pH value. But when pH was
raised from 8.0 to 9.1, increase in absorbance value was
observed as shown in Fig. 4. Nanoparticles synthesized
at pH 8.00 were found to have good stability.

Synthesis of Au NPs in presence of CGA
For the preparation of Au NPs in presence of CGA,
synthesis at various ratios of CGA and NaAuCl

4
 was

Fig. 4 Variation in the surface plasmon absorption band of
Ag NPs synthesized in presence of mandelic acid with

change in pH.

carried out. The concentration of NaAuCl
4
 was kept

constant at 5x10-4 M while concentration of CGA was
varied. When 5x10-4M NaAuCl

4
 was added to 2.5x10-

4 M CGA, a sudden color change from colorless to red-
dish pink was observed which turned into pink in the
very next day (Fig. 5a). Similar result was observed
with 5x10-4 M CGA (Fig. 5b). When concentration of
CGA was further increased to 7.5x10-4M, NPs started
aggregating leading to blue color (Fig 5c). Figure 5
shows the photograph of the Au NPs synthesized with
5x10-4 M NaAuCl

4 
in presence of different concentra-

tions of CGA after 24 hours of synthesis.

Fig. 5 Photographs of synthesized Au NPs at different concen-
trations of CGA in presence of 5x10-4 M NaAuCl

4 
(a) 2.5x10-

4 M CGA (b) 5x10-4 M CGA (c) 1x10-3 M CGA.
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UV-vis absorption spectrum of these Au NPs shows an
absorption peak at 400 nm and at around 525 nm (Fig-
ure 6). Absorption peak at 400 nm is because of the
complex formed between Au3+ ion and CGA and the
peak at 525 nm is the SPR band of Au NPs. The peak
at 400 nm was found to be decreasing with time while
the absorbance of peak at 525 nm increasing with time.

Fig. 6 Surface plasmon absorption band of Au NPs
synthesized in presence of CGA

Thus, it can be stated that the complex formation be-
tween Au3+ and CGA leads to the reduction of Au3+

ions. Similar observation has been reported with Cu2+

ions and catechol by Jasmine et. al., 36. Catechol is a
dihydoxy benzene with two alcoholic groups at ortho
position, CGA also contains the same diol moiety at-
tached to the benzene ring thus it can be stated that the
behavior of CGA is quite similar to that of catechol
with copper ions. The concentration of NaAuCl

4 
was

also varied from 2.5x10-4 M to 1x10-3 M. At lower con-
centration of NaAuCl

4
, complex formation at 400 nm

was not observed in good amount as it was formed at
high concentrations of NaAuCl

4
. The absorption spec-

tra for the Au NPs synthesized indicate the formation of
aggregated particles. When the concentration was
changed to 5x10-4 M, narrow particle size distribution
was observed and the synthesized NPs were stable for
quite long time. Thus, the best results in terms of sta-
bility and size distribution were obtained when the con-

centration of both CGA and NaAuCl
4
 were kept

5x10-4 M. Shape and particle size distribution of synthe-
sized Au NPs were obtained by utilizing TEM (Fig. 7a).

Fig. 7 (a) TEM image of synthesized Au NPs

From the TEM data, the synthesized particles were
spherical in shape with average diameter of ~50±14 nm
with few particles triangular in shape. A closer look at
particles illustrated that they were individually dispersed.
Agglomeration at some places might have taken place
during sample preparation for TEM. Figure 7b repre-
sents the histogram depicting the particle size distribu-
tion of Au NPs.

Fig. 7 (b) Size distribution of particles obtained from TEM
image in Fig. 7(a)



........................................................................................................................................................................................
Page | 68

........................................................................................................................................................................................

Vol. 2 Issue 1  July - December 2018  G P Globalize Research Journal of Chemistry

Catalytic activity of Ag and Au NPs
Catalytic activity of Ag and Au NPs synthesized by
using CGA acid was investigated for the reduction of o-
nitroaniline to 1, 2 benzenediamine by NaBH

4
. The

catalytic reaction was monitored by using time depen-
dent UV-vis absorption spectroscopy. The absorption
spectrum of aqueous solution of o-nitroaniline shows
maxima at 410 nm due to n→π* transition. It was ob-
served that on addition of the above synthesized NPs to
the solution containing o-nitro aniline in the presence of
NaBH

4
, the absorbance at 412 nm decreased and com-

pletely disappeared with time. Typical UV–vis absorp-
tion spectra for the reaction in the presence of Ag NPs
are shown in Fig. 8a.It can be seen that after the addi-
tion of Ag NPs, the peak at ~410 nm almost disap-
peared after 10 minutes indicating the completion of the
reduction reaction. As the amount of NaBH

4
 is taken in

excess (>100 times of reactant, o-nitro aniline), the re-
action could be considered as pseudo-first order reac-
tion with respect to o-nitro aniline according to the
reaction [I

t
] = [I

0
]e–kt, where, I

t
 represents the absor-

bance at time ‘t’ which corresponds to the concentration
of the o-nitro aniline; I

0
, absorbance at the initial stage,

i.e. initial concentration of the o-nitro aniline and k,
pseudo-first order rate constant. Fig. 8b represents the
rate of reduction of o-nitro aniline and rate constant
was found to be 0.26 min-1 for 0.5 pg/mL of Ag NPs.

Fig. 8(a) Time-dependent variation in the absorption
spectrum of o-nitro aniline in the presence of 0.5 pg/ml Ag

NPs (CGA stabilized) and NaBH
4
.

Similarly, the reaction was carried out in the presence
of Au NPs, the reaction got completed in 10 minutes
and the rate constant obtained was almost found to be
similar for the same amount of catalyst that was used in
reaction with Ag NPs (Figures 9a and 9b).

Fig. 9(a) Time-dependent variation in the absorption
spectrum of o-nitro aniline in the presence of 0.5 pg/ml Au

NPs (CGA stabilized) and NaBH
4
.

SERS Study
To investigate the SERS activity of synthesized Au NPs,
CV dye was chosen as probe molecule. Normal Raman
spectra of CV dye was recorded and shown in Fig.
10(a). Then  CV dye (6x10-6M) was added to the syn-
thesized Au NPs and Raman spectra was recorded as
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Fig. 9 (b) Logarithmic plot of relative absorbance vs. time.

shown in Fig.10 (b). It can be seen that fluorescence of
CV is quenched in presence of Au NPs. Raman inten-
sity of few bands of CV was enhanced which shows
interaction of CV molecules with surface of Au NPs.
Thus, it is possible to detect CV at a very low concen-
tration on CGA stabilized Au NPs. The observed Raman
bands are in agreement with previous studies reported
in the literature 48. Thus, above prepared Au NPs can be
employed efficiently as SERS substrate.

Fig. 10. (a) Raman spectra of 6x 10-6 M CV in aqueous
solution (b) SERS spectra of  6x 10-6 M CV in presence of

Au NPs synthesized in presence of CGA.

Conclusions

In this work, stable Ag and Au NPs were successfully
synthesized and stabilized using green reduction method.
UV-visible absorption spectroscopy confirms the for-
mation of NPs. It was found that pH and ratio of CGA
to metal ion precursor play a very important role in
stabilization of particles. At pH 6.1, Ag NPs formed
were stable may be due to the ionization of carboxylic
group which helped in stabilization. For synthesis of Au
NPs, the complex formation between Au3+ and CGA is
observed which leads to the reduction of Au3+ ions. The
synthesized NPs were found to be catalytically active
towards the reduction of o-nitroaniline by NaBH

4
. The

above synthesized Au NPs in presence of CGA showed
good SERS activity for detection of CV which shows
that they can be explored as SERS substrate for various
applications.
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Abstract
Textile industries use a variety of synthetic dyes which generate a huge volume of textile effluent containing a mixture
of pollutants. These pollutants are responsible for many diseases. The removal of color from textile wastewater is
a major environmental concern. In this study, the removal of Acid Orange 7 dye from aqueous solution has been
studied using Advanced Fenton Process. Fenton oxidation (H

2
O

2
 /Fe ++) is considered to be one of the most effective,

simple and economical methods to remove pollutants from wastewater. Fenton’s reagent is a result of the reaction
between hydrogen peroxide (H

2
O

2
) and ferrous ions (Fe2+) under acidic conditions. Batch experiments were per-

formed at different initial concentrations of the dye, different pH of the solution, different ferrous sulfate and
hydrogen peroxide loading and their effects on COD removal as well as optimum experimental conditions were
determined. In this study, we obtained the maximum rate of COD removal upto 60% by the Fenton process. Then
batch experiments were carried out for Ozonation process and the combined effect of Fenton and Ozonation process
on COD and TOC reduction was studied. Fenton and Ozonation processes were used to produce •OH (hydroxyl
radical).

The results obtained from this study showed that the combination of Fenton and Ozonation Process is very effective
to remove Acid Orange 7 dye.

Keywords: Aqueous, effluent, Fenton process, hydroxyl radical, oxidation process, ozone, synthetic dye, textile
industry.

Introduction

The dyes used in the textile dyeing and printing indus-
tries not only can impart color to water sources but also
can cause environmental damage to living organisms by
stopping the re-oxygenation capacity of water and also
blocking sunlight, thereby disturbing the natural growth
activity of aquatic life1. Dyedtuffs are prepared from a
variety of chemicals, and excess chemicals are discharged

into water during the process. Sometimes products are
also discharged into the wastewater during the process
of salting-out. Wastewater containing dyestuffs has a
COD of 3,000 – 20,000 mg/L. but it also has a dark
color, which blocks sunlight.

Decolourization of coloured wastewater is very difficult
using traditional physical and chemical methods. Dye-
stuff wastewater is composed of many organic com-
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pounds that are difficult to treat by biological methods.
Effective methods of decreasing COD and color are
chosen depending on the type of dyestuff, and multiple
processes are generally used to successfully treat
twastewater 2. The toxicity of numerous dyes renders
them environmentally hazardous. Azo dyes are very
common pollutants in dye effluents. Removing color
from wastewater is more important than removing other
colourless organic compounds, because already small
amounts of dye are clearly visible and decrease the water
quality 3. Among various treatment methods, advanced
oxidation processes (AOPs) are becoming important
technologies for removing azo compounds. AOPs are
based on the in situ generations of hydroxyl radical
(•OH), which is a powerful oxidant and can attack or-
ganic compounds to produce mineral end-products.
AOPs like Ozonation, Fenton process and Photocataly-
sis have been used for degradation of azo dyes 4.

Nowadays, chemical oxidation processes are used for
water treatment in drinking water facilities and waste-
water treatment plants dealing with toxic, bio refractory
and highly stable compounds, viz. pharmaceuticals,
pesticides, phenolic, herbicides, etc. Among the chemi-
cal oxidation processes, Ozonation is one of the meth-
ods that has proved to be very effective for the oxida-
tion of organic pollutants such as textile dyes. Several
studies with textile effluents have proved that common
biologically based treatment options are ineffective in
color removal. Therefore, the pollution resulting from
the discharge of colored effluents is a great environ-
mental concern since the color of textile wastewaters is
quite noticeable and some dyes in textile wastewater
may have carcinogenic effects 5.

Advanced Oxidation Process
AOPs is the technology used for the oxidation of a
wide range of organic contaminants in polluted water.
AOP methods involve the generation of powerful oxi-
dants such as the hydroxyl radical (.OH). which are
used to treat the water 6. Advanced Oxidation Processes
(AOPs) are efficient methods to remove organic con-
taminants AOPs processes produce very reactive oxy-
gen species which are able to destroy a wide range of

organic compounds. AOPs are more expensive than the
conventional biological wastewater treatment since ex-
ternal energy sources (electric power, ultraviolet radia-
tion (UV) or solar light electric power, ultraviolet radia-
tion (UV) or solar light) are required to drive the AOP
process. But AOP systems are not more expensive than
well-established technologies for pollutant abatement 7.

Fenton Process
The Fenton process is used for the treatment of both
organic and inorganic substances under laboratory con-
ditions using synthetic effluents as well as real effluents
from different sources like chemical, refinery and fuel
terminals, engine and metal cleaning etc. Fenton Pro-
cess is based on the production of highly reactive hy-
droxyl radicals (•OH). Fenton’s reagent is a result of the
reaction between hydrogen peroxide (H

2
O

2
) and ferrous

ions (Fe2+) under acidic conditions. Based on the oxida-
tion system Fenton’s reagent can be employed to treat
a variety of industrial wastes containing a wide range of
organic compounds like phenols, formaldehyde, pesti-
cides, wood preservatives, plastic additives, and rubber
chemicals. The wastewater treatment using Fenton pro-
cess results in a reduction of toxicity, improvement in
biodegradability, odor and color removal 8. It has been
demonstrated that Fenton’s reagent is able to destroy
toxic compounds in wastewaters such as dyes, phenols,
and herbicides. Hydroxyl radical production by Fenton
reagents occurs by adding H

2
O

2
 to Fe2+ salts. Special

reactants and apparatus are not required for the reaction
in which OH radicals are produced. The fact is that iron
is available abundantly and hydrogen peroxide is envi-
ronment-friendly and easy to handle.

The process is cost effective and environment friendly9

since iron is available abundantly and Hydrogen perox-
ide is environmentally friendly.

Ozonation Process
Ozonation has excellent potential for decolorization due
to the following reasons: (i) decolonization and degra-
dation occur in one step, (ii) danger to humans is mini-
mal; (iii) no sludge remains, (iv) all residual ozone can
be decomposed easily into oxygen and water and iv)
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ozonation is easily performed. Two possible degrada-
tion ways are available for oxidation of organics: (i) at
basic pH, ozone decomposes rapidly to yield hydroxyl
and other radical species in solution (Eqs.1-3) and (ii)
at acidic pH, ozone is stable and can react directly with
organic substrates. UV radiation can decompose ozone
in water, generating highly reactive hydroxyl radicals.
The hydroxyl radicals oxidize organics more rapidly
than ozone. The effects of dye concentration, ozone
dose, pH, the presence or absence of UV and UV inten-
sity in ozone-based systems have been evaluated 3.

Many studies have provided evidence that ozone can
decolorize synthetic dyes which are soluble in water.
There are two different primary reaction pathways for
oxidation: 1) a direct attack of ozone molecule on the
pollutants and generation of free radicals due to decom-
position of ozone and 2) subsequent attack of these two
radicals on the pollutants. The combination of ozone
with UV light, H

2
O

2
, and MnO

2
 increase the oxidizing

efficiency. Ozone with UV light process is more effi-
cient than the ozone process alone because UV radia-
tion promotes ozone decomposition and as a result, yields
additional hydroxyl radicals which increase
decolourization rate10.

In this paper we report the effects of initial concentra-
tion, pH ferrous ion and Hydrogen peroxide loading on
advanced oxidation process.

Materials and Methods

Commercial grade Acid Orange 7 dy, Ferrous Sulfate
(Fe

2
SO

4 
.7H

2
O), 30% Hydrogen peroxide and 98%

Sulphuruc acid were obtained from RLFCI, Navi
Mumbai. All the chemicals were used as received.

Experimental Method

Fenton Process
An aqueous solution of the dye was taken in a glass
reactor provided with a magnetic stirrer. Fenton reagent
was then added and the pH was adjusted to 3-4.The
reaction was carried out for 2 hours and at regular in-
tervals of 15 minutes each, analytical samples of 10 mL
each were withdrawn and stored in the dark. COD val-
ues was determined to find percentage rate of degrada-
tion of the dye at different concentrations.

Ozonation process
The experiments were carried out in a 3 neck glass
reactor provided with a magnetic stirrer. 500 mL of the
dye solution was in the glass reactor and pH was ad-
justed to 3-4 by adding Sulphuric acid. A predetermined
amount of ozone gas was then passed through the dye
solution. The experiment was carried out for 2 hours
and at regular intervals of 15 minutes each, analytical
samples of 10 mL each were withdrawn and stored in
the dark. COD values were determined to find percent-
age rate of degradation of dye at different concentra-
tions.

The experiments were carried out by Fenton, Ozonation
and Combined Fenton-Ozonation processes and COD
values were determined.

COD Measurement
The analysis was done by measuring COD of the solu-
tion. COD refers to the requirement of dissolved oxy-
gen for both oxidation of organic and inorganic con-
stituents. The following reagents were used for COD
measurements: 0.05N K

2
Cr

2
0

7
, H

2
SO

4
, Standard

0.1NFerrous ammonium sulfate and HgSO
4
.

The rate of COD was calculated using the formula

where, a = 27.3 mL of Fe(NH
4
)(SO

4
)

2 
for blank,

    b = mL of Fe(NH
4
)2 (SO

4
)2 6H

2
O for sample and

O3 + OH− → O3
•− + •OH        (1) 

O3
•− → O•− + O2  (2) 

O•− + H+ → •OH (3) 

(a-b) N 8000
COD (mg/L)=

10
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    Normality (N) of FAS = 0.1N

Rate of COD reduction was calculated using the fol-
lowing formula

where, A is the initial COD and
    B is the final COD

Kinetic Evaluation
The rate of reaction was determined using pseudo first
order kinetic conditions with

with respect to the dye ,

where, Ca and Ca0 are the dye concentration at time t
and 0 respectively and k is the pseudo-first order rate
constant ( time-1)

Results and Discussions

Fenton Process

1) Effect of Initial Dye Concentration
The effect of initial Acid Orange 7 on the COD reduc-
tion has been investigated at three different concentra-
tions (100, 250 and 500 ppm). Figure. 1 shows the
COD reduction with treatment time at varying initial
concentration. It can be seen that the percentage of COD
reduction decreases with an increase in the initial con-
centration of Acid Orange 7 dye. The observed decrease
in COD reduction with an increase in dye concentration
may be due to the fact that the presence of a higher
concentration of pollutant reduces the efficiency of the
formation of OH radicals in the solution. It is observed
that at 500 ppm, % rate of COD reduction is 14.28%,
at 250 ppm % reduction in COD is 49.44% and at 100
ppm % reduction in COD is 51.62%. Since the rate of
COD reduction is maximum at 100 ppm dye concentra-
tion, all the remaining sets of experiments were per-

formed at 100 ppm initial concentration of Acid Orange
7dye. As shown in Table 1 the kinetics data shows that
rate constant decreases with increasing dye concentra-
tion -at 100 ppm rate constant were 6.11x103 min-1 but
at 500 ppm it decreased to 1.28x103 min-1. Graphs of
ln(Ca0/Ca) versus time are shown in Figure 2. Its shows
that R2 values for all concentrations11

Fig. 1 Effect of initial dye concentration on percentage of
COD degradation

Fig. 2 Graph of ln(CaO/Ca) versus time

Table1 : Rate rate constants at different dye concentra-
tions

ppm % Degradation 
Rate Constant k 

x103min-1 R2 
500 14.20 1.28 0.944 
250 49.44 5.68 0.989 
100 52.00 6.11 0.971 

2) Effect of pH
The pH of the solution was adjusted by using NaOH
and H

2
SO

4
. In this study, the effect of pH was observed

at pH 4, 7 and 11. The extent of COD reduction is

(A-B)
Rate of COD reduction = 100

A


Ca
ln kt

CaO
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generally observed more in the acidic condition than in
the alkaline condition. At pH 4, the overall COD reduc-
tion rate is was 52% and decreased continuously with
increasing pH. At pH 7 40% COD reduction was ob-
served and at pH 11, the observed COD reduction was
29%. Maximum reduction occured in the first 30 min-
utes and as the time increased, reduction decreased. We
observed a 26% reduction in the first 30 minutes at
acidic pH 4 and total COD reduction was 52%. Similar
results were obtained at other pH values (Fig.3). It can
be seen that under acidic conditions, generation of hy-
droxyl radicals is more as compared to that in alkaline
conditions.

Hence the rate constant increased with decrease in the
pH value. As shown in Table 2 at pH 4 the rate constant
were 6.11x103min-1 and at pH 11 it was 2.85x103 min-

112.

Fig. 3 Effect of pH on extent of COD reduction

Table 2: Rate rate constants at different pH

3) Effect of Ferrous Sulfate Loading
In order to investigate the effect of ferrous sulfate dos-
age on COD removal, experiments were conducted at
optimum pH value 4. Ferrous Sulfate dosage varied in
the range of 0.05 to 0.2g in the H

2
O

2
: Fe

2
SO

4
.7H

2
O

ratios of 1:1, 1:2 and 1:4. The effect of Ferrous sulfate

pH  % Degradation 
Rate Constant  k 
x103 min-1  R2 

4.0 52 6.11 0.9613 

7.0 40 4.26 0.9426 

11.0 29 2.85 0.9518 

loading on COD reduction is shown in Figure. 4. The
maximum COD reduction is observed in the H

2
O

2
:F

e
SO

4

ratio of 1:4 which is 59%. The rate constant also in-
creases with increasing ferrous sulfate loading. The
minimum reduction was observed at 1:1 ratio which is
52%. Maximum reduction were observed in first 30
minutes. As shown in Table 3 increase in ferrous sul-
fate loading from 1:1 to 1:4 results in increase in rate
constant from 6.12x103 to 7.63x103 min-1. It is observed
that as the ratio of H

2
O

2
:Fe

2
SO

4
.7H

2
O increases; the

COD reduction also increases 12.

Table 3: Rate constants at different values of Ferrous
Sulfate loading

Fig. 4 Effect of Ferrous Sulfate loading on COD reduction

Loading 
% 

Degradation 
Rate Constant 
k x 103 (min-1) R2 

1:01 52 6.12 0.9716 
1:02 56 7.04 0.9609 
1:04 59 7.63 0.9613 

4) Effect of Hydrogen Peroxide Loadings
To investigate the effect of hydrogen peroxide on COD
removal, different ratios of Fe

2
SO

4
.7 H

2
O: H

2
O

2
 to 4:1,

4:2 and 4:4 were used at pH 4. The maximum COD
reduction was observed in the first 30 minutes. The
effect of Hydrogen Peroxide loading on COD reduction
is shown in Figure. 5. At ratio 4:4, the maximum reduc-
tion (61%) was observed. Hydrogen peroxide was used
as an additional source of hydroxyl radicals which is
very helpful to intensify the process. It was observed
that the rate of degradation increased with increase in
the concentration of hydrogen peroxide. As shown in
Table 4 the rate constant also increases with increasing
hydrogen peroxide loading 12.
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Fig. 5 Effect of hydrogen peroxide loading on COD
reduction

Table 4 : Rate constants at different values of Hydro-
gen peroxide loading

Loading 
% 

Degradation 
Rate Constant 
k x 103 min-1 R2 

4:01 59 7.42 0.844 
4:02 59.12 7.42 0.928 
4:04 61 7.84 0.97 

Ozonation Process

1) Effect of Initial Dye Concentration
In order to study the feasibility of the ozonation process
for different concentrations of dye, experiments were
carried out by varying the initial concentration of dye
from 100 to 500 ppm. It is observed that increase in dye
concentration results in decrease in COD reduction rate
(Figure 6).

The reason could be that under the given conditions,
the ratio of ozone molecules to dye molecules in the
solution decreases with increase in dye concentration.
More ozone would be consumed at higher dye concen-
trations. The effect of initial dye concentration on COD
reduction is shown in Figure. 6. The rate of COD re-
duction is 36% at 100 ppm initial AO7 concentration
and 11 % at 500 ppm rate of COD reduction. As shown
in Table 5, the rate constant at 100 ppm were 6.11x103

min-1 and 0.878 min-1 500 ppm. The rate constant de-
creased with increase in initial dye concentration. The
time for COD reduction would be longer for higher
initial dye concentration 13.

Fig. 6 Effect of initial dye concentration on COD reduction

Concentration 
% 

Degradation 
Rate Constant k 

min-1 R2 

100 ppm 36 6.11x103 0.9598 

500 ppm 11 0.878 0.9073 

Table 5: rate constants at different initial dye concen-
trations

2) Effect of pH
The extent of COD reduction is generally observed more
under alkaline conditions than under acidic conditions.
The effect of pH on COD reduction is shown in
Figure 7.

At pH 4 the overall COD reduction rate was 26% which
decreased continuously at increasing pH. At pH 7 we
get 38% COD reduction and at pH 11, the observed
COD reduction was 49%. As shown in Table 6, the rate
constant also increases with increasing pH values. COD
reduction was more under alkaline conditions because
free-radical oxidation is favored at higher pH while
molecular ozone oxidation tends to dominate under
acidic conditions, simply because the production of
hydroxyl radicals is enhanced by alkaline conditions.
The free radicals are more powerful oxidants than
molecular ozone14.

Fig. 7 Effect of pH on extent of COD reduction
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Table 6 : Rate constants at different pH values

pH 
% 

Degradation 
Rate Constant 

kx103min-1 R2 
4.0 26 2.5 0.95 
7.0 40 3.98 0.94 
11,0 49 5.61 0.94 

Combination of Fenton and Ozonation Processes
The effect of the combination of Fenton and Ozonation
processes on COD reduction was investigated. The
concentrations considered for the experiment were on
the basis of the ratio of H

2
0

2
: Fe

2
SO

4
.7H

2
O as 4:4 and

the pH range 4 to 11. At pH 4, the COD reduction was
66% and at pH 11 the COD reduction was 74% (Figure
8). The initial pH of wastewater plays an important role
in the oxidation efficiency. It is known that OH- can
accelerate the generation of •OH through the decompo-
sition of O

3
 molecule, thus high pH value is helpful for

the indirect reaction of O
3
 in some case. However, in

strongly alkaline solution, •OH is rapidly converted to
its conjugate base •O- that has a lower oxidation poten-
tial compared with •OH, causing mineralization. On the
other hand, Fenton processes have high catalytic activ-
ity under acidic condition (pH = 4), which is attributed
to the stability of Fe (II) in this pH range. The effect of
initial pH on TOC removal efficiencies of O

3
/Fenton

system was investigated in the pH range 4-11. At pH 4
TOC reduction were 60% and at alkaline pH, TOC
reduction was 80%. As shown in Table 7, the first order
reaction rate constants at pH 4 and 11 were 0.0089
min-1 and 0.012 min-1 respectively.

Fig. 8 Combined effect of Fenton and Ozonation processes
on extent of COD degradation

Table 7 Kinetic rate constants for combine Fenton and
Ozonation process at different pH

pH 
% 

Degradation 
Rate Constant k  

(min-1) R2 
4.0 66 0.0089 0.97 
11.0 74 0.012 0.99 

Conclusions

The degradation of Acid Orange 7 dye using Fenton,
Ozonation and combined Fenton and Ozonation pro-
cesses has been investigated.

Fenton process can be effectively used for the degrada-
tion of Acid Orange 7 dye. At pH 4 and AO7:Fe2SO4:
H2O2 ratio 1:4:4 we obtained maximum COD reduc-
tion which is 61%. Fenton process can be effective in
acidic conditions.

Ozonation processes were less effective for COD re-
duction than the Fenton process but color removing
efficiency of Ozonation process is good. The COD re-
duction obtained from Ozonation process for 100 ppm
dye concentration at pH 11 was 49%. Ozonation pro-
cess can be effective at high pH values.

The Combination of Fenton and Ozonation process were
most effective for COD as well as TOC reduction. COD
and TOC reduction values from the combined process
were 74 % and 80% respectively at pH 11.

The combined Fenton and Ozonation process works
effectively at high pH value rather than at low pH val-
ues.
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Abstract
Dyes are coloured organic compounds that can impart colour to other substances. Many industries like the textile
industry use dyes to colour their products and thus produce wastewater containing organics having a strong colour.
During the dyeing process, the percentage of dye lost in wastewater is 50% of the dye added because of the low
levels of dye-fibre fixation. To find an effective but cheap method for treatment of wastewater containing dye, rice
husk as agricultural by product has been used for adsorption of Methylene blue (MB) from aqueous solution. The
effects of various parameters such as initial concentration of Methylene blue, rice husk dosage and pH were
examined and their optimum experimental condition were determined. It was found that the adsorption of Methylene
blue on rice husk followed Langmuir isotherm. The kinetics of adsorption was studied using pseudo first order and
pseudo second order models and sorption data was found to follow pseudo second order model. The mechanism of
the rate controlling step was determined by applying intraparticle diffusion model for the mass transfer. The sorption
was found to be controlled by both intraparticle diffusion as well as adsorption. The results indicate that rice husk
is a good adsorbent for removing Methylene blue from aqueous solution.

Keywords: Methylene blue dye, Rice husk, Adsorption, Langmuir isotherm, Kinetics, Mechanism

Introduction

Removal of colour from waste effluents becomes envi-
ronmentally important because even a small quantity of
dye in water can be toxic and highly visible. Since the
removal of dyes from wastewater is considered an en-
vironmental challenge and government legislation re-
quires textile wastewater to be treated, there is a con-
stant need to have an effective process that can effi-
ciently remove these dyes. Numerous techniques were
used in the recent past for decolourisation of dyes.
Among them adsorption technique has got maximum

potential for the removal of dyes. Adsorption being a
physical process, is less expensive and less time con-
suming and hence is widely accepted. 2

The various methods of dye removal from dye-contain-
ing industrial effluents have been discussed under three
categories3 :-
1. Chemical
2. Physical
3. Biological

Currently the main methods of textile dye treatment are
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by physical and chemical means such as: Fenton pro-
cess, Photo/Ferri-Oxalate system, Combined Photocata-
lytic and Electrochemical treatment, Photocatalytic deg-
radation using UV/TiO

2
, Sonochemical degradation,

Biodegradation, Photo-Fenton processes, Integrated
chemical - Biological degradation, Electrochemical deg-
radation, Adsorption process, ozonation, oxidation,
Nano-Filtration, Chemical precipitation, Ion - Exchange
and Reverse Osmosis. 4

Among treatment technologies, adsorption is rapidly
gaining prominence as a method of treating aqueous
effluent. Some of the advantages of adsorption process
are possible regeneration at low cost, availability of
known process equipment, sludge-free operation and
recovery of the sorbet. 5 Adsorption is a well-known
equilibrium separation process and an effective method
for water decontamination applications. Adsorption has
been found to be superior to other techniques for water
re-use in terms of initial cost, flexibility and simplicity
of design, ease of operation and insensitivity to toxic
pollutants. Adsorption also does not result in the forma-
tion of harmful substances. Activated carbon is the most
widely used adsorbent for dye removal because of its
extended surface area, micro-pore structures, high ad-
sorption capacity and high degree of surface reactivity.
However, adsorption by activated carbon has some limi-
tations such as the cost of the activated carbon, the need
for regeneration of the used carbon and the loss of
adsorption efficiency after regeneration. This has led to
the search for cheaper alternatives. 6

There have been many attempts to find inexpensive and
easily available adsorbents to remove the pollutants such
as the agricultural solid wastes where according to their
physic-chemical characteristics and low cost they may
be good potential adsorbents. Agricultural waste mate-
rials have little or no economic value and often pose a
disposal problem. The utilization of agricultural waste
is of great significance. A number of agricultural waste
materials are being studied for the removal of different
dyes from aqueous solutions at different operating con-
ditions. 5 Agricultural wastes are renewable, available
in large amounts and less expensive as compared to

other adsorbent materials. Agricultural wastes are better
than other adsorbents because the agricultural wastes
are usually used without or with a minimum of process-
ing (washing, drying, grinding) and thus reduce produc-
tion costs by using a cheap raw material and eliminat-
ing energy costs associated with thermal treatment.1

Agricultural waste includes (but not limited to) banana
peel, rice husk, peanuts hull, orange peel, date pit, broad
bean peel, almond shells, etc. The use of these low-cost
bio-sorbents is recommended since they are relatively
cheap or of no cost, easily available, renewable and
show high affinity to dyes. 7

Material and Methods

Methylene blue was chosen for the adsorption study
due to its strong adsorption onto solids. Methylene blue
has a molecular weight of 373.9 g, which corresponds
to Methylene blue hydrochloride with three molecules
of water of crystallisation.

The structure of the Methylene blue is Methylene blue,
a cationic dye, is not regarded as acutely toxic, but it
has various harmful effects. On inhalation, it can give
rise to short periods of rapid or difficult breathing, while
ingestion through the mouth produces a burning sensa-
tion and may cause nausea, vomiting and gastric prob-
lems.8

Rice husk used in the present investigation was col-
lected directly from local farms. The collected material
was washed several times with distilled water to remove
all the dirt particles. The washed material was then dried
in an hot air oven at 80oC for 8 hr. The dried material
was then ground using domestic mixer and sieved to
obtain a mixture of constant particle size of 100 mesh.
The mixture was stored in a glass bottle for further use.
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Equilibrium studies
Equilibrium experiments were carried out by treating 1g
of rice husk with 100 mL of dye solutions of dye con-
centrations 500, 250 and 100 mg/L each in 300mL stop-
pered bottles. The mixtures were agitated using shakers
at a constant agitation speed. The agitation was carried
for 4 h until equilibrium was reached. The amount of
adsorption at equilibrium qe (mg/g) was calculated9,10

by the equation,

e

( )
Q (1)o eC C V

W




where, Co and Ce (mg/L) are the liquid phase concen-
trations of dye at initial time and equilibrium time t,
respectively. V (L) is the volume of the solution and W
(g) is amount of adsorbent used.

The dye removal was calculated10 as follows,

0

0

C
Adsorption Percentage (%)= 100 (2)

C

C


where C (mg/L) is liquid phase concentration at time t.

Effect of adsorbent dosages
The effect of rice husk mass on the amount of colour
adsorbed was obtained by contacting 100 mL of dye
solution of initial dye concentration 100 mg/L with dif-
ferent weighed amounts (0.5, 1 and 1.5 g) of rice husk
using shakers at room temperature (320C) for 4 hr till
equilibrium was reached. After equilibration, the samples
were centrifuged and the concentration in the superna-
tant dye solution was determined using COD.

Effect of pH
The effect of pH on the amount of color removal was
analyzed at different pH (i.e. 4, 7 and 10 ). The pH was
adjusted using 1 N NaOH and 1 N HCl solutions. 100
mL of dye solution of 100 mg/L was agitated with 1 g
of rice husk using shakers at room temperature (320C)
for 4 hr till equilibrium was attained.The samples were
then centrifuged and the concentration in the superna-
tant dye solution was determined using COD reduction.

Isotherm studies
The Langmuir model is valid for monolayer adsorption
onto a surface with a finite number of identical sites
which are homogeneously distributed over the adsor-
bent surface. The well-known expression of the
Langmuir model11,12,13,14 is given as

max e
e

e

q K C
q = (3)

1+K C

where qe is the amount of dye adsorbed on adsorbent at
equilibrium, Ce is the equilibrium concentration in the
solution, qmax the maximum adsorption capacity and K
is the adsorption equilibrium constant. The linear form
of this equation is written as

e e

e max max

C C1
= (4)

q k.q q


A plot of Ce/qe versus Ce is a straight line with slope
1/qmax and an intercept of 1/Kqmax. However, the
Freundlich model is an empirical equation based on
adsorption on a heterogeneous surface suggesting that
binding sites are not equivalent and/or independent.
Freundlich equation is expressed11,12,13,14 as

qe= K
F
C1/n   (5)

where K
F
 is an indicator of the adsorption capacity and

n that of the adsorption intensity, respectively. The loga-
rithmic form of this equation is given by the following
equation:

From the linear plot of ln (q
e
) versus ln Ce, K

F
 and

1/n values can be obtained.

Adsorption kinetics
Kinetic models have been proposed to determine the
mechanism. The mechanism of adsorption depends on
the physical and/or chemical characteristics of the ad-
sorbent as well as on the mass transport process. In
order to determine the mechanism of adsorption of

e F

1
ln(q ) ln K ln Ce (6)

n
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Methylene blue, pseudo-first and pseudo-second order
kinetic models have been proposed as follows:

Lagergren model-
The integrated form of the model is

ln (qe – q) = ln(qe) – k
1
t                            (7)

where q is the amount of dye adsorbed at time t (min),
qe the amount of dye adsorbed at equilibrium and k1 is
the rate constant for pseudo-first order adsorption.

Pseudo-second order model
The adsorption kinetics can also be studied using a
pseudo-second order reaction. The integrated linear form
of this model is

2
e2 e

t 1 t
= (8)

q qk q


where k
2
 is the pseudo-second order rate constant of

dye adsorption. The plot of t/q versus t of Eq. (8) should
give a linear relationship, from which qe and k

2
 can be

determined from the slope and intercept of the plot
respectively.

Since the models mentioned above cannot identify a
diffusion mechanism, the intraparticle diffusion model
is also tested to find the rate controlling step. In this
model, the rate of intraparticular diffusion is a function
of t1/2 as given by the following equation and can be
calculated by linearization of the resulting curve:

1/2

1/2
i

Dt
q=f =K t (9)

rp

 
 
 

where r
p
 is the particle radius, D the effective diffusivity

of the dye within the particle and K
j
 is the intraparticular

diffusion rate. 11,12,13,14

Results and Discussion

Effect of initial dye concentration
Figure 1 shows the effect of initial dye concentration on

its adsorption on rice husk. As shown in Fig.1 initially
the % COD reduction is slightly greater for 500 mg/L
solution. This indicates that adsorption i.e. dye uptake
(mg/g) increases with increase in initial dye concentra-
tion. The concentration is an important driving force to
overcome all mass transfer resistance of the dye be-
tween aqueous and solid phases. Hence initial dye con-
centration will enhance the adsorption process. But at
equilibrium time, % COD reduction decreases with in-
crease in dye concentration. This means that the per-
centage removal of dye decreases with increase in ini-
tial dye concentration because the adsorption capacity
of 1g of rice husk is fixed and and goes on decreasing
as the process progresses. After some time there is no
free surface left for further adsorption of dye and hence
percentage removal decreases. As initial dye concentra-
tion increases from 100 to 500 mg/l, the % COD reduc-
tion decreases from 48.07% to 38.03%.

Effect of adsorbent dosages
The effect of adsorbent dosage on the adsorption rate of
Methylene blue was studied in the adsorbent range 0.5
to 1.5 g/L (Figure 2). The plot of % COD reduction
verses contact time indicates that % COD reduction for
1.5 gram adsorbent is maximum (45.79%) and decreases
as the adsorbent dose decreases. % COD for 0.5 gram
dosage is 32.24%.

Hence the % dye removal increases with increase in
adsorbent dosage. Also COD reduction for 1 gm

Fig.1 Effect of initial concentration on removal of
Methylene blue by rice husk (w=1g/100 mL, at room temp.)
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Fig.2 Effect of adsorbent mass on adsorption of Methylene
blueon rice husk (C

o
=100mg/L, V=100 mL, at room temp.)

(43.39 %) and 1.5 gm (45.79 %) dosage is approxi-
mately equal but equilibrium time for 1.5 g dosage is 3
hours while that for 1g dosage it is 4 hours. Hence
using high adsorbent dosage, equilibrium time may be
reduced. But as adsorbent mass increases and dye con-
centration remains constant, more adsorbent surface
remain unoccupied and dye uptake decreases.

Effect of pH
Effect of pH on adsorption of dye solution was studied
by varying pH keeping all other experimental condi-
tions constant. Figure. 3 shows the plot of % COD
reduction verses contact time. % COD reduction in-
crease with increase in pH in the range 2-7, after which
pH does not have influence on adsorption process. The
% COD reduction values for 4, 7 and 10 pH solution
are 43.45%, 47.81% and 49.44% respectively. This
means that the adsorption and dye uptake increase as
pH of solution increases upto 7 after which increase in
pH does not show any significant effect. Several rea-
sons may be attributed to dye sorption behaviour of the
sorbent relative to solution pH. The surface of rice husk
may contain a large number of active sites and the sol-
ute (dye ions) uptake can be related to the active sites
and also to the chemistry of the solute in the solution.

At lower pH, the surface may get positively charged,
thus making H+ ions compete effectively with dye cat-
ions causing a decrease in the amount of dye adsorbed.

Fig.3 Effect of solution pH on Methylene blue adsorption
on rice husk (C

o
=100 mg/L, W=1g/100 mL, at room temp.)

At higher pH the surface of rice husk particles may get
negatively charged, which enhances the adsorption of
positively charged dye cations through electrostatic forces
of attraction. The surface of the adsorbent becomes
saturated at a particular pH value resulting in a constant
uptake of dye.

Adsorption isotherms
Langmuir and Freundlich isotherms were used to study
the adsorption of Methylene blue on rice husk adsor-
bent.

The Langmuir adsorption model is based on the as-
sumption that the maximum adsorption corresponds to
the saturated monolayer of solute molecules on adsor-
bent surface. The linear form of the Langmuir isotherms
is given by Eq. (4). As shown in Fig.4, the adsorption
obeys the Langmuir isotherm and Langmuir constants
qmax and b were determined from the slope and inter-
cept respectively of the plot (Table 1).

Table 1 : Langmuir isotherm constants and correlations
for Methylene blue adsorption on rice husk adsorbent

qmax(mg/g) b(L/mg) R2 
39.0625 2.64*10-3 0.9933 

The essential characteristics of Langmuir isotherms can
be expressed in terms of the dimensionless constant
separation factor R

L
 describe by Eq. (10),
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L
0

1
R = (10)

1+bC

where C
0
 (mg/L) is the highest initial concentration of

adsorbent. The parameter R
L
 indicates the nature of shape

of the isotherm accordingly:

RL> 1 Unfavourable adsorption 
0 <RL<1 Favourable adsorption 
RL = 0 Irreversible adsorption 
RL = 1 Linear adsorption 

The value of R
L
 in the present investigation was found

to be 0.7909 indicating that the adsorption of dye on
rice husk i was favourable at operating conditions.

Fig.4 Langmuir isotherm for Methylene blue adsorption on
rice husk

Fig.5 Freundlich isotherm for Methylene blue adsorption on
rice husk

The Freundlich isotherm is used for non-ideal sorption
that involves heterogeneous surface energy and is de-
scribed by Eq. 5. The magnitude of the exponential, 1/
n gives an indication of the favourability of absorption.
The value n  represents the favourable adsorption
process. The linear plot of the Freundlich isotherm is
shown in Eq. 6.

The values of K
F
 and n can be calculated from the

intercept and slope respectively of the linear plot (Fig-
ure 5). Since the intercept of the linear plot is negative,
Freundlich isotherms does not describe the adsorption

of dye on rice husk. It was observed that the equilib-
rium sorption data were very best represented by the
Langmuir isotherm and confirms the monolayer cover-
age process of the dye on rice husk.

Adsorption kinetics
In order to investigate the adsorption process of Meth-
ylene blue on rice husk, pseudo-first order, pseudo-sec-
ond order and intraparticle diffusion modesl were used.
The plot of the linearized form of the pseudo-first order
equation is shown in Fig. 6. The values of k

1
, qe and

correlation coefficients are compared in Table 2. The
results show that the correlation coefficients obtained
for the first order kinetic model is 0.9908. The theoreti-
cal qe values determined from this model did not give
reasonable values, The pseudo first order model cannot
satisfactorily describe the adsorption of Methylene blue
on rice husk as the theoretical values of q

e
 determined

from this model differed greatly from the experimental
values.

The linearized form of the pseudo-second order model
is presented in Fig. 7. The values of correlation coeffi-
cient of the model were very high and the theoretical qe
values were much close to the experimental qe values.
(Table 2).



........................................................................................................................................................................................
Page | 86

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry

The results indicate that the pseudo-second order ki-
netic model provides a better correlation for the adsorp-
tion of Methylene blue on rice husk.
The adsorption of MB ont rice husk generally follows
three consecutive steps - external diffusion, intraparticle
diffusion and adsorption. One or more of these steps
can control the adsorption kinetics . In the simplified
model, it is assumed that the first linear stage represents
a rapid external diffusion and surface adsorption which
is neglected, the second linear stage represents a gradual
adsorption stage where the intraparticle diffusion is rate
limited, and the final stage is the equilibrium stage.15

The intraparticle diffusion parameter, K
i
 for this region

was determined from the slope of the linear plot of q
versus t 1/2 .(Figure 8 ) Since the linear plot did not pass
through the origin, the intraparticle diffusion was not
the only rate controlling step.
In a well-agitated batch system, the external diffusion
resistance is much reduced hence the intraparticular
diffusion along with adsorption are more likely to be
rate controlling steps.

Conclusions

The present study shows that rice husk, an agricultural
waste biomaterial can be used as an effective adsorbent

for the removal of Methylene blue from aqueous solu-
tion. The amount of dye adsorbed was found to vary
with initial solution concentration, pH and adsorbent
dose. The amount of dye uptake (mg/g) was found to

The constant k
2
 used to calculate the initial sorption rate, h (mg g-1 min-1) at t’!0 was calculated as follows:

h = k
2
q2

e
(11)

The value of h in the present investigation was found to be 0.06073 mg g-1 min-1.

Table 2: Comparison of the pseudo first order, pseudo second order adsorption rate constants and calculated
and experimental qe value.

Fig.6 : Pseudo first order kinetic plot for Methylene blue
on rice husk (C

0
=100 mg/L;V-100 mL;w-=1g; at room

temperature)

Fig. 7 :Pseudo second order kinetic plot for Methylene blue
on rice husk (C

0
=100 mg/L; V=100mL; w=1g; at room

temperature.)

qe, exp 
(mg/g) 

Pseudo first order model Pseudo second order model 
k

1
(1/min) qe (mg/g) k

2
(g/mg.min) qe (mg/g) 

4.81 2.21 22584.07 1.06x10-3 7.59 
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Fig. 8 Intraparticle diffusion (C
0
=100 mg/L; V=100mL;

w=1g; at room temperature.)

increase with increase in solution concentration and pH
and found to decrease with increase in adsorbent dos-
age. The adsorption data agreed well with Langmuir
isotherm model with monolayer adsorption capacity of
39.0625 mg/g at room temperature. The value of the
separation factor, R

L
, indicated the dye/rice husk system

was a favourable adsorption system. The suitability of
pseudo first order kinetic and pseudo second order ki-
netic models for the adsorption of Methylene blue on
rice husk was also explored. The adsorption data were
found to follow pseud-second order kinetics. The dye
uptake process was found to be controlled by external
mass transfer at earlier stages and by intraparticle dif-
fusion at later stages.
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Abstract
Various one-electron oxidizing radicals generated pulse radiolytically viz., •OH, Br

2
•– N

3
•, NO

2
•, NO• and CCl

3
OO•

reacted with Ferulic acid at pH 7.5 mainly by decarboxylation and forming a transient having an absorption
maximum at 350 nm. Rate constants for these reactions varied widely k = 1.5 x 106 - 4 x 109 dm3 mol-1 s-1. G(CO

2
)

= 2.2, was confirmed by gas chromatographic analysis of the irradiated solutions. In the case of reaction with •OH
radicals, at pH 7.5, we also observed a shoulder at ~ 420 nm which may be due to the formation of an •OH-adduct
at the olefinic group. The rate constant for the addition of O

2
 to this radical was measured to be k = 4.5 x 106 dm3

mol-1 s-1. At pH 10.5, one-electron oxidation of Ferulic acid by •OH, Br
2
•– and N

3
• resulted in the formation of a

phenoxyl radical with l
max

 at ~ 530 nm and k = 3.7 - 5 x 109 dm3 mol-1 s-1. This 530 nm transient was able to oxidize
4-amino phenol, k = 4.5 x 108 dm3 mol-1 s-1. The NO

2
• and NO• radicals seem to react differently. The oxidation

potential of Ferulic acid at pH 7 and 10 as determined by cyclic voltammetry was 0.73 and 0.575 V vs NHE. Rate
constant for the repair of tryptophanyl radical by Ferulic acid was 3.5 x 107 dm3 mol-1 s-1. The experimental
observations and inferences are backed by appropriate theoretical calculations.

Keywords: Ferulic acid, Reactive Oxygen Species, Pulse Radiolysis

Introduction

Phytochemicals derived from plants find wide applica-
tion as food flavouring agents1 while the polyphenols
and phenolic derivatives of benzoic and cinnamic acids
also occur naturally in plants and are widely used as
dietary antioxidants.

Ferulic acid (I, scheme 1) (4-hydroxy-3-methoxycinna-
mic acid) is widely distributed in fruits and vegetables,

where, as a result of bio-catalytic reaction it is con-
verted to vanillic acid and proto-catecheuic acid2, 3.
Graf 4 has reported that besides scavenging free radi-
cals, it also finds use in cosmetic lotions for skin since
it functions as a photo-protective agent. Numerous other
studies5-7 with hydroxy cinnamic acid and other antioxi-
dants have revealed that they inhibit lipid oxidation.
Meyer et al5 have observed that the antioxidant action
of ferulic acid in inhibiting oxidation of low density
lipid (LDL) was greater than that offered by ascorbic
acid.

RNI No. MAHENG/2017/74063
ISSN No. (Print) 2581-5911
ISI Impact Factor 0.883 (2018)
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Mainova and Yanishlieva6 have observed that the anti-
oxidant activity of cinnamic acid derivatives in inhibit-
ing auto-oxidation of lard at 100°C was greater than that
of benzoic acid derivatives.

Using time-resolved near IR phosphorescnce technique,
the rate constants for the quenching of singlet oxygen
for a range of hydroxycinnamic acids, determined in
D

2
O and acetonitrile solutions, showed that the quench-

ing rate constant for caffeic acid was higher in D
2
O

than in acetonitrile solutions and was found to depend
on the energy of the hydroxycinnamic acids / molecular
oxygen charge transfer states8.

The rate constants for the repair of the semi-oxidised
2¢-deoxy-adenosine monophosphate and 2¢-deoxy-gua-
nosine monophosphate radicals9 as well as for the •OH-
adducts of DNA10 by hydroxy-cinnamic acids were
determined by using pulse radiolysis technique. The k
values for the electron transfer reactions ranged between
0.5 – 3 x 109 dm3 mol-1 s-1.

Literature is rife with references on the antioxidant action
of various polyphenolic11-15 and other synthetic or natu-
rally occuring phenolic compounds16-20 in scavenging
reactive oxygen species or inhibiting lipid peroxidation.
In contrast to this, little has been reported on the free
radical scavenging action of cinnamic acid derivatives.
In the light of this observation it was decided to inves-
tigate the redox and the kinetic characteristics of ferulic
acid in scavenging various reactive oxygen species of
interest from the biological point of view. We also ex-
tended our work to include the repair of tryptophanyl
free radical by ferulic acid.

Materials and Methods

Ferulic acid, tert. butylhydroperoxide, methyl viologen
and 4-amino phenol were all from (Sigma); tert. butanol
(SISCO), potassium nitrite, Sodium hydroxide, Di-so-
dium hydrogen phosphate, Potassium di-hydrogen phos-
phate (Sarabhai Merck) and CCl

4
 (E. Merck) were of

GR or equivalent grade and were used as received.
Immediately before experiments, solutions containing

ferulic acid were made up in phosphate buffer using
distilled water that was further purified by passing
through a Thermolene’s nanopure water purifying as-
sembly. Solutions were purged with purified N

2
O using

syringe bubbling technique. Pulse radiolysis experiments
were undertaken by utilising 50 ns single electron pulses
of 7 MeV from the linear electron accelerator at BARC21

along with the associated equipment for kinetic spectro-
photometry and computer analysis of data. Dosimetry
was carried out using 10-2 mol dm-3 air-saturated KSCN
solution, taking Ge[(SCN)

2
.-]22 at 500nm to be = 21,520

dm3 mol-1 cm-1. The dose rate was ~ 10 Gy. / pulse.

Gas chromatographic analyses were performed with a
Chemito-8510 unit equipped with a 200 x 0.3 cm2 col-
umn containing porapak QS of 100-150 mesh main-
tained at room temperature, a sample injection port and
a four filament thermal conductivity detector at ambient
temperature. Helium was used as a carrier gas. To 5 ml
of the irradiated aqueous solution containing 10-2 mol
dm-3 ferulic acid and 1 x 10-3 mol dm-3 phosphate buffer,
pH adjusted to 7.5, was added 0.25 ml of concentrated
HCl. 0.1 ml of the gas present in 1 ml of void volume
was drawn into a gas syringe and analysed by the gas
chromatograph. Due to the partitioning of CO

2
 gas

between the aqueous and the gaseous phase, a pre-cali-
bration was done by injecting different amounts of pure
CO

2
 gas to 5 ml of the aqueous buffered solution. The

solution was acidified and the amount of CO
2
 gas esti-

mated in the void space above the aqueous solution.
From the difference between the amount of CO

2
 in-

jected, and the estimated CO
2
 in the void space after

equilibration with the buffer solution, partitioning of
CO

2
 in the gas phase was estimated to be ~ 20 %. From

this, the total CO
2
 gas released following irradiation of

ferulic acid solution was estimated.

Cyclic voltammetric data were recorded at a scan rate
of 100 mV s-1 with a Princeton Applied Research uni-
versal potentiostat (model 273) electrochemical system.
A three electrode cell comprising of a glassy carbon
electrode (0.4cm2 dia.) which was polished before each
measurement in accordance with the procedure described
earlier23, a Ag / AgCl reference electrode and a Pt-wire
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auxiliary electrode were used for all measurements. The
experiments were performed in phosphate buffered so-
lutions at 27o C, purged with purified N

2
 for 5 mts. prior

to scan runs. All measured potentials vs Ag / AgCl
electrode were converted to those vs NHE by applying
appropriate correction.

Computational Methods
To support our experimental results, quantum chemical
calculations were done using Gaussian 98, Revision 9
23 program by the Density Functional Theory (DFT)
Hybrid B3LYP24-26 methods. The equilibrium geometries
of the structures investigated were optimized completely
without any restriction. The standard basis set 6-31G(d)
-was used and the atomic charges as well as the atomic
spin densities were calculated using the Mulliken popu-
lation analysis.

Results and Discussion

Generation of selective one-electron oxidants in N
2
O-

saturated aqueous solutions using pulse radiolysis tech-
nique have been shown by reactions 1 through 13 and
have been dealt in detail elsewhere 23, 33. The H• atoms
were formed by reactions 1, and 14.

e
aq

–  +  N
2
 

 
2H O  N

2
  +  •OH  +  OH-   (2)
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The transient UV-visible absorption observed with λ
max

at 350 nm (Fig. 1) on pulse irradiating a N
2
O-saturated

solution containing 10-3 mol dm-3 ferulic acid and 10-3

Fig. 1: Transient absorption spectra obtained on pulse radi-
olysis of N

2
O-saturated aqueous solution pH 7.5 of ferulic

acid (1 x 10-3 mol dm-3), phosphate buffer (1 x 10-3 mol dm3)
at 30 ms after the pulse. Dose 10 Gy.  (=) no scavenger,  (<)
5 x 10-2 mol dm-3 NaN

3
 pH 7.5, (+) 5 x 10-2 mol dm-3 KBr, (5)

5 x 10-2 mol dm-3 KCl pH 2.5, and air-saturated at 10 ms after
the pulse. (inset) (a) OD

350 nm
 vs pH for the transient in a

solution containing ferulic acid and KBr (air-saturated.) (b)
Spectra obtained on pulse radiolysis of ferulic acid and 0.5
mol dm-3 tert. butanol, N

2
-bubbled, pH 1.5.

H
2
O—→ •OH, H•, e

aq
-, H

2
O

2
, H

2
, H

3
O+   (1)
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mol dm3 phosphate buffer (pH 7.5), may be attributed
to the reaction of •OH radicals (reactions 1, 2) with
ferulic acid. The growth of the absorbance at 350 nm
was attributed to the formation of a transient species
and was exponential and first order in ferulic acid con-
centration. The bimolecular rate constant for the forma-
tion was calculated as, k = 3.5 x 109 dm3 mol-1 s-1. This
spectrum is comparable with the transient absorption
spectrum obtained from the •OH radical reaction with
cinnamic acid and p-hydroxycinnamic acid having λ

max

at 310 and 335 nm, respectively34, 35. A spectral shift to
the longer wavelength (λ

max
 = 350 nm) in the case of

ferulic acid is due to the presence of an additional elec-
tron donating –OCH

3
 group in comparison to p-

hydroxycinnamic acid.

From Fig 1 it can be seen that at pH £ 7.5 only a small
absorption at 420 nm results on reaction of •OH radicals
with ferulic acid. This could be due to the •OH radicals
adding on to either the aromatic ring or to the olefinic
part of Ferulic acid. If, •OH radicals were to add on to
the aromatic ring, one would expect the formation of a

phenoxyl radical through loss of water molecule. In that
case an absorbance around 530 nm should have been
observed, as shall be seen later. Evidence for the forma-
tion of CO

2
 was obtained in a separate experiment by

carrying out gas chromatographic analysis following
twenty repetitive electron pulses at a dose rate of 72 Gy
/ pulse to a Ferulic acid solution at pH 7.5. The elution
time for CO

2
 was » 4 min. after injection. It might be

noted that the N
2
O peak was observed at a latter time

and the two peaks were well-resolved. These results
matched perfectly with the calibration peaks obtained
by injecting a mixture of pure N

2
O and CO

2
 gases. The

total G (CO
2
) released was 2.2. Decarboxylation reac-

tions have been observed in the case of radiolysis of
aqueous solutions of oxalic acid36, phenylalanine37, amino
acids38-40 and salicylic acid41. It can therefore be sur-
mised that •OH radicals bring about oxidative decar-
boxylation of Ferulic acid at pH 7.5 with the formation
of the transient II.

The reducing nature of radical II was confirmed by its
ability to transfer electron to the di-cation of methyl
viologen32 (MV2+). We have followed the formation of
(MV·+) cation radical at 600 nm in solutions containing
2 x 10-3 mol dm-3 ferulic acid, 10-3 mol dm-3 phosphate
buffer and 0.5  3 x 10-5 mol dm-3 methyl viologen at pH
7.5, on reduction by species II. The bi-molecular rate
constant for the above reaction was found to be k = 1
x 109 dm3 mol-1 s-1. This channel accounts for only about
35% of the total (G (•OH) = 5.5).

In order to determine the possibility and the extent of
formation of transient III, (scheme I) 0.5 – 5 x 10-5 mol
dm-3 of 4-aminophenol (E1

13.5
 = 0.217 V and E1

7
 = 0.410

V vs NHE)42 was added to N
2
O-saturated solutions

containing 2 x 10-3 mol dm-3 Ferulic acid, and 10-3 mol
dm-3 phosphate buffer in the presence and absence of
0.5 mol dm-3 azide, pH 7.5 and tried to monitor the
formation of the aminophenoxyl radical at 460 nm after
pulse irradiating the solution. In the absence of any
absorbance signals at this wavelength (pH 7.5), the
existence of species III is somewhat doubtful.
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In N
2
O-saturated aqueous solutions at pH ~ 10.5, about

90% of the hydroxyl group of ferulic acid is expected
to be in the de-protonated form and only ~ 5% of all the
•OH radicals exist as O•-. The transient absorption maxi-
mum formed on pulse-irradiating 1 x 10-3 mol dm-3 ferulic
acid solution, shows a l

max
 at 530 nm and molar extinc-

tion coefficient e @ 750 dm3 mol-1 cm-1. This 530 nm
absorption was attributed to the formation of Ferulic
acid phenoxyl radical. A similar absorption at 530 nm
was also observed for p-hydroxycinnamic acid35. How-
ever, we could not observe another absorption maxi-
mum around 600 nm, which could be of any signifi-
cance. The value of the formation rate constant was
found to be 5 x 109 dm3 mol-1 s-1.

The oxidizing ability of this transient was confirmed by
adding incremental amounts of 4-aminophenol to a N

2
O-

saturated solution containing Ferulic acid and phosphate
buffer (pH 10.5) in the presence and absence of azide
ions and monitoring the absorption from 4-
aminophenoxyl radical at 460 nm (Fig. 2).

Fig. 2: Formation of the transient 4-amino phenoxyl
radical at 460 nm on pulsing a solution containing, 0.5 mol

dm-3 mol dm-3 azide, 2 x 10-3 mol dm-3 Ferulic acid, and
10-3 mol dm-3 phosphate buffer N

2
O-saturated, pH 10.5 (a)

in the absence of 4-aminophenol (b) in the presence of 1.2
x 10-5 mol dm-3 4-aminophenol (c) in the presence of 2.5 x

10-5 mol dm-3 4-aminophenol.

Rate constant for this radical was k = 4.5 x 108 dm3 mol-

1 s-1 and was in fair agreement with the ‘k’ value derived
from the decay of the 530 nm transient k = 3 x 108 dm3

mol-1 s-1. This transient was also observed on pulse-
irradiating a N

2
O-saturated solution of 4-aminophenol

at pH10.5. Figure 3 shows transient absorption spec-
trum with l

max
 at 530 nm, formed by the reaction of Br

2
•-

/ N
3

• radicals with 10-3 mol dm-3of Ferulic acid (pH
10.5). Two additional very weak bands, having l

max
 at ~

400 and 650 nm were seen for the reaction of the azide
radical with the substrate. It may be noted that a similar
spectrum was also observed in the case of •OH radical
reaction with the substrate at this pH. The rate constant
values (Table 3) suggest that electron transfer occurs
from the phenoxide anion to the oxidant (•OH, Br

2
•-

and N
3
•).

Fig. 3: Transient absorption spectra obtained at 30 ms after
the pulse, during pulse radiolysis of N

2
O-saturated aqueous

solution containing 1 x 10-3 mol dm-3 Ferulic acid and 1 x
10-3 mol dm-3 phosphate buffer, pH 10.5. (Dose 10 Gy.)  (<)

5 x 10-2 mol dm-3 NaN
3
, at 30 ms after the pulse, (+)1 x

10-3 mol dm-3 Ferulic acid and 5 x 10-2 mol dm-3 KBr,

The transient with l
max

 at 350 mn was quite stable and
did not show any significant decay even after 2 ms. The
presence of varying concentrations of oxygen did not in
any manner alter its decay rate. On the other hand, it
was seen that the decay rate of the transient absorbing
at 420 nm became faster on addition of O

2
 (k = 4.5 x

106 dm3 mol-1 s-1) indicating that this could be either
transient III a, or III b (scheme I).
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Inset (b) in Fig 1 shows the transient absorption spec-
trum, formed due to the reaction of H atoms with 10-3

mol dm-3 ferulic acid in N
2
-bubbled solutions at pH 1.5

after all the •OH radicals were scavenged by tert. bu-
tanol, with a l

max
 centered at 450 nm, and, slightly red-

shifted by ~ 25 nm in comparison to that observed for
p-hydroxycinnamic acid35. This should be expected due
to the reason mentioned above. Bobrowski and
Raghavan34 have mentioned that ~85% of H atoms react
at the olefinic moiety of Cinnamic acid. We expect the
same to be true in the case of Ferulic acid.

Theoretical Parameters
To test the influence of the polarized continuum on
molecular structure the geometry optimization was also
made in water (e=78) using the Self-Consistent Reac-
tion Field (SCRF) Onsager (SCRF=Dipole) model27. The
calculated Mulliken charges in water and spin density
distributions were also compared with solvent effect
taken into account with Tomasi‘s Polarized Continuum
Model (SCRF=PCM)28, 29. This method uses more real-
istic shape of cavity made in solvent than SCRF=Dipole,
but does not take into account possible changes in the
molecular geometry. Testing of the influence of the
solvent on geometrical parameters is important espe-
cially for the structures with large dipole moment and in
the cases of different OH-adduct radicals, where mo-
lecular geometry is no more planar and geometry distor-
tions are significant. By SCRF=Dipole method, molecu-
lar geometries were optimized in water and the
SCRF=PCM method was used for vacuum geometries.
The comparison of vacuum and water geometries show
only a relatively small change of bond lengths and va-
lence angles. The maximal changes of 0.012o A for
interatomic distances and 1.4° for angles were observed
for FA anion which has very large dipole moment (23
Debye in vacuum). Both methods viz., SCRF=Dipole
and SCRF=PCM show qualitatively similar (within 10%)
charge and spin density distributions for FA cation radi-
cal in water. So, only SCRF=PCM calculated results are
shown in Table.1.

Quantum Chemical Parameters
To analyse quantum chemical transformations of Feru-

lic acid-anion we have investigated three possible reac-
tion channels (scheme 1). The first channel is the for-
mation of the vinyl radical (II). The electron transfer
from highest occupied molecular orbital (HOMO) of
Ferulic acid-anion to single occupied molecular orbital
(SOMO) of •OH can be effective because of favourable
energy difference (about 3 eV) between MO’s of the
reaction partners. If the Ferulic acid radical is built,
both the vinyl radical (II) and phenoxyl radical (III) are
in question. Here it is interesting to compare the trans-
formation of Ferulic acid-anion and substituted styrene.
Whereas in substituted styrene the electron from HOMO
is distributed through the whole molecule the electron
from HOMO of Ferulic acid-anion is localized mainly
on the carboxylate anion (i.e., COO-). The changes in
atomic charges by electron transfer process show the
distribution of positive charge in the molecule. It is also
shown30, 31 that stability of the cation radicals from vari-
ous phenolic compounds correlate with changes of
atomic charge on OH-group and absolute values of
atomic spin on the phenolic oxygen. The larger is the
change in the charge on OH- group and atomic spin on
oxygen, the faster is the deprotonation from OH-group.
As calculated, in the substituted styrene cation radical,
positive atomic charge and spin density are distributed
through the whole molecule with relatively large change
of atomic charge on OH (+0.157e) and absolute values
of atomic spin on oxygen (0.136). As calculated, the
substituted styrene–phenoxyl radical is up to 35 kcal
mol-1 more stable than substituted styrene –vinyl radi-
cal.

On the contrary, in Ferulic acid radical the spin density
is strongly localised on COO- group. Additionally, the
difference of the Mulliken atomic charges between the
anion ground state and radical shows that about 71%
(85% at Onsager SCRF=Dipole method) of the positive
charge is on the olefinic moiety and only 3% (1% at
SCRF=Dipole) on OH group of ferulic acid. From fron-
tier orbital theory, strong localisation of positive charge
and atomic spin indicate that the olefinic moiety is the
reactive part of the molecule and the existence of vinyl
radical (II) is thus advocated. This result agrees also
with the calculated reaction enthalpy (-6.8 kcal mol-1)
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of formation from radical II. The calculated Mulliken
charges of selected atoms for singlet anion and radical
cation of Ferulic acid in water (Tomasi’s SCRF=PCM
model) in comparison with those of the vinyl type free
radical and the substituted styrene can be seen in
Table 2.

The results of calculations of reaction parameters by the
formation of phenoxyl radical III and •OH-adduct radi-
cals IV are shown in Table 1. All these reactions are
energetically allowed. If we compare different models
of •OH-adduct radicals, it can be seen that addition on
double the bond is energetically more favourable than
addition on the ring. As calculated, (radical IV b) is
about 5 kcal mol-1 more stable than radical IV a.

Oxidation of Ferulic acid at pH 7.5 with more specfic
one-electron oxidants, such as Br

2
•-, N

3
• (formed through

reactions 1-4) from a N
2
O-saturated solution containing

1 x 10-3 mol dm-3 Ferulic acid and 5 x 10-2 mol dm-3

KBr or NaN
3
, yielded a transient absorption spectrum

with an absorption maximum at 350 nm (Fig 1) and a
mean molar extinction coefficient e @ 21,300 dm3 mol-

1 cm-1. Rate constant ‘k’ for the above reactions ranged
between 1.4 – 4 x 109 dm3 mol-1 s-1 (table 3). In the case
of azide radical reaction, ‘k’ was obtained from the
formation traces at 350 nm using different solute con-
centrations. On the other hand, rate constant for the
Br

2
•- reaction with Ferulic acid was determined from the

first order decay rates k¢ of Br
2

•- observed at 360 nm vs
[Ferulic acid]. The presence of CO

2
 gas in the post-

irradiated samples confirms our statement made above
that oxidation of Ferulic acid at neutral pH results in
decarboxylation with the formation of the transient II.
We believe that the difference in assigning the nature of
transient species by Bobrowski and Raghavan34 and
Bobrowski35 especially at lower pH is primarily due to
the fact that they have arrived at their conclusions mainly
from •OH radical reaction.

The HO
2
• radicals formed on pulse radiolysis of O

2
-

saturated aqueous solutions (pH 2.5) containing 1 mol
dm-3 tert. butanol as •OH radical scavenger, do not seem
to react with 10-3 mol dm-3 Ferulic acid in the 300-400

nm region. Hence, when O
2
–saturated aqueous solu-

tions of 10-3 mol dm-3 Ferulic acid and 0.5 mol dm-3 KCl
(pH ~ 2.5) were pulse-irradiated, the Cl

2
•- radicals

formed, in a manner similar to that of Br
2
•-, react with

Ferulic acid to give a very weak absorption maximum
at ~ 360 nm (Fig. 1).

By proper selection of various solute concentrations the
trichloromethyl peroxyl radicals (reactions 1, 7-11)
formed in O

2
-saturated solutions, and also the tert.

butoxyl radicals (reactions 1 and 13) generated were
seen to react with Ferulic acid at pH 7.5. Rate constant
for the CCl

3
OO• radical reaction with Ferulic acid was

1.2 x 108 dm3 mol-1 s-1. This value is in fair agreement
with the rate constant values reported for other aromatic
compounds43. Rate constant for the reaction of the tert.
butoxyl radical with the antioxidant was 1 x 109 dm3

mol-1 s-1.

When an aqueous solution containing 0.5 mol dm-3

NaNO
2
 and 10-3 mol dm-3 Ferulic acid at pH 7.5 was

saturated with N
2
O and pulse-irradiated, reactions 1, 2

and 5 occur. We observed a transient absorption spec-
trum (Fig 4) with l

max
 at ~ 350 nm which is due to the

reaction of the NO
2
• radicals with Ferulic acid. The build-

up of this transient, though exponential with time, was
rather slow and was observed only at longer time scale.
On monitoring the k

obs
 values at this wavelength for

different antioxidant concentrations, a linear plot with k
= 1.5 x 106 dm3 mol-1 s-1 was obtained.

Pulse-irradiation of an aqueous N
2
-bubbled solution

containing 0.5 mol dm-3 NaNO
2
, and 0.5 mol dm-3 tert.

butanol at pH 7.5 resulted in the formation of NO• radi-
cals vide reaction 6. In the additional presence of 10-3

mol dm-3 Ferulic acid, an absorption maximum was
observed at 350 nm which is as a result of NO• radicals
reacting with the antioxidant (Fig. 4). The rate constant
for this reaction was, k = 3.5 x 106 dm3 mol-1 s-1. The
low rate constant values in the case of NO

2
• and NO•

radical reactions, reflect on incomplete reactions.

In earlier studies on Cinnamic acid34 and p-
hydroxycinnamic acid35 it was observed that ~ 85 % of
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•OH radicals react at the olefinic part of the substrate
resulting in benzyl type of radicals and the pK

a
 was as

a consequence of the protonation /deprotonation of these
benzyl-type of radicals formed on the addition of •OH
radicals to the olefinic groups. However, our studies
with other one-electron oxidants at pH 7.5, where the
phenolic group of the antioxidant is unionized, and also
from the spectral and kinetic data obtained by the reac-
tion of various one-electron oxidants with Ferulic acid
at pH 7.5 (ground state pK

a1
 of Ferulic acid = 4.25 ± 0.1

and pK
a2

 = 9.4 ± 0.1, this study) shows that in all prob-
ability, electron transfer takes place from the carboxy-
late group of the substrate resulting in decarboxylation
of the antioxidant and formation of the transient II.
Rather very poor absorbance observed in the case of
Cl

2
•- radical reaction with Ferulic acid at pH 2.5 and

also the absence of any changes in the spectrum at pH
= 2.5 probably points to the fact that at this pH the
carboxylic group of the substrate is present mostly in

the unionized state, thus electron transfer is not favoured.
In order to check this we plotted the change in absor-
bance with pH over the range 2 – 8.5, after pulse irra-
diating O

2
–saturated aqueous solutions of 10-3 mol dm-

3 Ferulic acid and 0.5 mol dm-3 KBr. A sigmoidal curve
was obtained (inset a, Fig 1) with pK

a
 = 4.4 ± 0.1 and

is in fair agreement with the ground state pK
a1

 of Feru-
lic acid. We therefore have reason to believe that decar-
boxylation of the semi-oxidised Ferulic acid is the most
favoured mechanism. In the case of •OH radical reac-
tion at pH 7.5 the small amount of absorption at ~420
nm may be due to a small amount of adduct formation
at the olefinic part of the antioxidant.

At pH 10.5 the l
max

 of the transient formed by NO
2
• and

NO• radical reaction with Ferulic acid shifted to 420 nm
(Fig.4) indicating that the reaction was occuring at the
olefinic part of the antioxidant rather than from the
phenoxide anion, since, in that case one would have
seen an absorbance at 530 nm at a longer time scale.
The reason for this change seems to be unclear. The
lower rate constant values for the reaction of NO

2
• and

NO• radicals with Ferulic acid at pH 7.5 and 10.5 sig-
nify incomplete reaction.

Table 3 summarises the kinetic and spectroscopic data
of interest for the reaction of various one-electron oxi-
dants with Ferulic acid.

Repair of the tryptophanyl radicals
Jiang et al 9, 10 have studied the repair of the semi-
oxidised 2′- deoxy-adenosine monophosphate and 2′-
deoxy-guanosine monophosphate radicals 9 as well as
for the •OH-adducts of DNA10 by sinapic, p-coumaric,
and ferulic acids using pulse radiolysis technique. They
have reported that the repair rate of various hydroxy
cinnamic acids lie in the range of 5 – 30 x 108 dm3

mol-1 s-1 and these values seem to be quite reasonable.

We have pulse radiolytically generated the tryptophanyl
radical with l

max
 of 510 nm in aqueous solutions of pH

7, using N
2
O-saturated 0.2 mol dm-3 KBr, and 10-2 mol

dm3 tryptophan In the additional presence of 0.7-3 x 10-

4 mol dm3 ferulic acid the decay of this transient be-

Fig. 4: Transient absorption spectra obtained during pulse 
radiolysis of a solution containing 1 x 103 mol dm3 ferulic acid, 
1 x 103 mol dm3 phosphate buffer, and (+), 5 x 102 mol dm3 
NaNO2, N2O-saturated at pH 7.5, at 1400 s after the pulse,. () 
5 x 102 mol dm3 NaNO2, and 0.5 mol dm3 tert. butanol, N2-
bubbled pH 7.5, at 1600 s after the pulse,. () 5 x 102 mol dm3 
NaNO2, N2O-saturated, pH 10.5, at 1550 s after the pulse, () 
5 x 102 mol dm3 NaNO2, 0.5 mol dm3 tert. butanol, N2-bubbled, 
pH 10.5, at 1650 s after the pulse, (Dose 10 Gy.). 
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came faster. By plotting the first order decay rates against
[ferulic acid], the rate constant for the repair of
tryptophanyl radical was found to be 3.5 x 107 dm3 mol-

1 s-1, which is twice that for the repair of the tryptophanyl
radical by uric acid44.

Reduction Potential
In order to get a correct reduction potential value, we
have carried out determination of this potential using
cyclic voltammetric method. About 25 ml of an aque-
ous solution containing 0.2 mol dm-3 KCl, 10-3 mol dm-

3 phosphate buffer and 10-3 mol dm-3 Ferulic acid at pH
7 or 10 were de-aerated by passing N

2
 gas for 5 minutes

prior to measurement, in an electrochemical cell de-
scribed earlier23. Only one anodic peak was observed
during the forward scan at pH 7, as well as at pH 10
and the measured potential values at the two respective
pHs being E1

7
 = 0.730 V and E1

10
 = 0.575 V vs NHE.

No peak was obtained during the reverse scan, indicat-
ing that the oxidation products undergo either fast elec-
trode reaction or dimerise. The above reduction poten-
tial value at pH 7 was higher by about 40 mV than that
reported by Lin et.al.45 These authors have used pulse
radiolysis technique employing 4-methoxy phenol as a
reference redox standard to measure the reduction po-
tential and the value will thus vary, depending on how
accurately the potential of the reference is determined.
The lower reduction potential value at pH 10 shows the
ease of oxidation that the antioxidant can undergo.

Conclusions

Our pulse radiolysis studies show that the primary at-
tack by one-electron oxidants such as •OH, Br

2
•-, N

3
•,

NO
2
•, NO• and CCl

3
OO• radicals on Ferulic acid at pH

7.5 does not result in the formation of the phenoxyl
radical of Ferulic acid as usually observed with other
phenolic and substituted phenolic compounds. But, it
tends to undergo decarboxylation along with the con-
comitant formation of a carbon-centered reducing radi-
cal. We have no evidence to account for the other pos-
sible species formed at pH 7.5. On the other hand, at
pH 10.5 the electron transfer from Ferulic acid to •OH,
Br

2
•- and N

3
• radicals takes place from the phenolate

group and the phenoxyl radical formed in the process
has oxidizing ability. The NO

2
• and NO• radicals seem

to add on to the olefinic part of Ferulic acid.
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Table 1. B3LYP/6-31G(d) calculated changes of Mulliken charges (DQ, electron) and spin densities (S) on selected
atoms, DH (kcal mol-1) - reaction enthalpies of formation of different radical structures formed from FA and
considered in the reaction of •OH radicals with ferulic acid anion in aqueous phase (Tomasi’s SCRF=PCM model).
DE-relative stability

Structure Parameter Ferulic Acid Substituted Styrene 
Ferulic Acid (cation radical) Q(OH) 

Q(C2O) 
S(O) 
S(C2O) 

+0.032 
+0.712 
0.004 
1.053 

+0.157 
- 

0.136 
- 

II   (vinyl radical) H -6.8 +35 kcal mol1 
III   (phenoxyl radical) H -33.1  kcal mol1 
IV a) (•OH-adduct) H -32.9 - 
IV b) (•OH-adduct) H -37.8 - 
•OH-adduct on the aromatic ring H -20.1 - 
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Table 2. B3LYP/6-31G(d) calculated Mulliken charges of selected atoms for singlet anion and radical cation of
ferulic acid in water (Tomasi’s SCRF=PCM model) in comparison with those of substituted styrene and vinyl type
free radical.

Atom Ferulic Acid 
Singlet 
Anion 

Ferulic Acid 
Radical 
Cation 

Substituted  
Styrene 

 Vinyl type free 
radical 

Substituted  
Styrene 
Singlet 

Substituted 
Styrene 

Radical Cation 

1 C 0.289 0.306 0.294 0.306 0.371 
2 C 0.348 0.351 0.342 0.350 0.402 
3 C - 0.291 - 0.271 -0.283 -0.263 - 0.247 
4 C 0.151 0.134 0.148 0.171 0.174 
5 C - 0.241 - 0.223 -0.238 -0.210 - 0.173 
6 C - 0.198 - 0.197 -0.196 -0.170 - 0.153 
7 C - 0.185 - 0.162 -0.200 -0.117 - 0.311 
8 C - 0.234 - 0.226 -0.241 -0.359 - 0.571 
9 O - 0.681 - 0.666 -0.677 -0.650 - 0.146 
H(O)  0.453  0.470 0.458 0.425 0.503 
10 C 0.514 0.559 - - - 
11 O - 0.690 - 0.356 - - - 
12 O -0.709 -0.376 - - - 
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pH max 
(nm) 

Molar Extinction  
Coefficient()  100 
(dm3 mol1 cm1) 

Rate constant 
 (k x 108)  
(dm3 mol1 s1) 
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Table 3: Kinetic and spectroscopic data for the reaction of one-electron oxidants and reductants with ferulic acid

8. Foley, S., Navaratnam, S., McGarvey, D.J., Land,
E.J., Truscott, T.G. and Rice-Evans, C., 1999, Free
Rad. Biol. Med., 26, 1202.

9. Jiang, Y., Lin, W.-Z., Yao, Si-de., Lin, N.-yun., Zhu
and Da-Yuan., 1999, Radiat. Phys. Chem., 54, 349.

10. Jiang, Y., Lin, W.-Z., Yao, Si-de., Lin, N.-yun and
Zhu, Da-Yuan, 1999, Radiat. Phys. Chem., 54, 355.

11. Jovanovic, S.V., Steenken, S., Hara, Y., Simic, M.G.,
1996, J. Chem. Soc. Perkin Trans., 2, 2497.

12. Jovanovic, S.V., Steenken, S., Tosic, M., Marjanovic,
B. and Simic, M.G., 1994, J. Am. Chem. Soc., 116,
4846.

13. Salah, N., Miller, N.J., Paganga, G., Tijburg, L.,
Bolwell, G.P. and Rice-Evans, C., 1995, Arch.
Biochem. Biophys., 322, 339.

14. Rice-Evans, C., Miller, N.J. and Paganga, G., 1996,
Free Rad. Biol. Med., 20, 933.

15. Bors, W., Heller, W., Michel, C. and Stettmaier,
1996, K. In Handbook of Antioxidants, Cadenas,
E., Packer, L. Eds., Marcel Dekker: New York, p409.

16. Aeschbach, R., Löliger, J., Scott, B.C., Murcia, A.,
Butler, J., Halliwell B. and Aruoma, O.I., 1994,
Food. Chem. Toxic., 32, 31.

17. Cuvelier, M-E., Richard, H. and Berset. C., 1992,
Biosci. Biotech. Biochem., 56, 324.

18. Chimi, H., Cilard, J., Cillard, P. and Rahmani, M.,
1991, J. Am. Oil Chem. Soc. 68, 307.

19. Giese, J., 1996, Food. Tech. 65, 73.

20. Packer, L. and Fuchs, J., 1997, Handbook of Syn-
thetic Antioxidants. Marcel Dekker: New York,
pp441.

21. Mukherjee, T., 1997, In: Atomic, Molecular and
Cluster Phys., Ahmad, S.A. Ed. Narosa, New Delhi,
p299.

22. Fielden, E.M., 1982, In: The study of fast processes
and Transient Species by Electron Pulse Radiolysis,
Reidel, Dordrecht, Holland, p49.

23. Mahal, H.S., Sharma, H.S. and Mukherjee, T. 1999,
Free Radical Biol. Med., 26, 557.



Page | 99
........................................................................................................................................................................................

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry

Scavenging of Reactive Oxygen Species by Ferulic Acid: A Pulse Radiolysis Study

24. Gaussian 98, Revision A9, Frisch, M.J., Trucks,
G.W., Schlegel H.B., Scuseria G.E., Robb M.A.,
Cheeseman J.R., Zakrzewski V.G., Montgomery J.A.
Jr., Stratmann R.E., Burant J.C., Dapprich S., Millam
J.M., Daniels A.D., Kudin K.N., Strain M.C., Farkas
O., Tomasi J., Barone V., Cossi M., Cammi R.,
Mennucci B., Pomelli C., Adamo C., Clifford S.,
Ochterski J., Petersson G.A., Ayala P.Y., Cui Q.,
Morokuma K., Malick D.K., Rabuck A.D.,
Raghavachari K., Foresman J.B., Cioslowski J.,
Ortiz J.V., Baboul A.G., Stefanov B.B., Liu G.,
Liashenko A., Piskorz P., Komaromi I., Gomperts
R., Martin R.L., Fox D.J., Keith T., Al-Laham M.A.,
Peng C.Y., Nanayakkara A., Gonzalez C.,
Challacombe M., Gill P.M.W., Johnson B., Chen
W., Wong M.W., Andres J.L., Gonzalez C., Head
Gordon M., Replogle E.S. and Pople J.A., 1998,
Gaussian, Inc., Pittsburgh PA.

25. Axel D. Becke., 1993, J. Chem. Phys., 98, 5648.

26. Axel D. Becke., 1996, J. Chem. Phys., 104, 1040.

27. Chegteh Lee, Weitao Yang, Robert G. Parr., 1987,
Physical Review B, 37, 785.

28. Wong M.W., Frisch M.J. and Wiberg K.B., 1991, J.
Am. Chem. Soc., 113, 4776.

29. Miertuš S., Scrocco E. and Tomasi J., 1981, Chem.
Phys., 55, 117.

30. Miertuš S. and Tomasi J., 1982, Chem. Phys., 65,
239.

31. Hermann R., Naumov S. and O. Brede, 2000, J. of
Molec. Structure (Teochem), 532, 69.

32. Mahalaxmi G.R., Hermann R., Naumov S. and Brede
O., 2000, Phys. Chem. Chem. Phys., 2, 4947-495.

33. Mahal, H.S. and Mukherjee, T., 1999, Radiat. Phys.
Chem., 54, 29.

34. Bobrowski, K. and Raghavan, N.V., 1982, J. Phys.
Chem., 86, 4432.

35. Bobrowski, K., 1984, J. Chem. Soc. Farad. Trans.,
I, 1377.

36. Draganic, I. G. and Gal, O., 1971, Radiat. Res. Rev.,
3, 167.

37. Wang, D.G., Schuchmann, H.P. and von Sonntag,
C., 1993, Zeitschrift fur Naturforschung B, 48, 761.

38. Monig, J., Chapman, R. and Asmus, K-D., 1985, J.
Phys. Chem., 89, 3139.

39. Bonifacic, M., Stefanic, I., Hug, G.L., Armstrong,
D.A. and Asmus, K-D., 1998, J. Am. Chem. Soc.,
120, 9930.

40. Bobrowski, K., Hug, G.L., Marciniak, B. and
Kozubek, H., 1994, J. Phys. Chem., 98, 537.

41. Amphlett, C.B., Adams, G.E. and Michael, B.D.,
1968, In: Radiation Chemistry-1, Advances in Che-
mistry, Series-81 (ed.), Gould, R.F., 231.

42. Steenken, S. and Neta, P., 1982, J. Phys. Chem.,
86, 3361.

43. Neta, P., Huie, R.E. and Ross, A.B., 1990, J. Phys.
Chem., Ref. Data., 19, 413.

44. Butler, J. and Hoey, B.M., 1984, Biochem.Biophys.
Acta, 791, 212.

45. Lin, W., Navaratanam, S., Yao, S. and Lin, N., 1998,
Radiat. Phys. Chem., 53, 425.



........................................................................................................................................................................................
Page | 100

........................................................................................................................................................................................

Vol. 3 Issue 1  July - December 2019  G P Globalize Research Journal of Chemistry.



Page | 101
........................................................................................................................................................................................

........................................................................................................................................................................................

Vol. 2 Issue 2  January - June 2019  G P Globalize Research Journal of Chemistry

Conference Alerts

1) 21st International Conference on Materials, Methods and Technologies,
Organized by Bulgarian Academy of Sciences
July 1-5, 2019, Burgas, Bulgaria
Website: www.sciencebulgaria.org
Enquiries: office@sciencebg.net

2) 2nd International Conference on Green and Sustainable Chemistry
Theme; Research at the interface of Chemistry and Sustainability
July 15-16, 2019, Zurich, Switzerland
Website: https://meetingsint.com/conferences/green-chemistry
Enquiries: greenchem@insightsummits.com

3) 5th International Congress on Water, Waste and Energy (WWEM-19)
July 22-24, 2019, Paris, France
Website; http://waterwaste-19.com/

4) 13th Budapest International Conference on Chemical, Agricultural, Environmental and Biological Sciences
(BCAEBS-19)
July 22-24, 2019, Budapest, Hungary
Website: http://caebs.eacbee.org/

5) International Conference on Green Energy and Environmental Technology (GEET-19)
July 24-26, 2019, Prais, France
Website: https://geet-19.com/

6) 2nd World Congress on Drug Discovery and Development 2019
July 25-26, 2019, Bangkok, Thailand
Website: http://drugdiscoverycongress.com/

7) 8th Congress on Analytical Chemistry and Mass Spectrometry
Theme: Utilizing the latest developments in Mass spectrometry and Proteomics
July 29-30, 2019, Bangkok, Thailand
Enquiries: massspectrometry@annualmeetings.net

8) 15th International Conference on Environmental Chemistry and Engineering
August 15-16, 2019, Rome, Italy
Enquiries: environmentalchemistry3@gmail.com
Environmentalchemistry2019@protonmail.com



........................................................................................................................................................................................
Page | 102

........................................................................................................................................................................................

Vol. 2 Issue 2  January - June 2019  G P Globalize Research Journal of Chemistry

9) 14th Istanbul International Conference on Chemical, Agricultural and Biological Sciences (ICABS-2019)
September 17-19, 2019, Istanbul, Turkey
Website: http://cabs.eacbee.org/

10) 7th Asian Conference of Coordination Chemistry (ACCC-7)
October 15-18, 2019, Kuala Lumpur, Malaysia
Website: https://accc7.org.my/
Enquiries: accc7@ikm.org.my

11) 6th Industry Green Chemistry World (IGCN 2019)-Convention and Ecosystem
October 16-17, 2019, IIT-Bombay, Mumbai, India
Website: www.industrialgreenchem.com

12) 2nd International Conference on Advanced Nanomaterials and Nanodevices
October 23-25, 2019, Shanghai, China
Website: http.//www.icannd.org/

13) 8th International Conference on Chemical Science and Engineering (ICCSE2019)
November 18-20, 2019, Taipei, Taiwan
Website: http://www.iccse.org/

14) International Conference on Phosphorus, Boron and Silicon(PBSI-2019)
December 2-4, 2019, Rome, Italy
Website:http://premc.org/conferences/pbsi-phosphorus-boron-silicon/




